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Abstract

Background. Hepatitis B virus (HBV) remains one of the most serious and prevalent health problems
in the world.

Objectives. To determine the serum hepatitis B virus (HBV) RNA levels in patients with chronic hepatitis
B (CHB) with low HBV DNA levels and analyze the influencing factors.

Materials and methods. Seventy-two CHB patients with low HBV DNA levels were enrolled and divided
into 2 groups according to hepatitis B e antigen (HBeAg) status; their age, sex, the incidence of HBV RNA
level < lower limit of detection (LLD), and serum alanine aminotransferase (ALT), aspartate aminotransfer-
ase (AST), quantitative determination of HBsAg (qHBsAg), HBV DNA, and HBV RNA levels were compared.
The factors influencing serum HBY RNA levels < LLD and the correlation between serum HBV RNA levels,
and serum ALT, AST, gHBsAg and HBY DNA levels were analyzed.

Results. In HBeAg-positive patients, serum AST, gHBsAg and HBV RNA levels were higher, and serum HBV
DNA levels and incidence of HBV RNA < LLD were lower than those in HBeAg-negative patients (p < 0.05).
Multivariate linear regression analysis revealed that HBeAg is a factor that significantly influences serum HBV
RNA levels in patients with CHB (p < 0.05). Multivariate logistic regression analysis indicated that HBeAg
and gHBsAg are factors that influence serum HBV RNA levels < LLD in patients with CHB. In HBeAg-positive
patients, serum HBV RNA levels were positively correlated with gHBsAg and HBeAg.

Conclusions. The serum HBV RNA levels in CHB patients with low HBV DNA levels varied according to HBeAg
status. The HBeAq is a factor that significantly influences serum HBV RNA levels in patients with CHB, while
HBeAg and qHBsAq are factors that significantly influence serum HBV RNA levels < LLD in patients with CHB.

Key words: chronic hepatitis B, DNA, hepatitis B virus, pre-gene RNA, serum markers



362

Background

Hepatitis B virus (HBV) infection remains one of the most
serious and prevalent health problems in the world.! Every
year, 0.5—1.2 million patients die from liver decompensa-
tion, liver cirrhosis, liver failure, hepatocellular carcinoma,
and other HBV-related diseases.>® The underlying cause
of persistent HBV infection is the constant presence of co-
valently closed circular DNA (cccDNA).* Further exacer-
bating the issue, existing serum markers and virological
replication molecular assays are unable to accurately de-
tect the presence of cccDNA in hepatocytes. Studies have
demonstrated that despite the low concentration of HBV
DNA in the serum of chronic hepatitis B (CHB) patients,
cccDNA still actively replicates in vivo. This is evident
through the observation of enhanced inflammation and
fibrosis reported in liver histology.> The monitoring
of cccDNA in liver tissue requires an invasive liver biopsy,
which is difficult to continuously implement in clinical
practice. Additionally, the uneven distribution of cccDNA
in liver tissue and the presence of relaxed circular double-
stranded DNA (rcDNA) also increase the difficulty of de-
tecting HBV.®

In 2017, The European Association for the Study
of the Liver Clinical Practice Guidelines defined se-
rum HBV RNA as a novel marker and pointed out that
pre-gene RNA (pgRNA), a major component of HBV
RNA, is released into the blood as a virus-like particle.!
The pgRNA is a direct transcript of cccDNA that accu-
rately reflects the presence of cccDNA in hepatocytes.
The ability to detect serum HBV RNA will provide more
direct evidence of the status of viral replication and its
therapeutic efficacy in patients with CHB.” To this end,
this study explores the presence and influencing factors
of serum HBV RNA at low replication levels in patients
with CHB and aims to provide new ideas for the clinical
diagnosis and treatment of CHB.

Objectives

This study explores the presence and influencing fac-
tors of serum HBV RNA at low replication levels in pa-
tients with CHB and aims to provide new ideas for the
clinical diagnosis and treatment of CHB.

Materials and methods
Study criteria

Our research was a retrospective case-control study.
Inclusion criteria were as follows: patients who satisfy
the relevant diagnostic criteria in the Guidelines for Pre-
vention and Control of Chronic Hepatitis B (2015 Edition)
(hereinafter referred to as the “Prevention and Control
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Guidelines”). These criteria include: confirmed HBV infec-
tion for at least 6 months, and serum HBV DNA < 1.0 x 10*
U/mL. Exclusion criteria were as follows: the diagnosis
of other Hepadnaviridae infections, alcoholic liver disease,
nonalcoholic fatty liver disease, drug-induced liver disease,
liver injury due to metabolic and autoimmune liver disease
or other causes, HIV-infected patients, and patients with
primary biliary cirrhosis.®

Ethics approval

This study was performed according to the Declaration
of Helsinki and approved by the Clinical Research Ethics
Committee of Hunan Provincial People’s Hospital (Ethi-
cal Application Ref: 2018577), and each patient provided
written informed consent before participation in the study.
The research was conducted in compliance with institu-
tional review board regulations.

Subjects

Patients with CHB who were definitively diagnosed
in our hospital from May 2018 to July 2018 and who met
the study criteria were selected. All patients had low levels
of serum HBV DNA and were treated according to the Pre-
vention and Control Guidelines® after admission.

Methodology
Sample collection and processing

Five milliliters of fasting venous blood was collected
in the morning and added to an anticoagulation tube. Af-
ter centrifugation at 4000 rpm for 10 min (centrifugation
radius: 10 cm), the supernatant was collected, dispensed
into 1.5-mL enzyme-free Eppendorf (EP) tubes, and stored
at —80°C for further analysis.

Serum HBV DNA detection

The SLAN Real-Time PCR Detection System 96 fluores-
cence quantitative detector (Shanghai Hongshi Medical
Technology Co., Ltd., Shanghai, China) was used to detect
serum HBV DNA. The reagent was purchased from Hunan
Sansure Biotech Inc. (Changsha, China) and the approved
by the National Medical Products Administration (NMPA)
quantitative polymerase chain reaction (qPCR) method
was applied. Certified laboratory staff performed the as-
say in accordance with the instructions. The lower limit
of detection (LLD) of the kit was 1.0 x 10> U/mL.

Detection of HBV serological markers (HBV-M)
A fully automatic chemiluminescence immunoassay an-

alyzer, Caris200 (Beijing Wantai BioPharm Co., Ltd., Bei-
jing, China), was used to detect HBV serological markers
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(HBV-M). The reagent was a hepatitis B diagnostic kit
purchased from Xiamen innoDx Biotechnology Co., Ltd
(Xiamen, China). Detection was performed using the che-
miluminescence microparticle immunoassay. The effec-
tive linear range of detection of hepatitis B surface anti-
gen (HBsAg) was 0.05-250 U/mL. Hepatitis B e antigen
(HBeAg) was qualitatively detected.

Detection of liver function indicators

The Beckman 5800 fully automatic biochemical analyzer
and the reagent purchased from Shanghai Kehua Bio-En-
gineering co., Ltd (Shanghai, China) were used to detect
liver function. Serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were used as observa-
tion indicators; both were detected using the dual-reagent
rate method.

Serum HBV RNA extraction and purification

For HBV RNA detection, the HBV pre-genomic RNA
(pgRNA) from all samples was extracted and purified using
a nucleic acid extraction (DNA/RNA) or purification kit
(magnetic beads method) from Sansure Biotech Inc. (Reg-
istration certificate for medical device No. 20173401141).

The detailed protocol was as follows: 200 pL of each
serum sample, 600 uL of solution 1 and 100 pL of solu-
tion 2 were added into EP tube and heated up to 60°C for
10 min. The samples were then placed at room temperature
for 10 min. All tubes were placed on a magnetic rack for
3 min, after which the supernatant was discarded. Next,
600 pL of solution 3 and 200 pL of solution 4 were added
to each tube. The tubes were then briefly vortexed and cen-
trifuged. Then, they were placed on the magnetic rack for
3 min, after which the supernatant was carefully discarded.
Next, 50 pL of elution solution was added to each tube.
The tubes were then vortexed and centrifuged briefly for
3 min. Next, they were placed on a magnetic rack at room
temperature for 10 min. The solution was then transferred
to new EP tubes and stored at 4°C for further use. Before
HBV RNA detection, the purified nucleic acid was treated
with DNase. Briefly, 16 pL of each purified nucleic acid so-
lution and 4 uL of DNase solution were added to each PCR
tube. The tubes were sealed and placed at 37°C for 30 min
and then at 75°C for 10 min. DNase-treated solutions were
used for further HBV RNA detection.

Serum HBV RNA detection

The serum HBV RNA detection was processed using
Hepatitis B Viral pregeno miRNA Quantitative Fluores-
cence Diagnostic Kit (PCR-Fluorescence Probing) from
Sansure Biotech Inc. The kit’s LOD was reported at 50
copies/mL.

The detailed protocol was as follows: 30 uL of HBV RNA
master mix was added to each PCR tube. Then, 20 pL
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of purified and DNase-treated nucleic acid sample solution,
purified HBV RNA quantitative reference RNA (A-B-C-D),
as well as negative and positive RNA controls, were added
to the PCR tubes. All PCR tubes were carefully sealed and
placed into the Real-Time PCR Detection Systems (in-
cluding Slan 96P (Shanghai Hongshi Medical Technology
Co., Ltd., China) and ABI 7500 (Applied Biosystem, USA).
The PCR program was run as follows: 95°C for 1 min, 60°C
for 30 min and 95°C for 1 min, and followed as 45 thermo-
cycles as 95°C for 15 s and 60°C for 30 s with fluorescence
detection. The results were analyzed according to the kit
user manual.

Observation indicators

To compare patient age, sex, the incidence of HBV RNA
below the LLD, as well as serum ALT, AST, qHBsAg, HBV
DNA, and HBV RNA levels, all patients were divided into
HBeAg-positive and HBeAg- negative patients accord-
ing to their HBeAg status. The serum HBV RNA levels
in patients with CHB and factors which influence serum
HBV RNA levels that were below the LLD were analyzed.
The correlation of serum HBV RNA levels with serum
ALT, AST, qHBsAg, and serum HBV DNA levels was also
analyzed.

Statistical methods

Data were processed using the SPSS v. 19.0 statistical
software (IBM Corp., Armonk, USA). Statistical graphs
were plotted using GraphPad Prism 6.0 (GraphPad Soft-
ware, San Diego, USA). Logarithmic transformation (log)
was adopted for all laboratory data used for serum detec-
tion of patients with CHB. Quantitative data that satisfied
normal distribution were expressed by x + s, and the paired
t-test was used for comparison between both groups. Pear-
son correlation analysis was applied; non-normally distrib-
uted measurement data were expressed using M (P25, P75)
after logarithmic transformation. The Mann—Whitney
U test was used for intergroup comparison, and Spear-
man’s rank correlation analysis was applied; enumeration
data were expressed as percentages. The X2 test was used
for intergroup comparison; linear regression analysis and
binary logistic regression analysis were used to analyze
the influencing factors of HBV RNA. A p-value <0.05 was
used to indicate statistical significance.

Results

Seventy-two cases of CHB patients with low levels
of HBV DNA were included in this study. The average
age of the patients was 49.49 +13.539 years. Among them,
46 were men and 26 were women. Among the 72 patients,
12 were HBeAg-positive and 60 were HBeAg-negative.
There was no statistically significant difference in terms
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Table 1. Comparison of clinical data between HBeAg-positive and HBeAg-negative patients

Variable HBeAg-positive HBeAg-negative Test statistic p-value
N 12 60 - -
Age lyears] 4044105 513+134 26497 001
Sex (male/female) 9/3 37/23 0.301 * 0.58
ALT (M (P25, P75)) [U/L] 1.74 (1.44,1.95) 1.39(1.19,1.70) 210§ 0.23
AST (M (P25, P75)) [U/L] 1.63 (1.52, 1.94) 140 (1.27,1.64) 1913 0011
gHBsAg (M (P25, P75)) [U/mL] 3.45(1.46,3.77) 2.74(1.34,3.23) 216§ 0.03
HBV DNA (M (P25, P75)) [U/mL] 2.06 (2.00, 2.88) 2.93(2.68,3.19) 1743 0.005
HBV RNA (M (P25, P75)) [U/mL] 2.39(1.70,4.69) 1.70(1.70, 1.74) 212§ 0.007
HBV RNA below the LLD, n (%) 5(42.0) 44 (73.0) 4.61 3¢ 0.032
Data are expressed as means =+ standard deviation (SD). T t-value; ¥ x>-value; § Z-value; HBV — hepatitis B virus; HBeAg — hepatitis B e antigen; LLD — lower

limit of detection; ALT — alanine aminotransferase; AST — aspartate aminotransferase; gHBsAg — quantitative determination of HBsAg.

of sex or serum ALT levels between HBeAg-positive and
HBeAg-negative patients (p > 0.05). HBeAg-positive pa-
tients were younger than HBeAg-negative patients; their
serum AST, qHBsAgand HBV RNA levels were higher than
those in HBeAg-negative patients, while their serum HBV
DNA levels and incidence of HBV RNA below the LLD
were lower than those in HBeAg-negative patients. These
differences were statistically significant (p < 0.05, Table 1).

To perform the univariate linear regression analysis,
age (assigned value: continuous variable), sex (men = 1,
women = 2), ALT (assigned value: continuous variable),
AST (assigned value: continuous variable), qHBsAg (as-
signed value: continuous variable), HBeAg (assigned value:
HBeAg-positive = 0, HBeAg-positive = 1), and HBV DNA
(assigned value: continuous variable) were taken as inde-
pendent variables. Further, serum HBV RNA (assigned
value: continuous variable) was taken as the dependent
variable. The results demonstrated that age, AST, qHBsAg,
and HBeAg are factors that significantly influence serum
HBV RNA levels in patients with CHB (p < 0.05). Inde-
pendent variables with p < 0.20 in the univariate analysis
were included in the multivariate linear regression analy-
sis. The results demonstrated that HBeAg is a factor that
significantly influences serum HBV RNA levels in patients
with CHB (p < 0.05, Table 2).

To perform multivariate logistic regression analysis

of the factors which influence serum HBV RNA levels to be
below the LLD, age (assigned value: continuous variable),
sex (men = 1, women = 2), ALT (assigned value: continu-
ous variable), AST (assigned value: continuous variable),
qHBsAg (assigned value: continuous variable), HBeAg (as-
signed value: HBeAg-positive = 0, HBeAg-positive = 1),
and HBV DNA (assigned value: continuous variable) were
taken as independent variables. Whether serum HBV RNA
was below the LLD (assigned value: yes = 1, no = 0) was
taken as the dependent variable. The results demonstrated
that HBeAg (odds ration (OR) = 3.85, 95% confidence in-
terval (95% CI) [1.068, 13.880], p < 0.039) and qHBsAg
(OR = 1.682, 95% CI [1.055, 2.681], p < 0.029) are factors
which significantly influence serum HBV RNA levels to be
below the LLD in patients with CHB.

Serum HBV RNA in patients with CHB was positively

correlated with qHBsAg (r = 0.322, p = 0.006) (Fig. 1A)
and HBeAg (r = 0.235, p = 0.047) (Fig. 1B) but was not
correlated with ALT (r = 0.038, p = 0.752), AST (r = 0.189,

p = 0.557) or HBV DNA (r = 0.058, p = 0.629).
In HBeAg-positive patients, serum HBV RNA levels were

positively correlated with qHBsAg (r = 0.848; p < 0.001)
(Fig. 1C) and HBeAg (r = 0.725; p = 0.008) (Fig. 1D) but
were not correlated with ALT (r = 0.051, p = 0.876), AST

Table 2. Univariate and multivariate linear regression analysis of factors influencing serum HBV RNA levels in CHB patients

Univariate analysis

Multivariable analysis
Variable

SD t-value t-value
Age -0.024 0.009 —2.770 0.007 -0.012 0.009 —1.368 0.247
Sex —-0.256 0.254 —-1.007 0317 - - - -
ALT 0.292 0.300 0.976 0332 - - - -
AST 0.651 0.388 1.678 0.098 0373 0.368 1.014 0314
gHBsAg 0.273 0.092 2.956 0.004 0.167 0.093 1.795 0.077
HBeAg 1.164 0.299 3.897 <0.001 0.837 0318 2634 0.010
HBV DNA 0.05 0.224 0.222 0.825 = = = =

HBV - hepatitis B virus; CHB — chronic hepatitis B; SD — standard deviation; HBeAg — hepatitis B e antigen; ALT — alanine aminotransferase; AST — aspartate
aminotransferase; gHBsAg — quantitative determination of HBsAg.
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Fig. 1. Correlation of HBV RNA with serum levels of gHBsAg and HBeAg. The LLD for the HBV RNA PCR is 50 U/mL (1.70 log;o U/mL)

(r = 0.046, p = 0.702) or HBV DNA (r = 0.383, p = 0.219).
In HBeAg-negative patients, serum HBV RNA was not
significantly correlated with qHBsAg (r = 0.151, p = 0.251),
HBeAg (r = 0.083, p = 0.529), ALT (r = -0.020, p = 0.878),
AST (r = -0.080, p = 0.542), or HBV DNA (r = 0.145,
p = 0.268).

Discussion

The current treatment of patients with CHB remains
challenging, with difficulties in drug discontinuation and
easy rebound among the issues. Existing serological mark-
ers do not accurately reflect the existence of cccDNA in he-
patocytes.® In 1996, when studying whether HBV can infect
human peripheral blood mononuclear cells, Kock et al.’°
detected HBV RNA in the serum of patients with CHB.
In recent years, both national and international studies have
conducted extensive research on continuously improving
and optimizing HBV detection methods, and further ex-
ploring the clinical implications of serum HBV RNA."11.12

The Prevention and Control Guidelines suggest that
the ideal treatment-endpoint for HBeAg-positive and

HBeAg-negative patients with CHB is the clinical ob-
servation of sustained HBsAg clearance, with or without
seroconversion after drug withdrawal.® However, HBsAg
cannot accurately reflect the replication of HBV in hepa-
tocytes. Furthermore, the HBeAg-negative conversion rate
is not an ideal marker of CHB pathogenesis during the ac-
tual treatment. This study compared serum HBV RNA
levels in HBeAg-positive and HBeAg-negative patients
with CHB with low levels of HBV DNA replication and
found significant differences in serum HBV RNA levels be-
tween both groups. The results of this study demonstrated
that HBeAg-positive patients were younger than HBeAg-
negative patients; this was similar to the results obtained
by Yang et al.!® In that study, the authors suggested that
the incidence of negative HBeAg correlated with age. Fur-
ther analysis of potential influencing factors demonstrated
that HBeAg is a factor that significantly influences serum
HBV RNA levels in patients with CHB. Further, we ob-
served that serum HBV RNA was positively correlated
with HBeAg in patients with CHB, and serum HBV RNA
levels were positively correlated with HBeAg in HBeAg-
positive patients. These data indicate that serum HBV RNA
can accurately reflect the replication status of the virus
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in patients with CHB. In a previous study, Huang et al.'*
found that serum HBV RNA levels may be used as a sero-
logical marker for predicting the seroconversion of HBeAg
during treatment with nucleosides and nucleotides.*®

While, to a certain extent, HBV DNA can reflect the rep-
lication activity of cccDNA in vivo, the low detection rate
of HBV RNA is inconsistent with this phenomenon.> How-
ever, serum HBV DNA below the lower limit of detec-
tion only indicates that the reverse transcription process
of the virus is inhibited and cannot reflect the transcrip-
tional status of cccDNA. After the reverse transcription
process is inhibited, cccDNA still produces progeny virus
in the form of HBV RNA virus-like particles.> Therefore,
following drug withdrawal on the premise of existing viro-
logical response, the rates of disease rebound, and recur-
rence are higher.>121617 The results of this study demon-
strate that there was no correlation between serum HBV
DNA and HBV RNA in patients with CHB, and that serum
HBV DNA was not correlated with HBV RNA in patients
with different HBeAg status. These data indicate that even
when HBV DNA is at a low level or below the lower limit
of detection, cccDNA maintains its replication activity
which results in HBV RNA being detected at a relatively
high level. Thus, serum HBV RNA can reflect the pres-
ence of cccDNA more accurately than serum HBV DNA,
thereby providing more powerful evidence for the efficacy
of antiviral treatment in patients with CHB.>1819

The incidence of serum HBV RNA below the lower limit
of detection is higher in HBeAg-negative patients than
in HBeAg-positive patients. This may be due to the higher
cccDNA transcriptional activity in HBeAg-positive pa-
tients compared to HBeAg-negative patients, which is con-
sistent with findings from other studies.?® Multivariate
logistic regression analysis revealed that qHBsAg and
HBeAg are factors that influence serum HBV RNA be-
low the lower limit of detection in patients with CHB.
In this study, the total detection rate of serum HBV RNA
in patients with CHB was 32% (23/72), which was similar
to the detection rate in the study by Huang et al.!> How-
ever, the detection rate in the study conducted by Li et al.2!
was 85.3%. Among other factors, this difference may be
due to sample selection, demographic characteristics and
variable methodology.

