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Abstract
Background. The paper presents an analysis of opinions concerning the use of stem cells (SCs), using tools 
developed in the field of moral psychology.

Objectives. To determine the factors that affect beliefs regarding the status of SCs and to evaluate the impact 
of these factors. The paper investigated whether factors of a moral nature prevail over the knowledge that 
makes it possible to use SCs in practice.

Material and methods. The analysis of psychological perception is based on a study carried out on a group 
of 172 Polish and 161 English-speaking first-year medical students. The study was conducted between 2005 
and 2007, and in 2019 at the Poznan University of Medical Sciences (Poland).

Results. Knowledge is not the main factor that differentiates approaches towards the use of SCs. The impor-
tance of religion in the lives of the respondents has a significant impact on the perception of the use of SCs, 
and is associated with indications of ethically saturated terms. Focusing on the usefulness of cells is associated 
with lesser significance of religion and greater value placed on scientific knowledge.

Conclusions. Although the research results indicate a correlation between religiousness and the respon-
dents’ perception of the use of SCs, further research is needed into the relationship between the influence 
of scientific knowledge on views related to SCs.

Key words: stem cells, bioethics, moral psychology, medical ethics, education
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Introduction

A significant problem that concerns contemporary re-
searchers, doctors, medical students, ethicists, and phi-
losophers is not whether we are technically capable of per-
forming a complicated procedure, but whether we should 
perform it or whether we have a moral right to do so.1 
The disciplines that cause fundamental dilemmas and 
ethical controversies in modern biology and medicine 
are transplantology, regenerative medicine, genetic en-
gineering and, in particular, the use of embryonic stem 
cells (ESCs) in modern therapy.2 Ethical issues became 
a widely discussed topic in November 2018 when He Ji-
ankui of the Southern University of Science and Tech-
nology in Shenzhen, China, announced the birth of twin 
girls, Lulu and Nana, after he had edited the DNA in their 
embryos.3 Another example of ethically controversial re-
search is to create animal embryos that contain human 
cells and transplant these into surrogate animals. This 
type of  research was approved in  2019 in  Japan.4 Still 
in need of improvement, genome editing therapy raises 
more ethical than technical controversies. An example 
is mitochondrial transfer (pronuclear transfer (PNT) and 
maternal spindle transfer (MST)), which despite its proven 
therapeutic effectiveness, is not approved in the EU (except 
for the UK) or the USA.

Stem cells (SCs) were defined in the 1940s and 1950s dur-
ing studies on the effects of ionizing radiation on animals. 
They are characterized by their self-renewing potential and 
ability to reproduce and differentiate.5 Stem cells, based 
on their potential, are classified as totipotent, pluripotent, 
multipotent, and single-potent. The first ones are SCs that 
are present at the earliest stages of ontogenesis and can 
transform into all forms of embryo and placenta tissue. 
Stem cells can also be classified into 4 groups correspond-
ing to their different origins: ESCs, fetal SCs, adult SCs, 
and induced pluripotent SCs.6 Research on the therapeutic 
use of SCs is constantly developing. Scientists are experi-
menting with ways to selectively target the blood-making 
cells within the body for destruction. Early studies sug-
gest that the approach could make blood SCs transplants 
– powerful but dangerous procedures that are used mainly 
to treat blood cancers – safer and thereby broaden their 
use. The studies come as evidence piles up that such trans-
plants can also treat some autoimmune disorders and ge-
netic diseases.7 The possibilities of the therapeutic use 
of SCs are constantly increasing.

In 2019, according to a PubMed database search using 
the keywords “stem cells” and “human”, 7295 scientific 
articles were published concerning applications of  SC 
therapy in human beings. An attempt has also been made 
to use pluripotent SCs with the clustered regularly inter-
spaced short palindromic repeats (CRISPR) technique.8 
Due to  the ethical controversies that are still aroused 
by the use of SCs, despite their long-term therapeutic use, 
we have made an attempt to analyze students’ attitudes 

towards this subject. In view of the ethical and social di-
lemmas involved, collecting, culturing and experimenting 
on embryonic and fetus SCs is legally restricted in many 
countries.6 Moreover, some experiments with ESCs have 
led to the  formation of cancerous cells and teratomas. 
Work on the  implementation of a safe ESC line is still 
in progress.9

The question of what really determines human moral 
judgment, and worldviews is  becoming fundamental 
to  the  further development of  biomedicine.10 Hence, 
a study was conducted at the University of Medical Sci-
ences in Poznan (Poland) on a group of 172 Polish and 161 
English-speaking first-year medical students in 2007 and 
again in 2019. The main objective of the study was to ana-
lyze the claim that the potential development and future 
success of SC therapy is determined not only by the prog-
ress of biological sciences but also by  legal regulations 
and social approval of the issue in question. The problem 
lies in the fact that we cannot rely only on the technologi-
cal capabilities of medicine, but also on our acceptance 
or rejection of controversial medical techniques. Ethical 
aspects must not be overlooked when making fundamental 
decisions, and at the same time, it can be assumed that at-
titudes towards the issues strongly correlate with the level 
of relevant knowledge.11

Therefore, the specific objective of the study was to de-
termine the attitudes of medical students towards trans-
plantation techniques using SCs, taking into account 
the influence of factors such as the level of the respon-
dents’ medical knowledge, their religious affiliation and 
the role it plays in their lives. Also included is an analysis 
of changes in the respondents’ knowledge and views over 
the course of 12 years. One particularly interesting factor 
is the influence of the students’ knowledge and their atti-
tude towards religion on the terms they used to talk about 
SCs. This influence was analyzed from the perspective 
of moral psychology.

Material and methods

The study was based on questionnaire surveys con-
ducted between 2005 and 2007, and again in 2019, involv-
ing 333 students of medical departments. The students 
were divided into 4 groups constituting statistical sub-
groups according to the year and language of their study 
curriculum (Table 1).

Table 1. The number of respondents

Department 
of Medicine

Year 
of study

Survey 
year

Number 
of respondents

Polish 1 2007 100

English 1 2007 100

Polish 1 2019 72

English 1 2019 61
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The questionnaire used to analyze the students’ beliefs 
concerning the ethical dimensions of using SCs was based 
on the following questions:

1. Please indicate the sources of your knowledge con-
cerning stem cells.

2. Do you know any sources of obtaining stem cells?
3. Which of the phrases listed below do you associate 

with embryonic stem cells?
4. Would you like to be involved in research on stem 

cells after graduating?
All the questions asked in the survey were open-ended, 

which made it possible to respond beyond the options pro-
vided. The students filled out the questionnaire indepen-
dently and anonymously, and a section concerning their 
demographic and social affiliations was placed at the end 
of the form.

Subgroups were created on  the  basis of  the  answers 
to particular questions, and were compared as an important 
element of the research process. The results of the survey 
were analyzed using R v. 3.5.1 statistical software (R Foun-
dation for Statistical Computing, Vienna, Austria; http://
www.R-project.org/). The statistical significance of dif-
ferences between the compared groups was determined 
using the Fisher–Freeman–Halton test. P-values under 
0.05 were considered statistically significant. The results 
obtained were visualized as donut and alluvial diagrams 
generated using ggplot2 and RColorBrewer software (both 
from R Foundation for Statistical Computing).12

A constant common feature of all the respondents was 
studying at the Department of Medicine of the Poznan 
University of Medical Sciences. Religion, attitude toward 
religion, and toward specific issues in ethics and bioeth-
ics were treated as features; non-researchable variables 
included nationality, age, gender, and origin.13 A special 
focus was put on the changes in the features outlined above 
over a period of 12 years, which spanned a turbulent time 
in the development of the medical sciences, when many 
ethically questionable therapies were becoming standard. 
Stem cell therapy was chosen as an example.

Results

Our analysis of  the  findings included a  comparison 
of the data from the questionnaires. The first step was 
to perform an analysis based on techniques characteris-
tic of sociological research. The data obtained was also 
compared to trends observed in society. Following this, 
the analysis was carried out from the perspective of moral 
psychology.

As a source of knowledge about SCs, Polish and Eng-
lish-speaking students starting their medical education 
between 2005 and 2007 used university resources, for ex-
ample lectures and seminars, university textbooks or other 
academic literature, as well as other sources of knowledge 
(the Internet, radio and television, press articles).

Both Polish and English-speaking students starting their 
education in 2019 were much more likely to gain knowl-
edge about SCs from university textbooks and academic 
lectures. This may suggest that curricula and academic 
textbooks have been updated to include SC therapy. A dif-
ference was noted between the questionnaires from 2007 
and 2019 in declarations concerning Internet-based knowl-
edge. This is undoubtedly linked to the increase in web ac-
cessibility and the growing importance of popular science 
publications, where breakthroughs are often described 
even before they appear in peer-reviewed scientific jour-
nals, and which are easy to access via the Internet.

Over the course of  the  study, there was an  increase 
in declared knowledge SC harvesting sources among both 
Polish and English-speaking students. However, it is in-
teresting to note that the declared increase in knowledge 
among Polish students was much higher than among 
English-speaking students. The increase was just below 
the threshold of statistical significance. However, it should 
be stressed that as  early as  2005 and 2007, English-
speaking students declared much more knowledge than 
their Polish peers. This could be related to the fact that 
in the USA, for example, the use of ESCs in therapy began 
in 1998,14 whereas in Poland, the use of significantly less 
controversial cord blood cells in treatment did not start 
until 2000.15

Language is an important tool for reflecting and shaping 
moral judgments. In many instances, the language con-
structions used by the respondents reflected their world-
views and attitudes to the issues in question.

The students’ responses to what they associated with 
the term ESCs indicate a significant difference between 
the  responses obtained between 2005 and 2007 and 
in  2019. Today students are much more likely to  con-
sider SCs genetic material than those who started their 
studies 12 years ago. In 2019, definitely fewer students 
described SCs as human beings or potential human be-
ings than in  the 2005–2007 questionnaires. This may 
corroborate an increase in the students’ scientific knowl-
edge and a smaller share of philosophical values in moral 
decision-making.

The analysis of the responses provided by Polish and 
English-speaking students showed statistically significant 
differences in the students’ attitudes in 2005–2007 and 
in 2019. In both time periods, English-speaking students 
were more willing to take up work related to SCs than 
their Polish peers. In both cases, however, the interest 
in conducting such research after graduating was higher 
(Fig. 1).

The answers provided by Polish and English-speaking 
medical students showed a clear tendency towards secu-
larization: In the latest survey, students attached much 
less significance to religion in life than 12 years earlier. 
The secularization of students’ views seems to correlate 
with the aforementioned increase in their interest in using 
SCs in therapy.
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Discussion

The results presented above form the basis of an in-
teresting comparative study of changes that have taken 
place in the respondent groups. The findings can be elabo-
rated on and analyzed from various points of view. One 
of the most intriguing aspects seems to be the shift in per-
ception of the SCs status. Our analysis will argue that 

the perception of SCs was of a moral nature. The main 
aim of the analysis is to show what plays an important role 
in forming beliefs concerning the status of SCs. Therefore, 
it seems appropriate to use tools developed in the field 
of moral psychology.

Moral psychology is a  field that seeks to understand 
the specificity of morality as a property that modifies hu-
man behavioral-mental activity in relation to the presence 

Fig. 1. Donation graphs showing the percentage distributions of the responses to the questions presented above the charts 

A. Please indicate the sources of your knowledge concerning stem cells. B. Do you know any sources used to obtain stem cells? C. Which of the phrases 
listed below do you associate with embryonic stem cells? D. Would you like to be involved in research on stem cells after graduating? E–G. Religion and 
the significance of religion in life
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of another human. In particular, it seeks to explain why 
certain behaviors are absolutely acceptable or absolutely 
unacceptable, and why certain motives or objectives do not 
need to be justified while others are debatable. The doc-
trine of moral psychology must meet certain criteria.16 
The aim of the psychology of morality is to analyze and 
explain in the most reliable manner possible the moral 
judgment that prevails in  a  given environment and 
the norms that prevail within it. Moral psychology tries 
to find the motives that push people toward behavior that 
is praised or punished in a given environment. The study 
of the theory in moral psychology has demonstrated that 
the current challenge for theory development and research 
in morality is to consider the complex and multifaceted 
nature of the psychological antecedents and implications 
of moral behavior connecting different mechanisms.17

Analysis of the findings concerning 
changes in how stem cells are perceived

To  determine the  status of  SCs, a  number of  terms 
were used in the study, which differ mainly in the degree 
of moral/ethical saturation. Below they are presented from 
the most morally saturated to the most professional:

− a legal and sensitive member of society;
− a human being;
− a potential human being;
− an embryo with human dignity;
− genetic material;
− surplus genetic material;
− other.
Moral saturation means that these terms:
1) are frequently used in discussions of ethical concepts 

that reflect on morality;
2) have connotations associated with moral assessments;
3) are associated with perceptions of humans as having 

special properties, about which Ingarden wrote: “Man... 
is the only being who feels humiliated by his evil deeds 
and tries to atone for his guilt”.18,19

The term ‘genetic material’ indicates that there are cer-
tain useful properties of SCs, while ‘surplus’ indicates a lack 
of such properties. The term ‘other’ is interpreted as inde-
cision as to one’s attitude toward SCs, suggesting doubt 
as to what characteristics should be assigned to them. This 
is important, as shown by Wojciszke’s research20 indicating 
that features belonging to the moral domain have a decisive 
influence on shaping the observer’s impression/perception. 
For example, it shows that:

– Moral judgment is more saturated with affect than 
competence;

– In the moral (M) domain, negative information is more 
decisive and diagnostic than positive information, whereas 
in the competence (C) domain, the opposite is true. The ef-
fect of this asymmetry is that the integration of incongruent 
information results in a negative bias in the M domain and 
a positive bias in the C domain.20 It seems quite reasonable 

to treat the terms used in the questionnaire as belonging 
to the M domain and the C domain. In the case of SCs, 
it  is difficult to talk about personality, but by assigning 
a given status to SCs, the students clearly assigned to them 
specific features of a moral or competence-related nature.

Therefore, it  can be concluded that over the  course 
of 12 years, the status of SCs has changed in such a way that 
fewer and fewer people perceive them within a moral classifi-
cation: Polish students from 67% in 2007 to 33% in 2019, and 
English-speaking students from 58% to 50%, respectively. 
With regard to designations indicating that SCs have a usable 
nature, the share of Polish students rose from 32% to 60%, 
and the share of English-speaking students slightly fell from 
40% do 38%. In the case of the latter, there was a signifi-
cant rise of 10% in responses indicating hesitancy or doubt 
(other) in comparison to +5% among Polish students. This 
means that the changes in the perception of SCs cannot 
be explained by a simple shift in beliefs. Whereas in Polish 
students it is possible to say that this is the case, in English-
speaking students it is not. Consequently, it is necessary 
to look at correlations with other factors.

It is interesting that the shift in perceptions of SCs is ac-
companied by 3 other changes: in the respondents’ sources 
of information about SCs, in their ideas about the potency 
of SCs and in their declarations concerning the importance 
of religion in their lives. In the case of Polish students, 
the share of respondents for whom religion is not signifi-
cant rose by 16%, and this is almost the same as the de-
cline in respondents for whom religion is very significant, 
namely by 15%. With regard to English-speaking students, 
the increase was 15%, whereas the decrease was 13%. This 
comprises nearly complete symmetry. Moreover, these are 
extreme positions on the scale, referring to strong declara-
tions. The “grey zone” concerning religious declarations 
is comparable in all the study situations, ranging between 
63% and 60%. Thus, the secularization of both Polish and 
English-speaking students over the 12 years was compa-
rable, so it would not account for significant differences 
in perceptions of SCs in those 2 groups.

Regarding the increase in knowledge, the most consid-
erable shift of 38% is observed among Polish students, 
whereas among the English-speaking respondents, this 
is merely 6%. Thus, the increase in knowledge could ex-
plain why SCs are seen from a more useful perspective 
than before. This may undermine Wojciszke’s thesis that 
moral beliefs are of significant importance to perception.

Knowledge and emotion-related 
indicators

In the study, the students were not asked about their feel-
ings towards or knowledge on SCs, albeit one can assume 
that the predictors of these are the students’ declarations 
concerning the significance of religion in their lives and 
their sources of knowledge on SCs. Religion was opposed 
to knowledge, and the fundamental difference between 
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them seemed to be in the irrational elements, including 
the presence of emotional elements.

As shown by research on the human brain, there are 
some coded universal evolutionary mechanisms that pro-
vide for generating moral judgments. According to Hauser, 
Baron-Cohen and Churchland,21–23 areas of the brain re-
sponsible for both rational thinking and experiencing feel-
ings are activated in order to generate moral judgments. 
However, there is an ongoing debate on which is more 
important to the formation of moral judgments: the ability 
to think rationally or to experience emotions. The advo-
cates of the first school of thought include Kant, the utili-
tarian philosophers, and Bloom,24,25 a contemporary moral 
psychologist. They do not eliminate emotions as a source 
of moral beliefs but are rather of the opinion that positively 
valenced behaviors require the involvement of rational 
thinking. Their opponents, whose precursor was Hume, 
include Haidt26 and Damazio.27 In particular, Haidt links 
emotions to religious beliefs. Another intriguing concept 
that seeks to explain humans’ ability to generate opinions 
about the world is the so-called “left-brain interpreter” pro-
posed by Gazzaniga, whereby humans have both the ability 
and the need to create a coherent (though not necessar-
ily rational) explanation of the phenomena in the world.28 
Religion is a system of beliefs that explains these phenom-
ena in a coherent but not a rational way.16,29 Moral psychol-
ogy offers a strong argument for treating religious beliefs 
as a predictor of the existence of emotions. Christianity 
in particular perceives SCs within personal categories, 
namely, those to which we can attribute characteristics 
of competence (knowledge, free will) and emotions (for 
example, love, care and compassion).

An indicator that predicts knowledge of the competence-
related features of SCs is the ability to identify the sources 
of this knowledge. This ability does not necessarily prove 

the possession of such knowledge. Still, if one considers 
which sources the  respondents identify, the  assertion 
that students in 2019 had greater academic and scien-
tific knowledge than in 2007 seems justified. There was 
a considerable increase in academic and scientific expertise 
among Polish students − 23% − whereas among English-
speaking students the increase was 12%. The popularity 
of academic sources grew when the students did not use 
the Internet. However, at the starting point, the English-
speaking students’ knowledge was higher (+11%) than 
Polish students. Hence it is possible to see this as a spe-
cific balancing of these levels. The 2019 respondents did 
not look for information in popular sources, whose share 
in obtaining information fell by about 20%. In general, 
it is possible to assume that current students have greater 
knowledge, and that it is of better quality. Figures 2, 3 de-
pict this situation in detail.

Considering the selected indicators as predictors of emo-
tions and knowledge, one can say that when assigning a sta-
tus to SCs, the respondents did so with a considerably less 
emotionally charged attitude than 12 years ago.30 It should 
be noted that in the case of Polish students, this was re-
lated to a ‘useful/objective’ approach towards SCs. It would 
seem that this approach was brought about by an increase 
in high-quality knowledge, and by a decline in the propor-
tion of respondents who declared involvement in religion. 
Despite this decline, the number of Polish students who de-
clared religious involvement was still nearly twice as high 
as the number of English-speaking students. This indi-
cates that emotions pertaining to faith/religion play a more 
significant role than knowledge in their attitude toward 
the use of SCs. The fact that the respondents were believers 
did not prevent them from simultaneously acknowledging 
the usefulness of SCs. What is more, 23% of Polish students 
declared that religion had no significance in their lives, 

Fig. 2. Comparison of knowledge declared by Polish students with information obtained from the Internet
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which according to our theory would mean they deter-
mined the status of SCs based on knowledge only. This 
means that they should have viewed this issue strictly from 
the perspective of useful or non-useful features, but many 
of these students see SCs as potential human beings. This 
would mean that knowledge is a modifier rather than a ma-
jor factor that impacts on their perception of SCs, which 
would correspond to the findings of Wojciszke.

As far as the English-speaking students were concerned, 
the share of respondents who declared that religion was 
of no significance in their lives was 26%, i.e., slightly above 
the percentage of Polish students stating that. Despite this, 
it is possible to observe an even wider variety of attitudes 
towards the status of SCs than among Polish students. 
The current English-speaking students were less eager 
to attach moral features to SCs than 12 years ago, but 

at the same time, they did not see them from a utilitarian 
point of view; they expressed doubts about their status.

Finally, it  is worth noting that the increase in knowl-
edge declared by the students in 2019 was not paralleled 
by an increase in their interest in using SCs in therapy 
in the future.

Figures 4, 5 show the relationships between the respon-
dents’ knowledge, religion and perceptions of  the SCs 
status.

Conclusions

As  demonstrated above, knowledge is  not the  main 
factor that differentiates approaches towards SCs. Polish 
students with scientific knowledge defined SCs in various 

Fig. 4. Comparison of knowledge declared by Polish students with the significance of religion in their lives

Fig. 3. Comparison of knowledge declared by English-speaking students with information obtained from the Internet
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ways. What differentiates their definitions is the signif-
icance of religion in their lives. In the case of students 
who declared that religion was (very) important to them, 
terms that were ethically saturated definitely outweighed 
the other terms, with the exception being ‘legal and sen-
sitive member of society’, which is an extreme term that 
nobody chose. When religion was unimportant in student’s 
life, less ethically saturated terms like ‘genetic material’, 
‘other’ and to a lesser extent ‘potential human being’ were 
used. Knowledge may modify attitudes in the case of re-
spondents who indicated the term ‘surplus genetic mate-
rial’. These respondents declared that their knowledge was 
derived from popular sources, and, at the same time, that 
religion was fairly important to them. In this situation, 
it is religion that determines the non-usefulness of SCs. 
In the case of respondents who did not have a definite 
attitude towards religion, terms indicating the usefulness 
of SCs prevailed over other terms.

In the case of the English-speaking students, one can ob-
serve a greater polarization of terms concerning the status 
of SCs: 50% of the terms were morally saturated, 38% were 
utilitarian and 12% were unspecified. In general, the pro-
portions were similar to those among the Polish students. 
Nonetheless, contrary to their Polish peers, the English-
speaking students did not select terms expressing a non-
useful nature (e.g., ‘surplus’), but, interestingly, 3% of them 
selected an extremely ethically saturated term (i.e., ‘a le-
gal and sensible member of society’). This 3% consisted 
of respondents who used non-scientific knowledge and, 
intriguingly, those for whom religion either did not matter 
at all or was quite meaningful. It may be possible to hy-
pothesize that the significance of religion connects with 
the selection of ethically saturated terms, while useful-
ness saturation is connected with attaching less meaning 
to faith.

Although the results of this research indicate something 
about the respondents’ religiousness, their sources of in-
formation and their perceptions of SCs, this study is only 
preliminary. The influence of scientific knowledge on stu-
dents’ views needs to be further analyzed, since it should 
be the basis of decisions made by scientists and workers 
in healthcare systems.
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Abstract
Background. Results of animal studies show that a high-cholesterol diet increases bone resorption and 
decreases bone formation, thus leading to osteoporosis. Previously, we reported on the beneficial influence 
of Cornelian cherry (Cornus mas L.) fruit on lipid profile in an animal model of diet-induced hipercholester-
olemia.

Objectives. To investigate the influence of Cornus mas L. extract and loganic acid (LA) on cholesterol-
induced bone changes.

Material and methods. The study was conducted on 50 New Zealand rabbits. The animals were given 
either standard chow (group P) or the same standard chow enriched with 1% cholesterol (other groups). 
Additionally, the group CHOL+EX received Cornus mas L. extract, group CHOL+LA – loganic acid, and group 
CHOL+SIM – simvastatin. Serum concentration of bone turnover markers, bone mineral density (BMD) and 
bone micro-computed tomography (microCT) were assessed.

Results. In the CHOL group, a decrease in osteocalcin (OC) and an increase in C-terminated telopeptide 
of type I collagen (CTX) levels were detected (CHOL vs P 0.674 ±0.159 ng/mL vs 1.003 ±0.297 ng/mL 
and 10.049 ±1.276 ng/mL vs 7.721 ±1.187 ng/mL, respectively). The EX and LA ameliorated cholesterol-
induced changes in serum OC (0.857 ±0.160 ng/mL and 1.103 ±0.356 ng/mL, respectively) and CTX 
(7.735 ±1.045 ng/mL and 8.128 ±1.106 ng/mL, respectively). There was a significant decrease in femoral 
BMD in CHOL group (0.429 ±0.11 g/cm² vs 0.449 ±0.020 g/cm²). The EX and LA ameliorated those changes 
(0.458 ±0.016 g/cm² and 0.449 ±0.021 g/cm², respectively). The microCT revealed increased bone volume 
ratio (BV/TV) and trabecular thickness (Tb.Th.) in the CHOL+EX group.

Conclusions. Cornus mas L. inhibited bone resorption and stimulated bone formation, thereby preventing 
the development of cholesterol-induced osteoporosis.

Key words: osteoporosis, cholesterol, bone mineral density, bone micro-computed tomography, Cornus mas L.
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Introduction

Osteoporosis is a prevalent systemic bone disease char-
acterized by loss of bone mass and deterioration of its mi-
crostructure. Reduced bone mass and disturbances in bone 
architecture associated with osteoporosis lead to increased 
risk of fragility fractures representing the main clinical 
consequence of osteoporosis. Fragility fractures are associ-
ated with significant pain and suffering of patients; they 
lead to disability and even increase the risk of premature 
death. Hip fragility fracture is the most common reason for 
elderly people to undergo emergency surgery, and up to ⅓ 
of those patients die within a year after the osteoporotic 
fracture.1 Osteoporosis is associated with significant physi-
cal, psychosocial and financial consequences, and it is be-
coming a growing public health problem. In 2010 in the EU, 
27.5 million people were estimated to have osteoporosis 
and 3.5 million new fragility fractures were diagnosed.2

As bone loss occurs with advancing age, the prevalence 
of the osteoporosis increases with age. Apart from aging 
and postmenopausal estrogen deficiency in female, there are 
many other factors that may accelerate or even induce os-
teoporosis development. Various drugs (e.g., corticosteroids, 
systemic antiviral, antacids, antiepileptics, and antithrom-
botic drugs)3–5 and chronic diseases (e.g., diabetes mellitus, 
hyperthyroidism, hypercortisolemia, hypogonadism, chronic 
inflammatory diseases, malabsorption etc.)6 may influence 
bone metabolism and lead to excessive loss of bone mass. 
In recent years, the link between lipid levels and osteoporosis 
has been described. Many observational studies investigated 
the association between dyslipidemia, cardiovascular disease 
and bone mineral density (BMD).7–9 Cardiovascular disease 
and osteoporosis seriously affect quality of life and mortal-
ity of middle-aged and elderly people and there is growing 
evidence that they may share common pathological mecha-
nisms other than age.10 Zhang et al. found the significant 
correlation between BMD and arterial stiffness.11 The in-
verse relationship between BMD and serum total cholesterol 
and low-density lipoprotein (LDL) level in postmenopausal 
women was described.12 The association between serum 
triglyceride level and the risk of osteoporotic fractures has 
also been reported.13 The analysis by Lian et al. suggests that 
serum LDL and total cholesterol levels are major risk factors 
for senile osteoporosis.10 Some evidence suggests that hyper-
cholesterolemia increases the risk of high-turnover osteopo-
rosis.14 Results of animal studies show that a high cholesterol 
diet increases bone resorption and decreases bone formation, 
thus leading to decreased in BMD in rats.15 However, results 
of studies regarding the effect of lipid-lowering therapies 
on bone metabolism are ambiguous.16

The 2016 American College of Physicians (ACP) guide-
lines recommend bisphosphonates (alendronate, risedro-
nate, zoledronate) or denosumab in the treatment of osteo-
porosis in men and women.17 Therapy with bisphosphonates 
and denosumab, although effective, may be associated with 
various side effects, such as gastrointestinal disturbances, 

acute phase reaction, nephrotoxicity, atypical fractures, 
or osteonecrosis of jaw.18 Drug toxicity that may necessitate 
discontinuation of treatment may affect patient compli-
ance. As plants are a rich sources of potentially bioactive 
substances and many of them have been a part of tradition-
al folk medicine for ages, many researchers focus on herbal 
drugs that may be useful in osteoporosis therapy.19,20

Cornus mas L. (C. mas L.) is a flowering plant cultivated 
for decorative purposes and as a source of fruits. Corne-
lian cherry fruit has been studied for various biological 
properties. There are reports about the beneficial influence 
of C. mas L. fruit on diabetes, different microbial infections, 
inflammation, and oxidative stress.21 Previously, we report-
ed on beneficial influence of C. mas L. fruit on lipid profile 
in an animal model of diet-induced hypercholesterolemia22 
and diet-induced atherosclerosis.23–26 The beneficial influ-
ence of C. mas L. fruit on lipid profile, glycemic indexes and 
leptin levels was also described by Gholamrezayi et al.27 
Taking into account the possible common pathogenesis 
of atherosclerosis and osteoporosis, and our previous re-
sults, we decided to investigate the influence of C. mas L. 
extract (EX) and loganic acid (LA), present in C. mas L. 
extract, on cholesterol-induced bone changes.

This study was specifically approved by the First Local Ethic 
Committee for Animal Experiments in Wrocław, Poland 
(2013 and 2014), and animal experiments were, therefore, 
performed in accordance with ethical standards laid down 
in the 1964 Declaration of Helsinki and its later amendments.

Material and methods

Chemicals and materials

Acetonitrile for liquid chromatography-mass spectrom-
etry (LC-MS) was purchased from POCH (Gliwice, Po-
land). Acetonitrile (anhydrous, 99.8%), formic acid (reagent 
grade, ≥95%), acetic acid (≥99.7%), and methanol (≥99.9%) 
were purchased from Sigma-Aldrich (Steinheim, Germany). 
Loganic acid (≥99%), p-coumaric acid (≥90%), caffeic 
acid (≥99%), ellagic acid (≥95%), quercetin 3-O-glucoside 
(≥98.5%), kaempferol 3-O-glucoside (≥99%), and cyanidin 
3-O-glucoside (≥90%) were purchased from Extrasynthese 
(Lyon, France). Morbital® (1 mL containing 133.3 mg of so-
dium pentobarbital and 26.7 mg of pentobarbital) was 
purchased from Biowet Puławy Sp. z o.o. (Poland).

Plant materials and samples preparation 
of extract and loganic acid

Cornelian cherry fruits were collected in the Arboretum 
Bolestraszyce and Institute of Physiography, Bolestras-
zyce, Poland. The plant material was verified by Jakub 
Dolatowski and the voucher specimen (BDPA 3967) has 
been deposited at the Arboretum Herbarium and Institute 
of Physiography in Bolestraszyce. The investigated extract 
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(EX) was prepared from C. mas L. fruits by the Department 
of Fruit, Vegetable and Plant Nutraceutical Technology 
at Wrocław University of Environmental and Life Sciences 
according to the method described by Kucharska et al.28 
and Sozański et al.29 The extract of iridoids and pheno-
lic compounds (EX) was obtained after purification on 
XAD-16 Amberlite resin (Rohm and Haas, Chauny, France) 
in a column, concentration using a Rotavapor (Unipan, 
Warszawa, Poland), and lyophilization (Alpha 1–4 LSC; 
Martin Christ Gefriertrocknungsanlagen GmbH, Os-
terode am Harz, Germany).28 The extract was qualitatively 
and quantitatively characterized using LC-MS and high-
performance liquid chromatography (HPLC) (Table 1).

Identification of compounds  
by UPLC-ESI-qTOF-MS/MS

Compounds were identified with the method described 
by Kucharska at al.,30 using the Acquity ultra-performance 
liquid chromatography (UPLC) system coupled with 

a quadrupole time of flight (q-TOF) MS instrument (Waters 
Corp., Milford, USA), with an electrospray ionization (ESI) 
source. Separation was achieved with an Acquity BEH C18 
column (100 mm × 2.1 mm i.d., 1.7 µm; Waters). The mobile 
phase was a mixture of 2.0% aq. formic acid v/v (solvent A) 
and acetonitrile with formic acid (solvent B). The instrument 
was operated both in the positive (iridoids and anthocya-
nins) and the negative (iridoids, phenolic acids, flavonols, and 
anthocyanins) ion mode, scanning m/z from 100 to 1500.

Quantification of compounds  
by HPLC-PDA

Iridoids and anthocyanins were assayed using the meth-
od described by Kucharska et al.30 with a Dionex HPLC 
Ultimate 3000 system (Germering, Germany) equipped 
with the diode array detector. The Cadenza Imtakt (Port-
land, USA) column C5-C18 (75 4.6 mm, 5 µm) was used. 
The mobile phase was composed of solvents: A (4.5% aq. 
formic acid, v/v) and B  (acetonitrile with formic acid), 

Table 1. Identification and the content (mg/100 g dw) of main compounds of extracts from Cornelian cherry fruits using UPLC-ESI-qTOF-MS/MS and HPLC-PDA

Peak
No. tR [min] Compound UV λmax

[nm]
[M – H]–/[M + H]+

[m/z]
Other ions

[m/z]
Content

[mg/100 g dw]

Iridoids

1 4.9 loganic acid 246 375 (377+) 213 (215+) 10870.20 ±15.86

2 16.1 cornuside 245/273 541 (543+) 169 (171+) 1549.28 ±3.43

total 12419.48

Anthocyanins

3 6.3 delphinidin 3-O-galactoside 524 463+ 303+ 44.06 ±1.77

4 7.6 cyanidin 3-O-galactoside; 515 449+ 287+ 809.70 ±0.55

5 8.3 cyanidin 3-O-robinobioside 516 595+ 287+ 369.94 ±1.41

6 8.8 pelargonidin 3-O-galactoside 501 433+ 271+ 1542.22 ±0.84

7 9.5 pelargonidin 3-O-robinobioside 501 579+ 271+ 297.18 ±0.44

8 12.6 cyanidin 523 287+ – 222.98 ±31.61

9 15.1 pelargonidin 509 271+ – 396.55 ±67.49

total 3682.63

Phenolic acids

10 4.1 caffeoyl hexoside 326 341 179 120.28 ±3.00

11 4.6 p-coumaroilquinic acid 1 316 337 163 33.91 ±1.40

12 5.8 caffeoylquinic acid 324 353 191 471.45 ±1.42

13 7.9 p-coumaric acid 309 163 – 12.40 ±0.21

14 8.3 p-coumaroilquinic acid 2 313 337 191/163 279.91 ±3.50

15 10.0 p-coumaroilquinic acid 3 312 337 191/163 20.91 ±1.88

16 12.3 ellagic acid 254/362 301 – 124.21 ±1.64

total 1063.07

Flavonols

17 13.2 quercetin 3-O-glucuronide 354 477 301 306.28 ±22.62

18 13.7 quercetin 3-O-glucoside 353 463 301 31.64 ±1.58

19 14.8 kaempferol 3-O-galactoside 348 447 285 215.45 ±2.61

20 15.6 kaempferol 3-O-glucuronide 351 461 285 35.94 ±1.38

total 589.30
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as described by Kucharska et al.30 Runs were monitored 
at wavelengths of 245 nm (iridoids), 254 nm (ellagic acid), 
320 nm (phenolic acids), 360 nm (flavonols), and 520 nm 
(anthocyanins). Peaks corresponding to standards were 
quantified, and iridoid was quantified as LA, anthocyanins 
as cyanidin 3-O-glucoside, phenolic acid as p-coumaric 
acid, caffeic acid and ellagic acid, and flavonols as quercetin 
3-O-glucoside and kaempferol 3-O-glucoside.

Animal model and protocol

The study was conducted on 50 male sexually mature 
New Zealand rabbits, aged 8–12 months and weighing 
4.5–5.5 kg. The animals were housed in individual cham-
bers with temperature maintained at 21–23°C on a regular 
12 h light/dark cycle. During the experiment the animals 
had water ad libitum and received the same daily portion 
of chow (40 g/kg). The animals were acclimated for 3 weeks 
prior to being used in the sixty-day study. After acclimati-
zation, the animals were randomly divided into 5 groups 
(NT, CHOL, CHOL+EX, CHOL+LA, and CHOL+SIM) 
of 10 animals each. For 60 consecutive days of  the ex-
periment, the animals were given either standard chow 
(group NT) or the same standard chow enriched with 1% 
cholesterol (groups CHOL, CHOL+EX, CHOL+LA, and 
CHOL+SIM). Once daily, in the morning, the following test 
substances were administered orally to the rabbits: group 
NT and CHOL – normal saline solution, group CHOL+EX 
– C. mas L. extract, group CHOL+LA – loganic acid, and 
group CHOL+SIM – simvastatin (Table 2).

On day 60, blood samples were collected from each ani-
mal from the margin vein of the ear or the saphenous vein. 
Serum was separated using centrifugation (at 1500 × g) 
and then stored at 70°C until required for bone metabolic 
marker assays.

On day 60, the animals were euthanized with termi-
nal anesthesia, using Morbital® (Biowet, Puławy, Poland; 
1 mL containing 133.3 mg of sodium pentobarbital and 
26.7 mg of pentobarbital) at a dose of 2 mL/kg given in-
traperitoneally (i.p.). The femur and tibia were cleaned off 
all soft tissues and carefully separated. Left femurs were 
fixed in buffered formaldehyde for further histological ex-
amination. Right femurs and tibias were frozen and stored 
at the temperature of −70°C for further examination (dual-
energy X-ray absorptiometry (DXA) and micro-computed 
tomography (microCT).

Measurement of relevant 
serum parameters

Serum total calcium and inorganic phosphorus were 
measured with Architect plus ci4100 (Abbott, Chicago, 
USA) using commercial tests (Calcium Architect/Aeroset 
REF 3L79-21 and 3L79-31 304328/R1, Abbott; Phosphorus 
Architect REF 7D71 305532/R02, Abbott).

Serum osteocalcin (OC) and C-terminated telopeptide 
of  type I  collagen (CTX) levels (sensitive biochemical 
markers of bone formation and bone resorption, respec-
tively) were determined using commercial OC (Rabbit 
Osteocalcin (OC) ELISA Kit, Wuhan USCN Cloud-Clone 
Corp, Wuhan, China) and CTX (Rabbit CTXI (Cross 
Linked C-telopeptide of Type I Collagen) ELISA Kit, Fine 
Test, Wuhan Fine Biotech Corp, Wuhan, China) enzyme-
linked immunosorbent assay (ELISA) kits. All ELISA 
tests were performed according to their manufacturers’ 
instructions.

Determination of bone mineral density

Bone mineral density of the right femoral bones was 
measured by trained examiners using DXA with Hologic 
DXA equipment (Hologic Discovery W 81507; Hologic, 
Mississauga, Canada) using software for small animals. 
The results were obtained as grams of mineral content 
per square centimeter of bone area (g/cm2). The scan-
ner was calibrated daily using a  phantom provided 
by the manufacturer.

MicroCT evaluation of the bone structure

In order to evaluate the bone structure from each group, 
5 randomly selected tibias (n = 25) were scanned with 
high-resolution microCT (SkyScan 1172; Bruker®, Bill-
erica, USA). For acquiring the images with 9.0-µm pixel 
size, the X-ray tube was set at 95 kV and 104 µA, along 
with a copper-aluminium (CuAl) filter. For the quantita-
tive evaluation, only the distal part of the tibia was taken 
under consideration. After the reconstruction process, 
a set of 2D cross-sections representing the bone structure 
of the specimens was obtained.

Prior to the 3D morphometric analyses, the images were 
aligned with the bone major axis and the set of trabecular 
and cortical volumes of  interests (VOIs) were selected, 

Table 2. Experimental groups

Group Chow Tested substance Dose of tested substance

P standard chow none none

CHOL standard chow + 1% cholesterol none none

CHOL+EX standard chow + 1% cholesterol Cornelian cherry extract 50 mg/kg

CHOL+LA standard chow + 1% cholesterol loganic acid 20 mg/kg

CHOL+SIM standard chow + 1% cholesterol simvastatin 5 mg/kg

P – placebo; CHOL – cholesterol;  EX – C. mas L. extract; LA – loganic acid; SIM – simvastatin.
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with reference to the growth plate. The selection of both 
regions of  interest (trabecular and cortical) was based 
on  the  commonly accepted procedure used for small 
animals.31,32 Within each VOI, the automatic selection 
of a specific bone (Fig. 1) was applied; then, the images were 
segmented, using an adaptive global threshold algorithm. 
Quantitate analysis (CTAnn; Bruker®) of the cancellous 
bone structure took into account bone volume ratio (BV/
TV), bone surface ratio (BS/BV) trabecular thickness (Tb.
Th), number (Tb.N) and pattern (Tb.Pf), as well as struc-
tural model index (SMI). Apart from the basic parameters 
(BV/TV and BV/BS), the cortical thickness (Cr.Th) was 
calculated for the cortical bone. Furthermore, to complete 

the densitometric analysis for the cortical bone datasets, 
X-ray absorption, defined as the attenuation coefficient 
(AC [mm−1]) determining both by mass density and el-
emental composition of the material, was calculated.

Thickness of femoral cortical bone

Left femoral bones were fixed in 10% neutral-buffered 
formaldehyde and were then decalcified in 5% formic acid 
and 5.6% hydrochloric acid solution for 14 days. Next, 
the  bones were embedded in  paraffin and fixed, and 
4-µm histological sections, stained with hematoxylin and 
eosin (H&E), were subsequently prepared. Histological 
slides were scanned with the NanoZoomer v. 2.0 (Hama-
matsu Photonics K.K., Hamamtsu, Japan). The thickness 
of the cortical bone was measured 40 mm from the distal 
metaphysis of the femur.

Statistical analysis

Parametric data was expressed as means ± standard de-
viation (SD). The statistical analysis was carried out using 
STATISTICA v. 13 (StatSoft, Inc., Tulsa, USA). The nor-
mality of all continuous variables was verified with the Sha-
piro–Wilk test. One-way analysis of variance (ANOVA) 
with least significant difference (LSD) Fisher’s post hoc 
test was performed for a comparison involving 3 or more 
groups. The limit of significance was set at p < 0.05.

Results

Serum concentration  
of bone turnover markers

Serum total calcium and inorganic phosphorus levels, 
and serum concentration of OC and CTX are presented 
in Table 3. A decrease in serum calcium was detected 
in animals fed with a cholesterol-reach diet and receiv-
ing C. mas L. deviates or simvastatin. Inorganic phos-
phorus levels were increased only in animals fed with 
a cholesterol-reach diet and receiving C. mas L. deviates. 
C. mas L. extract and LA ameliorated cholesterol-induced 

Fig. 1. The representative microCT cross sections of (A) the trabecular 
region (within the red line) and (B) cortical region

Table 3. Selected serum parameters measured on day 60

Parameter [unit]
Experimental groups

P
(n = 10)

CHOL
(n = 10)

CHOL+EX
(n = 10)

CHOL+LA
(n = 10)

CHOL+SIM
(n = 10)

Total calcium [mmol/L] 3.547 ±0.193 3.394 ±0.148 3.283 ±0.224** 3.380 ±0.126* 3.348 ±0.152*

Inorganic phosphorus 
[mmol/L] 

1.489 ±0.183 1.935 ±0.569 4.428 ±1.259***, ### 2.731 ±1.210## 1.452 ±0.201

OC [ng/mL] 1.003 ±0.297** 0.674 ±0.159## 0.857 ±0.160 1.103 ±0.356* 0.722 ±0.190#

CTX [ng/mL] 7.721 ±1.187*** 10.049 ±1.276### 7.735 ±1.045*** 8.128 ±1.106*** 7.252 ±1.064***

P – placebo; OC – osteocalcin; CTX – C-terminated telopeptide of type I collagen; * p < 0.05; ** p < 0.01; *** p < 0.001 compared to CHOL; # p < 0.05; 
## p < 0.01; ### p < 0.001 compared to P.
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decrease in OC concentration, whereas in the simvastatin 
group OC level remained lower than in the placebo group. 
We observed normalization of cholesterol-induced increase 
in CTX level in animals receiving C. mas L. extract, LA 
and simvastatin.

Bone mineral density

Femoral BMD is presented in Fig. 2. There is a signifi-
cant decrease in femoral BMD in the CHOL group in com-
parison to the not-treated (NT) one (0.429 ±0.11 g/cm² 
vs 0.449 ±0.020 g/cm², p = 0.033). The C. mas L. extract 
and LA ameliorate cholesterol-induced changes in BMD 
(0.458 ±0.016 g/cm², p = 0.004 and 0.449 ±0.021 g/cm², 
p = 0.039, respectively). There was no difference between 
CHOL and CHOL+SIM group (0.422 ±0.021 g/cm²).

Histopathological examination

A histopathological examination revealed no signifi-
cant difference in the thickness of the femoral cortical 
bone between groups (NT: 0.910  ±0.056  mm, CHOL: 
0.872 ±0.092 mm, CHOL+EX: 0.895 ±0.055 mm, CHOL+LA: 
0.887 ±0.076 and CHOL+SIM: 0.878 ±0.086 mm).

MicroCT morphometry

Microstructural cancellous and cortical bone param-
eters are presented in Table 4, and examples of cross-
sections in  3 orthogonal planes are shown in  Fig.  3. 
In the CHOL-EX group, the bone volume ratio was 29% 
higher than in the CHOL group. Such an increase was not 
detected in the CHOL+SIM group. Apart from this, bone 

trabeculae were 14% thicker in the CHOL+EX group than 
in animals receiving simvastatin. We detected no influence 
of investigated substances on cortical bone.

Discussion

Osteoporosis is characterized by the imbalance between 
osteoblast and osteoclast activity, leading to bone loss and 
disturbances in its microarchitecture. Hypercholesterol-
emia seems to be a possible triggering factor that may affect 
homeostasis between bone formation and bone resorption, 
thus leading to osteoporosis. You et al. reported increased 
serum CTX level with decreased serum OC level in rats 
fed with cholesterol-rich diet.15 In cholesterol-fed rats, they 
observed inhibition of  proliferation and differentiation 
of osteoblasts and decreased BMP2 (bone morphogenic 
protein 2) expression, leading to decreased bone formation. 
In the conducted study, we also noticed an increase in serum 
CTX level and a decrease in serum OC level in animals 
fed with cholesterol-rich diet, which is a sign of increased 
bone resorption and decreased bone formation. In  our 
study, changes in concentrations of bone turnover markers 
were associated with decreased femoral BMD, as reported 
by You et al.15 These changes are similar to those observed 
in postmenopausal osteoporosis and in ovariectomy-in-
duced osteoporosis in animal models.33,34 The C. mas L. 
extract (50 mg/kg), LA (20 mg/kg) and simvastatin (5 mg/kg) 
given simultaneously with cholesterol-rich diet prevented 
the increase in CTX level, which is evidence of their anti-
resorptive activity. In the CHOL+EX and CHOL+LA group, 
we detected no decrease in OC levels, which suggest that 
they may stimulate bone formation. The beneficial effect 

Fig. 2. Femoral BMD examination 

A – DXA scan of right femur; B – femoral BMD in experimental groups (P – placebo; CHOL – 1% cholesterol; CHOL+EX – 1% cholesterol + Cornelian cherry 
extract 50 mg/kg; CHOL+LA – 1% cholesterol + LA 20 mg/kg; CHOL+SIM – 1% cholesterol + simvastatin 5 mg/kg); * p < 0.05; ** p < 0.01 vs CHOL; # p < 0.05 vs P.
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Table 4. Microstructural parameters obtained for cancellous and cortical bone of distal tibia metaphysis, microCT evaluation. Results presented 
as: mean ±SD. Experimental groups: P – placebo, CHOL – 1% cholesterol, CHOL+EX – 1% cholesterol + Cornelian cherry extract 50 mg/kg, 
CHOL+LA – 1% cholesterol + loganic acid 20 mg/kg, CHOL+SIM – 1% cholesterol + simvastatin 5 mg/kg

Parameter [units]
Experimental groups

P
(n = 5)

CHOL
(n = 5)

CHOL+EX
(n = 5)

CHOL+LA
(n = 5)

CHOL+SIM
(n = 5)

Cancellous bone

BV/TV (%) 9.53 ±0.72 9.37 ±1.94 12.11 ±3.30# * ° 10.11 ±2.18 9.09 ±3.81

BS/BV [1/U] 25.11 ±2.55 ° 24.51 ±1.99 °° 23.55 ±1.26°°° 23.59 ±1.45°°° 27.28 ±2.31#, **

Tb.Th. [mm] 0.162 ±0.021 0.157 ±0.014 0.173 ±0.014° 0.166 ±0.013 0.152 ±0.007

Tb.N. [1/mm] 0.594 ±0.073 0.600 ±0.137 0.708 ±0.222 0.609 ±0.118 0.597 ±0.219

Tb.Pf. [ratio] 7.611 ±1.277 6.858 ±1.255°° 7.525 ±0.852 6.775 ±0.599°° 8.634 ±1.777 **

SMI [1] 1.812 ±0.190 1.680 ±0.273 1.922 ±0.244 1.726 ±0.160 1.900 ±0.274

Cortical bone

BV/TV (%) 34.77 ±1.97 34.10 ±5.49 37.58 ±2.57 36.01 ±2.38 33.92 ±4.39

BS/BV [1/U] 3.88 ±0.22 4.17 ±0.98 4.15 ±1.04 3.89 ±0.39 4.44 ±0.84

Cr.Th. [mm] 0.837 ±0.048 0.825 ±0.137 0.831 ±0.144 0.855 ±0.058 0.763 ±0.087

AC [1/mm] 0.0253 ±0.0012 0.0256 ±0.0011 0.0267 ±0.0011 0.0266 ±0.0007 0.0268 ±0.0013 #

micoCT – micro-computed tomography; P – placebo; BV/TV – bone volume ratio; BS/BV – bone surface ratio; Tb.Th. – trabecular thickness; 
Tb.N. – trabecular number; Tb.Pf. – trabecular pattern; SMI – structural model index; Cr.Th. – cortical thickness; AC – attenuation coefficient;  
* p < 0.05; ** p < 0.01 compared to CHOL; # p < 0.05 compared to P; ° p < 0.05; °° p < 0.01; °°° p < 0.001 compared to CHOL + SIM.

