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Abstract
Background. Ovarian cancer is usually not diagnosed until the late stage, and it is resistant to platinum and 
other standard chemotherapy drugs, resulting in high mortality.

Objectives. To investigate the effects of miR-140-5p on cell proliferation, apoptosis, invasion, and migration 
capability in the SKOV3 and OVCAR3 ovarian cancer cell lines through Wnt signaling pathway.

Material and methods. Expression levels of miR-140-5p were checked using quantitative real-time 
polymerase chain reaction (qRT-PCR). The expression of miR-140-5p was upregulated by transfecting cells 
with a miR-140-5p mimic or a mimic negative control (NC). Cell proliferation was assessed using a CCK8 
assay, and cell cycle distribution and apoptosis percentage were detected with flow cytometry. A transwell 
invasion assay was employed to evaluate cell migration and invasion ability. The target complementary rela-
tionship between miR-140-5p and WNT1 was verified using a dual-luciferase reporter assay while β-catenin 
in the nuclei was observed using immunofluorescence. The expression of Wnt signaling pathway-related 
proteins was examined using western blot and qRT-PCR.

Results. The relative expression level of miR-140-5p in SKOV3 and OVCAR3 cells was obviously decreased 
compared with that in the IOSE80 cells (p < 0.05). Besides, upregulated miR-140-5p effectively suppressed 
cell proliferation and increased the apoptosis ratio of SKOV3 and OVCAR3 cells (p < 0.05). In addition, 
the invasion and migration capability of SKOV3 and OVCAR3 cells in miR-140-5p mimic group was largely 
suppressed compared with the NC group (p < 0.05). What is more, the target complementary relationship 
between miR-140-5p and the WNT1 gene was revealed; upregulated miR-140-5p suppressed the expression 
of Wnt signaling-related genes, and restrained nuclear transfer of β-catenin (p < 0.05).

Conclusions. The overexpression of miR-140-5p restricted the proliferation, migration and invasion abili-
ties, and accelerated cell apoptosis in ovarian cancer cell lines SKOV3 and OVCAR3 through the Wnt signaling 
pathway.

Key words: apoptosis, ovarian cancer, cell proliferation, Wnt signaling pathway, miR-140-5p
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Ovarian cancer has the 7th highest incidence and 8th 
highest fatality rate among malignant gynecological dis-
eases in the world, with a five-year survival rate lower than 
45%.1–4 At present, the most common therapy for ovarian 
cancer is surgical resection of visible lesions, combined 
with chemotherapy using targeted platinum drugs (such 
as cisplatin or carboplatin) and paclitaxel.5 However, long-
term use of these chemotherapy regimens carries the risk 
of drug resistance. Various advances in surgical technol-
ogy and chemotherapy have been made in recent years. 
However, instead of early detection, ovarian cancer is usu-
ally not diagnosed until the late stages, and it is resistant 
to platinum and other standard chemotherapy drugs, thus 
resulting in high mortality.6,7 Therefore, it is urgent to ex-
plore new and effective treatments for ovarian cancer.

Gene therapy, especially microRNA-regulated gene 
therapy, has attracted extensive attention recently years.8 
MicroRNAs (miRs) are able to regulate cell proliferation, 
differentiation and apoptosis, as well as the occurrence and 
development of cancer.9 Regulation of miR expression has 
provided important ideas for the prevention and control 
of a variety of malignant diseases, including papillary thy-
roid cancer, prostate cancer, breast cancer, non-small cell 
lung cancer (NSCLC), and so on.10–13 For example, miR-
140-5p overexpression has effectively inhibited the growth, 
metastasis, invasion, and epithelial-mesenchymal transfor-
mation of hepatocellular carcinoma (HCC) and NSCLC.14,15 
However, the effects of miR-140-5p on ovarian cancer have 
not been clearly illustrated. We learned from a biological 
information website that complementary binding sites exist 
between miR-140-5p and the WNT1 gene, and we know 
that WNT1 is an  important gene in  the Wnt signaling 
pathway, whose abnormal expression plays a key regula-
tion function in the onset and progress of many cancers.16

The aim of our study was to research the expression of miR-
140-5p and the WNT1 gene in ovarian cancer cells, and 
the effects of miR-140-5p on the biological characteristics 
of ovarian cancer cells through the Wnt signaling pathway.

Material and methods

Cell culture and transfection

The  human epithelial ovarian cancer SKOV3 and 
OVCAR3 cell lines used here were originally purchased 
from the ATCC cell bank (Manassas, USA). Human normal 
ovarian epithelial cells IOSE80 were acquired from the cell 
bank of  the  Chinese Academy of  Sciences ( Shanghai, 
 China). The cells were kept in RPMI 1640 medium with 
10% fetal bovine serum (FBS), 100 μg/mL of streptomycin 
and 100 U/mL of penicillin (Gibco BioSciences, Dublin, 
Ireland) at 37° in 5% CO2, and the cells were not sub-cul-
tured until cell density was up to 80%.

SKOV3 and OVCAR3 cells at the logarithmic growth 
stage were inoculated into six-well plates (5*105 cells/mL) 

and were then co-transfected with miR-140-5p mimic 
or mimic negative control (NC) (Gemma Biological Co., 
Ltd., Shanghai, China) using Lipofectamin 2000 (Invitro-
gen Corp., Carlsbad, USA) following standard instructions.

Dual-luciferase reporter assay

Binding sites between miR-140-5p and WNT1 were first 
predicted on the Bioinformatics & Research Computing 
website (www.targetscan.org) and the fragment sequence 
containing the  binding sites was obtained. Synthetic 
WNT1-WT or WNT1-MUT was inserted into the 3ʹUTR 
of the pMIR-reporter (Thermo Fisher Scientific, Waltham, 
USA) to package recombinant plasmids pMIR-WNT1-WT 
and pMIR-WNT1-MUT, respectively. Correctly identified 
recombinant plasmids WNT1-WT or WNT1-MUT were 
co-transfected into HEK293T cells with miR-140-5p or NC 
plasmids, respectively. After incubating for 48 h, cells were 
cleaved in 1 × passive lysate, and luciferase activity was as-
sessed using a luciferase test kit (Promega, Madison, USA) 
using a dual-luciferase reporter assay system (Promega). 
The related target effect was shown as relative luciferase ac-
tivity (the ratio of firefly luciferase intensity to that of renilla). 
Renilla luciferase activity was used as the internal reference.

qRT-PCR

Total RNA was first extracted using cold Trizol (Invit-
rogen). After the RNA concentration was measured, 1 μg 
of total RNA was transcribed reversely using a cDNA Re-
verse Transcription Kit (Takara Biomedical Technology, 
Beijing, China). Quantitative real-time polymerase chain 
reaction (qRT-PCR) was carried out in an ABI7500 quan-
titative PCR instrument (Thermo Fisher Scientific) using 
a Fluorescence Quantitative PCR kit (Takara Biomedical 
Technology) according to the following procedure: pre-
denaturation for 10 min at 95°C and 40 PCR cycles (denatur-
ation for 15 s at 95°C, annealing for 30 s at 56°C, extension 
for 35 s at 72°C). U6 and GAPDH were the internal refer-
ences for miRNA and mRNAs, respectively. The results 
were analyzed with the 2−ΔΔCt method. All related prim-
ers were provided by the Jima Pharmaceutical Technology 
Co., Ltd. (Shanghai, China) and the primer sequences are 
listed in Table 1. The RT-PCR was carried out in strict ac-
cordance with the instructions, and all consumables used 
in the experiment were soaked in diethyl pyrocarbonate 
(DEPC) (Rongyue Biotechnology Co., Ltd., Shanghai, Chi-
na) to inactivate the enzymes, and were sterilized at a high 
temperature.

Western blot

The protein in the cells was extracted using RIPA lysate 
(R0010; Solarbio Science & Technology Co. Ltd, Beijing, 
China) containing phenylmethylsulfonyl fluoride (PMSF), 
and then incubated on ice for 30 min; the supernatant was 
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obtained by centrifuging at 12,000 × g for 10 min at 4°C. 
The protein concentration was examined using a Pierce BCA 
Kit (23225; Thermo Fisher Scientific), and adjusted to equilib-
rium using deionized water. Forty-microgram protein sam-
ples were added to wells on SDS-PAGE gel and the proteins 
were separated at 80 V using 10% SDS-PAGE gel (P0012A; 
Biyun Tian Biotechnology Research Institute, Shanghai, 
China) for 2 h. The wet transfer method was used to transfer 
the protein to the polyvinylidene difluoride (PVDF) mem-
branes (iseq00010; Merck Millipore, Burlington, USA), then 
the membranes were blocked for 2 h with tris-buffered sa-
line with Tween 20 (TBST) buffer containing 5% skimmed 
milk powder. After being washed 3 times using TBST buffer, 
the membranes were incubated with primary antibodies 
as listed, respectively: β-catenin rabbit antibody (1:1,000, 
ab32572; Abcam, Cambridge, UK), WNT1 mouse antibody 
(1:500, ab15251; Abcam), C-myc rabbit antibody (1:1,000, 
5605; Cell Signaling Technology, Leiden, the Netherlands), 
MMP-7 antibody (1:1,000, 71031; CST), and GAPDH rabbit 
monoclonal antibody (1:10,000, ab181602; Abcam) at 4°C 
overnight. After being washed 3 times using TBST buffer, 
the membranes were conjugated with diluted sheep anti-
rabbit second antibody (1:2,000–1:50,000, ab205718; Abcam) 
and sheep anti-mouse second antibody (1:10,000, Jackson; 
Jackson Immunoresearch, USA) at room temperature for 
90 min. An electrochemiluminescence (ECL) fluorescence 
detection kit (Amersham, Little Chalfont, UK) was used. 
The membranes were treated with enhanced chemilumi-
nescence reagent (Amersham) and imaged with the Bio-Rad 
image analysis system (Bio-Rad Laboratories Inc., Hercules, 
USA) in gel imager. The protein content was analyzed us-
ing Quantity One v. 4.6.2 software (Bio-Rad Laboratories 
Inc.) and relative protein content was shown as a grey value 
of a targeted protein band/gray value of a GAPDH band.

CCK8 assay

Digested SKOV3 and OVCAR3 cells were seeded into 96-
well plates, and the absorbance of cells in the NC group and 
the miR-140-5p mimic group were each measured 3 times. 

After 0 h, 24 h, 48 h, and 72 h of culture, cell absorbance 
was measured using a commercial CCK8 Kit (Solarbio 
Science & Technology Co. Ltd.).

Flow cytometry

Cell apoptosis was evaluated using an Annexin V-FITC/PI  
Double Staining Kit (CA1050; Solarbio Science & Technol-
ogy Co. Ltd.) as follows: SKOV3 and OVCAR3 cells were 
centrifuged, re-suspended and then mixed with 5 µL of An-
nexin V-FITC. The cell suspension was reacted with the 5 µL 
of Annexin V-FITC added before in the dark at room tem-
perature for 15 min. Then, 5 µL of propidium iodide (PI) was 
added 5 min before detection. Subsequently, 5 µL of prop-
idium iodide (PI) was added and reacted on ice in the dark 
for 5 min, and then cell apoptosis was detected using Cube6 
flow cytometry (Sysmex Partec GmbH, Münster, Germany).

The cell cycles of the NC group and the miR-140-5p 
mimic group were detected using a cell cycle DNA detec-
tion kit (Solarbio Science & Technology Co. Ltd.) as fol-
lows: The cells were centrifuged and re-suspended after 
washing, and then centrifuged again to remove the super-
natant. After being fixed and washed, the cells were gently 
and evenly blown and passed through the cell strainer 
to prevent agglomeration. The cells were re-suspended, 
bathed in water at 37°C for 30 min, mixed with 400 μL 
of PI staining solution, incubated in the dark at 4°C for 
30 min, and detected using flow cytometry.

Transwell migration and invasion assay

After being transfected for 48 h, the cells were starved 
in serum-free medium for another 24 h. After being digest-
ed and washed, the cells were re-suspended in RPMI1640 
medium with 10  g/L of  bovine serum albumin (BSA) 
(Thermo Fisher Scientific).

For the invasion assay, a transwell chamber was put into 
a 24-well plate. The upper chamber surface of the bot-
tom membrane in  the  transwell chamber was coated 
with matrigel diluent (40111es08; Shanghai Yisheng Bio-
technology Co., Ltd., Shanghai, China). After air-drying 
at  room temperature, the chamber was cleaned twice 
using serum-free RPMI1640 medium (Gibco, Waltham, 
USA). The density of the cell suspension was adjusted 
to 1*105/mL, and 200 μL of cell suspension was added 
to the upper chamber. At the same time, 600 μL of com-
plete medium accompanied with 10% FBS was added 
to  the  lower chamber. After 24  h, the  cells adhering 
to the upper surface were cleaned with cotton swabs, and 
the invading cells on the bottom surface were fixed with 
4% paraformaldehyde (Leigen Biotechnology Co. Ltd., 
Beijing, China) for 15 min.  After staining for 15 min with 
0.5% crystal violet (Solarbio Technology Co. Ltd.), the cells 
were washed 3 times with PBS and 6 fields of vision were 
randomly selected to be photographed with an inverted 
microscope, and the cell number was counted.

Table 1. Related primer sequences of qRT-PCR

Name Sequence

WNT1
F: 5’-CGCTCTTCCAGTTCTCAGACAC-3’

R: 5’-CAGGATGGCAAAGGGTTCG-3’

miR-140-5p
F: 5’-GAGTGT-CAGTGGTTACCGT-3’
R: 5’-GCATGGTCC-GAGGTATTC-3’

β-catenin
F: 5’-GCCACAGGATTACAAGAAGC-3’
R: 5’-CCACCAGAGTGAAAAGAACG-3’

R: 5’-ATCCAGACTCTGACCTTTT-3’

MMP-7
F: 5’-GGGATTAACTTCCTGTATGC-3’

R: 5’-GATCTCCATTTCCATAGGTTG-3’

GAPDH
F: 5’-GGGTGTGAACCATGAGAAGTATG-3’

R: 5’-GATGGCATGGACTGTGGTCAT-3’

U6
F: 5’-CTCGGACTCAGCCTGCA-3’

R: 5’- TCAATATTACCGAGCTGCGT-3’
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The migration assay was the same as the invasion assay, 
except that matrigel coating was not used on the transwell 
chambers.

Immunofluorescence test

The cells were inoculated into 24-well plates in which 
sterile cell climbing slices had already been placed. After 
24 h, the supernatant of the culture medium was discarded 
and the cells were fixed with 4% paraformaldehyde for 
20 min and penetrated for 10 min by 0.1% Triton-100. 
The cells were then washed 3 times and blocked with 5% 
BSA before being incubated with 0.1 mL of β-catenin pri-
mary antibody (1:250, ab32572; Abcam) for 1 h at room 
temperature. After being washed 3 times, the cells were 
incubated with 0.1 mL of a fluorescent second antibody 
(ab150075; Abcam) in the dark for 30 min. After stain-
ing the nuclei with DAPI for 5 min, the slides were care-
fully taken out after being washed 3 more times. Finally, 
the slides were sealed and observed under a microscope.

Statistical analysis

The statistical analysis was performed using SPSS v. 21.0 
statistical software (SPSS Inc., Chicago, USA). Related 
measurement data was shown as means ± standard devia-
tion (SD). A t-test was used to compare differences between 
2 groups and a one-way analysis of variance (ANOVA) with 
the Bonferroni correction was used to compare differences 
among multiple groups. A p-value of <0.05 indicated sta-
tistically significant differences.

Results

Downregulation of miR-140-5p  
in human ovarian cancer cells

With the  aim of  studying the  effects of  miR-140-5p 
on human ovarian cancer cells, the expression difference 
of miR-140-5p in the human epithelial ovarian cancer cell 
line SKOV3, the ovarian cancer cell line OVCAR3 and 
the human normal ovarian epithelial cell line IOSE80 was 
first assessed using qRT-PCR (Fig. 1). The results showed 
that the expression of miR-140-5p in both SKOV3 and 
OVCAR3 cells was sharply decreased compared with 
the expression in IOSE80 cells (p < 0.05).

Effects of miR-140-5p overexpression 
on the proliferation and apoptosis 
of human ovarian cancer cells

To verify the impact of miR-140-5p on human ovarian 
cancer cells, the expression level of miR-140-5p in SKOV3 
and OVCAR3 cells was first checked with qRT-PCR, and 
then cell proliferation was detected using a CCK8 assay 

(Fig. 2A,B). The results showed that expression of miR-
140-5p was significantly upregulated in the miR-140-5p 
mimic group compared with the NC group (p < 0.05). Cor-
respondingly, the proliferation of miR-140-5p in the mimic 
group was significantly decreased compared with the NC 
group (p < 0.05).

The cell cycle was further examined using flow cytometry 
(Fig. 2C). The cell cycle of the miR-140-5p mimic group was 
mainly blocked in the G0/G1 phase compared with the NC 
group (p < 0.05). Cell apoptosis detection was conducted 
using annexin V-FITC/PI staining (Fig. 2D) and the propor-
tion of early apoptotic cells was found to be significantly 
increased in the miR-140-5p mimic group compared with 
the NC group (p < 0.05). These results made it clear that 
upregulated miR-140-5p suppressed proliferation and ac-
celerated apoptosis in SKOV3 and OVCAR3 cells.

Effects of miR-140-5p on migration 
and invasion of ovarian cancer cells

Effects of miR-140-5p on the migration and invasion 
capacity of SKOV3 and OVCAR3 cells were evaluated using 
transwell assays (Fig. 3). The results showed that the mi-
gration and invasion capacity of SKOV3 and OVCAR3 cells 
were both largely inhibited by the emiR-140-5p mimic 
compared with the mimic NC (p < 0.05).

MiR-140-5p mediated the Wnt signal 
pathway by targeting WNT1

Binding sites between miR-140-5p and WNT1 were 
first forecast using a  bioinformatics analysis website 
(Fig. 4A) and then verified with a dual-luciferase reporter 
assay (Fig. 4B). Luciferase activity was strongly decreased 
in the co-transfection group of the miR-140-5p mimic and 
WNT1-WT compared with the NC group (p < 0.05), but 
luciferase activity was not obviously affected by the co-
transfection of the miR-140-5p mimic and WNT1-MUT 
compared with that in the NC group.

Fig. 1. miR-140-5p expression in human ovarian cancer cells and normal 
human ovarian epithelial cells compared with the IOSE80 group, *p < 0.05
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To further reveal the association between miR-140-5p 
and the Wnt signaling pathway, expressions of the Wnt 
signaling pathway-related β-catenin, WNT1 and associ-
ated downstream factors C-myc and MMP-7, which are 
closely related to tumor development, were evaluated using 
qRT-PCR (Fig. 4C) and western blot (Fig. 4F,G). The results 
showed that the expressions of β-catenin, WNT1, C-myc, 
and MMP-7 were all decreased in the miR-140-5p mimic 
group compared to the NC group (p < 0.05).

The results of immunofluorescence in Fig. 4D and 4E 
showed that the number of cells with β-catenin transfer 
to the nucleus was significantly lower in the miR-140-5p 
mimic group than in the NC group, indicating that miR-
140-5p overexpression effectively suppresses nuclear trans-
fer of β-catenin (p < 0.05).

Discussion

From the perspective of molecular biology, we studied 
the role and mechanisms of miR-140-5p in ovarian cancer 
cells. We found that an miR-140-5p mimic largely reduced 
the expression level of Wnt signaling pathway-related sig-
nal molecules, suppressing their activity and thus promot-
ing cell apoptosis and inhibiting the invasion and migra-
tion capabilities of ovarian cancer cells.

Our study found that miR-140-5p was weakly expressed 
in ovarian cancer cell lines. Zheng et al. also found that 
miR-140-5p was weakly expressed in gastric cancer tis-
sues and cells compared with normal tissues and cells.17 

Similar situations have also been demonstrated in breast 
cancer and cervical cancer,18,19 and downregulated miR-
140-5p has always presaged a poor prognosis. Analogously, 
we demonstrated that the overexpression of miR-140-5p 
could inhibit the proliferation, metastasis and development 
of ovarian cancer cell lines. MiR-140-5p has also demon-
strated an ability to block the development of multiple can-
cers, including the proliferation and metastasis of gastric 
cancer cells.17 Besides, miR-140-5p has been shown to in-
hibit tumor metastasis and development by downregulat-
ing the expression of ADAM-related genes in hypopharyn-
geal and colorectal cancer.20,21 Moreover, miR-140-5p can 
not only inhibit the proliferation of synovial fibroblasts 
and inflammatory cytokine secretion by targeting TLR4, 
but can also inhibit proliferation and migration of glioma 
cells by targeting the VEGFA/MMP2 pathway.22,23 In con-
clusion, miR-140-5p can regulate the malignant behavior 
of various kinds of cancers, including ovarian cancer, and 
prevent further deterioration of ovarian cancer.

For our in-depth study of corresponding mechanisms 
of miR-140-5p in ovarian cancer, the potential signaling 
pathways regulated by miR-140-5p were predicted using 
a bioinformatics website, and it was found that there are 
binding sites between miR-140-5p and WNT1. The ex-
pressions of  Wnt pathway-related β-catenin, WNT1, 
C-myc, and MMP-7 were found to be significantly re-
duced in the miR-140-5p mimic group compared to the NC 
group, and the number of cells with β-catenin transfer 
to the nucleus in the miR-140-5p mimic group was also 
decreased significantly compared with the  NC group. 

Fig. 2. Proliferation and apoptosis of ovarian cancer cells

A. miR-140-5p expression in SKOV3 cells and cell proliferation detection. B. miR-140-5p expression in OVCAR3 cells and cell proliferation detection. C. Cell 
cycle detected with flow cytometry and the corresponding column analysis. D. Cell apoptosis detected with flow cytometry and the corresponding 
column analysis. Compared with the NC group, *p < 0.05.

NC

SKOV3 SKOV3

SKOV3 SKOV3 SKOV3

OVCAR3 OVCAR3 OVCAR3

SKOV3

OVCAR3

OVCAR3 OVCAR3

fo
ld

 c
ha

ng
e

O
D

fo
ld

 c
ha

ng
e

nu
m

be
r

ce
ll 

po
pu

la
tio

n 
[%

]

PI

ce
ll 

po
pu

la
tio

n 
[%

]

ce
ll 

ea
rly

 a
po

pt
os

is
 [%

]
ce

ll 
ea

rly
 a

po
pt

os
is

 [%
]

O
D

nu
m

be
r

nu
m

be
r

nu
m

be
r

miR-140-5p mimic

NC miR-140-5p mimic

NC miR-140-5p mimic NC miR-140-5p mimic

NC miR-140-5p mimicchannels (FL2-A)
NC

channels (FL2-A)
NC

channels (FL2-A)
NC

channels (FL2-A)
NC annexin V-FITC

NC
miR-140-5p mimic

NC
miR-140-5p mimic

NC
miR-140-5p mimicDip G1

Dip S
Dip G2

Dip G1
Dip S
Dip G2

Dip G1
Dip S
Dip G2

Dip G1
Dip S
Dip G2

NC
miR-140-5p mimic

0 h 0 h 24 h 48 h 72 h 0 h 24 h 48 h 72 hNC miR-140-5p mimic



Y. Wu et al. Effects of miR-140-5p on ovarian cancer cells782

Fig. 3. Cell migration and invasion capacity detection

A. Cell migration detection in SKOV3 cells and the related histogram analysis. B. Cell migration detection in OVCAR3 cells and the related histogram analysis. 
C. Cell invasion detection in SKOV3 cells and the related histogram analysis. D. Cell invasion detection in OVCAR3 cells and the related histogram analysis. 
Compared with the NC group, *p < 0.05.
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Fig. 4. miR-140-5p mediates the Wnt signaling pathway

A. Binding sites between miR-140-5p and WNT1 were analyzed using a bioinformatics analysis website. B. The relationship between miR-140-5p and 
WNT1 was further verified with a dual-luciferase reporter assay. C. The expression of Wnt signaling pathway-related signal molecules was detected using 
qRT-PCR. D and E. Nuclear transfer of β-catenin was detected using an immunofluorescence test. The corresponding histogram analysis is also shown. 
F and G. Expression of Wnt signaling pathway-related signal molecule genes was detected with western blot; the corresponding histogram analysis is also 
shown. Compared with the NC group, *p < 0.05.
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WNT1 is an important regulatory gene of the Wnt signal-
ing pathway, and overexpression of WNT1 has been shown 
to upregulate the expression of β-catenin, C-myc, MMP-7, 
and related other factors, thus accelerating the prolifera-
tion and development of lung cancer cells.24 In most cases, 
the Wnt pathway activates its target genes by promoting 
β-catenin transfer into the nucleus.25 However, abnormal 
activation of the Wnt signal has the ability to regulate 
cancer stem cells and plays a key role in the production 
and deterioration of multiple types of cancer.26 Similar-
ly, Wu et al. found that miR-140-5p can inhibit the Wnt 
signaling pathway so as to reduce cell proliferation and 
strengthen drug efficacy in breast cancer cells.27

Although we have shown that miR-140-5p regulates 
the proliferation, apoptosis, migration, and invasion abil-
ity of ovarian cancer cells by regulating WNT1, it is still 
unclear whether miR-140-5p could also regulate the pro-
gression of ovarian cancer through other signal factors. 
Thus, more experiments are needed to further explore 
the function and molecular mechanisms of miR-140-5p 
in ovarian cancer, in order to provide a more powerful 
basis for clinical application.

Conclusions

We found that miR-140-5p inactivates the Wnt/β-catenin 
signaling pathway by regulating WNT1, and prevents fur-
ther deterioration of ovarian cancer. MiR-140-5p is ex-
pected to provide novel ideas for the treatment of ovarian 
cancer.
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Abstract
Background. Papillary thyroid carcinoma (PTC) is the most common type of thyroid carcinoma.

Objectives. To investigate the clinical significance of programmed death ligand 1 (PD-L1) and phosphoinosit-
ide-dependent protein kinase 1 (PDK1) in PTC.

Material and methods. A total of 194 PTC patients were recruited. Contralateral normal thyroid tissues 
were obtained and used as controls (n = 80). The expression levels of PD-L1, PDK1 and p-Akt were determined 
using immunohistochemistry.

Results. The PD-L1, PDK1 and p-Akt were upregulated in cancer tissues compared to the normal tissues. 
The mean optical density (MOD) values of PD-L1, PDK1 and p-Akt were significantly higher in the PTC tissues. 
The expression of PD-L1 positively correlated with the levels of PDK1 and p-Akt. In addition, the expression 
of PD-L1, PDK1 and p-Akt in PTC patients without chronic lymphocytic thyroiditis (CLT) was significantly higher 
than the expression of those proteins in the CLT patients. The patients with higher expression levels of PD-L1, 
PDK1 or p-Akt had remarkably larger tumors and higher rates of TNM III–IV, capsular infiltration, lymph node 
metastasis, and of recurrence. The Kaplan–Meier curve showed that patients with lower expression of PD-L1, 
PDK1 or p-Akt had significantly longer recurrence-free time. The logistic regression analysis revealed that 
only CLT, PD-L and capsular infiltration were risk factors for patients’ five-year recurrence.

Conclusions. The PD-L1, PDK1 and p-Akt were found to be positively correlated with a poor prognosis in PTC.

Key words: prognosis, papillary thyroid carcinoma, p-Akt, sPD-L1, PDK-1
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Introduction

Papillary thyroid carcinoma (PTC) is the most common 
type of thyroid carcinoma.1,2 It accounts for about 70–85%  
of all thyroid carcinoma cases.3,4 Compared to other types 
of thyroid carcinomas, such as follicular thyroid carci-
noma (FTC) and anaplastic thyroid carcinoma (ATC), 
PTC has a better prognosis with a five-year survival rate 
of over 90%.5,6 However, lymph node metastasis and re-
currence are very common in PTC patients.7 Recurrence 
has been reported in 15–30% of cases and lymph node 
metastasis occurs in 5–10% of PTC patients.8,9 For these 
patients, the five-year survival rate is only about 50%.10

Chronic lymphocytic thyroiditis (CLT), also known 
as  Hashimoto’s thyroiditis, is  an  autoimmune disease 
characterized by a painless and diffuse goiter, occasionally 
accompanied by atypical symptoms, such as hyperthyroid-
ism, exophthalmos, hypothyroidism, etc.11 The relation-
ship between CLT and PTC has been reported in recent 
years. Previous studies have shown that PTC patients with 
concurrent CLT had better prognoses than those without 
CLT.12,13 However, a deeper understanding of the relation-
ship between PTC and CLT is still needed.

Programmed death ligand 1 (PD-L1), also known 
as  CD274, is  a  cell surface glycoprotein that belongs 
to the B7 family.14 It plays important roles in many cancers, 
such as non-small-cell lung cancer and pancreatic can-
cer.15,16 Recent evidence has revealed that PD-L1 was up-
regulated in PTC emerging from CLT and was correlated 
with metastasis.17 However, the clinical significance of PD-
L1 in PTC remains unclear. In addition, another study 
found that PD-L1 was correlated with the phosphoino-
sitide/dependent  protein kinase 1 (PDK1), the phosphory-
lation of Akt in ovarian cancer.18 However, to the best 
of our knowledge, no study has focused on the relation-
ship between PD-L1, PDK1 and p-Akt in PTC patients 
with or without CLT.