The results of this study demonstrate that serum HBV
RNA is positively correlated with HBsAg in HBeAg-pos-
itive patients; however, there is no significant correlation
between the two in HBeAg-negative patients. This may be
because HBsAg can be synthesized, not only from cccDNA
but also from the integrated HBV gene fragments. Studies
have shown that in HBV-infected patients, hepatocytes
carrying integrated HBV DNA fragments account for ap-
prox. 1% of total hepatocytes and that HBV DNA is tran-
scribed and translated into HBsAg after integration. This
may be an important factor that contributes to the fail-
ure to completely clear HBeAg in clinical practice.?>2
Therefore, HBsAg has certain shortcomings in terms

Y. Zhou et al. Serum HBV ribonucleic acid and its influence

of judging whether patients have reached the level of clini-
cal cure. In contrast, serum HBV RNA is a direct transcript
of cccDNA, and can more directly reflect the replication
activity of cccDNA in vivo compared with HBsAg. Several
studies have suggested that HBV RNA should be included
in the clinical diagnosis, disease progression monitoring
and the rational withdrawal of antiviral drugs.?*-2° How-
ever, its use as an established serum marker in clinical
practice still requires more accurate, sensitive, and stan-
dardized detection methods, as well as more sophisticated
prospective studies.

Limitations

The main limitation of our study was the size of the
study sample.

Conclusions

There is a marked difference in serum HBV RNA levels
in CHB patients with low HBV DNA levels and differ-
ent HBeAg statuses. The HBeAg is a factor that influ-
ences serum HBV RNA levels in patients with CHB, while
HBeAg and qHBsAg are factors that influence serum HBV
RNA levels to be below the lower limit of detection in pa-
tients with CHB. Concurrently, serum HBV RNA levels
in patients with CHB are correlated with other serologi-
cal markers. This suggests that serum HBV RNA levels
in patients with CHB with low HBV DNA levels can reflect
virus activity to a certain extent. We, thus, believe that
HBV RNA can be utilized as a novel serum marker for
the detection of HBV infection.
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Abstract

Background. Radioiodine therapy (™'l) is a standard procedure in the treatment of hyperthyroidism
in the course of Graves’ disease or toxic nodules. However, the use of ™'l in patients with low radioiodine
uptake (RAIU) may be controversial.

Objectives. To determine the influence of lithium carbonate (Li) on iodine kinetics.

Materials and methods. Patients with hyperthyroidism and low RAIU (< 30%) were divided into 2 groups:
a Li(—) group of 305 patients not receiving Li adjuvant therapy and a Li(+) group of 264 patients receiving
adjuvant therapy. The serum concentrations of free triiodothyronine (fT3), free thyroxine (fT4) and thyroid
stimulating hormone (TSH) were assessed at baseline, 24 h, 48 h, 72 h and 96 h, and 1, 6 and 12 months
after !l therapy. The RAIU was assessed after 5'h, 24-h, 48 h, 72 h, and 96 h.

Results. Levels of fT3 in the Li(+) group compared to the Li(—) group were significantly higher at baseline,
lower after 48 h, 72 h,96 hand T month, and did not differ significantly after 24 h, 6 months and 12 months.
Levels of fT4 in the Li(+) group compared to the Li(—) group were significantly higher at baseline, lower
after 24 h, 48 h, 72 h, 96 h and 1 month, and not differ significantly after 6 and 12 months. The RAIU
in the hyperthyroidism Li(—) and Li(+) groups, respectively, was 11.9 +5.6% compared to 23.9 £10.1%
(p < 0.001) after 5 h; 25.9 +8.3% compared to 40.5 £12.4% (p < 0.05) after 24 h; 7.8 +8.1% compared
10409 £13.7% (p < 0.05) after 48 h; 26.2 +10.2% compared to 39.5 £11.2% (p < 0.01) after 72 h; and
24.7 +71% compared to 374 £10.1% (p < 0.01) after 96 h.

Conclusions. Adjuvant therapy with Li in patients with hyperthyroidism caused a significant increase
in RAIU and positive changes in the fT3 and T4 profiles. The use of lithium carbonate prior to the inclusion
of ®1in hyperthyroid patients with low RAIU should be considered.

Key words: hyperthyroidism, radioiodine therapy, lithium therapy, adjuvant lithium therapy, low radioiodine
Uptake
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Background

Lithium carbonate (Li), which is a drug known for over
100 years, is successfully used in the treatment of depres-
sion. However, various studies have shown that it can
cause the emergence of goiter and even hypothyroidism
in the range of 3.4-52% of treated patients'™ and, in ex-
tremely rare cases, hyperthyroidism."*!! The mechanism
of action of Li on thyroid function seems to be similar
to that of iodine. It is believed that ionized lithium in-
hibits thyroglobulin proteolysis which, in turn, inhibits
the release of thyroid hormones into the bloodstream
and leads to a prolonged biological half-life of iodine.!?
Another mechanism involves inhibition of the conver-
sion of free thyroxine (T4) to triiodothyronine (T3) by this
drug.! Lithium carbonate has also been shown to reduce
the concentration of thyroid hormone transporter proteins
in the blood serum.!3

Radioiodine (*3!I) therapy is a very popular therapeutic
method in patients with hyperthyroidism,*18 especially
in cases where antithyroid drugs (ATDs) have proved
to be inefficient. The mechanism of action of *'I involves
the total destruction of thyroid tissues, resulting in eu-
thyroidism or hypothyroidism.'*2° However, it is very
difficult to choose the right activity of 13!I to achieve
euthyroidism. Several studies have attempted to deter-
mine the optimal level to treat hyperthyroidism while
avoiding the development of permanent hypothyroid-
ism. Various '3 administration protocols are available,
including low doses (80 MBq),**2!22 various fixed doses
(185 MBq, 370 MBq and 555 MBq),'*?2-?* and doses cal-
culated on the basis of thyroid size, radioactive iodine
uptake (RAIU) or the turnover of 13'1.14242> However, our
clinical experience has proven that hypothyroidism de-
velops in approx. 80% of cases, which is not a significant
problem for an experienced clinician, as it only requires
the substitution of L-thyroxin.?®

The premise for using Li is that this compound leads
to the inhibition of thyroglobulin proteolysis and re-
lease of thyroid hormones.! Therefore, it is assumed
that the administered radioactive iodine accumulates
in thyroid tissue to a higher degree, and thus 13'I treat-
ment is possible in patients with critically reduced RAIU
at baseline. However, in the existing literature, there
is relatively little data on the long-term results of the use
of Li in patients with hyperthyroidism, especially those
with a low radioiodine uptake (RAIU) after or during
treatment with amiodarone,32627 after coronary an-
giography, or in cases using iodine-containing contrast
(e.g., eye drops or multivitamin preparations). Addition-
ally, there are few publications related to the use of this
type of therapy and the available publications have too
short observation period or too few patients. Therefore,
amethod involving the administration of Li to hyperthy-
roid patients was introduced.?®

M. Pfaziriska et al. Radioiodine therapy of thyroid disease

Objectives

The aim of this study was to demonstrate the useful-
ness and effectiveness of the administration of Li prior
to the administration of I in patients with established
hyperthyroidism for whom the reduced RAIU did not al-
low this type of treatment.

Materials and methods
Patients and study design

This retrospective study was conducted at the Depart-
ment of Nuclear Medicine in Warszawa, Poland, from Janu-
ary 1, 2005, to December 31, 2016. The study was approved
by the local ethics committee of the county of Warszawa.
Our cohort comprised 569 consecutive patients with hy-
perthyroidism with reduced RAIU at baseline (<30%) and
78 patients with normal or elevated RAIU (comparison
group) treated with 3. Data were retrieved from the med-
ical records of patients who were eligible for this study.
Informed consent was obtained from all participants.

The patients were categorized into 3 following groups:

— group I (Li (-) group): patients with very low RAIU
(<30%), with Graves’ disease (GD), toxic nodular goiter (TNG)
or iodine-induced toxic adenoma (TA) not treated with Li;

— group II (Li(+) group): patients who received Li in or-
der to increase RAIU (>30%), with GD, TNG or TA; and

— group III: the comparison group comprising hyper-
thyroid patients with GD treated with I with correct
or elevated RAIU at baseline.

Among the included patients, low RAIU was caused
by amiodarone therapy (n = 186, 32.7%), coronary angiog-
raphy before the iodine uptake test (n = 281, 49.4%), iodine-
containing eye drops (e.g., lodoxouridine; n = 57, 10.0%), and
multivitamin preparations containing iodine (n = 45, 7.9%).

The etiology of hyperthyroidism was established
on the basis of clinical examination and history of the dis-
ease. The following diagnostic criteria for GD were ap-
plied: 1) biochemical hyperthyroidism (increased serum
free T4 concentration and undetectable TSH) and diffuse
goiter without nodules, with or without an isotopic scan;
2) the presence of the titer of the TSH receptor antibody
(TRAD); and 3) symptoms of mild ophthalmopathy.

The TNG was defined as hyperthyroidism with the pres-
ence of nodular goiter on thyroid ultrasonography and '3
scintigraphy and, in the case of toxic adenoma, clinical
or subclinical hyperthyroidism and the presence of hot
nodules on scintigraphy.

The diagnosis of mild GO was defined based on the fol-
lowing criteria: goiter on thyroid ultrasound, mild proptosis
or mild exophthalmos assessed using an exophthalmom-
eter (<18 mm), and hormonal analyses showing suppressed
TSH levels, as well as an increased concentration of free T4
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(fT4) and free T3 (fT3) combined with positive autoanti-
bodies in regard to the thyrotropin receptor (TSHR-Abs).

Patients with GD for whom long-term remission did not
appear following ATDs treatment, and patients with per-
sistent hyperthyroidism due to toxic multinodular goiter
or single toxic adenoma, were administered 13!1.

Study design

Using a thyroid uptake probe, we counted 2 capsules
of 25 pCi '3, each kept in a neck phantom. A standard
distance of 30 cm was maintained from the phantom
for the purpose of the count. We acquired 2 readings
of 100 s for each capsule and, subsequently, expressed
the average of the 2 readings as counts per minute (cpm).
The first capsule was administered if the average count
of the 2 capsules amounted to £10%, and the patient was
asked to swallow it with plain water. The 2" capsule, la-
belled the ‘standard capsule’, was kept in the neck phan-
tom. Following administration of this capsule, the patient’s
thyroid and thigh counts were measured using a thyroid
uptake probe at 5 h, 24 h, 48 h, 72 h, and 96 h at the same
distance and for the same time; the results were expressed
as cpm. The patient’s thigh counts were used for the correc-
tion of non-thyroidal blood pool activity. The source, which
was kept inside the lucite thyroid phantom, was located
30 cm from the detector (isoresponse distance). Counts
were taken at specific times after each patient’s readings,
namely at 5 h, 24 h, 48 h, 72 h, and 96 h, with the reading
expressed in the standard capsule cpm. The following for-
mula was used to calculate the percentage uptake:

percentage uptake =
= thyroid counts [cpm] - thigh counts [cpm] x 100.

Iodine sensitivity tests were performed using a Siemens
ZLC gamma camera (Siemens AG, Munich, Germany).

After performing RAIU and obtaining the activity
of 1B, patients were scheduled to visit outpatient clinics
at baseline (before radioiodine therapy (RIT)), and at 24 h,
48 h, 72 h and 96 h after the procedure, and after 1, 6 and
12 months during 1 year of follow-up after the initiation
of RIT. The TSH, fT3, T4, and thyroid autoantibodies were
examined at every follow-up visit to the outpatient clinic.

Our study did not include patients with contraindica-
tions to Li, i.e., allergy to lithium, heart and kidney fail-
ure, hypothyroidism, uncontrolled arterial hypertension,
water-electrolyte disorders, Addison’s disease, or brain
diseases with dementia.

Treatment
Antithyroid drug
The ATD therapy was discontinued in all patients be-

fore 131 therapy. Most patients (83%) did not receive ATD
for 5-7 days before 1 treatment. The TD treatment was

3N

discontinued in all other patients for a period of more than
7 days (7-25 days).

Lithium carbonate

Oral administration of adjuvant Li (GlaxoSmithKline
Pharmaceuticals SA, Poznan, Poland) was recommended
for patients with low RAIU. Patients were assigned to re-
ceive a daily oral average dose of 750 mg starting 3 days
prior to 13! therapy and continuing for 7 days following
the administration of 3'1.

Radioiodine therapy

Radioactive iodine was administered as a single, stan-
dard, orally administered dose of 740 MBq (20 mCi) in pa-
tients with GD and TMG (with adjuvant lithium therapy
(750 mg/day for 10 days) or without lithium). The admin-
istered activity of 31 in TA was 555 MBq (15 mCi), irre-
spective of adjuvant Li therapy.

L-thyroxine

In all patients with hypothyroidism (TSH > 4.5 mIU/L)
after 13!I therapy, L-thyroxin therapy was applied.

Assays

A Hitachi Cobas e601 chemiluminescent analyzer (Roche
Diagnostics, Basel, Switzerland) was used to diagnose se-
rum TSH levels (normal range: 0.27-4.2 ulU/mL) and
to perform the hormonal assessments fT4, normal range:
11.5-21.5 pmol/L; fT3, normal range: 3.9-6.8 pmol/L).
Determination of TSH concentrations was performed us-
ing third-generation assays (sensitivity: 0.005 pIU/mL).
Second-generation antibodies (RIA-2 Dynotest TRAK hu-
man; BRAHMS Diagnostica GmbH, Berlin, Germany) were
the radioimmunological method used to measure the ti-
ter of the antithyroid peroxidase autoantibody (TPO-Abs,
reference range: <35 IU/mL), antithyroglobulin antibody
(Tg-Abs, reference range: <115 IU/mL) and TSHR-Abs (ref-
erence range: <2 [U/L).

The serum level of Li was assayed by ion-selective lithium
determination using a lithium electrode and an AVL 988-3
apparatus with automatic three-point calibration. This
method consists of determining the difference in the poten-
tial of the lithium level between the standard and the sample.
The selective potential between the 2 different concentra-
tions of lithium ions was automatically measured. Using this
method, the measurement limit for lithium is in the range
0f 0.1 £9.99 mmol/L and the sensitivity is 0.01 +0.02 mmol/L.

Sonography and scintigraphy

An Aloka SSD-500 (Aloka Ltd., Tokyo, Japan) ultra-
sound machine with a 7.5-MHz linear transducer was used
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to perform ultrasonography of the thyroid. Ultrasound was
also used to measure the thyroid volume. The ellipsoid
model (width x length x thickness x 0.52 for each lobe)
was used for the calculation.?*30

In the case of patients with thyroid nodules, 150 MBq
of #"T¢ was intravenously administered and a thyroid
scintiscan was performed (Nucline gamma camera; Me-
diso, Budapest, Hungary) 30 min later.

Statistical analyses

The thyroid hormone and TSH serum levels before
and after administration of Li were assessed using Stu-
dent’s t-test for independent observations. Friedman’s test
was also used for statistical comparison of mean iodine

uptake measurements before and 5 h, 24 h, 48 h, 72 h,
and 96 h after administration of Li. One-way analysis
of variance (ANOVA) was used to establish if there was
a statistically justified division of the analyzed data into
subgroups of the various clinical forms of hyperthy-
roidism. Variance analysis was preceded by assessment
of the compatibility of the variances of the hypothetical
subgroups using Levene’s test. The mean uptake of 31
before and after the administration of Li for particular
groups at the determined measurement times was also
compared using Student’s t-test. Statistical analyses were
performed using STATISTICA v. 12 software (StatSoft
Inc. Tulsa, USA). The adopted level of statistical signifi-
cance was o = 0.05 and results were considered statisti-
cally significant when p < a.

Table 1A. Baseline characteristic of the hyperthyroid patients (GD, TMG and TA) with reduced RAIU at baseline (<30%) according to the clinical diagnosis

or the demographic, clinical and laboratory characteristics

Characteristic

Females (n, %) 121 (42.6) 107 (36.7)
Males (n, %) 23(8.1) 33(11.6)
Age of females, mean (range) [years] 49 (18-61) 45 (19-54)
Age of males, mean (range) [years] 43 (26-52) 47 (32-58)
Week of diagnosis 23 17
Mild ophthalmopathy

yes (%) 96 (67) 102 (73)

no (%) 48 (33) 38(27)
TSH level [mIU/L]

mean (SEM) 0.0 (0.09) 0.0 (0.04)

range 0.0-0.012 0.0-0.05
Free T3 level [pmol/L]

mean (SEM) 9.6 (3.8) 8.7(5.2)

range 3.9-127 46-11.2
Free T4 level [pomol/L]

mean (SEM) 29.1 (5.6) 32.2(6.7)

range 25.0-39.7 24-45
TSHR-Abs titers [IU/L]

mean (SEM) 12.1 (5.6) 7.8 (4.8)

range 2.1-16.7 2.5-13.7
TPO-Abs titers [IU/mL]

mean (SEM) 3326 (349.4) 2494 (284.8)

range 79-451 134-456
Tg-Abs titer [IU/mL]

mean (SEM) 319.2 (295.7) 329.3 (254)

range 214-546 212-634
Thyroid volume [mL/m?]

mean (SEM) 21.0((34) 249 (5.7)

{Me; min-max} {19.0;,17.8-254} = {21.8;20.8-25.4}

. . 800 (0.0) 800 (0.0)
131

Activity of "'l [MBq] (ImCi]) 22(00) 22(00)

79 (34.2) 74 (32.0) 22 (40.7) 9(16.6)
41(17.7) 37(16.1) 19(35.2) 4(7.4)
51(37-81) 54 (34-78) 54 (33-71) 55(29-87)
59 (42-78) 62 (32-69) 52 (38-83) 56 (32-86)
27 20 13 11
0(0) 0(0) 0(0) 000
120 (52) 111 (48) 41 (76) 13 (24)
0.13 (0.04) 0.1 (0.15) 0.15(0.1) 0.18(0.13)
0.1-0.21 0.01-0.20 0.14-0.23 0.1-0.22
6.6 (3.1) 4.3 (4.1) 4.3(3.9) 394.2)
33-84 3.6-96 3.6-57 4.1-6.2
26 (3.9) 2391 (4.6) 229 (4.1) 21.71 (3.5)
355-325 224-323 18.9-25.9 204-27.1
0.9 (0.6) 1.1(0.5) 1.2(0.5) 2.0(0.6)
03-24 0.5-13 04-17 0.4-2.1
64.5 (34.1) 56.1 (32.5) 52.2(22.5) 45.7 (25.3)
19.0-71.3 31.0-81.7 19.5-49.3 28.5-47.3
1029 (71.4) 1146 (93.5) 91.3(76.6) 89.3(88.3)
49.5-183.0 39.3-161.7 29.5-137 534-1926
19.0 (2.4) 216 (3.6) 17.5 (2.7) 209 (4.8)
{17.2,158-214} = {188;17.7-25.2} | {169;15.1-22.3} | {17.6;16.5-24.3}
800 (0.0) 800 (0.0) 555(15) 555(15)
22(0.0) 22(0.0) 555(15) 555(15)

TSH - thyroid stimulating hormone; fT4 — free tetraiodothyroxine; fT3 - free triiodothyronine; TPO-Abs — thyroperoxidase autoantibodies;
Tg-Abs — thyroglobulin autoantibodies; TSHR-Abs — autoantibodies to the thyrotropin receptor; '*'l - radioiodine; mCi — millicurie; SEM — standard error

of the mean; min — minimum; max — maximum; Me — median.

Data are given as n, mean (SEM, range, %). Normal values in our laboratory are as follows: fT4: 11.5-21.5 pmol/L; fT3: 3.9-6.8 pmol/L; TSH: 0.27-4.2 uu/mL;
TSHR-Abs: <2 IU/L, TPO-Abs: 0-34 IU/mL and Tg-Abs: 10-115 IU/mL. All patients had undetectable serum Tg-Ab, TPO-Ab and TSHR-Abs. Thyroid volume was
measured with ultrasonography (normal values range up to 19 mL for F and up to 25 mL for M).
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Results

Of the 678 patients assessed, 109 were eligible for inclu-
sion in this study. The reasons for ineligibility were: incom-
plete medical records for 38 (35%) patients (27 women and
11 men), retrosternal goiter in 35 (32%) patients (23 males
and 12 females); severe Graves’ ophthalmopathy in 13 (12%)
female patients, and mental disease in 11 (10%) patients,
while 12 (11%) patients did not agree to participate.

The demographic, clinical and laboratory characteristics
of the cohort at presentation are summarized in Table 1A,1B.
Between 2005 and 2016, we were able to obtain follow-up
data for 569 hyperthyroid patients with reduced RAIU
at baseline (<30%). Of these, 284 were classified as suffering
from GD (228 women and 56 men), 231 (153 women and
78 men) developed TMG and 54 (31 women and 23 men)
were assigned to the group with TA.

Adjuvant lithium increased RAIU in all hyperthyroid
patients (Table 2). For the hyperthyroidism Li(-) and Li(+)
groups, respectively, the RAIU at the following time points
(T) was: Tsp, 11.9 £5.6% compared to 23.9 £10.1% (p < 0.001);
Toan 25.9 £8.3% compared to 40.5 £12.4% (p < 0.05);
Tygn, 27.8 £8.1% compared to 40.9 £13.7% (p < 0.05); Ty,
26.2 +10.2% compared to 39.5 +11.2% (p < 0.01); and Tygy,
24.7 £7.1% compared to 37.4 £10.1% (p < 0.01). In the com-
parison group, RAIU was 31.3% +10.2% at Tsp, 52.3% +6.9%
at Togn, 54.9 +12.7% at Tygn, 47.5 £10.8% at Ty, and
38.5 +9.2% at Togp,.