Fig. 3. MicroCT scans of tibias in experimental groups

P – placebo; CHOL – 1% cholesterol; CHOL+EX – 1% cholesterol + Cornelian cherry extract 50 mg/kg; CHOL+LA – 1% cholesterol + LA 20 mg/kg;  
CHOL+SIM – 1% cholesterol + simvastatin 5 mg/kg
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of simvastatin on bone metabolism was described by some 
authors. Simvastatin local delivery and high systemic doses 
had a beneficial effect on fractures healing.35 Simvastatin 
was reported to alleviate bone resorption and bone loss.36,37 
Some authors also described its beneficial effect on bone for-
mation,38 but we did not observe such an effect in our study.

The difference in the calcium level between the CHOL 
group and the animals receiving additionally Cornelian cher-
ry derivatives or simvastatin may be attributed to the anti-
resorptive properties of Cornelian cherry extract, LA and 
simvastatin. The inhibition of bone resorption decreases 
the mobilization of calcium from bone tissue, and as a con-
sequence lower serum calcium level is observed. The in-
creased level of inorganic phosphorus in the CHOL+EX and 
CHOL+LA groups needs further explanation.

In CHOL+EX and CHOL+LA groups, we did not observe 
cholesterol-induced bone loss. Simvastatin did not exert 
a protective effect on femoral BMD. Shahrezaee et al. re-
ported an increase in BMD in ovariectomized rats treated 
with simvastatin.39 However, the discrepancy with our 
study may be a consequence of the fact that Shahrezaee 
et al. investigated higher doses of simvastatin (25 mg/kg) 
and used a different animal model. Shahrezaee et al. inves-
tigated the influence of simvastatin on estrogen-deficien-
cy-induced osteoporosis and they used a classical animal 
model for such a condition. However, ovariectomy does not 
induce lipid changes in rats, so it does not allow us to pre-
dict the influence of simvastatin on cholesterol-induced 
bone changes. As we planned to concentrate on athero-
sclerosis-associated bone changes, we used cholesterol-fed 
rabbit model, which is a standard model used in animal 
studies on atherosclerosis.40 In the CHOL+EX group, femo-
ral BMD was even higher than in the placebo group, which 
supports the hypothesis that Cornelian cherry extract 
may induce new bone formation. Cornus mas L. extract 
seems to have a beneficial influence on cancellous bone, 
as in the CHOL+EX group we found an increase in bone 
volume ratio (BV/TV). Apart from that, the trabeculae 
were thicker in animals receiving Cornelian cherry extract 
than in rabbits receiving simvastatin.

As Cornelian cheery extract exerted effects that were 
not observed in simvastatin-treated animals, we suspect 
that these effects may not be limited to its lipid lowering 
properties.

Conclusions

To our knowledge, this is the first in vivo study inves-
tigating the influence of C. mas L. on the disturbances 
of bone metabolism and structure. Our study revealed 
the beneficial influence of C. mas L. and LA on cholesterol-
induced osteopenia in rabbits. However, further research 
is needed to establish the mechanism of the observed ef-
fects, and to investigate the influence of Cornelian cherry 
on other forms of osteoporosis.
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Abstract
Background. MicroRNAs (miRs) are small non-coding RNAs. MiR-125b has been described as being down-
regulated in cataract tissue when compared to a transparent lens.

Objectives. The aims of the study were: 1) to establish the expression of miR-125b in cataracts compli-
cated by pseudoexfoliation syndrome (PEX), glaucoma or PEX glaucoma; and 2) to determine whether any 
environmental factors influence miR-125b expression.

Material and methods. Anterior lens capsules were obtained from 150 patients. The patients were 
subdivided into 1 of 4 groups: those with PEX (PEXg), those with primary open-angle glaucoma (Gg) and 
those with PEX glaucoma (PEXGg), plus gender-matched controls with cataracts alone (control group – Cg). 
Quantitative polymerase chain reaction (qPCR) expression of microRNA-125b was examined in every group.

Results. The mean age of the 150 patients was 75.18 years (standard deviation (SD) ±9.12 years). Our 
investigation indicated, for the first time, that miR-125b expression was increased 3.33 times in the PEXg 
(p = 0.015). The quantitative analysis of miR-125b expression conducted between combined groups of all 
the patients that have PEX syndrome (with or without glaucoma) and the Cg revealed a statistically significant 
difference (p = 0.04). Lower miR-125b expression was found in the patients who smoked compared to those 
who did not (p = 0.01).

Conclusions. Our data revealed the possible role of miR-125b in PEX syndrome development. There are 2 pos-
sible interpretations of these results: either the co-existence of PEX acts as a moderator of miR-125b expression 
in the anterior lens capsule, or increased expression of miR-125b can play a role in the pathogenesis of PEX.

Key words: microRNA, pseudoexfoliation syndrome, pseudoexfoliation glaucoma, miR-125b, lens capsule
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Introduction

MicroRNAs (miRs) are a group of small endogenous non-
coding RNAs, generally consisting of 21–23 nucleotides. 
They regulate posttranscriptional gene expression through 
complementary or partial complementary binding with 
the 3ʹ untranslated region of target mRNA.1 The miRs rep-
resent a prominent class of gene regulators.2–4 A single miR 
can modulate the expression of several mRNAs, and con-
versely, a single mRNA strand can interfere with multiple 
miRs.5 Mature miRs have long half-lives, are not rapidly 
degraded and can influence different biological pathways 
by binding to different mRNAs.5 While miRs usually act 
as negative modulators of gene expression, they can also 
stimulate translation.6 Previous studies have demonstrated 
that expression of miRs, such as miR-760, miR-186, miR-
20a, miR-24, miR-34a, miR-106a, and miR-449a, can be 
involved in senescence or age-related diseases including 
neurological disorders, diabetes, degenerative arthritis, 
and cataracts.2,7

Distinct expression profiles of  miRs in  the  central 
epithelium of transparent human lenses and age-related 
cataract-affected human lenses have been reported previ-
ously.8 In transparent lenses, a high expression of miR-184, 
miR-1826, miR-125b, miR-1308, miR-26a, miR-638, miR-
923, and let-7b has been observed. In age-related cataract-
affected lenses, other miRs have been identified, including 
miR-184, miR-1826, let-7b/c, miR-24, mir-23b, miR-23a, 
and miR-923.8 It is possible that all the identified miRs are 
involved in a multifactorial pathogenesis of cataract forma-
tion, in which processes of senescence, as well as multiple 
genetic and environmental factors, have been implicated. 
Specifically, miR-34a may play an important role in lens 
senescence, given that its expression in the lens epithelium 
is positively correlated with age and the severity of the cat-
aract.9 There are probably also different exclusively age-
specific gene expression changes in human lenses.10

The pathogenesis of  a cataract is  still poorly under-
stood, but Li et al. described lens epithelial cell apoptosis 
as a common cellular process in cataract development.11 
Specifically, the TP53 gene is closely associated with lens 
epithelial cell apoptosis.12 Qin et al. described that micro-
RNA-125b (miR-125b) directly targets P53: miR-125b was 
downregulated in age-related cataract tissue when com-
pared with healthy transparent lens tissue, and inversely 
related to the level of P53.13

With its monolayer structure and direct exposure to ul-
traviolet radiation, the lens capsule epithelium seems to be 
an important subject for investigating complex factors 
playing roles in cellular aging, including genetics and en-
vironmental influences.10 Senescence has been implicated 
in cataract, pseudoexfoliation syndrome (PEX) and prima-
ry open-angle glaucoma, but disease-specific mechanisms 
remain elusive.

Pseudoexfoliation syndrome is  a  common multifac-
torial age-related and genetically determined elastosis. 

Pathologic pseudoexfoliation material (PEXM) accumu-
lates as a result of excessive production and abnormal net-
ting of elastic fibers, resulting in the accumulation of elas-
tic fiber aggregates in tissues of the eye and other organs.14

Our study aimed to: 1) establish the expression of miR-
125b in cataract complicated by other eye diseases; and 
2) to determine whether any environmental factors have 
any influence on miR-125b expression. For the first time 
we quantified the expression of miR-125b in lens capsules 
of patients with cataract, PEX, primary open-angle glau-
coma, and PEX glaucoma.

Material and methods

This prospective, controlled study was approved 
by the Regional Ethics Review Board and was conducted 
in accordance with the principles set forth in the Guide-
lines for Good Clinical Practice and the Declaration of Hel-
sinki (and its amendments) (approval No. KB 272/2017 
from 26/04/2017).

Fresh specimens of anterior lens capsules were obtained 
from 150 patients between 46 and 92 years of age (mean: 
75.18 years, standard deviation (SD) ±9.12 years) during 
cataract phacoemulsification surgery. All lens samples 
were obtained with intact continuous curvilinear capsu-
lorhexis 5–6 mm in diameter.

Each patient underwent a complete ophthalmological 
examination comprising an interview, anterior segment slit 
lamp biomicroscopy before and after dilation of the pupil, 
intraocular pressure (IOP) and funduscopic examination. 
Patients who had previously undergone eye surgery or who 
had other ophthalmic diseases (e.g., diabetic retinopathy, 
uveitis, trauma) were excluded.

The patients were consecutively selected and assigned 
to 1 of 4 groups:

1.  group of  patients with cataract and PEX (PEXg) 
– 38 patients;

2. group of patients with cataract and primary open-
angle glaucoma (Gg) – 37 patients;

3. group of patients with cataract, PEX and glaucoma 
(PEX glaucoma group – PEXGg) – 30 patients;

4. group of patients with cataract – the control group 
(Cg) – 45 patients.

The severity of the cataracts was similar in each study 
group. Information regarding current ophthalmic medica-
tion usage (timolol, brymonidine, prostaglandin analog, 
dorzolamide) and lifestyle data, such as smoking habits, 
were elicited through a patient interview prior to surgery.

RNA isolation and relative  
real-time RT-PCR

Fragments of  lens capsules from patients with cata-
ract were homogenized using MagNA Lyser Green Beads 
(Roche Diagnostics GmbH, Mannheim, Germany) in a lysis 
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buffer. Total RNA was isolated using a NucleoSpin RNA 
II kit (Macherey-Nagel & Co., Düren, Germany) follow-
ing the manufacturer’s protocol. Reverse transcription 
reaction (RT) was performed using 3 µL of extracted to-
tal RNA, TaqMan MicroRNA Reverse Transcription Kit 
(Thermo Fisher Scientific, Foster City, USA) and specific 
RT primers for RNU6B (Thermo Fisher Scientific) and 
miR-125b (Thermo Fisher Scientific) in a  final volume 
of 15 µL according to the manufacturer’s instructions. 
Kapa PROBE Master Mix (Kapa Biosystems Inc., Boston, 
USA) and specific TaqMan MicroRNA Assays (Thermo 
Fisher Scientific) were used to assess microRNA expression 
according to the manufacturers’ instructions. We added 
1.33 µL of twice-diluted RT product to single real-time 
polymerase chain reaction (RT-PCR). All the reactions were 
performed in triplicate in 96-well plates under the follow-
ing thermal cycling conditions: 20 s at 95°C followed by 40 
cycles of 1 s at 95°C and 20 s at 60°C. The reactions were 
run in the 7900HT Fast Real-Time PCR System (Thermo 
Fisher Scientific) and the threshold cycle data (Ct) were 
collected using SDS v. 2.2 software (Thermo Fisher Scien-
tific). The relative expression of miR-125b in each sample 
was calculated using the comparative Ct method (2−∆∆Ct). 
The patients’ samples were normalized to RNU6B, cali-
brated to the Cg and presented as a relative quantity (RQ).

Statistical analysis

A qualitative analysis (χ2 test) used to form a catego-
rized table and a quantitative analysis (Student’s t-test) 
were performed. Analysis of  variance (ANOVA) with 
a post hoc least significant difference (LSD) evaluation 
was used to define the differences between the groups. 
A partial analysis was performed at intervals of RQ (and 
logRQ) defined with the χ2 method. In addition, the cor-
relation between miR-125b and the age of the patients 
was assessed. Logistic regression was used to  assess 
the probability of influence of the RQ in each specified 
group. The results were considered statistically signifi-
cant at a p-value less than 0.05. All the calculations were 
carried out using STATISTICA v. 12 software. (StatSoft 
Inc., Tulsa, USA) and MedCalc (MedCalc Software Ltd., 
Ostend, Belgium).

Results

MiR-125b expression

In order to determine the expression level of miR-125b 
in every group, relative RT-PCR was performed. The level 
of miR-125b expression was increased in each of the study 
groups (PEXg, Gg and PEXGg) compared to the Cg (Fig. 1). 
The  qualitative analysis (χ2 test) revealed statistically 
significant increases in the miR-125b levels in the PEXg 
cohort compared to  the Cg cohort (3.33  times higher; 
p = 0.015, Table 1). There were no statistically significant 
differences in miR-125b levels between the samples from 
the Gg and Cg cohorts.

Table 1 shows the mean and standard deviations of RQ 
values; however, the RQ distributions are right-skewed. 
Therefore, the ANOVA test was used after the RQ loga-
rithm transformation. An LSD test was used as a as post 
hoc test after the ANOVA. No differences in sex distribu-
tion between groups was found (p = 0.4822). In the PEXg 
compared to the other 2 groups (Gg and PEXGg), the num-
ber of patients with an RQ value >0.6 was increased by 10%, 
while 10% fewer patients had an RQ value <−0.3. This fur-
ther supports the statistical difference between the groups 
described (Fig. 2).

Fig. 1. Comparison of miR-125b expression levels in PEXg, Gg, PEXGg, 
and Cg. The observed values were higher in the study groups with 
an ophthalmic disease compared to the Cg, but the only statistically 
significant difference was in PEXg compared to Cg

p = 0.046 (median – horizontal line inside of the 25–75% box).

Table 1. Mean expression of miR-125b in every group (LSD test as post hoc test)

Group Number 
of patients Mean age† Sex proportion in each 

group (female:male)† Mean RQ SD p-value
(tested group vs Cg)

PEXg 38 77 15:4 5.11 6.92 0.015

Gg 37 72 25:12 4.30 6.44 0.14

PEXGg 30 76 22:8 2.78 4.10 0.45

Cg 45 73 29:16 1.53 1.38 x

All groups 150 75 53:22 3.37 5.27 x

† no statistically significant differences between groups (p > 0.05); LSD – least significant difference; SD – standard deviation; RQ – relative quantity; 
PEX – pseudoexfoliation; PEXg – patients cataract and PEX; PEXGg – patients with cataract, glaucoma and PEX; Gg – patients with cataract and primary 
open-angle glaucoma; Cg – control group.
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The quantitative analysis of miR-125b expression (Stu-
dent’s t-test) conducted between PEXg+PEXGg (the com-
bined group of all the patients that have the PEX syndrome, 

with or without glaucoma) and Cg revealed a statistically 
significant difference (p = 0.04, Fig. 3).

Additionally, the logistic regression model (Fig. 4) re-
vealed a statistically significant correlation (probability 
>50%) between the level of RQ and the diagnoses outlined 
in the study: A) existing PEX with or without glaucoma; 

Fig. 4. Logistic regression analysis for different categorical outcomes (A) existing PEX with or without glaucoma, (B) existing glaucoma with or without 
PEX, (C) only PEX, and (D) only glaucoma compared to the Cg. The PEXGg is the factor that reverses the 95% CI RQ values from predominantly positive 
in the PEXg and Gg into the predominantly negative in the combined groups such as PEXg+PEXGg and PEXGg+Gg

Fig. 3. MiR-125b expression (logRQ values) in all the patients with PEX 
syndrome compared to the Cg (mean logRQ PEXg+PEXGg = 0.203; 
Cg = −0.0228; p = 0.04)

Fig. 2. MiR-125b expression analysis in PEXg, Gg, PEXGg, and Cg with 
subdivisions into the different value ranges of logRQ (the number 
of patients in each group is on the bar)
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B) existing glaucoma with or without PEX, C) only PEX; 
and D) only glaucoma compared to the Cg. The PEXG 
is a factor that reverses the 95% confidence interval (95%) 
CI RQ values from predominantly positive in the PEXg and 
Gg into the predominantly negative in the combined groups, 
such as PEXg+PEXGg and PEXGg+Gg. The p-values and 
95% CI ranges are: 0.0013, −6.94–2.17; 0.0056, −14.32–2.09; 
0.0002, 1.35–7.90; and 0.0027, 0.95–12.89, respectively, for 
PEXg+PEXGg, PEXGg+Gg, PEXg, and Gg.

Factors that may affect  
miR-125b expression

There were no statistically significant correlations be-
tween the levels of miR-125b and the age of the patients. 
During the assessment of  relationships between levels 
of miR-125b and important factors obtained from pa-
tients‘ history records (current cigarettes smoking, drops 
for glaucoma), only 1 statistically significant difference 
was found: a lower level of miR-125b expression was found 
in patients who smoked compared to those who did not 
(p = 0.01, Table 2). Cigarette smoking was noted in the his-
tories of 5.26% of the patients with PEXg (2 of 38 patients), 
16.67% of the patients with PEXGg (5 of 30 patients), 8.1% 
of  the  patients with Gg (3 of  37  patients), and 8.89 % 
of the patients in the Cg (4 of 45 patients).

Discussion

Our study is the first to present the correlation between 
the level of miR-125b and PEX syndrome in patients with 
cataracts and PEX compared to patients with cataracts 
alone.

MiR-125b has been demonstrated to be inversely related 
to the level of P53 in age-related cataract tissue and is in-
volved in aging induced by the DNA damage response, 
which is mainly governed by the P53 pathway.13 Some con-
firmed risk factors for cataract formation, like chronic 

ultraviolet light exposure and oxidative stress, cause DNA 
damage as a result of the cumulative effects of reactive 
oxygen species (ROS).9

In our study, we observed no differences in the levels 
of expression of miR-125b in the lens capsules of patients 
with cataracts alone and those with both cataract and pri-
mary open-angle glaucoma. The main finding of our study 
is that miR-125b is significantly increased in lens capsules 
of patients with PEXg. The results obtained in this and 
in prior studies allow to us assume that in the examined 
population, the co-existence of PEX and cataracts was 
the main moderator of miR-125b expression in the lens 
capsules and that the increased expression of miR-125b 
may be a cause of PEX. It should be emphasized that our 
research, which reflects miR-125b expression levels close 
to those seen in vivo, was carried out on a large number 
of sampled capsules from a patient population that was 
relatively homogenous in terms of age and disease severity.

Numerous mechanisms, such as disruptions in the pro-
teolytic balance of the extracellular matrix, chronic inflam-
matory processes of  low intensity, chronic or recurrent 
ischemia/hypoxia, regulation disturbances at the cellu-
lar level, and oxidative stress, have all been implicated 
in  the  formation of  PEXM complexes.4,15,16 These fac-
tors interplay in creating conditions specific for PEX and 
the upregulation of miR-125b in capsular lens tissue can 
be either a cause or an effect of these processes.

Altered expression of miR-125b has been demonstrated 
in a number of chronic diseases and malignancies, includ-
ing prostate, breast and pancreatic cancer and primary 
hepatocellular carcinoma.17–20 MiR-125b expression is as-
sociated with classic phenotypic and genotypic sequelae 
of reduced P53 expression, including altered sensitivity 
to genotoxic agents and reduced expression of P53-related 
transcriptional targets such as miR-34a/b/c.21

Excessive oxidative stress has been shown to augment 
expression of miR-125b.21 Upregulation of miR-125b ex-
pression has been identified in acute cerebral ischemia.22,23 
Also, miR-125b has been shown to increase in settings 

Table 2. Summary of additional factors in the analysis of miR-125b expression

Medical history information
Mean Number of valid cases SD

p-value
no yes no yes no yes

Medications

timololi maleas 1.91 1.84 131 19 0.72 0.76 0.57

brimonidine 1.90 2.00 131 19 0.70 0.88 0.96

prostaglandins 1.89 2.00 137 13 0.72 0.71 0.77

Habits smoking 1.95 1.43 136 14 0.72 0.51 0.01

Comorbidities

DM 1.88 1.97 119 31 0.72 0.75 0.52

heart failure 1.87 1.95 91 59 0.70 0.75 0.95

HT 1.88 1.91 52 98 0.70 0.73 0.90

dementia 1.90 1.80 145 5 0.73 0.45 0.69

vertigo 1.91 1.75 138 12 0.72 0.75 0.60

DM – diabetes mellitus; HT – hypertension; SD – standard deviation.
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of hypoxia.24 Thus, oxidative stress and hypoxia appear 
to play a major role in the modification of gene expression.

The impact of smoking on the incidence of PEX has not 
been clearly assessed, but Spečkauskas et al. reported that 
the age-adjusted odds ratio (OR) for PEX increased 3.1% 
with each year of smoking, but that the number of ciga-
rettes smoked per day had no effect on PEX.25 However, 
other researchers, like You et al., found no relationship 
between smoking and the occurrence of PEX in a large 
cohort study.26

The present study showed significantly reduced miR-
125b expression in cigarette smokers. Analyzing the distri-
bution of smokers among the study groups, the percentage 
of smoking patients in the PEXGg was close to double that 
in the other groups (16.67% compared to 5.26% in PEXg, 
8.1% in Gg and 8.89% in Cg).

In the present study, there was no significant elevation 
in the expression of miR-125b in PEXGg. Increased expres-
sion was statistically significant for PEXg and for the com-
bined group of  all patients with PEX (PEXg+PEXGg). 
If smoking reduces the expression level of miR-125b, and 
more patients who smoke cigarettes are found in PEXGg 
than in the other groups, it can be assumed that the rea-
son for the absence of a statistically significant increase 
in miR-125b expression in the PEXGg may be the increased 
percentage of smokers. In the group of all patients with 
PEX, the percentage of smoking patients was equalized 
(10.29% in the PEXg+PEXGg group compared to 8.89% 
in the Cg) and significantly increased miR-125b expression 
was noted in all the PEX patients.

The central fragment of the anterior lens capsule was 
the  material examined to  assess the  miR-125b level. 
The lens capsule is an ideal source of information about 
PEX, as it is constantly exposed to damaging factors that 
participate in the disease pathogenesis, such as UV rays. 
It is a region in which the molecules comprising PEXM 
are deposited and bound in insoluble structures. The lens 
capsule is  avascular and is  washed by  aqueous fluid. 
The components of the aqueous fluid can impact the lens 
capsule. According to the protein sink model, the anterior 
chamber of PEX eyes reflects a breakdown of the blood–
eye barrier.14 Chronic inflammatory changes of the aque-
ous humor may lead to dysregulation of miR expression 
and influence P53 activity, leading to the transcription 
of numerous genes responsible for senescence or apoptosis 
by activation of the target mRNA.27

Conclusions

An interesting and innovative aspect of our preliminary 
study was the correlation of PEX and miR-125b expression 
in the eye tissue examined. Further studies are needed 
to determine the  role of miR in eye pathologies. Dys-
regulation of miR expression and activity can contribute 
to stress-related chronic diseases such as PEX. Even with 

the advances in the field in the last decade, effective novel 
therapeutic approaches are still lacking for PEX. An im-
proved understanding of the impact of epigenetic factors, 
such as DNA hypermethylation and histone modifications 
in the regulation of miR expression, is needed. The re-
sults of this study suggest that miR shows a potential to be 
a future avenue for effective diagnosis and therapeutic 
strategies for PEX.

ORCID iDs
Martyna Tomczyk-Socha  https://orcid.org/0000-0002-1472-4996
Dagmara Baczyńska  https://orcid.org/0000-0001-6781-6758
Joanna Przeździecka-Dołyk  https://orcid.org/0000-0002-1099-4876
Anna Turno-Kręcicka  https://orcid.org/0000-0001-6732-1851

References
1.	 Dogini DB, Pascoal VD, Avansini SH, Vieira AS, Pereira TC, Lopes-

Cendes I. The new world of RNAs. Genet Mol Biol. 2014;37(1 Suppl): 
285–293.

2.	 Lee YH, Kim SY, Bae YS. Upregulation of miR-760 and miR-186 is asso-
ciated with replicative senescence in human lung fibroblast cells. 
Mol Cells. 2014;37(8):620–627.

3.	 Chen K, Rajewsky N. The evolution of gene regulation by transcrip-
tion factors and microRNAs. Nat Rev Genet. 2007;8(2):93–103.

4.	 Peng CH, Liu JH, Woung LC, et al. MicroRNAs and cataracts: Cor-
relation among let-7 expression, age and severity of lens opacity.  
Br J Ophthalmol. 2012;96(5):747–751.

5.	 Kowlru RA, Kowlru A, Mishra M, Kumar B. Oxidative stress and epi-
genetic modifications in the pathogenesis of diabetic retinopathy. 
Prog Retin Eye Res. 2015;48:40–61.

6.	 Vasudevan S, Tong Y, Steitz JA. Switching from repression to activa-
tion: MicroRNAs can up-regulate translation. Science. 2007;318(5858): 
1931–1934.

7.	 Khee SG, Yusof YA, Makpol S. Expression of senescence-associated 
microRNAs and target genes in  cellular aging and modulation 
by tocotrienol-rich fraction. Oxid Med Cell Longev. 2014:725929. doi:10. 
1155/2014/725929

8.	 Wu C, Lin H, Wang Q, et al. Discrepant expression of microRNAs 
in transparent and cataractous human lenses. Invest Ophthalmol  
Vis Sci. 2012;53(7):3906–3912.

9.	 Chien KH, Chen SJ, Liu JH, Chang HM, Woung LC, Liang CM. Correla-
tion between microRNA-34a levels and lens opacity severity in age-
related cataracts. Eye (Lond). 2013;27(7):883–888.

10.	 Hawse JR, Hejtmancik JF, Horwitz J, Kantorow M. Identification and 
functional clustering of global gene expression differences between 
age-related cataract and clear human lenses and aged human lenses.  
Exp Eye Res. 2004;79(6):935–940.

11.	 Li WC, Kuszak JR, Dunn K, et al. Lens epithelial cell apoptosis appears 
to be a common cellular basis for non-congenital cataract develop-
ment in humans and animals. J Cell Biol. 1995;130(1):169–181.

12.	 Geatrell JC, Gan PM, Mansergh FC, et al. Apoptosis gene profiling 
reveals spatio-temporal regulated expression of the p53/Mdm2 path-
way during lens development. Exp Eye Res. 2009;88(6):1137–1151.

13.	 Qin Y, Zhao J, Min X, et al. MicroRNA-125b inhibits lens epithelial cell 
apoptosis by targeting p53 in age-related cataract. Biochim Biophys 
Acta. 2014;1842(12 Pt A):2439–2447.

14.	 Lee RK. The molecular pathophysiology of pseudoexfoliation glau-
coma. Curr Opin Ophthalmol. 2008;19(2):95–101.

15.	 Wu C, Liu Z, Ma L, et al. MiRNAs regulate oxidative stress related genes 
via binding to the 3’ UTR and TATA-box regions: A new hypothesis 
for cataract pathogenesis. BMC Ophthalmol. 2017;17(1):142.

16.	 Zenkel M, Kruse FE, Naumann GO, Schlötzer-Schrehard U. Impaired 
cytoprotective mechanisms in eyes with pseudoexfoliation syn-
drome/glaucoma. Invest Ophthalmol Vis Sci. 2007;48(12):5558–5566.

17.	 Wojciechowska A, Braniewska A, Kozar-Kamińska K. MicroRNA in car-
diovascular biology and disease. Adv Clin Exp Med. 2017;26(5):865–874.

18.	 Shi XB, Xue L, Yang J, et al. An androgen-regulated miRNA suppresses 
Bak1 expression and induces androgen-independent growth of pros-
tate cancer cells. Proc Natl Acad Sci U S A. 2007;104(50):19983–19988.



Adv Clin Exp Med. 2020;29(12):1399–1405 1405

19.	 Thomson JM, Newman M, Parker JS, Morin-Kensicki EM, Wright T,  
Hammond SM. Extensive post-transcriptional regulation of microRNAs 
and its implications for cancer. Genes Dev. 2006;20(16):2202–2207.

20.	 Xu J, Li J, Zheng TH, Bai L, Liu ZJ. MicroRNAs in the occurrence and 
development of primary hepatocellular carcinoma. Adv Clin Exp Med. 
2016;25(5):971–975.

21.	 Selbach M, Schwanhäusser B, Thierfelder N, Fang Z, Khanin R, Rajewsky N.  
Widespread changes in protein synthesis induced by microRNAs. 
Nature. 2008;455(7209):58–63.

22.	 Lukiw WJ, Pogue AI. Induction of specific microRNA (miRNA) spe-
cies by ROS-generating metal sulfates in primary human brain cells. 
J Inorg Biochem. 2007;101(9):1265–1269.

23.	 Sepramaniam S, Tan JR, Tan KS, et al. Circulating microRNAs as bio-
markers of acute stroke. Int J Mol Sci. 2014;15(1):1418–1432.

24.	 Kulshreshtha R, Ferracin M, Wojcik SE, et al. A microRNA signature 
of hypoxia. Mol Cell Biol. 2006;27(5):1859–1867.

25.	 Spečkauskas M, Tamošiūnas A, Jašinskas V. Association of ocular 
pseudoexfoliation syndrome with ischaemic heart disease, arteri-
al hypertension and diabetes mellitus. Acta Ophthalmol. 2012;90(6): 
e470–e475.

26.	 You QS, Xu L, Wang YX, et al. Pseudoexfoliation: Normative data and 
associations – the Beijing eye study 2011. Ophthalmology. 2013;120(8): 
1551–1558.

27.	 Liu B, Chen Y, Clair DK. ROS and p53: A versatile partnership. Free 
Radic Biol Med. 2008;44(8):1529–1535.





Cite as
Yu J, Ruan Q, Nie X. Synthesis and characterization 
of atherosclerotic target anti-CD47 functionalized  
by nano- polyelectrolyte complexes between chitosan 
and hyaluronic acid and in vivo and in vitro targeting 
experiments. Adv Clin Exp Med. 2020;29(12):1407–1415.  
doi:10.17219/acem/127685

DOI
10.17219/acem/127685

Copyright
© 2020 by Wroclaw Medical University 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Address for correspondence
Jun Yu
E-mail: 89679676@qq.com

Funding sources
This work was financially supported by the National Natu-
ral Science Foundation of China (81200104), and the Youth 
Foundation of Huazhong University  
of Science and Technology (02.03.2017-314).

Conflict of interest
None declared

Received on October 14, 2019
Reviewed on June 29, 2020
Accepted on September 20, 2020

Abstract
Background. In several different atherosclerotic model mice, blocking CD47 with anti-CD47 antibody 
significantly reduced accumulation of arterial plaque.

Objectives. We described the development of multifunctional positively charged polyelectrolyte complex 
(PEC) nanoparticles, designed to be stable at physiological salt concentrations and pH for effective targeted 
delivery in atherosclerosis.

Material and methods. These nanoparticles were obtained by charge neutralization using chitosan (CS) 
as the polycation and hyaluronic acid (HA) as the polyanion. An atherosclerotic-model antibody, the anti-
CD47 antibody, was sorbed onto the particle surfaces in water and phosphate-buffered saline (PBS) for 4 h. 
The synthetic nanocarriers were exposed to vascular endothelial cells (VECs) in vitro to study their targeted 
adsorption to the cells, and the targeted distribution of nanocarriers was evaluated in vivo.

Results. We showed that the complexation process and the physicochemical properties of the resulting col-
loids were impacted by external parameters such as the charge mixing ratio and the polymer concentrations. 
Nonstoichiometric colloidal PECs were obtained in water or PBS (pH 7.4) and remained stable for 1 month. 
The morphology was studied with scanning electron microscopy (SEM). The average size of the CS-HA/
CD47 nanoparticles was 375–620 nm, with a positive zeta potential. The CD47-targeted nanocarriers could 
be efficiently adsorbed to the surface of VECs in vitro, and their targeted distribution was evaluated in vivo.

Conclusions. Targeted nanocarriers can be effectively adsorbed to the surface of a VEC line and atheroma-
tous plaque in vitro and in vivo. These results demonstrated that CS-HA/CD47 can be an effective carrier for 
targeted drug delivery in atherosclerosis.

Key words: atherosclerosis, chitosan, hyaluronic acid, polyelectrolyte complexes, anti-CD47
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Introduction

In a recent study, researchers from the Stanford Univer-
sity School of Medicine (USA) found that cells with surface 
antigen CD47 are extremely abundant in atherosclerotic 
plaque, and that CD47-blocking antibodies reverse defects 
in efferocytosis, normalize the clearance of diseased vascu-
lar tissue and ameliorate atherosclerosis in multiple mouse 
models. In several different atherosclerotic mouse models, 
blocking CD47 with anti-CD47 antibody significantly re-
duced arterial plaque accumulation.1 However, how to use 
CD47 antibody to achieve effective drug delivery remains 
a key issue to be solved in future research.

In the past few years, the preparation of polyelectrolyte 
complexes (PECs) through the  electrostatic interaction 
of oppositely charged polyions, especially as a drug carrier 
or gene delivery system, has been widely studied by research-
ers.2,3 The preparation of PEC nanoparticles is relatively sim-
ple, and the synthesis requires minimal technical expertise 
and equipment. Without the need for toxic organic solvents 
and chemical cross-linking agents, PEC nanoparticles can 
be prepared under mild conditions and easily controlled.

There are many factors that influence the formation and 
physical properties of PEC nanoparticles, such as pH, tem-
perature, ionization, ionic strength, and interaction time. 
The stability of PECs depends on the relative molecular 
weight and charge mixing ratio.4 Chitosan (CS) is a polysac-
charide obtained by partially deacetylated chitin. Chitosan 
has some properties that are particularly suitable for medi-
cal applications, such as biocompatibility,5 biodegradability 
and non-toxicity,6 in addition to being relatively inexpen-
sive.7 The glucosamine residue of the primary amino group 
(–NH2) can be protonated in a weakly acidic environment. 
Therefore, CS can be combined with various anionic forms 
of PECs such as dextran sulfate,8 chondroitin sulfate,9 so-
dium alginate-carboxymethylcellulose,10–12 carrageenan, 
polygalacturonic acid,13,14 and DNA. Hyaluronic acid (HA) 
is a low-density, multi-component weak acid that is part 
of the extracellular matrix of all higher animals. It has high 
lubricity, water absorption and water retention, all of which 
affect the migration, adhesion and proliferation of various 
cells.15 Biomedical applications of HA include ophthalmic 
surgery, arthritis treatment, wound healing stents, tissue 
engineering, and implant materials.16–18 Hyaluronic acid 
can be used in biomedical applications with other poly-
mers such as polylysine19,20 and silk fibroin to form PECs. 
Recent studies have shown that chitosan-hyaluronic acid 
PEC (CS-HA PEC) nanoparticles can be used as a vector 
for gene delivery,21–23 with vector efficiency of up to 60%.24

Based on the above, the aim of this study was to com-
bine the advantages of CS and HA to develop a polyelectro-
chemical composite PEC nanoparticle for CD47 antibody 
adsorption, and to study whether colloidal PEC nanopar-
ticles are stable to the CD47 antibody. In vivo and in vitro 
cytology experiments with the synthetic anti-CD47-target-
ed nanocarriers were performed to evaluate the targeted 

adsorption of vascular endothelial cells (VECs) and ath-
erosclerotic plaque.

This study was approved by  the  Ethics Committee 
of Tongji Medical College of Huazhong University of Sci-
ence and Technology (Wuhan, China).

Material and methods

Chitosan with varying degrees of acetylation (DA) was 
provided by Jinan Haidebei Marine Biological Engineer-
ing Co., Ltd. (Jinan, China). The DA for the CS used were 
5% and 48% and the molar molecular weight (Mw) ranged 
from 100 × 103 g/mol to 600 × 103 g/mol. The samples 
were dissolved in aqueous acetic acid, filtered through 
a Millipore membrane with reduced porosity (Millipore 
Sigma, Burlington, USA), precipitated with ammonia, 
rinsed to neutral with deionized water, and lyophilized. 
The purified high molar mass CS was acetylated with ace-
tic anhydride in a homogeneous medium. The CS was dis-
solved at 0.5% (w/v) in 0.2 M acetic acid with 0.1 M sodium 
acetate buffer. We added 0.15 M sodium nitrite solution 
to the CS solution to obtain nitrite/glucosamine at a molar 
ratio of 0.5. The reaction was carried out for various dura-
tions (15–60 min) under moderate magnetic stirring ac-
cording to the target Mw. The CS was recovered through 
ammonia precipitation, washed several times with deion-
ized water until neutral and finally freeze-dried.

Hyaluronic acid with varying Mw, ranging from 
1500 × 103 g/mol to 50 × 103 g/mol, was provided by Zhen-
jiang Dongyuan Biotechnology Co., Ltd. (Jiangsu, China). 
Anti-CD47 (CD47) antibody was provided by Santa Cruz 
Biotechnology (Santa Cruz, USA) and the concentrations 
were confirmed using a Pierce bicinchoninic acid (BCA) 
assay according to the manufacturer’s instructions (Ther-
mo Fisher Scientific, Hudson, USA).

Preparation of polyelectrolyte solution

The CS was dispersed in water or phosphate-buffered 
saline (PBS) at a concentration of 0.1% by mass. The solu-
tion was adjusted to pH = 4.0 with 0.1 M sodium hydrox-
ide or hydrochloric acid. All the CS solutions were filtered 
through a 0.22-μm pore size Millipore membrane prior 
to use. A 0.1% strength HA solution was prepared directly 
in water or PBS medium with magnetic stirring.

Formation of polyelectrolyte complexes

Under non-stoichiometric conditions (R = n+/n− ≥ 1, 
where R is the mixed molar charge ratio), excess poly-
mer was added to the magnetic stirrer in 1 portion. A col-
loidal PEC (750 rpm) was formed with magnetic stirring 
at room temperature. The final particle dispersion vol-
ume was 30 mL and the solid content was 0.1%. The sub-
strate was precipitated from the solution by centrifugation 
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at 7000 rpm and 20°C for 10 min. The supernatant was re-
moved and the pellet was resuspended in deionized wa-
ter or PBS. In all the experiments performed in this study, 
the initial solution of CS was adjusted to pH = 4.0 to ensure 
full protonation. Chitosan with an Mw of 100 × 103 g/mol 
and DA of 5% as well as with an Mw of 200 × 103 g/mol and 
DA of 48% was used. The average molar mass of the HA 
used ranged from 50 × 103 g/mol to 1500 × 103 g/mol. 
Hyaluronic acid was complexed to CS and the charge ra-
tio of the complex was controlled to be (N+/N−) = 1.5.

Determination of particle solid content

The  solid content is  defined as  the  ratio between 
the weight of the particles after drying at 60°C for 24 h and 
the initial weight of the solution.

Physical and chemical characterization 
of complex dispersions

Dynamic light scattering measurements of the PEC dis-
persion were performed using a Malvern Nanosizer SZ 
(Malvern Instruments, Malvern, UK) at  the Huazhong 
University of Science and Technology Analytical Testing 
Center (Wuhan, China) with a parameter of λ = 633 nm 
(at a 173° scattering angle), operated using a 10 mW He/Ne 
laser beam. All the dynamic light scattering measurements 
were performed at least 3 times at 25°C. The polydispersity 
index (PI) is derived from an algorithm provided by the soft-
ware and is defined as μ2/(Γ)2, where μ2 is the second cumu-
lative amount of the correlation function and (Γ) is the av-
erage decay rate. Each polydispersity index measurement 
is the average of 6 measurements in 3 experiments. The zeta 
potential was measured using the electrophoretic mobility 
(μE) from the Smoluchowski equation. The μE of the par-
ticles was measured at 25°C using the Malvern Nanosizer 
SZ, and the measurements were carried out by suspending 
the washed dispersion in a 10−3 M sodium chloride solu-
tion. The average of 10 measurements was used with a rel-
ative error of 5%. A scanning electron microscope (SEM) 
image was obtained at 5 kV on a Hitachi S-4800 micro-
scope (Hitachi Ltd., Tokyo, Japan). A 0.01% (v/v) nanopar-
ticle dispersion droplet was deposited on a sample holder, 
air dried at room temperature for 12 h and coated under 
an argon atmosphere with a palladium cathode evaporator 
(Structure Probe; Inc./SPI Supplies, West Chester, USA). 
Scanning electron microscope examinations were per-
formed at the Center for Analysis and Testing Technology 
of Huazhong University of Science and Technology.

CD47 antibody adsorbed onto  
CS-HA polyelectrolyte nanocolloid

Chitosan-hyaluronic acid polyelectrolytic nano-
colloid (CS Mw 200  ×  103  g/mol and DA  =  48%, HA 
Mw  =  50  ×  103  g/mol) was mixed with different 

concentrations of the CD47 antibody solution with mod-
erate agitation, so that the final mixed molar charge ratio 
of the mixture was R = 1.5. After the mixture was cen-
trifuged at 14,000 g for 10 min, the supernatant was re-
moved and the pellet was resuspended in the same volume 
of buffer. The anti-CD47 adsorption yield was calculat-
ed as follows: anti-CD47 adsorption rate = ((anti-CD47 
input − anti-CD47 residue)/anti-CD47 input)  ×  100%, 
where anti-CD47 input is the concentration of anti-CD47 
titrated in the original control sample solution for each 
independent experiment, and anti-CD47 residue refers 
to the concentration of anti-CD47 measured with titra-
tion in the supernatant.

In vitro targeting of VECs  
by anti-CD47-CS-HA  
polyelectrochemical complex

The anti-CD47 nanocarrier was labeled with fluoresce-
in isothiocyanate (FITC) fluorescent secondary antibody 
in vitro. The VEC strain was routinely cultured. When 
the cells were grown to 80% confluency, the medium was 
changed to a serum-free medium and cultured for 3 days 
in the absence of serum medium. The cells were added 
to 50 μg/mL ox-LDL for 72 h, and then inoculated into 
a 24-well cell culture plate, co-cultured with anti-CD47 
nano adjuvant for 24 h and washed with PBS. The medium 
was exchanged and the suspension of the adsorbed nano-
carriers was simultaneously counterstained with DAPI. 
The number and proportion of green fluorescent cells were 
observed under a fluorescence microscope.

Targeted experiment with synthetic  
anti-CD47-CS-HA polyelectrochemical 
complex for atherosclerotic plaque

Atherosclerosis-prone apolipoprotein E-deficient (ApoE 
−/−) mice display poor lipoprotein clearance with subse-
quent accumulation of cholesterol ester-enriched particles 
in the blood, which promote the development of athero-
sclerotic plaque. Therefore, the ApoE −/− mouse model 
is well established for the study of atherosclerosis. A to-
tal of  24 ApoE mice were purchased from the  Exper-
imental Animal Center of Nanjing University (China). 
The mice were fed a high-fat and high-cholesterol diet, 
and were fostered in the Specific Pathogen-Free (SPF) an-
imal room at the Experimental Animal Center of Tongji 
Medical College at Huazhong University of Science and 
Technology (Wuhan, China). After 20 weeks of feeding, 
the model of atherosclerosis was ready. For the last 8 weeks 
of the 20-week period, the animals were divided into 3 
groups: the P group (n = 8), which was administered Cy5.5-
anti-CD47-CS-HA-PECs; the M group (n = 8), given cy5.5 
dye solution; and the G group (n = 8), which got CS-HA-
PECs. Each mouse was injected with 0.2 mL of its assigned 
component in the tail vein once a week for 8 weeks. After 
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the injections were completed in the 20th week, the health 
status and blood cell count of each mouse were checked. 
Normal mice were used for follow-up experiments.

In vivo targeting of atherosclerotic plaque 
in ApoE mice by Cy5.5-CD47  
antibody-CS-HA-PECs

Each group of mice began fasting 6 h before imaging to re-
duce potential background interference caused by gastro-
intestinal foods. Group G was injected with 0.2 mL PBS 
through the tail to dissolve 10 mg/mL CS-HA-PECs, whereas 
group P was injected with 0.2 mL PBS to dissolve Cy5.5-la-
beled (25 ug) anti-CD47-CS-HA-PECs (10 mg/mL). The con-
trol group (M) was injected with 0.1 mL of a free Cy5.5 dye 
solution (1 mg/mL) through the tail vein. Twenty four hours 
after the injection, the mice were anesthetized with an intra-
peritoneal injection of 10% chloral hydrate solution (0.35 mL 
per 100 mg of body weight). After anesthesia, the mice were 
depilated to reduce the background fluorescence interference 
generated by the hair and fixed onto the treatment bed with 
tape in a supine position. The small animal in vivo imaging 
system IVIS 200 (Perkin Elmer, Waltham, USA) was used 
to image the entire body; the thorax was imaged with the flu-
orescence scanning in vivo imaging system of the same de-
vice. The images of the animals emitting fluorescence in vivo 
were recorded and the distribution of the fluorescent com-
plex Cy5.5-CD47 antibody-CS-HA-PECs was analyzed. 
The fluorescence distribution of the negative and positive 
control groups was compared. After the imaging, the aortas 
were harvested and tissue sections were prepared. The limbs 
of the mice were fixed in an anatomical tray, and the chest 
and abdomen were smeared with 75% alcohol until the skin 
was moist. The abdominal skin was lifted with a sterilized 
shaver and surgically cut with scissors. A gap was care-
fully cut to open the chest and abdominal cavity and ex-
pose the heart. Physiological saline was used to perfuse 
the heart followed by an infusion of 10% formaldehyde for 
about 40 min. The blood vessel and surrounding connec-
tive tissue were removed from the root of the aorta, and 
the abdominal aorta was harvested. Several 1–1.5-cm speci-
mens were cut and fixed with 10% formaldehyde. After 48 h, 
the tissues were embedded in paraffin and 0.2-cm samples 
with a thickness of 5 μm were evenly sliced from the aor-
tic root. Five sections per blood vessel were observed with 
fluorescence microscopy.

Statistical analysis

All data was expressed as means ± standard deviation 
(SD), and the statistical analyses were performed using 
IBM SPSS Statistics for Windows v. 20.0 (IBM Corp., Ar-
monk, USA). Comparisons among groups were analyzed 
using a one-way analysis of variance (ANOVA), followed 
by the Student–Newman–Keuls test. A p < 0.05 was con-
sidered statistically significant.

Results and discussion

Formation of polyelectrolyte complexes

Chitosan interacts with the  ionized carboxyl group 
(COO-) between ionized aminoglycan (NH3+) and 
HA to form PECs (Fig. 1). The various colloidal disper-
sions obtained in the study were measured to determine 
their average size and the particle size distribution af-
ter complexation. An increase in the molar mass of HA 
resulted in a significant increase in the particle size (Fig. 2; 
the data represented the mean ±SD of 3 independent tests; 
*p < 0.05). The 1500 × 103 g/mol HA sample did not form 
particles in the experiment; only a precipitate was ob-
tained. This indicates that such a high Mw polymer can-
not be unraveled to form a single particle, and only ag-
gregated precipitates can be formed. Therefore, further 
experiments were not performed with HA at this molar 
mass. According to the trend shown in Fig. 2, as the mo-
lar mass of HA increases, the particle diameter of the re-
sulting polyelectrolyte increases and the dynamic light 
scattering PI of the dispersion also increases. Therefore, 
the optimum molar mass for sodium hyaluronate − i.e., 
the smallest particle size and PI of the particles − was 
50 × 103 g/mol.

As shown in Fig. 3, increasing the molar mass of CS in-
creased the average particle size of the polyelectrochem-
ical composite PECs regardless of  the acetylation rate, 
and the PI followed the same trend. These results sug-
gest that an increase in the molar mass of CS will increase 
the size of CS-HA polyelectrolyte nanoparticles (data tak-
en from the mean of 3 independent tests ±SD, p < 0.05). 
The results show that there is a critical molar mass for CS. 
Above this point, the diameter of the polyelectro-compos-
ite nanoparticles will increase sharply. The critical molar 
mass is 200 × 103 g/mol when the acetylation rate is 5% and 
48%. When the molar mass of CS is lower than this val-
ue, the granular structure formed is dense and uniform.

Therefore, to  obtain small and fairly uniformly dis-
persed particles, low to medium molar masses of CS (about 
200 × 103 g/mol or less) and 50 × 103 g/mol HA are re-
quired. The results also show that the CS acetylation rate 
has a limited effect on the formation of polyelectro-com-
posite nanoparticles.