We aimed to perform an observational study to inves-
tigate the clinical significance of PD-L1, PDK1 and p-Akt 
in PTC patients. Our data showed that PD-L1, PDK1 and 
p-Akt were upregulated in PTC patients, especially those 
without CLT, and that the high expression of PD-L1, PDK1 
and p-Akt was correlated with a poor prognosis of PTC. 
These findings might provide clinical evidence for the po-
tential application of PD-L1, PDK1 and p-Akt as biomark-
ers in PTC diagnosis.

Material and methods

Patients

The present study included 194 patients with PTC who 
went to our hospital between April 2011 and October 2014, 
and met the inclusion criteria. All patients were first diag-
nosed with PTC using histological analysis. The exclusion 

criteria were as follows: receiving chemotherapy or radio-
therapy before the study; other thyroid diseases apart from 
CLT, such as nodular goiter; other immune diseases; and 
other cancers or papillary thyroid microcarcinoma. In ad-
dition, 80 contralateral normal thyroid tissue samples were 
obtained from the same patients and all were confirmed 
to be healthy tissues through histological analysis. The study 
was approved by the Ethic Committee of Shanghai Xuhui 
Center Hospital, China.

Immunohistochemistry

The expression levels of PD-L1, PDK1 and p-Akt were 
determined using immunohistochemistry (IHC). Briefly, 
tissues were collected immediately after resection and 
stored at −20°C before being used. After the samples were 
fixed with 10% formalin, embedded in paraffin and sec-
tioned, hematoxylin and eosin (H&E) staining was per-
formed. The samples were then immersed in 3% H2O2 fol-
lowed by incubation with primary antibodies – anti-PD-L1 
(ab205921; Abcam, Cambridge, UK), anti-PDK1 (ab90444; 
Abcam), or anti-p-Akt (ab38449; Abcam) – at 4°C over-
night. After being incubated with a corresponding sec-
ond antibody at 37°C for 30 min, the samples were stained 
with diaminobenizidine (DAB). Some sections were treated 
with phosphate-buffered saline (PBS) instead of primary 
antibody and were used as negative controls. Sections 
with a high expression of PD-L1, PDK1 or p-Akt served 
as positive controls. The Allred scoring system was used 
for pathological scoring. The degrees of staining inten-
sity were the following: 0 (no staining); 1 (weak staining); 
2 (moderate staining); and 3 (strong staining). Scores for 
the percentage of stained area were as follows: 0 (none); 
1 (<1%); 2 (1–10%); 3 (10–33%); 4 (33–66%); and 5 (>66%). 
Both were used as the final IHC score: 0–2 (negative); 3–4 
(weak); 5–6 (moderate); and 7–8 (strong). To further de-
termine the expression levels of PD-L1, PDK1 and p-Akt, 
semi-quantitative analysis was conducted by calculating 
the mean optical density (MOD) using Image Pro Plus v. 6.0 
software (Media Cybernetics, Rockville, USA). Briefly, pho-
tographs were collected at a magnification of ×400 under 
the same exposure conditions. Five random photographs 
were captured for each slice. The integrated optical den-
sity (IOD) was calculated. For pictures with no blank area, 
MOD = IOD/picture area; for pictures with a blank area, 
MOD = IOD/(picture area – blank area). The MOD value 
of 1 slice was calculated as the mean value of the 5 ran-
domly selected fields in the slice.

Data collection

The basic characteristics of all patients were collected, 
including age, sex and body mass index (BMI). The clini-
cal variables – including TNM (tumor–nodule–metas-
tasis) stage, tumor diameter, capsular infiltration, tumor 
number, and lymph node metastasis – were also recorded. 
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All patients were followed up for 5 years from admission. 
To analyze the recurrence rate, the recurrence-free time 
was calculated during the study period from admission 
to death or to the end of follow-up.

Statistical analysis

The measurement data are expressed as means ± stan-
dard deviation (SD). Comparisons between 2 groups 
of continuous data were performed using Student’s t-test. 
The χ2 test was used to compare the categorical variables. 
Pearson’s correlation analysis was performed to analyze 
the correlation of PD-L1, PDK1 and p-Akt. For recurrence 
analysis, Kaplan–Meier curve was used with the log-rank 
test. For logistic analysis, logistic regression was con-
ducted using the stepwise method. A p-value <0.05 was 
considered to be statistically significant. All data analysis 
was performed using SPSS v. 22.0 software (IBM Corp., 
 Armonk, USA).

Results

Basic characteristics of all patients

The basic characteristics of the patients are listed in 
Table 1. Among the 194 PTC patients, 68 had CLT and 
126 were without concurrent CLT. The ratio of female pa-
tients in the PTC+CLT group was significantly higher and 
the mean age of the patients was significantly lower than 
in the patients without CLT (p < 0.05; Table 1). The PCT 

patients with CLT showed significantly lower rates of TNM 
III–IV, capsular infiltration and lymph node metastasis, 
as well as markedly smaller tumor diameter than those 
without CLT (p < 0.05). However, there was no significant 
difference in the number of tumors between the 2 groups.

Expression of PD-L1, PDK1 and p-Akt 
was upregulated and positively correlated 
in PTC patients

The expression levels of PD-L1, PDK1 and p-Akt were 
determined with IHC and the MOD values were assessed. 
As shown in Fig. 1, the expression levels of PD-L1, PDK1 
and p-Akt were upregulated in  the cancer tissues and 
remained low in the normal tissues. Similarly, the MOD 
values of PD-L1, PDK1 and p-Akt were significantly high-
er in PTC tissues compared with the controls (p < 0.05). 
Moreover, the  expression of  PD-L1, PDK1 and p-Akt 
in PTC patients without CLT was markedly higher than 
that in patients with CLT (p < 0.05). The Pearson’s analysis 
revealed that the levels of PD-L1 and PDK1, PD-L1 and 
p-Akt, and PDK1 and p-Akt were positively correlated 
in all tissues (p < 0.05; Table 2).

PD-L1, PDK1 and p-Akt levels correlated 
with patients’ clinical outcomes

To further study the roles of PD-L1, PDK1 and p-Akt 
in PTC, the clinical characteristics of all patients were 
analyzed. The  PTC patients were divided into high/
low PD-L1 groups according to the MOD value of PD-
L1 (0.023), as well as high/low PDK1 groups and high/
low p-Akt groups according to the MOD values of PDK1 
(0.021) and p-Akt (0.022). The results showed that patients 
with high expression of PD-L1, PDK1 or p-Akt had signifi-
cantly more cases of TNM III–IV (p < 0.05; Tables 3–5). 
Furthermore, the percentage of patients with capsular in-
filtration, lymph node metastasis and five-year recurrence 

Table 1. Basic characteristics of all patients

Variables PTC without 
CLT, n = 126

PTC+CLT, 
n = 68 p-value

Age [years] 48.76 ±9.48 42.30 ±10.27 <0.001

Sex, female (%) 86 (68.25) 57 (83.82) 0.008

BMI [kg/m2] 22.92 ±3.00 23.39 ±3.09 0.307

TNM stage, n (%)

0.002I–II 67 (53.17) 50 (73.53)

III–IV 59 (46.83) 18 (26.47)

Mean diameter [cm] 2.21 ±0.69 1.92 ±0.61 <0.001

Capsular infiltration, n (%)

<0.001yes 79 (62.70) 25 (36.76)

no 47 (37.30) 43 (63.24)

Number of tumors, n (%)

0.684≥6 17 (13.49) 10 (14.71)

<6 109 (86.51) 58 (85.29)

Lymph node metastasis, n (%)

0.034yes 69 (54.76) 27 (39.71)

no 57 (45.24) 41 (60.29)

BMI – body mass index; PTC – papillary thyroid carcinoma; CLT – chronic 
lymphocytic thyroiditis.

Table 2. Expression of PD-L1 and PDK1, PD-L1 and p-Akt, and PDK1 and 
p-Akt were positively correlated

Proteins Statistical 
variables PD-L1 PDK1 p-Akt

PD-L1
Pearson’s 

correlation
1 0.542 0.585

p-value – 0.000 0.000

PDK1
Pearson’s 

correlation
0.542 1 0.556

p-value 0.000 – 0.000

p-Akt
Pearson’s 

correlation
0.585 0.556 1

p-value 0.000 0.000 –

PD-L1 – programmed death ligand 1; PDK1 – phosphoinositide-
dependent protein kinase 1.
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Fig. 1. Expressions of PD-L1, PDK1 and p-Akt were upregulated and positively correlated in PTC patients
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were significantly higher in patients with high expression 
levels of PD-L1, PDK1 or p-Akt than the ones with low 
expression (p < 0.05). The mean diameter of PTC tumors 
in patients with high expression of PDK1 was significantly 
higher than that in the group with low PDK1 expression, 
while no significant difference in tumor diameter was 
observed in the patients with high/low PD-L1 or high/low 
p-Akt (p < 0.05). Additionally, the age of the patients with 
lower expression of p-Akt was markedly lower than the age 
of the patients with high p-Akt expression (p < 0.05). All 
of these results indicate that PD-L1, PDK1 and p-Akt ex-
pression levels correlate with the clinical outcomes of PTC 
patients.

PD-L1, PDK1 and p-Akt expression 
correlated with patients’ recurrence

Finally, we analyzed the correlation between PD-L1, 
PDK1 and p-Akt expression, and the recurrence of PTC 
patients. The recurrence-free time was analyzed using 
the Kaplan–Meier curve (Fig. 2). Patients with lower ex-
pression levels of PD-L1, PDK1 or p-Akt had significantly 
longer recurrence-free time compared to the ones with 
high expression levels (p < 0.05). Then logistic regression 
showed that only CLT, PD-L1 and capsular infiltration 
were risk factors for patients’ five-year recurrence (Table 6).

Table 3. PD-L1 correlated with patients’ clinical outcomes

Variables High PD-L1 
(n = 92)

Low PD-L1 
(n = 102) p-value

Age [years] 47.35 ±10.46 45.64 ±9.94 0.247

Sex, female (%) 69 (75.00) 74 (72.55) 0.694

BMI [kg/m2] 23.19 ±2.86 22.98 ±3.22 0.638

TNM stage, n (%)

0.011I–II 47 (51.09) 70 (68.63)

III–IV 45 (48.91) 32 (31.37)

Mean diameter [cm] 2.13 ±0.67 2.09 ±0.69 0.672

Capsular infiltration, n (%)

0.005yes 59 (64.13) 45 (44.12)

no 33 (35.87) 57 (55.88)

Number of tumors, n (%)

0.733≥6 12 (13.04) 15 (14.71)

<6 80 (86.95) 87 (85.29)

Lymph node metastasis, n (%)

0.000yes 61 (66.30) 35 (34.31)

no 32 (34.70) 67 (65.69)

MOD of PDK1 0.023 ±0.011 0.021 ±0.013 0.155

MOD of p-Akt 0.025 ±0.012 0.020 ±0.011 0.005

Five-year recurrence, n (%) 17 (17.53) 7 (6.86) 0.021

BMI – body mass index; MOD – mean optical density;  
PD-L1 – programmed death ligand 1.

Table 4. PDK1 correlated with patients’ clinical outcomes

Variables High PDK1 
(n = 97)

Low PDK1 
(n = 97) p-value

Age [years] 47.42 ±10.36 45.57 ±10.04 0.209

Sex, female (%) 69 (71.13) 74 (76.29) 0.407

BMI [kg/m2] 22.93 ±3.14 23.24 ±2.94 0.480

TNM stage, n (%)

0.025I–II 51 (52.58) 66 (68.04)

III–IV 46 (47.42) 31 (31.96)

Mean diameter [cm] 2.24 ±0.72 1.98 ±0.61 0.008

Capsular infiltration, n (%)

0.041yes 59 (60.82) 45 (46.39)

no 38 (39.18) 52 (53.61)

Number of tumors, n (%)

0.528single 82 (84.54) 85 (87.63)

multiple 15 (15.46) 12 (12.37)

Lymph node metastasis, n (%)

0.013yes 56 (57.73) 39 (40.21)

no 41 (42.27) 58 (59.79)

MOD of PD-L1 0.027 ±0.012 0.020 ±0.012 0.001

MOD of p-Akt 0.025 ±0.013 0.021 ±0.011 0.063

Five-year recurrence, n (%) 18 (18.56) 6 (6.19) 0.008

BMI – body mass index; MOD – mean optical density;  
PDK1 – phosphoinositide-dependent protein kinase 1.

Table 5. p-Akt correlated with patients’ clinical outcomes

Variables High p-Akt 
(n = 96)

Low p-Akt 
(n = 98) p-value

Age [years] 48.12 ±10.34 44.90 ±9.89 0.028

Sex, female (%) 68 (70.83) 75 (76.53) 0.360

BMI [kg/m2] 22.75 ±2.94 23.42 ±3.10 0.120

TNM stage, n (%)

0.008I–II 49 (51.04) 68 (69.39)

III–IV 47 (48.96) 30 (30.61)

Mean diameter [cm] 2.20 ±0.70 2.01 ±0.64 0.054

Capsular infiltration, n (%)

0.028yes 59 (61.46) 45 (45.92)

no 37 (38.54) 53 (54.08)

Number of tumors, n (%)

0.472single 81 (84.38) 86 (88.76)

multiple 15 (15.63) 12 (12.24)

Lymph node metastasis, n (%)

0.042yes 54 (56.25) 41 (41.84)

no 42 (43.75) 57 (58.16)

MOD of PD-L1 0.026 ±0.013 0.021 ±0.012 0.003

MOD of PDK1 0.025 ±.0012 0.020 ±0.011 0.008

Five-year recurrence, n (%) 17 (17.71) 7 (7.14) 0.023

BMI – body mass index; MOD – mean optical density.
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Discussion

With the development of surgical and chemotherapy 
methods, the five-year survival condition for PTC patients 
has been greatly improved.19 However, lymph node metas-
tasis commonly occurs in PTC patients, who often have 
poor prognosis. Thus, the early diagnosis of PTC is of great 
significance. In this study, we found that PD-L1, PDK1 and 
p-Akt were upregulated in PTC tissues, especially in pa-
tients without CLT, and that this upregulation correlated 
with a poor prognosis of the PTC patients.

The involvement of PD-L1 has been reported in many 
cancers. Tanaka et al. demonstrated that ERO1-α promot-
ed immune escape by elevating PD-L1 in breast cancer.20 
It was also reported that poly(ADP-ribose)polymerase 
(PARP) inhibitor enhanced cancer-associated immuno-
suppression by upregulating PD-L1.21 Chintakuntlawar 
et al. demonstrated that high PD-L1 expression in anaplas-
tic thyroid cancer trended toward worse progression-free 
survival and overall survival.22 In a more recent study, 
upregulation of PD-L1 was found in PTC patients and 
the high expression of PD-L1 predicted shorter disease-
free time in these patients.23 In medullary thyroid carci-
noma, however, the expression of PD-L1 was low, indicat-
ing the controversial role of PD-L1 in human cancers.24 
In this study, we found that PD-L1 was upregulated in PTC 
patients. Moreover, the expression of PD-L1 was higher 
in PTC patients without CLT. PD-L1 was also found to be 
positively correlated with PDK1 expression, and high ex-
pression of PD-L1 was related to poor prognosis in PTC 
patients.

The PDK1 is an important protein in the development 
of multiple cancers. Zhang et al. reported that dicumarol 

Table 6. PD-L1 and PDK1 correlated with patients’ recurrence

Variable Wald OR 95% CI p-value

Age 2.261 0.039 1.040 (0.988–1.094) 0.133

BMI 1.190 −0.105 0.900 (0.746–1.087) 0.275

Diameter 0.119 0.128 1.137 (0.549–2.355) 0.730

Sex 1.294 0.835 2.306 (0.547–9.727) 0.255

CLT 6.622 1.943 0.143 (0.033–0.629) 0.010

TNM stage 1.066 −0.549 0.578 (0.204–1.637) 0.302

Capsular 
infiltration

3.926 1.232 3.428 (1.013–11.596) 0.048

Number 
of tumors

0.476 0.487 1.627 (0.408–6.484) 0.490

Lymph node 
metastasis

0.327 −0.318 0.728 (0.245–2.162) 0.567

PD-L1 7.808 60.801 12.545 (7.66–8.453) 0.005

PDK1 3.660 43.209 5.829 (0.347–9.794) 0.056

p-Akt 0.658 15.821 1.902 (0.000–2.975) 0.417

BMI – body mass index; CLT – chronic lymphocytic thyroiditis; PD-L1 
– programmed death ligand 1; PDK1 – phosphoinositide-dependent 
protein kinase 1; OR – odds ratio; 95% CI – 95% confidence interval.

Fig. 2. The recurrence-free time in PTC patients was analyzed using 
Kaplan–Meier curve
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facilitated the progression of ovarian cancer by suppress-
ing PDK1.25 It was found that PDK1 induced the invasion 
and migration of gallbladder cancer.26 Fujiwara et al. re-
ported that the inhibition of PDK1 could also be consid-
ered as a novel therapeutic target in multiple myeloma.27 
In this study, we demonstrated for the first time that a high 
expression level of PDK1 correlated with poor prognosis 
and positively correlated with the expression of PD-L1 
in PTC patients.

Additionally, the relationship between PD-L1 and PDK1 
was also observed in several previous studies. Recent data 
showed that aberrant upregulation of PDK1 was correlated 
with the overexpression of PD-L1,18 which was consis-
tent with our data. The p-Akt is the downstream protein 
of PDK1, which is also reported to play important roles 
in  PTC. A  recent study found that Akt inhibitor sup-
pressed the proliferation of PTC cells.28 Also, the activa-
tion of the Akt signaling pathway promoted the develop-
ment of PTC.29 Consistent with the above in vitro studies, 
we showed that the expression of p-Akt was upregulated 
in  PTC tissues and that it  predicted worse prognosis 
of PTC. We also found that the expression of p-Akt was 
higher in patients without CLT. Further investigations 
are needed to elucidate the molecular mechanism under-
lying the regulation of PD-L1, PDK1 and p-Akt in PTC 
progression.

The present study has some limitations. Firstly, the sam-
ple size was small. Secondly, only PTC patients were 
 included. Other histological types of thyroid carcinoma 
were not investigated. Thirdly, the  molecular mecha-
nisms of PD-L1, PDK1 and p-Akt in PTC development 
are not clear yet and their relationship with CLT needs 
to be clarified.

Conclusions

This observational study evaluated the clinical signifi-
cance of PD-L1, PDK1 and p-Akt in PTC. The results show 
that PD-L1, PDK1 and p-Akt were upregulated in PTC 
patients, and their expression levels were higher in patients 
without CLT. The high expression of PD-L1, PDK1 and 
p-Akt correlated with poor prognosis of PTC. This study 
provided clinical evidence for the potential use of PD-L1, 
PDK1 and p-Akt as novel potential biomarkers in PTC 
diagnosis.
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Abstract
Background. Epilepsy is a common chronic neurological disorder worldwide.

Objectives. To investigate the effects of miR-21-5p and signal transducer and activator of transcription-3 
(STAT3) expressions on the apoptosis of hippocampal neurons in epileptic rats.

Material and methods. We created a rat model of epilepsy and examined the relationship between 
miR-21-5p and STAT3 using a bioinformatics website and dual the luciferase reporter (DLR) assay. Real-time 
quantitative polymerase chain reaction (RT-qPCR) and western blot were used to detect the expression 
levels of miR-21-5p and STAT3 in hippocampal neurons as well as the protein expression levels of cleaved 
caspase-3, Bax and Bcl-2, which were related to apoptosis of hippocampal neuron. The apoptosis and sur-
vival of hippocampal neurons were detected using TUNEL and Nissl staining. Expressions of inflammatory 
factors interleukin (IL)-6 and tumor necrosis factor α (TNF-α) in serum were examined with enzyme-linked 
immunosorbent assay (ELISA).

Results. miR-21-5p can bind to STAT3. Compared with the miR-21-5p inhibitor negative control (NC) 
group, the expression levels of caspase-3 and Bax were higher and the expression level of Bcl-2 was lower 
in the miR-21-5p inhibitor group, whereas the caspase-3 and Bax levels were lower and Bcl-2 level was 
higher in the si-STAT3 (interfering STAT3 gene expression by transfecting small interfering RNA) group (all 
p < 0.05). Treatment with miR-21-5p inhibitor can lead to significant loss and apoptosis of hippocampal 
neurons, while interfering with STAT3 expression can reduce the loss and apoptosis of the neurons (all 
p < 0.05). Compared with the miR-21-5p inhibitor NC group, the level of IL-6 was lower in the si-STAT3 
group and higher in the miR-21-5p inhibitor group (both p < 0.05).

Conclusions. miR-21-5p can inhibit STAT3 expression and reduce apoptosis and loss of hippocampal neurons 
and IL-6 level, thereby achieving protective effects on hippocampal neurons of epileptic rats.
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Introduction

Epilepsy is a common chronic neurological disorder 
worldwide. It is characterized by recurrent unpredictable 
seizures and often results from overstimulation of neu-
rons or disorders of metabolism and the nervous system 
due to brain damage.1–3 According to the statistics from 
the World Health Organization (WHO) on the worldwide 
prevalence rate of diseases in 2010, epilepsy ranked second 
among neurological diseases.4 The lifespan of patients with 
epilepsy is much shorter than of healthy people.5 Even 
though the treatment for epilepsy, including medication, 
neuromodulation, surgical management, and diet control, 
have been advancing in recent years, nearly 30% of the pa-
tients still do not respond to epilepsy medications and 
experience regular onset after treatment.6,7 Therefore, 
it is necessary to develop new drugs or gene therapies for 
better treatment of this disease.

In recent years, the molecular mechanism of gene regu-
lation by microRNA (miRNA) has been gaining attention. 
MicroRNA can bind to the 3ʹuntranslated region (3ʹUTR) 
of its target gene to inhibit mRNA translation.8 Some stud-
ies have found that miRNA serves a critical role in various 
biological process, including cell proliferation and growth, 
inflammation progression, neuronal progenitor synthe-
sis, as well as growth and differentiation of  immature 
neurons.9 Of all the discovered miRNAs, about 70% are 
specifically expressed in the brain and take a critical part 
in the function and development of the nervous system.10 
miR-21-5p, a type of miRNA mainly expressed in brain and 
neurons, has an essential role in various brain diseases.11–13 
In the present study, we used bioinformatics website and 
dual luciferase reporter (DLR) assay to determine whether 
miR-21-5p can target signal transducer and activator of 
transcription-3 (STAT3). Other studies have demonstrated 
that STAT3 overexpression can promote neuronal apop-
tosis, while inhibiting STAT3 expression can reduce brain 
damage and neuroinflammation (including the neuroin-
flammation in patients with cerebral ischemia).14,15 There-
fore, in the present study, we hypothesized that miR-21-5p 
could protect the hippocampal neurons of epileptic rats 
through regulating STAT3 signaling pathway.

Material and methods

Transfection of miRNA and model creation

Male Sprague Dawley rats at the age of 6–8 weeks (weight 
300 g, purchased from SJA Laboratory Animal, Changsha, 
China) were kept in separate cages with a constant tempera-
ture and humidity. They were fed with a standard diet and 
sterile water for 1 week and randomized into the following 
6 groups with 6 rats in each group: 1) normal group (blank 
control); 2) model group (epilepsy model); 3) miR-21-5p 
inhibitor negative control (NC) group (epilepsy model + 

miR-21 inhibitor negative control); 4) miR-21-5p inhibitor 
group (epilepsy model + miR-21-5p inhibition); 5) si-STAT3 
group (epilepsy model + STAT3 interference); and 
6) miR-21-5p inhibitor + si-STAT3 group (epilepsy model 
+ both miR-21-5p inhibition and STAT3 interference).

All animal experiments followed the institutional guide 
for the care and use of laboratory animals, and the study 
was approved by the Ethics Committee of our hospital.

Rat model of epilepsy was induced through an intra-
peritoneal injection of 127 mg/kg of lithium chloride, fol-
lowed by 10 mg/kg of atropine methobromide 18–24 h later 
and another 30 mg/kg of pilocarpine 30 min later.16 Rats 
in the normal group were intraperitoneally injected with 
an equal volume of normal saline. The behavior of the rats 
was observed. According to the Racine’s scale, if there was 
no seizure or the seizure did not reach level IV, intraperito-
neal injection of 10 mg/kg of pilocarpine would be adminis-
tered every 15 min until status epilepticus (SE) occurred.17 
Since SE was defined as epilepsy reaching level IV–V and 
lasting for over 30 min, the SE model was considered to be 
successfully established if the rats survived and had and 
epilepsy level over IV. All the reagents used in the model 
creation were from Sigma-Aldrich (St. Louis, USA).

Lithium chloride-pilocarpine rat model is a common 
model used in  the  study on  epilepsy. The  mechanism 
of this model creation may be related to the reaction with 
the acetylcholine receptor. Pilocarpine is an agonist for 
muscarinic acetylcholine receptors (mAChRs), which 
can induce a persistent generalized tonic-clonic seizure. 
The mAChRs can couple with G protein, while G protein 
can pass the stimulus to phospholipase C, which then 
hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) 
to generate two-second messengers, inositol triphosphate 
(IP3) and diacylglycerol (DG). Excessive levels of IP3 and 
DG can damage the neuron. Lithium chloride can in-
hibit the decomposition of IP3, thereby synergizing with 
pilocarpine.

The sequences of miR-21-5p inhibitor NC, miR-21-5p 
inhibitor and si-STAT3 (interfering STAT3 gene expres-
sion by transfecting small interfering RNA) were synthe-
sized and provided by Ribobio (Guangzhou, China; 5 nmol 
in each tube). They were diluted with 50 μL nuclease-free 
water to make 5 nmol/50 μL solution and were divided 
into 5 tubes of 10 μL each, followed by storage at −20°C. 
Before use, the  solution of  the  sequences was diluted 
to 1 nmol/50 μL with 40 μL pre-cooled normal saline. Five 
hours after successful modeling, the stereotaxic technique 
was conducted for administering miR-21-5p inhibitor NC, 
miR-21-5p inhibitor and si-STAT3.18 The rats were fixed 
onto an animal brain solid positioner after anesthesia. 
After preoperative skin preparation and disinfection, 
the skin and muscle were separated to expose the skull 
bone. The anterior fontanelle was regarded as the origin 
of coordinate and the right cerebral ventricle was located 
for drug administration. A microsyringe was inserted for 
slow administration (1 nmol/50 μL within 30 min) and 



Adv Clin Exp Med. 2020;29(7):793–801 795

then slowly removed, followed by suture and disinfection. 
Afterward, the rats were normally kept for 48 h.

Sodium pentobarbital (30 mg/kg, 2%) was intraperitone-
ally injected to the rats for deep anesthesia. The chest was 
opened and a 50 mL syringe was inserted into the left car-
diac ventricle. The cardiac apex was cut for perfusion with 
about 150 mL of normal saline and the blood was removed. 
Next, a craniotomy was performed to take out the brain 
tissue, and the hippocampus was located and stored in a la-
beled freezing tube in liquid-nitrogen for RNA and protein 
analysis; meanwhile, some samples were fixed with 4% para-
formaldehyde and kept at 4°C for subsequent experiments.

Dual-luciferase reporter assay

We analyzed the pairing of miR-21-5p with STAT3 using 
a bioinformatics website (www. targetscan.org), followed 
by DLR assay to verify the targeting of miR-21-tp toward 
STAT3. The  synthesized 3ʹUTR fragments of  STAT3, 
STAT3-WT (wild) and STAT3-Mut (mutant) were inserted 
into the downstream of the firefly gene in pMIR-reporter 
DLR vector (Huayueyang, Beijing, China) to construct re-
combinant vectors pMIR-STAT3-WT and pMIR-STAT3-
Mut, respectively. The correctly sequenced DLR plasmid 
STAT3-WT or  STAT3-Mut were then transfected into 
HEK293T (the Cell Bank of the Chinese Academy of Scienc-
es, Beijing, China) along with miR-21-5p mimic or miR-21-5p 
NC. The renilla luciferase (Promega, Madison, USA) was 
used as an internal control, and the cells were collected and 
lysed after 48 h of transfection. The firefly luciferase activity 
and renila luciferase activity were measured with a DLR kit 
(E1910; Promega) according to the manufacturer’s instruc-
tion. The value of firefly luciferase activity divided by renilla 
luciferase activity was calculated for statistical analysis.