In the Li(+) group, the RAIU before administration
of lithium was 12.0 +4.4% at Ts;, 25.0 +5.4% at T,y and
24.0 £6.0% at Togn, (p > 0.05 for all 3 time points in com-
parison to the Li(-) group).

Table 1B. Clinical and biochemical characteristic of the Li(=) and Li(+) and comparison groups at baseline

Characteristic

Examined groups

Comparison group

Females (n, %) 222 (39.0)
Males (n, %) 83 (14.9)
Age of females, mean (range) [years] 52 (32-81)
Age of males, mean (range) [years] 51 (26-83)
Week of diagnosis 13-27
Mild ophthalmopathy

yes (%) 96 (17)

no (%) 209 (37)
TSH level [mIU/L]

mean (SEM) 0.09 (0.07)

range 0.0-0.23
Free T3 level [pmol/L]

mean (SEM) 56(3.6)

range 3.3-12.7
Free T4 level [pmol/L]

mean (SEM) 26.0 (4.5)

range 25-325
TSHR-Abs titers [IU/L]

mean (SEM) 47 (2.2)

range 09-134
TPO-Abs titers [IU/mL]

mean (SEM) 149.7 (135.3)

range 39.1-190.5
Tg-Abs titer [IU/mL]

mean (SEM) 171.1 (147.9)

range 97.6-307.2
Thyroid volume [mL/m?]

mean (SEM) 156 (2.9)

{Me; min—-max} {15.7; 14.1-54.1}
Activity of "'l [MBg] (ImCi]) 814 (22)

190 (33.4) 57 (37.0)
74 (13.00) 21(27.0)
53(29-87) 51 (19-59)
55(27-86) 47 (21-52)
11-20 12-25
102 (18) 46 (59)
162 (28) 32(41)
0.0(0.12) 0.0 (0.04)
0.01-0.22 0.00-0.19
8.2(4.1) 56(3.3)
3.9-6.2 31-74
293 (5.8) 274 (6.7)
204-323 219-336
36(1.9) 6.7 (2.8)
1.1-5.7 24-112
117.0(114.2) 189 (345.8)
64.5-195.0 116.0-1285.0
177.3(145.3) 231.7(1984)
113.2-3294 98.2-1121.0
18.9 (3.6) 215 (4.7)
{16.5; 13.4-43.3} {17.5;16.4-42.3}
814 (22) 185.0-814.0 (5-22)

TSH - thyroid stimulating hormone; fT4 — free tetraiodothyroxine; fT3 — free triiodothyronine; TPO-Abs — thyroperoxidase autoantibodies;
Tg-Abs — thyroglobulin autoantibodies; TSHR-Abs — autoantibodies to the thyrotropin receptor; *'l - radioiodine; mCi — millicurie; SEM — standard error

of the mean; min — minimum; max — maximum; Me — median.

Data are given as n, mean (SEM, range, %). Normal values in our laboratory are as follows: fT4: 11.5-21.5 pmol/L; fT3: 3.9-6.8 pmol/L; TSH: 0.27-4.2 uU/mL;
TSHR-Abs: <2 IU/L, TPO-Abs: 0-34 IU/mL and Tg-Abs: 10-115 IU/mL. All patients had undetectable serum Tg-Ab, TPO-Ab and TSHR-Abs. Thyroid volume was
measured with ultrasonography (normal values range up to 19 mL for F and up to 25 mL for M).
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Table 2. The mean iodine uptake values (RAIU) in all studied groups

Time of observation of RAIU [h]

M. Pfaziriska et al. Radioiodine therapy of thyroid disease

Li (=) group [%] 11.9£5.6 259483 278 +8.1 26.2+10.2 24.7 7.1
Li (4) group [%] 239 £10.1 405 +124 409137 395£11.2 374 +£10.1
Comparison group [%)] 31.3£10.2 523169 549 £12.7 475 +10.8 385492

Thyroid hormone concentrations

For the Li(-) and Li(+) groups, differences in the serum
level of fT3 (Fig. 1) were recorded at most time points
(p = 0.001), except at 48 h and after 6 and to 12 months
of follow-up. The initial concentration of fT3 in Li(+) pa-
tients was 8.2 +4.1 pmol/L, while that in 3T Li(-) patients
was significantly lower at 5.6 +3.6 pmol/L (p < 0.001).
The fT3 level in 131 Li(-) and 13!I Li(+) patients at each time
point was as follows: after 24 h, 8.1 £3.9 pmol/L compared
to 6.2 £3.2 pmol/L; after 48 h, 8.1 £3.9 pmol/L compared
to 7.8 £4.1 pmol/L; after 72 h, 8.3 +4.4 pmol/L compared
to 6.3 £3.9 pmol/L; after 96 h, 8.4 +3.4 pmol/L compared
to 6.0 £3.1 pmol/L; after 1 month, 8.7 +4.5 pmol/L com-
pared to 7.1 £5.1 pmol/L; after 6 months, 4.9 +3.1 com-
pared to 5.1 £3.9 pmol/L; and after 1 year, 3.1 +3.7 pmol/L
compared to 3.8 £3.9 pmol/L.

The baseline serum T4 concentration in Li(+) patients
was 29.3 +5.8 pmol/L, which was significantly higher than
in Li(-) patients (26.0 +4.5 pmol/L; p = 0.001). However, after
24 h and up to 1 month into the observation period, the fT4
concentration was significantly lower in the 31 Li(+) group
compared to the ¥ Li(-) group (p < 0.001). After 24 h, it was
27.9 £3.9 pmol/L compared to 34.2 +7.4 pmol/L; after 48 h,
itwas 27.3 +3.8 pmol/L compared to 38.2 +5.2 pmol/L; after
72 h, it was 25.7 +4.8 pmol/L compared to 38.2 pmol/L +5.2;
after 96 h, it was 24.8 +5.0 pmol/L compared to 38.2 +5.2
pmol/L; after 1 month, it was 29.3 +4.2 pmol/L compared
to 39.7 £6.7 pmol/L; after 6 months, it was 21.2 +7.5 pmol/L
compared to 19.5 +6.1 pmol/L; and after 1 year, it was
19.6 +6.4 pmol/L compared to 18.1 +3.9 pmol/L (Fig. 2).

ft3

0 24h 48h 72h 96h

time after

Li{+)

Control ==@=Li(-)

1 month

Therefore, a significant reduction of fT4 and fT3 was
observed in the Li(+) group compared to the Li(-) and com-
parison groups. This significant reduction was observed
at each subsequent time point following 1.

Comparison of the mean TSH serum concentrations
of patients before and after administration of Li did not
show a statistically significant difference (p > 0.05). The av-
erage TSH level before administration of Li was 0.3 mIU/L,
and after administration of Li it was 0.45 mIU/L. All pa-
tients who received Li underwent analysis of serum con-
centrations on the 7" day of application, obtaining values
from 0.34 mmol/L to 0.49 mmol/L, with a mean value
of 0.5 £0.06 mmol/L.

Clinical thyroid status

At 1 year, 462 patients (81.2%) were successfully treated
(hypothyroid or euthyroid) and 107 (18.8%) remained hy-
perthyroid. Euthyroid status was achieved by about 10%
of patients, including approx. 70% of Li(+) group patients
with GD. In the group with TNG, this percentage was 43%,
including 74.7% in the Li(+) group; in the TA group, this
percentage was approx. 76%, including 71% in the Li(+)
group. In addition, clinical signs were less pronounced
during follow-up in patients in the Li(+) group. Among Li(+)
group patients with GD, recurrent hyperthyroidism was
observed in approx. 31% of patients with GD and 29% of pa-
tients with TMG, whereas no cases of recurrent hyper-
thyroidism were diagnosed in patients with TA, as judged
from biochemical analysis, clinical symptoms and reduced
demand for antithyroid medications (Table 3).

Fig. 1. Serum fT3 concentrations for the Li(-)
and Li(+) groups and the comparison group
at baseline and at each subsequent time
point following *'l administration

6 months 12months
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Fig. 2. Serum fT4 concentrations for the Li(-)
and Li(+) groups and the comparison group
at baseline and at each subsequent time
point following 'l administration
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Table 3. Clinical outcome of a single fixed dose (555(15mCi)* MBq or 740 MBq (20mCi)) of radiociodine for all patients

Euthyroid Hypothyroidism Hyperthyroidism | Treated with 15 dose of 3"l | Treated with 2"¥ dose of 3|
[Empty cell] (n, %) (n,%) (n,%) (n, %) (n, %)
pty (Li(), %/ (Li(), %/ (Li(), %/ (Li(), %/ (Li(), %/
Li(+), %) Li(+), %) Li(+), %) Li(+), %) Li(+), %)
. 28(9.8) 195 (68.6) 61 (21.6) 238(83.8) 46 (16.2)
() 9(32.1)/ 84 (43.1)/ 42 (688)/ 187 (78.6)/ 28 (60.9)/
- 19 (67.9) 111 (56.9) 19(31.2) 51 (21.4) 18 (39.1)
. 99 (42.8) 90 (39.0) 42(182) 193 (33.9) 38(6.7)
(= 231) 25(25.3)/ 27 (300)/ 30(71.4)/ 151 (78.2)/ 31(81.6)/
n= 74 (74.7) 63 (70.0) 12 (286) 42(218) 7(184)
ae 41 (75.9) 9(16.7) 4(7.4) 49 (8.6)* 5(87.8)
e 12 29.3)/ 2222)/ 4(100)/ 29 (59.2)/ 3(60)/
- 29 (70.7) 7.(77.8) - 20 (40.8) 2 (40)
All (mean) 168 (29.5) 294 (51.7) 107 (18.8) 480 (84.3) 89 (15.6)
(n = 569) 46 (27.4)/ 113 (38.4)/ 76 (71.0)/ 367 (76.5)/ 62 (69.7)/
- 122 (72.6) 181 (61.6) 31(29.0) 113 (23.5) 27 (30.3)
Ef;’gison group 21 (269) 40 (513) 17.21.8) 63 (80.8) 15(19.2)

* Administered activity of 3'l in patients with toxic adenoma was in each case equal to 555 MBq (15mCi), while in other cases an “ablative” dose of 740 MBq
(20mCi) of "' was used.

Discussion

during Li administration is independent of the degree
of prolonged iodine retention in the thyroid. In our study,

Li is as a normothymic drug widely used in psychiatry, administration of Li according to the proposed regimen

thyrology and therapy for hyperthyroidism. Its mechanism
of action is not fully understood, although it is believed
to work similarly to iodine. Moreover, ionized lithium in-
hibits proteolysis of thyroglobulin,'? inhibits T4 to T3 con-
version,” and reduces the concentration of thyroid hor-
mone transport proteins in the blood serum."*? The data
on the effect of Li on thyroid iodine in the literature is di-
vergent. An increase in iodine uptake after administra-
tion of Li was described by Sedvall et al.3? The authors
demonstrated that Li administered for 12 consecutive days
resulted in a decrease in the level of protein-bound iodine
in all 7 patients, alongside an increase in iodine uptake
from 26% to 36.7% after 24 h. Similar results were obtained
in animals by Berens et al.?® These authors also found that
the increased ability of the thyroid to accumulate iodine

caused a significant increase of RAIU in all patients after
adjuvant therapy, and iodine uptake increased from approx.
12% to 24% and from 25% to 41% after 24 h in comparison
to RAIU after 5 h. The results of our research, which are
consistent with most of the data available in the literature,
have demonstrated the significant role of lithium adjuvant
therapy in increasing RAIU.

Different results were presented by Temple et al.3* and
Turner at al.*® Temple et al. studied, among other things,
the effect of Li on thyroid RAIU in 11 patients with hy-
perthyroidism. The initial iodine uptake of T4y, in this
group was 33 +88% and did not change during adminis-
tration of 900 +1500 mg of Li for 10 days. Turner et al.,?”
on the other hand, administered 400 mg of Li for 1 week
before and continued for 1 week after administration
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of a standard therapeutic dose of radioiodine (5 mCi).
The To4p at baseline in this group was approx. 70%, while
after administration of Li it was 67%. Summarizing the ob-
tained results, the authors emphasized the fact that Li only
affected the effective half-life of iodine, but did not affect
iodine uptake. The basic difference between the groups
studied by Sedvall et al.,?? Turner at al.3* and Temple et al.3*
concerns the initial iodine uptake. In a study by Sedvall
et al.,®2 it amounted to 26%, as mentioned above, while
in a study by Turner et al.,* it was 70%.

In the paper by Bogazzi et al. additional studies were car-
ried out on a group of patients for whom the iodine uptake
Toun was at least 30%.® The administration of Li to this
group did not significantly increase iodine uptake. Given
the literature data and our own observations, it should
be assumed that the Li effect depends on the initial value
of T If the initial iodine uptake is relatively high, Li may
not affect this parameter; however, if it is lower, it should
be assumed that Li will likely cause it to increase. As noted
above, this is certainly not the only parameter determin-
ing the effect of Li. In some patients with reduced T4y,
the administration of Li may not have the desired effect.
The basic condition for conducting radioisotope treatment
of patients with hyperthyroidism is adequately high reten-
tion of radioiodine in the thyroid gland. In some patients,
it is so low that the use of radioactive iodine is impossible
or involves a much higher dose of radioactivity, especially
after treatment with amiodarone?® or shading agents.3®

The results of our study confirm the present observa-
tions?® and indicate that even a few days of administra-
tion of Li results in favorable changes in thyroid hor-
mone levels in blood serum, such as decreases in the fT3
and T4 levels, and has no effect on the TSH level. This
result certainly depends on the inhibitory effect of Li
on thyroglobulin proteolysis and the secretion of thyroid
hormones into the bloodstream. In our study, the serum
level of fT3 at baseline in the Li(+) group was 8.2 +4.1
pmol/L and after Tog, it was fT3 6.0 +3.1 pmol/L; T4
at baseline was 29.3 5.8 pmol/L and after Tyg, it was
24.8 +5.0 pmol/L. The significant effect of short-term
administration of Li on the T3 level can result from a de-
crease in the concentration of transport proteins (TBG),
which was previously described, but mainly results from
inhibition of the conversion of T4 to T3. Jarlov et al.?* con-
cluded that administration of Li at a dose of 32.4 mEq/day
led to a decrease in the level of T4 by 13% on the 3¢ day
of the regimen and a 27% decrease by the 10" day, whereas
the decrease in the concentration of T3 in the blood se-
rum (resin test) was 16% and 38% on the 3'¢ and 10" day,
respectively.

Data concerning changes in the concentration of thy-
roid hormones 1 week after administration of a radioiso-
tope can be found in a publication by Bogazzi et al.!* and
our earlier research.?! Bogazzi et al.!* evaluated the effect
of the administration of Li on the course of treatment with
1311 in patients with GD. The authors observed a transient

M. Pfaziriska et al. Radioiodine therapy of thyroid disease

increase in fT3 and fT4 and an increase in the thyroglobu-
lin level in patients who did not take Li. These changes
are likely caused by the direct destructive action of ion-
izing radiation on follicular cells. This phenomenon
was not observed in patients additionally treated with
Li. Similar observations were reported by Martin et al.”
In our results, which do not deviate significantly from
that study, the levels of thyroid hormones after admin-
istration of '*'I were evaluated after 1, 6 and 12 months.
It was shown that in this period, the group of patients
receiving Li was characterized by significantly lower lev-
els of thyroid hormones. This phenomenon is extremely
beneficial in the initial period of radioiodine treatment
as it allows for faster euthyreosis than in patients who do
not receive Li. Furthermore, it likely allows for avoiding
transient increases in thyroid hormone levels as a result
of ionizing radiation in the initial period after the admin-
istration of 13!1.

Our findings indicate that the administration of Li for
a short period of time does not cause significant changes
in serum TSH levels. The TSH was normalized only a few
months after the administration of *I. Similar results
have been reported by other authors.31:3%37

This paper presents a different method of determining
the therapeutic activity of radioiodine than used in pre-
vious publications on the therapeutic effects of *'I and
Li. The recommended dose determination method has
now been adopted in clinical practice. The administered
1T activity of 131 in patients with toxic adenoma was
in each case equal to 555 MBq (15 mCi), while in other
cases, an “ablative” dose of 740 MBq (20 mCi) of '3'I was
used. Despite the use of such a high 13! activity for 3],
22% of patients should have been treated with the second
activity of 3. Previous studies used the standard dose®?
or calculated the radioactivity used per 1 g of tissue.?! De-
spite these methodological differences, the curative effects
shown in the cited works and in our study are similar.
The administration of Li had a positive effect on the ef-
ficacy of radioisotope treatment in the early period after
the administration of 13'1.

At one-year follow-up, in the group of patients with GD
with Li(+), hyperthyroidism persisted in approx. 31% of pa-
tients after administration of Li, while remission euthy-
roidism and hypothyroidism were obtained in 67% and 57%
of patients, respectively (Table 3). In the Li(+) group with
TMG, recurrent hyperthyroidism was observed in 28.6%
of patients, whereas in patients with TA, no cases of re-
current hyperthyroidism were diagnosed, as judged from
biochemical analysis, clinical symptoms and reduced de-
mand for ATD. In the group with toxic nodular goiter,
the percentage of successfully treated patients in the Li(+)
group was approx. 25% (euthyroidism) and 70% had hypo-
thyroidism; in the toxic adenoma group, it was approx. 70%
(euthyroidism) and in the Li(+) group of patients, it was
approx. 78% (hypothyroidism). Additionally, clinical signs
were less pronounced during follow-up in patients with
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Li(+). Similar percentages were observed for the control
group, with hyperthyroidism found in 21.8% of patients
and remission in 78.2% of patients. Our observations were
confirmed by Bogazzi et al.,>® who demonstrated that
adjuvant lithium therapy is more effective, as evidenced
by the fact that much better theranostic effects were ob-
tained. Most patients (approx. 84%, with Li(+)) were given
a single therapeutic dose of radioiodine.

No significant side effects (e.g., nausea, diarrhea and
anorexia) were reported in the studied group of patients
after administration of Li. Bogazzi et al.’! used a similar
treatment protocol (298 patients treated with combined 31
and Li therapy) and reported nausea in 19.4% of patients
and polyuria in 23.9% of patients, although these changes
were not statistically significant.

Burrow et al.* observed side effects in only 2 of 13 pa-
tients receiving 900 mg of Li per day. The side effects con-
sisted mainly of enlargement of the thyroid gland. How-
ever, goiter regressed after cessation of treatment. In 2015,
the European Medicine Agency announced that long-term
use of lithium might induce renal tumors. However, a re-
cent study by Ambrosiani et al.** based on 33 years of ob-
servation of 1871 lithium patients (clinical records) clearly
demonstrated low rates of and mortality due to thyroid
or renal cancers in patients receiving permanent adjuvant
lithium therapy.

In our study, due to the therapeutic activity of 13!I, no
thyroid goiter was observed in any case. In all cases, goi-
ter was significantly reduced, which was the aim of this
treatment.

Limitations

Our study has some limitations. Firstly, we could not
study the level of urinary iodine excretion in this group
of patients as an indicator of the overall iodine pool
in the body. Therefore, it is assumed that a significant
reduction in thyroid iodine uptake capacity as a result
of the increased overall pool of iodides in the body might
be a possible determinant of Li inefficiency. Secondly,
our study did not analyze the titer of the thyroid an-
tibodies in serum; however, it has not been previously
observed that short-term administration of Li results
in intensification of clinical symptoms (e.g., infiltrative
exophthalmos).

Conclusions

The results of this study of a large cohort of patients
with different types of hyperthyroidism (GD, TMN and
TA) suggest that a short course of adjuvant lithium and 31
therapy is feasible, highly effective and safe, particularly
in patients with low RAIU. Lithium therapy may be a valu-
able adjunct in this group of patients to reduce thyroid
hormone levels.
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Abstract

Background. Anterior cruciate ligament (ACL) reconstruction is the prevailing procedure in cases of ACL
rupture.

Objectives. To assess the long-term safety of implementing a synthetic ligament with the Ligament
Advanced Reinforcement System (LARS) in primary reconstruction of the ACL.

Material and methods. The retrospective analysis involved 403 patients who had undergone ACL re-
construction with the same results in clinical and functional assessments. The patients comprised 2 groups.
In group |, a LARS graft was implemented, while in group I, an autograft was used. The Lachman test,
anterior drawer test, pivot-shift test, Lysholm scale, IKDC 2000, pain posited to be experienced, the pos-
sibility of postoperative complications, the time required to return to work, and revision surgery were all
considered and analyzed.

Results. The visual analogue scale (VAS) pain score in group | ranged from 37.34 +8.22 mm on day
3t0 17.21 +5.45 mm on day 28. In group I, it ranged from 64.72 +10.20 mm on day 3 (p < 0.05)
10 18.67 +6.57 mm on day 28. The period of time taken toreturn to office work in group [ was 7.04 +1.82 weeks,
and 9.21 £1.75 weeks in group Il (p < 0.05). The time taken to return to physical work in group | was
20.50 £2.971 weeks, and 21.12 £3.12 weeks in group Il. Postoperative scar and local complications were
statistically less prominent in group I. The cost and number of revision surgeries were greater in the first group.