Fig. 1. Schematic diagram of a polyelectrolyte complexation reaction 
between CS and HA24
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The effect of charge change 
on the physical and chemical  
properties of the formed 
polyelectrochemical complex

As described above, the anionic and cationic polyelectro-
lyte in the mixed solution form a sub-electrolyte complex, 
and in both extreme cases, a completely water-soluble com-
plex or precipitate is obtained. In order to obtain PEC nano-
colloids that do not accumulate over time, the experiments 
in this study were focused on the effect of charge changes 
on the stability of the formed polyelectrochemical complex. 
The DA of CS was 48%, the molar mass was 200 × 103 g/mol, 
and the low molar mass of HA was 50 × 103 g/mol in wa-
ter or  PBS with a  charge ratio R(N+/N−): 0.5, 1.5, 2.5, 
and 3.5. Polyelectrolyte nanoparticles were obtained in wa-
ter and PBS. Table 1 lists the size, PI, zeta potential and 
appearance of these nanoparticles (Table 1).

When R(N+/N−) = 0.5, flocculation was observed with 
naked eye, as well as after reconstitution 24 h later. This 

may be due to the rearrangement of the initially formed 
complex and thus the observed re-dissolution. More HA 
participates in the reaction during polymerization, re-
sulting in the redistribution of neutralized fragments, 
thereby forming a soluble complex. When the charge 
ratio is close to 1, the size of  the particles is  signifi-
cantly increased due to  the  complete neutralization 
of  the charge. Due to  the neutral, non-charged envi-
ronment, there is no electrostatic charge to counteract 
the van der Waals interactions, leading to precipitation 
of the particles. When the charge ratio is increased from 
1, the particle size is reduced, and the colloidal stabil-
ity is enhanced due to an increase in the amount of net 
charge on  the particles. When R(N+/N−) is  from 1.5 
to 3.5, the polyelectrolyte nanoparticles have a diam-
eter distribution between 230 nm and 320 nm in wa-
ter and a  diameter of  330–590  nm in  PBS. The  zeta 
potential of  the polyelectrochemical complex is posi-
tive. As the CS incorporated into the colloid increases, 
the charge ratio R increases and so did the zeta potential, 

Fig. 2. The effect of HA with different Mw on the size and dispersion index (PI) of PECs was studied. The complex reacted with CS with a Mw 
of 10 × 103 g/mol and a degree of acetylation (DA) of 5% (△), as well as with CS with a Mw of 200 × 103 g/mol and a DA rate of 48% (□), with a charge ratio 
R of 1.5 in water. The data represents the average value and SD of 3 independent experiments (p < 0.05)
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as expected. Scanning electron microscopy was used 
to detect the spherical morphology of CS-HA nanopar-
ticles. Figure 4 shows the ultrastructure of the CS-HA 
PEC composite that had R = 1.5, and the particles clearly 
show a rough surface.

Colloidal stability

The average size of the particles was measured with elas-
tic light scattering. Most samples in aqueous solution are 
stable for at least 1 month. When R = 1.5, the dispersion 
index PI value increased significantly on the 30th day of ob-
servation (Tables 2, 3).

The colloidal particles of the polyelectrochemical com-
posite PECs have a smaller particle size in water than in PBS, 
reflecting the electrostatic stability mode of the PEC com-
posite. Due to the hydrophobic action, the chain inside 
the CS extends to the hydrophilic peripheral region, there-
by preventing aggregation of the polymer. Due to the elec-
trostatic action of salt ions in the PBS solution, the stabi-
lization process for the PEC polymer is not as effective 
as in water, and thus the particles have a larger average 
diameter. As shown in Table 3, we observed 2 significant 
characteristics of the change in particle diameter: First, 
as the charge ratio R increased, the diameter of the parti-
cles became smaller. Second, regardless of the type of so-
lution and the ratio of charge, the diameter of the particle 
decreased with time. This may be due to the reorganization 
of the particle structure during the process. Nonetheless, 
after storage for 1 month at room temperature, the particle 
size distribution PI index of the solution increased, indicat-
ing that the dispersion range of the particles had expanded.

Table 1. Physicochemical characteristics of colloidal PECs after synthesis at different charge ratios: CS (DA 48%, Mw 200 × 103 g/mol) and HA  
(Mw 50 × 103 g/mol)

CS-HA Charge ratio
(n+/n−) Solid content (%) Size [nm] PI Zeta potential [mV] Appearance

Water

0.5 – 1050 1 – precipitation

1.5 5 320 0.1 25 ±1.63 medium turbidity

2.5 2 260 0.1 31 ±0.23 medium turbidity

3.5 1 230 0.1 43 ±0.17 low turbidity

PBS

0.5 – 1180 1 – precipitation

1.5 4 590 0.1 32 ±0.13 medium turbidity

2.5 3 392 0.1 42 ±0.27 medium turbidity

3.5 1 330 0.1 45 ±0.31 low turbidity

PEC – polyelectrolyte complex; HA – hyaluronic acid; CS – chitosan; PBS – phosphate-buffered saline; PI – polydispersity index; DA – degree of acetylation; 
Mw – molecular weight.

Table 3. CS-HA nanoparticle colloidal stability with time as a function of charge ratio in PBS (CS: DA 48%, molar mass 200 × 103 g/mol; HA: 50 × 103 g/mol)

Time [days]

CS-HA in PBS

Charge ratio (n+/n−) = 1.5 Charge ratio (n+/n−) = 2.5 Charge ratio (n+/n−) = 3.5

size [nm] PI size [nm] PI size [nm] PI

0 603 0.1 404 0.2 398 0.1

7 591 0.1 381 0.2 365 0.1

14 553 0.1 372 0.2 320 0.1

30 306 0.3 225 0.2 216 0.2

HA – hyaluronic acid; CS – chitosan; PBS – phosphate-buffered saline; PI – polydispersity index; DA – degree of acetylation; Mw – molecular weight.

Fig. 4. Scanning electron microscopy images showing the ultrastructure 
of the CS-HA polyelectric complex (CS: DA 48%, molar mass 
200 × 103 g/mol; HA: 500 × 103 g/mol, charge ratio R = 1.5:1)
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In vitro targeted adsorption of VECs 
by synthetic anti-CD47-CS-HA 
nanopolymerization complex

The DAPI staining highlighted the nuclei of all VECs, 
which appeared green under the  fluorescence micro-
scope, showing anti-CD47-targeting nanoparticles ad-
sorbed onto the VECs. The  results demonstrated that 
anti-CD47-targeting nanocarriers can effectively adsorb 
to VECs. On the surface, the effective adsorption rate 

was about 90%, and the formula for the effective adsorp-
tion rate = the number of green fluorescent positive cells/
the number of DAPI blue fluorescent positive cells (Fig. 5).

Synthesis of anti-CD47-CS-HA 
nanopolymer complex for targeted 
adsorption of atherosclerotic plaque

The results showed that compared with the control group, 
the  fluorescently labeled CD47 antibody-CS-HA-PECs 

Table 2. CS-HA nanoparticle colloidal stability with time as a function of charge ratio in water (CS: DA 48%, molar mass 200 × 103 g/mol; HA: 50 × 103 g/mol)

Time [days]

CS-HA in water

Charge ratio (n+/n−) = 1.5 Charge ratio (n+/n−) = 2.5 Charge ratio (n+/n−) = 3.5

size [nm] PI size [nm] PI size [nm] PI

0 320 0.1 280 0.1 260 0.1

7 300 0.1 242 0.1 253 0.1

14 250 0.2 223 0.1 203 0.1

30 152 0.3 201 0.2 121 0.2

HA – hyaluronic acid; CS – chitosan; PI – polydispersity index; DA – degree of acetylation; Mw – molecular weight.

Table 4. CD47 sorption yield from protein solutions in water or PBS at different concentrations. CS-HA particles at a ratio R = 1.5 (CS: Mw 200 × 103 g/mol 
and DA = 48%; HA: Mw = 50 × 103 g/mol)

Time [h]

Adsorption rate (%)

input of CD47 in PBS [g/L] input of CD47 in water [g/L]

0.1 0.3 0.5 0.2 0.4 0.6

2 95 91 90 93 91 85

4 97 98 95 95 93 90

6 100 99 97 99 99 95

16 100 100 100 100 100 100

24 100 100 100 100 100 100

PEC – polyelectrolyte complex; HA – hyaluronic acid; CS – chitosan; PBS – phosphate-buffered saline; PI – polydispersity index; DA – degree of acetylation; 
Mw – molecular weight.

Fig. 5. The interaction of FITC-labeled anti-CD47-targeting CS-HA nanoelectro complex with cultured VEC lines in vitro 

A – DAPI staining showed the nuclei of all VECs; B – FITC fluorescence microscopy showed that anti-CD47-targeting nanoparticles were absorbed on VECs. 
The experimental results showed that anti-CD47-targeting nanocarriers could be effectively absorbed to the surface of vascular endothelium.
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were distributed around the atherosclerotic plaque in vivo. 
Group G, without the antibody-targeted marker, showed 
no fluorescence in the body. The fluorescence distribution 
of the control group (M) labeled with the Cy5.5 dye solu-
tion was not localized to the plaque (Fig. 6). The fluores-
cence of the CD47 antibody-CS-HA-PECs was confirmed 
in vivo to target atherosclerotic plaque (Fig. 6).

Conclusions

In this work, experiments were conducted to obtain pos-
itively charged PEC nanoparticles from HA and CS which 
maintained their colloidal stability in physiological media 
for 30 days at room temperature. Antibodies can be quan-
titatively adsorbed at the particle interface without chang-
ing colloidal stability.

With reference to the relevant literature and our pre-
liminary results, the following parameters were selected: 
low and medium molar mass CS (about 200 × 103 g/mol 
and lower), HA with a molar mass of about 50 × 103 g/mol 
and a charge ratio R (n+/n−) maintained in the range from 
1.5 to 3.5. The experiments were carried out in deionized 
water or PBS and the pellet solid content was increased 
to 5% after centrifugation and re-dispersion. The diame-
ter of the resulting nanoparticles decreased as R increased, 
but the conversion of the polymer to a colloid decreased. 
The results showed that the acetylation ratio of CS has lit-
tle effect on the particle formation process.

The association of anti-CD47 with CS-HA nanopar-
ticles resulted in rapid kinetics and high load capacity 
in both water and PBS. After anti-CD47 loading, the par-
ticle sizes observed in water and PBS were 375 nm and 
620 nm, respectively, and the zeta potential remained 
positive. The CS-HA/anti-CD47 polyelectron nanopar-
ticles remained stable for 3 weeks in both buffers. These 
results indicate that CS-HA polyelectron nanoparticles 

have a high loading capacity for CD47 antibody and main-
tain good colloidal stability in PBS. More importantly, 
anti-CD47 nanocarriers were labeled with FITC fluores-
cent secondary antibody in vitro. The VEC strain was in-
oculated into a 24-well cell culture plate and co-cultured 
with CD47 nano-adjuvant for 24 h. The results showed 
that the anti-CD47-targeted nanocarrier can effectively 
adsorb to VECs. On the surface, the effective adsorp-
tion rate was about 90% and the nanoparticles targeted 
atherosclerotic plaques in  in vivo experiments. There-
fore, both CS and HA are non-toxic polysaccharides de-
rived from biomass, laying the  foundation for further 
research on the use of CD47 antibodies to target func-
tional biopharmaceutical delivery nanosystems against 
atherosclerosis.
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Abstract
Background. Intestinal ischemic reperfusion injury (IRI) represents a great challenge in clinical practice, 
with high morbidity and mortality. Vascular endothelial growth factor (VEGF), as a signal protein, contributes 
to vasculogenesis and angiogenesis.

Objectives. To evaluate the local effectiveness of VEGF following intestinal IRI and its relation with ap-
plication time.

Material and methods. Thirty Wistar albino rats were allocated to 5 groups and underwent laparotomy. 
The superior mesenteric arteries (SMA) were dissected in 4 groups, while the control group (Gr C) underwent 
a resection of small and large intestines. The VEGF group (Gr V) received VEGF following SMA dissection, with 
no further intervention, and the remaining 3 groups were subjected to ischemia for 90 min through occlusion 
of SMA and reperfusion for 4 h. Ischemic reperfusion group (Gr I/R) received no additional medication, while 
the remaining 2 groups received VEGF just before ischemia (Gr V+I/R) and during reperfusion (Gr I/R+V).

Results. Both applications of VEGF caused decreases in plasma levels of interleukin 6 (IL-6), tumor necrosis 
factor α (TNF-α), intestinal malondialdehyde (MDA), oxidized glutathione, protein carbonyl levels, and 
increases in intestinal total glutathione and superoxide dismutase (SOD) levels. Telomerase activity, which 
disappeared for Gr I/R, was found to be elevated following both treatment groups. Similarly, the histo-
pathological scores were found better for both treatment groups, but Gr V-I/R represented best outcomes.

Conclusions. The findings of our study revealed that VEGF, applied either before ischemia or during re-
perfusion, is effective on local damage following intestinal IRI. By interpreting the biochemical analysis and 
histopathological findings, we conclude either treatment option to be considered according to the reason 
of intestinal IRI.

Key words: inflammation, VEGF, telomerase activity, intestinal ischemic reperfusion injury, oxidative stress
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Introduction

Intestinal ischemic reperfusion injury (IRI), due 
to the occlusion at the level of superior mesentery artery 
(SMA), is connected to parenchymal damage at the intes-
tine as a result of hypoxia, resultant adenosine triphosphate 
(ATP) depletion and intracellular acidosis at the early phase. 
The intestinal mucosa and submucosa show deterioration 
resulting from ischemic damage and ischemia, which also 
causes stagnation in the bowel and damage to the intestinal 
barriers. If the condition is untreated, the initial damage 
is exacerbated and ischemia of the muscle layers becomes 
inevitable, possibly leading to intestinal perforation, sep-
sis and even death.1 As the clinical problem is resolved 
in IRI, the main problem at the tissue level is the addi-
tional inflammatory process taking place due to reperfu-
sion.2,3 Evidence supports local and systemic effects of IRI, 
as many injurious substances and factors are activated dur-
ing IRI and are released to systemic circulation through 
venous and/or lymphatic routes.2–5 Moreover, IRI has been 
shown to induce apoptosis of not only intestinal cells but 
also remote organs as a result of reactive oxygen species 
(ROS) and pro-inflammatory cytokine production.4

Vascular endothelial growth factor (VEGF) is a participant 
of vital signaling proteins. As a mitogen agent for endothe-
lium, VEGF induces vascular growth and increases micro-
vascular permeability. It acts via nitric oxide (NO) dependent 
pathways and stimulates vasodilation.5 Vessel growth is in-
duced by means of pre-existing vasculature and this expan-
sion is important, especially in case of inadequate blood sup-
ply. Hypoxia contributes to angiogenesis, as it is the major 
stimulant producing VEGF and its receptors.6

The VEGF was demonstrated as a recuperative agent 
of IRI of various organs like myocardium, liver and spinal 
cord.7–11 Thus, we wanted to establish whether it is as ef-
fective on intestinal IRI as other organs – and if so, does 
the timing of its application matter. We designed a study 
in order to evaluate the effectiveness of VEGF on intesti-
nal IRI used either before ischemia or during reperfusion.

Material and methods

The permission for the experimental study was granted 
by Animal Ethics Committee of Gazi University (Ankara, 
Turkey) and the study was completed due to the dictates 
of the Research Committee at the Experimental Research 
Center of Gazi University School of Medicine.

Thirty male adult Wistar albino rats weighing 220–
270 g (mean weight 240 ±10 g) were included in the study. 
All animals were housed under standard temperature and 
humidity with light and dark cycles of 10 h and 14 h, re-
spectively. No water, food and light restrictions were ap-
plied to animals. During the experiments, humane care 
was given to all animals according to Principles of Labo-
ratory Animal Care and the Guide for the Care and Use 

of Laboratory Animals of National Health Institutes (NHS; 
Bethesda, USA). The animals were anaesthetized using 
xylazine hydrochloride (5 mg/kg) (Alfazyne; Ege Vet, Izmir, 
Turkey) and ketamine hydrochloride (40 mg/kg) (Ketalar; 
Eczacibasi, Istanbul, Turkey), and every surgical procedure 
was performed under sterile conditions by the surgeon 
of the team (AP).

All the rats were randomly allocated to 5 groups and 
underwent a median laparotomy:

−  Control group (Gr  C, n  =  6) underwent excision 
of small and large intestines with no further intervention.

− VEGF group (Gr V, n = 6) underwent only dissection 
of SMA and received VEGF (0.8 µg/kg) through the caudal 
caval vein.

− IRI group (Gr I/R, n = 6) underwent dissection and 
occlusion of SMA. After the dissection of SMA, the vessel 
was occluded for 90 min using a microclamp at the point 
where it branches from abdominal aorta. Pulseless mes-
enteric artery accompanying pale jejunoileal segments 
confirmed the ischemia.

− VEGF-IRI group (Gr V-I/R, n = 6) received VEGF 
(0.8 µg/kg) through caudal caval vein before the surgi-
cal procedure. The animals in this group underwent dis-
section, and occlusion of SMA for 90 min following drug 
administration.

− IRI-VEGF group (Gr I/R-V, n = 6) underwent dissec-
tion, and occlusion of SMA for 90 min. The animals in this 
group received VEGF (0.8 µg/kg) through the caudal caval 
vein at the beginning of reperfusion.

The infusion dose for VEGF was chosen as the mini-
mum effective dose as defined according to the previous 
study by Oz Oyar et al.7 Animals in all groups but Gr C 
underwent a  relaparotomy at  the  4th hour of  reperfu-
sion, and small bowel and proximal large bowel segments 
of the animals were removed. The rats were sacrificed with 
aspiration of cardiac blood and the blood samples were 
placed in EDTA tubes. Plasma samples were separated 
by centrifugation (3000 × g for 10 min at 4°C) and frozen 
at −80°C. The excised bowel segment was washed in cold 
0.9% NaCl, wiped, and weighed. To perform biochemi-
cal analysis and histopathological evaluation, the bowel 
was cut into 3 equal pieces. The 1st (representing the most 
proximal portion) and 3rd (representing the most distal 
portion) pieces were fixed in liquid nitrogen and kept fro-
zen at −80°C, whereas the 2nd (representing the middle 
portion) piece was laid in 10% neutral buffered formalin.

Biochemical analysis

Western blot analysis

Intestinal tissues were weighed, diluted with lysis buffer 
and homogenized at a ratio of 1/10 (w/v). Homogenates 
were centrifuged at 2500 rpm for 10 min at +4°C. To quan-
tify the protein levels, BCA Assay Kit (Pierce, Waltham, 
USA) was used. The heat shock protein (HSP70) (Rabbit, 
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SPA810; Stressgen, San Diego, USA) and catalase (CAT) 
(Rabbit, ab1877; Abcam, Cambridge, UK) primary anti-
bodies, used for western blotting analysis and β-actin, 
were used as housekeeping proteins in order to quantify 
the other primary antibodies.

Determination of intestinal malondialdehyde levels

Lipid peroxidation was measured using the  test 
published by  Gérard-Monnier et  al.12 The  malondi-
aldehyde (MDA) levels were also recalculated from 
our MDA standards produced by  the  acid hydrolysis 
of 1,1,3,3-tetramethoxypropane.

Determination of intestinal superoxide 
dismutase activity

Superoxide dismutase (SOD) activity was measured 
using nitroblue tetrazolium (NBT) reduction in  order 
to inhibit SOD activity. A superoxide generator (xanthine 
and xanthine oxidase) was used to trigger inhibition and 
the amount of SOD required to produce 50% inhibition 
was accepted to define 1 IU.13

Determination of intestinal protein carbonyl 
group levels

Protein carbonyl group (PC) levels were measured and 
described by Buss et al.14 Carbonyl residues were deter-
mined using 2,4-dinitrophenylhydrazine (DNPH) and car-
bonyl contents were calculated by obtaining the enzyme-
linked immunosorbent assay (ELISA) of the DNPH-treated 
samples at 480 nm.

Determination of intestinal total and oxidized 
glutathione levels

Total glutathione (TGSH) and oxidized glutathione 
(GSSG) levels were determined with glutathione reductase 
(GR) as described by Tietze.15

Determination of intestinal telomerase activity

Telo TAGGG Telomerase PCR ELISA Plus kit (Roche, 
Mannheim, Germany) was used to determine the telom-
erase activity. Reactive telomerase activity was quantified 
with photometric enzyme immunoassay using TRAP and 
presented as percentage.

Determination of intestinal hypoxia inducible  
factor 1α levels

Hypoxia-inducible factor 1α (HIF-1α) levels were defined 
with a solid phase sandwich ELISA (Rat HIF-1α ELISA Kit; 
USCN Life Science Inc Wuhan, China; Cat No. E90798Ra, 
Lot No. 111011285).

Plasma tumor necrosis factor α  
and interleukin 6 measurements

Plasma tumor necrosis factor α (TNF-α) and interleukin 6 
(IL-6) levels were also determined by a solid phase sandwich 
ELISA (Rat TNF-α ELISA Kit; Cat No. ER3TNFA, Lot No. 
LF144120, Rat IL-6 ELISA Kit; Cat No. EH2IL-6, Lot No. 
KL138035; Thermo Fisher Scientific, Waltham, USA).

Histopathological evaluation

The intestinal pieces laid in 10% buffered formalin were 
fixed for 72 h and set in paraffin blocks. Afterwards, five-
micrometer-thick sections were cut axially using a micro-
tome (RM 2245; Leica, Wetzlar, Germany). Hematoxylin 
and eosin (H&E) staining was performed for the sections 
and the slides were evaluated under a light microscope 
(DMI 4000 B; Leica, Wetzlar, Germany) by the histolo-
gist of the team (NLU) who was blind to the study groups. 
In order to quantify the ischemic changes at the mucosal 
level, a scoring system described by Chiu et al. was used.16

Immunohistochemical evaluation

After fixing in formalin, embedding in paraffin and cut-
ting sections 5 μm in thickness, tissue sections were placed 
in an incubator at 37°C for a night and at 60°C for 1 h. 
Xylol was applied twice for 15 min. The slides were then 
placed in 96% absolute alcohol, 80% ethanol for 10 min 
and distilled water twice for 5 min. For caspase-3 immu-
noperoxidase, the slides were placed in a high temperature 
microwave oven in 10% citrate buffer. After the tissue was 
left for 20 min at room temperature, it was marked with 
a hydrophobic pen (Super PAP PEN IM3580; Immunotech, 
Beckman Coulter Co., Brea, USA). In order to block en-
dogenous peroxidase activity, the tissue was washed with 
distilled water and 0.02 M PBS (pH 7.2) (Lab Vision Corp., 
Fremont, USA) and 0.3% hydrogen peroxide (Thermo 
Fisher Scientific) was applied thereafter for 10 min. After 
washing with PBS, ultra V block (TA-125-UB; Thermo 
Fisher Scientific) was utilized. Primary antibody includ-
ing caspase-3 (rabbit polyclonal antibody; Lab Vision/
Neo Markers Corp.) was applied for 1 h, the samples were 
washed with phosphate-buffered saline (PBS), and a post-
PBS level was applied (biotinylated goat anti-polyvalent and 
streptavidin peroxidase, respectively). After having been 
rewashed with PBS, the specimens were placed for 10 min 
in AEC (3-amino, 9-ethylcarbazole) (TA_125-HA; Thermo 
Fisher Scientific) chromogen. Finally, the counterstain with 
Mayer hematoxylin was performed for 2 min. All the slides 
were evaluated using a  light microscope (DMI 4000 b; 
Leica) by the same histologist (NLU). The relative inten-
sity of immunoreactivity staining was quantified as de-
scribed by McCarty et al., focusing on the intensity and 
the distribution of a specific stain.17 A histological score 
(H-score) was formulated as the sum of the percentages 
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of positively stained cells multiplied by the weighted inten-
sity of staining. The H-score was calculated with the for-
mulation of ∑Pi(I + 1), as I represented intensity of staining 
(0 – none; 1 – mild; 2 – moderate; and 3 – intense) and Pi 
represented the fraction of stained cells for each intensity.

Statistical analysis

Statistical package SPSS for Windows v. 18.0 (SPSS Inc., 
Chicago, USA) was used for analyses with the descriptive 
statics presented as mean ± standard deviation (SD). Krus-
kal–Wallis test and Mann–Whitney U test were used for 
statistical analyses and Spearman’s correlation test was used 
to evaluate the correlation between variables. A p-value less 
than 0.05 was considered to be statistically significant.

Results

All the animals survived the experiment. The results 
obtained from each group are presented in Tables 1, 2.

Intestinal MDA levels

The MDA levels for proximal and distal intestinal seg-
ments of Gr I/R were elevated when compared to Gr C 
(p < 0.05). All treatment groups, not being superior to one 
another, represented a  significant decrease of  MDA 
level at  the proximal segment whereas only Gr V-I/R 
represented a significant decrease at the distal segment 
(Table 1).

Table 1. Biochemical analysis of intestinal segments and plasma

 Parameter
Group

Control VEGF I/R V-I/R I/R-V

MDA-proximal [µM] 4.08 ±0.40 4 ±0.18 8.16 ±1.56* 4.87 ±0.58# 4.99 ±0.68#

MDA-distal [µM] 3.29 ±0.46 3.3 ±0.71 8.44 ±2.97* 4.84 ±1.19# 6.84 ±1.51

TGSH-proximal [µM] 326 ±32.78 317.2 ±13.6 183.16 ±31.5* 299.66 ±86.48# 250.33 ±48.74

TGSH-distal [µM] 488.45 ±48.76 467.26 ±60.55 160.63 ±35.77* 341 ±42.78# 290.32 ±60.9#

GSSG-proximal [µM] 3.93 ±1.39 3.91 ±0.76 8.29 ±1.46* 3.62 ±1.19# 4.66 ±0.83#

GSSG-distal [µM] 5.28 ±1.36 5.5 ±1.37 14.03 ±2.19* 6.07 ±0.97# 6.58 ±1.01#

SOD-proximal [AU] 6.15 ±1.32 6.9 ±0.31 3.32 ±0.75* 5.92 ±0.89 5.33 ±1.71

SOD-distal [AU] 8.54 ±2.07 8.65 ±1.52 3.54 ±0.94* 7.02 ±2.28# 5.35 ±1.31#

PC-proximal [AU] 0.103 ±0.013 0.101 ±0.005 0.114 ±0.011 0.097 ±0.010 0.105 ±0.006

PC-distal [AU] 0.191 ±0.004 0.194 ±0.002 0.199 ±0.003* 0.172 ±0.027# 0.184 ±0.008#

CAT-proximal [AU] 0.83 ±0.06 0.84 ±0.16 0.47 ±0.09* 0.55 ±0.1# 0.67 ±0.15

CAT-distal [AU] 1.13 ±0.14 1.18 ±0.13 0.69 ±0.12 0.79 ±0.04 0.85 ±0.12

HSP70-proximal [AU] 0.51 ±0.24 0.49 ±0.2 0.82 ±0.18* 0.67 ±0.2 0.64 ±0.39

HSP70-distal [AU] 0.74 ±0.13 0.75 ±0.16 1.06 ±0.55 0.81 ±0.21 0.79 ±0.17

Telomerase activity (%) 100 83.33 0* 50# 66.67#

Intestinal HIF-1α [ng/mL] 9.62 ±4.02 13.89 ±2.45 15.01 ±0.51* 13.84 ±2.02 13.56 ±3.51

Plasma TNF-α [pg/mL] 124.22 ±20.70 110.39 ±19.90 326.27 ±84.93* 139.06 ±5.05# 114.76 ±14.93#

Plasma IL-6 [pg/mL] 16.30 ±1.81 29.78 ±5.41 280.24 ±89.96* 131.69 ±24.87# 73.65 ±6.67#,&

Biochemical analysis of intestinal segments and plasma, results presented as mean ± standard deviation (SD); * p < 0.05 compared to control group; 
# p < 0.05 compared to I/R; & p < 0.05 when compared to V-I/R group; VEGF – vascular endothelial growth factor; MDA – malondialdehyde; TGSH – total 
glutathione; GSSG – oxidized glutathione; SOD – superoxide dismutase; PC – protein carbonyl group; CAT – catalase; HSP – housekeeping protein; 
HIF-1α – hypoxia-inducible factor 1α; TNF-α – tumor necrosis factor α; IL-6 – interleukin 6.

Table 2. Mean histopathological scoring, intestinal caspase-3 immunoreactivity and MMP-9 levels for all groups

Parameter Control VEGF I/R V-I/R I/R-V

Mean histopathologic 
scores (grade)

0.16 0.33 2.66* 0.5#,& 1.16#

Caspase-3 0.85 ±0.37 1.07 ±0.41 2.95 ±0.45* 1.02 ±0.45# 1.2 ±0.44#

MMP-9 1.78 ±0.35 1.83 ±0.42 3.07 ±0.20* 2.15 ±0.46# 2.32 ±0.28#

Intestinal caspase-3 immunoreactivity and MMP-9 levels, results presented as mean ± standard deviation (SD); * p < 0.05 compared to control group; 
# p < 0.05 when compared to I/R group; & p < 0.05 compared to I/R-V group); VEGF – vascular endothelial growth factor; MMP-9 – matrix metalloproteinase 9.
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Intestinal SOD activity

The SOD activity of both proximal and distal intestinal 
segments of Gr I/R were found decreased when compared 
to Gr C (p < 0.05). Either treatment represented a signifi-
cant elevation only for the distal segment (Table 1).

Intestinal PC levels

The PC levels of distal intestinal segments of Gr I/R were 
found increased when compared to Gr C (p < 0.05) and 
either treatment represented significant fall for the same 
segment (Table 1).

Intestinal CAT activity

Catalase activity was found to decrease significantly 
at the proximal segment in Gr I/R when compared to Gr C 
(p < 0.05) and the rise of CAT was statistically significant 
only at the proximal segment for Gr V-I/R (Table 1).

Intestinal TGSH and GSSG levels

A statistically significant increase in TGSH level and 
a statistically significant decrease in GSSG level were seen 
at both proximal and distal intestinal segments of Gr I/R 
when compared to Gr C. Gr V-I/R represented a significant 
increase in TGSH for both segments, whereas Gr I/R-V rep-
resented a significant rise at the distal segment. Both treat-
ment groups represented a significant decrease in GSSG for 
both segments, but neither treatment was found superior 
(Table 1).

Intestinal telomerase activity

Telomerase activity was found to decrease to 0 in Gr I/R 
when compared to Gr C (p < 0.05) and all treatment groups 
recuperated the telomerase activity significantly (Table 1).

Intestinal HIF-1α levels

The HIF-1α levels were found increased in Gr I/R when 
compared to Gr C (p < 0.05), but the decrease in treatment 
groups were insignificant (Table 1).

Plasma TNF-α, and IL-6 levels

Both of  the  parameters were found significantly in-
creased in Gr I/R when compared to Gr C. Either treat-
ment group represented a significant decrease for TNF-α, 
and IL-6 when compared to Gr I/R. Despite no changes 
in TNF-α levels, Gr I/R-V had a more significant decrease 
to Gr V-I/R in terms of decrease in IL-6 levels (p < 0.05) 
(Table 1).

Histopathological evaluation

Gr I/R represented significant ischemic changes, such 
as generalized desquamation and moderate to severe mu-
cosal congestion, when compared to Gr C. Both treatment 
groups represented enhanced histopathological findings, 
such as focal desquamation and mild mucosal conges-
tion (Fig. 1). The comparison of histopathological scoring 
of treatment groups revealed a better outcome for Gr V-I/R 
when compared to Gr I/R-V with a statistically significant 
difference (Table 2). In terms of caspase activity and matrix 
metalloproteinase 9 (MMP-9) scores, Gr I/R represented 
the highest score and both treatment groups represented 
better scores when compared to Gr I/R (p < 0.05) (Table 2).

Discussion

The VEGF is a key signal protein that stimulates expan-
sion of new vasculature from surviving vessels in case 
of hypoxia.7 This angiogenic activity is also supported 
by the vasodilator effect of protein through nitric oxide 
(NO) production. The VEGF is also shown to have anti-
oxidant effects and to modulate endothelial dysfunction 
during IRI. In this study, we aimed to evaluate the effective-
ness of VEGF on intestinal IRI during the different phases 
of the injury. For this purpose, experimental intestinal IRI 
model was established as described by Dwivedi et al. and 
an intravenous VEGF dose of 0.8 µg/kg was used for treat-
ment, as this dose was proven to be the minimal effec-
tive concentration in an earlier study.11,18 The VEGF was 
applied either before ischemia or during the reperfusion 
of the experimental intestinal IRI model and it was found 
that the drug was effective in both situations. This is also 
the first study that evaluated the changes of  the bowel 
at separate levels (proximal and distal bowel segments) 
after ischemia and reperfusion. Both of  the  treatment 
groups represented enhancement in terms of tissue MDA, 
TGSH/GSSG, SOD, PC, and CAT levels for both intestinal 
segments. However, some of the parameters showed differ-
ent distributions – for example, better results with distal 
intestinal segments and better results with VEGF treatment 
before intestinal I/R. The differences between proximal and 
distal intestinal segments can be attributed to the anatomic 
settlement. Marginal artery (of Drummond) is the major 
anastomosis between superior and inferior mesenteric ar-
teries. The marginal artery forms a continuous arterial 
circle along the inner border of the colon and it is probable 
that during SMA occlusion and reperfusion period the dis-
tal segments of the intestine was supported by inferior mes-
enteric artery (IMA) and presented better results. We ob-
served that some parameters were recuperated only for 
Gr V-I/R (like MDA for distal segments, TGSH and MDA 
for proximal segments). Application time of VEGF resulted 
in a difference that is of interest and difficult to justify.
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Tissue hypoxia is  inevitable as  a  result of  capillary 
perfusion failure. Activation of hypoxia-inducible factor 
(HIF-1), which is the main regulator of pathophysiologi-
cal response to hypoxia, has been shown to play an im-
portant role in inducing intestinal damage. This is why 
HIF-1α, the subunit of heterodimeric transcription factor 
HIF-1, is accepted as the main transcriptional regulator 
for cellular hypoxia. However, HIF-1α, constantly pro-
duced and kept low under normoxic conditions, increases 
rapidly during hypoxia and dimerizes with constitutively 
present HIF-1β to stimulate VEGF production.19,20 Studies 
evaluating the effects of IRI on HIF-1α at separate organs 
revealed that the ischemic injury is related to elevation 
of HIF-1α.21,22 Also, Poynter et al. represented the re-
lation between HIF-1α and VEGF in an experimental 
ischemic myocardial injury.21 The findings of our study 
supported HIF-1α elevation in Gr I/R, but apart from 
the other studies, even the treatment groups represented 
a decrease in HIF-1α levels; such decrease was statis-
tically insignificant. As mentioned previously, HIF-1α 
is increased rapidly during hypoxia and dimerized with 
HIF-1β in order to stimulate VEGF production and in-
duce angiogenesis. Although a decrease in HIF-1α lev-
els is expected in the case of exogenous administration 
of VEGF, no such relationship was found in the findings 
of our study. It is probable that either HIF-1α production 
is not affected by VEGF levels or the appearance of free 
radicals resulted in HIF-1α being suspended in intestinal 
tissues despite its short half-life period.

Telomere is  a  DNA-protein complex consisting 
of  6  base repetitive sequences and telomere binding 
proteins at the end of the chromosomes of eukaryotic 
organisms. Telomeres protect against events such as dis-
ruption of the terminal regions of chromosomes. How-
ever, telomere segments are shortened by the cell cycle 
and cell division, which triggers cellular apoptosis.23 
Telomerase is a ribonucleoprotein reverse transcriptase 
that adds telomeric DNA repeat sequences to the 3’-end 
of chromosomes. Despite its essential role for telomere 
homeostasis, its activation leads to unlimited cell pro-
liferation, probably resulting in neoplastic transforma-
tion. However, this reverse transcriptase also reactivates 
during tissue repair.24 Eckers et al. reported that oxida-
tive stress and elevated ROS are closely related to en-
dothelial cell apoptosis and endothelial dysfunction, 
loss of  telomerase activity and telomere shortening.25 
Werner et al. presented the protective effect of upregu-
lated telomerase activity against endothelial apoptosis 
in case of oxidative stress.26 Zaccagnini et al. showed 
that there was a positive regulation of VEGF and telom-
erase activity in a hind limb ischemia study in rats.27 
The IRI related oxidative stress was also obtained in our 
study and we found that telomerase activity disappeared 
in the I/R group, and both treatment groups exhibited 
elevated telomerase activity, supporting reactivation 
of telomerase against injury.

The heat shock proteins are a class of molecular chap-
erons that exist in cell cytoplasm in order to prevent 

Fig. 1. Histopathological view of intestinal segments stained with H&E in all groups. Panel (a) represents intestinal structures of Gr C within normal limits; 
(b) represents generalized desquamation (D) within intestinal epithelium and mucosal congestion (*) in Gr I/R; (c) represents intestinal structures of Gr V 
within normal limits; (d) represents localized desquamation (D) and mucosal congestion (*) with intact muscular layer in Gr I/R-V; (e) represents intestinal 
structures within normal limits of Gr V-I/R; and (f) represents localized desquamation (D) and mucosal congestion (*) of Gr V-I/R. Arrow – intestinal 
epithelium; L – intestinal lumen; G – intestinal secretory glands; LP – lamina propria; M – muscular layer; Bar = 1000 μ
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the formation of nonfunctional structures. It is thought 
to act as a cytosolic chaperone that plays a role in  fa-
cilitating protein folding, degradation, complex assem-
bly, and translocation. The best known members are 
the heat-inducible form, also known as HSP72 or HSP70i, 
and are also present in the structural form, also called 
HSC70, HSP73 or HSC73.28 HSP70 interacts with hydro-
phobic peptide parts of proteins that are not ATP-bound. 
These cytoprotective proteins are induced by many fac-
tors, such as infection, oxidative stress, osmotic stress, 
hyperthermia, ultraviolet exposure, and heavy metals. 
In the presence of these inducers, chaperone properties 
have been reported to  reduce protein aggregates and 
intracellular inclusions. The catalytic unit of telomerase 
(TERT) is known to  interact with chaperone proteins. 
The 70 kDa heat shock proteins (HSP70), as a chaperone 
protein was shown not to be vital for telomerase activ-
ity but also to be important for telomerase stability.24 
The literature review revealed a number of IRI studies 
on various organs representing elevation of HSP70.29 
We also evaluated the HSP70 levels in our study and 
found the significant elevation of HSP70 at only the prox-
imal intestinal segment, where IMA does not supply 
in Gr I/R, supporting the vascular compromise in that 
region. HSP70 was shown to be a cell-protector for apop-
tosis, but its overexpression was generally proven to be 
related to poor prognosis.30 Despite insignificant changes 
in HSP70 in our treatment groups, caspase activity was 
found to be elevated with IRI and the treatment with 
VEGF normalized this activity. Even though the  last 
step of either intrinsic or extrinsic pathways of apoptosis 
is caspase-3 activation, DNA damage and heat shock pro-
teins are mainly involved in intrinsic pathway. However, 
the increase of HSP70 and caspase-3 in Gr I/R is rational, 
but the presence of caspase activation in the treatment 
groups despite low HSP70 is beyond our predictions. 
These findings supported the claim that the extrinsic 
pathway stimulated abundantly during I/R is somehow 
less affected.

Intestinal IRI is a clinical entity related to life-threat-
ening conditions, such as mesenteric artery occlusion, 
intestinal transplantation, intussusceptions, acute blood 
loss, and trauma. Each of  these conditions, however, 
causes the same physiological consequence and requires 
separate approaches in the clinical settings. In this study, 
we applied VEGF either before ischemia or during the re-
perfusion of the experimental intestinal IRI model and 
aimed to evaluate whether any changes occur. We found 
that the drug was effective in terms of enhancing intes-
tinal IRI in both situations; apart from that, the treat-
ment before ischemic process was found slightly superior 
to the other therapy. In the light of these findings, we can 
probably speculate on the benefits of VEGF usage of dif-
ferent timetables for different causes of  intestinal IRI. 
It is obvious that further studies are needed to support 
this inference.

Conclusions

Intestinal IRI is a clinical entity related to life-threaten-
ing conditions like mesenteric artery occlusion, intestinal 
transplantation, intussusception, acute blood loss, and 
trauma. Each of these conditions, however, causes the same 
physiological consequence and has separate approaches 
in the clinical settings. That is why, the use of VEGF at dif-
ferent timetables of the ischemic reperfusion process could 
serve different outcomes for different reasons of IRI.
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Abstract
Background. Nevus flammeus (NF) is a congenital vascular malformation.

Objectives. To investigate the acute effect of a variable pulse width Nd:YAG laser combined with hemato-
porphyrin monomethyl ether (HMME)-mediated photodynamic therapy (PDT) on a cockscomb model of NF.

Material and methods. Forty-two leghorn roosters were randomly divided into the following 7 groups: 
group A1 (treated with HMME-mediated PDT; energy density of 75 J/cm2), group A2 (treated with HMME-
mediated PDT; 125 J/cm2), group A3 (treated with HMME-mediated PDT; 150 J/cm2), group A4 (treated with 
HMME-mediated PDT; 175 J/cm2), group B (treated with a variable pulse width Nd:YAG laser), group C (treated 
with a variable pulse width Nd:YAG laser and HMME-mediated PDT), and group D (the control group). Changes 
in the cockscomb tissues were observed visually and microscopically on days 1, 3, 7, and 14 after treatment. 
The capillary reduction and the ratio of collagen type I to type III were examined.

Results. The response rate was higher in groups A3 and A4 than in group B. In group A, a higher energy 
density resulted in a higher response rate and a greater capillary reduction (p < 0.05 for all). However, 
we concluded that PDT at an energy density of 175 J/cm2 is not suitable for treating NF, as severe tissue 
damage, markedly lower capillary numbers, and markedly higher collagen type I:III ratios were observed 
in the cockscombs treated at this energy density; instead, 150 J/cm2 may be a more appropriate energy 
density. Moreover, HMME-mediated PDT at 150 J/cm2 combined with a variable pulse width Nd:YAG laser 
achieved better treatment outcomes than PDT or a variable pulse width Nd:YAG laser alone (p < 0.05 for both).

Conclusions. Compared to PDT or a variable pulse width Nd:YAG laser alone, the combination of the 2 thera-
pies achieved a better acute effect in treating a cockscomb model of NF, and 150 J/cm2 may be a suitable 
energy density for PDT.

Key words: photodynamic therapy, laser, nevus flammeus, hematoporphyrin monomethyl ether
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Introduction

Nevus flammeus (NF), also known as port-wine stain, 
is a congenital vascular malformation characterized by ec-
tasia of capillaries and venules; it often occurs in dermal 
papillary and reticular layers.1,2 The disease does not re-
solve without treatment, and the incidence rate is about 
0.4% in children.3,4 Treatment options for NF include laser 
therapy, cryotherapy and surgery.5–7 A pulsed dye laser, 
which is the most widely used therapy for NF, can achieve 
good results but may cause irreversible vessel injury, there-
by increasing the risk of purpura. Moreover, there may be 
a recurrence after pulsed dye laser therapy, and it is inef-
fective in some NF cases.7,8 Therefore, it is essential to find 
a more effective method for the treatment of NF.

In  recent years, photodynamic therapy (PDT) has 
been considered a good method for treating NF.9 In this 
therapy, photosensitizers can accumulate selectively 
in  the  vascular endothelial cells, and the  recurrence 
rate is low. The greatest advantage of PDT is that it has 
high selectivity in the target tissue. Some studies have 
demonstrated that hematoporphyrin monomethyl ether 
(HMME) displays characteristic absorption peaks in mul-
tiple wavelengths, and a 532-nm laser is often used in PDT 
for treating NF.10,11 Therefore, a 532-nm continuous laser 
was chosen for our experiment. During PDT, the capil-
lary malformation is targeted by substances generated 
from the reaction between the laser and photosensitiz-
ers. This therapy can be applied in large-area skin dam-
age and offers a  low recurrence rate.12 However, most 
of the studies to date investigated only the effect of PDT 
on patients in clinical practice and no effective animal 
experiments were carried out; moreover, the  energy 
densities applied in those studies were empirical doses. 
The effectiveness of PDT in the treatment of NF has been 
demonstrated in many studies.5,9,11,13 Different energy 
densities (75 J/cm2, 100 J/cm2 and 150 J/cm2) were inves-
tigated in some of these studies, but the effects of differ-
ent energy densities on the treatment outcomes were not 
thoroughly compared. Therefore, in order to find a suit-
able energy density for treating NF, we compared 4 en-
ergy densities in our experiments. It has been revealed 
that a variable pulse width Nd:YAG laser can achieve 
good efficacy in treating some skin diseases.14 In this 
therapy, a 532-nm wavelength is often used to treat NF, 
as a laser at this wavelength can deeply penetrate the skin, 
cause a large area of thermal damage and achieve good 
coagulation; the effect of a variable pulse width Nd:YAG 
laser at a wavelength of 532 nm is especially noteworthy 
in the management of deep vascular malformation.15,16 
However, no other study has been performed on the ef-
fect of combined variable pulse width Nd:YAG laser and 
PDT. Therefore, in this study, we investigated the effect 
of  the combined use of  the 2 methods and compared 
the efficacy of such use to the efficacy of a variable pulse 
width Nd:YAG laser or PDT alone.

Material and methods

Study subjects

Forty-two leghorn roosters (age: 8–9 months; weight: 
approx. 3 kg) were chosen as subjects. The cockscombs 
(thickness: 7–9 mm) were ruddy and without damage, 
necrosis or ulcers. The subjects were divided into the fol-
lowing 7 groups: group A1 (treated with HMME-mediated 
PDT; an energy density of 75 J/cm2), group A2 (treated with 
HMME-mediated PDT; 125 J/cm2), group A3 (treated with 
HMME-mediated PDT; 150 J/cm2), group A4 (treated with 
HMME-mediated PDT; 175 J/cm2), group B (treated with 
variable pulse width Nd:YAG laser), group C (treated with 
variable pulse width Nd:YAG laser and HMME-mediated 
PDT), and group D (the control group). The study was 
approved by the Animal Ethics Committee of our hospital.

The cockscombs of the leghorn roosters met the criteria 
for the disease model of NF.17

Treatment methods

Photodynamic therapy

The HMME is the most commonly used photosensitizer 
in PDT. For the treatment in our study, HMME (Fudan-
Zhangjiang Bio-Pharmaceutical, Shanghai, China) was di-
luted with normal saline solution (10 mg/mL/kg). The sub-
jects received chloral hydrate (2 mL/kg) orally for anesthesia, 
and the experimental area on the left side of the comb was 
marked in a circle with a diameter of 1.5 cm. The HMME 
was then injected intravenously into the root of the chicken 
wings in group A, and laser radiation with a power den-
sity of 150 mw/cm2 was applied to the experimental ar-
eas. During the radiation, both the experimental and non-
experimental areas were covered. The energy densities 
in groups A1, A2, A3, and A4 were 75 J/cm2, 125 J/cm2, 
150 J/cm2, and 175 J/cm2, respectively.

Variable pulse width Nd:YAG laser

Before applying the variable-pulse frequency-doubled 
Nd:YAG (532 nm) laser, the subjects received chloral hydrate 
(2 mL/kg) orally for anesthesia, and the experimental areas 
on the combs were marked in the same way as that in the PDT 
groups. The energy density was 20 J/cm2, the pulse-width 
was 10–50 ms and the spot diameter was 8 cm.

Combination therapy

After comparing the effects in the 4 PDT groups, we chose 
150 J/cm2 as the most suitable energy density and applied 
it with the variable pulse width Nd:YAG laser for the combina-
tion therapy. The PDT was first conducted, followed by variable 
pulse width Nd:YAG laser treatment 10 min later. The 2 pro-
cedures were carried out in the same way as described above.
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Outcome measures

Main outcome measures

On days 1, 3, 7, and 14 after treatment, samples from 
the experimental areas of the combs were collected in each 
group for visual and microscopic inspection, and the non-
experimental area was used as a control. The blood capil-
laries in the combs were observed under a microscope, 
and the percentage decrease of the capillary number was 
calculated with the following formula: percentage decrease 
of the capillary number = (the number of capillaries before 
treatment – the number of capillaries after treatment)/
the number of capillaries before treatment × 100%.

Secondary outcome measures

On day 14 after treatment, 5 fields in the experiment area 
of each comb were randomly picked and drilled for immu-
nohistochemistry staining to examine the levels of collagen 
types I and III. The samples were fixed with 10% formalde-
hyde, sectioned after paraffin embedment, and then dewaxed 
and hydrated. After antigen retrieval, the  samples were 
blocked with serum and incubated with primary antibodies 
to collagen types I and III. Next, the samples were incubated 
with the secondary antibodies after rewarming. Then, they 
were stained with DAB followed by counterstaining with 
hematoxylin. The sections were then sealed for observation, 
and the ratio of collagen type I to type III were calculated.

The response rate in each group was observed and clas-
sified into 5 levels as listed in Table 1.18 The total response 
rate = the total number of samples with response rate 
in levels 1, 2 and 3/the total number of samples × 100%.

Adverse reactions in each group such as pigmentation, 
blistering and scar formation were recorded 14 days after 
treatment.

Statistical analysis

SPSS v. 19.0 software (IBM Corp., Armonk, USA) was 
used for the statistical analysis. The measurement data 
is expressed as means ± standard deviation (SD). Com-
parison between 2 groups was conducted using a t-test for 
independent samples. Measurement data at different time 
points between the 2 groups were compared with repeated-
measures analysis of variance (ANOVA) and a Bonferroni 
post hoc test. A p-value <0.05 was considered to indicate 
a statistically significant difference.