RT-qPCR

The hippocampus tissue was taken out from the liquid 
nitrogen and weighed. The tissue (0.1 g) was grounded 
to fine powder and 1 mL of Trizol was added (15596026; 
Invitrogen, Carlsbad, USA). The total RNA was extracted 
using the single-step method according to the manufac-
turer’s instructions, and the concentration was measured 
with Eppendorf BioPhotometer (Takara, Kyoto, Japan) 

before reverse transcription of the total RNAs (1 μg) into 
cDNAs. In accordance with the manufacturer’s protocol, 
the samples were first treated with 5 Xg DNA eraser buf-
fer, gDNA eraser and total RNA for 2 min at 42°C to erase 
DNA, and then reversely transcribed into cDNAs (37°C 
for 15 min and 85°C for 5 s). The real-time quantitative 
polymerase chain reaction (RT-qPCR) was conducted us-
ing SYBR® Premix Ex TaqTM kit (Tli RNaseH Plus; Takara) 
and a RT-qPCR device (ABI 7500; Thermo Fisher Scientific, 
Waltham, USA) with the running parameters were as fol-
lows: 95°C for 10 min (pre-denaturation) and 40 PCR cycles 
(pre-denaturation 95°C for 30 s, denaturation 95°C for 30 s, 
annealing for 20 s, and extension 72°C for 30 s). miR-21-5p 
was applied as an internal control for U6, and GAPDH was 
applied as an internal control for other genes. The primers 
(GenePharma, Shanghai, China) are listed in Table 1.

Western blot

The hippocampus tissue was taken from the liquid nitro-
gen and weighed. The tissue (0.1 g) was added into an EP 
tube containing RIPA lysis buffer and protease inhibitor. 
The homogenate was prepared using an electric pestle. 
After an ice-bath for 30 min, the samples were centrifuged 
in order to collect the supernatant, and the protein con-
centration was measured using a bicinchoninic acid (BCA) 
kit. Next, the protein samples (30 µg) were separated using 
SDS-PAGE and then transferred to a polyvinyl difluoride 
(PVDF) membrane (Merck Millipore, Burlington, USA). 
The membrane was blocked with 5% bovine serum albumin 
(BSA) for 90 min at room temperature, followed by discard-
ing the blocking solution and washing in phosphate-buff-
ered saline with Tween (PBST). Next, the membrane was 
incubated at 4°C overnight with the following antibodies: 
anti-STAT3 mouse monoclonal antibody (1:1,000, 9139; 
Cell Signaling Technology, Leiden, the Netherlands), anti-
cleaved caspase-3 rabbit polyclonal antibody (1:1,000, 9664, 
Cell Signaling Technology), anti-Bax rabbit monoclonal 
antibody (1:1,000, 14796; Cell Signaling Technology), anti 
Bcl-2 mouse monoclonal antibody (1:2,000, ab117115; Ab-
cam, Cambridge, UK), and anti-GAPDH rabbit monoclonal 
antibody (1:10,000, ab181602; Abcam). The membrane was 
washed in TBST (PBS buffer containing 0.1% Tween-20) 
3 times (10 min per wash) and incubated with horseradish 

Table 1. RT-qPCR primer sequence

Gene Forward primer (5ʹ-3ʹ) Reverse primer (5ʹ-3ʹ)

mir-21-5p GTCAATAGCTTATCAGACTGA GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCA

Bax CTGAGCTGACCTTGGAGC GACTCCAGCCACAAAGATG

Bcl-2 CTGGTGGACAACATCGCTCTG GGTCTGCTGACCTCACTTGTG

Caspase-3 ATGGACAACAACGAAACCTC TTAGTGATAAAAGTACAGTTCTT

U6 TGCGGGTGCTCGCTTCGGCAGC CCAGTGCAGGGTCCGAGGT

GADPH TGGTGAAGGTCGGAGTGAAC GGAAGATGGTGATGGCCTTTC

Bax – BCL2-associated X protein; Bcl-2 – B-cell lymphoma-2; GAPDH – glyceraldehyde-3-phosphate dehydrogenase.
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peroxidase (HRP)-conjugated goat anti-rabbit and goat anti-
mouse antibody (1:10,000; Jackson ImmunoResearch, West 
Grove, USA) at room temperature for 1 h. Next, the samples 
were washed in TBST 3 times (10 min per wash) and then 
immersed in Pierce enhanced chemiluminescence (ECL) so-
lution (Thermo Fischer Scientific) at room temperature for 
1 min. Afterward, the solution was removed and the mem-
brane was covered with plastic wrap and placed in the dark 
for X-ray film exposure and developing to capture the im-
age. The grayscale of the protein bands was analyzed using 
ImageJ software (National Institutes of Health, Bethesda, 
USA) and the results in each experimental group were com-
pared to the internal control for statistical analysis.

TUNEL staining

The TUNEL staining was conducted using a test kit 
(MK1020; Boster, Pleasanton, USA). The hippocampus 
tissue was fixed with 4% paraformaldehyde and sectioned 
in 5-μm thick slices after paraffin embedding. The samples 
were dried for 2 h at 60°C, followed by dewaxing and hydra-
tion with xylene and a gradient of alcohol (concentration 
from high to low). Subsequently, the samples were incu-
bated with 3% hydrogen peroxide at room temperature 
for 10 min to remove endogenous peroxide and washed 
with distilled water 3 times. Proteinase K diluted with 0.01 
M Tris-buffered saline (TBS) was then added to the sam-
ple and digested at 37°C for 10 min followed by 3 washes 
in 0.01 M TBS. Next, 20 μL of labeling buffer was added 
to keep the section moist (1 μL of terminal deoxynucleo-
tidyl transferase (TdT) + 1 μL of digoxigenin with deoxy-
uridine triphosphate (DIG-d-UTP) + 18 μL of  labeling 
buffer for each section). After mixing, the samples were 
placed in a humidified box for labeling for 2 h at 37°C and 
washed in 0.01 M TBS 3 times. The samples were then 
treated with blocking solution for 30 min at room tem-
perature and with no wash, reacted with anti-digoxigenin 
biotinylated antibody (1:100, diluted with antibody dilu-
ent) at 37°C for 30 min and washed with TBS 3 times, 
followed by reaction with streptavidin conjugate (SABC) 
(1:100, diluted with antibody diluent) for 30 min at 37°C 
and 4 washes in TBS. The samples were then stained with 
3,3ʹdiaminobenzidine (DAB), mildly counterstained with 
hematoxylin, and washed once in TBS and distilled wa-
ter. Subsequently, the sections were dehydrated, cleared, 
sealed, and observed under a microscope. Samples taken 
from each rat had 3 sections and 6 fields were randomly 
picked in each section. The number of apoptotic cells was 
calculated using the averaging method. Cell death rate was 
counted as number of dead neuron/total cell count × 100 %.

Nissl staining

The samples were fixed, embedded, dewaxed, and hy-
drated in the same way as described above. After rinsing 
with water, 0.1% of cresyl violet was added for staining 

at room temperature for 10 min, and the excess liquid 
was washed away with running water. Dehydration was 
performed through a gradient of alcohol. The samples were 
then cleared in dimethylbenzene, mounted with neutral 
balsam, and observed under a microscope. Live cells were 
identified as having an  intact shape and a purple-blue 
nucleus. Six fields were randomly picked from each sec-
tion, and the live neuron and total cell were counted. Cell 
survival rate was counted as the number of live neuron/
total cell count × 100%.

ELISA

Blood (0.5 mL) was collected from the  tail vein and 
the  serum was separated. The levels of  inflammatory 
factors, interleukin 6 (IL-6) and tumor necrosis factor 
α (TNF-α), were measured according to the instructions 
of the enzyme-linked immunosorbent assay (ELISA) kit 
(R&D Systems, Minneapolis, USA).

Statistical analysis

The SPSS 21.0 v. software (IBM Corp., Armonk, USA) 
was used for statistical analysis. Measurement data are 
expressed as mean ± standard deviation (SD); compari-
son between 2 groups was conducted with one-way analy-
sis of variance (ANOVA) and Bonferroni post hoc test. 
P-value <0.05 was considered to indicate a statistically 
significant difference.

Results

miR-21-5p can target STAT3

The  bioinformatics website TargetScan (www.tar-
getscan.org) predicted that miR-21-5p can target STAT3 
(Fig. 1A). The DLR assay was conducted and it was found 
that, compared with the miR-21-5p inhibitor NC group, 

Fig. 1. miR-21-5p can target STAT3. A. The pairing of miR-21-5p and STAT3 
as predicted using TargetScan website. B. Dual luciferase reporter verified 
that miR-21-5p can target STAT3

*p < 0.05 vs the miR-21-5p inhibitor NC group.
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the luciferase activity in the group with co-transfection 
of miR-21-5p mimic and STAT3-WT was much lower 
(p < 0.05), whereas the  luciferase activity in the group 
with co-transfection of STAT3-Mut was similar (Fig. 1B), 
indicating that miR-21-5p can target STAT3 and regulate 
its expression.

Expressions of miR-21-5p and STAT3  
in rats after transfection

The RT-qPCR was performed to measure the miR-21-5p 
expression level in each group (Fig. 2A). The results showed 
that, compared with the normal group, the expression 
level of  miR-21-5p in  the  other groups was lower (all 
p < 0.05). Moreover, the expression levels of miR-21-5p 
in  the  miR-21-5p inhibitor and miR-21-5p inhibitor + 
si-STAT3 groups were lower than those in the model and 
miR-21-5p inhibitor NC groups (all p < 0.05). No intergroup 
differences were observed among the model, miR-21-5p 
inhibitor NC and si-STAT3 in this marker (all p > 0.05). 
The  si-STAT3 group had a  higher level of  miR-21-5p 
than the miR-21-5p inhibitor and miR-21-5p inhibitor + 
si-STAT3 groups (both p < 0.05).

Western blot was performed to detect the protein level 
of STAT3 in each group (Fig. 2B,C). The results showed that, 
compared with the normal group, the protein level of STAT3 
was higher in the other groups, except for the si-STAT3 
group (all p  <  0.05). Compared with the  model and 
miR-21-5p inhibitor NC groups, the protein expression level 
of STAT3 was higher in the miR-21-5p inhibitor group and 
lower in the si-STAT3 group (both p < 0.05). The si-STAT3 
group had a lower level of STAT3 than the miR-21-5p in-
hibitor and miR-21-5p inhibitor + si-STAT3 groups (both 
p < 0.05). No intergroup differences were observed among 
the model, miR-21-5p inhibitor NC and miR-21-5p inhibitor 
+ si-STAT3 groups in this marker (all p > 0.05).

The results revealed a good transfection rate in each 
group and showed that suppressing miR-21-5p expression 
can promote the gene and protein expressions of STAT3, 
which further verified that miR-21-5p can target STAT3 
and negatively regulate its expression.

Protein expressions levels of caspase-3, 
Bax and Bcl-2 in hippocampal neurons

Both RT-qPCR and western blot were performed 
to measure the expression levels of apoptosis-associated 
proteins, caspase-3, Bax, and Bcl-2, in hippocampus tis-
sues (Fig. 3). The results displayed that, compared with 
the normal group, the other groups had higher expres-
sion levels of caspase-3 and Bax and a lower expression 
level of Bcl-2 (all p < 0.05). Compared with the model 
and miR-21-5p inhibitor NC groups, the miR-21-5p in-
hibitor group had higher expression levels of caspase-3 
and Bax and a lower expression level of Bcl-2, whereas 
the si-STAT3 group had lower expression levels of cas-
pase-3 and Bax and a higher expression level of Bcl-2 (all 
p < 0.05). Of the miR-21-5p inhibitor, miR-21-5p inhibitor 
+ si-STAT3 and si-STAT3 groups, the si-STAT3 group 
had the  lowest expression levels of caspase-3 and Bax 
and the highest level of Bcl, and the miR-21-5p inhibitor 
group had the highest expression levels of caspase-3 and 
Bax and the lowest level of Bcl expression (all p < 0.05). 
The results demonstrated that apoptosis of hippocam-
pal neurons can be promoted by  inhibiting miR-21-5p 
expression and restrained by  interfering with STAT3 
expression.

Neuronal apoptosis in rat hippocampus

The TUNEL staining was conducted to detect the neu-
ronal apoptosis in the CA1 region of rat hippocampus 

Fig. 2. Expressions of miR-21-5p and STAT3 in epileptic rats. A. miR-21-5p expression level measured using RT-qPCR. B and C. STAT3 expression level 
measured with western blot and its statistical graph

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.
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(Fig.  4). The  apoptotic cells had an  irregular shape, 
pyknosis and a reduced size of cytoplasm. The results 
showed that, compared with the normal group, the num-
ber of apoptotic cells was higher in the model, miR-21-5p 
inhibitor NC, miR-21-5p inhibitor, and miR-21-5p in-
hibitor + si-STAT3 groups (all p < 0.05). Compared with 
the model and miR-21-5p inhibitor NC groups, the number 
of apoptotic cells was higher in the miR-21-5p inhibitor 
group and lower in the si-STAT3 group (both p < 0.05). 
Of the miR-21-5p inhibitor, si-STAT3 and miR-21-5p in-
hibitor + si-STAT3 groups, the number of apoptotic cells 
was highest in the miR-21-5p inhibitor group and lowest 
in the si-STAT3 group (all p < 0.05).

Loss and survival  
of hippocampal neurons

Nissl staining was performed to detect the loss and sur-
vival of hippocampal neurons in the CA1 region in epilep-
tic rats (Fig. 5). Live neurons are those with an intact shape, 
clear structure, big nucleus, and a high level of Nissl bodies. 
The results showed that, compared with the normal group, 
the number of live neurons in the model, miR-21-5p inhibi-
tor NC, miR-21-5p inhibitor, and miR-21-5p inhibitor + 
si-STAT3 groups was lower (all p < 0.05). Compared with 
the model and miR-21-5p inhibitor NC groups, the num-
ber of  live cells was lower in  the  miR-21-5p inhibitor 

Fig. 4. Neuronal apoptosis in rat hippocampus. A. Neuronal apoptosis in rat hippocampus measured using TUNEL assay. B. Statistical graph of the neuronal 
apoptosis

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.

Fig. 3. Expressions of Bcl-2, Bax and capsase-3 in epileptic rats. A. Expression levels of the apoptosis-associated proteins measured with RT-qPCR. B and C. 
Expression levels of the proteins measured with western blot and its statistical graph

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.
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group and higher in the si-STAT3 group (all p < 0.05). 
Of the miR-21-5p inhibitor, si-STAT3, and miR-21-5p in-
hibitor + si-STAT3 groups, the number of live cells was 
the lowest in the miR-21-5p inhibitor group and the highest 
in the si-STAT3 group (all p < 0.05).

Expression levels of IL-6  
and TNF-α in serum

The ELISA was performed to measure the expression lev-
els of inflammatory factors IL-6 and TNF-α in each group 
(Fig. 6). The results showed that, compared with the normal 
group, the IL-6 levels in the other groups were much higher 
(all p < 0.05). No intergroup differences were observed 
among the model, miR-21-5p inhibitor NC and miR-21-5p 

inhibitor + si-STAT3 groups. Compared with the model 
and miR-21-5p inhibitor NC groups, the expression level 
of IL-6 was higher in the miR-21-5p inhibitor group and 
lower in the si-STAT3 group (all p < 0.05). Of the miR-21-5p 
inhibitor, si-STAT3 and miR-21-5p inhibitor + si-STAT3 
groups, the  level of  IL-6 was highest in the miR-21-5p 
inhibitor group and lowest in  the  si-STAT3 group (all 
p < 0.05). Compared with the normal group, the expres-
sion level of TNF-α in the other groups was higher (all 
p < 0.05). Moreover, the expression level of TNF-α was 
similar among the groups, except for the normal group. 
These findings showed that miR-21-5p can inhibit STAT3 
expression, thus decreasing the expression of IL-6, which 
suggests that the signal transduction of IL-6 in epileptic 
rats requires the participation of STAT3.

Fig. 5. Survival of hippocampal neurons. A. Survival of hippocampal neurons detected using Nissl staining. B. Statistical graph of the live neurons

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.

Fig. 6. A. Expression level of IL-6 measured with ELISA. B. Expression level of TNF-α measured with ELISA

*p < 0.05 vs the normal group; #p < 0.05 vs the model group; $p < 0.05 vs miR-21-5p inhibitor NC group; &p < 0.05 vs miR-21-5p inhibitor group; @p < 0.05 vs 
the si-STAT3 group.
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Discussion

Our results showed that in the hippocampus of epilep-
tic rats, the expression level of miR-21-5p was low, while 
the level of STAT3 was high. miR-21 can exert cerebral pro-
tective effects in various diseases, alleviate the secondary 
blood–brain barrier damage after traumatic brain injury 
in rats, inhibit the neuron death mediated by microglia af-
ter hypoxia and ischemia, and prevent hypoxia and low glu-
cose-induced apoptosis of human neural stem cell through 
suppressing JNK and p38 MAPK signaling pathways.19–23 
The overexpression of STAT3 gene can lead to neuroinflam-
mation, induce schizophrenia, and is involved in the neuro-
toxicity caused by arsenic.24–26 In our study, we found that 
miR-21-5p can target STAT3 and regulate its expression 
after conducting an analysis using a website on bioinfor-
matics and a DLR assay. Compared with the model and 
miR-21-5p inhibitor NC groups, the miR-21-5p inhibitor 
group had a higher STAT3 protein expression level, whereas 
the si-STAT3 group had a lower STAT3 protein expression 
level, revealing that inhibiting miR-21-5p expression can 
promote the expression level of STAT3. This finding fur-
ther demonstrates that miR-21-5p can target STAT3 and 
negatively regulate its expression.

To  further understand the mechanism of miR-21-5p 
in regulating the gene expression of STAT3 in epilepsy, 
we measured the levels of apoptosis-associated proteins 
in rat hippocampus and found that the expression levels 
of caspase-3 and Bax were higher and expression level 
of Bcl-2 was lower in the hippocampus of epileptic rats. 
Moreover, when the miR-21-5p expression was inhibited, 
the expression levels of caspase-3 and Bax were further 
increased and the expression level of Bcl-2 was further 
reduced, whereas silencing STAT3 reversed these changes. 
Some studies have demonstrated that miR-21 can suppress 
apoptosis of many types of cells, including neurons.22,27,28 
In a study by Shi et al., miR-21 was found to be able to in-
hibit the protein activity of caspase-3 and downregulate 
the ratio of Bax to Bcl-2.29 Caspase-3 and Bax are known 
to be common apoptosis-associated factors and can pro-
mote cell apoptosis when highly expressed.30,31 Bcl-2 
is an anti-apoptotic protein, which can regulate the perme-
ability of the mitochondrial membrane; however, Bax can 
damage mitochondrial membrane, thereby promoting cell 
apoptosis.32 Mao et al. have documented that the activation 
of STAT3 can participate in the induction of neurotoxicity 
and promote neuronal apoptosis.25 Based on these find-
ings and our study results, we concluded that miR-21-5p 
can reduce the expression of STAT3, thereby inhibiting 
the neuronal apoptosis in the hippocampus.

Some studies have revealed that neuron activity 
in the hippocampus can be reduced by a low expression 
of miR-21-5p and increased by silencing STAT3. Our re-
sults showed that in the rat model of epilepsy, the levels 
of IL-6 and TNF-α rose significantly. Both IL-6 and TNF-α 
are common inflammatory factors, serving critical roles 

in the development of many diseases.33,34 In our study, IL-6 
level was increased by silencing miR-21-5p, while TNF-α 
level remained unchanged after silencing miR-21-5p or in-
hibiting STAT3 expression. These results showed that 
miR-21-5p can inhibit STAT3 expression, thus lowering 
the expression level of IL-6, which indicated that the signal 
transduction of IL-6 in epileptic rats requires the partici-
pation of STAT3.

Conclusions

miR-21-5p can target STAT3 and negatively regulate its 
expression, increase the neuronal activity in the hippo-
campus and inhibit the expression of apoptosis-related fac-
tors, thereby suppressing neuronal apoptosis. Meanwhile, 
miR-21-5p can alleviate neuroinflammation in epileptic 
rats by reducing the inflammatory factor IL-6 in serum. 
The understanding of this miRNA may provide some new 
insights into the treatment of epilepsy. However, the pres-
ent study only analyzed the  mechanism of  miR-21-5p 
in regulating STAT3 and did not investigate the signaling 
pathways or other molecules that were involved. Therefore, 
more studies need to be conducted in the future to provide 
a strong basis for the clinical application of miR-21-5p.
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Abstract
Background. Atherosclerosis (AS) is the main cause of myocardial infarction and stroke. Macrophage apop-
tosis in the early stages can attenuate lesions, while in the late stage it is associated with AS plaque rupture.

Objectives. To explore the effects of miR-124-3p regulation of the p38MAPK signaling pathway via 
the MEKK3 gene on the apoptosis and proliferation of macrophages in mice with coronary AS.

Material and methods. Fifty male apolipoprotein E (ApoE) −/− mice were equally assigned to a normal 
group and a coronary AS group. In the AS group, the mice were given a high-fat diet to establish a coronary AS 
model. The macrophages of the mice were isolated for culture and divided into 7 groups: normal, negative con-
trol (NC), control, miR-124-3p mimic, miR-124-3p inhibitor, si-MEKK3, and miR-124-3p inhibitor+si-MEKK3.

Results. Compared with the normal group, the AS group had lower expression levels of miR-124-3p and 
higher expression levels of MEKK3 and p-p38MAPK in the coronary artery tissue and peritoneal macrophages 
(all p < 0.050). We found that miR-124-3p could negatively regulate MEKK3 expression. Compared with 
the control group, the miR-124-3p mimic group and si-MEKK3 group had greater cell apoptosis rates and 
Bax levels, weaker cell proliferation and invasion abilities, slower cell cycle progression, and lower PCNA 
and Bcl-2 levels (all p < 0.050). This trend was also displayed in the miR-124-3p inhibitor+si-MEKK3 group 
when compared with the miR-124-3p inhibitor group, and in the si-MEKK3 group when compared with 
the miR-124-3p inhibitor+si-MEKK3 group (all p < 0.050).

Conclusions. miR-124-3p overexpression can downregulate MEKK3 expression and inhibit the expression 
of the p38MAPK signaling pathway, thereby inhibiting macrophage proliferation and promoting macrophage 
apoptosis in mice with coronary AS.

Key words: MiR-124-3p, macrophage, coronary atherosclerosis
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Introduction

Atherosclerosis (AS) is the main cause of myocardial 
infarction and stroke.1 It is believed that both macrophages 
and monocytes play critical roles in AS. The occurrence 
of AS is associated with unstable plaque in which macro-
phages are among the main components.2 Recent stud-
ies have demonstrated that macrophages in the arterial 
plaque can proliferate, while differences exist in macro-
phage apoptosis between the early and late stages of AS.3 
Macrophage apoptosis in early stages can attenuate lesions, 
whereas apoptosis in the late stage is associated with AS 
plaque rupture.4,5

The  mammalian genome contains hundreds of  mi-
croRNAs (miRNAs), a type of non-coding RNA molecule 
of  about 18–25 nucleotides regulating the  expression 
of 30% of human genes.6 MiRNAs can inhibit the tran-
scription and translation of  target proteins, thereby 
affect ing cell apoptosis, development and growth.7 Some 
studies have found that miRNA plays an essential part 
in the pathogenesis of AS through regulating multi-targets 
or signaling pathways.8,9 Recent studies have document-
ed that homocysteine can downregulate the expression 
of miR-124-3p in AS, and its mechanism may be related 
to a change in hypermethylation in the promoter region 
of miR-124-3p.10 However, the role of miR-124-3p in AS 
is yet to be clarified.

As  a  mitogen-activated protein kinase (MAPK), 
MEKK3 has a vital role in cardiovascular development 
and can induce nuclear factor kappa-B activation. All eu-
karyotes have various MAPK pathways that control gene 
expression and cellular physiological activities.11 Normal 
MAPKs include extracellular signal-regulated kinase 
(ERK) 1/2, JNK 1/2/3, p38 (α, β, γ, δ), and big MAPK 
(ERK5).12 So far, there has been little research on the role 
of  MEKK3 in  AS. The  p38MAPK pathway, a  member 
of the MAPK superfamily, is a key pathway in regulating 
cell proliferation and death, and can participate in many 
physiological processes. Meanwhile, the correlation be-
tween p38MAPK and MEKK3, another MAPK, cannot be 
neglected, as MEKK3 and MEKK4 are upstream regulators 
of p38 in many cells.13 Previous studies have documented 
that the MAPK pathway participates in cardiomegaly.14,15 
However, the role of the MAPK pathway in the apoptosis 
and proliferation of macrophages in mice with coronary AS 
is unclear. The Targetscan bioinformatics website (www.
targetscan.org) predicted that miR-124-3p can target 
MEKK3, and that miR-124-3p expression is downregulated 
in AS. Therefore, we infer that miR-124-3p may suppress 
the p38MAPK signaling pathway through downregulating 
MEKK3 expression, thereby inhibiting coronary AS and 
promoting the apoptosis of mouse macrophages.

In  the  present study, we  established the  AS model 
in apolipoprotein E  (ApoE) knockout (ApoE −/−) mice 
and cultured mouse macrophages, which were then trans-
fected with a miR-124-3p mimic, a miR-124-3p inhibitor, 

si-MEKK3, and miR-124-3p inhibitor+si-MEKK3, re-
spectively. RAW2647 cell apoptosis, cycle, proliferation, 
and invasion were examined in each group to  investi-
gate whether miR-124-3p can suppress phosphorylation 
of the p38MAPK signaling pathway by downregulating 
MEKK3 expression and finally affect the apoptosis and 
proliferation of macrophages in mice with AS.

Material and methods

Animal subjects

The  study was approved by  the  Ethics Committee 
of Nankai University.

Fifty male ApoE −/− mice at 5 weeks of age were  included 
as subjects and were assigned to a normal group and a cor-
onary AS group (AS group), n = 25 mice each. In the AS 
group, the mice were given a high-fat diet including 1% 
cholesterol and 15% lard to establish a coronary AS mod-
el16; the mice in the normal group were given a normal 
diet. The feeding lasted 4 weeks and all the mice had access 
to water ad libitum. After 3 weeks, the coronary artery 
tissue from the AS and normal mice were collected for 
examination.

The mice were sacrificed and 3 mL of phosphate-buff-
ered saline (PBS) was injected into the abdominal cavities. 
A gentle abdominal massage was applied to obtain the buf-
fer from the abdomen. These steps were repeated 3 times. 
Afterward, the buffer was centrifuged (300 × g for 15 min), 
the supernatant was removed and the peritoneal macro-
phages in the precipitation were harvested. The cells were 
cultured in RPMI 1640 (Gibco, Thermo Fisher Scientific, 
Waltham, USA) which contained 10% fetal bovine serum 
(FBS), 50 U/mL of penicillin and 100 μg/mL of streptomy-
cin (all from Gibco) at 37°C in an atmosphere of 5% CO2 
(incubator model: Thermo3111; Jinan Beisheng Medical 
Instruments Co. Ltd, Jinan, China). The medium was re-
newed after 2 days, and the cells were sub-cultured every 
3–4 days. The cells in good condition and at the logarith-
mic phase were selected for transfection.

Cell grouping and transfection

The macrophages at the logarithmic phase from the AS 
mice were harvested and planted in a six-well culture plate 
(1*105/well). Serum-free RPMI 1640 medium without pen-
icillin-streptomycin was used 1 day before transfection. 
The cells were assigned to 6 groups: the control group 
(macrophages from the AS mice), the negative control (NC) 
group (macrophages from the AS mice transfected with 
NC plasmid), the miR-124-3p mimic group (macrophage 
from the AS mice transfected with 4 μg miR-124-3p mimic 
plasmid), the miR-124-3p inhibitor group (macrophages 
from the AS mice transfected with 4 μg miR-124-3p inhib-
itor plasmid), the si-MEKK3 group (macrophages from 
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the AS mice transfected with 4 μg of si-MEKK3 plasmid), 
and miR-124-3p inhibitor+si-MEKK3 group (macrophages 
from the AS mice co-transfected with 2 μg miR-124-3p 
inhibitor plasmid and 2 μg si-MEKK3 plasmid). The cells 
from the normal non-AS mice were cultured in a routine 
way without any other treatment.

The vectors used were constructed by Tianjin Saier Bio-
technology Inc. (Tianjin, China) (see above).

Transfection was performed with Lipofectamine 2000 
transfection reagent (Invitrogen, Carlsbad, USA) in accor-
dance with the manufacturer’s protocol. After 6 h of trans-
fection, RPMI 1640 with 10% FBS (Gibco) was used 
as the medium. The cells were harvested for subsequent 
experiments 48 h after transfection.