Conclusions. Reconstruction of the ACL using a synthetic graft such as LARS yields similarresults to an auto-
graftina cohort follow-up. Long-term results show a large number of revision surgeries when LARS is used.
This method should be used with caution.

Key words: ACL reconstruction, LARS graft, arthroscopy, synthetic graft, autograft
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Background

The anterior cruciate ligament (ACL) is recognized
as the most regularly injured ligament in the human knee.!
In the USA, the average frequency of ACL injury incidence
numbers 200,000 cases per year.? The injury most com-
monly occurs in individuals who are physically active and
engage in dynamic sports.! For patients seeking to return
to such physical activity, the standard treatment for ACL
injury is ligament reconstruction,?® followed by a postop-
erative physiotherapeutic procedure.*® Restoring knee
stability is the goal of reconstruction, and in turn aims
to reduce the risk of secondary injuries such as further
damage to the menisci and degenerative osteoarthritis.®’
An analysis of epidemiological data points to an increase
in the incidence of ACL ruptures and ensuing reconstruc-
tions.® During the reconstruction, the torn ligament can
usually be replaced with an autograft or allograft. Synthetic
ligament usage is also a possible graft option. Autograft
choices are the patellar, hamstring and quadriceps ten-
dons, while the allograft options consist of the quadriceps,
patellar, Achilles, hamstrings, anterior and posterior tibi-
alis tendons, and the fascia lata.?!! Truncated surgical and
anesthesia time, fewer postoperative complications, lower
chance of morbidity at the harvest site, quicker postop-
erative recovery, less incidence of postoperative arthrofi-
brosis, and a lower amount of postoperative pain experi-
enced are among the main advantages of allograft usage
for ACL replacement.*® In contrast, autograft usage may
lead to higher rates of re-rupture, have limited availability,
delay the process of healing and ligamentization when
compared to autografts, have a higher risk of transmitting
disease, and result in greater overall costs.”1?13 The syn-
thetic materials being used in ACL reconstruction were
introduced in hope of improving the firmness and stabil-
ity of the graft after reconstruction, reducing instances
of donor site morbidity, and eliminating the potential for
disease transmission.!* That being said, the first artificial
grafts were plagued by high rates of failure and synovitis
reactivation,'® thus, with constantly advancing technology,
new synthetic materials have been and are being developed
for ACL reconstruction grafts.'® The emergence of syn-
thetic materials in ACL deficient knee treatment came
at the beginning of the 20" century with the usage of silk
and silver fibers. New synthetic materials being proposed
for torn ACL replacements proliferated in the second half
of the 20" century. These materials include Supramid®,
Teflon® or Dacron®, Proplast®, carbon fiber graft, ABC
graft, Kennedy-LAD®, Trevia, Leeds-Keio, Gore-Tex®,
PDS®, EULIT®, and Polyflex®, Ligament Advanced Rein-
forcement System, and Ligament Advanced Reinforcement
System (LARS)®.1718 Artificial ligaments have piqued sur-
geons’ interest for all these years because of the optimism
for grafts that are easily available and stronger than soft
tissue “off-the-shelf” grafts, simplification of surgery, and
avoidance of graft harvesting and donor site morbidity.

M. Kentel et al. LARS in ACL reconstruction

However, most of the artificial grafts have been beset with
high failure rates. One of the very few synthetic grafts gain-
ing widespread popularity has been LARS®. It is suggested,
however, that the ligament not be considered a potential
graft for primary reconstruction of the ACL, and should
be treated as an alternative graft in special cases, so the op-
timal synthetic graft material remains controversial.1*-2!

Objectives

The aim of this study was to assess the long-term safety
of implementing the LARS synthetic ligament in the pri-
mary reconstruction of the ACL.

Materials and methods

The reported study was a retrospective cohort study.
The sample was composed of patients who had undergone
primary ACL reconstruction at the Trauma and Ortho-
pedics Department of eMKaMED Hospital in Wroctaw,
Poland. Out of the 572 male patients treated from 2012
to 2018 with a partial lesion of the ACL involving an-
teromedial bundle damage requiring primary unilateral
intra-articular ACL reconstruction, 403 patients homo-
geneous in terms of age and gender met the inclusion cri-
teria for the study. Group I consisted of 46 patients aged
33.2 £10.6 years who underwent primary unilateral ACL
reconstruction of the knee using LARS graft; group II con-
sisted of 357 patients aged 29.4 £16.5 years who underwent
primary unilateral ACL reconstruction of the knee with
the use of autograft.

The study was carried out in accordance with the prin-
ciples of the Declaration of Helsinki and was given ap-
proval by the Bioethics Committee of the Wroclaw Medi-
cal University. Each participant was informed of the aim
of the study and the applied approach, and each signed
to indicate their informed consent for participation
in the study. An additional goal of the evaluation was
to present the patient with the technique that was to be ap-
plied. The ACL capacity was analyzed with the 3 tests that
are most frequently applied in clinical practice. The ortho-
pedic assessment dealt with the range of motion (ROM)
in the knee joint and included the Lachman test, anterior
drawer test and pivot-shift test. The analysis was combined
with a subjective evaluation using the International Knee
Documentation Committee (IKDC) 2000 and Lysholm
scales. Special attention was focused on complication
and revision surgery. The follow-up was carried out over
the course of 3 years.

The first limb assessed was the non-traumatic limb
in order to evaluate its ROM and stability, and to make
the patient familiar with the technique of the examination.

The examination was performed at 3, 7, 14 and 28 days
post-surgery, and then at 12, 24 and 36 months post-surgery.
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The ROM measurement of the knee was taken bilaterally
using a standard goniometer. The inter-limb difference
in anterior tibial dislocation taken from the Lachman test
and anterior drawer test was judged normal (0; 0-2 mm),
nearly normal (1+; 3-5 mm), abnormal (2+; 6-10 mm),
or severely abnormal (3+; > 10 mm).?? Anterolateral ro-
tational knee stability was evaluated manually utilizing
the pivot-shift test. The pivot-shift test was deemed nega-
tive when, referencing the ligament examination section
of the 2000 IKDC, the anterolateral rotational dislocation
of the tibia relative to the femur was equal in both lower
limbs and positive when the difference between the limbs
was judged + (glide), ++ (clunk) or +++ (gross). Moreover,
early and late complications eventually requiring revision
surgery were also analyzed.

Surgical technique

Each of the patients was operated on by the same team,
employing the same surgical technique and autograft
(hamstring; Fig. 1) or LARS (synthetic graft) (Fig. 2).
The graft was secured using the Endobutton (Smith—
Nephew, Warszawa, Poland) on the femur and the Com-
posiTCP30 interference screw (Biomet, Warszawa, Poland)
on the tibia. It was constructed using the “outside-in” tech-
nique with the aimer device.

Fig. 1. Right knee ACL reconstruction using autograft

Fig. 2. Right knee ACL reconstruction using LARS
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Postoperative management

Postoperative management was carried out according
to ACL reconstruction protocol over a period of 6 months.

Statistical analysis

Statistical analysis was interpreted using TIBCO Sta-
tistica™ (TIBCO Software Inc., Palo Alto, USA) and Mi-
crosoft Office Excel 365 Personal (Microsoft Corporation,
Redmond, USA). As for characteristics of the sample and
the survey of the knee “giving way”, as it is colloquially
referred to, the results of Lachman test, anterior drawer
test and pivot-shift test were used and the number of pa-
tients (n) who obtained a given result in each group estab-
lished. The arithmetic mean (AM) and standard devia-
tion (SD) were calculated for the following parameters:
active extension and flexion range in both the involved
and the uninvolved leg (°), and the total scores obtained
on the Lysholm scale (n points) and IKDC 2000 question-
naire. The Shapiro—Wilk test was conducted to determine
the normality of distribution for the parameters. Statistical
significance was set at p < 0.05.

The visual analogue scale (VAS) was applied on days 3,
7, 14, and 28 post-surgery (VAS is a scaled ruler from 0
to 100 mm with an accuracy of 1 mm). Complications were
then noted (hematomas at the collection site and intra-
articular hematomas, skin sensation disturbances, pain
in and around the back of the thigh). During the check-
ups at 12, 24 and 36 months post-surgery, complications
were noted (skin sensation disturbance, pain in the back
of the thigh).

Choosing of the type of transplant
by the patient

After qualifying the patient for surgery on the basis
of the abovementioned diagnostics and their acceptance
of this method of treatment, the graft choice was explored
with the patient. The ultimate decision as to the choice
of graft, after the operating physician discussed the avail-
able options along with their benefits and drawbacks, was
made by the patient.

Results

There was no statistical difference considering clinical
examination and subjective and objective scales (i.e., Lach-
man test, anterior drawer test, pivot-shift test, Lysholm
scale, and IKDC 2000 evaluation). Statistical differences
were found when referring to return to work and to physi-
cal activity, and to resulting complications.

Patients after undergoing surgery utilizing LARS re-
turned more quickly to work and physical activity.
On the other hand, the main complications also concern
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the LARS group. Revision surgery was performed much
more often in the LARS group than in the autograft group
(50% compared to 4.5%). Moreover, revision operations
in the LARS group were much more difficult to perform
due to the greater damage to the knee.

Functional assessment results

Within 24 months of the reconstruction of the ACL,
the average total number of points obtained on the Lysholm
scale in group I was 98.65 +4.25 points. In group 1I, patients
obtained an average of 97.42 +4.28 points in the same period
after the surgery (Fig. 3). Comparative analyses of the re-
sults of the functional assessment based on the Lysholm
scale did not show statistically significant differences
in the examined groups (p = 0.212).

Within 24 months of the reconstruction of the ACL,
the average total number of points on the IKDC 2000 scale
obtained in group I was 96.79 +6.54 points. In group II,
patients obtained an average of 95.21 +5.36 points
in the same period since surgery (Fig. 3). Comparative
analyses of the results of the functional assessment did not
show statistically significant differences in the examined
groups (p = 0.886).

= Group| mGroupll
120

100

80
60
20 -
20
0

Lysholm scale IKDC 2000 scale

Fig. 3. Comparative analysis of the total number of points on the Lysholm
scale and on the IKDC 2000 scale obtained in group | and group Il

Results of pain assessment

The pain felt on a daily basis in the operated limb
in group I can be interpreted as mild and at a maximum
on the 3™ day post-operation (AM = 37.34 +8.22 mm).
A comparative inspection of the results of the assess-
ment of the extremity of daily pain in the operated limb
in group I exhibited statistically significant differences
(p < 0.001) between the results acquired successively
on postoperative days 3, 7, 14, and 28 (Fig. 4). The intensity
of pain felt on a daily basis in the operated limb in group I
was significantly lower (p < 0.001) on postoperative day 7
(AM = 29.22 +7.67 mm) than on postoperative day 3
(AM = 37.34 £8.22 mm). Pain experienced also signifi-
cantly decreased (p < 0.001) on the 14" postoperative day
(AM =20.67 £6.66 mm) compared to the 7" postoperative
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day. The intensity of pain sensations in the operated limb
on the 28" postoperative day (AM = 17.21 +5.45 mm) was
comparable to the pain experienced on the 14" day after
surgery (p = 0.448). The pain experienced in the operated
limb in group II on the 3" postoperative day was moder-
ate in nature (AM = 64.72 £10.20 mm). In the subsequent
postoperative days, the values did not exceed 49.54 mm,
and can therefore be considered mild pain. Compara-
tive analyses of the evaluation results of the intensity
of pain experienced on a daily basis in the operated limb
in group II, similarly to group I, showed statistically sig-
nificant differences (p < 0.001) between the results ob-
tained successively on 3, 7, 14, and 28 days post-surgery
(Fig. 4). The intensity of daily pain in the operated limb
in group II significantly (p < 0.001) decreased on day 7
after the surgery (AM = 49.54 +9.33 mm) when compared
to day 3 after surgery (AM = 64.72 £10.20 mm). Between
days 7 and 14 post-surgery (AM = 32.42 +8.20 mm), the in-
tensity of pain also decreased significantly (p < 0.001).
Pain felt in the operated limb on day 28 after the operation
(AM = 18.67 +6.57 mm) was significantly (p < 0.001) less
intense than on the 14" day after the operation. Com-
paring results of the assessment of the intensity of pain
experienced daily in the operated limb showed that
in group I, the level of pain was significantly lower than
in group II (from p < 0.001 to p = 0.28). A comparative
analysis of the results obtained in both examined groups
is shown in Fig. 4.

~o-~Group | -e=Group Il

100
80

VAS [mm]

3 days 7 days 14 days 28 days

postoperative period

Fig. 4. Results of the assessment of the intensity of daily pain experienced
in the operated limb in groups | and Il on subsequent postoperative days

Results of the return to work evaluation

The patients from group I were able to return to office work
significantly (p <0.001) earlier (AM = 7.04 +1.82 weeks) than
to physical work (AM = 20.50 +2.91 weeks). In group II,
patients were also able to return to office work signifi-
cantly (p < 0.001) more quickly (AM = 9.21 +£1.75 weeks)
than to physical work (AM = 21.12 + 3.12 weeks) (Fig. 5).
Patients from group I returned to office work significantly
earlier (p < 0.001) than patients from group II. The time
necessary in order to return to physical work was similar
in both groups (p = 0.904) (Fig. 5).
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Fig. 5. Comparison of time taken to return to office work and to physical
work in both groups

Local postoperative complications

Skin hypoesthesia was not present in any of the pa-
tients in group I. In contrast, it was present in 187 pa-
tients in group II, accounting for 52% of patients in this
group. Symptoms of skin hypoesthesia subsided in less
than 6 months after reconstruction of the ACL in 52%
of the patients. Symptoms of skin hypoesthesia subsided
within 12 months of surgery in 6% of the patients. No
patients in group I complained of discomfort in the pos-
terior thigh of the operated limb. However, 84 patients
from group Il reported this symptom, which accounted for
24% of the patients from this group. Thigh pain resolved
in less than 1 month of reconstruction of the ACL in 88%
of the patients. In the remaining 12% of patients, discom-
fort in the posterior thigh of the operated limb lingered for
more than 12 months post-surgery. Twenty-four patients
from group II had a hematoma at the graft site, which made
up 6% of group II. Three out of 24 patients with hematoma
received conservative treatment, and 1 patient out of the 4
with hematoma required surgical intervention.

Late complications

Revision surgery in autograft group was required in 21
cases (5.6%) because of: secondary instability (loosening
graft) — 4 cases, secondary instability (graft rupture) — 14
cases, arthrofibrosis — 2 cases, and joint infection — 1 case.

Revision surgery in LARS group was performed in 23
cases (50%) because of: secondary instability (loosening
graft) — 1 case, secondary instability (graft rupture) — 18
cases, arthrofibrosis — 2 cases, joint infection — 1 case,
synovitis — 2 cases, cartilage lesion — 2 case, and synovial
cyst — 5 cases (Fig. 6-11).

Discussion

The ACL reconstruction in adults using the LARS
technique yields good results in short-term postopera-
tive observations. The main advantages are: the possibility

Fig. 6. LARS rupture after 12 months

Fig. 7. Partial LARS rupture after 12 months — synthetic components

Fig. 8. Cartilage damage

Fig. 9. Synovitis
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Fig. 10. Partial LARS rupture after 24 months - synthetic components

Fig. 11. Synovitis after 24 months

of increased load on the limb in a shorter time compared
to natural grafts, increased mechanical strength, no local
complications related to graft collection, and overall lower
cost than autograft.?-2° This was also confirmed in our
research.?”-%

Despite the existence of the LARS technique since
the 1990s, it is a rarely performed procedure compared
to natural transplants. There are also few long-term post-
operative follow-ups.2>26:30

The gold standard in ACL reconstruction is still recon-
struction with the use of autogenous transplant. The LARS
method is intended for people who require revision recon-
structions, with limited possibilities of obtaining an autog-
enous transplant. It is not recommended for very young
people. In our study, we also did not qualify such people
for surgery. This technique is intended for elderly patients
who want to quickly regain their fitness with the possibility
of full load on the knee joint shortly after the procedure.?!

One of the synthetic material grafts introduced in the 2"
half of the 20" century was a graft made of polyester,
which evolved into a non-absorbable synthetic ligament
device made of terephthalic polyethylene polyester fibers
— LARS.® It is intensively cleaned with the aim to remove
potential machining residues and oils to further encour-
age soft tissue in-growth and reduce the risk of reactive
synovitis. The LARS consists of 2 parts: an intra-articular

M. Kentel et al. LARS in ACL reconstruction

part and an extra-articular part. The ligament intra-ar-
ticular portion/scaffold is built of multiple parallel fibers
that are twisted at 90° angle.? The part is composed of 2
longitudinal external rotation fibers without transverse
fibers, being designed as an imitation of ACL anatomic
structure. The extra-articular part is waved using longitu-
dinal and transverse fibers with the aim to avoid ligament
deformation. The short-term postoperative results of pa-
tients after ACL reconstruction with the use of LARS are
very satisfying.>® A mean 2.5-year follow-up carried out
by Dericks revealed encouraging results of treatment with
the use of LARS.?? Also, a follow-up at a mean of 8 years re-
ported by Parchi et al. showed satisfying results reflected
in no postoperative complication occurrences and only 1
case of LARS rupture.? On the other hand, the ten-year
postoperative follow-up carried out by Tiefenboeck et al.
revealed a lack of subjective satisfaction in % of patients
treated with the use of LARS; thus, the authors suggested
not to consider the ligament system as a potential graft for
primary reconstruction of the ACL and to treat it as an al-
ternative graft in special cases.?® In our study, a very large
number of revisions occurred after only 36 months.

Many studies have compared the results of ACL treat-
ment using autografts and the synthetic LARS ligament.
The most frequently compared autograft is the four-fold
hamstring transplant. Patellar ligament (B-PT-B) and
quadriceps tendon (QT) grafts have been studied less
frequently.35-%

Zhong conducted a four-year follow-up study on a group
of 60 patients (32 autografts and 28 synthetic grafts).
The results were as follows: the difference in anterior
tibia translation (ATT) of the operated and healthy limbs
was on average 2.4 +0.5 mm for the natural graft and
1.2 £0.3 mm for the synthetic graft. A translation dif-
ference of more than 5 mm occurred in 3 patients oper-
ated on with hamstrings and in none in the LARS group.
In terms of the IKDC 2000 rating, 87.5% of the hamstrings
group and 92.9% of the LARS group achieved a normal
or near-normal result. The mean values of the Lysholm
scale were 92.1 +7.9 and 94.6 +9.2, and for the Tegner scale
they were 6.2 +1.6 and 6.6 +1.8, respectively, for autograft
and synthetic graft group. In the 4SGH (hamstrings) group,
6.25% of respondents complained of a 5° flexion deficit
in the operated knee joint, and 3.13% suffered complica-
tions due to arthrofibrosis. In the LARS group, no com-
plications related to limited ROM in the knee were ob-
served.®® In terms of the IKDC 2000 and Lysholm scale,
the results are similar to the results of our research.

Bianchi in his eight-year meta-analysis of the effective-
ness of the 4SHG (25 patients) and LARS (25 patients)
methods, assessed the occurrence of Lachman’s symptom,
which was 56% for LARS and 24% for 4SHG, with the an-
terior drawer test at 68% for LARS and 16% for 4SHG.?”

Xiaoyu and Yecheng compared the effectiveness of treat-
ing ACL lesions using the technique of transplantation
from the patellar tendon (BTB) and LARS in independent
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studies on groups of 62 patients (30 BTB and 32 LARS)
and 50 patients (26 BTB and 24 LARS), with a four-year
postoperative follow-up in both studies.?*3°

All researchers, regardless of the type of material used
as an autograft, draw the same conclusions: They empha-
size significantly better ligamentous stability of the knee
in physical examinations of LARS groups. We did not
see a similar relationship. At the same time, the cited re-
searchers describe the results of the IKDC 2000, Lysholm
and Tegner tests, and subjective complaints about
the knee joint without statistically significant differences
in the compared groups. They write about significantly
less pain and earlier stress on the limb in the LARS groups
compared to the groups subjected to ACL reconstructions
with the use of natural transplants. They note, however,
that this effect is observed only in the early postoperative
period up to 1 year (it is associated with the time of liga-
mentization — that is, reconstruction of natural grafts).36-%0

Despite better results in the LARS treatment of ACL
injuries, scientists agree that autograft augmentation
remains the method of choice. They support this deci-
sion with a lack of documented long-term observations.
The longest follow-up after the LARS procedure, which
we found in the literature, was 11.6 years.?*

In our opinion, such a large number of revision sur-
geries and complications do not justify the use of this
method. To date, no published studies have directly com-
pared the results of ACL reconstruction treatment with
the LARS technique and allografts.

Limitations

The most obvious drawback of this study is the short-
term follow-up. In the future, studies involving long-term
follow-up with patients that have undergone fully super-
vised physiotherapeutic procedures and comprehensive
clinical and functional evaluations need to be taken into
account.

Conclusions

Currently, numerous studies are being conducted that
emphasize genetic predisposition to cruciate ligament inju-
ries. The ACL “suture” techniques need additional testing
and studies, and require much more scientific material.
Research on the application of stem cells, scaffolds, plasma
rich platelets, and xenografts are also breaking ground.
These trends in the constant progression of ACL surgery
will make way for a far more individualized method of op-
eration and treatment.