Results

Results of visual inspection

After treatment, the color and morphology remained 
the same in the combs of group D and on the right side 
of the combs (opposite to the experimental side) in other 
groups. In contrast, changes were observed in the experi-
mental areas of combs in groups A, B and C. In groups 
A1–4, the higher energy density resulted in a better clear-
ance of NF. However, the energy density in group A4 was 
not optimal, as scars were formed on the combs in this 
group 14 days after treatment. Therefore, we chose the en-
ergy density from group A3 for PDT in the combination 
therapy. The results showed that the outcome in group C 
was much better than that of the other groups. In group C, 
14 days after treatment, marked blanching was observed 
in some areas and no noticeable scars had formed (Table 2).

Results of microscopic observation

On  days 1, 3, 7, and 14 after treatment, the  combs 
in each group were observed under a microscope. Prior 
to the treatment, the structure of the stratum corneum and 
the dermis was intact in each group; however, changes were 
observed after treatment in the blood vessels in the ex-
perimental areas of groups A, B and C, whereas the combs 
in group D and the right side of the combs in other groups 
remained unchanged. As with the results of the visual in-
spection, good clearance of NF was achieved in group A4, 
but proliferative collagen fibers, which could lead to scars, 
were observed in  this group. Thus, the energy density 
from group A3 was chosen for the combination therapy. 
Fourteen days after treatment in group C, the capillaries 
had almost disappeared, the epidermis had thickened, no 
blisters had formed, and the results of the treatment were 
much better than that of other groups (Table 3).

Capillary reduction in each group

Compared to group D at each time point, the other groups 
had a higher percentage of decrease in capillary number 
(p < 0.05 for all), suggesting that the treatment in these 
groups may have damaged the blood vessels. In groups A1–4, 
we found that a higher energy density resulted in a greater 
percentage of decrease in capillary number. Moreover, com-
pared to groups B and A3, group C had a greater percentage 
decrease in capillary number (p < 0.05 for both; Table 4).

Table 1. Response rate level

Variable Level 1:  
Excellent response

Level 2:  
Good response

Level 3:  
Fair response

Level 4:  
Poor response

Level 5:  
No response

Percentage of NF 
clearance

80–100% 60–79% 40–59% 20–39% 0–19%

NF – nevus flammeus.
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Collagen type I:III ratio in each group

The collagen type I:III ratios in groups A1, A2, A3, B, 
and C were similar to that in group D, while group A4 had 
a higher ratio than group D (p < 0.05). This result indicates 
that the energy density in group A4 was too high and that 
it may cause a risk of fibrosis in the combs (Fig. 1).

Response rate and adverse reactions 
in each group

The results from groups A1–4 demonstrated that the re-
sponse rate increased with the increase of energy density. 
In fact, the energy density of 175 J/cm2 used in group A4 
could easily cause blisters and scarring. Considering 
that NF usually occurs on the facial and neck area, any 
therapy that may lead to blisters and scarring in these ar-
eas is not suitable for clinical treatment. Thus, we chose 
an energy density of 150 J/cm2 for further experiments. 
The results showed that group C achieved a better response 
rate than groups A3 and B (p < 0.05 for both), and had 
a similar incidence rate of adverse reactions in compari-
son to groups A3 and B (29.2% vs 29.2%, 29.2% vs 25.0%; 
p > 0.05 for both; Tables 5, 6).

Discussion

Methods for treating NF include surgical incision, cryo-
therapy with liquid nitrogen and skin grafting if the wound 
is large.19,20 However, these methods cannot achieve excel-
lent results and are likely to cause scarring or pigmentation. 

Fig. 1. Collagen fiber type I:III ratios in the experimental area of each 
group (#p < 0.05 vs group D)

Table 2. Results of visual inspection in each group

Group Before 
treatment 1 day after treatment 3 days after treatment 7 days after treatment 14 days after treatment

Group A1

The comb was 
ruddy and intact

No noticeable edema was 
observed. The skin color 
in the experimental area 

was darker compared with 
the surrounding area

The skin was slightly 
yellowish-white. No skin 
damage was observed.

The blanching became 
more noticeable.

The blanching decreased, 
and the color in part 

of the experimental area was 
restored to normal.

Group A2
Mild edema was observed. 
Part of the skin was slightly 

purplish-red.

Edema was gone. Evident 
blanching was observed 

in part of the experimental 
area.

The purplish-red color 
faded in some areas. 

The blanching became 
more evident.

The blanching decreased, and 
the skin color became darker 

compared with the surrounding 
area and was not restored 

to normal.

Group A3

Moderate edema occurred. 
Evident purplish-red 
was observed in part 

of the experimental area.

The edema reduced 
partially, and the purplish-

red color faded slightly.

The edema decreased 
significantly. 

The blanching 
was noticeable 

in the experimental 
area.

The edema was gone. 
The blanching decreased 

slightly. Thin crust was formed 
on the skin. No blister or scar 

was formed.

Group A4
Severe edema occurred. Part 

of the skin was purplish-
black. Blister was formed

The edema was 
noticeable. Part of the skin 

was deep to moderate 
purplish-red.

The edema reduced. 
The blanching was 

evident in some areas. 
The skin was mild 

purplish-red. Crust was 
formed on the skin.

The edema was gone. 
The blanching was evident 
in some areas. The purplish-
red color faded. The scar was 

formed.

Group B

Mild edema occurred. 
Blanching was observed 

in part of the experimental 
area.

Edema was gone. 
The blanching became 

more evident. 

The blanched area 
turned darker.

The blanching reduced 
significantly but the skin color 

still looked a little different from 
the normal skin color.

Group C

Moderate to severe edema 
occurred. The skin was deep 
purplish-red. No blister was 

formed.

Both the edema and 
the purplish-red color 

were in a moderate level.

The edema and 
the purplish-red color 

became mild. Blanching 
was evident in some 

areas.

The edema and the purplish-red 
color was gone. Blanching was 
evident in some areas. No scar 

was formed.

Group D No noticeable changes were observed.
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Table 3. Results of microscopic observation in each group

Group Before treatment 1 day after treatment 3 days after treatment 7 days after treatment 14 days after treatment

Group A1

The epidermal 
layer was intact. 

Many dilated 
capillaries 

were observed 
in the dermis. 

Plenty of red blood 
cells were present 

in the vessels.

Mild edema occurred 
in the epidermal layer. Mild 

exudation was observed 
in the dermis. The number 

of capillaries slightly 
decreased.

The edema 
in the epidermal 

layer slightly reduced. 
Exudation in the dermis 
still existed. The capillary 

number and vessel 
diameter decreased.

Edema disappeared 
in the epidermal layer. 

Exudation in the dermis 
reduced.

There was no noticeable 
edema or exudation. 

The capillary number and 
the vessel diameter reduced 

slightly.

Group A2

Mild to moderate edema and 
exudation occurred. A small 

number of inflammatory cells 
were observed. The number 

of superficial capillaries 
in dermis reduced. The vessel 

diameter decreased.

Edema and 
exudation in dermis 

were aggravated 
a bit. The number 

of inflammatory cells 
increased a little.

Edema and 
exudation reduced 

in the epidermal 
and dermal layers. 

The number 
of inflammatory cells 

reduced.

No evident exudation 
or edema was observed. 

The number of inflammatory 
cells reduced. The capillary 

number decreased 
significantly. The vessel 

diameter reduced.

Group A3

Moderate to severe edema 
and exudation occurred. 
Many inflammatory cells 

were observed. The capillary 
number and the vessel 

diameter reduced markedly.

Edema and exudation 
were aggravated. 

The number 
of inflammatory cells 

increased. The capillary 
number and the vessel 

diameter reduced further.

Edema and exudation 
decreased. The number 

of inflammatory cells 
began to decline. 

The capillary number 
and the vessel diameter 

reduced further.

Edema and exudation 
reduced markedly. 

The number of inflammatory 
cells reduced markedly. 
The epidermal layer was 
thickened. No blister was 

formed. The capillary number 
and the vessel diameter 

reduced significantly.

Group A4

Severe edema and exudation 
occurred. Blisters were 

present in dermis. Infiltration 
of many inflammatory cells 
was observed. The capillary 

number and the vessel 
diameter reduced markedly.

Edema and exudation 
were aggravated. 

The capillary number 
and the vessel diameter 

reduced further.

Moderate to severe 
edema and exudation 
occurred. The number 
of inflammatory cells 

did not decrease 
significantly. 

The capillaries were 
almost gone.

Edema and exudation began 
to decrease. Inflammatory 

cells reduced. More capillaries 
disappeared. Proliferative 

collagen fibers were formed.

Group B

Mild to moderate edema 
and exudation occurred. 
Few inflammatory cells 

were present. The number 
of superficial capillaries 

in dermis reduced. The vessel 
diameter decreased.

Edema and 
exudation in dermis 

were aggravated 
a little. The number 

of inflammatory cells 
increased.

Edema and exudation 
in epidermal and 

dermal layer reduced 
markedly. The number 
of inflammatory cells 

reduced markedly.

No evident exudation 
or edema was observed. 

The inflammatory cells almost 
disappeared. The capillary 

number and the vessel 
diameter reduced.

Group C

Moderate to severe 
exudation occurred. Many 

inflammatory cells were 
observed. The capillary 
number and the vessel 

diameter reduced markedly.

Exudation and edema 
were aggravated. 

The number 
of inflammatory cells 
increased. Capillary 

number and the vessel 
diameter reduced further.

Edema and exudation 
decreased. The number 

of inflammatory cells 
decreased. Capillary 

number and the vessel 
diameter reduced 

further.

Edema and exudation 
reduced markedly. 

The number of inflammatory 
cells reduced markedly. 
The epidermal layer was 
thickened. No blister was 
formed. Capillaries almost 

disappeared.

Group D No noticeable changes were observed.

Table 4. Decrease in the number of capillaries (%, ±SD)

Group 1 day after treatment 3 days after treatment 7 days after treatment 14 days after treatment

Group A1 15.43 ±5.21# 18.54 ±4.22# 24.21 ±5.92## 27.64 ±4.11###

Group A2 25.67 ±6.31## 31.88 ±4.23### 37.23 ±5.43### 40.21 ±4.37###

Group A3 43.65 ±5.26###* 59.35 ±4.77###* 74.68 ±5.43###* 86.55 ±5.29###**

Group A4 55.42 ±6.91### 70.67 ±4.16### 87.37±6.15### 93.23 ±5.54###

Group B 26.44 ±4.25##** 32.17 ±4.16###*** 40.51 ±5.24###*** 45.33 ±4.65###***

Group C 52.87 ±4.69### 68.53 ±5.21### 86.33 ±6.89### 94.25 ±4.11###

Group D 1.22 ±3.54 1.34 ±3.61 2.11 ±2.24 1.18 ±3.85

Compared with Group D: #p < 0.05, ##p < 0.01, ###p < 0.001; compared with Group C: *p < 0.05, **p < 0.01, ***p < 0.001.
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Therefore, it is essential to find a safer and more effective 
method for treating NF. In recent years, PDT and vari-
able pulse width Nd:YAG lasers have often been employed 
in clinical practice. The PDT can achieve good results for 
treating superficial vascular lesions, but not for deep vas-
cular malformations, due to its weak laser penetration. 
In  contrast, variable pulse width Nd:YAG lasers, with 
stronger laser penetration, can treat the capillary malfor-
mations in deep tissues.15,21 Therefore, in order to effec-
tively treat both superficial and deep vascular malforma-
tions in NF, we investigated the effect of a combination 
therapy of PDT and a variable pulse width Nd:YAG laser.

We found that in the PDT groups, the clearance improved 
with increased energy density, and that PDT at an energy 
density of 175 J/cm2 achieved the highest clearance rate. 
However, the group with this energy density had the most 
adverse reactions, including severe blistering and scarring, 
and had markedly higher collagen type I:III ratios, sug-
gesting the potential risk, or even the presence, of fibrosis 
in the combs.22 Therefore, an energy density of 175 J/cm2 
cannot be employed clinically; instead, 150 J/cm2 may be 
considered a suitable energy density. The PDT at 150 J/cm2 
in group A3 was found to achieve a good clearance rate 
and a similar incidence rate of adverse reactions as found 
in groups B and C; likewise, PDT at this energy density did 
not cause a noticeable elevation in the collagen type I:III 
ratio, indicating a low risk of fibrosis.

In this study, we found that the combination of PDT and 
a variable pulse width Nd:YAG laser was able to achieve 

a  better outcome than PDT or  variable pulse width 
Nd:YAG laser alone. The combination therapy achieved 
a similar response rate with a lower incidence of adverse 
reactions in comparison with the PDT therapy at 175 J/cm2. 
The combined use of PDT and a variable pulse width 
Nd:YAG laser can treat both deep and superficial capil-
lary malformations. So far, many scholars have explored 
the combination of 2 or more therapies for treating NF, 
including cryotherapy combined with laser therapy, sur-
gery combined with laser therapy, microneedle therapy 
combined with PDT, and pulsed dye laser therapy com-
bined with long-pulse 1064-nm Nd:YAG laser therapy. 
However, many of these methods can easily cause adverse 
reactions, including scarring and pigmentation. The com-
bination of microneedle therapy and PDT, even though 
it can achieve good outcomes, requires a more complicated 
operation than the combination of PDT and a variable 
pulse width Nd:YAG laser. Therefore, the combined use 
of PDT and variable pulse width Nd:YAG laser therapy can 
be recommended for further clinical trials.

Due to time constraints, there were some limitations 
in our study. Firstly, there are still some differences between 
cockscomb skin and human skin, even though the cocks-
comb can be used as a disease model of NF. Secondly, since 
human facial skin is more delicate, whether PDT at 150 J/cm2 
can be used to treat faces needs to be investigated further. 
In this study, we found that the combination of 2 therapies, 
even though it did not increase the incidence of adverse reac-
tions, could still lead to blisters and scars on the subjects. 

Table 6. Adverse reactions in each group

Variable Blister Scar Pigmentation Discoloration

Group A1 0 0 0 1

Group A2 0 0 1 2

Group A3 0 0 3 4

Group A4 5 6 6 6

Group B 0 0 4 2

Group C 1 0 3 3

p-value <0.001 <0.001 <0.001 <0.001

χ2 23.546 25.264 28.153 21.823

χ2 – chi square test.

Table 5. Efficacy in each group

Group Excellent 
response

Good 
response Fair response Poor response No response Total response rate (%)

Group A1 0 0 2 3 1 33.3

Group A2 0 2 1 2 1 50.0

Group A3 3 2 0 1 0 83.3#*

Group A4 5 1 0 0 0 100.0**

Group B 0 2 2 1 1 66.7##

Group C 6 0 0 0 0 100

Compared with Group C: #p < 0.05, ##p < 0.01; compared with Group B: *p < 0.05, **p < 0.01.
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Therefore, we do not recommend its clinical application 
on facial areas to avoid scarring or other adverse reactions. 
Lastly, the study only demonstrated the short-term effect 
within 14 days of treatment, and more studies need to be 
carried out in the future to investigate the adverse reactions 
and recurrence rate after a longer course of treatment.

Conclusions

In conclusion, 150 J/cm2 can serve as a suitable energy 
density in PDT for the treatment of NF, and the combina-
tion of HMME-mediated PDT and variable pulse width 
Nd:YAG laser therapy can achieve a better outcome than 
PDT or such a laser alone, so it can be recommended for 
clinical application.
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Abstract
Background. Enolase is generally known as the glycolytic pathway enzyme present in the cytoplasm of eu-
karyotic cells and in some microorganisms. In human cells, it is also a component of cell surface membranes, 
where it functions as a human plasminogen receptor.

Objectives. The study aimed to purify Salmonella enterica serovar Typhimurium cytosolic enolase and obtain 
the antibodies against this protein; to identify enolase on the surface of bacteria; and to find cross-reactivity 
and plasminogen binding properties.

Material and methods. Cytosolic enolase from S. Typhimurium was purified using a five-step preparation 
method. Anti-cytosolic enolase antibodies combined with scanning electron microscopy (SEM) allowed us 
to detect enolase on the surface of intact S. Typhimurium cells. The binding of plasminogen to surface enolase 
and the cross-reactivity of this protein with antibodies against human enolases were tested with western blot.

Results. Antibodies against human α- and β-enolases cross-reacted with S. Typhimurium membrane protein, 
the identity of which was further confirmed using a mass spectrometry analysis of enolase tryptic peptides. 
The enolase form bacterial membrane also bound plasminogen.

Conclusions. The cross-reactivity of membrane enolase with antibodies against human enolases suggests 
that this bacterium shares epitopes with human proteins. Surface exposition of enolase and the demonstrated 
affinity for human plasminogen indicates that Salmonella membrane enolase could play a role in the interac-
tion of S. Typhimurium with host cells.

Key words: membrane proteins, Salmonella, Typhimurium, enolase
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Introduction

The World Health Organization (WHO) reported that 
every year about 600 million people fall ill after eating 
contaminated food and 420 000 die, making it the leading 
cause of mortality worldwide. In addition, children under 
5 years of age carry 40% of the foodborne disease burden, 
with 125 000 deaths every year. Streptococci, staphylococci 
and Enterobacteriaceae are major contributors to bacte-
rial disease.1,2

Salmonella spp. are Gram-negative, rod-shaped bacteria 
that belong to the Enterobacteriaceae family. There are 2 spe-
cies within the genus Salmonella: S. enterica and S. bongori. 
Salmonella enterica is a pathogenic bacteria and is further 
divided into more than 2500 serotypes.3 Salmonella enter-
itidis and S. Typhimurium are 2 of the most common clini-
cal serotypes of salmonellosis agents isolated worldwide.4

There are 2 main clinical types of Salmonella infec-
tion. The first one is caused by non-typhoidal Salmonella 
strains. The symptoms of this type are limited to the gas-
trointestinal tract and typically include acute gastritis 
and enteritis, high fever, spasmodic abdominal pain, and 
bloody mucus diarrhea. The 2nd clinical type is typhoid 
fever, caused by Salmonella typhi infection, and resulting 
in a systemic inflammatory response, usually requiring 
antibiotic treatment. For both, the first phase in the in-
fection process is  bacterial adhesion to  the  intestinal 
epithelium, which impedes the host’s ability to naturally 
remove the bacterium from the digestive tract. This al-
lows the bacteria to survive, multiply and colonize the host 
environment.5

Outer membrane proteins (OMPs) play a crucial role 
in the  infection and colonization processes. They par-
ticipate in bacterial contact with host tissues, in  initi-
ating the process of degradation of the host tissue and 
in stimulating the development of  infections. They are 
also important factors in bacterial adaptation to the host 
environment.6,7

Enolase (Enzyme Commission (EC) 4.2.1.11) is a glyco-
lytic enzyme found in the cytoplasm of eukaryotes and 
prokaryotes.8 It is also an external component of cell mem-
branes in the epithelium and endothelium, in monocytes, 
leukocytes and neutrophils.9,10 Enolase acts as a receptor 
for plasminogen, which plays a unique role in the defense 
system of the human body.8 For example, active plasmin 
degrades fibrin in the process of fibrinolysis, which is criti-
cal for maintaining hemostasis. Plasminogen also per-
mits cell migration to areas of inflammation. Interestingly, 
bacteria also have exposed surface plasminogen binding 
receptors on their cell surfaces. Plasminogen, once cleaved 
to become the active form called plasmin, allows bacteria 
to migrate through host tissues. Another example of such 
a receptor is the surface enolase-like protein, whose prop-
erties were described for Streptococcus pneumoniae.11

During inflammation caused by Gram-positive or Gram-
negative bacteria, the  host develops enolase-targeted 

antibodies.6,12 Since there is  greater than 50% homol-
ogy among enolases of different species,8 the structural 
similarity between human and bacterial enolase can lead 
to  the  phenomenon of  molecular mimicry. Molecular 
mimicry is the mechanism whereby antibodies produced 
by a host against foreign antigens cause cross-reactivity 
with epitopes of the host’s own protein; this can result in au-
toimmune diseases.13 The presence of anti-α-enolase anti-
bodies has been observed in disorders like Behçet’s disease, 
Hashimoto’s encephalopathy and Sjögren’s syndrome.14–16

Since the enolase from Salmonella spp. has not been 
previously characterized, the purpose of this study was 
to isolate, purify and perform an immunochemical char-
acterization of the enolase from S. Typhimurium bacteria. 
Deeper insights into the properties of this protein will 
help to further elucidate its pathogenesis in the develop-
ment of autoimmune diseases. This paper describes how 
we identified enolase as a component of S. Typhimurium 
surface proteins and demonstrates the binding of surface 
enolase to human plasminogen.

Material and methods

Bacterial strain, media  
and growth conditions

Salmonella enterica serovar Typhimurium (Polish Col-
lection of Microorganisms (PCM) 2713) was obtained from 
the PCM at the Institute of Immunology and Experimental 
Therapy, Polish Academy of Sciences, Wrocław, Poland. 
The bacteria were cultured on tryptic soya agar (Graso 
Biotech, Owidz, Poland) solid media at 37°C for 18 h.

Extraction and purification 
of S. Typhimurium cytoplasmic proteins

Protein extraction was performed according to the meth-
od described by Bednarz-Misa et al.,17 with minor modifi-
cations. The bacterial mass was suspended in 10 mM Tris-
HCl, pH 8.4 (Sigma-Aldrich, St Louis, USA) with 1 mM 
MgSO4 (Chempur, Piekary Śląskie, Poland), 1% glycerol 
(v/v) (Chempur), 0.5 mM β-mercaptoethanol (Sigma-Al-
drich), and a protease inhibitor cocktail (Merck Millipore, 
Burlington, USA). The bacterial cells were lysed using 
the Vibra-Cell YC-130PB ultrasonic processor (Labo-Plus, 
Warszawa, Poland) at 4°C for 30 min, during 40-second 
cycles on ice. To remove unbroken cells, the suspension 
was centrifuged (4000 × g, 4°C, 1 h). The collected super-
natant was re-centrifuged (100,000 × g, 4°C, 1 h) to obtain 
the cytosolic fraction (supernatant) and the cell membrane 
fraction (saved for later purification). For the initial remov-
al of unwanted proteins, 3 stages of protein precipitation 
with increasing ammonium sulfate (Chempur) saturation 
(0–30%, 30–80% and 80–100%) were completed. The 1st 
purification step was carried out through ion exchange 
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chromatography with a strong anionite Sepharose Q Fast 
Flow column (GE Healthcare, Chicago, USA). The pro-
teins were precipitated with 30–80% ammonium sulfate 
and dialyzed into elution buffer (20 mM Tris-HCl, pH 8.4, 
1 mM MgSO4 and 1 mM β‑mercaptoethanol). The proce-
dure was carried out on the AKTA Explorer 100 GE chro-
matograph (GE Healthcare). The column was equilibrated 
with elution buffer and 50 mg of cytosolic protein extract 
was applied and separated at a flow of 2 mL/min in an ionic 
strength gradient of 1 M NaCl (Chempur) as follows: 6 
column volumes (CVs) elution buffer, 3 CVs 8% isocratic 
gradient, 6 CVs gradient 8–70%, and 5 CVs gradient 100% 
to release the remaining proteins from the column. Protein 
concentration was determined spectrophotometrically 
at 280 nm. To quantify the enolase, an absorption coef-
ficient of A0.1% = 0.89 was used, determined for rabbit 
muscle enolase at a concentration of 1 mg/mL.18 The en-
zymatic activity for cytosolic enolase was assessed spectro-
photometrically (EnviSense UV‑1800; EnviSense, Lublin, 
Poland) at room temperature (RT) at 240 nm as an increase 
in phosphoenolpyruvate (PEP) concentration in the reac-
tion buffer (50 mM imidazole-HCl, pH 8.4 (Sigma-Al-
drich), 1 mM MgSO4, 400 mM KCl (Chempur) and 1 mM 
2-phosphoglyceric acid (2-PGA)). One unit of enolase ac-
tivity is defined as the amount of protein that under these 
conditions catalyzes the synthesis of 1 µmol of PEP from 
2-PGA in 1 min.19 The active fractions were eluted from 
the 20–35% gradient, and then collected, concentrated and 
dialyzed into a sodium chloride-free buffer using Centri-
con 30K filters (Merck Millipore).

The protein fractions collected in the 1st chromatogra-
phy step (20 mg) were then applied to a Sephadex G-100 
column (GE Healthcare). The column was equilibrated 
with 20 mM Tris-HCl buffer, pH 8.4 with 300 mM NaCl 
(Chempur), 1 mM MgSO4 and 1 mM β‑mercaptoethanol. 
Chromatographic separation was carried out at a  flow 
of 0.1 mL/min on an AKTA Explorer 100 HPLC system 
(GE Healthcare). The final purification step used prepara-
tive electrophoresis on the PrepCell 491 device (Bio‑Rad, 
Hercules, USA). Discontinuous separation was carried out 
at 280 V under native conditions in 4% stacking gel and 10% 
separating gel in 25 mM Tris and 192 mM glycine (BioShop 
Canada Inc., Burlington, Canada), pH 8.3.

Extraction and purification 
of S. Typhimurium OMPs

The  pellet fraction obtained after centrifugation 
at  100,000  ×  g  was used for purification of  the  OMP. 
The pellet was washed twice with 20 mM Tris-HCl buf-
fer, pH 7.2, using a tissue grinder. The suspension was then 
centrifuged (100,000 × g, 4°C, 1 h). The pellet collected 
at this step was resuspended in 20 mM Tris-HCl, pH 7.4, 
and 80 mM CHAPS detergent (BioShop Canada Inc.). 
Membrane protein extraction was carried out for 30 min 
at 4°C. The suspension was again centrifuged (100,000 × g, 

4°C, 1 h) and the supernatant containing the extracted 
membrane protein was collected. The protein concentra-
tion was measured using a bicinchoninic acid (BCA) assay 
(Thermo Fisher Scientific, Waltham, USA).

For the final purification step the extracted membrane 
proteins were diluted 1:1 with ×2 Laemmli sample buffer 
(Bio-Rad) and incubated for 5 min at 100°C. The proteins 
were separated at 200 V and 1 mL/min with the PrepCell 
491 device (Bio-Rad) using 10% and 12% separating gel 
in an electrode buffer: 25 mM Tris and 192 mM glycine, 
0.5% SDS, pH 8.3 (Bio-Rad).

All procedures involving animals were in accordance 
with the ethical standards of Wroclaw Medical University 
and approved by the Local Ethics Committee for Animal 
Experiments (approval No. 55/2017).

Preparation of rabbit polyclonal 
antibodies specific to S. Typhimurium 
cytosolic enolase

A male New Zealand rabbit weighing 2 kg was immu-
nized with a total of 1.5 mg of S. Typhimurium enolase. 
The 1st multipoint intradermal injection was performed 
with 0.5 mg of enolase diluted in 0.5 mL of phosphate 
buffered saline (PBS) (BioShop Canada Inc.) mixed with 
an equal volume of  incomplete Freund’s adjuvant (Sig-
ma‑Aldrich). After 3 weeks, a 2nd immunization was per-
formed in the same way. The 3rd injection of protein was 
performed after another 3 weeks. Two weeks later, the ani-
mal was bled. The collected antisera were filtered and 
incubated at 56°C for 30 min to inactivate the complement. 
IgG antibodies were isolated on a Protein A Protein G Gra-
viTrap column (GE Healthcare) according to the manufac-
turer’s instructions.

Electrophoresis and immunoblotting

The bacterial enolase-like protein was detected with 
western blot analysis using rabbit anti-cytosolic enolase 
S. Typhimurium antibodies. The S. Typhimurium OMP 
fraction (10 µg) obtained during preparative electrophore-
sis and purified S. Typhimurium cytosolic enolase (10 µg) 
were diluted 1:1 with ×2 Laemmli sample buffer containing 
5% 2-mercaptoethanol, followed by denaturation for 5 min 
at 95ºC. The samples were resolved with SDS-PAGE electro-
phoresis20 using a 4.5% stacking gel and a 12% resolving gel. 
The proteins were then visualized with Coomassie brilliant 
blue G-250 (BioShop Canada Inc.) staining or transferred 
to an Immobilon P membrane (Merck Millipore) for 90 min 
at 200 mA.12 The membrane was blocked with 1% casein 
blocking buffer (Sigma-Aldrich) at 37°C for 1 h. After wash-
ing, the membrane was incubated with IgG antibodies ob-
tained from a rabbit immunized with Salmonella cytosolic 
enolase in TBS-T buffer (20 mM Tris-HCl, pH 7.0, 50 mM 
NaCl, 0.05% Tween-20 (Sigma-Aldrich), pH 7.0). Unbound 
antibodies were removed through washing with TBS-T 
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buffer. Next, the membrane was incubated with goat anti-
rabbit IgG antibodies (Abcam, Cambridge, UK) conjugated 
with horseradish peroxidase (HRP) at 37°C for 1 h. The west-
ern blot was visualized using a colorimetric reaction with 
substrate 3-amino-9-ethylcarbazole (Sigma-Aldrich).

Immunoblotting with human plasminogen was per-
formed with the S. Typhimurium OMP fraction (10 µg) 
obtained during preparative electrophoresis and with puri-
fied S. Typhimurium cytosolic enolase (10 µg). The SDS-
PAGE, protein transfer and membrane blocking were 
performed as outlined above. After washing, the mem-
branes were incubated with 20 µg of human plasminogen 
(R&D Systems, Minneapolis, USA) in TBS buffer (20 mM 
Tris-HCl, 50 mM NaCl, pH 7.0) at 37°C for 1 h, then over-
night at 4°C. Unbound plasminogen was removed through 
washing with TBS-T buffer. The membranes were then 
incubated with rabbit anti-human plasminogen antibod-
ies (Abcam) and, after further washing, with HRP goat 
anti-rabbit IgG antibodies (Abcam). The western blot was 
visualized using a colorimetric reaction with substrate 
3-amino-9-ethylcarbazole (Sigma-Aldrich).

The reactive fraction of OMPs from S. Typhimurium 
was separated by two-dimensional electrophoresis (2-DE), 
as described earlier.21 The OMPs for transfer (40 µg) or for 
silver staining (20 µg) were separated with pH 4–7 immo-
bilized pH gradient strips (7 cm, from (Bio-Rad). The 2‑DE 
analysis was carried out with the Mini-PROTEAN® Tetra 
Cell System (Bio-Rad). Prior to resolving the first dimen-
sion, precast IPG strips were rehydrated with 120 μL of re-
hydration buffer (Bio-Rad) for 16 h at room temperature. 
Isoelectric focusing (IEF) was conducted through stepwise 
voltage increases: 250 V for 20 min, 4000 V for 120 min (lin-
ear) and 4000 V (rapid) until the total volt-hours reached 
14 kVh. After IEF separation, the strips were equilibrated 
in 6 M urea (BioShop Canada Inc.), 375 mM Tris, pH 8.8, 
2% SDS, reduced with 2% (w/v) ditiotreitol (DTT) (BioShop 
Canada Inc.) and alkylated with 135 mM iodoacetamide 
(Sigma-Aldrich). The IPG strips were then loaded onto 
a 9–12.5% gradient polyacrylamide gel (10 × 8 cm, 1.0 mm 
thick) using 0.5% agarose (Bio-Rad) in the running buffer. 
Molecular mass standards (Precision Plus Protein™ Stan-
dards; Bio-Rad) were applied at the basic end of the IPG 
strips. Electrophoresis was performed at 4°C with constant 
power (1 W). Following separation in the second dimen-
sion, the gels were silver stained.22 Spot patterns were visu-
alized under white light and photographed using a GelDoc 
XR camera system (Bio-Rad).

Then 2-DE OMPs were transferred from gel to the Im-
mobilon P membrane as described above. The membranes 
were blocked with 1% casein blocking buffer (Sigma-Al-
drich) at 37°C for 1 h. After washing, the membranes were 
incubated with either mouse anti-human α-enolase and/
or with anti-human β-enolase antibodies (both from Santa-
Cruz Biotechnology, Dallas, USA) at 37°C for 1 h. Second-
ary antibody incubation was performed using HRP goat 
anti-mouse IgG (Novus Biologicals, Centennial, USA) and 

the proteins were visualized using a colorimetric reaction 
with substrate 3-amino-9-ethylcarbazole (Sigma-Aldrich).

In-gel protein digestion and mass 
spectrometry protein identification

The appropriate protein spot was excised from the gel 
and analyzed using liquid chromatography coupled with 
mass spectrometry in the Laboratory of Mass Spectrometry, 
Institute of Biochemistry and Biophysics, Polish Academy 
of Sciences (Warszawa, Poland). Samples were subjected 
to standard trypsin digestion, during which the proteins were 
reduced with 10 mM DTT for 30 min at 56°C, alkylated with 
iodoacetamide in the dark for 45 min at room temperature 
and digested with 10 ng/µL trypsin overnight. The resulting 
peptide mixtures were concentrated and desalted on a RP-
C18 pre-column (Waters, Milford, USA) and further pep-
tide separation was achieved on a nano-Ultra Performance 
Liquid Chromatography (UPLC) RP‑C18 column (Waters, 
BEH130 C18 column, 75 µm i.d., 250 mm long; Waters) us-
ing a 45-minute linear acetonitrile gradient in the presence 
of 0.1% formic acid. The column outlet was directly coupled 
to the Orbitrap Velos MS ion source (Thermo Electron Corp., 
San Jose, USA). Mass spectra were obtained with a full scan 
on an Orbitrap mass analyzer in data dependent acquisi-
tion (DDA) mode, followed by MS/MS scans in the ion trap. 
A blank run to ensure the absence of cross-contamination 
from previous samples preceded each analysis.

The  acquired MS/MS data was pre-processed with 
Mascot Distiller software v. 2.6 (Matrix Science Ltd., Lon-
don, UK) and the search was performed using the Mascot 
Search Engine (Matrix Science Ltd.) against the National 
Center for Biotechnology Information (NCBI; US National 
Library of Medicine, Bethesda, USA) NCBInr database 
(176 222 799 sequences; 64 284 901 062 residues), with 
a S. Typhimurium filter (101 607 sequences). To reduce 
mass errors, the peptide and fragment mass tolerance set-
tings were established after a measured mass recalibra-
tion,23 resulting in a value of 6.5 ppm for parent and 0.01 Da 
for fragment ions. The rest of the search parameters were 
as  follows: enzyme, trypsin; missed cleavages, 1; fixed 
modifications, carbamidomethyl (C); variable modifica-
tions, oxidation (M); instrument, HCD. The Decoy Mascot 
functionality was used to keep the false discovery rate 
(FDR) for peptide identifications below 1%.

Scanning electron microscopy

To demonstrate the immunostaining pattern of patho-
gens detected with the polyclonal S. Typhimurium cytosolic 
enolase antibody, cells were further treated with secondary 
anti-rabbit antibody labelled with 30 nm colloidal gold. 
Bacteria treated only with secondary antibodies were used 
as a control. Scanning electron microscopy (SEM) was pro-
cessed with low accelerating voltage of the primary beam 
(low-voltage field‑emission SEM – LV-FESEM) without 
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any coating of the sample.24 The bacterial colonies were 
stamped with polished silicon chips by pressing the chip 
against the bacterial colony for 5 min at room temper-
ature. The samples were fixed with 2.5% formaldehyde 
in 100 mM cacodylate buffer at 4°C for 30 min, and then 
washed in water and dehydrated in a series of methanol 
steps (25–50–75–100%), each lasting 1 h at 4°C. The sam-
ples went through critical point drying with methanol, 
undergoing an exchange for liquid CO2 in an automatized 
critical point dryer (CPD300 AUTO; Leica Microsystems, 
Vienna, Austria) and were imaged with a  cross-beam 
scanning electron microscope equipped with a Schottky 
field-emission cathode (Auriga 60; Carl Zeiss, Oberkochen, 
Germany) at 1.5 kV accelerating voltage. A non-coating 
approach was implemented within the LV-FESEM mode, 
whose low energies allow efficient interaction of electrons 
with native elements of the biological sample (typically low 
Z-number atoms). We applied the low-energy loss electron 
principle to generate a highly resolved chemical contrast, 
as we described in detail previously.25 Images were acquired 
with an Everhart-Thornley electron detector (SE2 second-
ary electrons), the in-lens electron detector (SE1 secondary 
electrons) and the energy-selective back-scattered electron 
detector (EsB) directly from the sample surfaces with no 
coating or contrasting applied.24,25 The EsB detector grid 
potential was set to 1200 V, and brightness and contrast 
were adjusted to allow a distinction between the  sub-
stratum (a polished silicon chip with a grey appearance), 
the biological sample (bacteria and their appendages, dark 
in appearance) and the nano-gold label (bright appearance). 
The sample imaging was performed in a dual-view mode 
enabling correlative imaging between 2 channels in parallel 
with pixel-to-pixel correlative accuracy.

Results

Purification of cytosolic enolase from 
S. Typhimurium

The method of S. Typhimurium enolase purification 
involved sonication, precipitation with ammonium sul-
fate, ion-exchange chromatography, gel filtration, and pre-
parative electrophoresis. Preparative electrophoresis for 
the separation of cytosolic proteins permitted the purifica-
tion of enzymatically active enolase with electrophoretic 

mobility at about 45 kDa. Row 3 in Fig. 1A shows the ho-
mogeneity level of enolase that was used for rabbit immu-
nization. The purification process resulted in pure protein 
with 15% efficiency (Table 1).

Purification of the enolase-like membrane 
protein from S. Typhimurium

The  OMPs were extracted using CHAPS detergent 
and 4.4 mg was obtained as soluble micelles from 10 mg 
of membrane protein extract. The purification of enolase-
like protein was performed using preparative SDS-PAGE 
with continuous elution. The OMPs with a molecular 
mass of 45–47 kDa were purified from the protein extract. 
The fraction of OMPs reactive with antibodies against 
S. Typhimurium cytosolic enolase (Fig. 1A, row 2) was 
selected for further testing on 2-DE.

Antibodies against S. Typhimurium 
cytosolic enolase cross-react with 
S. Typhimurium OMPs

Human α-enolase and β-enolase, like the OMPs and 
cytosolic enolases of S. Typhimurium used in the immu-
noblotting, reacted with antibodies from rabbit serum 

Fig. 1. Interaction of enolases with antibodies against S. Typhimurium 
cytosolic enolase. A. SDS-PAGE gel profile after Coomassie staining: 
1. Molecular mass marker; 2. Salmonella OMPs; 3. Salmonella cytosolic enolase. 
B. Immunoblotting with anti-S. Typhimurium cytosolic enolase antibodies

Table 1. Purification of cytosolic enolase from S. Typhimurium

Fractions Total protein [mg] Total activity [IU] Specific activity [IU/mg] Efficiency [%]

Crude extract 717.7 409 0.57 100

(30–80%) (NH4)2SO4 435.7 314 0.72 77

Q Sepharose Fast Flow 102.04 202 1.98 49

Sephadex G-100 17.88 123 6.88 30

PrepCell 2.94 61 20.9 15
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immunized by cytosolic enolase (Fig. 1B). This observa-
tion corroborated that the 2 enolases could have similar 
antigenic properties.

S. Typhimurium enolase-like membrane 
protein binds to plasminogen

The OMPs that exhibited reactivity with anti-S. Ty-
phimurium cytosolic enolase polyclonal antibodies also 
bound human plasminogen (Fig. 2A,B, row 2). However, 
no such interaction was observed for Salmonella cytosolic 
enolase (Fig. 2A,B, row 3). Denatured Salmonella cytosolic 
enolase showed no plasminogen binding capacity.

Enolase-like membrane protein from 
S. Typhimurium reacts with antibodies 
against human enolases

The OMPs exhibiting reactivity with anti-S. Typhimuri-
um cytosolic enolase polyclonal antibodies were separated 
using 2-DE, and they bound antibodies against human 
α‑ and β-enolase. This revealed the serological similarity 
of epitopes of the enolase-like protein from Salmonella 
and from humans. The results of the immunoblotting as-
say are shown in Fig. 3B and 3C. Protein spots of interest 
were subsequently identified using liquid chromatography 
coupled with mass spectrometry. The OMP identification 
was achieved using the bioinformatics platform Mascot 
Search Engine to search the NCBInr database. The pro-
tein identified was “Multispecies enolase (Salmonella); 
molecular weight: 45.627 kDa, pI: 5.25 Average sequence 
coverage: 65%”, score: 2625.

Scanning electron microscopy

Immunoelectron microscopy using anti-S. Typhimuri-
um cytosolic enolase polyclonal antibodies confirmed 
the cell surface localization of enolase. On the outer mem-
brane of the intact bacterial cell, reactivity was observed 
mostly at the flagella (Fig. 4A). In contrast, no labelling 
was observed in the negative control (Fig. 4B).

Discussion

Salmonella enolase has not previously been isolated and 
characterized. The procedure established in this study 
allowed us to obtain highly pure, enzymatically active 
enolase. The protein was purified and used to develop 
antibodies, which facilitated identification of the enolase-
like protein on the bacterial outer membrane of S. Ty-
phimurium. The efficiency of molecular biology methods 
and the ability to obtain recombinant proteins quickly 
gives these methods a greater advantage over long puri-
fication procedures developed to isolate native proteins.

Fig. 2. Interaction of human plasminogen with membrane proteins and 
cytosolic enolase from S. Typhimurium. A. SDS-PAGE gel profile after 
Coomassie staining: 1. Molecular mass marker; 2. Salmonella OMPs;  
3. Salmonella cytosolic enolase. B. Immunoblotting with human 
plasminogen

Fig. 3. Interaction of S. Typhimurium 
membrane proteins with antibodies against 
human enolases. A. Silver-stained 2-DE 
profile over pH 4–7 of S. Typhimurium 
OMPs isolated with CHAPS detergent 
after final purification using preparative 
electrophoresis. B. Immunoblotting 
of OMPs from . Typhimurium with 
antibodies against human α-enolase. 
C. Immunoblotting of OMPs from 
S. Typhimurium with antibodies against 
human β-enolase. The spot identified by MS 
as enolase is indicated by the arrow
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Among the first microorganisms for which enolase iso-
lation was described was Gram-positive Brevibacterium 
fuscum. Purification through salting and ion-exchange 
chromatography resulted in high protein losses and only 
1.2% protein efficiency.26 Chromatography affinity was 
used for the purification of Streptococcus suis enolase, 
leveraging the ability of the protein to bind to fibronectin.27 
Escherichia coli was the first Gram-negative bacterium for 
which the cytosolic enolase purification procedure was 
developed. Through desalting and the use of hydrophobic 
and ion exchange media, the purification of E. coli eno-
lase yielded about 17%.28 Klebsiella pneumoniae is another 
species of bacterium of the Enterobacteriaceae family for 
which an enolase purification procedure has been devel-
oped. After precipitation of the bacterial proteins with 
an 80–100% range of ammonium sulfate, gel filtration was 
performed, followed by ion exchange chromatography and 
preparative electrophoresis. The method developed in our 
laboratory yielded a 76-fold purification of cytosolic eno-
lase with a total yield of 15%. This shows that preparative 
electrophoresis can be an effective purification method 
for an active enolase enzyme.17 The continuous develop-
ment of chromatographic methods and media allowed 
us to  improve the protein purification procedures and 
to reduce the number of steps. This minimized the loss 
of the active fraction of the enzyme, thus maintaining its 
biological properties.

We demonstrated that S. Typhimurium membrane pro-
teins with a molecular mass of 45 kDa showed reactivity 
with antibodies against human α- and β-enolase, suggest-
ing a serological similarity between epitopes. These ob-
servations indicate that Salmonella infections may cause 
the host immune system to produce antibodies against bac-
terial enolase and host enolase epitopes, resulting in the de-
velopment of auto‑aggressive diseases. There have been 
numerous examples of cross-reactivity between human 
and bacterial enolases. For example, cross-reactivity has 
been demonstrated between the enolase of the pathogen 

causing periodontitis (Treponema denticola) and human 
α-enolase. Mice immunized with T.  denticola enolase 
induced the production not only of antibodies against 
T. dentolitica enolase but also of antibodies against human 
α-enolase.29 Similarly, antibodies against human α-enolase 
detected surface enolase on cells of Borrelia burgdorferi,30 
Mycoplasma fermentans31 and Pseudomonas aeruginosa.32 
In studies of Streptococcus agalactiae immunogenic pro-
teins, the bacterial enolase was identified as a protein that 
reacts with human antibodies from the sera of infected 
patients.33 Lundberg et al. demonstrated that antibod-
ies from the serum of rheumatoid arthritis (RA) patients 
showed cross-reactivity between citrullinated human 
α-enolase and recombinant citrullinated enolase from 
Porphyromonas gingivalis.34 Moreover, Witkowska et al. 
demonstrated the immunoreactivity of the 45-kDa OMPs 
isolated from K. pneumonia, E. coli, Citrobacter, and Haf-
nia membranes with patient antibodies and also with rab-
bit anti-human β-enolase antibodies.12 Mass spectrometry 
analyses of K. pneumoniae enolase-like protein showed that 
several fragments of the 45-kDa protein were found to have 
sequences identical to the C-terminal domain of human 
β-enolase. Additionally, it has been reported that Salmo-
nella membrane proteins with a range of 44–55 kDa were 
recognized by IgM antibodies from the serum samples 
of healthy patients and patients with Buerger’s disease 
or psoriasis.12 Among several Enerobacteriaceae species, 
only Salmonella protein of 44–55 kDa has been recognized 
by IgM antibodies. These results suggest that this protein 
may serve as a marker for the early phase of infection or re-
currence as a result of a bacterial carrier state. The develop-
ment of reactive arthritis is closely associated with infec-
tion of several Gram-negative enteric bacteria, including 
Salmonella.35 Some patients with ulcerative colitis have 
higher odds of previous infection with Salmonella as well 
as E. coli, Campylobacter or Clostridium difficile.36 Taken 
together, these results illustrate a potential link between 
autoimmune diseases and a history of food poisoning.

Fig. 4. Scanning electron microscopy localization of surface enolase on whole S. Typhimurium cells. A. Enolase detected with antibodies against bacterial 
cytosolic enolase and labeled with anti-rabbit antibodies coupled to 30 nm colloidal gold particles. B. Negative control with anti-rabbit antibodies coupled 
to 30 nm colloidal gold particles
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Scanning electron microscopy has corroborated the sur-
face localization of membrane antigens that are reactive 
with anti-cytosolic enolase antibodies. It has also shown 
that enolase-like protein is present at the surface in low 
abundance, localized mostly to the flagella. The surface 
localization of S. pneumoniae enolase has also been con-
firmed using SEM.37 Moreover, relatively low amounts 
of surface enolase have been proven to contribute to bacte-
rial pathogenesis.11 Enolase identified using SEM has been 
shown on the surface of Streptococcus suis and Streptococ-
cus pyogenes.27,38 Enolase expressed on the surface could 
be recognized by the host immune system. The many re-
ports of cross-reactivity between antibodies against hu-
man and bacterial enolases suggest that pathogen-related 
enolase may be involved in the development of autoim-
mune disease.

Our study showed that Salmonella membrane pro-
teins with reactivity to antibodies against human α- and 
β-enolase also bound human plasminogen. Interestingly, 
the enolase isolated from the Salmonella cytosol had no 
plasminogen-binding capacity. The observed lack of af-
finity of the S. Typhimurium cytosolic enolase to human 
plasminogen, binding only to the enolase receptor located 
on the membrane of bacterial cells, suggests some struc-
tural differences between the 2 forms of enolase. This 
may be due to certain interactions of the enolase receptor 
protein with cell membrane components or to possible 
post-translational modification targeting the cell surface 
cytosolic protein. It is also important that the mechanisms 
leading to the transfer of this protein from the cytoplasm 
to the cell membrane and partial exposure to the cell sur-
face are unknown. Koebnik et al. reported that the common 
structural β-barrel motif present in OMPs of Gram-neg-
ative bacteria is formed by a variable amount of trans-
membrane β-strands that expose the cell to a long loop 
available to the extracellular environment.7 It is interest-
ing that in the three-dimensional structure of the cytosol, 
enolase is presented as C-terminal β-barrel domain with 
ββαα(βα)6 topology. As a classic cytosolic protein, enolase 
has no signal sequence, and no hydrophobic domain has 
been identified that would allow translocation to the cell 
membrane and anchoring in it. However, Redlitz et al. 
postulated that the hydrophobic domain splicing amino 
acids 33–44 near the N‑terminus may serve as an internal 
signal sequence directing this protein to the cell mem-
brane. Post-translational acylation through the addition 
of palmitic or myristic acid may be another explanation 
for the association of enolase with the cell membrane.39

Plasminogen binding to enolase on the surface of bacte-
rial cells has been demonstrated for bacteria such as Bor-
relia burgdorferi, Mycoplasma fermentans and Pseudo-
monas aeruginosa.30–32 However, there are studies that 
have shown plasminogen binding to the cytosolic frac-
tion of Gram-positive bacteria.37 Bacterial interaction with 
host plasminogen can elicit different effects. For example, 
in some commensals plasminogen plays a protective role 

for the intestinal barrier by enhancing bacterial coloni-
zation; this mechanism has been described for bacteria 
from the Bifidobacterium genus.40 Plasminogen can also 
promote invasion through the host tissue. Proteolytic acti-
vation of plasminogen results in the formation of plasmin, 
which degrades extracellular matrix proteins.30 Further 
studies of the interaction between cytosol and membrane 
enolase obtained from Gram-negative bacteria with plas-
minogen are needed.