Dual luciferase reporter assay

The miR-124-3p binding site on MEKK3 was first ana-
lyzed on the www.targetscan.org bioinformatics website, 
followed by a dual luciferase reporter test to validate this 
relationship. MEKK3 dual luciferase reporter gene vec-
tors with and without mutant miR-124-3p binding sites 
were constructed and named MEKK3mut and MEKK3wt, 
respectively. These 2 reporter plasmids were co-transfect-
ed with the NC mimic or miR-124-3p mimic into HEK 
293T cells. Renilla luciferase was used as a control. After 
24 h of transfection, we performed a dual luciferase re-
porter assay. Cells from each group were lysed and then 
centrifuged (4800 × g for 1 min), and the supernatant was 
collected. A commercial dual luciferase reporter assay kit 
(Promega Biotech Co. Ltd., Beijing, China) was used in ac-
cordance with the manufacturer’s instruction for measur-
ing the activity of luciferase. The lysed cells were pipetted 
into Eppendorf tubes and 100 μL of firefly luciferase solu-
tion was added to each 10 μL sample. The activity of firefly 
luciferase was then measured, followed by the addition 
of 100 μL of renilla luciferase solution to detect the activ-
ity of renilla luciferase. The formula is as follows: relative 
luciferase activity = firefly luciferase activity/renilla lucif-
erase activity.8

qRT-PCR

After 48 h of transfection, cells were harvested from each 
group. Total RNAs were extracted using Trizol (16096020 
from Thermo Fisher Scientific; and B1802 from HaiGene 
Bio, Quezon City, Philippines) followed by reverse tran-
scription into cDNAs using TaqMan MicroRNA Assays 
Reverse Transcription Primer (Thermo Fisher Scientific). 
Next, SYBR® Premix ExTaqTM II kit (Xingzhi Biotech, 

Guangzhou, China) was used for quantitative real-time 
polymerase chain reaction (qRT-PCR). Reagents were 
added in the following order: SYBR® Premix ExTaqTM II 
(2×, 25 μL), forward primer (2 μL), reverse primer (2 μL), 
ROX Reference Dye (50×, 1 μL), DNA template (4 μL), and 
double distilled H2O (16 μL). An ABI Prism® 7300 fluo-
rescence quantitative PCR instrument (Shanghai Kunke 
Instrument & Equipment Co., Shanghai, China) was used 
to conduct qRT-PCR with the following running param-
eters: 95°C for 10 min (pre-denaturation), 32 cycles of 95°C 
for 15 s (denaturation) and 60°C for 30 s (annealing) before 
extension at 72°C for 1 min. ΔCt = Ct target gene − Ct GAPDH; 

ΔΔCt = ΔCt study group − ΔCt control group. U6 and GAPDH 
were the internal controls for miR-124-3p and other genes, 
respectively. The relative gene expression of the target gene 
was calculated using the 2−ΔΔCt method. The primers are 
listed in Table 1.

Western blot

After 48 h of transfection and culture, the cells were 
washed 3 times in pre-cooled PBS. The total protein was 
extracted from the cells using RIPA lysis buffer (R0010; So-
larbio Science & Technology Co. Ltd., Beijing, China) con-
taining phenylmethylsulfonyl fluoride (PMSF). The protein 
concentration was measured with a BCA kit (Thermo Fish-
er Scientific), and the deionized water was used for zeroing. 

Table 1. qRT-PCR primer sequence

Gene Primer Sequence

miR-124-3p
forward 5’-GCGAGGATCTGTGAATGCCAAA-3’

reverse 5’-AGGGGCTGCTTGAGTTGTAGTA-3’

MEKK3
forward 5’-TGTACCTGAGCGACAACAGC-3’

reverse 5’-CACTGCTGAGGGGATCTAGC-3’

p38MAPK
forward 5’-CCCGAACGATACCAGAACC-3’

reverse 5’-GCGTGAATGATGGACTGAAA-3’

PCNA
forward 5’-TCACGCCTGTGGTGGTTAC-3’

reverse 5’-GGTCGGCTTCTGAGTTTCC-3’

Bcl-2
forward 5’-AGTACCTGAACCGGCATCTG-3’

reverse 5’-GCTGAGCAGGGTCTTCAGAG-3’

Bax
forward 5’-CGAGCTGATCAGAACCATCA-3’

reverse 5’-GGTCCCGAAGTAGGAGAGGA-3’

U6
forward 5’-GCTTCGGCAGCACATATACTAAAAT-3’

reverse 5’-GCACTCCCGCCACAAAGATG-3’

GAPDH
forward 5’-GGGAAATTCAACGGCACAGT-3’

reverse 5’-AGATGGTGATGGGCTTCCC-3’

MAPK – mitogen-activated protein kinase; GAPDH – glyceraldehyde 
3-phosphate dehydrogenase.

NC:  5’-AGCTTTGCGGGAGTCAACCCAGCTTTTTTCAAGAGAAAAGCTGGGTTGACTCCCGCACCGC-3’; 
miRNA-124 mimic:  5’-CCGUAAGUGGCGCACGGAAU-3’; 
miR-124 inhibitor:  5’-GGCAUUCACCGCGUGCCUUA-3’, 
siRNA:  5’-GGAGAGACGAAUUAUAGCATT-3’, 5’-UGCUAUAAUUCGUCUCUCC-3’. 
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The sample was then mixed with sample loading buffer 
and placed in a metal bath at 100°C for 10 min. After ward, 
a 50 µg protein sample was loaded for 3 h of electrophoresis 
at 70 V constant voltage. The samples were then trans-
ferred to polyvinylidene difluoride (PVDF) membrane 
(ISEQ00010; Millipore Sigma, St. Louis, USA) using wet 
transfer at a constant current of 150 mA. Subsequently, 
the membrane was blocked in skim milk (5%) in TBST 
for 2 h at 4°C before the milk was discarded. The sam-
ples were washed in tris-buffered saline with Tween 20 
(TBST) followed by the addition of polyclonal antibodies 
of rabbit anti-human MEKK3 (ab26321, 1:5000), anti-p-
p38MAPK (ab31828, 1:1000), anti-p38MAPK (ab31828, 
1:5000), anti-PCNA (ab92552, 1:5000), anti-Bax (ab8805, 
1:1000), anti-Bcl-2 (ab32124, 1:1000), and anti-GAPDH 
(ab8226, 1:2000, all from Abcam, Cambridge, UK) for in-
cubation at 4°C overnight. Next, the samples were washed 
3 times in TBST (6 min per wash) and treated for 2 h with 
horseradish peroxidase (HRP) labeled goat anti-rabbit IgG 
antibody (1:5000; Zhongshan Biotech, Beijing, China), 
followed by 3 more six-minute washes in TBST. Subse-
quently, the membrane was placed in TBS. Equal volumes 
of solutions A and B from an Excellent Chemiluminescent 
Substrate (ECL) kit (BB-3501; BestBio, Shanghai, China) 
were mixed, and 200 μL was added to the membrane. Im-
ages were exposed in a gel-imager, photographed with 
an imaging analyzer (Bio-Rad Laboratories Inc, Hercules, 
USA), and analyzed using ImageJ software (National In-
stitutes of Health, Bethesda, USA). The relative protein 
level = the grayscale value of the protein band/the gray-
scale value of the GAPDH protein band.

MTT assay

After 48 h of transfection and culture, the cells were 
digested routinely and harvested for counting. The cells 
were planted in a 96-well plate (3–6*103/well, 100 μL/well), 
and each group had 6 wells. At 24 h, 48 h and 72 h, 20 μL 
of 5 mg/mL MTT solution (Gibco) was added to each well. 
The plate was placed in the dark for 4 h, and then 100 μL 
of DMSO (Sigma-Aldrich, St. Louis, USA) was added into 
each well. The optical density (OD) value at 495 nm in each 
well was detected with a microplate reader (NYW-96M; 
Nuoyawei, Beijing, China). Cell viability curves were plotted 
with their OD value on the y-axis and time on the x-axis.

Flow cytometry

After 48 h of transfection, the cells were washed in PBS 
3 times followed by centrifugation at 300 × g for 20 min. 
Next, the supernatant was discarded and the cell concentra-
tion was controlled to 1*105/mL using PBS. The sample was 
then treated with 1 mL of pre-cooled 75% ethanol (Shang-
hai Coking Co, Shanghai, China) at 4°C for 1 h, before 
being centrifuged at 250 × g for 5 min and washed 3 times 
in PBS. Afterward, 120 μL of RNase A (Thermo Fisher 

Scientific) was added in the dark, and the samples were 
water-bathed at 37°C for 40 min before being stained with 
500 μL of propidium iodide (PI; Sigma-Aldrich) in the dark 
at 4°C for 30 min. The cell cycle was examined with a flow 
cytometer (Beckman Coulter Inc., Brea, USA) at 488 nm.

After 48 h of transfection, the cells were digested with 
EDTA-free pancreatin (Thermo Fisher Scientific) and placed 
in flow cytometry tubes for centrifugation (300 × g for 
30 min). Next, the supernatant was discarded, and the cells 
were washed 3 times in pre-cooled PBS before centrifuga-
tion (300 × g for 20 min). The supernatant was discarded, 
and annexin V-fluorescein isothiocyanate (FITC)/PI dye 
was prepared using HEPES buffer (Thermo Fisher Scien-
tific) annexin V-FITC and PI (50:1:2) according to the in-
structions in a commercial Annexin-V-FITC Cell Apoptosis 
Detection Kit (Sigma-Aldrich). Subsequently, the samples 
were mixed with 100 μL of dye and incubated at room tem-
perature for 15 min before being mixed with HEPES buf-
fer (Thermo Fisher Scientific). A flow cytometer was used 
to detect cell apoptosis. The green fluorescence of annexin 
V-FITC was examined through the FITC channel (FL1), 
while the red fluorescence of PI was examined through 
the PI channel (FL2 or FL3). The excitation and emission 
wavelengths were 488 nm and 530 nm, respectively.

Cell invasion

Transwell chambers (Jrdun Biotechnology Co., Shang-
hai, China) were put in a 96-well plate. The upper cham-
bers were coated with Matrigel (1:8, Sigma-Aldrich) and 
then dried at room temperature. The cells were digested 
with pancreatin (Sigma-Aldrich) and washed 3  times 
in PBS. The cells were then resuspended in RPMI 1640 
medium, and the density was adjusted to 1*105/mL. Cell 
suspension (300 μL) was added to the Matrigel-coated up-
per chambers, and 500 μL of RPMI 1640 medium with 
10% FBS (Gibco) was added to the lower chambers. After 
culturing for 24 h, the transwell chambers were taken, and 
the non-invaded cells in the upper chamber were gently 
scraped off using cotton swabs. Subsequently, the samples 
were fixed with paraformaldehyde (4%) (Beijing Leagene 
Biotechnology Co. Ltd., Beijing, China) for 20 min, stained 
with crystal violet (0.5% Solarbio) and then washed 3 times 
in PBS. Under an inverted microscope, 5 fields were ran-
domly selected for photographing (×200 magnification), 
and the cells passing through the membrane were counted.

Statistical analysis

The SPSS v. 21.0 software (IBM Corp., Armonk, USA) 
was used to analyze the data. Measurement data are ex-
pressed as means ± standard deviation (SD). One-way 
analysis of  variance (ANOVA) was used for multiple 
group comparisons, and Tukey’s post hoc test for pairwise 
comparisons was used between multiple groups. A value 
of p < 0.050 indicated a statistically significant difference.
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Results

Expressions of miR-124-3p, MEKK3 
and p-p38MAPK in the coronary arteries 
of mice

To  investigate the  expressions of  miR-124-3p and 
MEKK3 and the activation of  the p38MAPK signaling 
pathway in the AS and the normal groups, we measured 
the expression levels of miR-124-3p and MEKK3 using 
qRT-PCR, and the phosphorylation of p38MAPK, a factor 
related to the p38MAPK signaling pathway, using western 
blot. Compared with the normal group, the miR-124-3p ex-
pression level was lower in the coronary arteries in the AS 

group (p = 0.001), and the phosphorylation levels of MEKK3 
and p38MAPK were higher in the AS group (p = 0.001 and 
p = 0.0006, respectively). Meanwhile, the basal expression 
level of the p38MAPK protein was similar in the 2 groups 
(p = 0.340) (Fig. 1).

Mir-124-3p can negatively regulate 
the MEKK3 gene

The  bioinformatics website www.microrna.org/mi-
crorna/home.do predicted the existence of a miR-124-3p 
binding site on MEKK3 (Fig. 2A). Figure 2B shows that 
compared with the  groups transfected with the  NC 
mimic, luciferase activity was much lower in the group 

Fig. 1. Expressions of miR-124-3p, MEKK3, p38MAPK, and p-p38MAPK in the normal and AS groups. A. Histogram of miR-124-3p and MEKK3 mRNA 
expression levels in the tissues. B. Protein bands of p38MAPK and p-p38MAPK in the tissues. C. Histogram of protein levels of p38MAPK and p-p38MAPK 
in the tissues

*p < 0.050 vs the normal group; MAPK – mitogen-activated protein kinase; GAPDH – glyceraldehyde 3-phosphate dehydrogenase.

Fig. 2. MiR-124-3p can negatively regulate the MEKK3 gene. A. 3’-UTR 
sequence for the paring of miR-124-3p and MEKK3. B. Luciferase activity

*p < 0.050 vs the NC mimic group.
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co-transfected with Wt-MEKK3 and miR-124-3p mimic 
(p = 0.001). At the same time, luciferase activity remained 
unchanged in the group co-transfected with MEKK3mut 
(p = 0.665). This finding indicates that miR-124-3p can 
negatively regulate the MEKK3 gene.

Mir-124-3p, MEKK3 and p38MAPK 
expressions in each group

In  order to  investigate the  mechanism of  how miR-
1243p mediates the p38MAPK signaling pathway through 
the  MEKK3 gene and exerts effects on  macrophage 
apoptosis and proliferation in  AS mice, we  measured 
the miR-124-3p expression level and mRNA expression 
levels of MEKK3 and p38MAPK using qRT-PCR, and mea-
sured MEKK3 protein expression and the phosphorylation 
of P38MAPK using western blot. As shown in Fig. 3, com-
pared with the normal group, the other groups had lower 
levels of miR-124-3p and higher phosphorylation levels 
of MEKK3 and p38MAPK (all p < 0.0001); meanwhile, 
the basal protein expression level of p38MAPK was similar 
in the normal group and the other groups (p = 0.449). Com-
pared with the control group, the NC group had similar ex-
pression levels of each gene; whereas the expression levels 
of MEKK3 and p-p38MAPK were lower in the miR-124-3p 
mimic, si-MEKK3 and miR-124-3p inhibitor+si-MEKK3 
groups (all p < 0.0001); and the expression levels of MEKK3 
and p-p38MAPK were higher in the miR-124-3p inhibitor 
group (p = 0.001, p = 0.003). The miR-124-3p inhibitor+si-
MEKK3 group had higher expression levels of MEKK3 
and p-p38MAPK than the si-MEKK3 group (p = 0.0005, 
p = 0.0008). Compared with the miR-124-3p inhibitor 
group, the miR-124-3p inhibitor+si-MEKK3 group had 
lower expression levels of MEKK3 and p-p38MAPK (both 
p = 0.0002).

Cell proliferation

The  MTT assay results showed that cell growth in-
creased with time. The normal group had lower OD val-
ues at 24 h and 48 h than the other groups (all p < 0.0001). 
In comparison with the control group, the NC group had 
similar OD values at 24 h and 48 h (p = 0818, p = 0.744), while 
the OD values at 48 h and 72 h were lower in the miR-124-3p 
mimic group, the  si-MEKK3 group and the  miR-
124-inhbitor+si-MEKK3 groups (p = 0.005, p = 0.009), 
and higher in the miR-124-3p inhibitor group (p = 0.018, 
p = 0.032). Meanwhile, the miR-124-3p inhibitor+si-ME-
KK3 group had higher OD values at 48 h and 72 h than 
the si-MEKK3 group (p = 0.030, p = 0.039), and lower OD 
values at 48 h and 72 h than the miR-124-3p inhibitor group 
(p = 0.030, p = 0.039) (Fig. 4).

Fig. 4. Cell proliferation measured using MTT assay

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 
vs the NC group; $p < 0.050 vs the mR-124-3p mimic group; @p < 0.050 
vs the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group; 
OD – optical density.

Fig. 3. MiR-124-3p, MEKK3 and p38MAPK expressions in each group. A. Histogram of miR-124-3p, MEKK3 and p38MAPK mRNA levels. B. Protein bands 
of MEKK3, p38MAPK and p-p38MAPK. C. Histogram of MEKK3, p38MAPK and p-p38MAPK protein levels

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the mR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group; MAPK – mitogen-activated protein kinase; GAPDH – glyceraldehyde 3-phosphate 
dehydrogenase.
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Cell cycle

The  flow cytometry results displayed that compared 
to the normal group, the other groups had fewer G1 phase cells 
and more S phase cells (both p < 0.0001). There were no differ-
ences between the control and NC groups in terms of the cell 
ratios at the G1, S and G2 phases (p = 0.982, p = 0.802, p = 0.756). 
Compared with the control group, the miR-124-3p mimic, 
si-MEKK3 and miR-124-3p inhibitor+si-MEKK3 groups 
had more G1 phase cells and fewer S phase cells (p = 0.0002, 
p < 0.0001), whereas the miR-124-3p inhibitor group had fewer 
G1 phase cells and more S phase cells (p = 0.003, p = 0.008). 
Meanwhile, the miR-124-3p inhibitor+si-MEKK3 group had 
fewer G1 cells and more S cells than the si-MEKK3 group 
(p = 0.020, p = 0.002), and more G1 phase cells and fewer 
S phase cells than the miR-124-3p inhibitor group (p = 0.001, 
p = 0.0004) (Fig. 5).

Cell apoptosis

The  flow cytometry results showed that compared 
to  the normal group, the other groups had lower cell 
apoptosis rates (p < 0.0001). There was no difference 
between the control and NC groups in terms of the cell 
apoptosis rate (p = 0.528). Compared with the control 
group, the miR-124-3p mimic, si-MEKK3 and miR-124-3p 
inhibitor+si-MEKK3 groups had higher cell apoptosis 
rates (p < 0.0001), and the miR-124-3p inhibitor group had 
a lower cell apoptosis rate (p = 0.0002). The miR-124-3p 
inhibitor+si-MEKK3 group had a lower cell apoptosis rate 
than the si-MEKK3 group and a higher apoptosis rate 
than the miR-124-3p inhibitor group (both p < 0.0001) 
(Fig. 6).

Fig. 6. Cell apoptosis detected using flow cytometry. A. Cell apoptosis rate. B. Histogram of the cell apoptosis rate

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the mR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group; FITC – fluorescein isothiocyanate.

Fig. 5. Cell cycle detected with flow cytometry. A. Cell cycle in each group. B. Histogram of a cell cycle

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the miR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group.

channels (FLA-2)channels (FLA-2) channels (FLA-2)

channels (FLA-2)channels (FLA-2) channels (FLA-2) channels (FLA-2)

G0/G1 S G2/M

ce
ll 

cy
cl

e 
[%

]

miR-124-3p mimic
normal
control
NC
miR-124-3p mimic
miR-124-3p inhibitor
si-MEKK3
miR-124-3p inhibitor+si-MEKK3

miR-124-3p inhibitor miR-124-3p inhibitor+si-MEKK3si-MEKK3

NCNCcontrolnormal

nu
m

be
r

nu
m

be
r

nu
m

be
r

nu
m

be
r

nu
m

be
r

nu
m

be
r

nu
m

be
r

PI

annexin V-FITC

ap
op

to
si

s r
at

e 
[%

]

miR-124-3p mimic

NC

norm
al

miR-124-3p m
im

ic

miR-124-3p in
hibito

r

si-
MEKK3

miR-124-3p in
hibito

r+
si-

MEKK3

co
ntro

l

miR-124-3p inhibitor miR-124-3p inhibitor+si-MEKK3si-MEKK3

NCcontrolnormal



C. Zhai et al. miR-124-3p regulates p38MAPK via MEKK3810

Cell invasion

The  transwell assay results showed that compared 
to the normal group, the other groups had higher num-
bers of invading cells (p < 0.0001). No difference was ob-
served in the number of invading cells between the control 
and NC groups (p = 0.276). Compared with the control 
group, the miR-124-3p mimic, si-MEKK3 and miR-124-3p 
inhibitor+si-MEKK3 groups had fewer invading cells 
(p  <  0.0001), and the  miR-124-3p inhibitor group had 
more invading cells (p = 0.039). Moreover, the miR-124-3p 
inhibitor+si-MEKK3 group had a higher cell apoptosis rate 
than the si-MEKK3 group (p = 0.007) and fewer invad-
ing cells than the miR-124-3p inhibitor group (p = 0.003) 
(Fig. 7).

mRNA and protein expression levels 
of PCNA, Bcl-2 and Bax

To investigate how miR-124-3p affects the apoptosis and 
proliferation of macrophages in mice with AS by mediat-
ing the p38MAPK signaling pathway through the MEKK3 
gene, we measured the mRNA and protein expression lev-
els of proliferation-associated factor PCNA and apoptosis-
associated factors Bcl-2 and Bax using qRT-PCR and west-
ern blot. The results showed that compared to the normal 
group, the other groups had higher mRNA and protein 
expression levels of PCNA and Bcl-2, and lower mRNA and 
protein expression levels of Bax (all p < 0.0001). The expres-
sion levels of each gene in the control and NC groups were 
similar. Compared with the control group, the miR-124-3p 
mimic, si-MEKK3, miR-124-3p inhibitor+si-MEKK3 
groups had lower PCNA and Bcl-2 mRNA and pro-
tein expression levels (PCNA mRNA, p = 0.0004, Bcl-2 

mRNA p < 0.0001, PCNA protein p < 0.0001, Bcl-2 protein 
p < 0.0001), and higher Bax mRNA and protein expres-
sion levels (p = 0.0002, p < 0.0001), while the miR-124-3p 
inhibitor group had greater PCNA and Bcl-2 mRNA and 
protein expression levels (PCNA mRNA p = 0.0005, Bcl-2 
mRNA p = 0.004, PCNA protein p = 0.001, Bcl-2 protein 
p = 0.001), and lower Bax mRNA and protein expression 
levels (p = 0.010, p = 0.002). The miR-124-3p inhibitor+si-
MEKK3 group had higher PCNA and Bcl-2 mRNA and 
protein expression levels (PCNA mRNA p = 0.035, Bcl-2 
mRNA p = 0.004, PCNA protein p = 0.0005, Bcl-2 protein 
p = 0.003), and lower Bax mRNA and protein expression 
levels (p = 0.011, p < 0.0001) than the si-MEKK3 group, and 
lower PCNA and Bcl-2 mRNA and protein expression levels 
(PCNA mRNA p = 0.0002, Bcl-2 mRNA p = 0.001, PCNA 
protein p < 0.0001, Bcl-2 protein p < 0.0001), and higher 
Bax mRNA and protein expression levels (p = 0.0008, 
p = 0.003) than the miR-124-3p inhibitor group (Fig. 8).

Discussion

Macrophage apoptosis takes part in the whole process 
of AS and serves a critical role in the pathogenesis of this 
disease. Macrophage cells are a major component of AS 
plaque. The plaque is likely to be ruptured if it is unstable, 
and once the plaque is ruptured, a thrombus can easily 
form.17 Macrophages play an essential part in all stages 
of AS, including lesion occurrence and expansion, necrosis 
that leads to rupture, the clinical manifestation of AS, and 
even the subsidence of AS.18,19 Different phenotypes can be 
exhibited in macrophages based on the environment and 
the activation of intracellular signaling pathways. As re-
searchers are gaining more understanding about the role 

Fig. 7. Cell invasion measured using transwell assay. A. Image of cell invasion (×200 magnification). B. Histogram of the number of invading cells in each 
group

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the mR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group.
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of inflammatory macrophages, molecular therapy is now 
emerging.19,20

In recent years, miR-124-3p downregulation has been 
observed in various types of human diseases, including 
Parkinson’s disease, AS, and nerve damage.21–23 Activa-
tion of the MAPK pathway is a major intracellular event 
in cellular responses to environmental stress. Some stud-
ies have revealed that MEKK3, a MAP3K family member, 
can be strongly expressed in human and mice platelets, 
and the lack of platelet-specific MEKK3 can hinder arte-
rial thrombus formation; moreover, MEKK3 can activate 
ERK1/2 and JNK2 in platelets and cause microthrombus.24 
p38MAPK signaling serves a critical role in regulating 
cell apoptosis and proliferation. Some studies have dem-
onstrated that suppressing p38MAPK phosphorylation 
in cardiomyocyte can reduce oxidative injury, whereas 
p38MAPK phosphorylation in bladder cancer cells can 
promote the occurrence of tumors.25,26 Meanwhile, it has 
also been reported that p38MAPK phosphorylation can 
aggravate inflammation in fibroblasts and increase in-
flammatory activity in the retina.27,28 However, the effect 
of the p38MAPK signaling pathway in AS remains unclear.

Studies have indicated that the expression level of MEKK3 
is elevated in thrombi and that high MEKK3 expression can 
promote phosphorylation of the p38MAPK signaling path-
way via activation of the MAPK pathway, thereby  affecting 
chondriosome and cell nuclei.29 In  the  present study, 
we found that miR-124-3p expression was downregulated 
in macrophages and in the tissues of AS mice, while MEKK3 
and the phosphorylation of p38MAPK signaling pathway 
were upregulated. In this study, the MEKK3 interference se-
quence was transfected into the macrophages, and this inter-
ference caused marked decreases in p38MAPK phosphoryla-
tion, expressions of the proliferation-associated factor PCNA 
and the antiproliferative factor Bcl-2, cell proliferation and 
invasion abilities, cell cycle progression, and the interference 
increased the expression of the pro-apoptotic factor Bax and 

the cell apoptosis rate. The results indicated that MEKK3 
interference can suppress the phosphorylation of p38MAPK 
signaling pathway, thereby inhibiting macrophage prolif-
eration and invasion, and promoting macrophage apoptosis 
in mice, which aligned with previous studies.13,29

To  further investigate MEKK3 upstream regulation, 
we checked the www.microrna.org/microrna/home.do bio-
informatics website and found that miR-124-3p can target 
MEKK3. It has also been documented that miR-124-3p 
has inhibitory effects on  various diseases.30 Our dual 
luciferase reporter assay suggested that miR-124-3p can 
negatively regulate MEKK3. We  performed transfec-
tions of miR-124-3p mimic, miR-124-3p inhibitor and 
miR-124-3p inhibitor+si-MEKK3 into mice macrophages 
and found that miR-124-3p overexpression can inhibit 
the proliferation and invasion of macrophages and promote 
their apoptosis, whereas miR-124-3p silencing can achieve 
the opposite effect. Compared with the miR-124-3p inhibi-
tor group, macrophages in the miR-124-3p inhibitor+si-
MEKK3 group had weaker proliferation and invasion 
abilities, higher apoptosis rates and lower p38MAPK phos-
phorylation, suggesting that inhibiting MEKK3 expression 
can partially counteract the effect of miR-124-3p silenc-
ing on macrophage growth, thereby inhibiting the phos-
phorylation of the p38MAPK signaling pathway. These 
results demonstrated that miR-124-3p overexpression 
can inhibit MEKK3 gene expression and the phosphory-
lation of the p38MAPK signaling pathway in the AS mouse 
model, thereby inhibiting macrophage proliferation and 
invasion, and promoting microphage apoptosis.

Conclusions

MiR-124-3p can mediate the p38MAPK signaling path-
way by  targeting the  MEKK3 gene, thereby inhibiting 
macrophage growth. The pathogenesis of AS was further 

Fig. 8. RNA and protein expression levels of PCNA, Bax and Bcl-2. A. Histogram of PCNA, Bax and Bcl-2 mRNA levels. B. Protein bands of PCNA, Bax and Bcl-2. 
C. Histogram of protein levels of PCNA, Bax and Bcl-2 in each group

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the miR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group.
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elucidated in this study, which can contribute to the theo-
retical basis for treating AS. However, more clinical data 
needs to be included, and the way in which how MEKK3 
participates in the p38MAPK signaling pathway needs 
to  be investigated in  future studies in  order to  verify 
our results and further clarify the relationship between 
miR-124-3p and AS, the inhibitory effect of miR-124-3p 
on MEKK3 and the effect of miR-124-3p in AS.
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Abstract
Background. Acute lung injury (ALI) is a common critical respiratory disease that seriously threatens 
human health. Ketamine has good anti-inflammatory and immune-regulating properties that can delay 
the lung injury process.

Objectives. High mobility group box protein 1 (HMGB1) plays an important role in the occurrence, devel-
opment and treatment of ALI. Toll-like receptor 4 (TLR4) is the receptor for HMGB1. The aim of this study 
was to determine the role of the HMGB1 TLR4 signaling pathway in the treatment of ALI using ketamine.

Material and methods. A total of 30 healthy, male, 8-week-old Sprague-Dawley rats were randomly, 
equally divided into a control group, an lipopolysaccharide (LPS) group and a ketamine group. In order 
to establish a rat ALI model, 15 mg/kg of LPS was injected into the femoral veins. Ketamine was intravenously 
injected (10 mg/kg) into the experimental group rats. The rats were euthanized 24 h after modeling and 
lung tissue samples were collected. Western blot was used to test TLR4, MyD88, TRAF-6, LOX-1, and HMGB1 
protein expression in the lung tissue. Real-time polymerase chain reaction (RT-PCR) was performed to detect 
TLR4, MyD88, TRAF-6, LOX-1, and HMGB1 mRNA levels.