Reconstruction of the ACL using a synthetic graft such
as LARS gives similar results as autograft in a cohort fol-
low-up. Long-term results show a large number of revision
surgeries when using LARS. Using this method should be
employed with caution.
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Abstract

Background. After storing blood for a period of time, the structure and properties of the red blood cells
(RBC) will change, which results in a decrease in the oxygen-carrying capacity, and further has a certain
impact on their exosomes.

Objectives. Effective oxygen uptake (Q), P50, 2,3-DPG, and Na*-K*-ATP of RBC after different storage times
were detected. Electron microscopy was used to observe the morphology of RBC and the characteristics
of secreting exosomes. Western blot was used to detect the expression of phenotypes (D63 and (D81 of exo-
somes, and the expression of mitochondrial riboprotein MRPS35 of exosomes was also detected to explore
the mechanism of decreased function of RBC with the extension of preservation time.

Materials and methods. After the RBC suspension was prepared, the effective oxygen-carrying capacity
(Q) and P50, as well as 2,3-DPG and Na*-K*-ATP were prepared. This was followed by morphology observa-
tion of erythrocyte exosomes using transmission electron microscope (TEM), and by western blot analysis
of exosome phenotypes (D63 and (D81.

Results. Erythrocytes secrete exosomes, which results in abnormal expression of related proteins in mito-
chondria. This leads to increased ROS production, mitochondrial apoptosis and, finally, changes in or damage
to erythrocytes.

Conclusions. Changes in the rheological properties and oxygen-carrying functions of erythrocytes during
preservation are all observable manifestations, underlying which lie mechanisms of damage at the molecular
level of erythrocytes. Erythrocytes secrete exosomes, which results in abnormal expression of related pro-
teins in mitochondria, increasing ROS production, mitochondrial apoptosis and, finally, changes or damage
to erythrocytes.

Key words: exosomes, red blood cells, storage time, oxygen-carrying capacity
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Background

Blood is a fluid tissue composed of blood cells and
plasma. Its main physiological functions include trans-
porting oxygen, nutrients and metabolites for tissues and
organs of the body. The body takes the oxygen needed for
metabolism from the atmosphere through breathing and
expels carbon dioxide produced by metabolism. In the hu-
man body, the respiratory process includes 3 processes that
are conducted at the same time, namely, external respira-
tion, transportation of gas in blood and internal respi-
ration, while red blood cells (RBC) are the main means
of gas transportation.! The amount of oxygen physically
dissolved in the blood only accounts for 1.5% of the to-
tal oxygen and 98.5% of oxygen is transported by binding
to the hemoglobin of RBC.2 In a sense, RBC are able to dis-
tinguish active and inactive cells that take part in metabo-
lism and release oxygen to active cells.

In modern medicine, it is very common therapeutic prac-
tice to transfer blood or blood components to patients,
which can increase blood volume and plasma protein,
improve circulation, change blood composition, and im-
prove blood oxygen-carrying capacity. Due to the wide-
spread using of blood transfusion in clinical practice,
the function of blood preservation has been reconsidered.
The structure and properties of RBC will change and their
oxygen-carrying capacity will decrease after preservation
for a period of time. However, the influence of changes
in oxygen-carrying capacity on their erythrocyte exosomes
has not been reported.

Objectives

Our research aimed to detect some relative parameters
of oxygen-carrying activity and exosomes of erythrocyte
storing in different storage time to explore the mechanism
of erythrocyte function decline.

Materials and methods
Materials

Flow meter (Changzhou Chengfeng Flow Meter Com-
pany, Changzhou, China); pressure gauge (Yangquan Pre-
cision Instrument Factory, China); Cy-3 digital oxygen
analyzer (Shanghai Huaguang Instrument Factory, Shang-
hai, China); BC-2800 blood count instrument (Mindray
Medical International, Shenzen, China); 37°C constant
temperature water bath (GSY-II; Beijing Medical Equip-
ment Factory, Beijing, China); low speed M109077 auto-
matic centrifuge (Zhongxi, Shanghai, China); 200 L and
1000 L samplers (Eppendorf, Hamburg, Germany); AB
fresh/frozen plasma and defoaming agent were donated
from blood bank; 2,3-DPG detection kit (Wuhan Huamei

L. Duan et al. Storage and oxygen capacity of red blood cell exosomes

Biotechnology Company, Wuhan, China); Na*-K*-ATPase
assay kit (Nanjing Jiancheng Biological Company, Nanjing,
China); rabbit anti-human CD63 antibody, rabbit anti-hu-
man CD81 antibody (System Biosciences, Palo Alto, USA);
H7600 transmission electron microscope (TEM) (Hitachi,
Tokyo, Japan); and exosome extraction kit (Sigma-Aldrich,
St. Louis, USA).

Preparation of RBC suspension

A total of 400 mL whole blood were collected from
5 healthy blood donors and all blood samples were exam-
ined to confirm that they accord with the national blood
and component blood quality requirements.> When they
passed the examination and conformed to the operation
procedures of blood station technical operation regula-
tions (2012 edition), the blood samples were prepared
into suspended RBC.* Suspended RBC were divided into 5
empty bags using sterile bonder, and named 1 day group,
7 day group, 14 day group, 21 day group, and 28 day group.
Q, P50, 2,3-DPG and Na*-K*-ATP in suspension of RBC
and whole blood were observed. This research has been
authorized for ethical review by hospital committees, and
all volunteers agree to sign the informed consent.

Measurement of effective oxygen-carrying
capacity (Q) and P50

The blood samples were centrifuged with 3696 x g/min
at 4°C for 10 min after conventional anticoagulant treat-
ment. Then plasma was removed and CPDA-1 erythro-
cyte preservation fluid was added to prepare suspended
RBC. Suspended RBC coming from the same patient
were divided into 5 copies and restored at 4°C. The blood
samples were tested at 1, 7, 14, 21, and 28 days. Arterial
oxygen partial pressure was simulated under the follow-
ing test conditions: O, = 16 mL/min, CO, = 3 mL/min,
N, = 120 mL/min, flow rate: 100 mL/min, 37°C to sam-
ple inflatable for 9 min. Finally, 1 mL of the sample was
extracted for blood gas analysis. The charging condi-
tions were adjusted to O, = 6 mL/min, CO, = 3 mL/min,
N, = 160 mL/min, and the flow rate was 100 mL/min.
Samples were inflated for 6 min at 37°C after being bal-
aced for 10 min. Finally, 1 mL of the sample was also ex-
tracted for sexual blood gas analysis. According to the cal-
culation formula of effective oxygen-carrying capacity
of erythrocytes, Q = 20 x (S1-S2). When the oxygen partial
pressure rose to 100 mm Hg (pulmonary arterial partial
oxygen pressure) and stabilized, the oxygen saturation
of hemoglobin in the solution was measured and recorded
as S1. When the oxygen partial pressure of mixed gas was
40 mm Hg (oxygen partial pressure of pulmonary venous
blood), the oxygen saturation of hemoglobin was measured
and recorded as S2. P50 value was calculated according
to the blood gas analysis results when the oxygen partial
pressure reached 100 mm Hg.®
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Measurement of 2,3-DPG and Na*-K*-ATP

Suspended erythrocytes obtained from 1 patient were
divided into 5 portions and measured at 1, 7, 14, 21, and
28 days according to the 2,3-DPG and Na*-K*-ATP kit
instructions.®

Morphology observation of erythrocyte

Morphology of erythrocytes was characterized on H7600
TEM at0, 7, 14, 21, and 28 days after the storage of erythro-
cytes.

Observation of erythrocyte exosomes
Extraction of exosomes

RBC solution (1 mL) was put into a centrifuge tube
and 7.5 mL of phosphae-buffered saline (PBS) was added.
Organelles were removed after centrifuging for 30 min
at 10,000 x g at 4°C. Then, supernatant was centrifuged
and concentrated by using a 100 kDa Millipore ultrafiltra-
tion centrifugal pipe (Merck Millipore, Burlington, USA)
at 1000 x g at 4°C for 30 min. The concentrate was filtered
with 0.22 pm according to operating instructions for tissue
culture medium and precipitation liquid was added into
the supernatant in a proportion of 5 : 1 at 4°C overnight
for precipitation (>12 h). Exosome suspension was obtained
after centrifuging at 1000 x g at 4°C for 30 min and stored
at —-80°C.”

Morphology observation of exosome with TEM

One drop of erythrocyte exosomes suspended in PBS
was taken and dropped onto the copper sample carrier
network with a diameter of 2 nm. After staying at room
temperature for 2 min, the edge liquid was gently ab-
sorbed with filter paper. Then, 3% phosphotungstic acid
solution (pH = 6.8) was retained at room temperature
for 5 min. The morphology of exosomes was observed
using TEM.

Western blot analysis of exosome
phenotypes CD63 and CD81

Extraction of exosome protein

The PBS resuspended exosomes were mixed with RIPA
at a ratio of 1:1 according to an appropriate volume, and
then the exosomes were allowed to rest on ice to shake
violently for 1 min. This procedure was repeated 5 times
to fully crack the exosomes. The concentration of exosome
protein was determined using BCA method and a third
volume of 4 x SDS buffer was added to samples, which
were boiled at 100°C for 5 min and preserved at —80°C.
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Western blot analysis of protein CD63 and CD81

SDS-PAGE was prepared with a concentration of 10—
12%, and the sample was loaded at a total protein mass
of 50 pg per well. SDS-PAGE was performed at a voltage
of 80 Vand 100V for the laminated and separated gels, re-
spectively. The protein was transferred to polyvinylidene
fluoride (PVDF) membrane after electrophoresis under
350 mA constant current condition for 2 h. The PVDF
membrane was incubated shaking for 1 h in 5% skimmed
milk, then rabbit anti-human CD81 antibody (1 : 500) or
CD63 antibody (1 : 500) were added to incubate at 4°C
overnight. The film was washed 3 times with 1 x Tris-
buffered saline with Tween (TBST). Horseradish peroxi-
dase (HRP)-labeled rabbit anti-sheep (1 : 1500) was added
to incubate at 37°C for 1 h. The film was washed 5 times
with 1 x TBST and exposed to analysis.®

Western blot

Western blot was used to detect MRPS35 expression.
A total of 40 pg protein were extracted from each cell, ana-
lyzed using 10% SDS-PAGE and transferred to nitrocellu-
lose membrane. With sealing fluid containing 5% skimmed
milk powder, the membrane was incubated at 37°C for
1 h, then MRPS35 antibodies (1 : 500) were added to in-
cubate at 4°C overnight. After enhanced chemilumines-
cence (ECL) developing, the gray value was analyzed using
the analysis system of electrophoresis gel imaging.

Statistical analysis

All data were processed using the SPSS v. 19.0 statisti-
cal software (IBM Corp., Armonk, USA) and expressed
as mean + standard deviation (SD). A paired t-test was
performed to compare the 2 groups. Statistical significance
was defined as p < 0.05.

Results and discussion

Effective oxygen-carrying capacity
and P50

Effective oxygen-carrying capacity (Q) of whole blood
and RBC suspensions had declined with the enhance-
ment of storage time, as shown in Table 1. Figure 1A
shows that Q decreased sharply in the first 14 days and
gently after further 14 days. The Q of suspension RBC
decreased by 54.4% at 14 days and 62.7% at 28 days, while
that of whole blood decreased by 39.1% at 14 days and 52.1%
at 28 days. P50 of RBC decreased gradually as the storage
days increased as shown in Fig. 1B. It shows that the P50
of suspension RBC decreased by 11.6% at 14 days and
25.1% at 28 days. Whole blood P50 was reduced by 16.1%
at 14 days and 28.6% at 28 days.
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Table 1. Changes of RBC oxygen-carrying capacity at different storage time

Q [mL] 5.70 £0.08
Whole blood
P50 [mm Hg] 273 +0.6
Q [mL] 5.90 £0.08
Suspension RBC
P50 [mm Hg] 25.1+0.2

4.80 £0.08 347012 2.90 +£0.08 2.73£0.12
24604 229+03 208 +0.9 19.5+05
3.37+0.12 267 +0.12 2.37 £0.26 2.20+0.16
236104 222+02 209 +0.2 188 +0.3

Hamasaki et al.? first used the method of measuring
Q to evaluate the change of erythrocyte oxygen-carrying
capacity. They found that Q had a linear relationship with
storing time and gradually declined with the enhancement
of storage time. The lower the P50, the greater the affin-
ity between RBC and oxygen, and the greater the ability
to bind with oxygen, which is not conducive to oxygen
release.’” It can be demonstrated from the results of de-
creased Q and P50 that the ability of releasing oxygen
of RBC was also decreased.

2,3-DPG and Na*-K*-ATP

Atthe first 14 days, the concentration of 2,3-DPG in RBC
declined sharply and then leveled off after 14 days. The data
showed that it decreased by 63.0% at the 7" storage day and
by 91.7% at the 14" storage day (Table 2). The concentra-
tion of 2,3-DPG in whole blood gradually decreased with
the increase of storage days, which was not as dramatic
as that of RBC (Fig. 2A). The concentration of Na*-K*-ATP
in erythrocytes decreased gently in the first 7 days, and
then decreased sharply from 7 to 14 days. The concentra-
tion of Na*-K*-ATP decreased by 53.8% in 7 days after stor-
age and 69.5% in 14 days after storage. The concentration
of Na*-K*-ATP in the whole blood decreased by 41.2% after
7 days and by 63.3% after 14 days (Fig. 2B).

2,3-DPG is the unique glycolytic intermediate of RBC,
which can reduce the affinity between hemoglobin and

oxygen, and is one of the important factors to regulate
the physiological function of oxygen transport in the body.
In some physiological and pathological conditions, such
as mountaineering, plateau, anemia and congenital heart
disease, the level of 2,3-DPG in RBC is significantly in-
creased to compensate for the ability of hemoglobin
to release oxygen for tissue metabolism. On the contrary,
in some pathological conditions, the decreased content
of 2,3-DPG is not conducive for utilization of oxygen in tis-
sue cells, such as acidosis or shock.!*!? The lower content
of 2,3-DPG makes it difficult to release oxygen, which
indicated that the oxygen-carrying capacity of RBC is de-
creased and the physiological function of RBC is variable.

Red blood cells regulate cell volume mainly by regulat-
ing intracellular Na* and K* content through membrane
Na*-K*-ATP, and maintaining this function requires about
30% of RBC’s ATP production.'>** Na*-K*-ATP changes
its conformation through phosphorylation and dephos-
phorylation, which lead to changes in its affinity with Na*
and K*. The role of “sodium-potassium pump” is to main-
tain cell permeability and cell volume.!>1¢ Under normal
physiological conditions, Na* (1.0-2.0 mmol/L) in RBC was
slightly higher than K* (0.8—1.5 mmol/L) when it was pas-
sively transported into the cytoplasm. Both the increase
of Na* and the decrease of K* in RBC can activate Na*-
K*-ATP. Na*-K*-ATP is involved in the active transmem-
brane transport of Na* and K* inside and outside the cell
to maintain the balance of ions.'” Na*-K*-ATP also plays
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A —the concentration of 2,3-DPG; B — the content of Na*-K*-ATP.

Table 2. Changes of erythrocyte oxygen-carrying capacity at different storage time

2,3-DPG [umol/mL] suspension RBC 4.14 +£0.07
2,3-DPG [umol/mL] whole blood 43 +0.07
Na*-K*-ATP [umol PL.gHb "hour] suspension RBC 6.79 £0.23
Na*-K*-ATP [umol PL.gHb "hour] whole blood 7.18+0.12

1.53 £0.03 0.34 +0.02 0.25 +0.02 0.26 +0.01
3.57£0.11 1.89 +£0.10 143 +0.18 0.63 +0.10
6.17 £0.04 3.14 £0.06 247 +0.08 2.07 +0.03
6.39 +0.04 4.22+0.13 293 +0.07 263 +0.07

an important role in maintaining the normal morphology
of cells, and the survival of RBC depends on the energy
provided by ATP.!® However, decreased activity of Na*-
K+*-ATP will reduce the release of ATP energy and affect
the normal metabolism of RBC.

Observation of erythrocyte morphology

The first 14 days of storage were characterized by cell
morphology, defined as double concave disc, thick edge,
round or oval, nucleate-free, dense, and with a diameter
of 15-25 pm. The number of cells decreased after 14 days,
and the TME images of RBC at storage days 21 and 28
were sparse and irregular. Therefore, the storage time has
a certain effect on the morphology of erythrocytes, which
can further cause the decline of erythrocyte function and
increased damage (Fig. 3).

Observation of exosomes in RBC

As it can be seen from the electron microscope images,
the particle size of the material ranges from 30 to 100 nm
and the morphology is vesicular. After 7 days of storage,
in the electron micrograph, exosomes appeared as black
spots as shown in Fig. 4. The black spots gradually in-
creased after 14 days and increased more by the 14 and
21°t days. These 2 time points showed the most number
and clearest exosome morphology.

Previous studies have confirmed that the vesicles in vivo
are divided into 3 categories: 1) vesicles released by apop-
tosis with micron-scale particle sizes; 2) vesicles formed
by budding of the cell membrane, with particle sizes of sev-
eral hundred nanometers; 3) exosomes, with micron-scale
particle size below 100 nm. Therefore, we believed that
the vesicles in TEM images were exosomes.

Western blot analysis of protein CD63
and CD81

Western blot analysis probing for 2 exosome marker pro-
teins, CD81 and CD63, was performed. As shown in Fig. 5,
both CD63 and CD81 proteins were absent or hardly de-
tectable in the isolated vesicles at a storage time of 7 days,
but the expression of CD63 and CD81 proteins could be
clearly detected at a storage time of 14 days. Western blot
analysis probing for 2 exosome marker proteins, CD81,
CD63, and MPRS35 were performed, as shown in Fig. 5
and 6. The increased expression of CD81/CD63 protein
indicates that exosomes secreted were increased by RBC.

Minetti et al.!’® discovered a membranous vesicle from
the culture medium of reticulocyte. These vesicles were
exosomes, and many kinds of cells could secrete exosomes
under normal and pathological conditions. The exosomes
were discoid vesicles with a diameter of 40—100 nm, which
were mainly derived from polyvesicles formed by intracel-
lular lysosomal microparticles, and these were released into
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Fig. 3. Changes in erythrocyte morphology after different storage times. The scale bar was 100 nm

1 day 7 days 14 days

100nm

Fig. 4. TEM imaging of exosome in RBC in different storage times. Exosome was marked with arrow. The scale bar was 100 nm

the extracellular matrix after the fusion of the extracellular and other components from the mother cells. They not only
membrane of polyvesicles with the cell membrane. Exo- carried the information of the mother cells, but also di-
somes were identified as nano-level vesicles secreted by liv- rectly or indirectly regulated the functions and phenotypes

ing cells, and included proteins, nucleic acids, metabolites of the receiving cells.?’ Exosomes played an important role
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Fig. 5. Western blot analysis of expression levels of exosome-associated proteins CD63 and CD81
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Fig. 6. Protein level of MRPS35 in RBC after different storage times, determined with western blotting (mean +SD, n = 3. **p < 0.01 compared to 7 days group)

in immunopathology, such as antigen presentation, tumor
growth and migration, tissue damage repair etc. Exosomes
played an irreplaceable role in signal transduction in vivo,
and also played an extremely important role in numerous
physiological and pathological processes, including car-
diovascular diseases,? nervous system diseases,???* and
therapy.?*?> Meanwhile, exosomes secreted by different
cells had different components and functions, which could
be used as biomarkers for disease diagnosis.

Western blot analysis
of exosome protein MRPS35 expression

The expression of MRPS35 increased from the 7" day
to the 21 day after storage, and the relative expression
of MRPS35 was significantly different from that at the stor-
age time of day 14 and day 21. However, the expression
of MRPS35 in erythrocyte mitochondria was significantly
reduced at the storage time of 28 days. Abnormal expression
of MRPS35 protein can induce apoptosis of normal cells.
Relevant studies have proved that MRPS35 is a key protein

which affects mitochondrial function, and plays a very im-
portant role in the occurrence of apoptosis. Mitochondria
are an important organelle in eukaryotic cells. They can pro-
vide ATP which are the main source of energy and heat for
life by oxidative phosphorylation of the electron transport
chain in their inner membrane. In addition, mitochondria
also played a key role in the process of apoptosis regulation.
The abnormal expression of MRPS35 can make the mito-
chondrial electron transport barriers, and induce the produc-
tion of free radicals increases, which leads to mitochondrial
structure and function damage and the decrease of mem-
brane potential, further to activate mitochondrial mediated
apoptosis pathway and accelerate the apoptosis of RBC.

Conclusions

Changes in the rheological properties and oxygen-car-
rying functions of erythrocytes during the preservation
process are manifestations, which lie in the mechanisms
of damage at the molecular level of erythrocytes.
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Abstract

Background. Transforming growth factor-B (TGF-p) pathway presents dysregulation in pathological scarring
and mediates hypertrophic scar (HS) formation.

Objectives. The study aims to analyze the potential mechanism of long non-coding RNA NORAD (LncRNA
NORAD) and microRNA (miR-26a) requlation of the TGF-f pathway in hypertrophic scar fibroblasts (HSFs).