In conclusion, we have demonstrated for the first time 
the epitope similarity between Salmonella and human eno-
lase. Additionally, we used electron microscopy to identify 
enolase-like protein on the surface of S. Typhimurium. 
This protein exhibits an affinity for human plasminogen, 
which indicates that Salmonella membrane enolase could 
play a role in interactions with host cells. The results of this 
study provide some insight into the interactions of Sal-
monella with the host and reveal new aspects of the role 
of glycolytic enzymes. It has become evident that the dual 
role of these enzymes is crucial to understanding the in-
vasions and interactions of many pathogens with their 
hosts. The conservative structure of enolase may be a fac-
tor in autoimmune complications after bacterial infection. 
Further investigations may help to provide a comprehen-
sive picture of these mechanisms.
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Abstract
Background. The electrophysiological activity of the heart is recorded and presented in form of electro-
cardiography (ECG). In 1998, the concept of P wave dispersion as the risk factor for atrial fibrillation (AF) 
recurrence was introduced. It was calculated as the difference between the longest and the shortest P wave.

Objectives. To prove that the P wave dispersion is an artifact of low accuracy in P wave measurement.

Material and methods. The study included 104 patients (48 women, 56 men), aged 63 ±14 years, 
undergoing various electrophysiological procedures. The P wave was measured twice – firstly at the paper 
speed of 50 mm/s, enhancement ×8 (standard – imprecise), and secondly at 200 mm/s, ×64–256 (precise).

Results. The  imprecise measurement method resulted in different duration of all P wave parameters 
in comparison with precise measurement. The longest P wave duration (Pmax) measured imprecisely was 
105.1 ±22.1, the Pmax measured precisely was 134.0 ±21.3 (p < 0.001). The P dispersion measured impre-
cisely was 44.1 ±16.8 and the P dispersion measured precisely was 2.8 ±3.4 (p < 0.0001). The correlation 
between imprecise Pmax and imprecise Pmin was r = 0.664 (p < 0.05). The correlation between imprecise 
Pmax and imprecise P wave dispersion was r = 0.612 (p < 0.05). The correlation between precise Pmax and 
Pmin was almost 1.0 (r = 0.987, p < 0.05).

Conclusions. The P wave dispersion does not exist. The measurements of the P wave have to be precise 
to assure the highest scientific and medical sincerity. The highest clinical value is related to the P wave duration.

Key words: P wave dispersion, P wave duration, total atrial activation time
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Introduction

The electrophysiological activity of the working myo-
cardium is recorded by the system of simultaneous leads 
of the electrocardiograph and presented in the form of elec-
trocardiography (ECG).1 The morphology of ECG record-
ing in a specific lead is the result of the direction of the de-
polarization wave propagation and the range of spatial 
registration of the given lead.2 The recording is performed 
simultaneously in all leads, i.e., the given phenomenon 
is recorded simultaneously by all leads of the electrocar-
diogram.3 In the case of a perpendicular activation vector 
in a bipolar lead and a parallel vector in the case of a uni-
polar lead, the isoelectric line is recorded by given lead.4

In 1998, Dilaveris et al. introduced the concept of P wave 
dispersion as ‘a marker of the nonuniform anisotropic inho-
mogeneous atrial conduction’ – cited from the original work 
– and the risk factor for atrial fibrillation (AF) recurrence.5 
This P wave dispersion was determined as the difference 
between the longest and the shortest P wave duration (Pmax 
and Pmin), measured in 2 different ECG leads. The mea-
surement methodology included simultaneously recording 
all 12 leads at the paper speed of 50 mm/s and the enhance-
ment of 1 mV/cm as well as using a magnifying lens to in-
crease measurement precision. In a group of 60 patients 
aged 59.0 ±12.0 years with diagnosed idiopathic paroxys-
mal AF, the mentioned dispersion was 49 ±15 ms (Pmax) 
and 28 ±7 ms (Pmin) in the group of 40 healthy people, 
which was statistically significant. It should be emphasized 
that the compared groups were well matched according 
to the sociodemographic parameters, left atrial size, atrio-
ventricular conduction time, and left ventricular ejection 
fraction (LVEF). In addition to the value of dispersion mea-
sured this way, the study groups also differed in the dura-
tion of the P wave (123 ±16 ms compared to 101 ±10 ms, 
p < 0.0001). Further statistical analysis showed that the risk 
of recurrent AF in patients was more related to the dis-
persion parameter exceeding 40 ms than the  duration 
of the P wave above 110 ms.5 In the following years, many 
researchers reproduced the original results, using more 
or less the same flawed methodology in various groups 
of patients and reaching similar conclusions.6–8

The research hypothesis of our study is to prove the non-
existence of the P wave dispersion parameter, i.e., the de-
fined parameter is an artifact of no accuracy in measur-
ing the P wave (incorrect measurement methodology). 
The aim of our study was to assess the P wave parameters 
in the patient group undergoing different electrophysi-
ological procedures.

Material and methods

The study included 104 non-selected patients (48 women, 
56 men), aged 63 ±14 years (range: 21–89 years), under-
going various electrophysiological procedures using  

LabSystemTM Pro EP Recording System (Boston Scien-
tific, Boston, USA), (electrophysiological studies; AV-nodal 
reentrant tachycardia (AVNRT), atrioventricular reentrant 
tachycardia (AVRT), atrial flutter (AFL), right ventricu-
lar outflow tract (RVOT) arrhythmia ablations). The only 
inclusion criterion was the presence of sinus rhythm and 
the quality of the ECG tracings, which allowed us to mea-
sure the sinus P wave duration.

The P wave duration was measured in all leads twice: firstly 
time at the paper speed of 50 mm/s, enhancement ×8 (basic 
measurement), and secondly at the paper speed of 200 mm/s, 
enhancement ×64–256 (Fig. 1). The P wave dispersion was 
calculated as the difference between Pmax and Pmin in dif-
ferent leads for each measurements setting. The P wave 
measurements for every tracing were repeated 5 times for 
accuracy by 2 independent researches, who were unaware 
of each other’s results and who were blinded to clinical data. 
The final value presented for each patient was their mean.

The study was approved by the local Bioethical Com-
mittee at Wroclaw Medical University, Poland.

Fig. 1. The methodology of P wave duration measurements and P wave 
dispersion calculations in different settings

A – imprecise measurement indicated the Pmax in lead II and Pmin 
in lead V2; B – the same was repeated in precise way in the same leads.
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Statistical analysis

The continuous variables are presented as the means and 
standard deviations (SD) or medians and interquartile ranges 
(IQRs). The comparisons were performed with the para-
metrical Students-t test or  non-parametrical Wilcoxon 
paired test for dependent variables. The correlations between 
the studied parameters were performed using Pearson’s cor-
relations coefficient or Spearman’s rank correlation accord-
ing to the statistical properties of the data. The p-values less 
than 0.05 were considered to be statistically significant.

Results

The results of the P wave parameters measurements 
using the  standard method (basic measurements) and 
the precise method and their derivatives are presented 
in Table 1.

The use of the imprecise measurement method (basic 
measurement) resulted in significantly different duration 
of all P wave parameters taken, in comparison with precise 
measurement. What is more important, the difference be-
tween Δ Pmax and Δ Pmin indicated a much higher value 
for the latter parameter. The correlation between imprecise 
Pmax and imprecise Pmin is presented in Fig. 2. This pre-
sented relationship indicated a high correlation coefficient, 
amounting to 0.7. The correlation between imprecise Pmax 
and imprecise P wave dispersion is depicted in Fig. 3.

It was indicated that the imprecise P wave dispersion 
value correlated highly significantly with Pmax measured 
in a similar way. The correlation between precise Pmax 
and precise Pmin is shown in Fig. 4.

In contrast with the imprecise measurement method, 
Pmax and Pmin measured accurately were almost identical. 

This resulted in correlation coefficient approaching 1.0. 
Figure 5 presents the contrast between the imprecise and 
precise Pmax measurements.

Table 1. Basic statistics of the P wave parameters

Parameters [ms]
Basic statistics

M ±SD Me [Q1, Q3] Min–Max

Pmax 

Imprecise (n = 104) 105.1 ±22.1* 105.3 [90.7; 120.5] 49.3–154.0

Precise (n = 104) 134.0 ±21.3* 130.5 [120.8; 149.3] 54.3–199.0

Pmin

Imprecise (n = 104) 61.0 ±17.8# 61.7 [47.3; 75] 25.3–97.3

Precise (n = 104) 131.2 ±21.2# 128.5 [118.0; 147.2] 54.3–187.3

P wave dispersion

Imprecise (n = 104) 44.1 ±16.8& 43.3 [33.3; 55.3] 8.0–112.0

Precise (n = 104) 2.8 ±3.4& 1.4 [0.0; 5.4] 0.0–11.7

Pmax difference (Δ) 29.0 ±26.3@ 22.3 [9.8; 42.6] −6.7–108.3

Pmin difference (Δ) 70.2 ±28.0@ 67.4 [49.8; 88.4] 13.0–147.0

*p < 0.001; #p < 0.001; &p < 0.0001; @p < 0.001; M – mean; SD – standard deviation; Me – median; Q1 – lower quartile; Q3 – upper quartile; 
Min–Max – minimal–maximal range.

Fig. 2. The correlation between imprecise Pmax and imprecise Pmin 
(r = 0.664, p < 0.05)

Fig. 3. The correlation between imprecise Pmax and imprecise P wave 
dispersion (r = 0.612, p < 0.05)



J. Zawadzki et al. The true nature of P wave dispersion1446

Discussion

One of the main principles of ECG is the simultaneous 
recording of an electrical signal in each lead. Therefore, 
if an event started in one lead, it continues in all others 
simultaneously. Similarly, if it is still present in any lead, 
it cannot be assumed that in the others it has already ended. 
The ECG signal – lead direction dependence mentioned 
in the introduction in the individual types of leads – results 
in the fact that some of them do not register a signal (iso-
electric line) when the electric vector moves in a specific 
direction relative to the lead. In reality, however, we do 
not deal with 0/1 situations understood in this way and 
the isoelectric line in a given lead, in the face of an ongo-
ing event in other leads, never occurs. At most, the voltage 
of the recorded signal in a given situation is beyond our 
perception.

The main result of our study, performed in an unselected 
group of patients undergoing electrophysiological proce-
dure, disproves the existence of the so-called P wave disper-
sion. The use of an accurate method of the measurement 

of the P wave duration eliminates the difference between 
the so-called Pmax and Pmin, i.e., the dispersion tends to 0. 
In fact, the difference of 0 ms was in the group of the stud-
ied patients in 46 out of 104 patients, up to 5 ms in 31 out 
of 104 patients, up to 10 ms in 24 out of 104 patients, and 
more than 10 ms in 3 patients. What is more, the high 
dispersion relationship of the P wave with Pmax, both 
measured using an imprecise method, clearly shows that 
the so-called dispersion is a derivative of the real length 
of the P wave and any of its incorrect (not precisely mea-
sured) minimum lengths. In  addition, the  correlation 
we have shown of Pmax and Pmin measured precisely, 
with a correlation coefficient tending to unity, confirms 
our conclusion.

It is not without reason that the precision of the P wave 
measurement, or rather the lack thereof, has been the sub-
ject of numerous studies over the past 2 decades, following 
the publication of the original publication on the P wave 
dispersion parameter.9,10 The authors were aware of the key 
importance of measurement accuracy and precision for 
proper clinical judgement. Even the author of the concept 
of the dispersion P wave pointed to such need relatively 
recently.11 However, these voices always assumed the pres-
ence of the parameter itself and the methodology used (e.g., 
paper shifts 50 mm/s and gain 2 cm/1 mV, with the use 
of magnifying glasses) was far from perfect.12,13 In addition, 
no one indicated the key incompatibility of dispersion with 
the ECG principles mentioned previously.

Already in  2015, we  pointed to  the  aforementioned 
problem, using the results on slightly more modest pa-
tient material. Based on similar results, we pointed out 
that the concept of P wave dispersion is based on incor-
rect methodology and in reality does not exist.14 Although 
this publication did not go unnoticed, in the meantime, 
numerous papers have been published that still describe 
the phenomenon of P wave dispersion,15–17 and an inter-
esting interpretation of our study has appeared.6 Chávez-
González and Donoiu, while citing our work, commented 
it  like this: “Despite this, we continue to believe there 
is sufficient proof supporting the PWD (P wave disper-
sion) importance in the clinical practice and continuation 
of research.” The word ‘believe’ is crucial in this context.

In the perspective of our results, there is a need to re-
assess the  initial brilliant idea of  the relation between 
the P wave parameters and the risk of atrial arrhythmia, 
in particular AF. The already mentioned inaccuracy issues 
related to the P wave duration measurements are obvi-
ously caused by the small amplitude of P waves in some 
ECG leads. Low amplitude P wave signal is characteristic 
for advanced atrial muscle disease, which obviously will 
result in time in AF. There is a vast variety of scientific 
papers supporting this issue.18–20 Moreover, the interatri-
al conduction abnormalities introduced so successfully 
by Bayés de Luna et al. and other researchers could be 
also the causes of changes in amplitude and morphol-
ogy of the P wave.21,22 In our opinion, the initial results 

Fig. 5. The contrast between the imprecise and precise Pmax 
measurements (p < 0.001)

Fig. 4. The correlation between precise Pmax and precise Pmin (r = 0.987, 
p < 0.05)
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indicating the more relevant relation of AF with P wave 
dispersion than P duration is clearly the result of the dis-
cussed measurements inaccuracy.

In summary, in light of our results, we conclude that 
the so-called P wave dispersion is a measurement artefact, 
related to wrong methodology. The increase in measure-
ment precision makes it simply disappear. Its clinical utility 
can be explained by its dependence on P wave duration, 
which reflects the left atrial muscle structural and func-
tional disorders. The proper P wave duration parameter 
should be the ‘total atrial activation time’ already proposed 
by us, calculated in the simultaneously recorded 12-lead 
ECG, from the beginning of the earliest recorded P wave 
deflection, until the end of the latest P wave deflection re-
corded in any lead.14 This approach was recently supported 
by Bayés de Luna et al., explicitly advising that the P wave 
should be measured from its earliest beginning in any lead 
to the latest end in any lead.23 Most probably the 21st cen-
tury will require appropriate methodology and change 
of approach.

Study limitations

A serious limitation of our study is  its single-center 
nature and relatively small study group. In addition, this 
is not a prospective study showing the relationship between 
ECG parameter and clinical prognosis. The  influence 
of the human factor and the screen resolution of the moni-
tors on the possibilities of limiting its impact on the ob-
tained measurement results have not been discussed, and 
it should be emphasized that even with the precise mea-
surement methodology, the differences in P wave duration 
were not 0 ms in all patients. Additionally, ECG tracing 
artifacts may influence even very precise measurements.

Conclusions

1. The P wave dispersion does not exist.
2. The measurements of the P wave and considerations 

of its doubtless clinical usefulness have to be precise to as-
sure the highest scientific and medical sincerity.

3. The highest clinical value is related to the properly 
measured P wave duration.
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Abstract
Background. The transfer of digital radiographic images is widely practiced. Digital image processing can 
influence the perception of image quality. The question arises as to how exposure, internal image adjusting 
algorithms and image file transfer affect the optical density of digital radiographs.

Objectives. To evaluate the influence of exposure time, optimization and file transfer on digital radiographs.

Material and methods. Calibration patterns were formed and a series of digital radiograms were recorded 
under standardized conditions. The radiographs were exported and then imported into the same software. 
Three groups of radiographs were analyzed: A – images originally performed and recorded in the software; 
B – images imported after exporting an optimized image; and C – images imported after exporting an image 
without optimization but with measurements of the density of the marked regions of interest.

Results. An increase of the exposure time decreases optical density. The optimization algorithm increases 
contrast and decreases differences between exposure times. Long exposures affect the visibility of objects 
with low optical density. After importing the images in Group B, there was a risk of using the optimization 
algorithm twice. When optimization was not performed, there were no differences between Groups B and A. 
In Group C, there was no risk of doubling the optimization algorithm.

Conclusions. The transfer of digital radiographs can exert an influence on the optical density values. To avoid 
the risk of image distortion, files should be exported without image optimization.

Key words: image analysis, digital radiography, image transfer
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Introduction

The traditional technology using X-ray films is being 
replaced by digital radiography and other digital technolo-
gies. Images recorded on radiographs are black and white 
and individual pixels possess a specific lightness ranging 
from 0 to 255 (256-grade 8-bit grayscale – the scale of opti-
cal density). The brighter the area appears on radiographs, 
the higher the optical density. The software (the internal 
algorithms of image processing) compensates for changes 
in exposure time and allows the images to have suitable 
brightness and contrast; therefore, “lighted” (dark) or 
“under-exposed” (bright) images are uncommon.1,2 Digi-
tal processing of  image parameters such as brightness, 
contrast, sharpening, smoothing, and zooming can correct 
the visibility of certain regions, making the image more ac-
cessible to the human eye. However, digital image process-
ing can produce artefacts that may resemble pathologies.3–5 
The software also makes it possible to measure the length, 
angle and optical density of selected areas of the image.6,7 
In the case of measuring the length of an object, the picture 
can be calibrated; however, in case of the optical density 
measurements (radiodensitometry and radioabsorption), 
this is not possible. The transfer of digital radiographs 
and the scanning of conventional radiographs to obtain 
a digital image is practiced widely, but digital processing 
of an image can have some impact on both the diagnostic 
value of the X-ray image and the subjective perception 
of the image quality.8

The advantage of digital images lies in the ease of storage 
and transferring. However, it should be also remembered 
that most dental software uses an  internal, integrated 
optimization algorithm to compensate for the exposure 
conditions and sensor properties. Therefore, the question 
arises as to how the exposure conditions, internal image 
adjusting algorithms and image file transfer affect the opti-
cal density of digital radiographs. There is a lack of data 
in the available literature on this topic.

The purpose of the study was to evaluate the impact that 
file transfer, exposure time and the optimization algorithm 
have on the optical density of dental radiographs.

Material and methods

A pattern containing 2 separate stepped-wedge patterns 
for digital radiographs was produced. Pattern 1 was formed 
from aluminum and consisted of 5 steps: 0.7 mm, 1.3 mm, 
1.9 mm, 2.5 mm, and 3.1 mm. Pattern 2, showing lower 
radiolucency, was made from lead foil that originated from 
radiographic film (Foton Dental DX-D 3–4 cm ANSI 1. 
ISO W2 Emulsion No. 00905.3; Foton, Warsaw, Poland,) 
and consisted of 4 steps formed by 1–4 foil layers (Fig. 1). 
Radiographs were taken with a digital radiography Dixi 
3-CCD sensor (Planmeca, Helsinki, Finland), Planmeca 
Intra X-ray apparatus (Planmeca) and Dimaxis Classic 

v. 4.2.0 (Planmeca). The Dimaxis Classic software was also 
used for image analysis export and import. The images 
were recorded after fastening the receptor and a holder 
to a 30-cm-long tube. The abovementioned patterns were 
located on the sensor surface (Fig. 2).

A distance of 4 cm between the tube of the Planmeca 
Intra and the Dixi 3 sensor was kept constant. Likewise, 
the position of the patterns on the surface of the sensor 
was constant. The selected parameters of the exposure 
were 60 kV and 8 mA, whereas the exposure time was 
the only variable.

A series of 7  images were recorded (256-grade 8-bit 
grayscale) with exposure times of 0.05 s, 0.064 s, 0.08 s, 
0.1 s, 0.125 s, 0.16 s, and 0.2 s, at the maximum resolu-
tion and equivalent software settings (Group A). Radio-
graphs captured with exposure times of 0.05 s and 0.125 s, 
without any manual image correction, were exported 
from the software using 2 different file export options. 
The 1st one exported the image relying on default software 
settings with the automated picture adjustment algorithm 
turned on (the “export” function), whereas the 2nd one ex-
ported “the clear” image without an automated picture 

Fig. 1. The phantom consisting of two stepwages patterns placed 
on the receptor Dixi 3 (upper from aluminium, and bottom from lead)

Fig. 2. The setting of the tube, the holder and the receptor during 
exposure
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adjustment algorithm (the  “original export” function). 
The exported files were saved in the lossless TIFF format. 
Then, the resulting radiograph files were imported into 
the Dimaxis software. In this way, 3 groups of radiographs 
were received. The 1st group of radiographs (Group A) in-
cluded those which were originally made and recorded 
in the database of the Dimaxis software, whereas the 2nd 
one (Group B) comprised of  radiographs imported af-
ter having been exported with optimization performed 
by the software (the “export” option); the 3rd one (Group C) 
comprised of radiographs imported after having been ex-
ported without optimization performed by the software, 
which is called “original export”. A diagram of the proce-
dures of export, import and optical density measurements 
used in the study are presented in Fig. 3.

All radiographs were analyzed according to the same 
scheme, where the regions of interest (ROIs) were marked 
on the pattern-free background (marked as 0) and on par-
ticular steps of the 1st and 2nd patterns. The parts of the 1st 
pattern (the aluminum one) were marked in steps 1–5 and 
the parts of the 2nd pattern (the lead one) in steps 6–9. 
Higher figures refer to a higher degree of radioabsorption. 
The optical density for each of the ROIs was expressed 
by the software as an average value, together with standard 
deviation (SD) (Fig. 4). The mean value and SD of each 
ROI (in a 256-grade scale of grayness from 0 to 255) were 
recorded. The blackened areas have low values, whereas 
the light ones have high values because they show high 
radioabsorption. The number of pixels in the ROIs ranged 
from 18,500 to  20,000 (the  size differences between 
the ROIs did not exceed 1,500 ppx).

Additionally, to evaluate the effect that the changes 
in exposure time, the internal image adjusting algorithms, 

and the transfer of the image files had on the optical den-
sity of the bone structure, a series of dry human jaw bone 
radiographs were performed with the aluminum pattern 
as described above. The images were analyzed by 2 ob-
servers with general dental knowledge about X-ray image 
evaluation.

Results

According to the study design, the 1st stage consisted 
in collecting values of optical density for all exposure times 
after image registration in the patients’ charts and without 
the image corrections being subjected to analysis on the PC 
connected to the Dixi3 sensor (Group A). The values of op-
tical density in Group A are presented in Table 1 and Fig. 5. 
The data (Group A) showed the influence of exposure time 
on optical density when the image optimization algorithm 
was active (default software setting). When the exposure 
times ranged from 0.05 s to 0.125 s, the optical density 
values measured along all phantom steps decreased with 
an increase in exposure time. The largest optical density 
decrease was observed for step 1 – 31.7% (14.2 ±2.2 at 0.05 
compared to 9.7 ±1.4 at 0.125) – and the smallest was for 
step 9: 0.8% (234.0 ±1.9 at 0.05 compared to 232.1 ±1.2 
at  0.125). At  exposure times of  0.05–0.125  s and over 
the whole optical density range, the differences between 
the degrees of the pattern were sufficient, i.e., the images 
had sufficient contrast. The Group A radiographs of bone 
specimen captured with exposure times of 0.125 s and 0.2 s 
are presented in Fig. 6. The excessive exposure time caused 
image disturbances of the objects with an optical density 
of less than 50. On the images captured with an exposure 

Fig. 3. Diagram of the procedures of export, import and optical density measurement during research
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Table 1. The optical density values at different exposure times (Group A)

Exposure 
time 

[s]

Degrees of the phantom

0 1 2 3 4 5 6 7 8 9 

x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD

0.05 3.5 ±1.1 14.2 ±2.2 28.7 ±2.8 42.2 ±3.1 57.9 ±3.4 66.9 ±3.6 127.6 ±3.5 189.1 ±3.1 218.7 ±2.3 234.0 ±1.9

0.64 2.9 ±1.0 13.0 ±2.0 27.5 ±2.5 40.7 ±2.8 54.5 ±3.1 65.4 ±3.3 126.3 ±3.2 188.6 ±2.7 218.8 ±2.0 234.4 ±1.6

0.80 2.0 ±0.8 11.1 ±1.7 24.8 ±2.1 37.8 ±2.4 51.3 ±2.8 62.4 ±2.9 122.8 ±2.8 185.7 ±2.7 216.4 ±1.8 232.5 ±13

0.10 1.0 ±0.8 11.1 ±1.7 24.8 ±2.1 37.8 ±2.4 51.2 ±2.8 62.3 ±2.9 122.8 ±2.8 185.7 ±2.4 216.0 ±1.9 232.4 ±1.4

0.125 3.2 ±0.5 9.7 ±1.4 22.8 ±2.0 35.6 ±2.3 49.0 ±2.4 59.9 ±2.6 120.9 ±2.4 184.8 ±2.3 215.9 ±1.6 232.1 ±1.2

0.16 18.8 ±0.8 18.9 ±0.9 22.7 ±1.1 33.0 ±2.0 45.9 ±2.3 56.6 ±2.6 118.2 ±2.4 183.1 ±2.3 214.8 ±1.5 231.1 ±1.2

0.20 45.0 ±1.2 46.6 ±0.9 47.4 ±0.8 47.0 ±0.9 48.0 ±1.6 56.2 ±2.5 118.0 ±2.3 182.6 ±2.6 214.8 ±1.5 231.6 ±1.0

0 – the measurement area beyond the area of the density phantoms (the X-ray beam is directed to the receptor); SD – standard deviation.

Fig. 4. The analyzed radiograph with the marked region of interest (ROI) and histogram of optical density

Fig. 5. The optical density values of Group A 
radiographs at different exposure times, 
automated adjustment turned on
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time of 0.16 s, the differences between the background and 
steps 1 and 2 of the pattern were blurred and no consider-
able differences between these ROIs were noticed. With 
an exposure time of 0.2 s, the differences were blurred not 
only between the background and steps 1 and 2, but also 
between the background and steps 3 and 4. Therefore, 
it can be stated that an object with low radioabsorption 
becomes imperceptible at exposure times of 0.16 s or 0.2 s. 
A comparison of the bone specimen radiographs that were 
captured with exposure times of 0.125 s and 0.2 s displayed 
a blurred difference between the background and the ob-
ject at a longer exposure time (Fig. 5).

The impact of the optimization algorithm on the Group A 
radiographs, which were captured at  exposure times 
of 0.05 s and 0.125 s, are presented in Table 2 and Fig. 7. 
The  radiographs of  the  bone specimen captured with 
an exposure time of 0.125 s – with and without the auto-
mated adjustment option – are presented in Fig. 8.

The results demonstrate that the algorithm causes a re-
duction in the difference between particular exposure 
times as well as a reduction in optical density. The lower 
the optical density, the larger the decrease in optical den-
sity was recorded (Fig. 7). The decrease in optical density 
recorded for the exposure times of 0.05 s and 0.125 s 
at step 1 amounted to 80.5% and 83.1%, respectively, and 

at step 9 it was 4.3% and 4.8%, respectively. A detailed 
analysis of step 2 of the imaging phantom showed the dif-
ference between the optical density value for exposures 
of  0.05  s and 0.125  s to  be 13.7 (96.0  ±3.9 compared 
to 82.3 ±3.2) with the automated adjustment function 
switched off, and only 5.9 (2.3 times lower) (28.7 ±2.8 
compared to 22.8 ±2.0) when the function was on. These 
changes can be seen in the radiographs of bone speci-
men (Fig. 7).

The use of automated adjustment resulted in the im-
age becoming darker and more contrastive in areas with 
an optical density higher than 50 (phantom steps 5–9). 
The higher image contrast displaying the clearer struc-
ture of the object. However ROI’s with low optical density 
became blurred (decrease of contrasts between steps 1 
and 2, 2 and 3, 4 and 5) in comparison with the radiographs 
without the automated adjustment option. The algorithm 
made the 1st degree of the pattern and a thin alveolar plate 
invisible to the observers (Fig. 7).

The optical density values of Group B and Group A 
images captured with exposure times of  0.05  s and 
0.125 s are presented in Table 3 and Fig. 9. Radiographs 
of Group B with a bone specimen recorded with an expo-
sure time of 0.125 s are presented in Fig. 10. The analysis 
of the Group B images transferred after exporting with 

Table 2. The optical density values at selected exposure times (Group A), with automated adjustment function on or off

Exposure 
time

[s]

Automated 
adjustment

Degrees of the phantom

0 1 2 3 4 5 6 7 8 9

x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD

0.05

off 45.6 ±4.5 72.5 ±43 96.0 ±3.9 113.0 ±3.6 127.5 ±3.5 137.6 ±4.2 184.9 ±2.3 221.5 ±1.7 237.1 ±1.2 244.7 ±1.0

on 3.5 ±1.1 14.2 ±2.2 28.7 ±2.8 42.2 ±3.1 57.9 ±3.4 66.9 ±3.6 127.6 ±3.5 189.0 ±3.1 218.7 ±2.3 234.0 ±1.9

difference 92.2% 80.5% 70.1% 62.7% 54.6% 51.4% 31.0% 14.6% 7.7% 4.3%

0.125

off 37.4 ±1.7 57.2 ±3.4 82.3 ±3.2 100.7 ±3.0 116.5 ±2.7 127.6 ±2.8 178.1 ±1.9 218.2 ±1.4 235.2 ±1.0 243.7 ±0.7

on 3.2 ±0.5 9.7 ±1.4 22.8 ±2.0 35.6 ±2.3 49.0 ±2.4 59.9 ±2.6 120.9 ±2.4 184.8 ±2.3 215.9 ±1.6 232.1 ±1.2

difference 91.1% 83.1% 72.3% 64.6% 57.9% 53.1% 32.1% 15.3% 8.2% 4.8%

0 – the measurement area beyond the area of the density phantom (X-ray beam is directed to the receptor); SD – standard deviation.

Fig. 6. Radiographs (Group A) performed at exposure time: A – 0.125 s; B – 0.2 s (overexposed)
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the “export” option (after optimization) revealed that after 
importing, some structures of the spongy bone (density 
equivalent to steps 1, 2 and 3 of the phantom) may become 
undetectable. The use of automated adjustment, after file 
import, reduced the optical density values of the phan-
tom radiographs from degree 1 to 8, at exposure times 
of both 0.05 s (from 95.9% to 2.2%) and 0.125 s (from 96.9% 

to 0.14%) – with the exception of degree 9. The observed 
ROIs were black and steps 1 and 2 of the phantom also 
became invisible at shorter (0.05 s) and longer (0.125 s) 
exposure times. The image background achieves the op-
tical density equal 0 and is totally black. The structures 
with higher radioabsorption remained visible and the opti-
cal density was reduced for steps 6 and 7 of the phantom. 

Fig. 8. Radiographs performed at exposure time 0.125 s (Group A), automated image adjustment: A – on; B – off.

Fig. 7. The optical density values for 
the selected exposure times (Group A) 
automated adjustment turned on and off

Table 3. The optical density values after importing Group B files with selected exposure times, with automated adjustment function on or off

Exposure 
time

[s]

Automated 
adjustment

Degrees of the phantom

0 1 2 3 4 5 6 7 8 9

x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD

0.05

on 0 0.6 ±0.6 3.4 ±1.2 7.8 ±1.9 13.9 ±2.6 20.1 ±3.2 73.2 ±6.4 160.6 ±7.8 214.2 ±7.2 244.6 ±6.2

off 3.7 ±1.8 14.6 ±3.4 29.1 ±4.4 42.6 ±4.9 56.2 ±5.7 67.4 ±5.7 128.3 ±5.7 189.3 ±4.7 219.0 ±3.7 234.2 ±3.1

difference 100% 95.9% 88.3% 81.7% 75.3% 70.2% 42.9% 15.2% 2.2% −4.4%

original 3.5 ±1.1 14.2 ±2.2 28.7 ±2.8 42.2 ±3.1 57.9 ±3.4 66.9 ±3.6 127.6 ±3.5 189.0 ±3.1 218.7 ±2.3 234.0 ±1.9

0.125

on 0 0.3 ±0.7 2.3 ±1.1 5.6 ±1.3 10.9 ±1.8 16.4 ±2.3 67.7 ±4.8 158.2 ±5.6 215.7 ±5.0 249.3 ±3.9

off 3.3 ±0.7 9.8 ±2.2 22.9 ±3.1 35.7 ±3.7 48.9 ±4.1 59.9 ±4.3 121.4 ±4.3 185.0 ±3.3 216.0 ±2.5 232.3 ±1.9

difference 100% 96.9% 89.9% 84.3% 77.7% 72.6% 44.2% 14.5% 0.14% −7.3%

original 3.2 ±0.5 9.7 ±1.4 22.8 ±2.0 35.6 ±2.3 49.0 ±2.4 59.9 ±2.7 120.9 ±2.4 184.8 ±2.3 215.9 ±1.6 232.1 ±12

0 – the measurement area beyond the area of the density phantom (X-ray beam is directed to the receptor); original – with automated adjustment turned 
on (Group A); SD – standard deviation.
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It did not change in the case of step 8 and grew in the case 
of step 9 at both exposure times. The observed problems 
with the image were the result of using the optimization 
algorithm repeatedly. In this case, the algorithm should 
be turned off. Deactivating the optimization algorithm 
resulted in an optical density that was comparable (iden-
tical) with the original one at both exposure times and 
images that were less dark, displaying the object details 
more precisely (Fig. 9).

The recorded optical density values of the Group C ra-
diograms captured at exposure times of 0.05 s and 0.125 s 
and the  original images are presented in  Table  4 and 
Fig. 11. The Group C radiograph of bone specimen cap-
tured at an exposure time of 0.125 s is presented in Fig. 12. 
The analysis of the Group C images (export without op-
timization) revealed that not applying the automated ad-
justment function after file import yielded an increase 
in  the  optical density values of  the  radiographs of  all 
the phantom degrees over the original images (enhanced 
with the optimization algorithm). The increase was inde-
pendent of exposure time (at 0.05 s the value changed from 
80.2% to 4.4% and at 0.125 s from 82.9% to 4.7%). However, 

activating this function (after import) provided an opti-
cal density almost identical to the original radiographs 
of all phantom degrees at both exposure times. Similarly 
Group C radiographs of the bone samples appears identical 
to those of Group A. (Fig. 7 and 11).

Discussion

Every image stored in the form of a file can be trans-
ferred, duplicated and changed digitally. Each adjustment 
which restores, improves, analyzes, or in some way changes 
a digital image is a form of image processing, e.g., image 
enhancement – brightness and contrast, sharpening and 
smoothening, or zooming in – or image analysis – mea-
surement, segmentation, proportion finding, object clas-
sification, image synthesis, or compression.3,5

This type of  processing does not alter the  content 
of the image but does improve (or change) the visual per-
ception to enable a better diagnosis.9,10 That is why un-
derstanding the individual of functions and their appro-
priate applications is extremely important in professional 

Fig. 10. Group B radiographs after import to Dimaxis software, automated image adjustment: A – on (“digital” underexposure) and B – off

Fig. 9. The optical density values 
of Group B radiographs, exposure 
time 0.05 and 0.125 s, automated 
adjustment turned on and off
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work, regardless of the X-ray detector type.11 On the other 
hand, the exporting of digital radiographs to a file format 
that is compatible with commercial graphic software can 
cause some changes in the original digital information.4 
For the purpose of this study, a simple pattern consist-
ing of aluminum and lead steps with graded thicknesses 
were prepared. The use of the pattern allows exposure 

differences to  be compensated for (and/or  detected), 
the optical density to be calibrated, and finally, for dif-
ferent exposure conditions to be compared objectively. 
The use of an imaging phantom to measure bone optical 
density provides accurate and reproducible results and 
allows the impact of file transfers on qualitative and quan-
titative image changes to be measured.12

Table 4. The optical density values after importing Group C files with selected exposure times, with automated adjustment on or off

Exposure 
time

[s]

Automated 
adjustment

Degrees of the phantom

0 1 2 3 4 5 6 7 8 9

x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD x ±SD

0.05

on 3.5 ±1.1 14.3 ±2.2 29.0 ±2.8 42.2 ±3.1 55.9 ±3.3 66.9 ±3.6 127.9 ±3.5 189.3 ±2.9 218.7 ±2.3 234.0 ±2.0

off 44.8 ±4.4 72.4 ±4.3 96.0 ±3.9 113.0 ±3.6 127.6 ±3.4 138.1 ±3.3 184.8 ±2.4 221.5 ±1.7 237.0 ±1.2 244.7 ±1.0

difference 92.2% 80.2% 69.8% 62.6% 56.2% 51.5% 30.8% 14.5% 7.7% 4.4%

original 3.5 ±1.1 14.2 ±2.2 28.7 ±2.8 42.2 ±3.1 57.9 ±3.4 67.0 ±3.6 127.6 ±3.5 189.1 ±3.1 218.7 ±2.3 234.0 ±1.9

0.125

on 3.2 ±0.5 9.8 ±1.4 22.7 ±2.0 35.6 ±2.3 48.9 ±2.5 59.7 ±2.7 120.8 ±2.6 184.6 ±2.4 215.7 ±1.6 232.1 ±1.3

off 37.3 ±1.7 57.2 ±3.4 82.3 ±3.2 100.5 ±3.1 116.2 ±2.8 127.5 ±2.8 178.3 ±1.9 218.2 ±1.3 235.3 ±0.9 243.7 ±0.7

difference 91.4% 82.9% 72.4% 64.6% 57.9% 53.2% 32.2% 15.4% 8.3% 4.7%

original 3.2 ±0.5 9.7 ±1.4 22.8 ±2.0 35.6 ±2.3 49.0 ±2.4 59.9 ±2.6 120.9 ±2.4 184.7 ±2.3 215.9 ±1.6 232.1 ±1.2

0 – the measurement area beyond the area of the density patterns (X-ray beam is directed to the receptor); original – with automated adjustment turned 
on (Group A); SD – standard deviation.

Fig. 12. Group C radiographs after import to Dimaxis software, automated image adjustment: A – on; B – off

Fig. 11. The optical density values of Group C 
radiographs, exposure time 0.05 and 0.125 s, 
automated adjustment turned on and off
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A similar device with fixed degrees of absorbed X-ray 
radiation was successfully used as a phantom by Yang et al. 
to measure the density of the jaw bone.13 The repeatability 
of projection and exposure is an important factor when 
digital images are compared.14,15 The use of a pattern sim-
plifies the objective detection of and compensation for 
differences between objects with identical radioabsorption, 
as well as image calibration. On the other hand, the pat-
tern covers a significant area of the small intraoral sensor 
or plate. Therefore, in clinical conditions, the use of a pat-
tern is difficult or even impossible, especially when other 
structures overlap the image of the pattern. In most soft-
ware used for dental radiography, instead of a phantom, 
some optimization algorithms are used to compensate for 
differences between the exposures. In clinical conditions, 
when it is difficult to maintain repeatability, the proper 
functioning of optimization algorithms is crucial.

The tools for measuring the optical density of bone ra-
diographs and improving the image contrast are widely 
used during the evaluation of digital radiographs. Image 
manipulations, as well as the use of inappropriate moni-
tors, affect perceptions; therefore, attention should be paid 
to the appropriate selection of exposure parameters and 
image correction tools.16 However, thoughtful and skillful 
application of these tools to detect root resorption can be 
applied according to the observer’s preferences without 
affecting the diagnostic accuracy.17 The use of appropriate 
filters in digital radiology allows for a more accurate as-
sessment of radiographs when dealing with inflammatory 
conditions of periapical tissues.18 Some filters, like the re-
verse of the grayscale, allows the image to be evaluated 
from a different aspect. However, it does not always have 
significant influence, e.g., in assessing the length of root 
canal instruments radiographically.19 Optical density 
measurement with the use of cone-beam computed to-
mography (CBCT) was also used to compare bone density 
around the impacted canines, which allowed a higher op-
tical density of the bone surrounding the impacted teeth 
to be shown.20 The use of appropriate software may also 
help in the detection of general diseases such as osteo-
porosis based on dental X-ray radiographs.21,22 The cor-
relation between the measurement of the bone density 
of alveolar bone and spinal bone indicates the importance 
of dentists being the first to pay attention to bone density 
disorders.23,24

When analyzing and comparing images, it should not 
be forgotten that the software usually compensates for 
variations in exposure parameters with automated opti-
mizing algorithms. The option (algorithm) of automated 
adjustment, which corrects a digital image, is also includ-
ed in the Dimaxis software that was used in this study. 
The default application of an optimization algorithm sig-
nificantly reduces the differences between exposure times 
if they are in the range of 0.05–0.125 s. The use of longer 
exposure times (0.16 s and 0.2 s) highlights the limita-
tions of the software and the sensor used in this study, 

as it caused image disturbances of objects with an optical 
density of less than 50. Because an object with low radioab-
sorption becomes imperceptible at exposure times of 0.16 s 
or 0.2 s, those radiographs were recognized as “lighted.” 
A similar selection was made in the article by Morea et al. 
due to the ghost images which were produced by an expo-
sure time beyond the latitude of the sensor.16 Overexpo-
sure of the 0.16-second and 0.2-second images can also 
be caused by the lack of a soft-tissue-equivalent absorbing 
part of the radiation between the X-ray beam and sensor. 
The soft tissue model was not included in the current study. 
This assumption is confirmed in Fig. 7, where the opera-
tion of the algorithm is visible and makes the first-degree 
pattern and a thin alveolar plate invisible.

Suryani et al. presented the importance of post-process-
ing the digital panoramic radiographs for a more accurate 
visualization of anatomical structures in children.9 Image 
quality processing techniques affect the quality of the im-
age in various ways depending on the diagnostic purpose 
(caries, periapical lesion or  root canal treatment) and 
must be properly selected. Based on the optical density 
of the ROIs, the use of automated image adjustment should 
be considered unfavorable because some structures may 
become invisible.

Bone density measurement to assess bone tissue and 
the images after importing is used in various studies.25 
Measuring and comparing the density of selected jaw frag-
ments is  important when the healing or  inflammation 
processes are compared over time.26 The efficacy of this 
method of testing the optical density of rat bones after 
the administration of ketoprofen was found by Martins 
et al.27 Disturbances in the readout of X-ray image pa-
rameters during transfer, such as optical density measure-
ments or contrast differences, may be important in diag-
nosis. This was confirmed in studies in which the contrast 
change significantly changed the possibilities of measuring 
the length of small root canal instruments.28 However, ac-
curate measurement of the optical density of bones is also 
important and may be a complement to CT analysis before 
implantation in the mandible.26 The results of the cur-
rent study suggest that the automated adjustment func-
tion can disturb the process of image transfer (exporting 
from the raw data and importing to another database), 
and that in some cases, it can cause considerable differ-
ences in the recorded values of optical density. The analy-
sis of Group B images revealed problems associated with 
the repeated use of image optimization, when areas with 
low radioabsorption become completely invisible. Import-
ing files that have not been subjected to the optimization 
algorithm (Group C) seems to be safer, as there is no risk 
of image darkening or blurring of structures. In the era 
of digital radiology, the clinician assessing an imported 
radiograph should be aware of the possibility of such inter-
ference. In this study, a specific sensor and software were 
used, so the resulting limitations should be considered 
when analyzing the results.



W. Grzebieluch, et al. Transfer of digital intraoral radiographs?1458

Conclusions

Within the limitations of this study, it can be concluded 
that 1) the transfer of digital radiographs can exert an in-
fluence on the recorded values of optical density, and thus 
on a comparative assessment, so the same (or a similar) 
algorithm of image processing should be used; 2) auto-
mated contrast enhancement and exposure compensa-
tion may blur the image of  low-density structures; and 
3) the radiogram files should be exported without image 
optimization. This way the risk of image distortion can be 
eliminated and the perception of low-density structures 
will not be distorted.
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Abstract
Background. The aim of this study was to determine the consumption of specific food groups by people 
with HIV and to determine the quality of their diets.

Objectives. To assess the relationship between selected eating habits and lifestyles of people infected with 
HIV. The research was conducted at the HIV/AIDS Preventative and Therapeutic Clinic of the Infectious Disease 
Prevention and Therapy Center at Wrocław Health Center (SPZOZ Wrocław), Poland.

Material and methods. The study was conducted in 2019 among 31 patients of a counselling center 
in Wrocław. To determine the frequency of food consumption and eating habits, the KomPAN® questionnaire, 
prepared by employees of the Polish Academy of Sciences, was used.

Results. All study participants were characterized by a small degree of unhealthy features in their diets; 87% 
of the respondents also demonstrated a small degree of healthy features in their diets, although the responses 
they gave showed that they assessed their nutritional knowledge and diet highly. Consumption of sweet snacks 
and adding salt to cooked meals were prevalent. The respondents took part in moderate physical activity 
and rarely consumed highly processed fast food products, though they ate fish and legumes – an important 
part of the diet – with similar frequency.

Conclusions. More attention should be given to the nutritional issues of patients treated for HIV, and em-
phasis should be placed on promoting healthy eating habits among this population. In the scientific literature, 
few such studies are available that address issues related to the diet of HIV-infected people.

Key words: lifestyle, quality index, eating behavior, nutrition in HIV, KomPAN
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Introduction

Researchers eagerly use nutritional questionnaires 
to assess subjects’ eating habits, due to the low cost and 
simplicity.1 Their convenience is obvious, especially for 
the respondents: they can answer the questions at any time. 
Therefore, such questionnaires are a very useful tool for 
studying the lifestyles of populations who for various rea-
sons try to minimize contact with others, as in the case 
of patients with human immunodeficiency virus (HIV). 
It  is a retrovirus and a type of  lentivirus (Lentiviridae) 
which causes long-term infections, leading to chronic dis-
eases and, consequently, to death.2

Until now, it has not been possible to find a drug that 
would definitively terminate the development of this in-
fection in the human body; however, the antiretroviral 
treatment (ARV) significantly reduces the multiplication 
of the virus, halting the weakening of the immune system 
and – in the case of people who follow ARV treatment 
– slowly rebuilding its functioning. At the very begin-
ning, HIV infection presents with very uncharacteristic 
symptoms, so it is very rarely diagnosed during primary 
HIV infection. Only after the “window period” has passed, 
i.e., the period from infection to the formation of anti-
HIV antibodies in the blood – which usually lasts about 
3 months – can the infection be diagnosed. If started early 
enough, ARV therapy prevents the occurrence of AIDS, 
so that the infected person can enjoy a long life (as long 
as an uninfected person), if only the daily medication in-
take regime is strictly followed.3

The HIV infection does not require a complete change 
in eating habits. However, paying attention to rational 
nutrition and the supply of essential nutrients is impor-
tant. Meals should be varied and provide sufficient energy. 
The main aim of nutritional therapy should be to deter-
mine the amounts and variety of the foods consumed, 
which, apart from satisfying nutritional needs, should 
provide an adequate supply of the vitamins and minerals 
that benefit patient’s health.11 It has been confirmed that 
the recommendation of a higher intake of certain nutrients 
is justified, because it reduces the risk of full-blown AIDS. 
Such ingredients include vitamins A, B6, B12, C, and E, 
magnesium, iron, selenium, and zinc.4

Currently in  Poland, the  care of  a  patient with HIV 
is mainly focused on pharmacotherapy, marginalizing 
the issues related to proper nutrition.5,6 However, several 
studies have confirmed that nutrition impacts the absorp-
tion and metabolism of drugs; therefore, the nutrition issue 
should receive more interest.6 In Poland, only few stud-
ies and some time ago have been carried out on the diets 
of people with HIV.7,8 More recent research frequently 
focuses on only one issue, without assessing the intake 
of various food groups.9 There are recommendations for in-
creasing the consumption of some product groups and lim-
iting the consumption of others. However, due to the lack 
of control over patients’ diets, it cannot be clearly stated 

whether those with HIV are aware of the nutritional rec-
ommendations made for them.4,10 The aim of the study was 
to conduct a survey among seropositive people aged 16–
65 years using a questionnaire (KomPAN v. 1.211) to study 
their nutritional views and habits. The results of this study 
would determine the consumption of specific food groups 
and assess diet quality using diet quality indicators, ac-
cording to the data development procedure,12 and also help 
determine whether patients present proper eating habits 
and which most common mistakes they make in terms 
of consuming specific food groups.

Material and methods

Material

The study involved 31 patients of the HIV/AIDS Pre-
ventative and Therapeutic Clinic of the Infectious Disease 
Prevention and Therapy Center at Wrocław Health Center 
(SPZOZ Wrocław) in Poland. The consent to conduct the re-
search was issued by the Bioethics Committee at the Wro-
claw Medical University (approval No. KB-326/2019). 
The study group consisted of men (n = 31) who had been 
infected with HIV through sexual contact with other men. 
Recruitment was performed at the Outpatient Clinic during 
patients’ conversations with the doctors working there. Dur-
ing their periodic visits, the patients were informed about 
the purpose and scope of the tests, the voluntary nature 
of their participation and the possibility of resigning from 
the research at any time. In order to ensure anonymity, 
each study participant received their own code consisting 
of the letters “GB” and numbers ranging from 1 to 250. 
The research was conducted in March–May 2019. The par-
ticipants were asked to fill out the nutritional questionnaire 
and return it in pre-addressed envelopes.

The KomPAN questionnaire

The questionnaire used to assess patients’ views and eat-
ing habits had 2 versions – one was used by the interviewer 
for questioning and the other was adapted for the participant 
to complete on his own. The questionnaire consisted of 4 parts:

–  Part A, with questions about eating habits;
–  Part B, with questions about the frequency in which 

individual food groups were consumed;
–  Part C, regarding the participant’s views on food and 

nutrition; and
–  Part D, with questions about lifestyle and patient data.12

The participants were asked to complete the KomPAN 
questionnaire given to them, stating that they did not have 
to fill in Part C, since the scope of the research did not cover 
the respondents’ views on food.