Results. Compared with the controls, the LPS group had significantly higher TLR4, MyD88, TRAF-6, LOX-1, 
and HMGB1 mRNA and protein levels (p < 0.05). These levels were significantly lower after ketamine inter-
vention in comparison with the LPS group (p < 0.05). A positive correlation was found between TLR4 and 
HMGB1 expression in the LPS and ketamine groups (r = 0.952, p < 0.001; r = 0.941, p < 0.001).

Conclusions. Ketamine attenuates HMGB1-induced ALI, possibly by regulating the TLR4 signaling pathway.

Key words: ketamine, acute lung injury, TLR4, HMGB1
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Introduction

Acute lung injury (ALI) is a type of pulmonary inflam-
matory reaction which is caused by severe trauma, shock, 
severe infections, acidosis, and injuries of capillary endo-
thelial cells and alveolar epithelial cells triggered by in-
flammatory cell cascade.1 It may lead to diffuse pulmonary 
interstitial and alveolar edema, resulting in hypoxia and 
causing tissue necrosis and dysfunction. Acute lung in-
jury may advance to acute respiratory distress syndrome. 
It is a common critical disease featuring rapid onset, quick 
development, poor prognosis, and high mortality.2 In re-
cent years, although ALI treatment has achieved certain 
progress, the mortality of ALI is still higher than 40%.3

Ketamine is widely used in clinical intravenous anesthesia. 
It has anti-inflammatory and immune-regulating functions, 
and presents a great inhibitory effect which prevents the pro-
duction of a variety of inflammatory cytokines, the function 
of neutrophils and the expression of adhesion molecule.4–6 
Studies have shown that small doses of ketamine can alleviate 
the symptom of pulmonary edema,7 indicating that ketamine 
has a therapeutic effect on ALI.6,8 In addition, a previous 
study demonstrated that ketamine can improve the blood gas 
and pulmonary function index of patients with ALI caused 
by mechanical ventilation.9 However, its mechanism has 
not been fully elucidated. Therefore, this study investigated 
the mechanism of ketamine in treating ALI in a rat model.

High mobility group box protein 1 (HMGB1) is wide-
ly distributed in the nucleus and cytoplasm of all types 
of cells. The HGMB1 in immune cells translocates from 
the nucleus to  the cytoplasm and is  secreted extracel-
lularly under stimulus.10 Wang et al. first found in 1999 
that HMGB1 was an important inflammatory mediator 
in sepsis.11 It was reported that HMGB1 was also involved 
in ALI as an important inflammatory factor.12,13 Timely 
blocking the secretion of inflammatory factors is the key 
to ALI treatment.14,15 Thus, inhibiting HMGB1 secretion 
can delay the  lung injury process. Toll-like receptor 4 
(TLR4) also plays a critical role in the inflammatory re-
sponse. As the receptor of HMGB1, the TLR4 signaling 
pathway plays pro-inflammatory roles.16,17 It was revealed 
that knockdown of the TLR4 gene can alleviate HMGB1-
induced inflammatory response.18 Therefore, this study 
tested whether molecules related to the TLR4 signaling 
pathway and HMGB1 expression are involved in the effects 
of ketamine on treating ALI, aiming to provide a theoretical 
basis for using ketamine in the clinical treatment of ALI.

Material and methods

Main instruments and reagents

Lipopolysaccharide (LPS) was purchased from Sigma-
Aldrich (St. Louis, USA). Ketamine hydrochloride was 
obtained from Fujian Gutian Pharmaceutical Co., Ltd. 

(Ningde, China). A rat HMGB1 ELISA kit was sourced 
from Shanghai Yaji Biological Technology Co., Ltd. (Shang-
hai, China), while a rat TLR4 enzyme-linked immuno-
sorbent assay (ELISA) kit was purchased from Shanghai 
Ricky Biological Technology Co., Ltd. (Shanghai, China). 
A total protein extraction kit came from BestBio Technolo-
gies (Shanghai, China). A Coomassie Brilliant Blue protein 
detection kit was purchased from MajorBio Technology, 
Ltd. (Shanghai, China). The SDS-PAGE system, phosphate-
buffered saline-Tween (PBST) solution, electrophoresis 
apparatus, and a GIS-2020D gel image analysis system 
were obtained from Sigma-Aldrich. HMGB1, TLR4 and 
GAPDH antibodies came from Abcam (Cambridge, UK). 
Horseradish peroxidase (HRP)-tagged goat anti-rabbit IgG 
obtained from Dycent Biotech (Shanghai, China).

Animal modeling

A total of 30 healthy, male, 8-week-old Sprague Dawley 
rats (180–220 g) were purchased from the Chinese Academy 
of Medical Sciences Animal Experiment Center (Beijing,  
China), and randomly, equally divided into a control group 
(n = 10) an LPS group (n = 10), and a ketamine group 
(n = 10). Following the study by Gokcinar et al., 15 mg/kg 
of LPS was intravenously injected to establish an ALI 
model.19 Ketamine was intravenously injected (10 mg/kg) 
into the ketamine intervention group. An equal amount 
of normal saline was administered to the controls. The rats 
were euthanized using CO2 24 h after modeling, and lung 
tissue samples were collected and stored at −80°C.

Rats were used for all experiments, and all procedures 
were approved by the Animal Ethics Committee of China 
Meitan General Hospital (Beijing, China).

PaO2 to FiO2 ratio

The arterial blood gases were analyzed using a Bayer Rap-
idlab 348 Analyzer (Bayer Diagnostics, Leverkusen, Ger-
many) to calculate the ratio of partial pressure of arterial 
oxygen (PaO2) to the percentage of inspired oxygen (FiO2).

Real-time PCR

Tissue RNA was extracted using TRIzol reagent, and 
the integrity of the RNA was identified using 1% agarose 
gel electrophoresis. A total of 1 μg of RNA was reverse-
transcribed to cDNA with a kit (Takara, Kyoto, Japan). 
The real-time polymerase chain reaction (RT-PCR) re-
action system contained 5 μL of 2 × SYBR Green Mix-
ture, 0.5 μL of cDNA, 0.5 μL of Primer (10 μM), and 4 μL 
of ddH2O. The reaction conditions consisted of 10 min 
at 95°C, followed by 40 cycles of 95°C for 15 s and 60°C for 
60 s. The RT-PCR reaction was performed on a ViiA™ 7 Re-
al-Time PCR System (Thermo Fisher Scientific, Waltham, 
USA). Each sample was set in 3 parallel trials. β-actin was 
selected as the internal reference.
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Western blot

Total protein was extracted from the lung tissue and 
separated using SDS-PAGE. Next, it  was transferred 
to  an  nitro cellulose (NC) membrane membrane and 
blocked in 5% skim milk at room temperature for 2 h. After 
being washed in PBST 3 times, the membrane was incu-
bated with the primary antibody at 4°C overnight. Then, 
the membrane was incubated with the secondary antibody 
in 2.5% skim milk for 60 min. After the chemiluminescence 
reagent was added, the membrane was developed and ana-
lyzed with the GIS-2020D gel image system (Ningbo Sjia 
Lab Equipment Co.,Ltd, Ningbo, China). The GAPDH gene 
was selected as the internal reference.

Statistical analysis

The SPSS v. 19.0 software (IBM Corp., Armonk, USA) was 
used for the data analysis. Data are presented as means ± stan-
dard deviation (SD). Comparison of the mean values was 
performed using Student’s t-test. Correlation analysis was 
applied using Pearson analysis. A p-value <0.05 was consid-
ered statistically significant.

Results

PaO2:FiO2 ratio

To  confirm the  success of  the  ALI model, we  per-
formed a gas test to measure the PaO2:FiO2 ratio and 

found a significantly lower PaO2:FiO2 ratio in the LPS 
group (156.1 ±21.3) than in the control group (475.6 ±39.5) 
(p < 0.05), indicating the successful establishment of an ALI 
model, which was consistent with the pathological changes 
of lung as demonstrated by H&E staining (Fig. 1).

TLR4, MyD88, TRAF-6, LOX-1,  
and HMGB1 mRNA expression  
in rat lung tissue

Real-time PCR was performed to  test TLR4, MyD88, 
TRAF-6, LOX-1, and HMGB1 mRNA expression in the study 
groups (Table 1). Compared with the control group, the LPS 
group showed significantly higher TLR4, MyD88, TRAF-6, 
LOX-1, and HMGB1 mRNA expression (p < 0.05). These 
levels were notably lower following ketamine intervention 
in comparison with the LPS group (p < 0.05), but were still 
higher than those in the control group (p < 0.05).

TLR4, MyD88, TRAF-6, LOX-1,  
and HMGB1 protein levels in rat lung tissue

Western blot analysis was performed to detect TLR4, 
MyD88, TRAF-6, LOX-1, and HMGB1 protein levels, and 
the findings demonstrate a similar tendency as with mRNA 
(Table 2 and Fig. 2). The LPS group showed markedly up-
regulated TLR4, MyD88, TRAF-6, LOX-1, and HMGB1 
protein levels compared with the controls (p < 0.05). Ket-
amine intervention significantly reduced the protein lev-
els, but they were still higher than those in the controls 
(p < 0.05).

Table 1. mRNA expression levels of TLR4, MyD88, TRAF-6, LOX-1, and HMGB1 in rat lung tissue

Group n TLR4 MyD88 TRAF-6 LOX-1 HMGB1

Control 1 1.00 ±0.21 1.00 ±0.22 1.00 ±0.18 1.00 ±0.19 1.00 ±0.20

LPS 10 3.89 ±0.31a 2.96 ±0.28a 2.45 ±0.42a 1.87 ±00.25a 3.24 ±0.34a

Ketamine + LPS 10 1.58 ±0.27a,b 2.02 ±0.25a,b 1.85 ±0.32a,b 1.37 ±0.36a,b 1.64 ±0.23a,b

ap < 0.05, compared with the controls; bp < 0.05, compared with the LPS group; LPS – lipopolysaccharide; n – number.

Fig. 1. Histological changes of acute lung injury. In the control group, the pulmonary alveolar, interstitial and bronchial vessels were normal. However, the lung 
tissues in rats treated with LPS were damaged, with obvious pulmonary edema, positive cell infiltration and visible focal necrosis. Rats receiving ketamine 
displayed a thick alveolar wall, alleviated hyperemia, reduced exudation in the pulmonary alveolar cavity, and relieved infiltration of inflammatory cells

control LPS ketamine + LPS
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TLR4 and HMGB1 protein level correlation 
analysis in rat lung tissue

Pearson analysis was performed to  test TLR4 and 
HMGB1 protein correlation in the rat lung tissue (Fig. 3). 
The results show that there was a positive correlation be-
tween TLR4 and HMGB1 expression in the LPS and ket-
amine groups (r = 0.952, p < 0.001; r = 0.941, p < 0.001).

Discussion

Ketamine, a derivative of phencyclidine, is a noncom-
petitive N-methyl-D-aspartic acid (NMDA) receptor 
antagonist and is usually used in anesthesia. Ketamine 

can suppress the release of  inflammatory factors, such 
as  tumor necrosis factor α (TNF-α), interleukin (IL)-6 
and IL-8.20 It was found that ketamine also can inhibit 
the TLR4 signaling pathway.21,22 It was reported that ket-
amine can delay the progress of ALI. In addition, HMGB1 
expression is associated with the occurrence of ALI, and 
inhibiting HMGB1 expression can ameliorate ALI. TLR4 
is the receptor for HMGB1, so suppressing the TLR/NF-κB 
signaling pathway can restrain ALI inflammation.23 There-
fore, we have reasons to believe that ketamine may attenu-
ate HMGB1-induced ALI by regulating the TLR4 signaling 
pathway.

This study used LPS to establish a rat ALI model and 
tested molecules related to HMGB1 and the TLR4 sig-
naling pathway in lung tissue. The results showed that 
the TLR4, MyD88, TRAF-6, LOX-1, and HMGB1 mRNA 
and protein levels were significantly higher in the LPS 
group than in the control group. This suggests that both 
HMGB1 and the TLR4 signaling pathway are involved 
in ALI. Wang et al. demonstrated that HMGB1 was clearly 
upregulated in ALI, further proving that HMGB1 plays 
an important role in this disease.24 Abdelmageed et al. 
reported that the TLR4 signaling pathway was involved 
in the occurrence of ALI, further confirming the critical 
role of the TLR4 signaling pathway in ALI.25

As TLR4 siRNA can alleviate HMGB1-induced inflam-
mation,17 it appears that ketamine may attenuate HMGB1-
induced ALI by regulating the TLR4 signaling pathway. 
This also demonstrates that clinical drug therapy can 
inhibit inflammation and delay the ALI process by regu-
lating the TLR4 signaling pathway. Similarly, Qin et al. 
also discovered that ketamine can downregulate HMGB1 
and TLR4 protein levels in bronchoalveolar lavage flu-
id and lung tissue.26 In the present study, we found that 
ketamine intervention significantly decreased TLR4, 

Fig. 3. Correlative analysis 
of TLR4 and HMGB1 level in rat 
lung tissue. There was a positive 
correlation between TLR4 and 
HMGB1 expression in the LPS (A) 
and ketamine + LPS (B) groups 
(r = 0.952, p < 0.001; r = 0.941, 
p < 0.001)

Fig. 2. Western blot analysis of protein levels in lung tissue among 
the 3 groups. The LPS group showed markedly upregulated protein levels 
of TLR4, MyD88, TRAF-6, LOX-1, and HMGB1 compared with the controls; 
ketamine intervention obviously reduced these levels, but they were still 
higher than in the controls

Table 2. Protein levels of TLR4, MyD88, TRAF-6, LOX-1, and HMGB1 in rat lung tissue

Group n TLR4 MyD88 TRAF-6 LOX-1 HMGB1

Control 10 0.81 ±0.14 0.58 ±0.12 0.71 ±0.14 0.51 ±0.09 0.78 ±0.15

LPS 10 1.20 ±0.10a 0.72 ±0.11a 0.97 ±0.13a 1.00 ±0.11a 1.38 ±0.13a

Ketamine + LPS 10 0.95 ±0.12a,b 0.62 ±0.10a,b 0.81 ±0.10a,b 0.72 ±0.12a,b 1.04 ±0.13a,b

ap < 0.05, compared with the controls; bp < 0.05, compared with the LPS group; LPS – lipopolysaccharide; n – number.
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MyD88, TRAF-6, and LOX-1 mRNA and protein expres-
sion in comparison with the LPS group. In addition, TLR4 
and HMGB1 expression displayed a positive correlation. 
Our study suggests that ketamine ameliorates ALI, pos-
sibly by regulating the TLR4/HMGB1 signaling pathway, 
thus exerting anti-inflammatory effects. However, future 
studies are required to confirm this finding.

The mechanism of ALI is complicated, while ketamine 
may also have an intricate network in treating ALI. This 
study only found that ketamine may attenuate HMGB1-
induced ALI by regulating the TLR4 signaling pathway. 
Further investigation is needed in order to clarify its spe-
cific mechanism.
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Abstract
Background. Conservative treatment, such as electrical stimulation and steroid injection, have been em-
ployed in an attempt to improve symptoms after peripheral nerve injury, without significant success. Although 
non-invasive and safe extracorporeal shockwave therapy (ESWT) can be a practical alternative, the therapeutic 
effects of ESWT on peripheral nerve remyelination has not been established.

Objectives. To investigate the effects of ESWT on peripheral nerve remyelination and gait function for 
5 weeks in a sciatic nerve crush model.

Material and methods. In total, we divided 97 rats into 5 groups: group 1 – a healthy negative control 
group; group 2 – 3 weeks after sciatic nerve crush and 3 sessions of ESWT; group 3 – 5 weeks after crush 
injury with 3 sessions of ESWT; group 4 – 3 weeks after crush injury with no ESWT; and group 5 – 5 weeks 
after crush injury with no ESWT. The focused ESWT was applied to the unilateral sciatic nerve injury site. One 
session consisted of 1,500 stimuli, and the session were performed at intervals of 1 week.

Results. The degree of myelination and expression of myelin basic protein at the distal part of the injured 
sciatic nerve tended to increase in the ESWT groups compared with the no-ESWT groups 3 and 5 weeks after 
crush injury. Regarding the functional gait recovery, the print width and area of the injured leg in the ESWT 
groups was significantly larger than that in the no-ESWT groups 3 and 5 weeks after crush injury.

Conclusions. The ESWT may enhance peripheral nerve remyelination and gait function in a nerve crush 
model. Long-term follow-up after ESWT and investigation of molecular mechanisms will be needed to confirm 
these therapeutic effects.

Key words: peripheral nerve injuries, extracorporeal shockwave therapy, myelin basic protein, remyelination, gait
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Introduction

Trauma or entrapment, herniated intervertebral discs, 
and cancer metastasis can cause damage to the periph-
eral nervous system, resulting in  various neuromus-
cular disorders, depending on the  location and extent 
of the lesion. These conditions present focal neuropathy, 
plexopathy and radiculopathy, all of which are associated 
with neuropathic pain and muscle paralysis. The clinical 
importance of peripheral neuropathy is  increasing be-
cause of the rising number of neuromuscular diseases due 
to aging of the society. The aim of treatment is to improve 
the function and quality of life, in patients with peripheral 
neuropathy.

Inflammatory reactions occur as macrophages invade 
the tissue surrounding damaged peripheral nerves. Next, 
Wallerian degeneration, demyelination and axon regen-
eration processes are initiated, with various signaling 
pathways involved. During this process, Schwann cells 
play a key role in orchestrating repair.1–3 Extracorporeal 
shockwave therapy (ESWT) has long been used in uri-
nary stone lithotripsy treatment. In the musculoskeletal 
field, it has been widely used and researched in lateral and 
medial epicondylosis, plantar fasciitis, calcific tendinitis 
of the shoulder, and bony union after fracture. Recently, 
it has been suggested that these indications should be ex-
panded to include muscle rigidity, muscular pain, knee 
degenerative arthritis, and lymphedema.4

Peripheral nerves regenerate slowly in the human tissues. 
Various conservative treatments such as electrical stimu-
lation and steroid injection have been used in an attempt 
to alleviate symptoms after peripheral nerve injury, but 
without significant results. Recently, stem cell injection 
has been proven to be effective in animal studies of periph-
eral nerve injury, but its safety has not been established 
for long-term follow-up in clinical practice. Thus, non-
invasive ESWT may be a realistic alternative. However, 
the effects of ESWT on angiogenesis, metabolic activation 
and inflammation response have been suggested but re-
main to be established. In addition, stimulation parameters 
such as optimized stimulation intensity (mJ/mm2), and 
number and duration of treatment sessions are also differ-
ent and remain controversial between studies. Although 
the efficacy and safety of ESWT have been established, 
studies on the mechanism of effect are essential in order 
to expand clinical applications.

The ESWT is thought to cause molecular and biological 
changes, in addition to mechanical and physical stimulation 
by shockwave, but it is difficult to determine which among 
various signaling pathways is involved. It has previously 
been shown that adipose-derived stem cells maintain pluri-
potency when ESWT is applied and promote differentiation 
into Schwann-like cells.5 It has also been shown that ESWT 
induces the proliferation of bone marrow stromal cells and 
their differentiation into osteoprogenitors via induction 

of TGF-β1.6 Recent animal studies have also shown that 
ESWT stimulates peripheral nerve regeneration.7–8

Although ESWT is actively used to treat various dis-
eases other than peripheral nerve damage, its  therapeutic 
 effects need to be investigated through animal experi-
ments to validate clinical use and study. We investigated 
the effects of ESWT on peripheral nerve remyelination and 
gait function for 5 weeks in a sciatic nerve crush model.

Material and methods

Animal model

Nine-week old male Sprague Dawley rats were anesthe-
tized with isoflurane inhalation, and were subject to right 
sciatic nerve crush proximal to the bisection area with for-
ceps for 40 s. After the crushed nerve was released, the sci-
atic nerve remained compressed and became pale (Fig. 1). 
A single endoneurial suture was conducted using 8-0 nylon  
in order to identify the site of injury when collecting tissue. 
After the rat recovered from general anesthesia, acetamino-
phen syrup was administered orally to relieve postoperative 
pain. Ninety-seven rats were divided into 5 groups: group 1 
– healthy group as a negative control; group – 3 weeks after 
crush injury with 3 sessions of ESWT; group 3 – 5 weeks after 
crush injury with 3 sessions of ESWT; group 4 – 3 weeks after 
crush injury with no ESWT applied; and group 5 – 5 weeks 
after crush injury with no ESWT. The study protocol was 
reviewed and approved by the Institutional Animal Care and 
Use Committee of Chungnam National University Hospital, 
Daejeon, South Korea.

Extracorporeal shockwave therapy

The focused ESWT device (Dornier MedTech, Weßling, 
Germany), which is widely used in clinical fields, was applied 
only to the unilateral sciatic nerve injury site. One session 
consisted of 1,500 stimuli, and the sessions were performed 
at intervals of 1 week. Peripheral nerves and surrounding 
tissues were collected from different animals at 1 week and 
3 weeks after the 3 sessions of ESWT were completed.

Immunostaining

Immunofluorescence was performed on tissue collected 
3 or 5 weeks after crush injury. The rats were anesthetized 
with sodium pentobarbital (50 mg/kg, intraperitoneal) 
and perfused transcardially with heparinized phosphate-
buffered saline (PBS, pH 7.4), followed by perfusion with 
4% paraformaldehyde for 15 min. The sciatic nerve from 
the injured site was removed immediately. Cryoblocks were 
sectioned and immunostained with anti-myelin basic pro-
tein (MBP) primary antibody (1:400; #MAB386, Merck 
Millipore, Burlington, USA).
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Electron microscopy

The sciatic nerve was removed and stored in the fresh 
fixative solution overnight at 4°C. Tissues were washed 
in 0.1 M phosphate buffer, post-fixed in 1% osmium te-
troxide for 2 h and dehydrated through an ascending se-
ries of ethanol and propylene oxide, and then embedded 
in Epon812 mixture (Oken Shoji, Tokyo, Japan). Semi-thin 
sections (×200 magnification) were made using Leica EM 
UC7 ultramicrotome (Leica Microsystems, Wetzlar, Ger-
many), mounted on #200 mesh copper grids, stained with 
2% uranyl acetate and Reynold’s lead citrate for 5 min each, 
and observed under a Hitachi H-7650 transmission elec-
tron microscope (Hitachi, Tokyo, Japan) at the accelerating 
voltage of 80 kV.

Quantitative polymerase chain reaction 

Since the tissue volume of the rat sciatic nerve is low, 
right sciatic nerves of 3 rats were harvested and pooled. 
Total RNA was extracted from the sciatic nerve tissue 
using TRIzol reagent (Invitrogen, Carlsbad, USA) ac-
cording to the manufacturer’s instructions. After pu-
rification with a RNA isolation kit (Hybrid-R; GeneAll 
Biotechnology, Seoul, South Korea; 305-101) the concen-
tration and purity of RNA were assessed using the Nano-
Drop spectrophotometer (Thermo Fisher Scientific, 
Waltham, USA).

Total RNA was used for cDNA synthesis with a TOP-
script cDNA synthesis kit (Enzynomics, Daejeon, South 
Korea; RT  220) in  a  20  µL reaction. Subsequently, 

quantitative polymerase chain reaction (qPCR) was per-
formed in duplicate in a total volume of 10 µL, including 
each 5 pM primer, cDNA and TOPreal qPCR SYBR mix 
(Enzynomics; RT 500). The qPCR conditions were 95°C for 
10 min, then 40 amplification cycles of 95°C for 15 s and 
60°C for 1 min (AriaMx Realtime PCR System; Agilent 
Technologies Santa Clara, USA). The primer sequences 
(Cosmogenetech, Daejeon, South Korea) used for qPCR 
were as follows: rat GAPDH, forward: 5′- CTC ATG ACC 
ACA GTC CAT GC -3′, reverse: 5′- TTC AGC TCT GGG 
ATG ACC TT -3′; rat MBP forward 5′-agagaccctcacagcga-
cac-3′, reverse 5′-agggagccgtagtgggtagt-3′. The mRNA ex-
pression level was normalized to GAPDH, and the relative 
mRNA expression was calculated using the 2−ΔΔCt method, 
as previously described.9

CatWalk-automated gait analysis

We  performed gait analysis using the  CatWalk XT 
system (Noldus Information Technology, Wageningen, 
the Netherlands) as a functional evaluation after 1 week 
of adaptation. Print width (cm) and area (cm2) of the right 
leg were divided by those of the left leg at 3 and 5 weeks 
respectively after crush injury to derive a ratio of print 
width and area between both legs.

Statistics

Statistical analyses were carried out with PASW Statis-
tics v. 18 software (SPSS Inc., Chicago, USA). The Mann–
Whitney U test was used to compare differences in qPCR 

Fig. 1. Sciatic nerve crush and application of ESWT. A. When sciatic nerve crush was applied to the proximal portion of the sciatic nerve for 40 s, the nerve 
became compressed and pale (arrow). B. ESWT was applied to the sciatic nerve injury site

A B
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results. The independent t-test and analysis of variance 
(ANOVA) were used to compare differences in CatWalk 
data at 3 and 5 weeks each. Differences were considered 
significant at a p-value <0.05.

Results

Degree of myelination

The distal part of  the  injured sciatic nerve was pre-
pared and observed. In transmission electron microscopy 
(×3,000 magnification) and immunofluorescence staining, 
the degree of myelination tended to increase in the ESWT 
stimulation groups compared to the no-ESWT groups 3 
and 5 weeks after crush injury (Fig. 2A,B). In qPCR, expres-
sion of MBP tended to be higher in the ESWT groups 
(n = 18) than no-ESWT groups (n = 18) when shown  using 
the pooled average method (Fig. 2C).

Functional gait recovery

In the right sciatic nerve crush model, we performed 
gait analysis using the CatWalk apparatus as a functional 
evaluation. Three weeks after crush injury, the print width 

and print area (%) of the ESWT groups were significantly 
larger than in the no-ESWT groups (p = 0.030 for width 
and p = 0.003 for area). This improvement was main-
tained 5 weeks after crush injury (p = 0.009 for width and 
p = 0.006 for area) (Fig. 3). This indicates that gait recovery 
was achieved when ESWT was applied after sciatic nerve 
injury.

Discussion

Microsurgical repair has been performed in  cases 
of traumatic or postoperative peripheral nerve transection, 
but is not applicable to partial neuronal injury. Electrical 
stimulation has also been used to prevent muscle atro-
phy caused by peripheral nerve injury, but is not effective 
on promoting neural recovery in severe injury.

Stem cell application has recently been suggested 
as a potential innovative treatment.10 Stem cells are be-
ing tested for amyotrophic lateral sclerosis and serious 
central nervous system disorders such as stroke and spinal 
cord injury, and are not commercially available for periph-
eral neuropathy due to possible long-term adverse effects. 
The PTEN blockers and microRNA-222 have been studied 
in animals,11,12 but they have not been used in the clinical 
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Fig. 2. Expression of myelin basic protein. A and B. 
In transmission electron microscopy (A) and immuno-
fluorescent staining (B), the degree of myelination increased 
in the ESWT stimulation groups compared to the no-ESWT 
groups after 3 weeks and 5 weeks after crush injury. C. In qPCR, 
expression of myelin basic protein (MBP) tended to be higher 
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field. Therefore, there is a need to develop a realistic and 
non-adverse treatment modality that can be immediately 
applied to patients with peripheral nerve damage causing 
functional decline and poor quality of life.

Recent studies have shown that Schwann cells are 
the major expression cells of GDF15, and may be involved 
in the regeneration of peripheral nerves through increases 
in the myelination of injured peripheral nerves or through 
improving nerve conduction velocity.13–15 However, in vivo 
experiments focused on the mechanisms have not been 
performed. Schwann cells are an  important cell type 
involved in  the  myelination of  peripheral nerves, and 
Schwann cell plasticity and de-differentiation are newly 
suggested restoration mechanisms after injury. In normal 
conditions, Schwann cells are in a resting state that has no 
other function except for its basic role of nerve conduction. 
However, when the peripheral nerve is damaged, Schwann 
cells maintain the function of neuronal cells. This is a sub-
stantial phenotypic transformation of Schwann cells, re-
ferred to as plasticity or de-differentiation.16 Schwann cell 
de-differentiation is largely divided into 2 mechanisms. 
Firstly, it participates in the demyelination process by acti-
vating lysosome or protease proteins. Secondly, it secretes 
neurotrophic factors involved in peripheral nerve survival 
or axonal regeneration.

It is also known that the neurotrophic factors secreted 
during Schwann cell de-differentiation are glial cell-de-
rived neurotrophic factor (GDNF) and extracellular matrix 
proteins. These factors influence the survival of motor 
neurons and dorsal root ganglion in the spinal cord, and 
signal transduction through c-jun is involved in axonal 
regeneration. These factors and the relationship between 
GDF15 and Krox20 in the peripheral nerves have not been 
elucidated. In this study, induction of Schwann cell plastic-
ity could be suggested as a mechanism of peripheral nerve 
remyelination and functional recovery.