Materials and methods. Hypertrophic scar tissues were collected and assayed for LncRNA NORAD,
miR-26a, transforming growth factor B receptor | (TGF-BR1) and TGF-PR2, with enzyme-linked immuno-
sorbent assay (ELISA) or qualitative polymerase chain reaction (qPCR). LncRNA NORAD interfering plasmids
were transfected into HSFs and induced with TGF-p1. Cell Counting Kit-8 (CCK-8) assays were performed
to assess HSF proliferation, and flow cytometry to analyze apoptosis and the cell cycle. TGF-BR1, TGF-BR2,
Smad2, and p-Smad2 levels were detected using western blot (WB). The related proteins (p21, cyclin D1 and
cyclin-dependent kinase 4 ((DK4)) requlating the cell cycle, and apoptosis-related proteins (caspase-3 and
Bcl-2) were also detected using WB. The binding sites of miRNA-26a and LncRNA NORAD, TGF-BR2, or UBE3A
were predicted using Starbase and confirmed with dual luciferase reporter assay. RNA immunoprecipitation
(RIP) was utilized to explore the interplay of miR-26a with its target genes.

Results. LncRNANORAD is decreased, miR-26a is increased and TGF-f receptors show abnormal expression
in scar tissue. LncRNA NORAD knockdown inhibits proliferation of HSF cells induced by TGF-p1 treatment.
In addition, cell apoptotic levels are markedly increased and cell numbers in GO/G1 phase are increased.
Moreover, the TGF-f/Smad pathway is requlated by decreasing endogenous LncRNA NORAD levels, pos-
sibly by affecting the relative levels of TGF-BR1. p21 is notably uprequlated, while cyclin D1 and (DK4 are
downregulated. Apoptosis-related proteins are significantly affected. LncRNA NORAD may act as a sponge,
binding miR-26a and changing its expression. Finally, RIP shows that miR-26a targets the 3'UTRs of TGF-fR2
and UBE3A.

Conclusions. LncRNANORAD requlates HSF proliferation via miR-26a mediating the requlation of TGF-BR2/R1.
LncRNA NORAD/miR-26a could be a potential target for treating HS.

Key words: hypertrophic scarring, miRNA-26a, LncRNA NORAD, TGFBR1, TGFBR?2
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Background

Hypertrophic scarring (HS) is a common skin disorder,
mostly following burns or skin trauma, or after an opera-
tion.! The process of collagen secretion and the metabolism
of fibroblasts are strictly modulated during skin wound
healing. However, the formation of HS could disrupt this
balance. Hypertrophic scarring occurs under excess pro-
liferation of fibroblasts and massive collagen deposition.?
TGEF-P signaling affects cell proliferation and extracellular
matrix (ECM) production in the process of wound healing.
There is interaction between the Smad signaling pathway
and non-Smad pathways, mediated by TGF-; TGF-f ho-
modimers interact with TGF-P receptors (TGF-BRI and
TGEB-RII), activating the Smad pathway. Phosphoryla-
tion of TGF-PR1 is necessary for this activation,® while
its ubiquitination contributes to its degradation and thus
inactivates the Smad pathway. TGF-f signaling has been
demonstrated to be dysregulated in pathological scar-
ring,%> and TGF-BR2 expression is increased in keloid
fibroblasts.®

The TGF-B1/Smad pathway mediates the formation
of HS”; suppression of the TGF-B1/Smad pathway is in-
volved in reducing collagen deposition and inhibiting
hypertrophic scar fibroblast (HSF) proliferation.®? Anti-
TGEP treatment reduces ECM synthesis and Smad-3
phosphorylation in irradiated rat tissue.!® In addition,
HS is markedly decreased via targeting of TGF-p2R
or TGFB-R1.1!2 In cancer studies, the classical TGF-B/
Smad signaling pathway regulates the cell cycle from G1
to S, and subsequently affects cell apoptosis.!* MicroR-26a
(miRNA-26a) has been indicated to promote wound
healing in fracture patients and regulate cell apoptosis
in coronary heart disease.'*!* It also has an anti-tumor ef-
fect.!® A previous study has shown that miRNA-26a causes
downregulation in HS patients and suppresses the for-
mation of hyperplastic scars.”” LncRNA-NORAD shows
increased levels in breast cancer tissue and mediates
the activation of TGF-.!® Thus, TGF-p and TGF-B2R/1R
expression in modulating the Smad signaling pathway
plays a crucial role in the formation and development
of HS. However, how the TGF-p pathway is regulated
is still unexplored.

Objectives

This study intends to interrogate how LncRNA and
miRNA regulate the TGF- pathway to affect HSF for-
mation. This study was designed to investigate the role
of LncRNA NORAD in scar hypertrophy. Additionally,
we also investigated whether TGF-p pathway is involved
in the molecular mechanism of LncRNA NORAD.

J. Qi et al. NORAD requlates HSF proliferation

Materials and methods
Specimen collection

Hypertrophic scar tissues and adjacent normal skin tis-
sues (total number of cases in both groups n = 20) were
surgically removed and collected, as shown in Table 1. Scar
tissues included peripheral and central tissues, with intact
surfaces, no rupture and covering an area of more than
3 x 2 cm. Hypertrophic scar formation was confirmed dur-
ing postoperative pathological examination. The scar tis-
sues were assayed to detect the levels of LncRNA NORAD,
miR-26a, TGF-PR1 and TGF-BR2 through quantitative
polymerase chain reaction (QPCR) and enzyme-linked
immunosorbent assay (ELISA). Patients did not receive
any treatment before the operation. Tissue collection was
conducted with the informed consent of patients signed
before the operation. All experimental operations were ap-
proved by the ethics committee of the Affiliated Hospital
of Nantong University, China. The scar tissue samples
were obtained according to the Declaration of Helsinki.

Cells

Hypertrophic scar fibroblasts (Jennio, Guangzhou,
China) were cultured in RPMI 1640 medium containing
10% fetal-inactivated bovine serum (FBS; Gibco, Waltham,
USA) at 5% CO, and 37°C. Cells of the 3'4-5%" passage
were used in further experiments. The HSFs were cul-
tured in serum-free medium overnight before recombinant
human TGF-P1 treatment (R&D Systems, Minneapolis,
USA), and then cultured in medium containing TGF-f1
(5 ng/mL) for 24 h.

qPCR

Total RNA was extracted with RNAiso Plus (TaKaRa,
Tokyo, Japan). RNA was quantified using SYBR®Premix
Ex Taq™ (TaKaRa), with GADPH used as the reference.
Total miRNA was extracted with the mirVana™ miRNA
Isolation Kit (Invitrogen, Carlsbad, USA). Concentra-
tions of RNA and miRNA were detected using a Micro-
plate Reader (Invitrogen). MiRNA was transcribed into
c¢DNA using the TagMan® MicroRNA Reverse Tran-
scription Kit (Invitrogen). MiRNA levels were detected
using TagMan® MicroRNA Assays (Invitrogen), with
U6 as a reference. Relative levels of LncRNA NORAD,
TGE-BR1, TGF-PR2, and miRNA were calculated using
the 2-44¢t method.

ELISA

Cells were lysed with RIPA lysis buffer and centrifuged
at 12,000 rpm/min for 15 min. TGFPR1 (Zhen Shanghaiand
Shanghai Industrial, Shanghai, China), TGF-BR2 (ab193715;
Abcam, Cambridge, UK) and TGF-f (Mlbio, Shanghai,
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Table 1. Clinical characteristics of patients with HS
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No. of patient Age [years]
1 male 23
2 male 40
3 male 33
4 male 27
5 male 24
6 male 39
7 male 36
8 male 41
9 male 29
10 male 30
1 female 29
12 female 42
13 female 43
14 female 25
15 female 26
16 female 22
17 female 38
18 female 36
19 female 45
20 female 32

Biopsy site Duration of lesion [months] Etiology
shoulder 10 burn
back 18 scald
chest 15 electric injury
chest 16 post-operation
arm 36 burn
shoulder 20 scald
buttock 17 post-operation
cheek 22 electricinjury
chest 20 electric injury
arm 9 bumn
back 17 electric injury
shoulder 11 scald
arm 10 trauma
arm 7 burn
back 15 trauma
cheek 24 electric injury
cheek 21 electric injury
arm 33 trauma
chest 28 post-operation
shoulder 15 burn

China) levels were detected using corresponding ELISA
kits according to the respective manufacturer’s protocol.

Western blot

Cells were lysed with RIPA lysis buffer and then centri-
fuged at 12,000 rpm/min for 15 min. Total protein con-
centration was measured with the BCA method (Beyo-
time, Shanghai, China). Target proteins were separated
using 10% SDS-PAGE electrophoresis and transferred onto
a polyvinylidene fluoride (PVDF) membrane. The bands
were incubated with the following primary antibodies (all
from Abcam): Rabbit anti-TGF-BR1 (ab235178), Rabbit
anti-TGF-BR2 (ab184948), Rabbit anti-Smad2 (ab40855),
Rabbit anti-p21 (ab109520), Rabbit anti-Cyclin D1
(ab40754), Rabbit anti-CDK4: (ab108357), Rabbit anti-Bcl-2
(ab32124) (all at 1:1000 dilution), Rabbit anti-p-Smad2
(ab216482; 1:300 dilution), Mouse anti-GADPH (ab8245;
1:5000 dilution), and Rabbit anti-Caspase-3 (ab13847;
1:500 dilution) at 4°C overnight, which then were washed
with Tris-buffered saline with Tween (TBST) twice. A sec-
ondary antibody (Goat Anti-Rabbit IgG (ab6721) or Rab-
bit Anti-Mouse IgG (ab6728); 1:10000 dilution; Abcam)
was then applied and the bands incubated for 2 h. After
the bands were washed twice, electrochemiluminescence
(ECL) was used to develop the color. Image] software
(National Institutes of Health, Bethesda, USA) detected
the gray value of each protein band. The relative expression
of protein was calculated, taking GADPH as a reference.

Plasmids transfection

NORD knockdown plasmids (sh-NORD) or a nega-
tive control (sh-NC) were transfected into cells using
Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol. LncRNA NORAD overexpression
vectors (LncRNA NORAD vector) or a control (empty
vector) were transfected into cells. MiRNA-26a mimic
or a control mimic (mimic NC) were also transfected
into cells. All plasmids and mimics were purchased from
IGE Biotechnology (Guangzhou, China). Forty-eight
hours after transfection, the cells were used in further
experiments.

Dual luciferase reporter assay

The HSF cells were seeded into a six-well plate
(5 x 1074 cells/well). Culture medium without anti-
biotics was added to each well and the same number
of cells were inoculated in each well. The confluent de-
gree of cells should reach approx. 85-90% during trans-
fection. Luciferase reporter vectors were constructed
through respective cloning of LncRNA NORAD, TGF-R2
or UBE3A into pmirGLO plasmids. The putative binding
sites of miR-26a on the corresponding pmirGLO-WT
plasmids were mutated using a QuikChange Lightning
Site-Directed Mutagenesis Kit (Stratagene, San Diego,
USA) and construct pmirGLO-Mut plasmids. A miR-26a
mimic or miR-NC was transfected into HSF cells.
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Forty-eight hours after transfection, luciferase activity
was detected using Dual Luciferase® Reporter Assay
System kits (Promega, Madison, USA).

CCK-8

TGEF-B1 (5 ng/mL) peptides were used to activate HSF
cells. Cell proliferation was detected using a Cell Count-
ing Kit-8 (CCK-8) assay (Sigma-Aldrich, St. Louis, USA).
The HSF cells were seeded into 96-well plates (5 x 1073
cells/well) and treated using CCK-8 solution (10 pL/well;
Beyotime). After incubation at 37°C for 2 h, the absorbance
at 490 nm was detected using a microplate reader.

Flow cytometry

Forty-eight hours after transfection, the cells seeded into
a six-well plate were digested with trypsin and centrifuged
at 1000 rpm/min for 10 min. The supernatant was dis-
carded and the cells were washed with pre-cold phosphate-
buffered saline (PBS) 3 times. Annexin V assay was used
in combination with PI labeled HSF cells to distinguish
apoptosis and death at different stages of the cell cycle.
Annexin V-/PI- and Annexin V+/PI- fluorescence assays
were used to indicate living cells and early apoptotic cells
respectively, whereas Annexin V+/PI+ fluorescence assay
indicated dead cells and apoptotic cells in the middle and
advanced stages. Cells were stained using FITC-Annexin
V and propidium iodide (Becton Dickinson Bioscience, San
Jose, USA) according to the manufacturer’s guidance. All
assays were performed in triplicate.

Cell cycle analysis

Cells were seeded into a six-well plate and digested using
trypsin. The cell suspension was collected and centrifuged
at 1000 rpm/min for 10 min. The supernatant was discarded
and cells were incubated with 70-80% pre-cold ethanol
(5 mL) at 4°C overnight. The cells were centrifuged at 1000
rpm/min for 10 min; then, the ethanol was flushed out using
PBS or staining solution. Afterwards, the cells were sus-
pended into 0.5 mL PI/RNase solution (Becton Dickinson
Bioscience) and incubated without light for 15 min. The cell
cycle was detected with flow cytometry within 1 h.

RIP

Cells were washed twice using cold-PBS, then centri-
fuged at 1000 rpm at 4°C for 10 min. Afterwards, cells
were lysed using RIP lysis buffer and centrifuged at 14,000
rpm at 4°C for 10 min. The supernatant was incubated
with anti-Ago antibody or 1gG (Merck Millipore, Burling-
ton, USA) as a control at 4°C. Magnetic beads conjugated
with protein A/G (Thermo Fisher Scientific, Waltham,
USA) were added into the supernatant. Proteinase K Buffer
was used to resuspend the beads and antibody complex.

J. Qi et al. NORAD requlates HSF proliferation

The related RNA in the immunoprecipitation was col-
lected and detected using quantitative reverse-transcrip-
tion PCR (qRT-PCR).

Statistical analysis

Data were analyzed using GraphPad Prism software
(GraphPad Software, San Diego, USA). Comparison among
groups was analyzed using one-way analysis of variance
(ANOVA), followed by Tukey’s test. Data are expressed
as mean * standard deviation (SD). A value of p < 0.05 was
considered statistically significant.

Results

LncRNA NORAD and miR-26a
show dysregulation in HS tissue

The qPCR results showed that LncRNA NORAD was
significantly upregulated and miR-26a was downregulated
in intermediate scar tissues compared to adjacent nor-
mal tissues. TGF-BR2 levels were increased, as demon-
strated by qPCR and ELISA (Fig. 1A,B). However, TGF-R1
levels were reduced. TGF-p showed no significant change
in the HTS group compared to the control group.

LncRNA NORAD knockdown
suppresses cell proliferation
and facilitates cell apoptosis

TGEF-B1 was used to induce HSF proliferation, and qPCR
was used to evaluate the transfection efficacy of shRNA-
NORAD-1 or shRNA-NORAD-2. The results showed
that shARNA-NORAD-1 has a greater inhibitory effect
on NORAD expression than siRNA-NORAD-2 (Fig. 2A).
Thus, SARNA-NORAD-1 was used in all further experi-
ments. Additionally, the CCK-8 assay demonstrated that
cell proliferation ability was markedly decreased by si-
lencing LncRNA NORAD (Fig. 2B). Silencing LncRNA
NORAD promotes cell apoptosis, as shown by comparing
to results from the ShRNA-NC group (Fig. 2C,D).

The results of flow cytometry revealed that decreas-
ing endogenous LncRNA NORAD significantly increased
the proportion of cells in GO/G1 phase compared with
the control group. Simultaneously, the proportion of cells
in S and G2/M phase was reduced (Fig. 2E,F). These results
imply that LncRNA NORAD affects the G1 arrest of HSFs
treated with TGF-B1. That is to say, G1 arrest is signifi-
cantly promoted by a decrease in endogenous LncRNA
NORAD expression (Fig. 2E,F). TGF-BR1 levels were sig-
nificantly increased, while TGF-BR2 and p-Smad2 were
markedly decreased (Fig. 3A). These results suggest that
decreasing endogenous LncRNA NORAD levels may sup-
press the TGF-P pathway. Proteins regulating cell cycle
and cell apoptosis-related proteins were also significantly
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Fig. 1. A.NORAD, miR-26a, TGF-BR1, and TGF-3R2 are detected with gPCR in intermediate scar tissues; B. TGFB-R1, TGF-BR2 and TGF-{ are detected with

ELISA. Data is shown as mean +SD

affected (Fig. 3B). The above findings indicate that LncRNA
NORAD knockdown promotes G1 arrest by regulating
p21/cyclin D1/CDK4, and by modulating the apoptosis
pathway by increasing pro-apoptosis protein caspase-3
and decreasing anti-apoptosis protein Bcl-2.

LncRNA NORAD as a sponge
regulates miR-26a level

The Starbase database (http://starbase.sysu.edu.cn/)
predicts that miR-26a could target LncRNA NORAD
(Fig. 4A). Therefore, a cell experiment was performed
to investigate whether miR-26a could bind to LncRNA
NORAD, and whether LncRNA NORAD could act

as a sponge of miR-26a and regulate its biological func-
tion. The sequence of LncRNA NORAD was inserted
downstream of a luciferase gene to establish wt-NORAD
plasmids. In HSF cells co-transfected with wt-NORAD
and a miR-26a mimic, luciferase activity was significantly
decreased compared to the mut-NORAD and miR-26a
treatment groups, suggesting an interaction between
miR-26a and NORAD (Fig. 4B). Also, the RIP assay showed
the LncRNA NORAD level in the miR-26a mimic group
was significantly higher than that of the miR-26a-NC group
when anti-Ago2 antibody was used to treat the supernatant
(Fig. 4C). In addition, LncRNA NORAD markedly affects
miR-26a level (Fig. 4D,E). Thus, LncRNA NORAD func-
tions as a sponge of miR-26a to inhibit miR-26a expression.
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miR-26a binds to the 3'UTR of TGF-3R2

We analyzed whether miRNA-26a targets the TGF-f
pathway. Starbase predicts that miR-26a could bind
to the 3’'UTRs of TGF-B2 and UBE3A (Fig. 5A,D).
The luciferase reporter assay revealed miR-26a can bind
to the 3’'UTR of either TGFR2 or UBE3A, as it reduces
the luciferase activity of both wt-TGFR2 and UBE3A
(Fig. 5B,E). The RIP assay demonstrated that TGF-BR2
and UBE3A levels in the miR-26a mimic group were dis-
tinctly higher than in the miR-26a-NC group when anti-
Ago2 antibody was added to the supernatant (Fig. 5C,F).
These data imply that miRNA-26a post-transcriptionally
regulates TGF-PR2 and UBE3A.

Discussion

Our data showed that LncRNA NORAD exhibited
a significant increase and miR-26 showed an obvious de-
crease in scar tissues. We also found reduced TGFB-R1
and enhanced TGFB-R2 expression in scar tissues rela-
tive to a control group. The involvement of LncRNA
in the activation of TGEp signals has previously been

investigated.!® Further investigation of the mechanism
of LncRNA NORAD in HSF cells revealed that decreasing
endogenous expression of LncRNA NORAD significantly
increased p21, and downregulated cyclin D1 and CDK4 lev-
els. Cyclin D1 and CDK4 could form a complex and allow
cells to bypass G1 phase, whereas p21 could also suppress
cells from entering S phase via inhibition of cyclin depen-
dent kinase (CDK) activity. The CDK activity is positively
regulated by cyclin D and negatively regulated by cyclin
dependent kinase inhibitor (CKI). Thus, LncRNA NORAD
silence facilitates G1 arrest, possibly via upregulating p21
levels, and downregulating CDK4 and cyclin D1 expres-
sion. A study has shown that inhibition of cyclin D1 and
CDK4 could mediate G1 arrest in HSF cells."” Addition-
ally, upregulation of p21 expression contributes to the sup-
pression of apoptosis in HSF.2? Collectively, these results
indicate that LncRNA NORAD knockdown significantly
boosts apoptosis and G1 arrest in TGF-p-stimulated HSF.

In this study, we discovered that LncRNA NORAD was
dramatically enriched in the complex precipitated by anti-
Ago2 in HSF cells overexpressing miR-26a-5p, suggesting
an interactive relationship between LncRNA NORAD and
miR-26a-5p. In addition, LncRNA NORAD overexpres-
sion or silence markedly regulated miR-26a-5p. Therefore,
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LncRNA NORAD could be a sponge of miR-26a-5p in that
it regulates the biological activity mediated by miRNA-26a.