Based on the responses, it was possible to develop 2 di-
etary quality indicators: the healthy diet-10 index (pHDI-10) 
and the unhealthy diet-14 index (nHDI-14). The healthy 
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diet index included questions regarding the consumption 
of the following food groups: whole-meal bread, buckwheat, 
oatmeal, whole-grain pasta, or other coarse cereals, milk 
(including flavored milk, cocoa, and coffee with milk), fer-
mented dairy drinks, cottage cheese (including homog-
enized cheese and cottage cheese desserts), poultry, fish, 
legumes, and fruit and vegetables.12

The nHDI-14 index was calculated based on the frequen-
cy in which the following product groups were consumed: 
light bread (e.g., wheat, rye, mixed wheat-rye, toasted bread, 
rolls, croissants, white rice, plain pasta, or small groats), fast 
food, meat- or flour-based fried foods, butter as an addition 
to bread or dishes for frying, baking, etc., lard as an addition 
to bread or dishes for frying, baking, etc., cheese (including 
processed cheese and blue cheese), cold cuts, processed 
sausages or frankfurters, red meat, sweets and other con-
fectionery, canned meat, sweetened carbonated or non-
carbonated drinks, energy drinks, and alcoholic beverages.12

Individual responses to the questionnaire were assigned 
the following values: 0 – never, 0.06 – 1–3 times a month, 
0.14 – once a week, 0.5 – several times a week, 1 – once 
daily, and 2 – several times a day. The range of results for 
the pHDI-10 was 0–20 points, while for the nHDI-14 it was 
0–28 points. In order to unify the 2 indices and facilitate 
comparisons (interpretation), it was decided to recalculate 
the total frequency of consumption and to express the result 
on a scale of 0–100. A division into 3 categories of nutri-
tional trait intensity was used: low (0–33), moderate (34–66) 
and high (67–100) intensity.12

The questionnaire also included questions about physical 
activity, both at work/school and in free time. Three answers 
could be given to these 2 questions: low, moderate or high 
activity.12 Table 1 presents the method of combining the 2 
variants of physical activity.

Statistical analysis

The statistical analysis was performed using STATISTICA 
v. 13.1 software (StatSoft Inc., Tulsa, USA). The normality 
of the distribution was checked using the Shapiro–Wilk test. 

The table also used cardinality tables and multi-tier tables. 
In order to check the interdependence of 2 variables, the χ2 
test was used, assuming p < 0.05.

Results

Participant characteristics

The  study was conducted among 31  patients, whose 
average age was 42 years. The youngest respondent was 
26 years old, while the oldest was 65 years old. Most re-
spondents lived in a city with at least 100,000 inhabitants. 
There were no participants with only a basic education. 
Almost half (48.3%) of the respondents had a university de-
gree. The same percentage of people described their finan
cial situation as good. The largest group of respondents 
were diagnosed with HIV in the years 2016–2019 (35.5%). 
However, the differences in the number of people between 
individual years were insignificant.34 Two patients did not 
specify the time when they learned about their infection. 
The characteristics of the study group are shown in Table 2.

Eating habits and lifestyle

Almost half (45.2%) of the respondents ate 3 meals a day. 
A small percentage (9.7%) reported consuming only 2 meals 
daily; others ate 4 or 5. All ate between meals, usually sev-
eral times a week (41.9%), although there were those who 
snacked several times a day (29%). Most willingly declared 
that they ate fruit and sweet snacks between meals (87% 
and 64.5%, respectively). Vegetables, sweetened beverages 
and dairy desserts were least preferred as snacks (both vari-
ants 22.6%). For spread, they usually used butter (32.3%), 
although a large group did not use any fat when making 
sandwiches (22.6%). For frying, most chose vegetable oil 
(51.6%). The respondents generally did not sweeten hot 
drinks (41.9%), though they added salt to cooked meals 
and sandwiches (58.1%). Most ate out 1–3 times a month 
(51.6%), although there were those who ate in  bars, 

Table 1. Combining the 2 questions regarding physical activity12

 Physical activity at work/school

Physical activity in free time

low
(predominantly sitting, watching 

TV, reading newspapers 
or books, light housework, 
or walking; 1–2 h a week)

moderate
(walking, cycling, 

gymnastics, or other 
light physical activity; 

2–3 h a week)

high
(cycling, jogging, and other recreational 

sports activities requiring physical 
effort; over 3 h a week)

Low
(more than 70% of the time sitting)

low low moderate

Moderate
(about 50% of the time sitting and about 
50% of the time moving)

low moderate moderate

High
(about 70% of the time moving or doing 
physical work requiring heavy effort)

moderate moderate high
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restaurants or canteens once a day or more often (13% 
in total). Twenty-two people were smokers, while 4 had quit 
smoking. Low physical activity at work or school was de-
clared by 32.4%; moderate activity was declared by 48.4%, 
and high activity by 19.4%. Taking into account physical 
activity in free time, the percentage of those who report-
ed moderate physical activity decreased (41.9%), while 
the number who assessed their activity as high was a few 
percentage points higher (22.6%) (Table 5). Only 1 person 
rated their nutritional knowledge as very good; the majority 

of respondents described it as good (61.3%). Others rated 
it as satisfactory (25.8%) or insufficient (9.7%). Seventy-one 
percent of people rated their diet as good, 25.8% as bad and 
3.2% as very good (Table 6).

In analyzing the results concerning the influence of age, 
time since the initiation of treatment and time since di-
agnosis on the self-assessment of the patients’ nutritional 
knowledge, a relationship was found between the time 
since diagnosis and the assessment of nutritional knowl-
edge (p = 0.03).

When comparing the assessment of diets among the pa-
tients, no significant relationships were observed between 
age, time since the infection was detected and time since 
the start of treatment.

Light bread was chosen more often as the bread con-
sumed daily or more than once a week in comparison 
to whole-meal bread (Table 3). A similar tendency was 
observed in the case of white rice, plain pasta, and small 
groats: 38.7% of respondents ate these products more than 
once a week, while whole-grain products and coarse cereals 
were eaten only by ¼ of respondents. Most frequently they 
consumed the latter group of products 1–3 times a month 
(42%). Over 1/10 of the participants (12.9%) never consumed 
whole grains or whole-meal bread (19.4%). Fast food was 
not popular among the respondents – no one reported con-
suming this type of food more than once a week, and more 
than half (51.6%) had it just 1–3 times a month. As many 
as 35.5% did not eat such food at all. A similar frequency 
of consumption as that of burgers, pizzas, fries, casseroles, 
and hot dogs was observed for fish – here as well 51.6% most 
frequently ate fish 1–3 times a month, while 6.5% did not 
eat it at all and 16.1% did so more than once a week.

Fruit and vegetable consumption several times a day 
was reported by 22.6% and 19.4% of respondents, respec-
tively. As many as 54.8% consumed fruit once a week, and 
38.7% ate vegetables that often. With the same frequency 
as fruit (once a day), 22.6% reached for sweets. However, 
most declared that they ate food from this group more 
than once a week. Cheese and cottage cheese were con-
sumed once a week by 38.7% and 41.9%, respectively, but 
the participants were more likely to choose yellow cheese 
on a daily basis. Eggs were most often consumed once 
a week or several times a week (48.4% and 32.3%), appear-
ing on the menu every day for one respondent. Potatoes 

Table 3. Anthropometric parameters of the study group

Factor Min Max M ±SD Me

Body height 1.7 1.93 1.77 0.05 –

Body weight 60 103 75.3 13.1 –

WHR 0.86 1.06 0.96 0.05 –

Hip circumference 80.0 112.0 – – 90.0

Waist circumference 74.0 115.0 – – 85.5

BMI 19.6 33.3 – – 22.4

WHR – waist-to-hip ratio; BMI – body mass index; Min – minimum; Max – maximum; M – mean; SD – standard deviation; Me – median.

Table 2. Participant characteristics

Variable Number of people (n) %

Sex

Male 31 100.0

Age [years]

15–24 0 0.0

25–44 17 54.8

45–69 14 45.2

Place of residence

Village 8 25.8

Small town (<20,000 inhabitants) 3 9.7

Town (20,000–100,000 inhabitants) 9 29.0

City (>100,000 inhabitants) 11 35.5

Financial situation of household

We live modestly or very modestly 0 0.0

We live modestly 3 9.7

We live normally 10 32.3

We are relatively wealthy 15 48.3

We are very wealthy 3 9.7

Educational level

Primary 0 0.0

Lower secondary 4 12.9

Upper secondary 12 38.8

Higher 15 48.3

Time from detection of infection [years]

0–3 11 35.5

4–9 9 29.0

>10 9 29.0

No data 2 6.5
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were also consumed more often than once a week, in a form 
other than chips or fries, although a large group (25.8%) 
consumed them 1–3 times a month.

Vegetable and vegetable–fruit juices were not very popu-
lar among the study participants – 19.4% never consumed 

them compared to 6.4% who never consumed fruit juices. 
The latter were most often consumed once a week (51.6%). 
Most often, the respondents had vegetable juices 1–3 times 
a month (38.7%), while nobody drank this type of drink 
more than several times a week.

Table 4. Frequency (%) of selected food consumption among participants

 Food Never 1–3 times 
a month Once a week More than 

once a week Once a day More than 
once a day

White bread 3.2 19.4 0 32.2 22.6 22.6

Wholemeal bread 19.4 22.6 12.9 25.8 12.9 6.4

White rice, white pasta, or fine-ground groats 0 29.0 32.3 38.7 0 0

Buckwheat, oats, wholegrain pasta, or other coarse-
ground groats

12.9 42.0 16.1 25.8 3.2 0

Fried foods 12.9 35.5 19.4 29.0 3.2 0

Fast foods 35.5 51.6 12.9 0 0 0

Fish 6.5 51.6 25.8 16.1 0 0

Fruits 0 3.2 9.7 54.8 12.9 19.4

Vegetables 0 6.5 6.5 38.6 25.8 22.6

Sweets 3.2 9.7 9.7 48.4 22.6 6.4

Cheese 3.2 25.8 12.9 38.7 16.2 3.2

Eggs 0 16.1 48.4 32.3 3.2 0

Potatoes (excluding chips and fries) 3.2 25.8 19.4 41.9 9.7 0

Fruit juices, vegetable 6.4 25.8 9.7 51.6 0 6.5

Juices, fruit and vegetable juices 19.4 38.7 12.9 29.0 0 0

Poultry meat 3.2 12.9 16.1 67.8 0 0

Milk 25.8 22.6 6.4 22.6 6.5 16.1

Fermented milk beverages 3.2 29.0 16.1 35.5 9.7 6.5

Fresh cheese curd products 6.5 29.0 19.4 41.9 3.2 0

Cold meats, smoked sausages, and hot dogs 6.5 3.2 6.5 64.4 9.7 9.7

Red meat 12.9 35.5 19.4 29.0 3.2 0

Legume dishes 9.7 58.0 25.8 6,5 0 0

Canned meat 45.2 48.4 3.2 3.2 0 0

Sweetened hot beverages 29.0 6.5 0 9.7 6.5 48.3

Sweetened beverages 22.6 41.9 16.1 9.7 3.2 6.5

Energy drinks 80.6 19.4 0 0 0 0

Water 3.2 12.9 0 22.6 12.9 48.4

Alcoholic beverages 29.0 38.6 16.1 16.1 0 0

Table 5. Physical activity (% of people)

 Physical activity Low Moderate High

At work or school 32.3 48.4 19.4

During free time 35.5 41.9 22.6

Free-time physical activity did not depend on the time since detection of the infection (p = 0.38), but it did depend on the age of the respondents 
(p = 0.045). There was no significant effect of the above times on physical activity at work or at school.

Table 6. The respondents’ assessment of their own nutritional knowledge and diet

Parameter Very good Good Bad Very bad

Nutritional knowledge 3.2 61.3 25.8 9.7

Diet 3.2 71.0 25.8 0.0
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As many as 67.8% ate poultry meat several times a week, 
nobody more often. Only one person gave up white meat 
completely. With similar frequency, the study participants 
declared consuming sausages, and frankfurters (64.5%). 
In the case of red meat, 12.9% of respondents never con-
sumed it, 35.5% did so 1–3 times a month, and 29.0% sever-
al times a week. A total of 9.7% consumed it daily or several 
times a day, slightly less (6.5%) once a week.

In the case of milk, cocoa or flavored milk, 25.8% declared 
that they did not consume these products at all, 22.6% sev-
eral times a week and 16.1% several times a day. Fermented 
dairy drinks such as yogurt and kefir, both plain and fla-
vored, were quite popular among the respondents. It was 
observed that 35.5% of people consumed them several times 
a week, 9.7% once a day and 6.5% several times a day.

Over half of the respondents (58.1%) ate legumes and 
dishes containing them only 1–3 times a month; 25.8% 
reported eating legumes once a week, while 9.7% did not eat 
them at all. Canned meats were not very popular – as many 
as 93.6% consumed them 1–3 times a month or never. 
Overall, 80.6% did not consume energy drinks and no-
body consumed them more often than 1–3 times a month.

Water and sweetened hot drinks such as  tea, coffee 
or fruit/herbal teas were the most common daily drinks: 
both types of drinks were consumed several times a week 
by almost half of the respondents (48.4%). A significant 
number did not consume sweetened hot drinks at  all 
(29%). Sweetened carbonated drinks were not very popular 
among this group of people, since 41.9% consumed them 
1–3 times a month and 22.6% not at all. Alcohol was con-
sumed most often 1–3 times a month by 38.7%; whereas 
29.0% did not drink it at all. People who consumed alcohol 
most often reported drinking beer (45.2%).

Diet quality indices

Table 7 shows the values for the healthy and unhealthy 
diet indices. The average pHDI-10 result for the whole 
study group (21.1%) means that they show a small degree 

of dietary health features. On the other hand, in the case 
of the average nHDI-14 result, the mean value of 15.5% 
places them in  the  category of  a  small degree of  un-
healthy features. Only 4 patients had a healthy diet index 
above 33 points, which means their diet can be described 
as having a moderate degree of healthy features. None 
of the participants had a diet with a large degree of pro-
health features. In the case of nHDI-14, the diets of all 
participants were qualified as diets with a small degree 
of unhealthy traits, i.e., none of the participants scored 
more than 33 points.

Using the  χ2 test, it  can be observed that the  time 
since diagnosis does not significantly affect the  value 
of the healthy diet index (p = 0.06). However, the time 
since the start of treatment significantly affects the value 
of the pHDI-10 index (p = 0.02) (Table 8).

In the breakdown into individual periods since the de-
tection of the infection, the highest index of a healthy diet 
was observed in patients who were diagnosed 10 years ago 
or earlier, while the lowest pHDI-10 belonged to patients 
with HIV diagnoses 4–9 years ago. Patients with an infec-
tion detected more than 10 years ago or earlier are also 
characterized by the lowest index of an unhealthy diet; this 
means that their diet has the smallest degree of unhealthy 
dietary features among all the respondents. The highest 
nHDI-14 index was observed among people with recent 
diagnoses (Table 8).

Discussion

The topic of HIV infection is currently being discussed 
by scientists and doctors in Poland. Along with the devel-
opment of medicine around the world, research is under-
way whose results are supposed to provide an improve-
ment in the nutritional status of HIV-infected patients 
and positively affect the functioning of their immune sys-
tems. The role of nutritional intervention is also to prevent 
weight loss or excessive weight gain.13 The role of this study 

Table 7. Dietary quality indices (%)

Diet index N M Min Max Q1 Q3 SD

pHDI-10 31 21.1 3.8 48.5 12.3 30.6 11.8

nHDI-14 31 15.5 3.1 27.7 10.9 20.9 6.5

N – number; M – mean; Min – minimum; Max – maxiumum; Q1 – 1st quartile; Q3 – 3rd quartile.

Table 8. The value of dietary quality indicators depending on the time of the infection detection

Time since the infection was detected [years] N pHDI-10 nHDI-14

0–3 11 22.5 18.3

4–9 9 15.3 17.9

>10 9 23.4 12.9

No data 2 25.3 5.9

N – number.
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was to identify the dietary habits and frequency which with 
individual food groups are consumed, so that in the future 
– in cooperation between doctors, patients and dietitians 
– the best solutions can be worked out, resulting in the best 
care for the patient not only from the attending physician, 
but also from representatives of other disciplines. Knowing 
the frequency of food intake will also shed light on the cur-
rent nutritional trends of patients and, if necessary, enable 
undertaking nutritional intervention.

According to the currently adopted recommendations for 
patients infected with HIV, it is recommended to eat 4–6 
meals a day, which stems from the need for a steady supply 
of basic nutrients from the diet.5 Our analysis of the results 
shows that respondents usually eat 3 meals a day. In ad-
dition, frequent snacking between meals was observed. 
Snacking between meals may be caused by the low caloric 
value of the meals consumed or an uneven distribution 
throughout the day, which further confirms the belief 
that the recommendation of 4–6 meals a day in the diet 
of seropositive patients should be followed. A low number 
of meals is one of the basic mistakes related to nutrition, 
while it is worth noting here that over 61% of people de-
scribed their nutritional knowledge as good or very good.

Usually, when snacking, subjects reach for fruit, but 
a  large group of people also declared that they choose 
sweets. Almost half of the respondents consumed sweets 
several times a week, and almost 1/3 do so daily or sev-
eral times a day. Therefore, the risk of not only obesity, 
but also other diseases such as caries, type 2 diabetes and 
cardiovascular diseases is higher.14–17 Sugar consumption 
should be limited not only because of the abovementioned 
diseases, but also because ARV therapy alone causes weight 
gain in 30–50% of patients.5 A large group of people add 
salt to cooked meals. Without recording the exact amounts 
of salt they add to dishes, it cannot be clearly determined 
whether these people consume significant amounts of salt, 
but taking into account the trends of Poles in the consump-
tion of salt,18 the addition of salt to dishes should be limited.

In the area of cereal consumption, there are no clear 
guidelines in  Poland regarding the  quantity and type 
of such products for people with HIV, but considering that 
this type of food is on one of the basic levels of the Pyramid 
of Healthy Nutrition and Physical Activity,19 the selection 
of these products should be adapted to the recommenda-
tions of the Institute of Food and Nutrition, i.e., they should 
be mainly whole grains, containing more B vitamins and 
fiber than white bread or plain pasta.20 It is worth mention-
ing that the intake of vitamins and minerals by HIV-infect-
ed patients is recommended to be 100–150% of the recom-
mended daily intake for other adults.5,34 In view of these 
recommendations, unfavorable trends can be observed 
among the respondents in that they consume much more 
white bread and processed products, such as white rice 
and plain pasta, than products from so-called full milling.

One very positive aspect is the subjects’ avoidance or very 
rare consumption of fast food. In view of the generally 

high proportion of fats in the diet and the risk of  lipid 
disorders in people with HIV,21,22 it  is a good sign that 
the respondents are limiting highly-processed fast foods. 
Considering the current recommendations in terms of fish 
consumption for healthy people,20,33 it is worth focusing 
on problem of how rarely of these products are consumed. 
Patients should be advised to increase their fish intake 
due to the documented benefits of reducing low-density-
lipoprotein (LDL) cholesterol and improving the overall 
lipoprotein profile.22,32

The consumption of fruit and vegetables was very low 
for the respondents in comparison with the current recom-
mendations.19,20,35 Only 1/5 of participants consumed fruit 
and vegetables several times a day; most reported consum-
ing them several times a week. This is significant because 
vitamins and minerals have been proven many times24,25,29 
to have a positive influence on the defense mechanisms 
of the body. This study shows that fruit and vegetable juices 
were a substitute for fruit and vegetables in the daily diet 
of the respondents – both types were consumed several 
times a week, but not every day. The good news is that there 
was minimal consumption of energy drinks – only 1/5 con-
sumed them 1–3 times a month, the rest never. However, 
the high consumption of sweetened hot drinks may be 
worrying. Alcoholic beverages were consumed by a total 
of 71%, of which over half did so 1–3 times a month. Various 
studies and recommendations require that virtually all al-
cohol be eliminated from the diet of HIV-positive patients, 
due to possible adverse interactions with ARV drugs.4,5,28

In  accordance with the  principles of  healthy eating, 
adults should consume at least 2 large glasses of milk ev-
ery day or replace them with fermented milk beverages. 
Research shows that almost a quarter do not consume 
milk at all, while only slightly over 21% consume milk 
once or several times a day. Fermented milk drinks were 
consumed with the same frequency by about 15% of re-
spondents. As many as 22.6% and 29% of subjects reported 
consuming milk and dairy drinks only 1–3 times a month, 
respectively. It  has been proven that people with HIV 
have a higher risk of bone disease: for osteopenia, the risk 
ranges from 22% to even 77%. Increased catabolism of vi-
tamin D occurs with some drugs.5,25,26,30 Therefore, dairy 
products should feature in the daily diet as a good source 
of calcium, although some scientists note that fermented 
dairy beverages (and raw eggs) should be limited because 
of the possibility of bacterial growth and their negative 
impact on a weakened immune system.4,27,31

Proper nutrition helps improve not only health, but also 
the quality of life of HIV-positive people. It can eliminate 
the occurrence of significant malnutrition in infected peo-
ple as well as a deficit of minerals and vitamins with immu-
nostimulating properties (vitamins B, A, C, and E). Proper 
nutrition also reduces the undesirable effects of ARV ther-
apy (hyperglycemia and hypercholesterolemia).5

Although patients rated their nutritional knowledge and 
diet highly, this did not translate into the dietary quality 
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as calculated in the study. The fact that all participants 
displayed a small degree of unhealthy dietary features 
is encouraging, as it may indicate that they actually have 
nutritional knowledge about restricting certain products 
which are not recommended for their daily diet. How-
ever, the patients’ own nutritional assessment does not 
transfer into their diet having strong features of a healthy 
diet. In this aspect, one should strive to make patients 
more aware about the importance of products included 
in the diet as components of a healthy dietary index.

Conclusions

Patients appraise their nutritional knowledge highly, 
although this does not always translate into the quality 
of their diet. People with a newly diagnosed infection do 
not pay as much attention to what they eat, which makes 
the  average unhealthy diet index in  this group much 
higher than in the other groups. Eating habits change with 
the passage of time after diagnosis, which translates into 
a decrease in nHDI-14 values and an increase in the pro-
portion of products classified as having pro-health proper-
ties. Eating fruit and vegetables too rarely is also a notice-
able problem, though it is satisfactory that HIV-positive 
people rarely eat highly processed foods.
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Abstract
Background. Molar incisor hypomineralization (MIH) is a common condition that causes considerable pain 
to children and distress to their parents. Clinically it is manifested by demarcated opacities of tooth enamel 
with reduced mineralization. The mean global incidence of this disorder has been estimated at around 
13–14%. Environmental pollution is one of the suspected etiological factors, but the impact of air pollutant 
components on MIH has yet to be studied.

Objectives. To assess whether the level of air pollution components has an impact on the prevalence of MIH.

Material and methods. This cross-sectional study included 2354 children, aged 6–12 years, attending 
schools in 2 voivodeships (regions) of Poland with best and worst air quality. Smog alarms are announced 
more than 50 times a year in the Silesian voivodeship, while in the Pomeranian voivodeship, consistently low 
levels of air pollution are observed. Our air quality assessment was carried out on the basis of average annual 
results from measuring stations located in the 2 voivodeships. Dental examinations of teeth were conducted 
using the European Academy of Paediatric Dentistry (EAPD) criteria for the diagnosis of MIH.

Results. Levels of air pollution components over time were notably higher in the Silesian voivodeship, es-
pecially sulfur dioxide (SO2), particulate matter (PM10) and polycyclic aromatic hydrocarbons (PAH). The MIH 
was diagnosed more often in children in the Silesian voivodeship (13.7%) than in the Pomeranian (6.4%). 
In the Pomeranian voivodeship, MIH was most often diagnosed in children aged 6 (14.53%).

Conclusions. This study shows a correlation between higher concentrations of air pollutants and the oc-
currence of enamel developmental disorder in the form of MIH. Future research is required to assess whether 
this is related to the presence of a specific component or to the more frequent occurrence and treatment of air 
pollution-related general diseases, such as respiratory illnesses.

Key words: children, air pollution, prevalence, enamel defects, molar incisor hypomineralization
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Introduction

Due to  increasing awareness as  well as  a  decline 
in the incidence of dental caries, researchers have been 
focusing on developmental disorders of the teeth. One 
developmental disorder of enamel, first described in 2001, 
is molar incisor hypomineralization (MIH).1 It  involves 
reduced mineralization and increased porosity of the tooth 
enamel, and involves the first permanent molars (FPM) and 
often the permanent incisors (PI).1 Clinically the changes 
are manifested as white, cream-yellow or brown opaci-
ties, clearly demarcated from healthy enamel (Fig.  1). 
The affected enamel has a disturbed structure and, due 
to the effects of chewing forces, it may break down soon after eruption, resulting in a significant loss of mineralized 

tooth structure (Fig. 2).2
The MIH is a public health problem whose consequences 

are not only health-related but also economic. For the pa-
tient, these teeth are the cause of discomfort and some-
times pain (even during brushing), and often require ad-
vanced treatment at a very young age. Furthermore, when 
the disorder also includes incisors – visible when smiling 
– it can create a major esthetic problem (Fig. 3). Visible 
patches can negatively affect the patient’s well-being and 
their contact with peers.3

For a dentist, treating children with MIH represents 
a significant challenge.4 The affected teeth cause pain and 
hypersensitivity, and often do not undergo sufficient an-
esthesia, compromising the child’s cooperation. Children 
with MIH are more prone to suffer from dental phobia than 
healthy ones. Furthermore, the incorrect enamel structure 
does not allow for the effective adhesion of materials, and 
fillings often chip off, necessitating repeated treatment. 
Studies show that children with MIH require more fre-
quent treatment than children without MIH.5 Treatment 
mainly concentrates on prevention of post-eruptive enamel 
fractures and reduction of  tooth sensitivity. However, 
in more advanced cases – where there is a  loss of hard 
tooth tissues – tooth reconstruction is required; some-
times it is even necessary to extract teeth at a very young 
age. The MIH is considered to be the second biggest cause 
of permanent molar loss after caries, emphasizing the need 
for deeper understanding of this disorder and the possibil-
ity of its prevention.6

In the last few years, several papers have been published 
on the prevalence of MIH.7 In 2 recent meta-analyses, 
the average prevalence was estimated at 14.2% and 13.1% 
(range: 2–40%), with statistically significant differences 
between macroregions, regions and countries.8–10 These 
studies confirm that the number of MIH cases is still grow-
ing, with the highest prevalence being in high-income 
countries.9

Despite many attempts to establish the etiology of this 
disorder, no single specific factor responsible for the oc-
currence of MIH has been identified. Determining a spe-
cific etiological factor is difficult because the research 
conducted is often retrospective. First permanent molar 

Fig. 1. Demarcated opacities on first permanent molar

Fig. 3. Demarcated opacities on permanent incisors

Fig. 2. Posteruptive breakdown (PEB) of first permanent molar



Adv Clin Exp Med. 2020;29(12):1469–1477 1471

disorders can be diagnosed only following their erup-
tion, i.e., around 6–7 years of age, while the amelogenesis 
of these teeth occurs much earlier, i.e., in the perinatal pe-
riod and the first years of a child’s life, so the causative fac-
tor must work at that time. Parents often do not remember 
the history of illnesses and the medicines taken a few years 
ago.10 In the literature, the following suspected factors are 
presented, among the others: childhood illness, prematu-
rity, fevers, otitis media, hypoxia at birth, pneumonia, and 
drugs taken, including antibiotics.11–15 Scientists are also 
trying to find a genetic predisposition for this disorder, 
but there is still no clear evidence of one.15,16 At present, 
the etiology is considered multifactorial, without indicat-
ing any single specific causal factor.17

Researchers’ hypotheses also increasingly point to en-
vironmental pollution as a predisposing factor for MIH. 
Due to the toxic effects on human health even many years 
after exposure, dioxins have been considered a predispos-
ing factor for dental development disorders. They belong 
to the group of persistent organic pollutants (POPs) that 
are still a considerable component of environmental pol-
lution.18 Studies have shown a correlation between expo-
sure to dioxins (mainly due to their excretion in breast 
milk), prolonged breastfeeding and the  occurrence 
of MIH,19 although other researchers have rejected this 
hypothesis.20 In the literature, one can also find a  link 
between exposure to polychlorinated biphenyls (PCBs) 
and their impact on enamel development, including hypo-
mineralization.21 Other contaminants, such as polycyclic 
aromatic hydrocarbons and respirable particulate matter 
with a diameter of up to 10 μm (PM10), also pose a threat 
to human health.

There is still little evidence that can unequivocally con-
firm or rule out a link between environmental pollution 
and the occurrence of MIH. To our knowledge, the rela-
tionship between MIH and the level of common air pol-
lutant components other than PCBs has yet to be studied. 
The aim of this study is thus to determine the prevalence 
of MIH in 2 different regions of Poland – the Pomeranian 
and Silesian voivodeships – which, due to their location and 
industrialization, differ substantially in the intensity of air 
pollutants. Based on previous research, it can be hypoth-
esized that air quality influences the prevalence of MIH.

Methods

Study design and sampling procedures

The study was conducted in primary schools in 2 voivode-
ships in Poland: Pomeranian and Silesian. The research 
group was made up of children residing in the Silesian 
voivodeship, while children from Pomeranian voivodeship 
were assigned to the negative control group. There are 719 
primary schools in the Pomeranian voivodeship and 1,454 
in the Silesian. Special care schools, penal institutions, 

correctional schools, and schools in hospitals were ex-
cluded, leaving 553 schools in the Pomeranian voivode-
ship and 1,324 in the Silesian voivodeship qualified for 
the study. According to the latest data, 150,372 children 
aged 6–12 attend primary schools in  the  Pomeranian 
voivodeship and 260,789 in the Silesian voivodeship, so 
assuming a 95% confidence level, 383 children in Pomera-
nia and 384 in Silesia should be examined for the group 
to be representative. According to recommendations from 
Elfrink et al.,7 for assessing the prevalence of MIH esti-
mated at 5%, a minimum group of 300 children is required, 
and a minimum number of 1,000 children is recommended 
to evaluate a possible MIH etiological factor.

We selected 30 schools from the Pomeranian voivode-
ship and 15 from the Silesian voivodeship, and sent let-
ters to  the  school heads inviting them to  participate 
in the study.

Ethical considerations

The Independent Bioethics Committee for Scientific 
Research at the Medical University of Gdańsk gave their 
approval (No. NKBBN/182/2013) to conduct the study. 
Permission was obtained to conduct the study in 15 schools 
in  the  Pomeranian voivodeship and 7 in  the  Silesian. 
Information regarding the study and consent forms for 
participation in the study was sent to the parents or legal 
guardians of children aged 6–12. On the day of the study, 
children without a parent’s or guardian’s permission, chil-
dren with general medical diseases, and children who were 
uncooperative or did not assent to the examination were 
excluded from the study.

Study location and air pollution 
measurement methods

The  Pomeranian voivodeship is  located in  the  north 
of the country, on the Baltic Sea coast, while Silesia is located 
in the south of the country, about 600 km away. Smog alarms 
are announced more than 50 times a year in the Silesian 
voivodeship; in the Pomeranian voivodeship, constantly low 
levels of air pollution are observed. In both voivodeships, sta-
tions measuring the level of air pollution are located in vari-
ous cities. The number of stations has changed over time; 
there are currently 20 in the Pomeranian voivodeship and 
30 in Silesian. The stations perform hourly or 24-hour tests. 
The archived results are posted on the website of the Chief 
Inspectorate for Environmental Protection in  Poland 
at http://powietrze.gios.gov.pl/pjp/current.

The  enamel mineralization of  FPM and PI starts 
in the perinatal period and ends at the age of about 3 years. 
Given that the study was conducted in the years 2016–2019, 
studied children aged 6–12 were born between 2004 and 
2012. Therefore, the air pollution levels from 2004 to 2013 
were taken into account for the study. In order to assess air 
quality in those years, archive data on the level of pollution 
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were averaged for each year. The available measurements 
for air pollutant components comprise:

−  inorganic gas pollutants: sulfur dioxide (SO2), nitro-
gen dioxide (NO2), nitrogen oxides (NOx), ozone (O3), and 
carbon monoxide (CO);

− particulate matter (PM10);
− heavy metals in PM10: lead (Pb; PM10), arsenic (As; 

PM10), cadmium (Cd; PM10) and nickel (Ni; PM10);
− volatile organic compounds: benzene (C6H6);
− polycyclic aromatic hydrocarbons (PAHs) in PM10: 

benzo(a)pyrene (BaP; PM10), benzo(a)anthracene (BaA; 
PM10), benzo(b)fluorantene (BpF;PM10), benzo(k)fluor-
antene (BkF; PM10), and benzo(j)fluroantene (BjF; PM10).

Study settings

Each child’s dental examination was carried out at school 
using a dental probe, an oral mirror and a head lamp. 
The teeth were not cleaned or dried before examination. 
When necessary, cotton rolls were used to remove food 
debris. All the surfaces of the index teeth were examined, 
and MIH was diagnosed according to the criteria published 
by Weerheijm et al.22 (Table 1). Only defects greater than 
1 mm in diameter were reported. All the examinations 
of all the children were performed by the same investigator 
(NG), who was trained and calibrated before the process 
commenced. The reliability of that examiner was also as-
sessed by re-examination of every 10th child.

Statistical analyses

Descriptive statistics of the data were generated using 
standard statistical parameters: percentage, mean (M) 
and standard deviation (SD), median, and minimum and 
maximum (min and max). Correlations between pairs 
of numerical parameters were studied using the χ2 test. 
The air quality was compared using Student’s t-test for 
independent samples. A p-value <0.05 was considered sta-
tistically significant for all tests. The data were organized 
into files (Microsoft Excel 2013; Microsoft Inc., Redmond, 
USA) and statistically processed using STATISTICA v. 13.1 
software (StatSoft Inc., Tulsa, USA).

Results

Characteristics of the surveyed population

The  study involved 2,354  children (a  response rate 
of 67.3%) aged 6–12 (M = 8.80, SD = 1.89), of whom 50% 
were girls and 50% were boys. Most of the children (61%) 
came from the Pomeranian voivodeship, while over a third 
(39%) were from the Silesian voivodeship. Over 75% lived 
in  cities, while 23% lived in  rural areas. We  excluded 
79 children from the study because they had no erupted 
permanent molars. A total of 96.7% (n = 2275) of the exam-
ined children had at least 1 erupted FPM and were included 
in the study, so assuming a 95% confidence level, the statis-
tical error can be assessed as 2% for the entire population.

Characteristics of air pollution

The annual average air pollutants for both voivodeships 
are presented in Table 2. The statistical analysis of the data 
showed significantly higher levels of most of the pollutants 
measured in the Silesian voivodeship than in the Pomera-
nian. The greatest differences were observed in the cases 
of SO2 and PAH, especially BaP (PM10). The concentra-
tions of these substances in the south of Poland were almost 
4 times higher than in the north of the country. In terms 
of PM10, C6H6, NO2 and CO the levels were almost double 
in Silesian voivodeship than in Pomeranian. In the group 
of heavy metals in PM10, the mean values of lead, cadmium 
and arsenic were also significantly higher in the Silesian 
voivodeship. The level of Ni (PM10) turned out to be higher 
in the Pomeranian voivodeship, but the difference was not 
statistically significant. The only statistically significant 
higher level in the Pomeranian voivodeship was the O3 
concentration.

Distribution and dissemination  
of MIH depending on the voivodeship

The MIH was diagnosed in 212 children, representing 
9.32% of the study population. The χ2 analysis revealed 
statistically significant differences between the prevalence 

Table 1. MIH diagnostic criteria according to Weerheijm et al.22

Demarcated opacity 
A demarcated defect involving an alteration in the translucency of the enamel, variable in degree. The defective enamel 
is of normal thickness with a smooth surface and can be white, yellow or brown in color. 

Post-eruptive enamel 
breakdown (PEB) 

A defect that indicates deficiency of the surface after eruption of the tooth. Loss of initially formed surface enamel after 
tooth eruption. The loss is often associated with a pre-existing demarcated opacity. 

Atypical restoration 
The size and shape of restoration do not conform to the temporary caries picture. In most cases, in molars these are 
restorations extended to the buccal or palatal smooth surface. At the border of the restorations frequently opacity can be 
noticed. In incisors, a buccal restoration can be noticed not related to a trauma. 

Extracted molar due to MIH 

The absence of a first permanent molar should be assessed in relation to other teeth. Reasons for considering extraction 
due to MIH are: Opacities or atypical restorations in the other first permanent molars combined with absence of a first 
permanent molar. The absence of first permanent molars in sound dentition in combination with demarcated opacities 
on the incisors is likely to be due to MIH. It is not likely that incisors will be extracted due to MIH. 

Unerupted The first permanent molar or the incisor to be examined are not yet erupted. 
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of MIH in the 2 voivodeships. The MIH was observed more 
than twice as often in children in the Silesian voivode-
ship (13.7%) than in the Pomeranian (6.4%). Furthermore, 
in children from the Silesian voivodeship, MIH was signifi-
cantly more often diagnosed on PIs than in their counter-
parts from the Pomeranian voivodeship (4.9% compared 
to 3.2%). The results are presented in Table 3.

Distribution and prevalence  
of MIH depending on gender, age  
and year of birth

The MIH was diagnosed more often in boys than in girls 
(54.2% compared to 45.8%), but the gender difference was 
not statistically significant in either of the voivodeships; 
nor did the genders differ in terms of the presence of le-
sions on incisors. In the Pomeranian voivodeship, MIH 
was diagnosed more often in children aged 6 (14.53%) 
than in older children, which was statistically significant. 
In the Silesian voivodeship, there were no significant differ-
ences between the age groups. A comparison of the occur-
rence of MIH in children born in different years is shown 

in Table 4. There was a gradual increase in the incidence 
of MIH in children born in later years, but none of the dif-
ferences were statistically significant (Fig. 4).

Discussion

According to reports from the European Environment 
Agency (EEA),23 air quality in many cities in Poland falls be-
low European Union (EU) pollution standards. The reports 
also show differences in the intensity of pollution depend-
ing on the region of Poland, with higher concentrations 
of hazardous substances observed in the south of the coun-
try, including the Silesian voivodeship. As many as 3 cities 
in this voivodeship are in the top 10 European cities with 
the largest number of days per year in which the permissible 
concentration of 24-hour PM10 was exceeded. The prob-
lem of pollution increases significantly during the heating 
season. Adverse meteorological conditions (low rainfall 
or wind) in this area are also contributing factors. The com-
ponents of air pollution analyzed in this study are those 
commonly used to assess air quality in EU countries.23

Table 2. Annual average air pollutants for both voivodeships

Year Voivode-
ship

SO2  
[µg/m3]

NO2  
[µg/m3]

NOx  
[µg/m3]

O3  
[µg/m3]

CO  
[mg/m3]

PM10  
[µg/m3]

Pb (PM10) 
[µg/m3]

As (PM10) 
[ng/m3]

Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD

2013
Silesian 13.595 15.654 24.407 17.822 42.987 59.033 48.352 31.393 0.52 0.367 44.183 31.877 0.039 0.035 1.719 1.058

Pomeranian 5.009 4.573 14.581 11.766 22.229 26.469 53.094 24.611 0.394 0.241 24.057 15.318 0.009 0.006 1.027 0.202

2012
Silesian 11.959 15.074 21.343 11.161 48.806 73.254 50.644 33.394 0.632 0.646 45.318 43.757 0.038 0.034 1.866 1.828

Pomeranian 5.113 9.678 7.611 7.763 24.351 28.666 47.903 24.183 0.377 0.257 25.032 19.437 0.013 0.015 1.358 1.479

2011
Silesian 11.052 12.61 25.241 12.032 57.017 87.628 48.153 31.581 0.614 0.584 48.526 41.945 0.036 0.031 2.214 2.326

Pomeranian 3.838 6.795 8.646 9.461 28.472 41.571 49.674 25.972 0.381 0.305 25.61 20.758 0.026 0.105 1.174 0.519

2010
Silesian 17.087 19.671 22.836 13.413 50.082 64.894 43.266 30.438 0.648 0.619 51.888 47.679 0.04 0.047 4.845 5.341

Pomeranian 3.746 5.274 8.841 8.378 30.646 39.695 51.617 24.521 0.429 0.354 28.223 22.643 0.015 0.015 1.076 0.471

2009
Silesian 14.548 12.381 24.176 18.807 43.651 58.273 46.133 32.278 0.553 0.483 41.974 36.845 0.037 0.033 3.348 2.329

Pomeranian 3.878 4.482 18.042 15.303 27.96 35.716 47.42 26.024 0.39 0.306 25.611 19.903 0.044 0.081 2.927 2.789

2008
Silesian 11.421 9.186 26.002 18.696 45.282 57.854 45.0 32.375 0.561 0.456 38.43 34.091 n/d n/d n/d n/d

Pomeranian 3.413 4.707 17.134 13.611 23.692 27.544 53.077 19.064 0.367 0.238 22.923 16.689 0.031 0.039 1.46 1.976

2007
Silesian 11.444 10.769 24.092 11.34 19.484 14.662 45.196 31.646 0.601 0.498 35.457 33.874 n/d n/d n/d n/d

Pomeranian 2.105 1.813 5.259 3.604 19.358 22.223 55.77 24.474 0.327 0.197 23.684 15.387 0.016 0.022 n/d n/d

2006
Silesian 22.45 34.733 31.134 23.624 18.339 14.786 47.389 32.877 0.815 0.767 48.567 60.14 n/d n/d n/d n/d

Pomeranian 6.009 10.599 17.8 14.079 25.216 28.504 58.937 28.38 0.399 0.287 28.831 25.126 n/d n/d n/d n/d

2005
Silesian 19.767 15.432 27.289 19.84 18.658 12.382 50.467 32.708 0.683 0.519 45.932 40.154 n/d n/d n/d n/d

Pomeranian 2.473 2.571 15.77 12.403 23.77 24.626 51.379 25.598 0.364 0.201 26.667 18.859 n/d n/d n/d n/d

2004
Silesian 31.349 24.51 24.803 14.518 17.274 8.218 43.96 30.924 0.76 0.567 39.413 36.524 0.093 0.099 n/d n/d

Pomeranian 5.088 5.603 14.71 13.852 20.215 20.501 53.206 23.52 0.375 0.268 26.542 23.06 n/d n/d n/d n/d

Mean 
2004–2013

Silesian 16.467 6.505 25.132 2.660 36.158 15.753 46.856 2.573 0.639 0.093 43.969 5.145 0.047 0.022 2.798 1.310

Pomeranian 4.067 1.238 12.839 4.756 24.591 3.607 52.208 3.487 0.38 0.027 25.718 1.908 0.022 0.012 1.504 0.717

t 3.8891 7.1329 2.2634 3.9053 8.4723 10.5185 2.5554 2.0884

p-value <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* <0.05* >0.05

Avg. – average; SD – standard deviation; t – Student’s t-test result; * statistically significant; n/d – no data.



N. Głódkowska, K. Emerich. Impact of air pollution on MIH1474

This study has attempted to assess whether environ-
mental air quality has an impact on the prevalence of MIH 
in a given population. It has been shown that in the Silesian 
voivodeship, where it can be objectively concluded that air 
quality is inferior, based on measurements of pollution lev-
els and data published by the EEA, the prevalence of MIH 
was over twice as high as  in  the Pomeranian voivode-
ship. Particular differences pertained to the concentra-
tion of SO2, the level of which in the south of Poland was 
4 times higher than in the north. Concentrations about 

twice as high were also observed for PM10 NO2, lead and 
cadmium.

A study assessing the prevalence of MIH in children from 
2 regions of Turkey that significantly differ in terms of in-
dustrialization showed no association between MIH preva-
lence and the levels of polychlorinated dibenzo-p-dioxins 
(PCDDs) and polychlorinated dibenzofurans (PCDFs) 
in the environment. The measurements of the concentra-
tion of the substances were carried out on the basis of soil 
samples in a given region.24 However, other air-polluting 

Table 2, cont. Annual average air pollutants for both voivodeships

Year Voivode-
ship

Cd (PM10) 
[ng/m3]

Ni (PM10) 
[ng/m3]

C6H6  
[µg/m3]

BaP (PM10)  
[ng/m3]

BaA (PM10) 
[ng/m3]

BbF (PM10) 
[ng/m3]

BkF (PM10) 
[ng/m3]

BjF (PM10) 
[ng/m3]

Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD

2013
Silesian 1.171 1.32 2.54 3.399 2.006 1.961 6.77 7.074 5.376 5.682 4.97 4.494 2.542 2.332 4.25 3.873

Pomeranian 0.249 0.165 2.293 2.308 0.658 0.951 2.589 3.956 2.101 3.573 2.82 3.92 1.126 1.553 0.728 1.177

2012
Silesian 0.976 1.319 1.619 1.276 2.444 3.287 8.314 11.692 8.911 14.527 7.748 10.643 4.136 6.065 5.224 7.422

Pomeranian 0.421 0.609 6.146 8.847 0.689 1.159 3.038 5.194 2.799 7.164 2.263 3.563 0.848 1.313 3.218 8.36

2011
Silesian 1.351 1.448 1.775 1.414 2.047 3.02 8.908 11.069 7.012 7.972 7.763 7.515 3.849 3.779 4.746 4.485

Pomeranian 0.45 0.523 5.429 5.581 0.782 1.175 2.75 4.999 2.45 4.94 1.929 3.3 0.801 1.606 6.513 13.764

2010
Silesian 1.183 1.274 2.583 2.756 1.867 3.225 9.272 11.121 10.289 12.84 9.168 10.283 3.995 4.088 5.104 5.121

Pomeranian 0.446 0.492 4.194 4.342 0.684 1.272 4.683 6.91 8.885 14.144 3.856 5.121 2.63 3.655 13.285 18.491

2009
Silesian 1.246 0.882 5.436 7.108 1.894 2.547 8.685 10.812 8.024 12.003 8.476 11.466 3.775 4.383 7.545 8.954

Pomeranian 0.74 0.774 3.628 5.248 1.762 2.19 3.111 3.893 3.035 3.599 2.006 2.315 1.594 1,579 5.032 5.902

2008
Silesian n/d n/d n/d n/d 2.31 3.141 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

Pomeranian 0.703 0.755 3.397 5.081 1.401 1.625 2.152 3.179 n/d n/d n/d n/d n/d n/d n/d n/d

2007
Silesian n/d n/d n/d n/d 2.918 3.838 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

Pomeranian n/d n/d n/d n/d 2.402 1.652 0.925 1.574 n/d n/d n/d n/d n/d n/d n/d n/d

2006
Silesian n/d n/d n/d n/d 2.679 4.951 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

Pomeranian n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

2005
Silesian n/d n/d n/d n/d 3.572 4.004 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

Pomeranian n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

2004
Silesian n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

Pomeranian n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

Mean 
2004–2013

Silesian 1.185 0.137 2.791 1.542 2.373 0.587 8.390 0.970 7.922 1.864 7.625 1.596 3.659 0.640 5.373 1.271

Pomeranian 0.502 0.186 4.181 1.407 1.197 0.683 2.750 1.130 3.854 2.835 2.575 0.797 1.4 0.756 5.755 4.730

t 6.7955 1.5637 3.7051 9.0107 2.6814 6.3307 5.0995 0.1741

p-value <0.05* >0.05 <0.05* <0.05* <0.05* <0.05* <0.05* >0.05

Avg. – average; SD – standard deviation; t – Student’s t-test result; * statistically significant; n/d – no data.