We demonstrated that degree of myelination and ex-
pression of MBP tended to increase in the ESWT groups 
compared to the no-ESWT groups 3 and 5 weeks after 
crush injury. Regarding functional gait recovery, the print 
width and areas of the injured leg in the ESWT groups were 
significantly larger than those in the no-ESWT groups 

measured 5 weeks after crush injury. Considering these 
findings, ESWT may enhance gait function through pe-
ripheral nerve remyelination in a crush model.

There could be several limitations in this study. First, 
toxin-induced demyelination would be more suitable 
than nerve crush for pure demyelination without axonal 
loss. However, we selected the crush model that is similar 
to clinical situation for peripheral nerve injury. Second, 
the ESWT applicator was relatively large for the lower limb 
of adult rats. Thus, we tried to focus the center of the ap-
plicator on the sciatic nerve crush site. Third, different 
individuals were analyzed at 3 and 5 weeks after crush in-
jury because rats were sacrificed and tissues harvested at 3 
and 5 weeks, respectively. Although longitudinal follow-up 
in the same individuals would be more reliable to interpret 
the results, it is not possible in animal studies. Long-term 
follow-up after ESWT with a small applicator suitable for 
rats will be needed to confirm the therapeutic effects. 
Furthermore, molecular mechanisms regarding various 
signaling pathways are yet to be investigated.
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Abstract
Background. Epidemiological studies and mice models have demonstrated that air pollution containing par-
ticulate matter smaller than 2.5 µm (PM2.5) exacerbates acute episodes of asthma in both children and adults.

Objectives. To investigate the effect of continuous PM2.5 treatment on asthma regulation mechanism 
behind this effect.

Material and methods. In this study, the effects of continuous exposure to PM2.5 on asthma and eosinophil 
recruitment was compared to the effect of a single pre-ovalbumin (OVA)-sensitization exposure to PM2.5. 
Wild-type mice were either challenged once with PM2.5 + OVA before sensitization and asthma induction 
over a 27-day period, or with 5 times of PM2.5 + OVA treatment and sensitization/asthma induction over 
the same period.

Results. Continuous exposure to PM2.5 significantly increased total plasma immunoglobulin E (IgE), bronchial 
alveolar lavage fluid (BALF) cell numbers, eosinophils, and macrophages, leading to increased lung injury. This 
effect was regulated through increased production of chemokines and cytokines, such as interleukin (IL)-1β, 
monocyte chemoattractant protein 1 (MCP-1), IL-12, IL-5, IL-13, and prostaglandin D2 (PGD2). Eosinophil 
recruitment during continuous PM2.5 treatment was regulated through phosphorylation of the JAK/STAT6 
pathway. As this study shows, continuous PM2.5 treatment significantly worsens asthma as compared 
to single exposure to PM2.5 or OVA exposure alone.

Conclusions. Our findings reveal that continuous exposure of PM2.5 exacerbates OVA-induced asthma 
in mouse lung through JAK-STAT6 signaling pathway.

Key words: inflammation, asthma, PM2.5, JAK-STAT6 pathway
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Introduction

A combination of enormous population growth, rapid ur-
banization and industrialization in China has led to a mas-
sive increase of air pollution, a phenomenon previously 
observed in developed countries.1–3 A detrimental effect 
from increased air pollution is that the general population 
is exposed to harmful air pollutants containing particu-
late matter (PM). Particulate matter contains an extensive 
variety of toxic substances derived from industrial and 
vehicular emissions, coal combustions, sea salt, and soil 
dusts.3 Depending on the city where the pollutant is col-
lected, PM can contain varying amounts of fossil fuel com-
bustion remains, such as polycyclic aromatic hydrocar-
bons, sulfates (SO4

2−), nitrates (NO3−), microbial material, 
and chemical elements such as iron, zinc, silica, sodium, 
and aluminium.4–6 Furthermore, these PMs can remain 
in the atmosphere for a lengthy amount of time, transverse 
great distances and easily trigger lung disease.7 It has been 
shown that the smaller the particle size, the greater injury 
PM causes to the lungs.8

Particulate matter has been categorized into 2 grades: 
PM10, whose aerodynamic diameter is less than or equal 
to 10 µm, and PM2.5, whose aerodynamic diameter is less 
than or equal to 2.5 µm. PM2.5, a fine particulate matter, 
poses the greatest risk, as it induces stronger pulmonary 
and allergic inflammatory responses as compared to larger 
counterparts when tested at an equal mass dose.9,10 This 
was mainly due to a  larger surface area to mass ratio. 
It must also be noted that, in addition to PM surface area, 
the  chemical composition is  also an  important deter-
minant of the inflammatory response. Since Asian dust 
aerosols can spread over a large area, including East Asia, 
the Korean peninsula and Japan, during spring, anthropo-
genic pollution has become a major public health concern 
in Eastern Asia.11

Asthma, in both children and adults, is a common re-
spiratory disease worldwide. Asthma is  characterized 
by chronic allergic airway inflammation, with episodes 
of superimposed acute inflammation.12 Studies have now 
shown that PM2.5 is  correlated with the exacerbation 
of asthma in Europe, the Americas, Korea, Japan, and 
China,13–17 where ambient air PM2.5 increases such in-
cidences as asthma-related emergency department visits, 
worsened wheezing and dyspnea, and children hospital 
admissions for asthma.18–21 Asthma morbidity is also posi-
tively associated with daily ambient PM2.5 levels. In Asia, 
daily admissions in the clinic for asthma, acute respiratory 
events in children as well as allergic rhinitis in Taipei, Tai-
wan coincided with Asian dust storm events containing 
toxic pollutants.22–25

During acute exacerbations of asthma, clinical mani-
festations include eosinophilic airway inflammation 
in the distal portion of the lung with symptom exaggera-
tion, such as cough, chest tightness and dyspnea.26 Dur-
ing presentation of asthma, the typical cytokine profile 

is generally observed as a TH2-type airway inflammation 
with increased levels of eosinophils, immunoglobulin E 
(IgE) and the production of TH2-related cytokines such 
as  interleukin (IL)-4, IL-5 and IL-13.27,28 Interleukin 4 
is necessary for the polarization of T helper cells towards 
a TH2-phenotype,29 IL-5 helps promote proliferation and 
differentiation of B cells30 and IL-13 induces the induction 
of TH2 cells.31 Apart from eosinophil recruitment, macro-
phages are described to play a role in inflammation during 
allergic airway inflammation.32,33 In addition, the TLR2/
TLR4/MyD88-signaling pathway has been shown to regu-
late the exacerbation of murine lung eosinophilia during 
PM2.5/ovalbumin (OVA)-induced asthma.34

In this study, urban PM was harvested from the atmo-
sphere in Hebei, China. PM2.5 was administered to mice, 
together with OVA, to examine the effects of long-term 
exposure of pollutants on asthma exacerbation. This ef-
fect was compared to a short-term sensitization exposure 
of PM2.5 to mice. The study investigated pathological 
changes of lungs, cellular infiltration in the bronchoal-
veolar lavage fluid (BALF), inflammatory cytokine changes 
in BALF, OVA-specific IgE antibodies in serum, as well 
as the role of the JAK/STAT signaling pathway in the re-
cruitment of eosinophils into the lungs. This study was 
performed to determine the inflammatory mechanism 
responsible for asthma exacerbation resulting from long-
term exposure to PM2.5 pollutants.

Material and methods

Experimental animals

BALB/c mice were kept in pathogen-free conditions and 
received sterile OVA-free food and water. The mice were 
maintained on a 12-hour light/dark cycle, under constant 
room temperature (24°C) and relative humidity (40–80%). 
The experimental protocols shown in this study were ap-
proved by the Institutional Animal Care and Research 
Advisory Committee at Chongqing Medical University, 
China. The use of animals in these experiments was in ac-
cordance with the guidelines issued by the Chinese Coun-
cil on Animal Care.

PM2.5 particles preparation

Methods of preparing PM2.5 were provided by the Hu-
bei Province Center for Disease Control and Prevention, 
China. First, PM2.5 was collected on a glass fiber filter 
using a Thermon Anderson high-volume sampler (Ther-
mon Anderson, San Marcos, USA). The sample membrane 
was equilibrated at 60°C for 6 h before weighing using 
an analytical balance. The ambient PM2.5 concentration 
was calculated from sample weight and air volume. PM2.5 
was recovered from the membrane using a modification 
of an aqueous extraction technique: the PM2.5-adsorbed 
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membrane was cut into 1 × 3 cm2 size and immersed in ul-
trapure water for eluting PM2.5, then ‘cold-shocked’ for 
30 min at low temperature 3 times. Finally, PM2.5 was 
eluted with gauze filtration, vacuum freeze-dried and 
stored at −20°C for future use or sale.

Study protocol

Four groups (n = 10 per group) of WT mice were prepared 
for treatment with particles as shown in Fig. 1: (A) control 
group (n = 10); (B) OVA group (n = 10); (C) OVA + PM2.5 
pre-treated group; and (D) OVA + PM2.5 long-treatment 
group. For OVA-induced mouse model of asthma, mice 
were immunized intraperitoneally with 50 mg of OVA 
in 1 mg of Al(OH)3 in 200 mL saline on days 0, 7 and 
14. On days 21, 22 and 23, the mice were nebulized with 
300 mg of OVA in 5 mL saline for 25 min per day. For 
PM2.5 treatment, the  mice were treated with 100  µg 
in  sterile phosphate-buffered saline (PBS; 50 mL final 
volume), where PM2.5 was slowly instilled, followed with 
200 mL of clean air. For PM2.5 pre-treatment, the mice 
were treated with PM2.5 for 7 days from day 0 to day 7. For 
PM2.5 long-treatment, the mice were treated with PM2.5 
for 27 days from day 0 to day 27.

Lung tissue histology analysis

Lung tissues from the mice were fixed with 10% formalin 
in saline and embedded in paraffin. The paraffin blocks 
were serially sectioned at 5-μm thickness and stained 
with hematoxylin-eosin (H&E) staining for lung histol-
ogy analysis.

BALF analysis

Within 24 h after the final challenge, the mice were 
sacrificed, and the trachea was cannulated. Plasma and 
BALF were collected from mice at harvest. The BALF 
was obtained by flushing the lungs 3 times with 1.5 mL 
of PBS. The BALF cellular typing was determined with 
cytospin preparation and Wright–Giemsa staining, fol-
lowed by counting total cell number, macrophages and 
eosinophils. Plasma IgE (Invitrogen, Carlsbad, USA), BALF 
IL-1β (eBioscience, Waltham, USA), MCP-1 (eBioscience), 
IL-12 (eBioscience), IL-5 (eBioscience), IL-13 (PeproTech, 
Stockholm, Sweden), and prostaglandin D2 (PGD2; Cay-
manchem, Ann Arbor, USA) were determined using en-
zyme-linked immunosorbent assay (ELISA) kits according 
to the manufacturers’ instructions.

Western blot

The total proteins from mice lung tissues were isolated, 
and the protein concentrations were determined using 
a bicinchoninic acid assay. The proteins from whole-cell 
lysates were used for western blot. Anti-JAK1, anti-p-JAK1, 

anti-JAK2, anti-p-JAK2, anti-STAT6, anti-p-STAT6, and 
GAPDH (all purchased from Cell Signaling Technology, 
Leiden, the Netherlands) antibodies were used. Densi-
tometry of bands from western blots was measured using 
ImageJ software (National Institutes of Health, Bethesda, 
USA), and the density of the pJAK2 or p-STAT6 proteins 
relative to total JAK or total STAT6 was calculated.

Cell culture

Bone marrow-derived eosinophils were cultured in Is-
cove’s modified Dulbecco’s medium (IMDM; Invitrogen) 
with 20% FBS (Invitrogen), 100  IU/mL penicillin and 
10 mg/mL streptomycin, 2 mM glutamine, 25 mM HEPES, 
1 × nonessential amino acids, 1 mM sodium pyruvate and 
0.006‰ β-mercaptoethanol (Sigma-Aldrich, St. Louis, 
USA) supplemented with 100 ng/mL rmSCF (PeproTech) 
and 100 ng/mL recombinant murine FLT-3 ligand (rm-
FLT3-L; PeproTech) from days 0 to 4. On day 4, the me-
dium was replaced with medium containing 10 ng/mL 
rmIL-5 (PeproTech). The cells were provided with fresh 
medium supplemented with rmIL-5 every 3 days until 
to 14 days. A total of 1 × 106 bone marrow-derived eosino-
phils per group were treated with 5.0 μg/cm2 PM2.5 for 
48 h with or without 100 ng/mL ruxolitinib (InvivoGen, 
San Diego, USA). After 48 h, the cell supernatants were 
harvested. The concentrations of IL-1β, IL-5 and IL-13 
in the supernatants were determined using ELISA.

Statistical analyses

The data was expressed as the mean and standard error 
of the mean (SEM). All data was analyzed using SPSS v. 17.0 
software (SPSS Inc., Chicago, USA). Comparisons among 
experimental groups were performed with non-parametric 
Kruskal–Wallis test (one-way analysis of variance (ANOVA) 
on ranks) due to multiple group comparisons and abnormal 
data distribution. Differences with p-values less than 0.05 
were considered to be statistically significant.

Results

Pathological changes in airways after 
PM2.5 pre-treatment and long treatment

Mice were either pre-treated with PM2.5 twice a day 
(day 0 and day 7) followed by OVA administration on day 21 
(OVA + PM2.5 pre-treated group) or were subjected to a mix 
of PM2.5 (day 0, 7, 14, 21, and 27) and OVA administration 
(day 21 to 27) (OVA + PM2.5 long-treated group) (Fig. 1). 
Ovalbumin treatment with or without PM2.5 treatment 
induces asthma.35 To examine airway changes after OVA 
and PM2.5 treatment, histopathological analysis on mice 
lung tissue was conducted. In the control group, mice lung 
tissue had neatly arranged airway epithelial cells with clear 
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bronchi and alveoli (Fig. 2, control group). Ovalbumin 
treatment alone resulted in the disruption of the ordered 
lung tissue structure causing widened alveolar septum, 
capillary dilation and infiltration of leukocytes (eosino-
phils shown with arrows) (Fig. 2, OVA group). Combining 
PM2.5 treatment with OVA caused the further breakdown 
of the lung tissue with increased alveolar septum widening 
and capillary dilation (Fig. 2, OVA + PM2.5 pre-treated and 
long-treated group). Furthermore, increased infiltration 
of leukocytes was observed with both PM2.5 treatment 
methods with OVA (pre-treatment and long treatment). 
However, more eosinophils in PM2.5 long treatment with 
OVA compared to PM2.5 pre-treatment with OVA were 
observed (Fig. 2, OVA + PM2.5 long-treated group).

PM2.5 treatment induces increased 
eosinophil infiltration into the lungs

High levels of  IgE are a  typical indicator of  asthma. 
 Although OVA treatment alone induced increases in plasma 
IgE compared to the control, both PM2.5 exposures with 

OVA (pre-treatment and long treatment) significantly in-
creased plasma IgE levels compared to OVA treatment alone 
(p < 0.05, Fig. 3A).

To analyze cellular infiltration into the lungs in more 
detail, BALF was used to examine total leukocyte numbers 
together with eosinophils and macrophages. Ovalbumin-
induced asthma alone did increase total cell numbers, eo-
sinophils and macrophages as compared to control group 
(p < 0.001, Fig. 3B; p < 0.001, Fig. 3C; and p < 0.01, Fig. 3D). 
However, pre-treatment with PM2.5 and OVA significantly 
increased total cell numbers as well as eosinophil infiltra-
tion compared to OVA treatment alone (p < 0.05, Fig. 3B; 
and p < 0.05, Fig. 3C) but not macrophages. With continu-
ous long treatment of PM2.5 and OVA, total cell numbers, 
eosinophils and macrophages in the lung were increased 
as compared to OVA treatment alone (p < 0.001, Fig. 3B; 
p < 0.001, Fig. 3C; and p < 0.05, Fig. 3D). 

Increased inflammatory cytokines after 
PM2.5 treatment

Cytokine levels from BALF in control, OVA-treated, 
and PM2.5 pre- and long-treated mice were examined. 
The BALF levels of IL-1β, MCP-1, IL-12, IL-5, IL-13, and 
PGD2 were increased after OVA treatment (p < 0.05 for 
IL-1β; p < 0.05 for MCP-1; p < 0.01 for IL-12; p < 0.001 for 
IL-5; p < 0.05 for IL-13; and p < 0.05 for PGD2; Fig. 4A–F). 
Pre-treatment with PM2.5 followed by OVA increased 
BALF MCP-1 and IL-5 (p < 0.05 for MCP-1, Fig. 4B; and 
p < 0.05 for IL-5, Fig. 4D) but not IL-1, IL-12, IL-13, and 
PGD2 (Fig.  4A,C,E,F). Long treatment of  PM2.5 with 
OVA increased IL-1β (p < 0.05, Fig. 4A), MCP-1 (p < 0.05, 
Fig. 4B), IL-12 (p < 0.05, Fig. 4C), IL-5 (p < 0.01, Fig. 4D), 
IL-13 (p  <  0.01, Fig.  4E), and PGD2 (p  <  0.01, Fig.  4F) 

in the BALF.

Fig. 1. Diagram outlining treatment stages of mice before OVA-induced 
asthma. Mice from pre-treated group were treated with PM2.5 (7 days) 
before sensitization for an additional 7 days. The mice were then 
subjected to OVA on day 21 to induce asthma. In another treatment 
group (long-treatment group), mice were treated with PM2.5 every 7 days 
(on day 0, 7, 14, 21, and 27). On day 21 to 27, asthma was induced in mice 
through OVA treatment

Fig. 2. Comparison of eosinophils in lung tissue after treatment with PM2.5. Magnification ×10 and ×40 of (A) control group, (B) OVA group, (C) OVA + PM2.5 
pre-treated group, and (D) OVA + PM2.5 long-treatment group lung samples H&E-stained for eosinophil infiltration (arrows). Magnification ×10 scale bar: 
100 µm. Magnification ×40 scale bar: 25 µm
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JAK-STAT6 pathway regulates eosinophil 
infiltration and inflammatory cytokine 
production in lungs

To determine the signaling pathway that regulated re-
cruitment of eosinophils,36 protein levels of non-phosphor-
ylated and phosphorylated JAK/STAT6 were examined with 
western blotting (Fig. 5A) and quantified using densitom-
etry. Ovalbumin increased the phosphorylation of JAK1, 
JAK2 and STAT6 compared to control group by about 

twofold (p < 0.05, Fig. 5B). Long treatment with PM2.5 in-
creased pJAK1 by fourfold compared to the control group 
and about twofold compared to OVA treatment alone, while 
pJAK2 was increased by 4-fold compared to the control 
group and about 1.5-fold compared to  OVA treatment 
alone. Phosphorylation of STAT6 was increased 2-fold after 
OVA treatment alone while PM2.5 long treatment increased 
pSTAT6 by 2.5-fold compared to the control group and 
1.5-fold compared to OVA treatment alone. No changes 
in GADPH protein levels were observed (Fig. 5A). Moreover, 

Fig. 4. PM2.5 treatment increases inflammatory cytokine levels in lungs. Measurements of BALF (A) IL-1β, (B) MCP-1, (C) IL-12, (D) IL-5, (E) IL-13, and (F) PGD2 
in the control group (white bars), OVA group (black bars), OVA + PM2.5 pre-treated group (red bars), and OVA + PM2.5 long-treatment group (blue bars)

n = 10, p* < 0.05, p** < 0.01, p*** < 0.001.

Fig. 3. PM2.5 treatment increases plasma IgE 
and leukocyte infiltration in lung. Measurement 
of (A) plasma IgE, (B) total cell numbers from 
the bronchoalveolar lavage fluid (BALF), (C) total 
BALF eosinophil numbers, and (D) total BALF 
macrophage numbers in control group (white 
bars), OVA group (black bars), OVA + PM2.5 
pre-treated group (red bars) and OVA + PM2.5 
long-treated group (blue bars)

n = 10, p* < 0.05, p** < 0.01, p*** < 0.001.
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to  confirm that the  JAK-STAT6 pathway was involved 
in PM2.5 and asthma, bone marrow derived eosinophil 
was treated with PM2.5 with or without JAK1/2 inhibitor, 
ruxolitinib. PM2.5 increased IL-1β (p < 0.01, Fig. 5C), IL-5 
(p < 0.01, Fig. 5D) and IL-13 (p < 0.05, Fig. 5E) production 
in eosinophil medium; their production was blocked by rux-
olitinib treatment (p < 0.05, Fig. 5C,D).

Discussion

PM2.5 pollution in developing countries such as China 
poses a serious public health problem, as exposure to am-
bient PM2.5 exacerbates allergic diseases. The occurrence 
of asthma and allergic diseases have been on the rise in both 
developed and industrializing countries due to exposure 
to a variety of environmental pollutants in the air.21,37–39 
As such, the effects of PM2.5 have been gaining public 
attention. We investigated the effects of PM2.5 on eo-
sinophil recruitment in OVA-induced asthma. PM2.5 in-
creased the severity of OVA-induced asthma as indicated 
increasing in lung injury, alveolar intervals, capillary di-
lations, and inflammatory leukocytes infiltration. PM2.5 
treatment with OVA significantly increased the presence 
of  inflammatory cytokines in  the  BALF as  compared 
to OVA alone, which increased the number of infiltrating 
eosinophils and macrophages. The infiltration of eosino-
phils was regulated through the JAK2 and STAT6 pathway, 
as increased phosphorylation of both these proteins was 
observed through western blotting.

The role of eosinophils has been examined in an acute 
murine PM2.5 OVA-induced asthma model.40 In that acute 

model, mice were first sensitized to OVA, before being 
exposed to PM2.5 and then challenged with OVA. Under 
these conditions, the authors observed significant infiltra-
tion of eosinophils but not macrophages exposed to 10 µg 
and 100 µg of PM2.5 compared to control group after OVA 
challenge. In agreement with the acute model, our study 
also observed an increase in eosinophils after PM2.5 pre-
treatment. With continuous exposure to PM2.5 (through 
long treatment), eosinophil infiltration into the lungs was 
further increased. Although no increase in macrophages 
was observed in PM2.5 pre-treatment, similar to the acute 
study, long treatment of PM2.5 did significantly increase 
macrophage recruitment. As neutrophil recruitment dur-
ing exposure to concentrated ultrafine airborne particles 
remains debated,40,41 neutrophil infiltration was not mea-
sured in our study.

During asthma, the presence of TH2 cytokines IL-4, IL-5 
and IL-13 are typically observed during clinical manifes-
tation of disease.42 However, particulate matter is known 
to  induce the  production of  different cytokines due 
to the activation of diverse cellular and molecular mech-
anisms. For example, increased levels of IL-17 were ob-
served, but there were no changes in IL-4. In another study, 
high levels of cytokines (IL-1β and IL-12), not typically 
associated with TH2 responses, were observed.34 This was 
in addition to increases in IL-5 and IL-13. Chemokines such 
as MCP-1 (which recruits monocytes and macrophages) 
were also detected. In another study, increases in IL-4 and 
IL-10 with decrease in interferon gamma (IFNγ) were ob-
served.40 In this study, PM2.5 long treatment increased 
the levels of IL-1β, IL-12, IL-5, and IL-13. The increased 
level of IL-12 may have been induced by the macrophage 

Fig. 5. JAK2-STAT6 pathway drives production 
of inflammatory cytokines and eosinophil 
infiltration. A. Representative western blot 
showing increase in phosphorylated JAK1, JAK2 
and STAT6 after PM2.5 treatment as compared 
to control group and OVA group. 
B. Phosphorylation of JAK1, JAK2 and STAT6 
as calculated from western blots in control 
group (white bars), OVA group (black bars) and 
OVA + PM2.5 long-treatment group (blue bars), 
n = 6. Measurements of medium (C) IL-1β, 
(D) IL-5 and (E) IL-13 in control (white bars), 
PM2.5-treated (black bars) and PM2.5 + 
ruxolitinib-treated (blue bars) bone marrow-
derived eosinophils, n = 4

p* < 0.05, p** < 0.01.
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recruitment in BALF (Fig. 3D). Alveolar macrophages are 
primed for the production of IL-10 and IL-12 in asthma.43 
However, IL-12 could induce the type I immune response 
which is antagonistic with type II immune responses. Mac-
rophages appear more as a consequence than as an initi-
ating factor of the T-cell TH2 commitment and could be 
involved in the resolution of the asthmatic inflammation. 
Together with the chemokine MCP-1, these cytokines were 
important in the recruitment of macrophages and eosino-
phils into the lung.

The  JAK-STAT pathway is  important in  the  devel-
opment of asthma.36 For example, IL-4 induces JAK1/
JAK3 resulting in STAT6 activation, which further po-
larizes the TH2 pathway. Another important pathway 
in asthma development is IL-13-JAK2-STAT6 pathway, 
which upon activation markedly increases mucous secre-
tion.44 In this study, eosinophil recruitment was dem-
onstrated to be reliant on the phosphorylation of JAK2 
and STAT6. Ovalbumin treatment alone triggers this 
pathway but co-treatment with PM2.5 significantly in-
creases the amount of phosphorylation of both JAK2 
and STAT6. As a result of JAK2/STAT6 pathway activa-
tion, IL-13 was significantly increased and contributed 
to airway inflammation.

There are several limitations to our study. First, the poly-
cyclic aromatic hydrocarbons, chemicals and metals were 
not analyzed in our study. Although these components 
are typically found in PM2.5, PM2.5 from different cit-
ies are composed of different compounds, which induces 
different responses in vivo. In addition, this meant that 
the component which contributed most to asthma exac-
erbation in PM2.5 long, continuous treatment could not 
be identified. Second, as the data is  from a single city, 
it might be challenging to extend these findings to other 
cities due to differences in climate and pollution content. 
Finally, cytokines typically associated with asthma (such 
as IL-5 and IL-13), pro-inflammatory cytokines (IL-1β 
and IL-12) and leukocyte chemokines (MCP-1 and PGD2) 
were observed to increase during PM2.5 long treatment 
in this study. These factors isolated from the BALF likely 
contributed to the  induction of  leukocyte recruitment 
into the lung and resulted in exacerbating the disease. 
However, the  mechanistic contribution of  individual 
cytokines to eosinophil recruitment was not examined 
in this study.

Conclusions

Although the effect of PM2.5 has been examined by oth-
er researchers, their studies have focused on the acute ef-
fects of PM2.5 on aggravating asthma. By providing con-
tinuous treatment of PM2.5 together with OVA treatment, 
our study demonstrates that prolonged exposure of PM2.5 
increases the severity of asthma through exacerbated in-
flammation by increasing eosinophil recruitment.
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Abstract
Background. Red blood cell (RBC) transfusion is associated with systemic inflammation and immune 
suppression as adverse outcomes.

Objectives. To investigate the immunomodulatory function of the transfused autologous RBC in altering 
pro-inflammatory and immunosuppressive effects.

Material and methods. A total of 24 Sprague Dawley male rats were randomly divided into 3 groups 
(n = 8 in each group). Group 1 did not receive blood transfusions, while the other 2 groups of rats separately 
received transfusion of RBC stored for 14 days (group 2) and 35 days (group 3). The rats were treated with HO-1 
inhibitor, HO-1 inducer and nuclear factor erythroid 2-related factor 2 (Nrf2) activator after they separately 
received autologous transfusion of RBC that were cryopreserved for 14 days or 35 days. The blood samples 
of the rats were collected 12 h after the transfusion, and the macrophage phenotype of M1 and M2 were 
analyzed with flow cytometry (FCM). Also, the surface protein expression of CD68 and CD200R in macrophages 
were analyzed and the inflammatory signals in the serum were measured with enzyme-linked immunosor-
bent assay (ELISA). Moreover, the location and expression of proteins heme oxygenase 1 (HO-1), arginine 1 
(Arg-1) and nitric oxide synthase 2 (NOS2) in macrophage were detected with immunofluorescence (IF).

Results. Autologous transfusion of long-time stored (“old”) RBC promoted macrophage polarization to M2 
phenotype and upregulated the expression of its surface proteins CD68 and CD200R. The pro-inflammatory 
cytokines tumor necrosis factor α (TNF-α), interleukin (IL)-6, IL-1β, and IL-18 were inhibited, and the secre-
tion of NOS isoforms (iNOS) in serum was reduced with blood transfusion; contrarily, the production of IL-10 
and CCL22 was increased. Additionally, HO-1, Arg-1 and NOS2 proteins were located in the cytoplasm, and 
HO-1 and Arg-1 proteins were highly expressed in macrophage, while the expression of protein NOS2 was 
low. Moreover, Nrf2, HO-1 and Arg-1 proteins were upregulated in macrophage after receiving “old” RBC 
transfusion.