A luciferase reporter assay was applied to confirm our
prediction that miRNA-26a targets the 3'UTR of TGF-BR2
and UBE3A, proving that miRNA-26a could regulate
TGEFB-R2 and UBE3A expression, and in turn influence
cell proliferation and apoptosis. The excessive prolifera-
tion of HSF causes abnormal ECM synthesis.?! TGF-f has
been demonstrated to be involved in the process of wound
repair and healing, which includes extravagant prolifera-
tion of fibroblasts.?? The TGF-B1/TGF-pR1/Smad3 path-
way is reported to promote HTS formation.?> Medicine
targeting the TGF-p/Smad pathway could suppress fibro-
blast proliferation or reduce scar formation.?* Changing
the expression of endogenous miRNA regulates apop-
tosis, possibly by affecting the TGF-p pathway in HSF.?®
Smad ubiquitination regulatory factor 2 (Smurf2), known
as one of the homologous to the E6-AP carboxyl terminus
(HECT) family E3 ligase members, is involved in the ubiq-
uitination of TGF-PR1.26 Ubiquitin and proteasome degra-
dation of TGF-f receptors negatively regulates the TGF-
pathway.?” Therefore, Smurf2 could negatively regulate
TGEB-R1 levels through ubiquitin induction. Research

Relative levels of TGFBR2 mRNA

Relative levels of UBE3A mRNA
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has demonstrated that the degradation of TGFB-R1 in-
duced by Smurf ameliorates TGF-p signals,?® thereby
affecting the development of HTS.?° A study has shown
that miRNAs enhance the TGF-f signal pathway through
targeting Smurf2 mRNA and inhibiting its translation.°
Therefore, it follows that miR-26a could regulate TGF3-R1
though Smurf2 and affect TGE-f signals based on the ex-
perimental data and published studies.

Limitations

There is still lacking in vivo evidence to support this
conclusion about the regulatory mechanism of LncRNA
NORAD in scar hypertrophy in vitro, which requires fur-
ther study.

Conclusions

TGE-B signals have been shown to be transmitted
through the engagement of TGFPR2,% and TGF-f sig-
naling can be significantly activated with the deubiqui-
tination of a TGF-p receptor.?? Collectively, TGFB-R1/R2
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plays a substantial role in regulating the TGF-P3 pathway,
and miRNA-26a could be a potential target for treating
HTS. In this study, we show that miRNA-26a can regulate
the expression of TGF-BR2 and Smurf2 by binding to their
3’'UTRs. Previous studies have indicated that miRNA regu-
lates the expression of protein through suppressing its
translation and recruiting other proteins to induce degra-
dation. Our study confirms that LncRNA NORAD regu-
lates HSF proliferation and apoptosis, possibly via miR-26a
mediating TGF-BR2/R1, which provides a novel insight
for understanding the pathological mechanism of HTS.
In conclusion, LncRNA NORAD/miR-26a could be utilized
as potential targets for new HS treatment.
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Abstract

Background. Excessive proliferation and migration of vascular smooth muscle cells (VSMCs) are associated
with the pathogenesis of atherosclerosis (AS). Eplerenone (EPL), a novel selective aldosterone receptor blocker,
plays a substantial role in the treatment of cardiovascular disease. The G protein-coupled estrogen receptor
(GPER) s a target of EPL as the STITCH website predicated.

Objectives. We aimed to investigate the roles of EPL in AS and identify its potential mechanisms of action.

Materials and methods. Oxidized low-density lipoprotein (ox-LDL) was employed to stimulate VSMCs
to establish a cellular model of AS. The ability of cell proliferation was examined using a Cell Counting Kit-8,
and the expression of proliferation-related proteins was tested using immunofluorescence staining and
western blot analysis. Subsequently, cell migration and the expression of migration-associated proteins were
evaluated with a wound healing assay, transwell assay and western blot analysis. Then, GPER expression
was determined using western blot analysis in the absence or presence of EPL. To explore the requlatory
mechanisms of EPL in ox-LDL-stimulated VSMCs, GPER was overexpressed, followed by measurement of cell
proliferation and migration.

Results. The Ox-LDL stimulation notably uprequlated GPER expression, whereas EPL treatment down-
requlated GPER expression in a dose-dependent manner. Additionally, EPL markedly inhibited proliferation
and migration of VSMCs, and the highest dose of EPL resulted in the most marked effect. By contrast, GPER
overexpression reversed the inhibitory effects of EPL on proliferation and migration of VSMCs.

Conclusions. Eplerenone suppressed ox-LDL-induced proliferation and migration of VSMCs partly through
downregulation of GPER, providing a new mechanism of support for EPL use in the clinical treatment of AS.

Key words: atherosclerosis, proliferation, migration, vascular smooth muscle cells, eplerenone
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Background

Atherosclerosis (AS), a chronic degenerative disease
of the arterial wall, is the leading cause of peripheral
vascular disease and cardiac-cerebral vascular disease.!
It is well known to cause high morbidity and mortality
in aged individuals worldwide.?? Vascular smooth muscle
cells (VSMCs) are involved in the reconstruction of arte-
rial wall by maintaining blood flow in affected vessels due
to atherosclerotic alteration.* A growing body of litera-
ture has shown that abnormal proliferation and migration
of VSMC:s are closely associated with AS progression.>®
Oxidized low-density lipoprotein (ox-LDL), a well-estab-
lished risk factor for AS, can induce proliferation and mi-
gration of VSMCs, thereby contributing to atherosclerotic
plaque formation and progression.” Therefore, ox-LDL was
employed in the present study to stimulate VSMCs to es-
tablish an AS cell model, providing a similar environment
to explore the regulatory mechanisms involved in AS.

Eplerenone (EPL), a selective aldosterone receptor antago-
nist, is approved by Federal Drug Administration (FDA) for
the treatment of left-sided heart failure and systemic hy-
pertension.® Compelling evidence has indicated that EPL
is effective in remedying cardiovascular diseases secondary
to hypertension.? One report supports the notion that EPL in-
hibits Tregs by inactivation of Kv1.3 channel to reverse cardiac
fibrosis.* Additionally, EPL can suppress proliferation of con-
tralateral renal cells in rats with unilateral ureteral obstruc-
tion.! What is more, EPL has been affirmed to reduce renal
inflammation, interstitial cell proliferation and phenotypic
changes of interstitial cells.!? The STITCH website (http:/
stitch.embl.de) predicts that the G protein-coupled estrogen
receptor (GPER), a G protein-coupled receptor coupled with
Gs proteins, is a target of EPL. It has been reported that GPER
promotes proliferation, invasion and migration of triple-nega-
tive breast cancer cells.!® Furthermore, blocking the function
of GPER can alleviate the bisphenol A-induced proliferation
of VSMCs.* However, the role of EPL in AS and whether
it functions through targeting GPER remain to be elucidated.

Objectives

In the present study, we probed the impacts of EPL
on proliferation and migration of VSMCs stimulated by ox-
LDL, as well as its underlying molecular mechanism. This

study is of great significance since it provides experimental
support for EPL therapy in the clinical treatment of AS.

Materials and methods
Cell culture and treatment

Human VSMCs were purchased from China Center for Type
Culture Collection (Wuhan, China) and cultured in Dulbecco’s
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modified Eagle’s medium (DMEM) containing 10% fetal bo-
vine serum (FBS; Gibco, Grand Island, USA) at 37°C in fully
humidified air of 95% air and 5% CO,. The VSMCs were
seeded in six-well plates at the density of 1 x 10° cells/well.
To construct the AS model in vitro, 100 pg/mL of ox-LDL
(Yiyuan Biotech, Guangzhou, China) were utilized to treat
cells for 48 h. After that, the cells were treated with 0.3 uM,
1 uMand 3 uM EPL (Pfizer, New York, USA) for 24 h to evalu-
ate the effects of EPL on ox-LDL-induced VSMCs.

Cell transfection

Cells were plated into six-well plates (1 x 10° cells per well)
and transfection was performed once cells in the logarithmic
growth phase reached 80% confluence. The overexpression
plasmids of GPER (Oe-GPER-1 and Oe-GPER-2) and empty
vector (Oe-NC) were designed and synthesized by RiboBio
Co., Ltd. (Guangzhou, China). Transfection experiments were
carried out with Lipofectamine 3000 (Invitrogen, Carlsbad,
USA) following manufacturer’s recommendations. At 24 h af-
ter transfection, VSMCs were collected and the successful
transfection was determined using reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) analysis.

Cell viability assay

A Cell Counting Kit-8 (CCK-8; Shanghai Yi Sheng Bio-
technology Co. Ltd., Shanghai, China) was adopted for
detecting cell viability after appropriate treatments ac-
cording to standard techniques. In brief, VSMCs (about
5 x 103 cells/per well) were seeded in a 96-well plate. After
exposure to EPL or ox-LDL, a volume of 10 uL of CCK-8
solution was added to each well. Following further incu-
bation at 37°C for 1 h, the absorbance was determined
at the wavelength of 450 nm using a microplate reader
(Molecular Devices, Sunnyvale, USA).

Immunofluorescence staining

The VSMCs were plated on coverslips in 24-well plates
following transfection and cultured until 80% confluence
was reached. After different treatments, cells were fixed
with 4% paraformaldehyde for 15 min, followed by per-
meabilization with 0.05% Triton X-100 for 20 min at room
temperature. After blocking in 5% bovine serum albumin
for 30 min, cells were cultivated with a primary antibody
against Ki67 (Cell Signaling Technology, Inc., Boston, USA)
overnight at 4°C. Following three-time washing with phos-
phate-buffered saline (PBS), cells were incubated DyLight™
488-conjugated secondary antibody (Thermo Fisher Sci-
entific, Inc., Waltham, USA) for 1 h at room temperature.
Subsequently, the nuclei were stained with 4’,6-diamid-
ino-2-phenylindole (DAPI; Sigma-Aldrich, Merck KGaA,
St. Louis, USA) for 5 min and then washed 3 times with
PBS in the dark. Immunofluorescence was detected under
a fluorescence microscope (Olympus Corp., Tokyo, Japan).
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Wound healing assay

The VSMCs (2 x 10° cells/well) were placed in six-well
plates and cultured overnight at 37°C. Thereafter, cells
were incubated with serum-free medium for 12 h prior
to the experiment. Afterwards, a wound was gently created
by a 10 pL sterile pipette tip and the cell debris was washed
twice with PBS. Wound closure was monitored by compar-
ing digital photographs of the same region of interest taken
at 0 h and 24 h time points using a fluorescence microscope
(Olympus Corp.). Quantitative analysis of the wound heal-
ing area was performed using Image] software (National
Institutes of Health (NIH), Bethesda, USA).

Transwell migration assay

For the transwell migration assay, serum-free media
containing 5 x 10* VSMCs were placed into the upper
chamber of a 24-well transwell filter with 8 um pore size.
The lower chamber was filled with media supplemented
with 10% FBS. Migratory cells would transgress through
the porous filters at 37°C within 24 h. Then, VSMCs were
fixed with 4% paraformaldehyde for 20 min. Cells that mi-
grated through the pores of the filters were stained with 1%
crystal violet for 30 min. The images were photographed
under a fluorescence microscope (Olympus Corp.) and
the number of migrated cells was calculated using Image]
software.

RT-gPCR analysis

Total RNA was isolated from VSMCs using TRIzol
reagent (Invitrogen) according to standard techniques.
The complementary DNA (cDNA) was synthesized us-
ing a PrimeScript RT Reagent Kit (TaKaRa, Tokyo, Japan).
The PCR then was performed with 2 ug cDNA as the tem-
plet using Power SYBR Master Mix (Applied Biosystems,
Foster City, USA) on the ABI 7500 PCR system (Applied
Biosystems). The following thermocycling conditions
were used: initial denaturation at 95°C for 7 min; 40 cycles
of 95°C for 15 s and 60°C for 30 s; and a final extension
at 72°C for 30 s. Sequences of the gene-specific primers
were synthesized by Ribobio Co., Ltd. (Guangzhou, China).
Relative expression was calculated using the 2-24“* method.
Gene expression was normalized to that of glyceraldehyde
3-phosphate dehydrogenase (GAPDH).

Western blot analysis

Whole proteins were extracted using a protein lysis buf-
fer in the presence of a protease inhibitor cocktail (Beyo-
time, Shanghai, China), which were further quantified
using a bicinchoninic acid protein assay kit (Beyotime).
Then, equal amount of total protein (50 pg) was subjected
to 10% SDS-PAGE electrophoresis and transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore,
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Billerica, USA). The membranes were subsequently blocked
with 5% non-fat milk for 1 h at room temperature and incu-
bated with primary antibodies (Santa Cruz Biotechnology,
Dallas, USA) overnight at 4°C. Following this, the mem-
branes were further probed with horseradish peroxidase
(HRP)-conjugated secondary antibody (Cell Signaling
Technology) for 1.5 h at room temperature. The immu-
noreactive protein bands on the membranes were visual-
ized using the Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, USA). Image] software was used for
quantitative analysis of the gray values of protein bands.
The relative expression was normalized to the internal
control GAPDH.

Statistical analyses

All data are represented as mean values + standard de-
viation (SD) from at least 3 independent experiments. Sta-
tistical analysis was conducted with GraphPad Prism v. 6
(GraphPad Software, Inc., San Diego, USA). Student’s t-test
was utilized to analyze data between 2 groups. Compari-
sons involving multiple samples were conducted using one-
way analysis of variance (ANOVA) followed by Tukey’s post
hoc test. The acceptable value of significance was p < 0.05.

Results

EPL dose-dependently inhibited cell
proliferation in ox-LDL-stimulated VSMCs

Firstly, a CCK-8 assay was used to assess cell viability
after VSMCs were treated with increasing EPL. As dis-
played in Fig. 1A, there was no significant effect on cell
viability in response to EPL treatment (0.3 M, 1 uM and
3 uM) relative to the control group. By contrast, ox-LDL
challenge significantly enhanced cell viability, which
was reduced with EPL co-treatment in a dose-dependent
manner (Fig. 1B). Additionally, notably elevated Ki67
expression was observed in ox-LDL-stimulated VSMCs
relative to the untreated group, whereas EPL intervention
significantly decreased Ki67 expression, especially under
co-treatment with 3 uM EPL (Fig. 1C). Consistently, EPL
markedly downregulated the expression of minichromo-
some maintenance-2 (MCM-2) and proliferating cell nu-
clear antigen (PCNA), which are key proliferation-related
proteins, in ox-LDL-exposed VSMCs (Fig. 1D). These re-
sults implicate that EPL attenuates proliferation of VSMCs
stimulated by ox-LDL.

EPL treatment suppressed migration
of VSMCs induced by ox-LDL

The influence of EPL on cell migration in ox-LDL-in-
duced VSMCs was explored in the following experiments.
Results presented in Fig. 2A,B show that ox-LDL challenge
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Fig. 1. EPL dose-dependently inhibited cell proliferation in ox-LDL-stimulated VSMCs

A. Cell viability was detected using a CCK-8 assay when VSMCs were treated with different concentrations of EPL; B. CCK-8 assay was employed to determine
viability of VSMCs in the presence or absence of ox-LDL and EPL; C. The expression of Ki67 was measured using immunofluorescence staining (magnification x200);
D. Western blot analysis was used to analyze the levels of MCM-2 and PCNA. All experiments were repeated 3 times independently (n = 3). **p < 0.01, ***p < 0.001
compared to control; #p < 0.05, #p < 0.01 and *#p < 0.001 compared to ox-LDL; EPL — eplerenone; ox-LDL — oxidized low-density lipoprotein; VSMCs

- vascular smooth muscle cells; CCK-8 - cell counting kit-8; MCM-2 — minichromosome maintenance-2; PCNA — proliferating cell nuclear antigen.

remarkably promoted the migration of VSMCs relative
to the control group. Conversely, EPL dose-dependently
declined the ox-LDL-promoted ability of cell migration.
As expected, results of transwell migration assay presented
the same trends with those of the scratch wound healing
assay (Fig. 2C,D). Simultaneously, EPL dramatically down-
regulated the expression of migration-associated proteins
including MMP2 and MMP9 in a dose-dependent manner
(Fig. 2E). Overall, these data suggest that EPL treatment
represses migration of VSMCs boosted by ox-LDL.

EPL downregulated the expression
of GPER in VSMCs exposed to ox-LDL

To uncover the potential mechanisms of EPL in VSMCs
under ox-LDL exposure, the STITCH website (http://stitch.
embl.de) was applied to search the potential proteins in-
teracting with EPL. The GPER was assumed to combine
with EPL (Fig. 3A). It is observable in Fig. 3B that GPER
expression was gradually enhanced with the increased
concentrations of ox-LDL. Moreover, under exposure

to 100 pg/mL of ox-LDL at time points from 12 h to 72 h,
the level of GPER in VSMCs was markedly upregulated
compared with the control group, and the highest level
of GPER was noted at 48 h (Fig. 3C). Afterwards, the effect
of EPL on GPER expression was assessed using western blot
analysis. Figure 3D displays that EPL dose-dependently
lowered the level of GPER induced by ox-LDL. To sum
up, these observations reveal that EPL can inhibit GPER
expression in VSMCs exposed to ox-LDL.

GPER overexpression reversed
the inhibitory impacts of EPL exposure
on proliferation and migration of VSMCs
treated with ox-LDL

Subsequently, to study the exact regulatory mechanisms
of EPL on GPER, GPER was overexpressed by transfec-
tion with overexpression plasmids. Successful transfection
was presented in Fig. 4A, and VSMCs transfected with

Oe-GPER-1 were selected for the following experiments
due to Oe-GPER-1 producing higher expression of GPER.
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migration assay (magnification x200); E. The expression of MMP2 and MMP9 was examined using western blot analysis. The experiments were generated
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low-density lipoprotein; VSMCs - vascular smooth muscle cells; MMP — matrix metalloproteinase.
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Fig. 4. GPER overexpression alleviated the inhibitory effect of EPL exposure on proliferation of VSMCs induced by ox-LDL

A. The expression of GPER was determined using RT-gPCR after transfection with Oe-GPER-1 or Oe-GPER-2. The experiments were generated from

3 independent repeats (n = 3). &p < 0.001 compared to Oe-NC; B. Cell viability was evaluated using a CCK-8 Kit; C and D. Western blot analysis was
employed to assess the expression of proliferation-related proteins. The experiments were generated from 3 independent repeats (n = 3).

**p < 0.01 and ***p < 0.001 compared to control; *p < 0.05 and #¥p < 0.001 compared to ox-LDL; p < 0.05 and #*p < 0.01 compared to ox-LDL + EPL

+ Oe-NGC; EPL - eplerenone; ox-LDL — oxidized low-density lipoprotein; Oe-NC - empty vector; VSMCs — vascular smooth muscle cells; GPER - G protein-
coupled estrogen receptor; CCK-8 — cell counting kit-8; MCM-2 — minichromosome maintenance-2; PCNA - proliferating cell nuclear antigen.

As shown in Fig. 4B, GPER overexpression significantly el-
evated cell viability relative to the Oe-NC group. Meanwhile,
as compared to VSMCs transfected with Oe-NC, the decrease
of Ki67, MCM-2 and PCNA was notably reversed after GPER
overexpression (Fig. 4C,D). Results presented in Fig. 5A-D
revealed that the ability of cell migration was remarkably
enhanced in the GPER overexpression group compared
with the empty vector group. Moreover, GPER-upregulation
conspicuously increased the levels of MMP2 and MMP9.
Through the above findings, we prove that GPER overex-
pression abolished the suppressive effects of EPL exposure
on proliferation and migration of VSMCs treated by ox-LDL.

Discussion

Itis well known that AS is a chronic degenerative disease
and has become a major cause of cardiovascular morbidity
and mortality.!> Aging, obesity, diabetes mellitus, chronic
inflammation, and elevated plasma ox-LDL are risk fac-
tors for the disease process.'>!” Moreover, postoperative
care, rehabilitation training and health education after AS

bypass grafting is important in improving the quality of life
of patients and preventing the occurrence of poor prognos-
tic event. Existing studies have demonstrated that EPL pos-
sesses protective functions against cardiovascular disease.!®
The present study was the first to explore the roles of EPL
in the functions of VSMCs as applied to AS.

The VSMCs are the major cell type observed in blood
vessel walls that play considerable roles in the regulation
of multiple physiological and pathological situations.'’
Aberrant proliferation and migration of VSMCs are the key
events in the progression of AS and restenosis after per-
cutaneous coronary intervention.?’ An increasing number
of studies have reported that ox-LDL exerts a promotion
effect in the development of AS by stimulating the prolif-
eration of VSMCs within the vessel wall.?*?> Therefore,
agents blocking or inhibiting proliferation and migration
of VSMCs induced by ox-LDL may contribute to the iden-
tification of therapeutic strategies. Eplerenone is a newly
found novel selective aldosterone receptor antagonist.®?
Additionally, it has been reported to alleviate hepatocel-
lular carcinoma growth and angiogenesis in mice.?* Adria-
mycin nephropathy rats treated with EPL exhibit obvious
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Fig. 5. GPER overexpression attenuated the inhibitory effect of EPL treatment on migration of VSMCs induced with ox-LDL

A and B. Cell migration was determined using scratch wound healing assay (magnification x200); C and D. Cell migration was assessed using

transwell migration assay (magnification x200); E. The expression of MMP2 and MMP9 was examined using western blot analysis. The experiments
were generated from 3 independent repeats (n = 3). ***p < 0.001 compared to control; *p < 0.05 and *#p < 0.001 compared to ox-LDL;

Oe-NC - empty vector; EPL - eplerenone; ox-LDL — oxidized low-density lipoprotein; VSMCs - vascular smooth muscle cells; GPER - G protein-coupled

estrogen receptor; MMP — matrix metalloproteinase.

attenuation of mesangial cell proliferation and matrix ex-
pansion.?* Moreover, EPL can inhibit neointimal formation
after coronary stent implantation in swine by decreas-
ing collagen accumulation.?® The present study suggested
that EPL treatment significantly hampered proliferation
and migration of VSMCs treated with ox-LDL, suggest-
ing a promising therapeutic agent in the treatment of AS.