Table 3. Occurrence of MIH in Pomeranian and Silesian voivodeships

Children
Voivodeship

Total
n (%) χ2 p-valuePomeranian

n (%)
Silesian

n (%)

With MIH diagnosis; FPM and PI affected 88 (6.43) 124 (13.69) 212 (9.32)

Without MIH 1281 (93.57) 782 (86.31) 2063 (90.68) 33.99 <0.001*

PI affected 44 (3.21) 44 (4.86) 88 (3.87)

Non-PI affected 1325 (96.79) 862 (95.14) 2187 (96.13) 3.96 0.047*

Total 1369 (100) 906 (100) 2275 (100) – –

* statistically significant; FPM – first permanent molars; PI – permanent incisors; MIH – molar incisor hypomineralization.
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substances were not taken into account, and given their 
negative impact on health, they can undoubtedly have 
an equally negative effect on tooth development. Apart 
from the worst effects of pollution described in the lit-
erature, such as premature mortality and shortened life 
expectancy,25 air-polluting substances are also responsible 
for the occurrence of diseases considered in the etiology 
of MIH, such as otitis media and respiratory diseases, 
which in children are mainly manifested as irritations, 
acute infections and asthma attacks.26,27 Acute or chronic 
action of the air polluting substances depends on the time 
of exposure to a given factor and its concentration and 
accumulation in the human body. Undoubtedly, the nega-
tive impact of pollution on children, in both the prenatal 
and postnatal periods, is more dangerous and cannot be 
compared with the effects on adults. The lungs develop 
throughout childhood and their sensitivity to airborne 
contaminants at different stages of puberty can vary.28 
Even if air pollution is not directly responsible for the oc-
currence of MIH, it can act indirectly, leading to disease 
and therefore a need to take various medications. Recently, 
evidence of a relationship between prenatal exposure to air 
pollution and autism spectrum disorders and cognitive 
dysfunction has also been identified.29

In our study, six-year-old children in the Pomeranian 
voivodeship displayed a significantly more frequent oc-
currence of MIH than did children from other age groups. 
Research in the Pomeranian voivodeship was carried out 
in 2016 and 2017, so six-year-old children were born in 2010 
and 2011. Interestingly, in these years, the highest concen-
trations of NO2 and CO in the Pomeranian voivodeship were 
recorded in the years being analyzed. However, the largest 
difference and clearly higher concentrations in these years 
were observed in the case of PAHs, mainly benzo(a)an-
thracene BaA (PM10) and benzo(j)fluroantene BjF (PM10). 
The PAHs are organic compounds consisting of 2 or more 
fused benzene rings arranged in different configurations. 
The literature has highlighted their mutagenic and carci-
nogenic effects.30 They are also thought to be detrimental 
to the nervous system, heart, brain vessels, and respiratory 
system.31 In addition, exposure during the prenatal period 
is harmful to the developing brain and may thus instigate 
cognitive dysfunction.32 The PAHs arise as a result of in-
complete combustion of organic materials (e.g., coal, wood, 
oil), mainly related to anthropogenic activities but also from 
natural sources, such as open combustion or volcanic erup-
tions. Moreover, their presence in the environment leads 
to their presence in numerous types of food. Processed food 

Fig. 4. The prevalence 
of MIH in various birth years 
in the Pomeranian and Silesian 
voivodeships

Table 4. Occurrence of MIH depending on the age of the respondents

Region Children
Age [years]

χ2 p-value6
n (%)

7
n (%)

8
n (%)

9
n (%)

10
n (%)

11
n (%)

12
n (%)

Pomeranian

with MIH 17 (14.53)* 21 (7.95) 21 (7.17) 12 (5.58) 5 (2.73) 8 (5.33) 3 (2.65)

21.15* 0.002*without MIH 100 (85.47) 243 (92.05) 272 (92.83) 203 (94.42) 178 (97.27) 142 (94.67) 110 (97.35)

total 117 (100) 264 (100) 293 (100) 215 (100) 183 (100) 150 (100) 113 (100)

Silesia

with MIH 4 (16) 35 (19.13) 28 (15.3) 17 (9.77) 22 (15.94) 7 (8.33) 8 (8.70)

11.77 0.06without MIH 21 (84) 148 (80.87) 155 (84.70) 157 (90.23) 116 (84.06) 77 (91.67) 84 (91.30)

total 25 (100) 183 (100) 183 (100) 174 (100) 138 (100) 84 (100) 92 (100)

* statistically significant; MIH – molar incisor hypomineralization.

Pomeranian - (χ2 (8, n = 1369) = 12.94; ni), p = 0.095; Silesia - (χ2 (8, n = 906) = 10.47; ni), p = 0.202
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is considered to be their main source, because cooking pro-
cesses and techniques such as baking, smoking or drying 
contribute to their formation. Their presence can be de-
tected in dairy products, nuts, drinks, and meat products 
(mainly pork), among others.33 The PAHs are highly soluble 
in fats, so they are easily absorbed from the digestive tract 
and mostly accumulate in adipose tissue.30 Further research 
is certainly needed, but based on the results obtained in this 
study, a link between PAHs exposure during the prenatal 
period as well as during the first years of life cannot be ex-
cluded from the etiology of the occurrence of MIH.

Recently, bisphenol A  and its analogs, used world-
wide in plastic containers, have been mentioned among 
the potential etiological factors of enamel disorders.34 
Researchers who have found evidence of  the presence 
of MIH in ancient populations are questioning the impact 
of modern factors such as antibiotics, bisphenol A or di-
oxin on the occurrence of MIH. These factors were not 
present in ancient times because they relate to industries 
that only appeared in the 20th century. Therefore, it has 
been suggested that MIH etiologies can be found among 
factors that have been present for centuries.35 Still, many 
components of air pollution have existed since the emer-
gence of human beings and the use of open fire. There 
is evidence of the presence of, for example, lead, soot and 
PAHs in ancient times.36

The importance of air quality in the etiology of MIH 
can additionally be demonstrated by the difference in oc-
currence in different regions of  the country. Problems 
during pregnancy, childhood diseases and other medical 
factors occur in children around the world, so MIH etiol-
ogy should be researched comprehensively in specific lo-
cal environmental conditions. In line with global trends, 
another study has found that the number of MIH cases 
is increasing.9

Given the difficulties associated with treatment, MIH 
is a challenge for both dentists and patients. It is impor-
tant to establish the etiology of the disorder to discover 
possible interventions, highlight risk groups and prevent 
severe complications.5

Conclusions

The results of this study suggest the impact of air pol-
lution on the higher incidence of MIH in a given popula-
tion. Further research is necessary to determine the spe-
cific pollutant. Therefore, although our research points 
in a specific direction, further research in various regions 
of different countries is required to confirm these findings.
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Abstract
Background. Leucoderma, a depigmentation of the skin, is a common disease in humans, and has been 
observed in cattle, horses and buffalo as well.

Objectives. To analyze the correlation between melanin stem cells and the differentiation and proliferation 
of melanocytes (MCs).

Material and methods. Magnetic cell separation was used to separate melan-A+ cells and PAX3+ cells, 
which were cultured in vitro. The L-DOPA staining was used to observe cell morphology; Cell Counting Kit-8 
(CCK8) was used to determine the cell proliferation rate; and flow cytometry (FCM) was used to determine 
cell cycle changes. The relative mRNA levels of melanocyte-inducing transcription factor (MITF), dopachrome 
tautomerase (DCT) and melan-A in cells were determined with reverse-transcription polymerase chain 
reaction (RT-PCR).

Results. The number of MC dendrites increased and extended continually during in vitro culture following 
magnetic cell separation. The proportion of positive L-DOPA staining cells increased from a baseline 40.70% 
to 82.03%, and the cell proliferation rate increased from 335.0% at D3 to 1577.4% at D20. The results of FCM 
showed that the cell proportion at the G1 stage in the D20 group was significantly lower than the D3 group; 
the cell proportion at the G2/M stage also decreased significantly. The expression of MITF and melan-A 
increased as the culture time increased, while the expression of DCT decreased.

Conclusions. The number of MC stem cells decreased and mature MCs increased gradually, indicating that 
MC stem cells can gradually differentiate into mature MCs during in vitro culture following magnetic cell 
separation.

Key words: MSCs, MCs, magnetic cell separation, leucoderma
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Introduction

Leucoderma, a depigmentation of the skin, is a common 
disease in humans, and has been observed in cattle, hors-
es and buffalo as well. Its main characteristic is the ap-
pearance of  limited or extensive discoloration of areas 
of the skin, with distinct boundaries. Most of the patients 
are teenagers. Leucoderma affects nearly 2% of the world 
population.1 The causes of leucoderma are complex and its 
pathogenesis can be divided into neurosexual theory, im-
munology theory, oxidation and reduction theory, trans-
formation theory, among others.2 The mechanisms causing 
melanocyte (MC) destruction or dysfunction are an im-
portant part of the pathogenesis of leucoderma. Leucoder-
ma causing large areas of depigmentation that affect pa-
tients’ appearance and quality of life is especially difficult 
to treat. The main treatments are external hormones, calci-
neurin inhibitors, photosensitizers, phototherapy, and sur-
gical transplantation.3 Surgical transplantation includes 
epidermal transplantation and melanoma cell transplanta-
tion. Therefore, the cultivation of MCs is important in au-
toepidermal transplantation technology.

Melanocytes are phenotypically prominent but histo-
logically inconspicuous skin cells. They are responsible 
for the pigmentation of skin and hair, and thereby contrib-
ute to the appearance of the skin.4 Mutations of the func-
tion or number of MCs can lead to a series of refractory 
pigmentation diseases, such as leucoderma and chloas-
ma. The surface dependent antigens of MCs have mela-
noma antigen recognized by T cells-1 (melan-A), mela-
nocyte-inducing transcription factor (MITF), tyrosinase 
(TYR), and tyrosinase-related protein-2 (TRP-1).5 Melan-
A is synthesized by the melanosomes and endoplasmic 
reticulum of MCs, and has been identified as a marker 
antigen for mature MCs.6 Research shows that the cultiva-
tion of MCs is difficult. As compared with the other main 
types of skin cells, the percentage of MCs in epidermis cells 
is low, as is mitotic activity, which leads to the rapid growth 
of other cells, such as keratinocytes (KCs) and fibroblasts 
(FBs).7 Reports have shown that MC stem cells (MSCs) can 
differentiate into mature MCs in leucoderma patients.8 
Most MSCs stay in the resting stage and can turn into MCs 
when stimulated by the related cytokines, which induces 
the formation of melanin. Current research on the mech-
anisms of MCs and the proliferation and differentiation 
of MSCs is mainly based on mice, while research on hu-
man MCs and MSCs is rarer.9 At the same time, regarding 
the co-culture of MCs, few reports in the literature have 
discussed whether MSCs participate in the differentia-
tion of MCs. Therefore, further study of MSCs on changes 
in pigment and the mechanisms and treatment of related 
diseases has major significance. Since foreskins contain 
a relatively high density of MCs,10 they are the main cell 
type for the cultivation of MCs.

In this study, the enzyme digestion method was used 
to isolate and obtain skin cells in normal human foreskin 

tissue. Magnetic cell sorting (MACS) was used to isolate 
PAX3+ MSCs and mature melan-A+ MCs from prima-
ry hybrid cells. The L-DOPA staining was used to deter-
mine the cell proliferation rate, cell cycle and related spe-
cific markers.

Material and methods

Obtaining tissue to culture

Normal skin tissues were obtained from men aged 20–
50  years who underwent circumcision in  the  Urinary 
Surgery Department of Shanghai First People’s Hospital 
(China) between February 2017 and December 2017. All 
the participants signed informed consent forms. Patients 
with a chronic skin history, type 2 diabetes, cardiovascu-
lar disease (CVD), chronic gastritis, any history of leuco-
derma, hyperthyroidism, systemic lupus erythematosus, 
or other autoimmune-related diseases were excluded.

Tissue cell culture

The  prepuce tissues were washed 3  times in  30  mL 
of phosphate-buffered saline (PBS). Then, they were cut 
into approx. 2 × 2 mm squares with sterile scissors, put 
in 40 mL of 0.05% trypsin-EDTA (8 mL of 0.25% trypsin-
EDTA + 32 mL of PBS) and refrigerated overnight at 4°C 
to digest. Then, 40 mL of 0.05% collagenase was added 
to the digested tissues and stirred with a magnetic stirrer 
for 2 h to digest. Afterwards, the samples were filtered and 
centrifuged at 1800 rpm for 5 min. Cells were resuspended 
in 1% human melanocyte growth supplement-2 (HMGS-2) 
and 0.04 μg/mL of amikacin keratinocyte serum-free me-
dium. Following this, 100 μL of the re-suspending solu-
tion was taken out and 25 μL of trypan blue was added 
to the mix for cell counting. Cell concentration was ad-
justed and inoculated to T75 culture flasks at a density 
of 1 × 106 per flask, and then the cells were put in an in-
cubator with 5% CO2 at 37°C.

After 24 h, the primary cell culture dish was taken out 
of the incubator and washed with 15 mL of PBS. The cells 
were put back in the incubator with 5% CO2 at 37°C and 
the cell morphology was observed regularly under an in-
verted microscope. A subculture was performed when cell 
growth density reached 60~70%.

Magnetic beads

Twenty microliters of magnetic beads marked with bio-
tin, 20 μL of PAX-3 antibody marked with biotin and 20 μL 
of melan-A antibody marked with biotin were refrigerat-
ed overnight at 4°C. The previously separated skin-cell 
mixes were taken out of the incubator and pancreatin was 
added until the cells became round under the microscope. 
The cell solution was transferred to a 15 mL centrifuge 
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tube and centrifuged at 1000 rpm for 10 min. Five hun-
dred microliters of PBS was used to suspend cells, and bi-
otin magnetic bead with PAX-3 and melan-A antibody 
was added to the cells for 90 min. Cells were obtained 
by centrifugation and put in the MS separation column 
(Miltenyi Biotec Technology & Trading; Shanghai, China). 
Magnetic bead-marked cells were obtained and cryopre-
served at −80°C.

Hematoxylin staining

A histological evaluation was performed after 3 weeks. 
The hydrogels were fixed overnight in 4% paraformalde-
hyde at 4°C and transferred to 70% ethanol until embedded 
in paraffin according to standard histological techniques. 
Sections were stained with hematoxylin and eosin (H&E) 
for general cell morphology and using the von Kossa meth-
od to characterize the mineralization.

L-DOPA staining

Cells adhering to the wall were washed in PBS, and 4% 
triformol was added for fixation at room temperature for 
10 min. After washing 3 times with PBS, 10 mL of 0.1M 
phosphate buffer (PB) was added and the cells soaked for 
10 min. The supernatant was discarded, 0.1% L-DOPA 
was added and the cells were put in an electric heat blow-
er drier to stain for 4 h. Four fields were selected under 
a microscope, and the number of cells in each field was 
calculated.

Cell proliferation

Cell growth was analyzed using a WST-8 Cell Counting 
Kit-8 (CCK-8; Beyotime, Nanking, China). Cells (7.5 × 103) 
suspended in 100 μL of RPMI 1640 medium containing 
10% fetal bovine serum (FBS) were seeded in 96-well plates 
and incubated for 2 days. The CCK-8 solution (10 μL) 
was added to each well and the cultures were incubat-
ed at 37°C for 90 min. Absorbance at 450 nm was mea-
sured using an immunoreader C10066-50 (Hamamatsu 
Photonics; Hamamatsu, Japan). The results were plotted 
as means ± standard deviation (SD) of 3 separate tests, 
with 4 measurements per test for each of the experimen-
tal conditions.

Cell cycle

Cell cycle distribution was analyzed using flow cytom-
etry (FCM). After the treatments outlined above, the cells 
were trypsinized, rinsed with PBS, fixed with 70% ethanol 
at 4°C overnight, and then treated with RNaseA (0.02 mg/
mL) in the dark at room temperature for 30 min. The cells 
were resuspended in 0.05 mg/mL propidium iodide and an-
alyzed with a flow cytometer (Becton, Dickinson, Franklin 
Lakes, USA). DNA histograms were analyzed using ModFit 

LT v. 2.0 software (Verity Software House, Topsham, USA). 
For each sample, at least 104 events were recorded.

Tyrosinase activity determination

Cultured cells that had undergone magnetic cell separa-
tion were inoculated on 96-well plates with 1 × 105 cells/
well and incubated with 5% CO2 at 37°C for cultivation. 
After 24 h, the supernatant was discarded and the pre-
cipitate was washed twice with PBS. To each well, 500 μL 
of culture medium was added; after magnetic bead sep-
aration, D3 cells were taken as the control. Next, 160 μL 
of 10g/L Triton X-100 (pH 7.5) was added to each well, and 
the culture plate was put in −80°C refrigerator for 30 min. 
Then, the cells were split at 37°C for 4 h with 100 μL of 0.1% 
L-DOPA solution added to each well. After 4 h, the absor-
bance value in each well was determined. Tyrosinase rela-
tive activity was calculated as „(eq. 1):

(average absorbance of the experimental group −
− average absorbance of the blank group)

(average absorbance of the control group −
− average absorbance of the blank group).

tyrosinase
relative
activity

=

RNA isolation and quantitative RT-PCR

Based on the manufacturer’s instructions, we extract-
ed total mRNA from the retinal samples using TRIzol 
Reagent (Life Technologies, Grand Island, USA). A pi-
pette was used mix the samples and then transfer them 
to 1.5 mL Eppendorf (EP) tubes, and the samples were 
kept standing for 5 min to separate the nucleic acid pro-
tein complex. To each EP tube, 1 mL of Trizol and 200 μL 
of pre-cooled chloroform was added. The tubes were shak-
en for 15 s and centrifuged at 4°C, 12,000 rpm, for 15 min. 
We drew the aqueous phase into fresh 1.5 mL EP tubes 
and added 0.5 mL of isopropanol. The mixture was cen-
trifuged at 4°C, 12,000 rpm, for 15 min. After removing 
the supernatant, 1 mL of pre-cooled 75% ethanol was added 
to wash the RNA precipitate; this procedure was repeated 
3 times. Then, the RNA precipitate was dried in a vacuum 
and its concentration was determined with a NanoDrop 
1000 spectrophotometer (NanoDrop Technologies, Wilm-
ington, USA). One microliter of Ologo dT (0.5 μg/μL), 2 μg 
of total RNA and 12 μL of diethypyrocarbonate (DEPC) 
were added to polymerase chain reaction (PCR) tubes. 
After being mixed evenly, the tubes were placed in a 65°C 
water bath for 5 min, and then immediately placed on ice. 
Reverse transcription was performed at 55°C for 30 min, 
with initial activation for 15 min at 95°C; next, 40 cycles 
of denaturation were conducted at 94°C for 15 s, then an-
nealing for 30 s at 55°C and extension for 30 s at 72°C were 
performed. The expression level was normalized using U6 
small nuclear RNA using the 2−ΔCt method. The ΔCt val-
ues were normalized to GAPDH level.
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Statistical analysis

The statistical analyses were performed using SPSS soft-
ware v. 20.0 (SPSS Inc., Chicago, USA). All the data was ex-
pressed as means ±SD. Student’s t-test or a one-way analy-
sis of variance (ANOVA) test was performed to determine 
significant differences. P < 0.05 was considered statisti-
cally significant.

Results

Cell morphology

Cell morphology was observed before and after magnet-
ic cell separation; the results are shown in Fig. 1. As can be 

seen, after digested separated skin cells were inoculated for 
24 h, some cells sticked to the wall; the cells were round, 
triangular or oval; and a lot of floating cells could be seen. 
After 3 days, the cells gradually formed into small colonies 
(Fig. 1A). After magnetic bead separation, melan-A+ and 
PAX3+ cells comprise 10.26% of the total. After separation 
for 24 h, some cells adhered to the wall, and most of them 
grew in bipolar or multi-stage dendrites. Most of the MC 
cells had 2 or 3 dendrites and no obvious KCs were ob-
served (Fig. 1B). Before the 1st transmission, multiple den-
dritic cells could be seen but they grew slowly. Melanocytes 
also grew slowly. However, multi-stage dendritic processes 
and slender axons were obvious and there were no obvious 
KCs. After a few generations, MCs grew fast and multi-stage 
dendritic growth appeared with 3 to 4 dendrites, and no 
obvious KC growth was seen (Fig. 1C). After the 2nd trans-

mission, the lens is covered with dendrit-
ic cells, the slender axis is prominent and 
no obvious KC growth was seen (Fig. 1D). 
In conclusion, the number of MCs increased 
as the incubation time increased, reaching 
a maximum on the 20th day of culture.

Absolute cell count and 
morphology after magnetic 
bead separation

The number of mixed cells in the primary 
skin was approx. 2.0 × 107. After separation, 
the number of PAX3+ and melan-A+ cell 
was about 1.9 × 106. Cell passage cultivation 
was carried out on the 3rd day after magnet-
ic bead separation and the number of cells 
was 2.5 × 106 (Fig. 2A). The cells were in-
oculated into T75 culture flasks at the den-
sity of 1 × 106/T75 × 2 bottles in vitro and 
cell morphology was observed under a mi-
croscope. As  can be seen, the  MC cells 
were lightly dyed, had a bipolar or tripolar 
form, and part of the extension was den-
dritic (Fig. 2B). Cell passage cultivation was 
carried out on the 10th day after magnet-
ic bead separation and the number of cells 
was 5.8 × 106. A large number of L-DOPA-
stained positive cells were observed under 
a microscope. The cell bodies were larg-
er than before, the dendrites were obvious 
and the length varied (Fig. 2C). Cell passage 
cultivation was carried out on the 20th day 

Fig. 1. Cell growth situation before and after magnetic 
cell separation 

A. Digested isolated skin cell growth after adherence 
to the wall of the culture flask for 3 days. Melan-A+ 
and PAX3+ cell growth after magnetic cell separation 
for (B) 1 day, (C) 10 days and (D) 20 days
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after magnetic bead separation and the number of cells was 
1.83 × 107. Under a microscope, a large number of heavily 
dyed MCs were observed; the dendrites were obvious and 
fully extended (Fig. 2D).

Changes in cell proliferation  
and the cell cycle

A CCK-8 assay was used to  determine the  cell pro-
liferation rate at different times; the results are shown 
in Fig. 3A. As can be seen, after 1 day of magnetic bead 

separation, the optical density (OD) value was 
0.316 ±0.002; it was 0.469 ±0.012 on the 3rd day; 
0.723 ±0.008 on the 5th day; and 1.222 ±0.009 
on the 7th day. This indicated that the prolifer-
ative capacity of the cells increased with time 
after magnetic bead separation.

Flow cytometry was used to  determine 
the proportion of cells in the cell cycle stag-
es at different times, and results are shown 
in Fig. 3B. On day 3, the ratio of cells at the G1 
stage was 71.30 ±0.27; the ratio at the S stage 
was 12.81 ±0.40; and at the G2/M stage the ra-
tio was 15.9 ±0.13. On day 10, the ratio of cells 
at  the  G1 stage was 68.19  ±0.80; the  ratio 
at the S stage was 20.88 ±0.75; and at the G2/M 
stage it was 10.93 ±0.11. On day 20, the ra-
tio of cells at the G1 stage was 63.83 ±0.20; 
the ratio S stage was 29.83 ±0.41; and the ra-
tio at the G2/M stage was 6.27 ±0.30. Com-
pared with the control (day 3), the G2/M phase 
of cells was significantly decreased after mag-
netic bead separation, the percentage of cells 
at the S stage increased and the percentage 
of cells at the G1 stage decreased slightly.

Changes in tyrosinase activity

Tyrosinase activity in cells was determined 
at different times after magnetic cell sepa-
ration, and the results are shown in Fig. 4. 
As  shown, the  OD value after separation 
for 3 days was 0.295 ±0.008; on the 10th day 
the value was 0.486 ±0.007; and on the 20th day 
it was 1.038 ±0.002. The ratio of tyrosinase 
activity (D10) to tyrosinase activity (D3) was 
2.0, and the ratio of tyrosinase activity (D20) 
to tyrosinase activity (D3) was 4.91.

MITF, DCT and melan-A expression

The MITF is the main regulator of melanogenesis and 
a key regulatory enzyme in the biosynthesis of melanin, 
while DCT can be regarded as a specific MSC surface anti-
gen, but it can also be expressed in MCs. Melan-A is a ma-
jor protein involved in the formation and maturation of me-
lanosomes, and is a specific antigen on the surface of MCs. 
We determined the mRNA levels of MITF, DCT and melan-
A at different times after magnetic cell separation using re-
verse-transcription PCR (RT-PCR); the results are shown 

Fig. 2. The counts and morphology of melan-A+ and 
PAX3+ cells after magnetic cell separation 

A – absolute cell counts at different times after magnetic 
cell separation. L-DOPA staining of melan-A+ and PAX3+ 
cells observed under a microscope after magnetic cell 
separation for (B) 1 day, (C) 10 days and (D) 20 days
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in Fig. 5. As can be seen, the relative level of MITF and 
melan-A increased significantly over time, while the rela-
tive level of DCT decreased significantly (p < 0.05). This 
indicated that the expression of MITF and melan-A is posi-
tively correlated with the number of days, while the expres-
sion of DCT is negatively correlated with the number of days.

Discussion

At present, in vitro culture of MCs has been widely used 
in the experimental and clinical research of various trypto-
phan diseases, such as leucoderma and chloasma. Melano
cytes, the main group of cells in the skin and hair color-
ing of vertebrates, are present in the epidermal basal layer 
and a small part of the hair follicle. The mammalian fol-
licle contains a variety of cell lines and has great potential 
for development. Active melanin stem cells differentiate 
into hair follicles melanocyte (hf-mc) precursors, which 

Fig. 5. The relative mRNA levels of (A) MITF, (B) DCT and (C) melan-A+ 
in cells cultured in vitro and magnetic cell separation for 3, 10 and 20 days

* p < 0.05; ** p < 0.01.

Fig. 4. Tyrosinase activity in cells at different times after magnetic cell 
separation by L-DOPA staining method

* p < 0.05; ** p < 0.01.

Fig. 3. Changes in melan-A+/PAX3+ cell proliferation and cell cycle after 
magnetic cell separation 

A. Cell proliferation at different times after magnetic cell separation 
using CCK-8; B. Cell cycle variations at different times after magnetic cell 
separation using FCM; * p < 0.05; ** p < 0.01.
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are then generated by mature hf-mcs, whose main func-
tion is to synthesize melanin. The technique of cultur-
ing hf-mcs in vitro has opened up new research pathways 
and solutions for the treatment of pigmentary diseases. 
Melanocytes cultured in vitro can also be used to study 
the etiology and pathology of malignant melanoma, and 
to examine the efficacy and toxicity of drugs that remove 
pigmentation. The regulation of pigmentation involves 
the development, heterogeneity, regeneration, and aging 
of MCs and their precursors. Some studies have reported 
that immature MCs and MSCs could be activated to differ-
entiate into mature MCs in leucoderma patients.11 There-
fore, we believe that MSCs are involved in the differentia-
tion and proliferation of MCs, and have therapeutic value 
for pigmentation disorders, trauma and melanoma.

Melanocyte surface antigens include melan-A, MITF, 
TYR, DCT, and others.12,13 Melan-A is one of the most im-
portant MC markers and can be expressed in melanosome 
and the endoplasmic reticulum of MCs. It also participates 
in the formation and maturation of melanosome, which 
as a lysosomal organelle can synthesize, store and trans-
port melanin. Melan-A can combine with the major struc-
tural protein Pmel17 of melanosome to form a complex 
to participate in the transport and processing of melano-
some.14 Melan-A can be expressed in mature MCs, but not 
on the surface of MSCs. Therefore, in this study, melan-A 
was selected as a marker antigen of mature MCs for MC 
screening in mixed cells. The MITF is a key transcription 
factor that encodes MC development. It plays an important 
role in the various processes of MC development, including 
neural crest differentiation, melanoblast growth and ter-
minal MC differentiation.15 The DCT, also named TRP-2, 
is a mouse gene. The carboxyl terminal and membrane do-
main of DCT play a key role in the formation of melano-
some. The DCT can form into a tyrosinase complex with 
TYR and TRP-1. DCT and TRP-1 mutations can induce 
pigment changes rather than depigmentation. Therefore, 
DCT and TRP-1 play a modifying role in melanogenesis. 
The DCT can be expressed not only in embryonic MCs, but 
also in mature MCs. The surface of MSCs lacks MC surface-
related antigens such as TYR, MITF, melan-a, SOX10, KIT, 
and others, and only expresses PAX3 and DCT.16,17 PAX3 
is an important transcription factor in the neuroectoderm 
of embryo development and is first expressed in anterior 
neural crest cells during the embryonic period.18 The pair-
ing domain and homologous domain of PAX3 can promote 
the binding of PAX3 to DNA by recognizing the common 
sequences of DNA, which activates the transcription of tar-
get genes.19 In the embryonic stage, PAX3 can inhibit cell 
apoptosis by targeting p53 to make sure the cells are fully 
developed.20 It can promote the migration of MCs from neu-
ral crest cells and promote the migration of MSCs from hair 
follicles to dermal papillae.21 Therefore, in this study, PAX3 
was used as a marker to analyze and detect MSCs.

In this study, melan-A+ and PAX3+ MSCs were isolated 
from mixed cells digested from skin and cultured in vitro 

to establish MC and MSC in vitro culture models. The key 
to culturing MCs is the selection of culture conditions 
and preparation of the culture medium, since the growth 
of MCs is negligible under standard cell culture conditions. 
In this experiment, we used a medium containing HMGS-2 
and  endothelin (ET), without 12-O-tetradecanoylphorbol-
13-acetate (TPA) or cholera toxin (CT). HMGS-2 can re-
duce the possibility of cell mutagenesis, and is usually used 
to culture neonatal MCs or MSCs,22 increasing the avail-
ability of cultured cells for clinical use. At different stages 
of the culture process, we observed that dendrites of sep-
arated MCs constantly increased over time and no obvi-
ous KCs or other cell growth was observed. This means 
that magnetic cell separation can separate MCs from oth-
er cells in mixed skin cells and maintain MC characteris-
tics during the culture process. However, during the cul-
ture stage, we found that some cells with large amounts 
of cytoplasm had no obvious dendrites. To verify whether 
these cells are PAX3+ MSC cells and whether they partici-
pate in the differentiation and maturation of MCs, we per-
formed L-DOPA staining on the cells at different stages 
of the culture, counted the L-DOPA-positive cells and cal-
culated their proportion in the cultured cells. The L-DOPA 
staining is a classic method for identifying active MCs and 
positive staining indicates the existence of active tyrosi-
nase in melanosomes.23 Both MSCs and differentiated MCs 
lack functional tyrosinase and cannot produce melanin; 
only mature MCs produce melanin.24 Therefore, as primi-
tive cells unable to synthesize melanin particles, L-DOPA 
staining of MSCs should be negative, while the L-DOPA 
staining of MCs with active tyrosinase is positive. Our re-
sults showed that the number of positive L-DOPA stained 
PAX3+ and melan-A+ cells increased, and most cells grad-
ually differentiated into mature MCs. This provides a cel-
lular biological model for further study of the process and 
mechanism of human MC differentiation and maturation.

In  order to  further study cell growth after magnet-
ic cell separation, a proliferation curve was plotted using 
CCK-8 and the cell cycle was studied with FCM. The re-
sults of CCK-8 showed that the number of cells increased 
as the duration of the culture increased. The results of FCM 
showed that after magnetic cell separation, the cells in G1 
phase decreased with the extension of the culture time, in-
dicating that cells in the static phase decreased and MSCs 
develop into mature MCs. Cells in S phase increased and 
cells in the G2/M phase decreased, which indicates that 
the DNA replication period is prolonged and MC prolifer-
ation is active. Therefore, we inferred that cell proliferation 
capacity increased; the cells in the stationary phase grad-
ually reduced; and cells in the inactive phase gradually in-
creased after in vitro culturing and magnetic cell separation.

In order to study the biological function of cells after sep-
aration, we examined the tyrosinase activity and gene ex-
pression of the cells. Tyrosinase, as a key enzyme in mela-
nin metabolism, mainly exists in mature MCs and cannot 
be detected in MSCs.25 Our study showed that tyrosinase 
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activity increased with the duration of the culture, which 
indicated that the ability to secrete melanin was signifi-
cantly improved and the content of melanin in MCs in-
creased. Both MSCs and differentiated MCs lack func-
tional tyrosinase and could not produce melanin; only 
mature MCs can produce melanin. The MITF is the main 
regulator of melanogenesis and the key regulator of mela-
nin biosynthesis. The DCT can be used as a specific sur-
face antigen of MSCs and can also be expressed in MCs. 
Melan-A is a major protein involved in the formation and 
maturation of melanosomes, and a specific surface antigen 
of MCs. Therefore, we mainly studied the relative mRNA 
levels of MITF, DCT and melan-A in cells cultured in vi-
tro after magnetic cell separation. Our study showed that 
the relative expression levels of MITF and melan-A in cells 
increased with culture time, while the relative mRNA lev-
els of DCT decreased over time. Therefore, we believe that 
after magnetic bead separation, the cells have the charac-
teristics of MSCs and MCs, and that MSCs constantly dif-
ferentiate into mature MCs.
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Abstract
Background. Distal penile hypospadias account for about 70% of all cases of hypospadias. There is a variety 
of operative techniques that could be performed when foreskin reconstruction is an option. The urethral stent 
is left in the urethra to prevent complications.

Objectives. To determine whether the duration of stenting influences the healing of foreskin after distal 
hypospadias repair.

Material and methods. Data from 2 institutions was retrospectively analyzed. Inclusion criteria were as fol-
lows: 1) a modified meatal advancement glanuloplasty without tubularization of the urethral plate, 2) foreskin 
reconstruction and 3) follow-up – 12 months. All other types of reconstruction and re-do procedures were 
excluded. The period of urethral stenting was determined intraoperatively depending on the surgeon’s 
preferences. Mean age at operation was 23.3 months. The cohort was divided into 3 groups. In Group I (G-I), 
no catheter was left or it was removed the next day after surgery. In Group II, the catheter was left for more 
than 5 days. In those 2 groups, the surgery was done by different surgeons. Group III consisted of 35 patients 
who had a stent for <2 days, and the procedure was performed by the same surgeon. The χ2 with Yates’s 
correction and Pearson’s χ2 tests were used for the statistical analysis.

Results. Overall, 11 patients had foreskin dehiscence and needed re-do surgery. None of the patients required 
operation because of foreskin stenosis. Complications occurred in 3 out of 33 patients (9%) in Group I, 2 out 
of 27 in Group II (7.4%) and 6 out of 35 in Group III (17%). There was no statistically significant difference 
between Groups I and II (p = 0.8144), nor between Groups I and III (p = 0.5344). In the non-parametric 
Pearson’s χ2 test, no significant difference was found in such grouped data (p = 0.4239).

Conclusions. Prolonged urethral stenting does not reduce the risk of a re-do foreskin surgery after hypo-
spadias repair.

Key words: complication, hypospadias, foreskin, preputioplasty, stenting
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Introduction

The meatal advancement and glanuloplasty procedure 
(MAGPI) and its modifications are commonly used for 
distal hypospadias repair (Fig. 1). Deep, lateral mobilization 
of the distal part of the urethra is done in our institution 
for distal/coronal hypospadias followed by its advancement 
and glanuloplasty. This procedure is called an advanced-
MAPGI (aMAGPI). With this method, suturing of the ure-
thra is avoided, which might reduce the risk of such ure-
thra-related complications as a fistula and/or dehiscence. 
Originally, MAGPI procedure was combined with circum-
cision.1 Preservation of the foreskin is an option that can be 
offered to the patient/caregivers, providing it is technically 
feasible (the foreskin is well developed for closure). Nev-
ertheless, preputioplasty itself comes with some specific 
complications such as fistula/dehiscence of the foreskin 
or phimosis.2 The normal-looking meatus in a male is lo-
cated slightly proximal to the tip of the glans. After hy-
pospadias and foreskin repair, a slightly ventral position 
of the meatus results in deflection of the urinary stream 
towards the reconstructed prepuce. In order to allow for 
adequate wound healing and reduce the risk of complica-
tions, a catheter is often left in the bladder. In the past, 
the catheter was left for many days after any type of hy-
pospadias correction. Currently, there is a common trend 
to perform hypospadias repair as a one-day procedure, 
with or without urinary diversion.

The goal of this study was to assess the impact of dura-
tion of urethra stenting on the healing of the foreskin after 
distal hypospadias repair using the aMAGPI procedure.

Material and methods

A retrospective analysis of the distal hypospadias repairs 
performed at 2 institutions was undertaken. The inclusion 
criteria were: 1) a modified aMAGPI procedure, 2) foreskin 
reconstruction, 3) follow-up >12 months. All other types 
of reconstruction and the re-do procedures were excluded. 

The duration of urethral stenting was determined intraop-
eratively depending on the surgeon’s preferences.

At the University Children’s Hospital in Kraków, Poland, 
the surgical corrections were performed by different sur-
geons. From October 2016, the duration of urethral stent-
ing was significantly shortened to meet the international 
standards. The cohort from this institution was divided into 
2 groups. In Group I (G-I), no catheter was left or it was re-
moved the next day after surgery. In Group II (G-II), the cath-
eter was left for more than 5 days. Group III (G-III) consisted 
of patients operated at the University Children’s Hospital 
in Amsterdam, and the aMPGPI procedure with preputio-
plasty was performed by 1 surgeon (RC). In this group, no 
catheter was left or it was removed the next day after surgery.

Surgical techniques

A polypropylene traction suture is positioned through 
the  glans. The  transverse lip (bridge) of  tissue distal 
to the meatus, if present, is divided by a longitudinal inci-
sion and the free edges of the wound are sutured together 
transversally. A catheter is then placed into the bladder.

A U-like incision is made around the meatus and then 
prolonged towards the  top of  the glans. The distal part 
(ca. 8–10 mm long) of the urethra is dissected free from 
the skin and corpora cavernosa and then advanced to the top 
of the glans. The glanular wings are approximated in the mid-
line around the urethra by interrupted sutures (5/0 polyglac-
tin). The ventral edge of the meatus is attached to the glans.

The  major steps of  foreskin reconstruction were 
the same in all cases. An U-like incision was made along 
the free margins of foreskin. The 2 layers were separated, 
and then the free edges were brought together with inter-
rupted sutures (6/0 polyglactin) in 2 layers. A 10 Fr tube 
was left in the urethra and in the bladder (Fig. 2). In G-III, 
the dartos was approximated with 2–3 interrupted stiches 
whenever possible to identify and mobilize. Antibiotics 
(amoxicillin/clavulanic acid or  cefuroxime depending 
on the local protocols) were administrated perioperatively.

Fig. 1. Intraoperative view of the distal hypospadias and sufficient foreskin

Fig. 2. Intraoperative view after foreskin reconstruction
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Follow-up

Each patient was assessed at the outpatient clinic be-
tween 6 and 12 months after the operation. Any distal 
foreskin dehiscence or a foreskin fistula requiring re-do 
surgery was defined as a failure.

Statistical analysis was performed using Dell Statistica, 
v. 13 (Dell Inc, USA). The χ2 test with Yates’s correction 
was used to assess differences between G-I and G-II, G-I 
and G-III, as well as G-II and G-III. Additionally, Pear-
son’s χ2 test was used to assess the relationship between 
the groups. A p-value <0.05 was considered significant.

Results

There were 33  patients aged from 5 to  81  months 
in G-I, 27 patients aged from 10 to 95 months in G-II and 
35 patients aged from 4 to 22 months in G-III (Table 1). 
No intraoperative complications were encountered. In G-I, 
3 of the 33 patients (9%) developed foreskin dehiscence. 
In  G-II, a  catheter was kept for 5–9  days (mean time 
7 days) and 2 out of 27 (7.4%) had foreskin dehiscence. 
In G-III, 6 out of the 35 patients (17%) developed foreskin 
dehiscence. The χ2 test with Yates’s correction was used 
to check differences between G-I and G-II, as well as G-I 
and G-III. There was no statistically significant difference 
in the incidence of complications between Groups I and II 
(p = 0.8144), or between Groups I and III (p = 0.5344). Also, 
in the non-parametric Pearson’s χ2 test, the difference was 
not significant in such grouped data (p = 0.4239).

Discussion

Distal penile hypospadias accounts for about 70% of all 
cases of hypospadias. There is a variety of operative tech-
niques for distal hypospadias repairs, and most of them 
are combined with circumcision. However, in many cases, 
foreskin reconstruction can be offered as an option when-
ever technically possible.3–6

In this study, we focused only on the foreskin complica-
tions to find out whether the duration of stenting might 
affect the outcome. Many factors can influence the out-
come of preputioplasty, such as suture material, the tech-
nique used, duration of stenting, as well as the experience 
of the surgeon. Under a few circumstances, the foreskin 
cannot be preserved, e.g., when needed for urethroplasty 

or when it is underdeveloped, making its reconstruction 
impossible.

The MAGPI procedure was devised by Duckett in 1981 
for glandular hypospadias.1 When the meatus is located 
at  the  level of  the corona, a  simple MAGPI procedure 
might not be the optimal solution. Several other methods 
have been proposed for this type of hypospadias. Among 
the most commonly performed are the TIPU – tubularized 
incised urethral plate urethroplasty – and the Mathieu 
procedure.5–8 In our institution, a modified MAGPI pro-
cedure is used, which consists of an extensive mobilization 
of the urethral walls and its advancement.

Foreskin preservation was first described by Righini 
in 1961, and the principle of  this procedure remained 
consistent.9 However, many surgeons still prefer circum-
cision because some prior studies showed an  increase 
in complications of urethroplasty when combined with 
preputioplasty.4 In 1989, Frey and Cohen performed fore-
skin reconstruction in combination with a MAGPI proce-
dure in 46 patients and experienced foreskin dehiscence 
in 10 patients (21.7%).10

The  reported foreskin related complication rate 
in the other types of hypospadias repair ranged from 2.5% 
to 34.8%.11–13 In our cohort, 11.6% of the patients developed 
foreskin dehiscence requiring re-do surgery. No significant 
foreskin stenosis occurred in our study population.

Some recent studies demonstrated a satisfactory out-
come of the prepuce without an increase in the rate of ure-
throplasty or skin complications in patients undergoing 
TIPU repair.5,6,14 Moreover, it has been suggested that 
the reconstructed prepuce might act as a protective “layer” 
reducing the risk of the urethral fistulae.3

The  prepuce reconstruction can be performed in  2 
or 3 layers. The intermediate layer (dartos) is a thin con-
nective tissue layer that can play an essential role in proper 
sliding between the inner and outer layers of the skin af-
ter reconstruction.12 In the majority of our cases, the re-
pair was performed in 2 layers (6/0 polyglactin); however, 
in some patients, a few interrupted stiches were placed 
to approximate the dartos layer of the prepuce. This ma-
neuver seems not to reduce the complication rate.

Also, suturing material has been considered to  influ-
ence the outcome. Antao et al. reported an increased risk 
of foreskin-related complications (dehiscence and fistula) 
when the wound was closed in a running way (polyglactin 
rapid breakdown) in comparison to an interrupted manner 
(polyglactin).11 In our cohort, interrupted stitches were used 
(polyglactin).

Table 1. Patient data

Group of patients Catheterization Range of age (average, median) 
in months Foreskin dehiscence

G-I – 33 patients (different surgeons) 0 or 1 day 5–81 (22, 16) 3 patients (9%)

G-II – 27 patients (different surgeons) > 5 days 10–95 (36, 29) 2 patients (7.4%)

G-III – 35 patients (the same surgeon) 0 or 1 day 4–22 (12, 12) 6 patients (17%)
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The role of the use of urethral stenting in distal hypo-
spadias surgery is controversial, and usually, only the ure-
thra-related complications are analyzed in this aspect.14–17 
The foreskin is preferably used as an interposing layer 
to cover the urethroplasty.18,19 The  impact of duration 
of stenting on the healing of the prepuce has not been 
studied yet.

We hypothesized that the urinary stream directed to-
wards the reconstructed foreskin could increase the inci-
dence of foreskin-related complication when there is no 
catheter left after reconstruction or when the catheter is re-
moved shortly after the procedure. In the past, some sur-
geons have tended to leave the catheter for a long time even 
after distal hypospadias repair. Catheter placement has 
an impact on patients’ postoperative comfort, which means 
it should be removed as soon as possible. In this study, 
different pediatric urologists were involved in the surgical 
treatment of the patients in G-I and G-II. The duration 
of stenting varied depending on the surgeon’s preference, 
which might have affected the outcome. Group III was 
included in the analysis to minimalize the surgeon-related 
bias. The patients had been operated by the same pediat-
ric urologist, and the catheter was removed shortly after 
the procedure. Although the complication rate in G-III was 
higher than in G-I and G-II, the difference was statistically 
insignificant.

Limitations

We realize that there are many different factors that 
might affect the final outcome of any surgical procedure. 
The inclusion criteria of our study were very strict to mini-
malize any bias. For this reason, the outcome of urethro-
plasty was not taken into consideration. The main concern 
was the number of surgeons performing surgery in G-I and 
G-II. The human-related bias was reduced by adding G-III 
analysis. The operating surgeons might likely have tended 
to leave a catheter a bit longer in older children, as the av-
erage age of patients in G-II was higher than in the other 
groups. No conclusion should be drawn from this as today 
the majority of patients are scheduled for this surgery be-
tween 6 and 18 months of life.

The small number of participants is another limitation 
of this study. Nevertheless, proper statistical methods have 
been chosen to compare the samples. Retrospective analy-
sis has its limitations for the assessment of the outcome, but 
the endpoint of the study was clearly defined – partial (fis-
tula) or total foreskin dehiscence requiring re-do surgery.

Conclusions

Prolonged urethral stenting does not reduce the risk 
of re-do foreskin surgery after hypospadias repair.
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Abstract
Although the benefits of practicing sports are unquestionable, it can contribute to the spread of skin diseases. 
Mechanical trauma, exposure to environmental and infectious agents, and contact with the skin of other 
athletes increase the chances of getting an infection. In contact sports, skin infections are responsible for up 
to 20% of lost training and competition time. In the USA, skin infections, with an incidence of 8.5–20.9%, 
are the 2nd cause (following upper respiratory infections) of all medical consultations among young wrestlers. 
The high morbidity of skin diseases poses a great challenge for the diagnosis and treatment of skin infec-
tions in athletes practicing contact sports, for whom recommendations may differ from those in the general 
population. In this review paper, we summarize and discuss the management of infectious diseases of the skin 
in contact sports. The review shows that the most frequent among athletes are bacterial infections, includ-
ing folliculitis, erysipelas, furuncles and inflammation of the subcutaneous tissue; viral infections caused 
by herpes simplex virus, human papilloma virus and molluscum contagiosum virus; fungal infections such 
as tinea; and infestations, including pediculosis and scabies. Preventing the spread of the infection is the 2nd 
most important aspect of treatment, following pharmacotherapy. This includes avoiding contact with other 
athletes, protection or removal of lesions, disinfection of common sports equipment, not sharing towels 
or other personal equipment. We conclude that protecting against infection and transmission of pathogens 
in sports teams is crucial in avoiding unnecessary morbidity and minimizing disruption to the training and 
competition schedule.

Key words: contact sport, skin infection, wrestling, sports
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Background

Physical activity and sports have become part of current 
life, even among amateur athletes. Although the benefits 
of sports are unquestionable,1 participating in sports can 
be associated with several skin problems. Mechanical 
trauma, exposure to environmental and infectious agents, 
as well as contact with various other factors and with 
the skin of other athletes increase the chances of getting 
an infection. Furthermore, physical effort often exacer-
bates existing dermatological lesions.2 Contact sports seem 
to be the disciplines with the most frequent occurrence 
of skin problems, the majority of which are skin infec-
tions.3 According to data from the literature, up to 20% 
of wrestlers lose training or competition time each year 
due to skin infections. Of those infections, over 22% have 
a recurrent nature.4 An epidemiology study conducted 
in the USA showed that skin infections are the 2nd most 
frequent cause (following upper respiratory infections) 
of medical consultations among high school and college 
wrestlers, with an incidence of 8.5–20.9%.5 The recom-
mended treatment of skin infections in athletes practicing 
contact sports may differ from the management of skin 
infections in the general population. The recommenda-
tions are summarized in Table 1 and discussed further 
in the present review.

Diagnosing specific sports dermatoses can be chal-
lenging. In this review, we discuss and highlight some 
of the typical skin problems associated with practicing 
sports.

Bacterial infections

Infections with Staphylococcus and Streptococcus species 
are the most frequently seen skin and soft tissue infections 
in humans. In clinical practice, impetigo contagious, ery-
sipelas, panniculitis, and furuncles are the most frequent; 
however, a superficial bacterial infection of the skin that 
causes vesicle-purulent lesions including blisters and open 
lesions that leave honey-yellow scabs dominates over other 
skin infections. Due to the superficial nature of such condi-
tions, systemic treatment is rarely necessary.3

Folliculitis is manifested by small pustules around hair 
follicles. In people using tight-fitting workout clothes, fol-
liculitis may take the form of so-called “bikini bottom”. 
In such cases, the lesions are localized in the areas where 
the clothes fit. It can be treated with topical and oral an-
tibiotics. This disease usually causes no problems in di-
agnosis and treatment. Although folliculitis is considered 
highly contagious, it  is rarely the cause of  lost training 
time.4 Nevertheless, it is advisable to reduce the intensity 
of training and to avoid contact with other athletes for 
at least 72 h from the start of the treatment. Body shaving 
may contribute to increased frequency of folliculitis.6

Deep bacterial infections such as erysipelas, furuncles 
or inflammations of the subcutaneous tissue have been 
reported to occur equally often in contact and in group 
sports such as football and basketball.7,8 Direct contact 
seems to be crucial for contracting these contagious dis-
eases; however, some of  the authors highlight the role 
of mats and equipment in spreading infections.9 What 

Table 1. Skin infections: Recommendations and treatment for athletes practicing contact sports

Disease Recommendations Treatment

Bacterial infections

Avoid contact with other athletes for at least 72 h from 
the start of the treatment or if new lesions appeared during 
48 h or if moist exudative lesions are present. 

Avoid body shaving.

Antibiotics

HSV viral infection 

Before a competition, all lesions must be dry and covered with 
crusts. 

Avoid contact with other athletes if new lesions appeared for 
during last 72 h or systemic symptoms are present or for at least 
120 h from the start of antivirals.

Topical antivirals for skin lesions; systemic antivirals for 
massive skin lesions and systemic symptoms.

MCV viral infection
Participation is allowed immediately after removal of lesions. 
Treated sites must be covered with a bio-occlusive dressing.

Removal of lesions (curetting, cryotherapy).

Fungal infections: Tinea
Participation is allowed after 72 h from the start of treatment 

in case of skin tinea and 14 days in case of tinea capitis.

Topical antifungal cream twice daily; cover a lesion 
and 2 cm surrounding skin.

For tinea capitis, systemic antifungal treatment plus 
2% ketoconazole shampoo.

Followed by maintenance treatment.
Relapse prevention – shampoo 1–2 times a week.