Conclusions. Autologous transfusion of “old” RBC drove the macrophage phenotype toward M2 macro-
phages and induced immunosuppressive effects through the IL-10-NRF2-HO-1 signals.

Key words: immunosuppressive treatment, red blood cell transfusion, M2 macrophage, IL-10-NRF2-HO-1 
signals
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Introduction

Blood transfusion is widely used in clinical practice; 
it is estimated that the transfusion of red blood cells (RBC) 
is the major type, accounting for nearly 50% of transfu-
sions.1 The obtained RBC cryopreserved at 4 ±2°C for 
35–42 days were recognized as safe2; however, in recent 
years, more adverse effects have occurred after blood 
transfusions,3–5 which is why the storage lesions of RBC 
have attracted more attention. Even though low-temper-
ature storage slows down the metabolism of RBC, studies 
have revealed that the structure and physiological and 
immunological characteristics of  the  long-time stored 
RBC (also named “old” RBC) have changed. The research 
of Karon et al. showed that the levels of RBC membrane 
2,3-diphosphoglycerate (2,3-DPG) had decreased during 
storage.6 The proteomic analysis identified the membrane 
structural proteins in RBC, such as spectrin, band 3 and 
band 4.1, which were changed.7 Moreover, the stored RBC 
induced hemolysis and the release of free heme, hemoglo-
bin and free iron, which play important roles in immu-
nomodulation.8 The free heme was not only sequestered 
by plasma haptoglobin, but also initiated the Fenton reac-
tion to induce the release of iron9; then, the accumulation 
of iron induced the generation of reactive oxygen species 
(ROS) and radical chains, which thus led to tissue dam-
age and inflammation.10,11 Additionally, the free heme act 
as a pro-inflammatory factor engaged in the immune re-
sponse of monocytes, macrophages, Tregs, and endothelial 
cells.12,13 A study showed that free heme mediated macro-
phage polarization and shaped the expression of M1 and 
M2 markers.14 More interestingly, the microvesicles were 
also found in the stored “old” RBC, which participated 
in the activity of endothelial activation,15 blood coagula-
tion16 and immunomodulation.17 Hence, the variability 
of stored RBC is closely associated with systemic pro-
inflammatory and immunosuppressive effects in blood 
post-transfusion.

The “old” RBC transfusion also burdened the phagocytic 
ability of monocytes and macrophages. A study conducted 
by Dinkla et al. identified that the storage-induced auto-
antibodies in RBC membrane accelerated phagocytosis 
by macrophages.18 This correspondingly resulted in heme 
accumulation in  macrophages, which in  turn shaped 
the macrophages toward M2 phenotype through upregu-
lating the heme oxygenase 1 (HO-1) and promoted the se-
cretion of interleukin (IL)-10.19 Therefore, the stored RBC 
transfusion induced adverse effects, owing to systemic 
inflammation and immune suppression. The aim of this 
study was to investigate the immunomodulation effects 
on macrophage of the “old” RBC transfusion in animal 
study and its related mechanism.

Material and methods

Material

A total of 24 Sprague Dawley male rats, 6–7 weeks old, 
205.45 ±20.55 g (Shanghai Lab Animal Research Center, 
Shanghai, China); animal blood-taking needles (G-5mm, 
Braintree Scientific, USA); uncoated vacutainer tube with 
sodium citrate (Greiner Bio-One International GmbH, 
Kremsmünster, Austria); peripherally inserted central cath-
eter (PICC; Bard Access Systems, Inc., Salt Lake City, USA); 
blood transfusion tube needle (Bard Access Systems, Inc.); 
plastic storage bag prefilled with mannitol adenine phos-
phate (MAP) storage solution (Sichuan Nigale Biomedical Co. 
Ltd., Chengdu, China); HO-1 inducer-cobalt protoporphyrin 
(CoPP, catalog No. ALX-430-076-M025; Jiangxi Haoran Bio-
Pharma Co., Ltd., Nanchang, China); HO-1 inhibitor-zinc 
protoporphyrin IX (ZnPP IX, catalog No. 282820-50MG; 
Jiangxi Haoran Bio-Pharma Co,. Ltd.); and Nrf2 activator-
oltipraz (catalog No. MB2316; Dalian Meilun Biotech Co., 
Ltd., Dalian, China).

This study conformed to the standards of the animal 
ethics committee.

Sample collection

Following transfusion, the fresh whole bloods were col-
lected from the aorta abdominalis after the 10 rats were 
anesthetized with 2% isoflurane and sacrificed. The ob-
tained blood was leukocyte-depleted with automatic leu-
kocyte filter (catalog No. PXL8Y; Shanghai Jiading Photo-
electric Instrument Co., Ltd., Shanghai, China) The left 
RBC units were then all stored in a plastic storage bag and 
separately stored at 4°C.

Transfusion model

The 24 Sprague Dawley male rats were maintained in adapt-
ed cultivation at 22–25°C, in a 50–70% relative humidity 
environment with a 12-hour light/dark cycle for 2 weeks. 
Then, they were divided into 3 groups: group 1 did not receive 
blood transfusions, while the other 2 groups of rats separately 
received transfusion of RBC stored for 14 days (group 2) and 
35 days (group 3). The collected RBC samples stored for 14 
and 35 days were separately transported in a blood transfu-
sion tube needle connected with a PICC, which was injected 
into the vein. After a six-hour blood transfusion, the rats 
were anesthetized with 2% isoflurane and sacrificed; then, 
the blood samples were collected from the eyeball with an un-
coated vacutainer tube with sodium citrate.

Flow cytometry

The blood samples collected from the eyeball were di-
luted 1:3 with phosphate-buffered saline (PBS) containing 
heparin, and 3 mL of Ficoll-Hypaque solution (Tianjin 
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 Haoyang Commercial Co., Ltd., Tianjin, China) was  slowly 
added into the tube, which was then centrifuged twice 
at 3,000 × g for 15 min at 4°C. Afterward, the supernatant 
in the middle class was transferred into a new tube, where 
its density was adjusted at 5 × 105 – 3 × 106 with Dulbecco’s 
modified Eagle’s medium (DMEM) containing 10% fetal 
calf serum (FCS). Later, we firstly analyzed the percentage 
of macrophages. The steps were as follows: the monocytes 
were stained with allophycocyanin (APC)-conjugated 
monoclonal antibody against mouse CD16 (catalog No. 17-
0168-41; eBioscience, Thermo Fisher Scientific, Waltham, 
USA); subsequently, the phycoerythrin (PE)-conjugated 
monoclonal antibody against mouse CD68 (catalog No. 
MA5-23572; Invitrogen, Carlsbad, USA) and CD200R 
(catalog No.  12-9201-42; eBioscience) were separately 
stained with the monocytes for 1 h at 4°C. Afterward, 
the cells were washed with PBS and the second antibody 
– anti-mouse immunoglobulin G (IgG) – was added. Fi-
nally, the monocytes were fixed with paraformaldehyde 
for 30 min and analyzed with FACSCaliburTM (eBiosci-
ence). We obtained the monocyte medium and stained 
the primary conjugated antibody as above. The Fc was 
blocked and the isotypic antibodies were used as a control; 
similarly, the surface proteins CD68 and CD200R were 
analyzed with FACSCalibur.

ELISA assay

The  blood samples collected from the  eyeball were 
centrifuged twice at 3,000 × g for 15 min at 4°C; then, 
the supernatants were transferred into a new tube and ana-
lyzed for the inflammatory-associated molecules of tumor 
necrosis factor α (TNF-α; catalog No. 70-ab35884-050; 
MultiSciences Biotech Co., Ltd., Hangzhou, China), IL-1β 
(catalog No. 70-ab33591-050; MultiSciences Biotech Co., 
Ltd.), IL-6 (catalog No. 70-ab36529-050; MultiSciences 
Biotech Co., Ltd.), IL-10 (catalog No.  70-ab33577-050; Mul-
tiSciences Biotech Co., Ltd.), nitric oxide synthase isoform 
(iNOS; catalog No. 93-E4649-100; BioVision Inc., Milpitas, 
USA), IL-18 (catalog No. 70-ab33588-050; MultiSciences 
Biotech Co., Ltd.), and CCL22 (catalog No. 70-ab2243-050; 
MultiSciences Biotech Co., Ltd.) with enzyme-linked im-
munosorbent assay (ELISA) kits according to the manu-
facturer’s instructions.

Immunofluorescence

The blood samples collected from the eyeball were di-
luted 1:3 with PBS containing heparin, and 3 mL of Ficoll-
Hypaque solution (Tianjin Haoyang Commercial Co., Ltd.) 
was slowly added into the tube, which were then centrifuged 
twice at 3000 × g for 15 min at 4°C. Afterward, the superna-
tants in the middle class were transferred into a new tube, 
and the monocytes were cultivated with DMEM contain-
ing 10% FCS and and cell slides were made in each group. 

Afterwards, the cell slides were permeabilized with 0.1% 
TritonX-100 for 5 min, and then they were blocked with 
10% bovine serum albumin (BSA) for 1 h at room tempera-
ture. After that, the primary antibodies HO-1 (catalog No. 
ab13248; Abcam, Cambridge, UK), arginine 1 (Arg-1; cata-
log No. 43933; Cell Signaling Technology, USA) and nitric 
oxide synthase 2 (NOS2; catalog No. ab15323; Abcam) were 
separately immunoblotted in the cells for 12 h, 4°C; then, 
the cells were incubated with anti-mouse IgG antibody for 
1 h at 37°C. Thereafter, the cell slides were washed with PBS 
3 times, and then the cell nucleus were dyed with 4′,6-di-
amidino-2-phenylindole (DAPI) and mounted on the cell 
slide with anti-fade mounting medium; finally, the stained 
images were examined under confocal microscopy (Leica 
Camera AG, Wetzlar, Germany).

Western blot

The 60 rats after adapted cultivation were divided into 
3 groups: group 1 (n = 20) did not receive a blood transfu-
sion, while the rats in the other 2 groups (group 2: n = 20 
and group 3: n = 20) separately received a transfusion 
of RBC stored for 14 days (group 2) and 35 days (group 3). 
Meanwhile, the rats from each of the 3 parts were divided 
into 4 subgroups (n = 5 in each subgroup) – control sub-
group, HO-1 inhibitor administration (ZnPP IX) subgroup, 
HO-1 inducer administration (CoPP) subgroup, and Nrf2 
activator administration (oltipraz) subgroup. After 12 h, 
the rats were anesthetized with 2% isoflurane and sac-
rificed. The blood samples were collected from each rat 
from the aorta abdominalis and then diluted 1:1 with PBS; 
subsequently, they were centrifuged and the monocytes 
were isolated with Ficoll-Hypaque solution. Thereafter, 
the total proteins of the monocytes were extracted with 
radioimmunoprecipitation assay (RIPA) buffer containing 
phenylmethylsulfonyl fluoride (PMSF), and then they were 
denatured and the protein concentration was evaluated. 
Afterward, the proteins were isolated with sodium do-
decyl sulfate (SDS) polyacrylamide gels and the gels were 
transferred to polyvinylidene difluoride (PVDF) mem-
branes. They were then blocked with 5% fat-free milk for 
1 h; subsequently, the protein membranes were separately 
incubated with primary antibodies: anti-HO-1 (catalog 
No. ab13248; Abcam), anti-Arg-1 (catalog No.  43933, 
Cell Signaling Technology, Danvers, USA) and anti-Nrf2 
(catalog No. ab89443; Abcam) for 12 h at 4°C. Afterward, 
the protein membranes were incubated with anti-mouse 
IgG antibody for 1 h. The glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) protein was used as control. 
Finally, the electrochemiluminescence (ECL) detection 
reagents were added into the protein bands, which were 
visualized with a bandscan instrument (Cytiva, Marl-
borough, USA), while the gray intensity of the proteins 
was analyzed with ImageJ software ( National Institutes 
of Health, Bethesda, USA).
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Statistical analysis

The data was analyzed with the IBM SPSS Statistics for 
Windows software, v. 19.0 (IBM Corp., Armonk, USA), and 
the one-way analysis of variance (ANOVA) method was 

applied for analyzing the group difference. A p-value of 
<0.05 was considered the statistically significant differ-
ence. The graphs were depicted with GraphPad Prism v. 6.0 
software (GraphPad Software Inc., San Diego, USA), and 
presented as means ± standard error of means (M ±SEM).

Fig. 1. Flow cytometry (FLC) sorted the macrophage phenotype (A) and detected the surface proteins expression of CD68 and CD200R (C). Blood 
transfusion shifted the macrophage to M2 phenotype – &p < 0.05 of M2 percentage with blood transfusion vs without blood transfusion (B). The surface 
protein CD200R was significantly upregulated – #p < 0.05 with a transfusion of blood stored 35 days vs with a transfusion of blood stored 14 days and 
without a blood transfusion (D)
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Results

Autologous transfusion of “old” RBC 
induced M2 macrophage polarization

After the rats received transfusion of RBC stored for 
14  days or  35  days, the  flow cytometry (FCM) results 
showed that the percentage of M2 phenotype macrophage 
was obviously increased after receiving a blood transfusion 
(Fig. 1A,B). The surface proteins CD68 in M1 phenotype 
macrophage and CD200R in M2 phenotype macrophage 
were also varied. Results revealed that the protein CD200R 
was highly expressed on M2 macrophage, while the pro-
tein CD68 was also upregulated, but the extent was not 
as evident as in the case of CD200R (Fig. 1C,D); hence, 
as a whole, the RBC transfusion shifted the macrophage 
toward to M2 phenotype.

Autologous transfusion promotes 
the secretion of pro-inflammatory factors, 
including IL-6, IL-1β, TNF-α, iNOS, IL-10,  
IL-18, and CCL22

The pro-inflammatory cytokines TNF-α, IL-6, IL-1β, 
and IL-18 were decreased with transfusion of blood stored 
for 35 days, while its amount was increased with a trans-
fusion of RBC stored for 14 days. The variation tendency 
of iNOS was similar to the pro-inflammatory cytokines, 
which was consistent with the activity of iNOS involved 
in  inflammation and enhancing the  synthesis of  pro-
inflammatory mediators (Fig. 2). Conversely, the secre-
tion of  anti-inflammatory cytokine IL-10 and chemo-
kine CCL22 was increased in  blood after transfusion 
(Fig. 2). The exent of anti-inflammatory cytokine IL-10 

and chemokine CCL22 secretion was more obvious with 
a transfusion of RBC stored for 35 days. These results 
demonstrated that autologous transfusion of blood could 
increase the inflammatory response.

Autologous transfusion directs 
the subcellular distribution of HO-1, Arg-1 
and NOS2 to the cytoplasm

A few studies reported that HO-1 could mediate the anti-
inflammatory phenotype of macrophage through regulat-
ing NRF2.20 In this study, the proteins HO-1, Arg-1 and 
NOS2 were found to be located in the cytoplasm of macro-
phage; HO-1 and Arg-1 had high expression (Fig. 3). There-
fore, we proposed that autologous transfusion of blood 
exerted its function through the redistribution of HO-1, 
Arg-1 and NOS2.

Fig. 3. Immunofluorescence (IF) identified the proteins HO-1, Arg-1 and NOS2. The proteins HO-1, Arg-1 and NOS2 located in the cytoplasm of macrophage 
and proteins HO-1 and Arg-1 with a high expression, while protein NOS2 did not have a high level of expression

Fig. 2. The ELISA assay detected the amount of inflammatory molecules 
– **p < 0.05 of TNF-α, iNOS, IL-10, and CCL22 with a transfusion of blood 
stored 14 days vs without a blood transfusion; &p < 0.05 of IL-10 and CCL22 
with a transfusion of blood stored 35 days vs with a transfusion of blood 
stored 14 days
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HO-1 inhibitor significantly repressed 
the protein expression of HO-1 while 
promoting the expression of Arg-1, 
but NRF2 activator has no effects on NRF2 
and HO-1 after autologous transfusion

With the  HO-1 inhibitor administration (ZnPP IX), 
HO-1 inducer administration (CoPP) and Nrf2 activator 
administration (oltipraz), we found that the expression 

of  proteins Nrf2, HO-1 and Arg-1 was significantly 
changed with a transfusion of RBC stored for 35 days, 
compared with the rats who did not receive blood trans-
fusion or received a transfusion of RBC stored for 14 days 
(Fig. 4A,B). The inhibition of HO-1  affected the expression 
of protein Arg-1 (Fig. 4C,D), and to some extent, the activa-
tion of HO-1 and Nrf2 promoted the expression of proteins 
Nrf2, HO-1 and Arg-1 with a transfusion of RBC stored 
for 35 days (Fig. 4E,F). Hence, an autologous transfusion 
of “old” RBC induced immunosuppressive effects through 

Fig. 4. A and B. The expression of proteins Nrf2, HO-1 and Arg-1 in macrophages of rats with or without blood transfusion analyzed with western 
blot. The HO-1 inhibitor (ZnPP IX), HO-1 inducer (CoPP) and Nrf2 activator (oltipraz) were all administrated in rats with or without blood transfusion. 
C. The upregulated HO-1 with a transfusion of blood stored 35 days – **p < 0.05 vs with a transfusion of blood stored 14 days; #p < 0.05 vs without a blood 
transfusion. D. With HO-1 inhibitor (ZnPP IX) administration, the protein Arg-1 downregulated. E and F. The upregulated Nrf2, HO-1 with a transfusion 
of blood stored 35 days; &, #p < 0.05 of proteins Nrf2, HO-1 vs without a blood transfusion
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the IL-10-Nrf2-HO-1 signals. These results indicated that 
an autologous transfusion of blood functioned through 
HO-1 and Arg-1, but not through Nrf2.

Discussion

The mechanism responsible for the adverse outcomes 
of systemic inflammation and immune suppression was con-
troversial. In our study, we found that the transfusion of “old” 
RBC in rats induced the polarization of macrophages to M2 
phenotype and upregulated their surface marker CD200R 
expression. The levels of anti-inflammatory signals IL-10 and 
CCL22 were also enhanced. More interestingly, the pro-in-
flammatory signals TNF-α, iNOS, IL-6, IL-1β, and IL-18 were 
increased after a transfusion of RBC stored for 14 days, while 
their levels were decreased after a transfusion of RBC stored 
for 35 days. This feature might be caused by the regulation 
of both pro-inflammation and anti-inflammation response. 
However, a RBC transfusion in a human study showed that 
there was no increase in pro-inflammatory cytokines, except 
for a small increase in non-transferrin-bound iron (NTBI).21 
However, a rat model with of blood transfusion suggested 
that a pro-inflammatory cytokine storm and an increase 
of NTBI occurred.22 Hence, the debatable results may be 
caused by species difference and the  limitation of study 
samples. The transfusion of stored blood resulting in in-
creased hemolysis and erythrophagocytosis features were 
increasingly confirmed, which lead to a significant increase 
in serum iron, free heme and bilirubin levels.23–25 The free 
heme was suggested as a pro-inflammatory signal, involved 
in the activity of IL-1 and TNF-a, and ROS generation.26,27 
Hence, this may be the reason that the pro-inflammatory 
signals TNF-α, iNOS, IL-6, IL-1β, and IL-18 were increased 
with the transfusion blood stored for 14 days. Moreover, 
HO-1 was suggested as a free heme scavenger, which had 
anti-inflammatory effects with a reduction of TNF-a, IL-8 
and macrophage inflammatory protein (MIP)-1β levels and 
upregulation of IL-12.28 This evidence was in line with our 
study that the pro-inflammatory signals were decreased with 
a transfusion of blood stored for 35 days. On the other hand, 
studies also showed that HO-1 was involved in the activity 
of polarizing M2 phenotype29,30; hence, this may be poten-
tially involved in polarizing M2 phenotype.

With further studies, we found that HO-1, Arg-1, NOS2, 
and Nrf2 proteins were indeed engaged in M2 polarization. 
The HO-1, Arg-1 and Nrf2 proteins were obviously ex-
pressed in macrophages. This finding was consistent with 
the conclusion of Park et al.31 that Nrf2 was an essential 
regulator of HO-1 participating in antioxidative stress-
induced inflammatory activity. Moreover, the  results 
of M1 subtype marker molecule – NOS2 and M2  marker 
– Arg-132 further confirmed our finding that “old” RBC 
transfusion induced M2 phenotype polarization. Hence, 
the  immunomodulation mechanism of  our study was 
closely associated with Nrf2-HO-1 signals. Additionally, 

in our study, the secretion of CCL22 was also increased 
after transfusion. The CCL22 played roles in the traffick-
ing of activated/effector T-lymphocytes. The study also 
showed that heme could drive the expansion of Tregs by in-
ducing HO-1 expression in non-classical monocytes,33 so 
there is a sign that Tregs lymphocytes may also be involved 
in the immunosuppressive activity.

On the other hand, numerous studies have identified 
the cluster of differentiation (CD) molecules that are closely 
associated with the phagocytosis ability. The CD47, an in-
tegrin-associated protein of RBC, was proved to be a self-
marker in deciding its phagocytosis by binding to the sig-
nal regulatory protein α (SIRPα) of the macrophage.34,35 
Furthermore, the microvesicles of CD47, PS, CD55, and 
CD59 also shaped the phagocytosis of RBC.36,37 Therefore, 
we should further investigate the changes in RBC, such 
as the change in membrane proteins, the secretion of mi-
crovesicles or spontaneous hemolysis, so as to more clearly 
reveal the mechanism of “old” RBC transfusion. Our study 
showed that the transfusion of “old” RBC in rats induced 
the polarization of macrophages to M2 phenotype through 
the IL-10-NFR2-HO-1 signals.
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Abstract
Background. While interferon beta-1b (IFN-β-1b) is still a commonly used disease-modifying drug 
in the treatment of multiple sclerosis (MS), therapeutic possibilities are expanding, and treatment failure 
should be identified early. Markers to predict response to IFN-β-1b, either clinical or biochemical, are therefore 
urgently needed. Interferon-induced proteins, including viperin, suppressor of cytokine signaling 3 (SOCS3), 
ubiquitin specific peptidase-18 (USP18), and myxovirus resistance protein A (MxA), are possible markers 
of IFN-β-1b bioavailability and treatment response.

Objectives. To evaluate viperin, SOCS3, USP18 and MxA as markers of treatment response in Polish IFN-β-1b- 
treated patients with MS.

Material and methods. In 45 IFN-β-1b-treated Polish patients with MS, serum concentrations of viperin, 
SOCS3, USP18, and MxA were assessed before and after 24 months of IFN-β-1b treatment. The patients were 
followed clinically and with magnetic resonance imaging (MRI) for a median of 6.8 years.

Results. Low viperin, USP18 and MxA at baseline and 24 months and high SOCS3 at 24 months correlated 
with higher disease activity up to the 6th year of observation, but only baseline MxA and USP18 were inde-
pendently related to outcome, with higher concentrations predicting less disease activity in the first 3 years 
and after the 1st year, respectively.

Conclusions. We confirm the predictive value of MxA and propose USP18 as a possible new prognostic 
biomarker in IFN-β-1b- treated MS patients.

Key words: multiple sclerosis, interferon beta, viperin, suppressor of cytokine signaling 3, ubiquitin specific 
peptidase 18
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Background

Multiple sclerosis (MS), a chronic inflammatory and 
degenerative disorder of the central nervous system (CNS), 
remains a major cause of disability in young adults.1 With 
the  introduction of new, increasingly effective disease 
modifying drugs (DMD) for the relapsing-remitting form 
of MS (RRMS), the therapeutic paradigm has shifted from 
decreasing to abolishing any detectable disease activity. 
The concept of no evidence of disease activity (NEDA)2,3 
assumes no detectable activity in 3 domains: 1) no clini-
cal relapses, 2) no disability progression (measured with 
the Expanded Disability Status Scale (EDSS)) and 3) no 
magnetic resonance imaging (MRI) activity (no new or en-
larging T2/FLAIR lesions and no gadolinium enhancing 
lesions). As MS etiology and its exact pathomechanism are 
still uncertain, there is no single biomarker that could be 
used to measure disease activity. Therefore, combined as-
sessment tools, such as NEDA, are often used as surrogates.

The arrival of new, more effective DMDs has been pro-
gressively decreasing the use of interferon beta (IFN-β) 
over the years, although the new agents are costly and often 
less safe,4 and a subset of patients experience an uneventful 
disease course on IFN-β for many years. A marker capable 
of identifying the patients likely to respond to treatment 
with IFN-β would be of great value.

Prognostic tools to predict treatment response may com-
prise the patient’s initial characteristics, such as gender, age 
and disease course, including current disability, number 
of relapses before treatment or features of the first relapses. 
Alternatively, markers of early response to DMD may be 
used to predict longer-term outcome: composite scores 
featuring clinical and imaging features over the 1st year 
of treatment were used, e.g., the Rio5 and modified Rio 
score.6 Unfortunately, neither classic baseline risk factors 
nor early clinical response scores are specific and sensitive 
enough to guide treatment decisions; furthermore, the re-
sponse scales require a year of treatment trial. In an at-
tempt at finding earlier and more reliable prognostic tools, 
numerous biochemical markers were proposed. Among 
them are markers of inflammation and neuronal damage 
as well as drug-specific markers, measured either at base-
line or as an early response marker. Biomarkers intended 
specifically for IFN-β response prediction include IFN-in-
ducible proteins, such as viperin and myxovirus resistance 
protein A (MxA), anti-IFN antibodies,7–10 cytokines (tu-
mor necrosis factor α11, interleukin 17,11–13interleukin 25,11 
interleukin 612 and interleukin 1013) and certain miRNA 
profiles.14,15

Based on previous research (Table 1), we selected 3 little-
explored IFN-inducible particles with distinctive traits and 
promising reports: viperin (also known as radical s-ade-
nosyl methionine domain-containing protein 2 – RSAD2), 
suppressor of cytokine signaling 3 (SOCS3) and ubiquitin 
specific peptidase 18 (USP18) to evaluate and compare with 
a more acknowledged marker, namely MxA. Specifically, 

the aim of this study was to compare serum levels of vi-
perin, SOCS3, USP18 and MxA in IFN-β-1b-treated RRMS 
patients with and without disease activity during a long-
term follow-up.

Material and methods

Patients and treatment

Through years 2008–2013, we consecutively recruited 
45 patients (31 women and 14 men), diagnosed with RRMS, 
who were started on IFN-β-1b treatment in the setting 
of national MS treatment program at Heliodor Święcicki 
University Hospital in  Poznań, Poland. Retrospective 
analysis revealed that all patients fulfilled the  revised 
2010 McDonald criteria16 at the time of enrollment. Eli-
gibility criteria included: age ≥18 years, no prior DMD 
treatment, qualification for the national MS treatment 
program (Supplementary Table 1). Exclusion criteria in-
cluded pregnancy, decompensated liver (aminotransferase 
levels ≥×2 upper reference limit) or thyroid disease (no 
euthyreosis), intractable depressive mood disorder, his-
tory of suicidal ideation, or epilepsy. The study protocol 
was approved by the Ethics Board of Poznan University 
of Medical Sciences. All subjects gave written informed 
consent for study participation.

Table 1. Selected markers of response to IFN-β therapy in patients with MS

Name Function Clinical findings Reference

Viperin
multifunctional 

antiviral
markedly lower expression 

in the presence of NAbs
10

SOCS3 STAT3 inhibitor

decrease in expression 
during relapse; expression 

higher in MS than 
in healthy controls

26, 27

USP18

protease 
(ubiquitin-
like protein 

ISG15 residuals 
deconjugation), 

negative class I IFN 
receptor regulator

expression lower 
in untreated MS than 

in healthy controls; USP18 
polymorphism with lower 
expression associated with 

more active MS course

7, 20

MxA antiviral GTP-ase

MxA mRNA at 1 year 
of treatment predicts 
relapses and disability 

progression; low 
expression before 

treatment associated 
with more relapses and 
MRI activity during IFN 

treatment; higher mean 
MxA mRNA independently 

predicts lower risk 
of disability progression

9, 32–35

STAT – signal transducer and activator of transcription; ISG15 – interferon-
stimulated gene 15; SOCS3 – suppressor of cytokine signaling 3; 
USP18 – ubiquitin specific peptidase 18; MxA – myxovirus resistance 
protein A.
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The participants were started on subcutaneous IFN-β-1b 
(Betaferon, n = 41, Extavia, n = 4) 250 μg (8 MIU) every 
other day.

Follow-up

The study cohort was followed through years 2008–
2018. Each patient was assessed monthly by a neurologist. 
Imaging follow-up consisted of initial and then yearly 1.5 
Tesla brain MRI (Siemens Avanto, Erlangen, Germany) 
using a 12-channel head coil with gadolinium contrast 
administration, including T1, FLAIR, T2, and PD se-
quences. Spinal MRI was performed in  selected cases 
based on the physician’s judgment. For each patient, every 
year, we determined: the number of relapses, the EDSS 
score, the presence of new or enhancing lesions in MR, 
NEDA-3 status and, if relevant, information about treat-
ment termination.