We further explored the molecular mechanisms under-
lying the inhibitory roles of EPL on ox-LDL-stimulated
VSMCs. The STITCH website (http://stitch.embl.de) was
used to detect the potential proteins that could partake
in the regulation of EPL. Thereafter, GPER, a G protein-
coupled receptor coupled with Gs proteins, was discov-
ered as one binding point of EPL. According to published
studies, GPER promotes cell proliferation and migration
of triple-negative breast cancer, renal cell carcinoma and
ovarian cancer.26-28 Furthermore, activation of the GPER
can increase neurogenesis and alleviate neuroinflamma-
tion in the hippocampus of male spontaneously hyper-
tensive rats.? Also, blocking of GPER function mitigates
the bisphenol A-stimulated proliferation of VSMCs.!*

Results of the current work indicated that GPER expres-
sion was markedly upregulated in ox-LDL-induced VSMCs
and the elevation was abolished under treatment with EPL.
Importantly, GPER overexpression dramatically reversed
the inhibitory effects of EPL intervention on proliferation
and migration of VSMCs stimulated by ox-LDL, which was
accompanied by the expression changes of proliferation-
and migration-associated proteins.

Conclusions

To the best of our knowledge, the present study was
the first to investigate the pivotal roles of EPL on VSMCs
function. These findings demonstrate that EPL restricts
proliferation and migration of VSMCs stimulated by ox-
LDL partly by downregulating GPER expression, provid-
ing experimental and mechanistic support for EPL use
in the clinical treatment of AS. However, a lack of the study
invivo is a limitation of the present research, and therefore,
a comprehensive analysis is required in the future.
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Abstract

Background. Myocardial ischemia-reperfusion (I/R) injury is still thought to be an unsolved puzzle that
may lead to reperfusion arrhythmias and sudden cardiac death. Inflammation plays a key role in myocardial
I/R. Studies have indicated that purinoceptor 2Y12 (P2Y12) antagonists have anti-inflammatory properties
that are cardioprotective.

Objectives. In this study, we explored whether inhibition of P2Y12 in macrophages could reduce cardiac
inflammation and attenuate reperfusion arrhythmias after myocardial I/R.

Materials and methods. Rats were randomly divided into 4 groups: group A (control 4 vehicle); group B
(control 4 P2Y12 shRNA lentiviral vector); group C (myocardial I/R + vehicle); and group D (myocardial I/R
+ P2Y12 shRNA lentiviral vector). Infarct size, reperfusion arrhythmias, and P2Y12 and platelet endothelial
cell adhesion molecule-1 (CD31) protein expression were measured.

Results. The incidence of reperfusion ventricular tachycardia and fibrillation (VT/VF) was 90% in the I/R
group, while it was reduced to 50% by P2Y12 shRNA treatment. lonized calcium binding adapter mole-
cule 1and P2Y12 immunoreactivity in the myocardial I/R + P2Y12 shRNA group was lower compared
to the myocardial I/R group. P2Y12 shRNA treatment increased a-smooth muscle actin (a-SMA) and (D31
protein expression, as evidence by western blot and immunohistochemistry analyses (0.31 +0.01 compared
10 0.26 +:0.008, group D compared to group C, p < 0.05).

Conclusions. Inhibition of P2Y12 in macrophages improved reperfusion arrhythmias in our rat I/R model,
suggesting that blocking P2Y12 could decrease the inflammatory response after cardiac perfusion.

Key words: macrophages, inflammation, P2Y12, myocardial ischemia-reperfusion, reperfusion arrhythmia
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Background

Acute myocardial infarction (AMI) is one of the most
common causes of cardiovascular death worldwide. Re-
perfusion is the primary mechanism to restore blood flow
to the heart in the treatment of AMI. However, myocardial
ischemia-reperfusion (I/R) can cause a variety of injuries
through a number of processes, such as cell and organelle
membrane injury, oxidative stress, endothelial injury, vaso-
constriction, and pro-inflammatory immune responses.!
Accordingly, reperfusion can cause heart tissue damage,
electrophysiological dysfunction and heart failure.>* One
example are reperfusion arrhythmias, particularly ventricu-
lar tachycardia and fibrillation (VT/VF), which are serious
events that complicate reperfusion therapies, like coronary
interventions and thrombolytic therapy, in patients with
AML* Sympathetic over-stimulation and inflammation are
2 major mediators of reperfusion arrhythmias.” Therefore,
reducing cardiac inflammation could be an effective means
to prevent myocardial I/R injury and the occurrence of re-
perfusion arrhythmias. Inflammation is a part of the physi-
ological wound-healing response after mechanical injuries.
At the onset of an infarction, a strong inflammatory re-
sponse is initiated,® which involves macrophage activation.”
Macrophages play an important role in myocardial repair
and remodeling after myocardial infarction. However,
the role of macrophages in I/R injury remains unclear. Pre-
vious studies have shown that the platelet P2Y12 (P2Y12)
receptor plays a central role in platelet function, hemostasis
and thrombosis, but there have only been a few studies that
have explored the non-platelet effects of P2Y12 in cardio-
vascular diseases.®® One study demonstrated that inhibiting
the P2Y12 receptor reduced the increase in pro-inflamma-
tory mediators, pointing to the cardioprotective properties
of P2Y12 antagonists.’ In our study, we investigated the role
and mechanism of P2Y12 inhibition in I/R injury.

Materials and methods
Animals

Sixty 8-week-old male Sprague Dawley rats weighing
200-270 g were purchased from the Vital River Laboratory
(Beijing, China). The protocols was approved by the Ethics
Committee of Shandong Corps Hospital of Chinese People’s
Armed Police Forces, Jinan, China, and rats received hu-
mane care conforming to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Rats
had free access to normal rat chow and drinking water.

Experimental design
A total of 60 rats were randomly divided into 4 groups:

group A (control + vehicle); group B (control + P2Y12
shRNA lentiviral vector (Santa Cruz Biotechnology,

L. Wang et al. P2Y12 inhibition reduces reperfusion injury

Santa Cruz, ISA); group C (myocardial I/R + vehicle); and
group D (myocardial I/R + P2Y12 shRNA lentiviral vector).
Rats received P2Y12 shRNA lentiviral vector via tail vein
injection starting 5 days before myocardial I/R surgery.
Rats in the sham control groups were administered ve-
hicle. After the shRNA expression vector enters the cyto-
plasm, the vector needs to be transported to the cytoplas-
mic nucleus for transcription. ShRNAs are synthesized
in the nucleus, processed and transported to the cyto-
plasm, and finally incorporated into the RNA-interfering
silencing complex. Mature shRNA provides RNA interfer-
ence through mRNA cleavage and degradation.!® The in-
cidence and duration of VT/VF in the reperfusion period
were recorded to evaluate reperfusion arrhythmias. After
sacrifice, heart tissues were collected for western blot and
immunohistochemistry analyses.

Myocardial I/R surgery

Myocardial I/R surgery was performed 5 days after
P2Y12 shRNA lentiviral vector injection. After anesthe-
tizing with 3% pentobarbital sodium (30 mg/kg; intraperi-
toneal), intubating via tracheotomy and ventilating with
a small animal ventilator, a 3-cm left thoracotomy was
performed through the left 4" intercostal space. The left
anterior descending (LAD) coronary branch was ligated
with 6/0 silk sutures for 30 min to induce myocardial isch-
emia. During the procedure, we monitored cardiac func-
tion using electrocardiogram (ECG) recordings (BL-420S;
TaiMeng, Dongguan, China). Myocardial ischemia was
confirmed with ST-segment elevation and tall T-waves.
Rats in the sham surgery groups underwent only thoracot-
omy and the LAD coronary was not ligated. After 30 min
of ligation, the LAD coronary was reperfused for 2 h.

Evaluation of arrhythmias

Arrhythmias were assessed according to the diagnos-
tic criteria of the Lambeth Conventions.”!! Ventricular
arrhythmia parameters, including percent incidence
of VI/VF and duration of VTI/VF, were quantified during
the whole reperfusion period. Ventricular tachycardia re-
fers to the occurrence of 4 or more consecutive ventricular
premature beats in a row. Ventricular fibrillation is de-
fined as a signal whose individual QRS wave deflections
are no longer distinguishable from each other (meaning
morphological instability) and whose frequency can no
longer be measured.

Determination of myocardial injury

Myocardial ischemic size was determined using Evans
blue/triphenyltetrazolium chloride (TTC) staining. After
reperfusion, 1% Evans blue staining solution (0.3 mL) was
injected to determine the ischemic area. The tissues were
then incubated in a 2% TTC solution (Sigma Aldrich, St.
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Louis, USA) for 30 min at 37°C, and fixed in 4% parafor-
maldehyde solution overnight. After storing at —20°C for
20 min, the heart was cut into 1-mm thick slices. The myo-
cardium in the ischemic area and infarction area was
stained blue and light yellow, respectively.

Immunofluorescence

Hearts were sectioned into approx. 7-um slices for im-
munofluorescence assays using a freezing microtome.
The sections were incubated with anti-ionized calcium
binding adapter molecule 1 (Ibal) (1 : 100; Abcam, Cam-
bridge, UK) and anti-P2Y12 (1 : 50, Novus, Centennial,
USA) as primary antibodies diluted in phosphate-buffered
saline (PBS) overnight at 4°C. After washing 3 times with
PBS, the sections were incubated with Alexa 546-conju-
gated donkey anti-rabbit (1 : 200; Thermo Fisher Scientific,
Waltham, USA) and Alexa 488-conjugated donkey anti-
goat (1 : 200, Thermo Fisher Scientific) antibodies for 2 h.
The sections were counterstained with 4',6-diamidino-
2-phenylindole (DAPI; Life Technologies, Grand Island,
USA) to identify nuclei. Olympus LCX100 Imaging System
(Olympus Corp., Tokyo, Japan) and Image] software (Na-
tional Institutes of Health, Bethesda, USA) were used for
image acquisition and analysis.

Western blot analysis

Heart tissue was homogenized in radioimmunopre-
cipitation assay (RIPA) lysis buffer containing 1% phenyl-
methanesulfonyl fluoride (PMSF), and the supernatants
were collected after centrifugation at 4°C and processed
for western blot analysis. A BCA assay kit (Pierce Protein
Biology, St. Louis, USA) was used to determine protein
concentration. Approximately 70 pg of total protein from
each sample was resolved on 8-10% polyacrylamide gels
and transferred to polyvinylidene fluoride (PVDF) mem-
branes (BioRad, Richmond, USA). The membranes were
incubated at 4°C overnight with anti-P2Y12 (1 : 2000;
Abcam; ab184411), anti-platelet endothelial cell adhesion
molecule-1 (CD31) (1 : 1000; Abcam; ab64543), anti-glyc-
eraldehyde-3-phosphate dehydrogenase (anti-GAPDH)
(1 : 5000; CoWin Bioscience, Beijing, China) antibodies
diluted in general antibody dilution buffer. The blots were
detected with an enhanced chemiluminescence (ECL) de-
tection kit (Merck Millipore, Burlington, USA) and visual-
ized using a FluorChem E Imager (Protein-Simple, Santa
Clara, USA). The protein expression relative to GAPDH
was analyzed using Image] software.

Statistical analysis

Data are presented as means + standard deviations (SD).
Unpaired t-tests were used to compare values between
2 groups. Analysis of variance (ANOVA) and Tukey’s test
were used to compare the differences among multiple
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groups. The SPSS v. 17.0 software (SPSS Inc., Chicago,
USA) was used for the analysis. A p-value less than 0.05
was considered significant in all statistical tests.

Results

P2Y12 inhibition in macrophages
attenuates infarct size following
myocardial I/R injury in rats

As shown in Fig. 1A,B, P2Y12 shRNA treatment signifi-
cantly reduced ischemia size, as evidenced by Evans blue
staining (p < 0.05). The ECGs were examined to elucidate
the physiological effect of I/R injury and the incidence rate
of reperfusion arrhythmias. Successful ischemia injury was
confirmed by ST-segment elevation, and reperfusion injury
was confirmed by reduced ST-segment elevation and tall
T-waves after ischemia. P2Y12 knockdown (I/R + P) signifi-
cantly reduced the incidence rates of reperfusion arrhyth-
mias are shown in Fig. 1C, and the duration of VT when
compared with I/R + V as shown in Fig. 1D (23.07 +4.32
compared to 55.83 +11.3, p < 0.05). The incidence of re-
perfusion VT/VF was 90% in the I/R group; it was reduced
to 50% following P2Y12 shRNA treatment.

P2Y12 inhibition in macrophages
attenuates inflammation induced
by myocardial I/R injury in rats

We used P2Y12 shRNA to determine the role of P2Y12R
in macrophages following myocardial I/R injury in rats.
Asshown in Fig. 2, immunohistochemical analysis of heart
sections demonstrated a strong immunoreactive signal for
Ibal in the I/R areas in the control groups, which was sig-
nificantly attenuated by P2Y12 shRNA treatment (p < 0.05).

P2Y12 inhibition in macrophages
attenuates cardiac remodeling in rats

To assess the role of P2Y12 in myocardial I/R injury,
we employed the following strategies. To evaluate the effi-
cacy of cardiac remodeling, we measured protein expression
of a-smooth muscle actin (a-SMA) and CD31 using immu-
nohistochemistry and western blot analyses, respectively.
We found that a-SMA staining was significantly higher
in the I/R + P2Y12 shRNA group compared to the I/R
group (Fig. 3A). CD31 protein expression in the I/R areas
was significantly upregulated in the I/R + P2Y12 shRNA
group compared to the other groups (Fig. 3B, 3C 0.31 +0.01
compared to 0.26 £0.008 (I/R + P compared to I/R + V);
p < 0.05). The a-SMA and CD31 staining also revealed
increased vessel formation in the I/R areas.

As shown in Fig. 3D, we observed that P2Y12 protein
expression in the I/R areas was significantly increased
compared to the control groups (0.23 +0.01, 0.17 +0.007
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Fig. 1. A. Infarct and ischemic area as determined using Evans blue dye and TTC staining; B. Percent ischemic area after reperfusion; C. Comparisons of VT
duration between the 4 groups after reperfusion; D. Comparisons of the incidence rates of reperfusion arrhythmias between the 4 groups after reperfusion;
*p < 0.01 compared with C +V; tp < 0.05 compared with I/R + V. C +V; control + vehicle; C + P, control + P2Y12 shRNA lentiviral vector; I/R + V, myocardial

I/R + vehicle; and I/R + P, myocardial I/R + P2Y12 shRNA lentiviral vector

compared to 0.150 +0.007, 0.16 £0.009 (I/R + Vand I/R + P
compared to C + Vand C + P); p < 0.05). The I/R + P2Y12
shRNA group had significantly lower P2Y12 protein ex-
pression compared to the I/R group (0.17 £0.007 compared
to 0.23 +£0.01 (I/R + P compared to I/R + V); p < 0.05).

Discussion

The present study was designed to investigate the role
of P2Y12 in macrophages following myocardial I/R injury
in rats. The primary findings of our study are as follows:
1) P2Y12 shRNA lentiviral vector reduced P2Y12 protein

expression in macrophages; 2) reperfusion treatment sig-
nificantly increased the incidence of arrhythmias, and in-
hibiting P2Y12 in macrophages improved the duration and
incidence of arrhythmias; and 3) inhibiting P2Y12 reduced
inflammation associated with reperfusion.

Myocardial ischemia can lead to cardiovascular disease
and AMI, which is the major cause of death worldwide.
Reperfusion is the primary treatment for AMI, and timely
and successful reperfusion can reduce myocardial isch-
emia injury, limit infarct areas and improve ventricular
function. However, tissue ischemia often occurs despite
the fact that the flow of blood is restored, resulting in myo-
cardial I/R injury, which is characterized by endothelial cell
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dysfunction, DNA damage and inflammation.” A variety
of clinical conditions can cause I/R injury, such as myocar-
dial injury, stroke, organ transplantation, limb ischemia,
and multiple organ system dysfunction. In the last 20 years,
it has been confirmed that inflammation plays a vital role
in the pathophysiological process of I/R injury. Inflamma-
tion may induce ectopic triggers, leading to the occurrence
of arrhythmias.”!? Recent studies provide evidence that
immune cells are involved in I/R-induced wound heal-
ing.!3-18 Macrophages are the primary inflammatory cell
responders, and they play an important role in myocardial
healing following infarction,'® as well as the inflammatory
response after I/R injury.?°

The P2Y12 receptor is composed of 2 parts: seven-
transmembrane (7-TM) «-helix bundle and a carboxyl
terminal helix.?° P2Y12 is expressed in platelets, where
it stabilizes platelet aggregation induced by thrombin
and thromboxane A2 (TXA2) and other agonists, and
also plays an important role in thrombosis in vivo.2-2*
Activation of the ADP-P2Y12 pathway can induce an in-
flammatory state in vascular smooth muscle and lead

to atherosclerosis.?> A series of studies have shown that
P2Y12 antagonists have cardioprotective properties that
are independent of their anti-thrombotic actions.?® This
protective effect is mainly due to adenosine receptor acti-
vation and downstream phosphorylation of protein kinase
B and endothelial nitric oxide synthase, and activation
of cyclooxygenase-2.2” Adenosine plays a key protective
role during myocardial I/R injury.?8-3! Blocking the P2Y12
receptor can increase extracellular adenosine levels by in-
hibiting the reuptake of interstitial adenosine in cells.32:33
The present study intended to investigate the cardiopro-
tective effects of P2Y12 in the context of inflammation.
P2Y12 is also expressed on macrophages. A P2Y12 an-
tagonist has been shown to attenuate atherogenesis and
reduce accumulation of macrophages in ApoE-deficient
mice.3* A recent study demonstrated that P2Y12 expression
in macrophages was involved in the modulation of the im-
mune microenvironment in various pathological inflamma-
tory conditions, a fact that indicates that P2Y12 is an im-
portant immunomodulatory receptor on macrophages.®®
In the present study, shRNA was used to knock down
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P2Y12 expression in macrophages. Systemic administration
of P2Y12 shRNA had no effect on platelet expression, given
that platelets lack nuclei. Thus, we were able to rule out
the effect of blocking P2Y12 in platelets in our I/R model.
Our immunofluorescence staining of P2Y12 in macro-
phages demonstrated that P2Y12 plays an anti-inflamma-
tory role in I/R injury. Activation of P2Y12 in macrophages
could induce cell proliferation and lamellar foot formation,
and inhibiting P2Y12 could reduce chemotaxis.3® Our re-
sults suggest that regulating P2Y12 in macrophages could
improve the duration and incidence rates of reperfusion
arrhythmias through 2 possible mechanisms.

Downregulating P2Y12 in macrophages could ameliorate
the immune microenvironment and exert anti-inflamma-
tory effects in the I/R injury area. Furthermore, since car-
diac tissue inflammation is related to cardiovascular sympa-
thetic tone, sympathetic overstimulation and inflammation
could be 2 major mediators of reperfusion arrhythmias.®

Another possibility is that reperfusion arrhythmias were
obviously correlated with myocardial I/R injury. Our re-
sults showed that systemic administration of P2Y12 shRNA
could significantly reduce the ischemia area, altering the re-
lease of oxygen free radicals and inflammatory factors.

In our study, we only carried out animal experiments
to investigate the cardioprotective effect of P2Y12 on mac-
rophages. However, determination of the effect of P2Y12
inhibition on macrophages in clinical scenarios and
the exact mechanism underlying the effect requires fur-
ther research. Ticagrelor is a P2Y12 receptor antagonist
with proven clinical benefits in patients with myocardial
infarction and acute coronary syndrome.*” This experi-
ment elaborated upon the mechanism of potential car-
dioprotective effects outside of the antiplatelet actions
of ticagrelor, particularly from the perspective of inflam-
mation regulation.

Limitations

In our study, we only carried out animal experiments
to investigate the cardioprotective effect of P2Y12 on mac-
rophages. However, determination of the effect of P2Y12 in-
hibition on macrophages in clinical scenarios and the exact
mechanism underlying the effect requires further research.
Ticagrelor is a P2Y12 receptor antagonist with proven clin-
ical benefits in patients with myocardial infarction and
acute coronary syndrome.” This experiment elaborated
upon the mechanism of potential cardioprotective effects
outside of the antiplatelet actions of ticagrelor, particularly
from the perspective of inflammation regulation.

Conclusions

Knockdown of P2Y12 in macrophages was a main
mechanism in improving the duration and incidence of ar-
rhythmias after reperfusion in a I/R rat model. In addition,
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blocking P2Y12 could decrease the inflammatory response
after cardiac reperfusion, which may be a new mecha-
nism to target in the development of new cardioprotective
therapeutics.
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Abstract

Background. Increased activity of the NF-kB signaling pathway boosts the progression of retinopathy
in diabetic rats.

Objectives. Using a bioinformatics website, we identified a site where miR-874 binds to the NF-kB p65.
Therefore, we speculated that miR-874 might improve retinopathy in diabetic rats by inhibiting the NF-xB
signaling pathway.

Materials and methods. Ten healthy rats were taken as the control group. Sixty streptozotocin (STZ;
60 mg/kg)-induced diabetes model rats were randomly divided into the model group (injection of normal
saline), negative control (NC) agomir group (i