Infestations: Pediculosis
Participation is allowed after 24 h from the start of treatment 

unless active infestation is present.
1% permethrin shampoo once and repeated 

3–7 days after if pediculosis persists.

Infestations: Scabies
Participation is allowed after 24 h from the start of treatment if no 

evidence of active infestation in skin scrapings.
One application of 5% permethrin topical cream.

HSV – herpes simplex virus; MCV – molluscum contagiosum virus.
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seems to be necessary for stopping the spread of an infec-
tion is quick diagnosis, treatment and isolation of the sick 
athlete. If the infection spreads, it also seems necessary 
to identify the carriers, e.g., by collecting and testing bacte-
riological swabs from body cavities. The treatment of deep 
bacterial infections may be challenging, due to  much 
higher skin colonization rates with methicillin-resistant 
Staphylococcus aureus among athletes. In wrestlers, car-
riage may reach 76% in comparison to 18% in people who 
do not practice any sport.10

Viral infections of the skin 
and mucosa

Common viral infections that afflict athletes include 
those caused by herpes simplex virus (HSV), human pap-
illoma virus (HPV) and molluscum contagiosum virus 
(MCV). Herpes simplex can occur in any location, espe-
cially in contact sports. The HSV infection can be easily 
contracted, resulting in massive outbreaks during ath-
letic training camps.11–13 In this context it is called herpes 
gladiatorum, a term which was used as early as the 1960s, 
but which came into widespread use in 1989,14 when 60 
of 175 participants of  a Minnesota (USA) high-school 
wrestling camp presented with signs of HSV infection, 
forcing the US Department of Public Health to disband 
the camp.11 The clinical picture of HSV infection often in-
cludes massive, painful follicular lesions in groups or a rash 
of blisters at the site of infection. In the literature, facial 
presentation is the most common (up to 70%). Lesions 
located on the fingers or thumbs, on the extremities and 
the trunk constitute the remaining 30% of cases.11,15

Coexisting dermatoses, mainly atopic dermatitis or con-
tact eczema, may increase the risk of HSV skin infection. 
Involvement of the eye is also possible. Herpetic keratitis 
(involvement of the cornea) can lead to scarring, and with 
repeated lesions, it can lead to permanent corneal opacity, 
requiring a corneal transplant to maintain good vision. 
Retinal necrosis leading to blindness may also occur. Reti-
nal necrosis due to HSV infection is the most common 
cause of blindness of contagious origin in the USA.16–18 
The treatment of HSV infection is based on antivirals 
(e.g., acyclovir, ganciclovir) given in cases of high intensity 
of general symptoms. In cases of eye involvement, an oph-
thalmologic consultation is required. Antibiotic therapy 
may become necessary after secondary bacterial infection.

The MCV is highly infectious and spreads through con-
tact with the content of skin lesions. As in the case of her-
pes, atopic diseases increase the risk of contracting the in-
fection. In most cases, active treatment is not necessary. 
Extensive and complicated lesions, as well as those causing 
esthetic problems, may be subjected to mechanical, chemi-
cal or pharmacological treatment.19 In sports, it should 
be treated as early as possible using mechanical methods 
to reduce the chances of the infection spreading among 

the athletes.20 Warts are lesions caused by MCV types 1, 
2 and 3, as well as 6, 11, 16 and 18. Lesions such as papules 
can appear all over the skin, with a predilection for the dor-
sal surface of the hand, the soles of the feet and the face. 
The source of infection can be direct contact with other 
infected persons, but also through uneven, moist surfaces 
(shower floors, sauna benches, exercise mats). Studies show 
that MCV spreads easily among swimmers through shared 
use of towels and wet surfaces, and is a cause of frequent 
outbreaks of molluscum contagiosum in athletes practic-
ing water sports.7,21 The management of MCV infections 
should be focused primarily on prophylaxis (wearing pro-
tective shoes) as well as on the destruction of the lesions 
(e.g., with laser surgery or cryotherapy), or application 
of  imiquimod, salicylic acid or podophyllin.19 Propaga-
tion of good hygienic practice is recommended as well, 
e.g., avoiding sharing towel and personal equipment, and 
using only disinfected mats.7,21,22

Fungal infections

Athletes are at high risk of  fungal infections caused 
by dermatophytes due to increased exposure to patho-
gens (e.g., swimmers through contact with water, wrestlers 
through using mats) and repeated exposure to mechanical 
factors (e.g., microinjuries of the skin of runners’ feet). 
In disciplines involving close contact during competitions, 
particularly in wrestlers and judokas, anthropophilic infec-
tions with Trichophyton tonsurans (tinea gladiatorum) play 
the greatest role. Some studies report that infections with 
T. tonsurans were detected in at least 1 athlete in up to 84% 
of the wrestling teams in the USA.23 Tinea gladiatorum 
is highly contagious and often causes minor epidemics, 
especially if the primary source of infection is not quickly 
identified. The sports environment (e.g., mats) and as-
ymptomatic carriers may be involved in the further spread 
of this disease. In sumo wrestlers, for example, the scalp 
often serves as the reservoir of the pathogen.3 It seems 
that tinea pedis is often underdiagnosed and undertreated. 
Colonization of the environment by fungal spores may 
be responsible for the much higher level of fungal infec-
tions of the feet in children and adolescents who prac-
tice sports. Infections of  the  toenails (onychomycosis) 
are more frequent than fingernail infections. They may 
result in the separation of the nail from the nail bed and 
pave the way for secondary bacterial or mold infections. 
On the other hand, zoophilic and geophilic dermatophytes 
are rarely transmitted to athletes who have contact with 
animals, e.g., equestrians.24

Dermatophytes infect the stratum corneum (tinea cor-
poris), but also the hair and hair follicles in the scalp area 
(tinea capitis). In children and adolescents involved in con-
tact sports, the infection leads to endothrix on the scalp, 
with parasitic spores visible within the hair shaft and un-
damaged hair cuticle, often called black-dot ringworm. 
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In contrast, in adults, it leads to asymptomatic carriage.25 
Transmitting pathogens and contracting the disease de-
pend not only on contract with an infected person, but also 
on other factors, such as the occurrence of sports-related 
abrasions, an unfavorable indoor climate, the intensity 
of sweating, and the time between competition and shower. 
Majocchi granuloma may also develop in cases of local 
or systemic immunosuppression.26

In contact sports, tinea corporis presents with pruritic 
and annular plaques, often with vesicles at their periph-
ery. This infection has been widely reported in wrestlers 
and is often referred to as tinea gladiatorum, trichophyto-
sis gladiatorum and tinea corporis gladiatorum. Several 
studies have examined the epidemiology of tinea corporis 
gladiatorum in wrestlers. It was found that the rate of af-
fected wrestlers in wrestling teams varies from 24% to 77%. 
Another study on teams of asymptomatic wrestlers found 
that about 24% of athletes were carriers.27–30

Tinea capitis is less common in athletes. This condition 
mostly affects people who practice sports that entail close 
contact among the athletes and those using protective 
equipment, e.g., jockeys and hockey players.31–33

Tinea versicolor, a condition caused by a fungus (Malas-
sezia furfur), is a another relatively frequent superficial skin 
infection.34 Its occurrence is associated with individual 
predisposition, excessive sweating, humidity, and close-
fitting clothing. Recurrences of the disease are frequent 
among athletes.

Infestations: Scabies and head lice

Scabies and pediculosis of  the head, torso and pubic 
area are parasitic diseases caused by ectoparasites that 
live on or in the skin of the host. These infestations may be 
challenging to diagnose; however, their treatment is easy. 
Ectoparasitoses are highly contagious by a direct head-
to-head or body-to-body contact. Symptoms may appear 
3–4 weeks after infection, which hampers the diagnosis, 
delays treatment and facilitates the spread of the parasites.3

The most common sign of pediculosis is intense itching 
on the scalp, torso or in the pubic area − parts of the body 
covered by hairy skin. The diagnosis is based on clini-
cal examination and detection of live lice or viable nits. 
Using sticky tape over the infected area to collect lice for 
a microscope examination can be helpful. If only nits are 
found on the hair shafts, in the absence of nymphs or adult 
lice, then a recent infestation can be suspected, but active 
disease cannot be confirmed.35 Medicinal shampoos with 
permethrin, phenothrin or carbaryl are effective thera-
peutic agents.36

Symptoms of scabies include an itchy, lumpy rash, often 
with vesicles, pustules or lumps. It is caused by the mite 
Sarcoptes scabiei, which burrows into the skin. Scabies 
can be suspected when the characteristic skin appear-
ance and distribution of lesions are seen; however, a proper 

diagnosis can be confirmed by identifying the mite or mite 
eggs in skin scrapings under a  low-power microscope. 
The treatment of choice is a topical permethrin cream.37

When combating scabies and pediculosis, maintaining 
clean bed linens and towels is important. Textiles should be 
washed in hot water with a regular laundry detergent to re-
duce the risk of re-infestation. In the case of fabrics that are 
difficult to wash at high temperatures, it is helpful to put 
them in plastic bags and keep them for 7 days at a low room 
temperature or freezer. The basis of epidemiological treat-
ment is the simultaneous treatment of all the people who 
have close contact with the infected individual.38

Conclusions

Skin infections and related skin lesions are a common 
problem among people who practice sports disciplines, 
especially those with direct skin-to-skin contact. Protect-
ing against infections and the transmission of pathogens 
in sports teams is crucial in avoiding unnecessary mor-
bidity and minimizing any disruption to the training and 
competition schedule.
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Abstract
Graphene is a novel carbon-based material with unique crystal nanostructure and extraordinary physical 
and chemical properties. Several biomedical applications of graphene and graphene-derived materials have 
been proposed. Its antimicrobial properties might be useful in all areas of medicine where antiseptics are 
required. On the other hand, the safe limits of graphene concentration for human cells have not been clearly 
established yet. The possibility to attach various chemically active groups to the basic lattice structure allows 
researchers to build graphene-based sensors for detecting biochemical molecules (and ultimately – selected 
cells). Sensors for physical signals, such as cardiac electrical activity, have also been proposed. The unique 
nanostructure of the material and the resulting physical properties (mechanical strength, elasticity and large 
surface area) make it a very promising material for scaffolds used in tissue regeneration. Several studies 
have investigated the potential advantages of a graphene coating for endovascular implants, such as stents 
or valves. Most of them indicate an advantage of graphene coating over other currently available solutions 
in terms of better hemocompatibility and facilitating endothelialization. Many of the results published so 
far are from in vitro studies. Promising as they might be, more data, preferably from experiments on more 
sophisticated animal models, must be obtained before any valid conclusions as to potential uses of graphene 
in medicine can be drawn.
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Introduction

Graphene is a novel nanomaterial composed of sp2 car-
bon atoms arranged in a two-dimensional hexagonal hon-
eycomb crystal lattice. Its unique spatial structure results 
in extraordinary physical and chemical properties. Some 
of  the most important properties are high mechanical 
strength, excellent conductivity, a large surface-to-volume 
ratio, and the potential to bind different types of chemi-
cally active groups. As a consequence, several possible uses 
of graphene in biomedicine have been proposed and tested. 
The most promising applications of graphene include its 
use as an antimicrobial agent, a scaffold in regenerative 
medicine, a material for sensors of both biochemical and 
biophysical signals, and as a coating for endovascular im-
plants. In this review, we present the biomedical, diagnos-
tic and therapeutic applications of graphene-based nano-
materials in various fields of medicine. The most recent 
interest is the potential use of graphene coatings in medical 
devices for cardiovascular applications.

Synthesis, modification, 
and chemical properties

Graphene was created for the first time in 2004 by be-
ing stripped from graphite. There are several methods for 
preparing graphene: mechanical stripping, redox methods, 
orientation epiphysis, chemical vapor deposition, graphiti-
zation, solvothermal methods, organic synthesis, graphite 
exfoliation, and reduction of graphene oxide (GO).1

Graphene-based materials can be classified according 
to the number and spatial arrangement of the sheets, the ox-
ygen content, and chemical modification. Several sheets 
stacked on top of each other form graphite, a single rolled 
sheet forms a carbon nanotube, and spherically wrapped 
“closed” sheet builds a  fullerene. A single layer of pure 
graphene is hard to synthesize and difficult to suspend 
in solution. Therefore, GO or reduced GO (rGO) is used 
more often in biomedical applications. Sheets of GO display 
several types of chemically active groups (such as carboxyl-
ate, epoxid and hydroxyl) which, together with the capac-
ity to build π–π and hydrogen bonds, are responsible for 
interactions and bonds with other particles. The physical 
and chemical properties of graphene, GO and rGO can be 
imagined on a scale with graphene at one end (the best elec-
trical conductivity, hydrophobic, and the least chemically 
reactive), GO on the other end (reactive, hydrophilic, and 
poor conductivity) and rGO in between the two.2

Many covalent and non-covalent modifications of gra-
phene have been described. In general, the covalent modi-
fications are more stable and offer higher binding capacity 
– an important distinction for drug carrier applications.

Graphene and graphene-based materials have already 
found many applications in areas as diverse as fuel cells, 
electrochemistry and catalysis.

Safety and potential cytotoxicity

As with every new material, concerns have been raised 
about its biocompatibility and potential interactions with 
living cells. Obviously, safety issues must be clarified be-
fore any serious biomedical applications of a substance 
can be considered.

It has been found that graphene interacts with proteins 
and nucleic acids – molecules essential for key cell func-
tions.3–5 There have been a number of studies where the in-
fluence of graphene and graphene-related materials on cell 
viability have been tested. At this point, it is somewhat dif-
ficult to draw any general conclusions from these experi-
ments. Different cell lines (both human and non-human) 
were used with graphene-related materials modified in var-
ious ways. It may tentatively be concluded that GO in con-
centrations on the order of 100 μg/mL might exert negative 
effects (reduced viability) on cell lines (both murine and 
human). Most researchers have concluded that the effect 
is dose-dependent, with some evidence pointing towards 
a higher toxicity for pristine graphene than for GO.6 It was 
found that articulate state, particle size and surface charge/
oxygen content of the graphene all had a strong impact 
on the toxicological and biological responses to human 
red blood cells.7 Interestingly, Sasidharan et al. showed 
that pristine graphene accumulated in the cell membrane, 
which leads to apoptosis due to the high oxidative stress, 
whereas its carboxyl-functionalized derivative internal-
ized in the cells without any cytotoxicity.8 Additionally, 
the method of administration might play an important 
role, as  shown by  1 study, where orally administered 
PEG-functionalized GO sheets led to no tissue uptake 
while intraperitoneal injection resulted in accumulation 
in the spleen and liver.9 Several mechanisms of these ef-
fects have been proposed. In a study by Luan et al., it was 
found that hydrophobic protein–protein interactions can 
be interrupted by graphene. The researchers attributed 
this effect to the separation of 2-deoxyribose-5-phosphate 
aldolase and phosphoglucose isomerase.10 Another study 
showed that GO provokes oxidative stress in A549 cells, 
which may decrease cell viability.11

There have been some attempts to investigate the effect 
of graphene on a whole multicellular organism. In a sys-
tematic evaluation of graphene quantum dots in mice, 
toxicity was found to be low overall in terms of the influ-
ence on reproduction and cell viability.12

It  seems that especially low concentrations of  gra-
phene do not provoke any measurable noxious effects. 
For instance, in a study by Jiang et al., a low concentration 
of graphene quantum dots showed a relatively weak influ-
ence on the morphology, viability, membrane integrity, 
internal cellular reactive oxygen species level, and mor-
tality of HeLa cells. Similarly, small amounts of graphene 
quantum dots brought little harm to the cardiovascular 
system of zebrafish embryos.13 The authors concluded that 
at least this particular graphene derivative demonstrates 
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good biocompatibility and that, thanks to its high quantum 
yield and strong photoluminescence, it might be a promis-
ing material for cell imaging, biolabeling and other bio-
medical applications.

Antibacterial activity

The potential antibacterial activity of graphene materi-
als has been proposed as another, more favorable aspect 
of graphene–cell interactions. The researchers who studied 
the issue found that the effect depends on the lattice size 
and shape and the number of layers and surface modifi-
cations.14–16 In particular, a reduction in cell viability was 
reported for Escherichia coli and Staphylococcus aureus 
in contact with GO and rGO. Cell membrane damage was 
proposed as the underlying mechanism.17 At the molecular 
level, the antimicrobial effects were associated with protein 
disruption, lipid extraction, and reactive oxygen species 
(ROS) production.10,18–20

Even more convincing results were observed when 
graphene was functionalized with known antimicrobial 
agents, such as silver nanoparticles, other metals or metal 
ions/oxides, polymers and enzymes.21

On the one hand, these findings present an opportunity 
of using graphene-based materials as antibacterial agents. 
On the other hand, great care must be taken to investigate 
and quantify any potential undesirable effects on cells and 
the human body before these materials can find wide-
spread application that puts them in contact with living 
human cells.

Detecting biomolecules

Due to its high surface-to-volume ratio (allowing the at-
tachment of a large amount of the required ligand) and very 
good conductivity, graphene may be very useful for build-
ing sensitive electrical and electrochemical sensors. A re-
ceptor (such as an antibody or enzyme) bound to graphene 
can interact with ions, organic molecules or even whole 
cells. The chemical signal of interaction between the re-
ceptor and target molecule may be converted to electricity.

As an example, at least 2 types of graphene-based glucose 
sensors have been developed. One of them uses glucose 
oxidase attached to graphene,22 and the other is based 
on competitive binding of glucose or a graphene-based 
molecule to the sensor.23 The high prevalence and often 
asymptomatic onset of type II diabetes and the serious con-
sequences of inadequate treatment make any improvements 
in early detection and accurate monitoring very important 
for the large number of patients suffering from this disease.

An accurate and reliable detection of biomarker mole-
cules is similarly crucial in diagnosing other many diseases 
(such as cancers or inflammatory syndromes). Graphene-
based biosensors have been shown to successfully detect 

specific proteins, for example, glial fibrillary acidic protein 
(a marker of central nervous system injury).24 Graphene-
based systems for detecting cancer cells have been also 
developed, using optical biosensors25 or magnetic fluores-
cent biosensors.26 A very good level of sensitivity has been 
achieved in both cases.

Another example is the use of graphene quantum dots 
modified with annexin V antibody to label apoptotic cells 
in live zebrafish. Graphene quantum dots have also been 
used in  the  imaging of human breast adenocarcinoma 
cell line (MCF-7 cells), human cervical cancer cell line 
(HeLa cells) and normal human mammary epithelial cell 
line (MCF-10A). The toxicity of graphene quantum dots 
has also been investigated; they were found to have high 
biocompatibility because they did not affect significantly 
the growth of zebrafish.27

In cardiovascular medicine, as in oncology, the identi-
fication of at-risk patients might bring substantial advan-
tages, as many life-threatening conditions develop sud-
denly, without clear pre-existing symptoms. Such is often 
the case with myocardial infarction and ischemic stroke. 
High levels of circulating platelet-derived microparticles 
are an associated risk of those events. A GO-based sensor 
highly specific for platelet-derived microparticles has been 
tested by Kailashiya et al.28 The proposed sensor is pos-
tulated to be a convenient tool for identifying individuals 
at a high risk of such incidents.

In another study, a platinum nanoparticle-decorated 
rGO field effect transistor biosensor was used for highly 
sensitive detection of BNP – a molecule widely accepted 
as a marker of heart failure – in whole blood.29

Detecting physical signals: 
Wearable sensors and ECG

It seems that the unique properties of graphene, such 
as its large specific surface area, outstanding mechanical 
flexibility, excellent thermal and electrical conductivity, 
high optical transmittance, and ultrahigh carrier mobil-
ity, make it a very promising material for the development 
of wearable sensors and implantable devices in health 
monitoring in all cases where detection of a physical sig-
nal is required.

Graphene on-skin wearable electrodes are character-
ized by high stretchability and durability.30 The excellent 
air permeability of some designs is an improvement over 
the current electronic sensors, where constrained perspira-
tion and inflammation risk remain issues.

The potential applications of such wearable sensors are 
not limited to strictly medical uses. The market demand 
for wearable electric devices is growing rapidly, especially 
with the ever-increasing popularity of exercise devices 
(heart rate monitors, etc.); the comfort of prolonged use 
and resistance to humidity, abrasion and tension are all 
very important features of sensors for such devices.
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As opposed to wearable sensors, other designs make 
it possible to acquire the electrical signal directly from 
the heart and other tissues.

A flexible graphene-based microprobe developed using 
microelectromechanical technology was demonstrated 
to enable high-resolution detection of electrophysiologi-
cal signals (including ECG) in zebrafish models. A special 
hydrophlization treatment was used to improve the signal-
to-noise ratio of the device.31

The biocompatibility and suitability of graphene micro-
electrodes for extracellular recordings were also tested 
by measuring electrical activities from acute heart tis-
sue and cardiac muscle cells. The recordings showed en-
couraging signal-to-noise ratios of 65:15 for heart tissue 
recordings and 20:10 for HL-1 cells. Due to low noise and 
excellent robustness, those sensor arrays might be suitable 
for diverse and biologically relevant applications.32

Targeted therapy: Delivering drugs 
to selected cells

The successful treatment of many malignant tumors 
requires high concentrations of anti-tumor agents that 
are also lethal for healthy tissues. Several methods have 
been developed to facilitate only localized release (i.e., only 
to the tumor cells) of those potent drugs or physical im-
pulses. In photothermal therapy, a light-controlled release 
of heat is used. Graphene nanomaterials are characterized 
by strong near-infrared absorbance and a large surface 
area (which can be functionalized with active molecules). 
Therefore, several groups have reported graphene-based 
methods of photothermal therapy, in some case coupled 
with photodynamic therapy and targeted chemother-
apy.33,34 When treating solid tumors where penetration 
deep below the surface is required, an ultrasound rather 
than a light signal is used to provoke the desired effect 
(the release of the active substance or physical impulse). 
This approach is called sonodynamic therapy.35 In each 
case, graphene-based materials were functionalized with 
photosensitizers, sonosensitizers, or anticancer drugs. 
Applications in photothermally controlled gene delivery 
have also been reported,36 as has intracellular probing for 
specific proteins.37

Regenerative medicine: Potential 
applications in orthopedics, 
neurology and cardiology

In the case of tissue loss or damage, traditional treat-
ments use the patient’s own tissue (autograft) or tissues 
from donors (allograft). Both methods have limitations, 
mainly a lack of sufficient “spare” healthy tissue in the case 
of autografts and a limited number of donors, technical 

limitations of organ transplantation, and the need for 
immunosuppressive medication in the case of allografts. 
In  contrast to  those traditional methods, tissue engi-
neering uses scaffold materials to control cell prolifera-
tion, differentiation, migration, and adhesion, as  well 
as the growth of suitable extracellular matrix. Graphene 
and graphene-delivered materials have been proposed 
in tissue engineering techniques for bone, nervous and 
cardiac tissues.38

In several in vitro studies, graphene-based materials have 
been shown to promote growth and osteogenic differentia-
tion of mesenchymal stem cells.39 In some studies, a spe-
cial matrix composed of poly (L-lactic-co-glycolic acid), 
hydroxyapatite and GO was built, where GO increased 
the tensile strength of the material.40 The matrix promoted 
protein adsorption, induced osteogenic function, and ac-
celerated the proliferation and differentiation of human 
mesenchymal stem cells.

The incapacitating nature of many degenerative neuro-
logical diseases (such as Alzheimer’s, Parkinson’s, Hunting-
ton’s, or amyotrophic lateral sclerosis) makes the potential 
regeneration of central nervous system cells and tissues 
a very interesting area of study. The effective differentia-
tion of neural stem cells into uniaxially arranged neurons 
remains a substantial challenge. Nevertheless, some stud-
ies have reported promising results. As an example, a novel 
composite scaffold structure including aligned electro-
spun silk nanofibers and conductive reduced graphene 
paper enhanced the directional growth and differentiation 
of neurons.41 The presence of neuron marking proteins was 
confirmed in this study as well as the alignment and con-
ductivity of the axons. In another study, a graphene-based 
hybrid nanofibrous scaffold promoted differentiation into 
oligodendrocytes.42

Muscle tissue engineering has great potential value for 
treating damage and degeneration of skeletal muscles and 
many internal organs in which smooth muscle cells con-
stitute an important part. Differentiation of murine myo-
blasts into myotubes on a graphene-containing platform 
was reported in 2 studies.43,44

Given the prevalence of cardiovascular disease and its 
significant impact as one of the leading causes of mor-
tality and morbidity in modern industrialized societies, 
any new treatment modality could have a huge impact 
on the healthcare system. Advanced heart failure is of-
ten associated with poor prognosis. This is mainly due 
to the fact that damage to cardiac tissue is  irreversible 
in adults. Therefore, any progress in cardiac tissue en-
gineering would be eagerly welcomed by cardiologists. 
Some interesting results in this area have been achieved 
with the use of graphene-derived materials. Biocompat-
ibility and conductivity remain an important challenge for 
any cardiomyocyte scaffold. Such scaffolds using reduced 
GO were built by 2 groups and proved to be a satisfac-
tory microenvironment for cardiomyocyte culturing.45,46 
It  was also found that GO improves the  engraftment 
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of mesenchymal stem cells used to repair ischemia–re-
perfusion injury of the heart.47

However, in another experiment on mouse embryos, 
graphene decreased the stem cell proliferation, probably 
by accelerating cell differentiation. The graphene also en-
hanced the mechanical properties and electrical conduc-
tivity of the tissue. Interestingly, the cardiac differentiation 
of the embryonic bodies with graphene was significantly 
greater than for those without graphene applied. The result 
was confirmed by high-throughput gene analysis.48

In a study by Norahan et al., a collagen–GO composite 
cardiac patch showed angiogenic activity. Such a prop-
erty might be useful when the patch is applied in the area 
of post-infarction injury.49

In a rat model (both in vivo and in an isolated heart), 
a polymer chitosan scaffold containing GO was implanted 
in an infarcted heart. It was characterized by better (two-
fold) conductivity than conventional chitosan scaffolds. 
It supported cell attachment and growth and showed no 
signs of toxicity; improved conductivity and contractility 
were also demonstrated.50

An interesting effect was found by Ray et al.: GO inter-
acted favorably with the His118 residue of NDPK to poten-
tially prevent it from binding with adenosine triphosphate 
(ATP). As ATP would otherwise trigger the phosphoryla-
tion of the mutated G protein, the observed effect might 
eventually lead to  increased cAMP levels during heart 
failure.51

Applications in cardiology: 
Electrotherapy

Modern electrotherapy is based on the presence of leads 
in the vascular system. Lead failure, infections and tricus-
pid valve insufficiency are the most common complica-
tions that arise. In patients with heart failure, the outcome 
of such infections may even be fatal, hence the different 
concepts of leadless pacing methods and the need to re-
search new materials. Graphene and its derivatives, with 
known antimicrobial properties, might be considered in-
teresting candidate materials for electrotherapy devices 
(both electrodes and device cans).

Graphene has been successfully used for sensors, includ-
ing devices that provide a real-time electrocardiogram 
(ECG) signal.45 On a zebrafish model, Chen et al. proved 
the concept of using a graphene microprobe to obtain high-
resolution electrophysiological signals, including ECG, 
in vivo.31 This result provides a strong incentive for further 
research.

Park et al.47 presented an extremely interesting concept 
that could become a form of electrotherapy in the treat-
ment of heart failure. An epicardial mesh made of me-
chanically elastic and electrically conductive material was 
integrated with the heart and acted as a structural element 
with elastic properties similar to those of epicardial tissue. 

The mesh detected the electrical signals of the moving 
rat heart and synchronized electrical stimulation over 
the ventricles. This design shortened total ventricular 
activation time, reduced wall stress and improved sev-
eral indices of systolic functioning. The mesh was also 
successfully used to deliver a shock in order to terminate 
ventricular tachycardia. The features of this design con-
stitute a comprehensive form of electrotherapy, currently 
a standard in heart failure treatment. The concept was 
very a sophisticated form of cardiomyoplasty – an idea 
of externally stabilizing cardiac muscle to prevent post-
infarction remodeling.

Another potentially very promising field of research 
is the attempt to fabricate implantable protein-based bio-
electrochemical capacitors (bECs) employing new nano-
composite heterostructures. In this model, 2D reduced 
GO sheets were interlayered with chemically modified 
mammalian proteins.52 The GO nanocomposite material 
showed no toxicity to mouse embryo fibroblasts. These 
unique capacitors, being protein-based devices, use serum 
as an electrolyte. They may be the first step in developing 
bio-friendly, protein-based batteries or supercapacitors 
using human bodily fluids as electrolytes. In the future, 
such solutions might eliminate the need to replace the elec-
trotherapy devices when the battery is drained.

Applications in cardiology: 
Endovascular implants

As many disorders of the cardiovascular system are pri-
marily caused by atherosclerosis, endovascular therapy 
remains crucially important in cardiology. The state-of-
the-art coronary stents are characterized by very satisfac-
tory mechanical properties and their biocompatibility 
is much better than that of the first bare-metal stents and 
the first drug-eluting stents designed almost 2 decades 
ago. Nevertheless, even after what seems to be a suc-
cessful angioplasty, late complications such as restenosis 
and thrombosis may eventually lead to life-threatening 
events. The current understanding is that interactions 
between the stent surface, the cells of the vascular wall, 
and circulating blood are the underlying causes of these 
events. The quest for a perfect stent material and coat-
ing remains a  leading research topic in  interventional 
cardiology. Given the very structure of graphene itself 
(very thin sheets) and its chemical dissimilarity from 
both metal and the polymers so far investigated as stent 
materials, it  seems logical to  study the  performance 
of graphene-related materials as coatings for cardiovas-
cular stents.

A method of coating a stainless steel stent with gra-
phene and graphene with TiO2 was developed by ElSawy 
et al. The researchers examined the hemocompatibility 
of such coated stents and found neither platelet adhesion 
nor an adverse effect on erythrocytes or leukocytes.53
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In a study by Yang et al. a composite stent coating includ-
ing GO performed better than other composite coatings 
– it had lower platelet adsorption and induced longer ac-
tivated partial thromboplastin times (APTT) than other 
designs.54

In another experiment, a novel composite drug-eluting 
coating was composed from magnetic mesoporous silica 
nanoparticles and carbon nanotubes. The nanostructured 
coating proved to be mechanically flexible and biocom-
patible with blood as well as offering very good drug re-
lease and loading properties. In vivo studies showed rapid 
endothelization.55

Pro-healing properties of GO coatings have also been 
investigated on a titanium stent. The coating enhanced en-
dothelial cell adhesion and proliferation as compared with 
a polydopamine coating and the titanium blank. Loading 
heparin onto the GO coating significantly reduced platelet 
adhesion and prolonged the APTT, but it did not influ-
ence endothelial cell adhesion and proliferation. It was con-
cluded by the authors that the heparin-loaded GO coating 
can simultaneously enhance the cytocompatibility to endo-
thelial cells and blood compatibility of the biomaterials.56

Another interesting design was evaluated by Ge et al. 
They covered a stainless steel stent with graphene and 
an antiproliferative drug. The stents were successfully im-
planted into rabbit carotid arteries. Several weeks after im-
plantation, there were significantly fewer smooth muscle 
cells and less fibrin on the study stents than on the uncov-
ered control stents. Most likely, the observed effect was 
due to the action of the antiproliferative drug, but the ex-
periment demonstrates the feasibility of a graphene-coated 
drug-eluting stent. It  is also worth noting that no toxic 
effects of the GO were observed on histological examina-
tion of the rabbit organs.57

In a study performed by authors of this review, it was 
shown that graphene coating on 316L stainless steel sup-
ported the adhesion and proliferation of human primary 
coronary artery endothelial cells to a greater extent than 
the uncoated substrate. It was also proven that the coated 
surface has a unique potential to affect the endothelial cell 
phenotype by diminishing the endothelial-to-mesenchy-
mal transition, thus possibly reducing the risk of in-stent 
restenosis.58

As  an  example of  a  different approach, Misra et  al. 
attempted to  use graphene and similar materials, not 
as a coating but as a scaffold. A personalized 3D-printed 
cardiovascular stent was built from a biodegradable poly-
mer carbon composite doped with graphene nanoplatelets 
(which ensured the controlled release of 2 types of drugs 
– antiproliferative and antirestenotic).59

Artificial heart valves represent another type of intra-
vascular implants where limited biocompatibility may lead 
to adverse events. Graphene oxide was tested as a potential 
coating for heart valves in a study by Wilczek at al. Platelet 
adhesion and activation was found to be similar to that 
of the control materials.60

All those examples show that endovascular implant coat-
ing with graphene-derived materials is feasible and can 
offer satisfactory biocompatibility. Some results suggest 
that graphene promotes vascular healing and prevents 
both restenosis and thrombosis.

Summary

As this concise review indicates, graphene is a novel ma-
terial with unique physical and chemical properties. Its 
biocompatibility has not yet been thoroughly investigated, 
but it seems that at least low concentrations are well-toler-
ated by cells and multicellular organisms. There are many 
biomedical applications proposed for graphene and its de-
rivatives. They include areas as diverse as antimicrobial 
materials, physical and chemical sensors, targeted therapy 
and drug delivery, regeneration-promoting tissue scaffolds, 
and endovascular implant coatings. Many studies have 
demonstrated that at least basic conceptions of potential 
use of graphene-derived materials seem to be correct and 
reproducible on cellular and tissue scales. Nevertheless, 
only experiments involving whole multicellular organisms 
(of which very few have been conducted so far) will yield 
valid conclusions on the potential use of graphene in future 
diagnostics and therapy.
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Abstract
Inflammatory bowel diseases (IBD) are chronic, devastating conditions of the gastrointestinal tract charac-
terized by a complex pathogenesis, increasing worldwide prevalence, a wide spectrum of extraintestinal 
manifestations, and a reduced health-related quality of life (HRQoL). Furthermore, mood disorders, specifically 
anxiety and depression, are more prevalent among IBD patients compared to the general population. The con-
nection between mental disorders and IBD is compound, bidirectional and still not fully understood. The IBD 
may impact psychological health, whereas anxiety and depression are associated with a more aggressive 
course of IBD. The inflammation process, gut microbiota alterations and drug side effects are factors that 
influence the mental state of patients with IBD. Importantly, despite the high prevalence of depression and 
anxiety in IBD, many of the current guidelines do not include clear recommendation for assessment of mental 
problems in patients and further management. Therefore, monitoring for mood disorders should become 
a part of the multi-disciplinary and holistic approach to patients with IBD. This review is based on current 
literature searched in PubMed, mainly considering publications from the last 10 years.
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Introduction

Inflammatory bowel diseases (IBD), encompassing ulcer
ative colitis (UC) and Crohǹ s disease (CD), are chronic, 
devastating conditions of the gastrointestinal tract, char-
acterized by a relapsing course with periods of flares and 
remissions and the presence of the wide spectrum of ex-
traintestinal manifestations (EMs).1 The prevalence of IBD 
is  increasing worldwide, especially in highly developed 
countries, where about 0.3% of the population is already 
suffering from them, and in newly industrialized regions 
of the world.2 For instance, in Canada, one of the countries 
with the highest incidence of IBD, it  is estimated that 
0.9% of the population will be affected in 2025, whereas 
in China there will be over 1.5 million cases of IBD by that 
time.3,4 Furthermore, the etiopathogenesis of IBD has not 
been fully elucidated. The key role in the development 
of the disease is played by the interaction of genetic, im-
munological, microbiological, and environmental fac-
tors. Consequently, there are no single diagnostic tests, 
and despite the  introduction of novel biological treat-
ment strategies, effective therapy remains unavailable. 
Additionally, it has repeatedly been demonstrated that 
the health-related quality of life (HRQoL) of IBD patients 
is significantly reduced. For example, a recently published 
meta-analysis, which encompassed 7154 patients, dem-
onstrated that in all 19 studies included, the QoL lev-
els in IBD patients compared to healthy controls were 
poorer in at  least 1 aspect.5 Furthermore, almost 40% 
of IBD patients in remission suffer from fatigue, which 
has a negative impact on HRQoL6 independently of dis-
ease activity. Last of all, anxiety and depression disorders 
are more prevalent in IBD patients compared to the gen-
eral population, and the interrelation between the con-
ditions is unclear. The gut–brain axis and interference 
of numerous agents in communication between the gut 
and the brain seem to play a crucial role. Among the sug-
gested mechanisms are activation of the inflammatory 
response in the brain, compromised blood–brain barrier 
integrity and the impact of gut microbiota.7 The results 
of studies on the impact of mental disorders on IBD onset 
and course are inconclusive. Additionally, in a recently 
published study it was demonstrated that patients with 
anxiety, depression and immune-mediated disorders (in-
cluding IBD, multiple sclerosis and rheumatoid arthritis) 
had reduced cognitive function.8 Moreover, ⅓ of IBD pa-
tients with depression and ⅔ of those with anxiety re-
mained undiagnosed.9 It also has to be emphasized that 
all the aforementioned factors, along with the fact that 
the onset of IBD is associated with young age, indicate 
not only the necessity of further research, but above all 
the importance of including the mental aspects in IBD 
patients’ care.

Epidemiology of depression  
and anxiety disorders  
in patients with IBD

Patients with IBD have a 2- to 4-fold greater risk of de-
veloping depressive disorders and a 3- to 5-fold of greater 
risk of developing anxiety disorders than the general popu-
lation.10 Many cases of psychiatric disorders remain un-
diagnosed.11 Many studies have repeatedly demonstrated 
that psychological problems are more common in patients 
with active disease compared to those in remission; that 
patients with CD are at higher risk than those with UC; 
and that women are affected more often than men.12,13 
However, the occurrence of depression and anxiety in IBD 
is similar or even less frequent than their occurrence with 
other chronic disorders (Table 1).14,15

Furthermore, in  a  large study conducted in  Canada, 
the prevalence and incidence of depression, anxiety, bipo-
lar disorders, and schizophrenia were higher in IBD indi-
viduals than in a matched cohort of the general population. 
The study, comprising more than 6000 IBD patients, showed 
that women were more often affected by depression and 
anxiety than men. However, the authors also observed that 
the incidence of psychiatric disorders was higher in individu-
als aged 18–24 years, in urbanites and in individuals of lower 
socioeconomic status.16 There is a growing body of evidence 
that the prevalence of mental health problems in IBD pa-
tients is increasing. For instance, in a cohort of more than 
60,000 US veterans with IBD, the annual age-standardized 
prevalence rates of depression and anxiety increased respec-
tively 3.75-fold and 5-fold in the years 2001–2015.17

Selected studies evaluating the prevalence of anxiety 
and depression disorders and associated factors among 
IBD patients are presented in Table 2.

Gut microbiota

Gut microbiota is involved in IBD pathogenesis and is si-
multaneously among the crucial factors interfering with 
the gut–brain axis. Therefore, the gut microbiome can be 
a link between IBD and mental disorders. Characteristic 

Table 1. Factors related to the prevalence of anxiety and depression 
disorders in IBD patients

Depression and anxiety in IBD patients

IBD > general population

IBD ≤ other chronic diseases

CD > UC

flare > remission

woman > man

IBD – inflammatory bowel diseases; CD – Crohn`s disease; UC – ulcerative 
colitis.
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differences in the abundance of individual microbiota spe-
cies in IBD patients with associated anxiety and depression 
disorders as well as reduced HRQoL have been identified.25 
Dysbiosis is associated with abnormal metabolism of tryp-
tophan, which under normal conditions passes through 
the blood–brain barrier and becomes a precursor of se-
rotonin. In an alternative pathway, especially intensified 
in the case of  intestinal inflammation, tryptophan can 
be metabolized to kynurenine and its derivatives, leading 
to the development of depressive disorders both by the di-
rect action of these substances on neuronal transmission 
and indirectly by decreasing serotonin levels.26 In addi-
tion, through fermentation of dietary fibers, gut micro-
biota is responsible for the production of short chain fatty 
acids (SCFAs), which control the inflammation process 
of the intestines. In IBD, the amount of SCFAs is reduced, 
so the concentration of some of their metabolites is also 
reduced. One of them, gamma-aminobutyric acid, is in-
hibitory neurotransmitter involved in the development 
of anxiety and depression.27,28 This connection may be 
the starting point for creating a future therapeutic strat-
egy based on selective manipulation of microbiota species 
to modify the course of both IBD and associated mental 
disorders. However, even if the results of preliminary stud-
ies on the influence of gut microbiota modulation on de-
pression and anxiety in IBD patients are promising, there 
is not enough evidence to apply it in clinical practice.29

Ingesting certain microorganisms can influence human 
brain activity in specific regions modifying behavior, emo-
tions and cognition. Additionally, it can lead to decreases 
in the concentration of stress hormones. These findings 
mean that some probiotic species, which in this context 
are termed ‘psychobiotics’, may be usable as a treatment 
option. Interestingly, microbiome alterations may be sig-
nificant in psychiatric pharmacotherapy, because some 
drugs currently prescribed by psychiatrists or neurologists 

were used as antibacterial agents in the past. However, 
as already mentioned, scientific evidence is still insufficient 
to recommend psychobiotics as a form of therapy.30,31

The impact of depression 
and anxiety disorders on IBD onset

The influence of mental disorders on the development 
of IBD remains unclear. It  is suggested that abnormali-
ties in mental functioning may occur several years before 
the diagnosis of intestinal disease. For instance, a Cana-
dian study demonstrated that anxiety disorders and mood 
disorders were diagnosed in respectively 80% and 54% 
of patients with IBD on average 2 years before the IBD 
diagnosis. Additionally, patients with depression and 
anxiety disorders were diagnosed with the disease earlier 
(34.9 years on average) than those without these disor-
ders (37.8 years on average).13 In subsequent studies, it was 
found that the interval between the deterioration of mental 
functioning and the diagnosis of intestinal disease may be 
even longer, and could be up to 5 years.32

Impact of anxiety and depression 
disorders on the course of IBD

Depression and anxiety associated with IBD may directly 
affect its course. The correlation between intestinal dis-
ease activity and worsened mental condition is particularly 
evident in patients who believe that psychological stress 
contributes to exacerbations.33 It was observed that IBD pa-
tients with accompanying mental disorders have increased 
likelihoods of surgical interventions, extended diagnostics 
with additional examinations, such as computer tomogra-
phy (CT) or multiple colonoscopies, as well as a need for 

Table 2. Prevalence of anxiety and depression disorders in IBD patients

Author, year Number  
of IBD patients

Prevalence  
of anxiety

Prevalence  
of depression Associated factors

van den Brink et al., 202018 374 28.3% 2.9%
female sex,

disease activity,
disease duration

Choi et al., 201919 15569
CD – 11.5%*
UC – 16.7%*

CD – 8%*
UC – 10.8%*

medication use,  
comorbid medical conditions

Lewis et al., 20199 242 40.1% 30.6% female sex for depression

Bhamre et al., 201820 70 18.6% 34.3% disease activity

Navabi et al., 201821 432 39.4% 25%

female sex,
extra-intestinal manifestations of IBD, 

prior IBD-related surgery,
tobacco use in CD

Byrne et. al., 201722 327 21.2% 25.8%
female sex,

disease activity

Chan et al., 201723 200 27%

Bennebroek Evertsz’ et al., 201224 231 42.6% disease activity

*6 years after diagnosis; IBD – inflammatory bowel diseases; CD – Crohn`s disease.
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corticosteroids, immunomodulators or anti-tumor necrosis 
factor (TNF) therapy.34 The presence of depressive symp-
toms can worsen the course of IBD and may be considered 
a predictor of aggressive, recurrent disease.35,36

One of the suggested mechanisms explaining how depres-
sion can influence the activity and severity of IBD is its im-
pact on the inflammatory process. For instance, in about 80% 
of severely depressed patients, hyperactivity of the hypotha-
lamic-pituitary-adrenal (HPA) axis is observed. The resulting 
chronic hypercortisolemia leads to elevation of pro-inflam-
matory mediators.37 Moreover, depression is associated with 
decreased parasympathetic activity of the autonomic ner-
vous system (ANS), which causes inhibition of macrophage 
activation through the cholinergic anti-inflammatory path-
way. As a result, depression clearly influences the Crohǹ s 
Disease Activity Index score in CD patients, can lead to ex-
acerbations of IBD and increases the rate of failure during 
infliximab treatment. In a study of 100 people with CD, 
it turned out that patients with major depressive disorder 
(MDD) found it harder to achieve remission. Persistent MDD 
after adequate treatment of CD with infliximab is a risk fac-
tor for the need of early retreatment.38,39

Interestingly, a study of a small group of women with 
depression showed that treating them with behavioral-
cognitive therapy resulted in a decrease in the concentra-
tion of interleukin 6 (IL-6), which is one of the major pro-
inflammatory cytokines in IBD.40 According to another 
meta-analysis, behavioral-cognitive therapy in patients 
with IBD has limited and short-term effectiveness in treat-
ing depressive symptoms and improving HRQoL, without 
affecting anxiety, stress levels or disease activity.41

Regarding pharmacotherapy of depression and anxiety 
disorders in IBD, although antidepressants are commonly 
used by these patients with (based on previous research) 
apparently beneficial effects, it is not possible to determine 
conclusively whether pharmacotherapy affects the course 
of IBD.42 Central neuromodulators may be used in painful 
IBD as supplements to peripheral agents, like in the man-
agement of functional disorders. In cases of major psychi-
atric problems, consulting with a psychiatrist to optimize 
therapy is recommended.43 The previously described po-
tential benefits of using antidepressants may be associ-
ated with a reduction in inflammatory processes or sim-
ply with mood improvement.44 For now, it is only known 
that the use of certain antidepressants reduces the risk 
of intestinal disease in the future.45 Properly conducted 
randomized controlled trials are necessary to accurately 
define their efficacy.

The impact of IBD on anxiety 
and mental disorders

Depressive disorders are accompanied by elevated con-
centrations of pro-inflammatory mediators such as C-reac
tive protein (CRP), IL-6, IL-1, IL-12, and TNF-α.38,46 It has 

been suggested that CRP levels might be used to predict 
the severity and recurrence of depression.47 Consequently, 
patients with CD who received anti-inflammatory therapy 
with anti-TNF agents (infliximab or adalimumab) reported 
rapid improvement in depressive disorders. Most impor-
tantly, this was not associated solely with clinical improve-
ment of their IBD.48–50

Sleep disorders observed in patients with IBD, which are 
closely related to depression, may be a marker of subclini-
cal inflammation or persistent histologic disease activity. 
It has been suggested that elevated levels of circulating 
cytokines contribute to sleep disturbances, even in clini-
cal remission. Injection of pro-inflammatory IL-1 or TNF 
in animal models suppresses rapid-eye movement (REM) 
sleep and alters sleep patterns. Additionally, administra-
tion of IL-6 increases non-rapid eye movement (NREM) 
sleep and reduces slow-wave sleep during the  1st half 
of the sleep cycle.51 Interestingly, some studies have shown 
that CD patients who have impaired sleep quality while 
in clinical remission have a greater risk of disease flare-ups. 
This is why sleep disturbances, potentially modifiable risk 
factors for IBD relapse, should be considered for routine 
assessment in patients.52–54

Depression as a side effect  
of IBD treatment

Drugs used in  the  treatment of  IBD may also influ-
ence the occurrence of depression and anxiety disorders. 
It  is known that long-term use of glucocorticosteroids 
negatively affects the mood of patients.55 Interestingly, 
in previous randomized clinical trials and observational 
studies, adverse psychiatric effects (APE) during biologi-
cal treatment were very rare or absent. However, the ex-
act frequency of them among biologically treated patients 
is difficult to assess, because many studies do not consider 
adverse effects of the drug on the patient’s psychological 
state. It is not known whether the authors did not observe 
such effects or whether they did not collect data related 
to this aspect.56

Depression and anxiety disorders 
in the guidelines

In the recent guidelines of the European Crohn’s and 
Colitis Organization (ECCO) regarding the management 
of CD (2019) and UC (2017), there are no recommenda-
tions concerning assessment of the patients’ mental state 
and possible therapeutic interventions.57,58 Such rec-
ommendations appeared in the 2018 Nurses’ European 
Crohn’s and Colitis Organization (N-ECCO) consensus 
regarding the role of nurses in caring for patients with 
IBD. According to this document, nurses should be aware 
of more frequent depression and anxiety disorders among 
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the patients than in the general population, and, if nec-
essary, should refer selected patients to  a  specialist.59 
The British Gastroenterology Association also took a posi-
tion on this matter in guidelines issued in 2019. The British 
recommendations suggest supportive behavioral therapy, 
hypnotherapy or mindfulness meditation for interested 
patients. Similarly, the German Clinical Practice Guide-
line on IBD emphasizes the significance of accompanying 
psychiatric symptoms. So far, no reliable studies have been 
conducted in patients with IBD and depression or anxi-
ety disorders that may provide a basis for recommending 
antidepressants.60,61

Conclusions

The risk of depression and anxiety disorders in patients 
with IBD is significantly higher than in the general popu-
lation, so both family physicians and gastroenterologists 
should consider them in patients under their care, as they 
can negatively impact the course of the disease. Never-
theless, the current guidelines refer to this problem only 
to a  limited extent at best. Considering the close rela-
tionship between depression and anxiety and the degree 
of disease activity, optimization of IBD treatment should 
include psychiatric, psychological and social support. Due 
to the steadily increasing incidence of IBD, a holistic ap-
proach is needed, both to avoid the development of de-
pression-related disabilities and to improve HRQoL and 
patient–doctor compliance.
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