Definition of NEDA

We  used a  previously established NEDA (NEDA-3) 
definition2: for a  given period of  time, NEDA means 
the absence of relapses, disability progression and MRI 
activity. A relapse was defined as the appearance of new 
or the worsening of past symptoms with focal neurologi-
cal abnormality applicable to MS that persists for ≥24 h, 
is not accompanied by fever and was preceded by ≥30 days 
of clinical stability. Disability progression was defined 
as an increase in EDSS by at least 1.5 from the baseline 
EDSS 0, by 1.0 from baseline 1.0–5.0 and by 0.5 from base-
line 5.5 or more, confirmed after 3 months. The activity 
of MRI denotes new or enlarging T2/FLAIR hyperintense 
lesions or contrast enhancing lesions.

Laboratory assays

Serum samples were collected at  baseline and after 
24 months of treatment and stored in –70°C. Serum con-
centrations of MxA, viperin, USP18, and SOCS3 proteins 
were measured with the use of viperin, SOCS3 and USP18 
ELISA kits (product No. MBS2023571, MBS703435 and 
MBS9338610, MyBiosource, San Diego, USA) and human 
MxA ELISA kit (product No. RD 194349200R, BioVendor, 
Brno, Czech Republic), according to the manufacturer’s 
instructions.

Statistical methods

P-values ≤0.05 were considered significant. Normali-
ties of  distributions were assessed with d’Agostino-
Pearson test. Results were accordingly reported as either 
means ± standard deviation (SD) or medians with inter-
quartile range (IQR).

Baseline clinical characteristics (sex, age at first relapse, 
time from 1st to 2nd relapse, time to treatment initiation, 

number of relapses prior to treatment initiation, EDSS score 
at treatment start) and baseline concentrations of MxA, 
viperin, USP18, and SOCS3 were compared between sub-
groups of patients with and without disease activity, includ-
ing NEDA-3 and its components, in different time ranges.

Then, MxA, viperin, USP18, and SOCS3 were compared 
at 24 months. We used t-test and paired t-test for normally 
distributed interval variables, the Mann–Whitney U test 
for variables with non-normal data distribution and ordi-
nal variables, and Fisher’s exact test for nominal variables.

Stepwise logistic regression models were calculated. 
Variable sets included baseline characteristics as defined 
above and markers measured at baseline or at 24 months 
or their change from baseline at 24 months.

Statistical analyses were performed with the use of STA-
TISTICA v. 1317 (StatSoft, Inc., Tulsa, USA) and MedCalc for 
Windows, v. 15.818 (MedCalc Software, Ostend, Belgium).

Results

Baseline

A total of 45 patients were included. Their baseline char-
acteristics are displayed in Table 2. Women were signifi-
cantly older than men; otherwise, there were no gender-
based differences. Median concentrations of biochemical 
markers are presented in Table 3. A statistically significant 
change from baseline to 24 months was noted for SOCS3 
(a decrease) and MxA (an increase).

Median follow-up lasted 6.5  years (IQR 4.6 to  8.5). 
Throughout the observation, a gradual loss of NEDA was 
observed (Fig. 1).

Discontinuation statistics

In  29  patients, treatment was terminated during 
the follow-up. The national treatment program was ini-
tially restricted to 3 years. This was the sole discontinu-
ation reason in 2 patients (6.9%). Three patients (10.3%) 

Table 2. Baseline characteristics of the study cohort

Parameter All Women Men

Age at first relapse [years], 
mean ±SD

29.7 ±7.9 31.4 ±8.5* 25.8 ±5.0*

Time to second relapse 
[months], median (IQR)

10 (3.3 
to 25.0)

9 (3.8 to 25.0) 10 (3 to 36)

Time to treatment 
initation [months], 
median (IQR)

17 (8.8 
to 37.0)

22 (9.8 
to 36.8)

15.5 (8 to 60)

Relapses before 
treatment, median (IQR)

2 (2 to 3) 3 (2 to 3) 2.5 (2 to 4)

EDSS at baseline, median 
(IQR)

1 (0 to 1.5) 1 (0 to 1) 1 (0 to 2)

OCB in CSF, % positive 89.7% 88.9% 91.7%

*p = 0.008.
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became pregnant or were planning pregnancy. Adverse 
reactions were the indication in 9 cases (31.0%) and treat-
ment failure (2 or more severe relapses, >2 new MRI le-
sions, >1  enhancing lesion or EDSS increase beyond 4.5) 
in further 11 patients (37.9%). Four patients (13.8%) re-
signed for personal reasons. Patients who discontinued 
treatment did not differ in marker concentrations.

Mutual correlations

There were few correlations between baseline clinical 
features and biomarkers considered in this study. Among 
clinical features, there was a weak correlation between 
older age at 1st relapse and shorter time to 2nd relapse. More 
pre-treatment relapses were associated with higher pre-
treatment EDSS score.

Baseline USP18, SOCS3, viperin, and MxA had no sig-
nificant correlations. On the other hand, pre-treatment 
SOCS3 and USP18 correlated positively with USP18 
at 24 months. Baseline viperin and MxA correlated posi-
tively with MxA at 24 months.

There was little association between our markers and 
clinical characteristics. For baseline EDSS, there was 
a positive correlation with baseline SOCS3 and negative 
with baseline and 24-month MxA, however, not with MxA 
change. The interval between 1st and 2nd relapse was posi-
tively correlated with viperin at 24 months.

Correlations with disease activity

A summary of marker concentration differences in pa-
tients with and without disease activity is presented in Ta-
ble 4. Detailed results concerning USP18 (Supplementary 
Table 2), SOCS3 (Supplementary Table 3), viperin (Supple-
mentary Table 4), and MxA (Supplementary Table 5) can 
be found in supplementary materials.

Baseline molecular biomarkers

Numerous statistically significant differences were found 
for USP. Higher concentrations were associated with less 
disease activity in the first 5 years. Baseline SOCS3 had no 
correlations with disease activity. Baseline viperin levels were 
generally higher in subjects without disease activity, but they 
were lower in those without progression after the 7th year. 
Baseline MxA levels were higher in patients with no activity 
after the 5th year. More importantly, baseline MxA was higher 
in patients without progression during the entire follow-up.

Molecular biomarkers at 24 months

Higher USP concentrations at 24 months were associ-
ated with less disease activity in the first 5 years. Sup-
pressor of cytokine signaling 3 at 24 months was lower 
in patients with no disease activity, including NEDA in first 
4 years and all its individual components in the 2nd year. 
At 24 months, compared to baseline, SOCS3 decreased 
in subjects with no MRI activity in the first 2 years, while 
in active cases, it had a tendency to remain unchanged 
or increase. Viperin levels at 24 months were higher in pa-
tients with no relapses after the 4th year. Regarding viperin 
change at 24 months, a decrease was noted in patients with 
no activity in earlier years, while an increase correlated 
with no disease activity in late follow-up. A notable ex-
ception was the increase in patients with no MRI activity 
in the first 5 years.

Two-year MxA levels were higher in patients without 
progression during the entire follow-up. In contrast, MxA 
at 24 months was lower in patients with no MRI activity 
until the 6th year.

Table 3. Serum concentrations of different markers of response to IFN-β-1b in relapsing-remitting patients with MS

Marker 
Baseline 24 months 0–24-month change

N median (IQR) N median (IQR) N median (IQR)

USP18 [ng/mL] 43 1.294 (0.707 to 2.099) 41 1.283 (0.659 to 2.653) 40 0.168 (–0.637 to 1.132)

SOCS3 [pg/mL] 43 5.703 (2.417 to 13.249) 41 0 (0.000 to 1.592) 40 –2.098* (–9.368 to –0.235)

viperin [ng/mL] 43 0.651 (0.385 to 0.943) 41 0.459 (0.243 to 0.722) 40 –0.204 (–0.505 to 0.145)

MxA [ng/mL] 24 2.612 (0.811 to 8.066) 19 4.747 (2.417 to 13.249) 8 1.498** (0.579 to 9.015)

*p < 0.001; **p = 0.036; SD – standard deviation; IQR – interquartile range.

Fig. 1. Proportion of patients with no disease activity (according 
to NEDA-3 criteria), relapses, progression, and MRI activity over time
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Logistic regression and ROC analysis

Overall, the  robust associations were not confirmed 
by stepwise regression. The only statistically significant 
models were for three-year NEDA, where baseline USP18 
remained as the only contributor (p = 0.017), NEDA af-
ter the 1st year with baseline MxA (p = 0.034), four-year 
NEDA with the delay to treatment onset (p = 0.001), and 
relapses in the first 7 years, which were inversely correlated 
to the age at treatment onset (p = 0.002). Receiver operating 
characteristic (ROC) analysis allowed us to select cutoff 
values for USP and MxA as shown in Table 5.

Discussion

This work is a prospective long-term follow-up study 
on novel biochemical biomarkers of response to IFN-β-1b 
treatment in RRMS patients.

Overall, patients with no disease activity during the fol-
low-up had a tendency to exhibit higher levels of USP18, 
viperin and MxA levels at  baseline and at  24  months 
of treatment. Conversely, there was no difference in base-
line SOCS3, while higher levels at 24 months were observed 
in patients with active disease.

Ubiquitin specific peptidase-18 is a class-I IFN induced 
enzyme that opposes IFN activity by enzymatic and non-
enzymatic mechanisms.19 Expression of  USP18 is  lower 
in untreated MS patients than in healthy controls, which in-
dicates the possible involvement in disease pathomechanism.7 
In a cross-sectional study comparing USP18 polymorphism 
prevalence in MS patients and healthy controls, patients with 
a haplotype associated with lower USP18 expression experi-
enced more active disease.20 More recent research is scarce. 
A small (20 cases) retrospective study failed to show an associ-
ation between baseline USP18 and response to IFN-β in MS.21

Our results support the association of higher USP18 lev-
els with lower disease activity in MS. Both baseline and 
24-month levels were lower in patients with disease activity 
in subsequent years, indicating a mechanism independent 
from possible interference with IFN-β treatment. In fact, 
the change in USP18 after 2 years of therapy did not differ 
between patients with good and poor response. Further 

Table 4. Marker concentration in relation to disease activity

Observation p-value 

At baseline

USP18
higher in pts with NEDA in the first 5 years
higher in pts without relapses in the first 5 years
higher in pts without MRI activity in the first 6 years
higher in pts without MRI activity during the entire  

follow-up

0.018
0.041
0.034

0.037

SOCS3
None

Viperin
higher in pts with NEDA in year 2
higher in pts without relapses in year 2
higher in pts without disability progression in the first  

7 years
lower in pts without disability progression after year 7

0.031
0.010
0.041

0.044

MxA
higher in pts with NEDA after year 5
higher in pts without disability progression during the entire 

follow-up

0.027

0.007

Clinical
Delay to treatment

longer in pts with relapses after year 1 
shorter in pts with NEDA after year 1

Baseline EDSS
higher in pts with progression anytime during  

the follow-up
Pre-treatment relapses

more in pts with progression within 6 years
Age at first relapse

older: progression after year 2
younger: MRI activity within 7 years

Age at treatment initiation
older: pts with NEDA after year 5

Time to second relapse
shorter in pts with MRI activity in year 1

0.045
0.016

0.027

0.010

0.036
0.014

0.009

0.010

At 24 months

USP18 at 24 months
higher in pts with NEDA in the first 5 years 0.016

USP18 change
none

SOCS3 at 24 months
lower in pts with NEDA in the first 4 years
lower in pts without relapses in year 2
lower in pts without disability progression in year 2
lower in pts without MRI activity in the first 2 years

0.042
0.008
0.021
0.039

SOCS3 change
decrease in pts with no MRI activity in the first 2 years 0.016

Viperin at 24 months
higher in pts without relapses after year 4 0.024

Viperin change
decrease in pts with NEDA in the first 2 years
decrease in pts without relapses in year 2
decrease in pts without disability progression in the first 

4 years
increase in pts with NEDA after year 7 
increase in pts without relapses after year 4
increase in pts without disability progression after year 7
increase in pts without MRI activity in the first 5 years

0.005
0.008

0.048
0.010
0.018
0.010
0.033

MxA at 24 months
lower in pts with no MRI activity until year 2 0.050

MxA change
none

pts – patients.

Table 5. ROC curve analysis results

Outcome Criterion ROC p-value LR (95% CI)

NEDA in first 
3 years

baseline 
USP >1.44

0.045 3.3 (1.4 to 7.7)

NEDA after year 1
baseline 

MxA >9.07
0.032

7.5 (1.8 
to 31.4)

NEDA in first 
4 years

delay to treatment 
onset

0.848 N/A

Relapse in first 5,  
6 or 7 years

age at treatment 
onset

0.182 N/A

LR – likelihood ratio; CI – confidence interval; N/A – not available.
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supporting our observation, baseline USP18 remained 
the only independent variable in stepwise regression model 
for NEDA in the first 3 years.

The family of suppressors of cytokine signaling (SOCS) 
contains regulators of  intracellular signaling pathways 
of various cytokines induced predominately by the JAK-
STAT cascade.

Suppressor of cytokine signaling 3 is induced by STAT3 
and acts as an inhibitor of STAT3, with a complex impact 
on the immune system. It attenuates responses to class 
I and II IFNs, inhibits maturation of Th17 cells and directs 
macrophage polarization towards the M2 phenotype.22 
At the same time, SOCS3 may play a role in neuroprotec-
tion, as SOCS3 overexpression promotes neural differen-
tiation and survival in vitro.23

Animal studies indicate both protective and harmful ef-
fects on the CNS in experimental autoimmune encephalitis 
(EAE).24 Experimental autoimmune encephalitis in SOCS3-
transfected mice develops later, but is more severe.25

Little research has been done on SOCS3 in human MS 
subjects. During relapse, a decrease in leukocyte SOCS3 
expression was observed.26 On the other hand, in a small 
American study,27 SOCS3 expression was significantly 
higher in MS patients than in the healthy controls, with 
a trend towards more disability in patients with higher 
expression. This observation was not confirmed in a more 
recent study.28

In our study, baseline SOCS3 levels were not different 
in patients with and without disease activity. However, 
the levels rose and were higher at 24 months in those with 
activity in the 2nd year, possibly reflecting a maintained, 
but unbeneficial drug effect. However, the observation was 
lost when controlled for other variables.

Viperin is an anti-viral protein induced by class I inter-
ferons29 and a specific marker of IFN-β activity.7 In the 
INSIGHT trial, viperin and MxA expression were com-
pared among patients with and without anti-IFN antibod-
ies.10 In patients with NAbs, the expression levels of all 
3 proteins were lower or absent at NAb titres ≥100 TRU. 
The study was not designed to assess correlations between 
marker expression and disease activity.

In  our cohort, baseline viperin concentrations were 
 higher in  patients with no disease activity. However, 
the baseline values were lower in those with no progression 
later on. At 24 months, viperin levels were higher in those 
who did not experience relapses in the subsequent years.

While the absolute values were higher in cases with better 
outcome, viperin change between baseline and 24 months 
showed a general trend to be more negative in patients with 
no disease activity in earlier years (up to the 4th) and more 
positive in those stable in later follow-up. This was appar-
ent for NEDA, relapses and progression. For MRI activity, 
which is considered to be the earliest indicator of disease 
activity among NEDA components, there was a concordant 
rise in viperin in stable patients in both earlier and later 
years, with a similar trend for the entire follow-up.

Overall, no independent association with prognosis was 
found in regression models. Myxovirus resistance protein A 
(MxA), a class I IFN-induced GTP-ase with antiviral proper-
ties,29 is considered one of the most reliable markers of IFN-β 
bioavailability.30 The absence of MxA induction signifies total 
loss of IFN activity, as no other IFN-induced proteins are 
detected in this setting.31 Unsurprisingly, numerous studies 
reported an association between low MxA mRNA and poor 
response to IFN. MxA mRNA measured at 1 year of treat-
ment was a better predictor of relapses than NAb titers.9,32 
In another study, MxA induction at 1 year predicted a longer 
time to a relapse or EDSS progression.33 More intriguing 
is that low MxA expression before treatment was also as-
sociated with a higher risk of relapses or EDSS worsening 
while on IFN.34 Higher mean MxA mRNA, measured over 
the period from 6 months to 2 years of treatment, predicted 
a lower risk of disability progression in the first 3 years, in-
dependently from relapse activity.35 On the other hand, in 2 
more recent studies 21,36 MxA mRNA levels failed to predict 
treatment response to IFN-β in a two-year observation.

Our results replicated the association of higher MxA 
levels, both during IFN therapy and in treatment-naive 
patients, with less disease activity. What is more, base-
line MxA was the only independent predictor of disease 
activity past year 1, with the highest levels >9.07 ng/mL 
associated with a 7.5 likelihood ratio for no disease activity.

The heterogeneity of immunologic profiles in MS, as well 
as their associations with treatment response, has been ad-
dressed in several recent works.11–13,37 Our study lends sup-
port to the notion that certain alterations convey a higher 
risk of poor outcome. The study yielded multiple find-
ings. However, only several have potential clinical utility. 
In logistic regression, higher baseline USP18 remained 
the only independent prognostic factor for NEDA, and 
only in the first 3 years of treatment. High baseline MxA, 
on  the other hand, was independently associated with 
NEDA in the observation after the 1st year.

Our study has several limitations. The choice of testing 
material requires commentary. Previous studies concern-
ing their expression utilized either mRNA (MxA, viperin, 
USP18, SOCS3) or protein measurement (MxA) in periph-
eral blood cells. Quantitative real-time polymerase chain 
reaction (qRT-PCR) for mRNA is more sensitive, but protein 
detection methods are cheaper; furthermore, the short half-
life of mRNA forces strict timing of sample collection in re-
lation to drug administration: For MxA, mRNA levels begin 
to increase at 3 and peak at 12 h post-injection, decreasing 
two-fold by 24 h38; MxA protein levels remain more stable,39 
allowing more flexible sampling. It is also worth noting 
that, on the one hand, mRNA detection reflects the earli-
est expression stage most closely related to gene induction 
by IFN and, on the other, protein measurement accounts 
for all post-transcription and post-translation regulatory 
processes and may, therefore, more accurately correlate 
with actual biological activity. For MxA, a dose effect of IFN 
is apparent at protein level, but not at mRNA level.40
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All the assessed proteins are intracellular. Due to technical 
limitations, no cellular material was available for this study. 
We, therefore, performed a number of preliminary measure-
ments on healthy donors (data not published) and found 
that the aforementioned particles are detectable at various 
levels in sera. This may reflect either protein release from 
fragmented cells or the protein contained in nanoparticles.

By detecting associations with disease activity, this study 
confirms that serum is a valid material for the measure-
ment of USP18, SOCS3, viperin, and MxA. What is more, 
we provide evidence that the differences in IFN-inducible 
gene products expression are apparent at the protein stage, 
not only at mRNA, as shown in previous studies.

A considerable proportion of cases was lost during obser-
vation, and other cases were recruited late in the study, re-
sulting in a median follow-up of almost 7 years. The  lower 
number of cases in years 6–9 may have contributed to 
the fact that most of the significant associations were not 
present beyond the 5th year. Knowing that the baseline 
marker levels kept their associations until then, the true 
prognostic value of measurements at 24 months may be 
underappreciated in our study.

A number of peculiarities concerning treatment deci-
sions in our cohort need to be addressed. The considerable 
delay between diagnosis and treatment initiation is caused 
by procedural barriers, including limited access to imag-
ing facilities and long waiting queues at MS treatment 
centers in Poland. Due to treatment program rules and 
lack of registered second-line therapies, many patients with 
ongoing disease activity continued IFN treatment. In ad-
dition, 2 patients were excluded from further treatment 
due to treatment program duration restriction that was 
in force until 2012.

Unanswered questions leave implications for future re-
search. It would be informative to assess USP18, viperin, 
SOCS3, and MxA levels in patients on other DMDs and 
without treatment, in order to separate their natural vari-
ance in SM from drug effects and to assess whether they 
are predictive of response to any particular drug. In ad-
dition, it might be prudent to focus on early dynamics 
of the markers included in this study.

Conclusions

Low levels of plasma USP-18, viperin and MxA at baseline 
and at 24 months of treatment and high levels of SOCS3 
at 24 months are associated with more disease activity and 
worse outcome in IFN-β-1b-treated MS patients.

However, only baseline USP18 and MxA were independent 
predictors of disease activity: Baseline USP18 > 1.44 ng/mL 
was associated with NEDA in the first 3 years with LR 
of 3.3, while baseline MxA > 9.07 ng/mL was associated 
with NEDA in the entire observation beyond year 1 with 
LR of 7.5, identifying infrequent patients with very mild 
disease and sustained good response to IFN-β-1b.

Suppressor of cytokine signaling 3 was the only marker 
with higher instead of lower concentrations in the cases with 
more active MS. Moreover, its concentration decreased dur-
ing two-year IFN treatment and at that time point, higher 
values were observed in patients currently experiencing 
relapses, MRI activity or progression. While SOCS3 failed 
to predict later course, this association appears to reflect 
an important qualitative variability of response to IFN-β-1b.
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Supplementary material

Supplementary Table 1. Polish National MS treatment program eligibility 
criteria in the years 2008–2013

Criteria Before 2012 From 2012

Diagnosis
2005 McDonald criteria and contrast-enhanced head MRI 

consistent with MS

Disease 
activity

at least 2 relapses within 2 last 
years

not specified

Required 
score

21 15

Scoring 
system

Age:
16–40 years – 6 pt
40–60 years – 3 pt
over 60 years –1 pt

Disease duration:
0–3 years – 6 pt
3–6 years – 3 pt
6–10 years – 2 pt
over 10 years – 1 pt
RRMS with no deficit – 5 pt

Number of relapses in the last 
year:

3–4 – 5 pt
1–2 – 4 pt
6–7 – 2 pt
none (less than 1/year) – 1 pt
over 7 – 0 pt

EDSS score:
0–2 – 6 pt
2.5 – 4 – 3 pt
4.5 – 5 – 2 pt
over 5 – 1 pt 

Disease duration:
0–3 years – 6 pt
3–6 years – 4 pt
6–10 years – 2 pt
over 10 years – 1 pt
RRMS with no deficit 

– 5 pt
Number of relapses 
in the last year:

3 and more – 5 pt
1–2 – 4 pt
none – 1 pt

EDSS score:
0–2 – 6 pt
2.5–4 – 5 pt
4.5–5 – 2 pt
over 5 – 1 pt

Exclusion 
criteria

1. hypersensitivity to IFN-β;
2. primarily or secondarily progressive MS;
3. pregnancy;
4.  decompensated liver disease (aminotransferase 

levels ≥×2 upper reference limit);
5. thyroid disease (no euthyreosis);
6.  intractable depressive mood disorder or history 

of suicidal ideation;
7. epilepsy.

MRI – magnetic resonance imaging; MS – multiple sclerosis; RRMS 
– relapsing-remitting multiple sclerosis; pt – points; EDSS – Expanded 
Disability Status Score.
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Supplementary Table 2. Statistically significant differences in USP18 (all values in ng/mL) between patients with and without disease activity

Comparison
Non-active Active

p-value
N mean ±SD or median (IQR) N mean ±SD or median (IQR)

Baseline USP18 vs NEDA

until 3 years 16 2.142 ±1.5828 > 24 1.195 ±0.6954 0.036

until 4 years 12 2.517 ±1.6506 > 28 1.170 ±0.6694 0.018

until 5 years 12 2.517 ±1.6506 > 28 1.170 ±0.6694 0.018

Baseline USP18 vs relapses

until 5 years 18 2.037 ±1.5173 > 21 1.188 ±0.7462 0.041

Baseline USP18 vs MRI

until 3 years 25 1.621 (0.947 to 2.335) > 12 0.897 (0.484 to 1.217) 0.003

until 4 years 18 2.124 ±1.4866 > 17 0.958 ±0.5297 0.005

until 5 years 18 2.124 ±1.4866 > 17 0.958 ±0.5297 0.005

until 6 years 13 2.253 ±1.7165 > 20 1.092 ±0.5982 0.034

after year 1 19 2.030 ±1.5449 > 22 1.134 ±0.5854 0.026

after year 2 17 2.026 ±1.6095 > 20 1.155 ±0.5947 0.048

entire follow-up 20 1.946 ±1.5496 > 22 1.134 ±0.5854 0.037

USP18 at 24 month vs NEDA

until 4 years 10 2.586 (1.496 to 4.970) > 28 0.939 (0.583 to 2.074) 0.040

until 5 years 10 2.462 (1.353 to 3.834) > 28 0.939 (0.583 to 2.074) 0.016

N – number of cases; SD – standard deviation; IQR – interquartile range; USP18 – ubiquitin specific protease 18; *small groups.

Supplementary Table 3. Statistically significant differences in SOCS3 (all values in pg/mL) between patients with and without disease activity

Comparison
Non-active Active

p-value
N mean ±SD or median (IQR) N mean ±SD or median (IQR)

Baseline SOCS3 vs NEDA, relapses, MRI or progression: no significant differences

SOCS3 at 24 months vs NEDA

in year 2 29 0.000 (0.000 to 0.473) < 11 5.422 (0.101 to 14.834) 0.011

until 4 years 10 0.000 (0.000 to 1.338) < 28 0.000 (0.000 to 3.889) 0.042

SOCS3 at 24 months vs relapses

in year 2 31 0.000 (0.000 to 0.534) < 9 12.086 (0.303 to 44.016) 0.008

SOCS3 at 24 months vs progression

in year 2* 37 0.000 (0.000 to 0.726) < 3 12.086 (7.088 to 100.121) 0.021

SOCS3 at 24 months vs MRI

in year 2 34 0.000 (0.000 to 0.565) < 5 12.737 (1.766 to 44.016) 0.039

until 2 years 34 0.000 (0.000 to 0.565) < 5 12.737 (1.766 to 44.016) 0.039

SOCS3 change at 24 months vs MRI

until 2 years 33 –3.337 (–10.616 to –0.483) < 5 0.000 (–1.621 to 31.013) 0.016

in year 2 33 –3.337 (–10.616 to –0.483) < 5 0.000 (–1.621 to 31.013) 0.016

N – number of cases; SD – standard deviation; IQR –interquartile range; SOCS3 – suppressor of cytokine signaling 3.
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Supplementary Table 4. Statistically significant differences in viperin (all values in ng/mL) between patients with and without disease activity

Comparison
Non-active Active

p-value
N mean ±SD or median (IQR) N mean ±SD or median (IQR)

Baseline viperin vs NEDA

in year 2 31 0.760 ±0.4035 > 11 0.458 ±0.3156 0.031

Baseline viperin vs relapses

in year 2 33 0.763 ±0.3915 > 9 0.381 ±0.2922 0.010

Baseline viperin vs progression

until 2 years 38 0.670 (0.447 to 0.970) > 4 0.193 (0.0474 to 0.385) 0.005

until 3 years 34 0.670 (0.447 to 0.947) > 5 0.292 (0.0710 to 0.348) 0.003

until 4 years 29 0.776 (0.480 to 0.991) > 5 0.292 (0.0710 to 0.348) 0.002

until 5 years 28 0.780 (0.469 to 1.012) > 6 0.298 (0.0947 to 0.478) 0.005

until 6 years 25 0.687 (0.428 to 0.991) > 7 0.305 (0.144 to 0.510) 0.023

until 7 years 20 0.765 ±0.4301 > 10 0.440 ±0.2991 0.041

after year 7 14 0.503 (0.312 to 0.653) < 5 1.054 (0.839 to 1.124) 0.044

Baseline viperin vs MRI: no significant differences

Viperin at 24 months vs relapses

after year 4 17 0.570 (0.418 to 0.786) > 12 0.263 (0.0749 to 0.532) 0.024

after year 5 19 0.570 (0.360 to 0.734) > 8 0.241 (0.0749 to 0.412) 0.022

after year 6 19 0.570 (0.360 to 0.734) > 7 0.325 (0.152 to 0.426) 0.048

Viperin change at 24 months vs NEDA

in year 8 13 0.0133 (–0.188 to 0.187) > 6 –0.431 (–0.546 to –0.347) 0.005

until 2 years 21 –0.364 (–0.630 to 0.119) < 18 –0.124 (–0.326 to 0.355) 0.005

after year 7 12 0.0280 (–0.234 to 0.212) > 7 –0.364 (–0.534 to –0.271) 0.010

Viperin change at 24 months vs relapses

in year 2 30 –0.337 (–0.525 to 0.117) < 9 0.0834 (–0.116 to 0.650) 0.008

in year 5 23 –0.107 (–0.360 to 0.236) > 6 –0.529 (–1.089 to –0.371) 0.023

after year 3 15 0.0427 (–0.306 to 0.332) > 14 –0.367 (–0.546 to –0.107) 0.046

after year 4 17 0.0427 (–0.361 to 0.383) > 12 –0.367 (–0.758 to –0.124) 0.018

Viperin change at 24 months vs progression

in year 8 14 0.0109 (–0.326 to 0.163) > 5 –0.497 (–0.652 to –0.322) 0.010

until 2 years 35 –0.246 (–0.509 to 0.109) < 4 0.438 (0.107 to 0.661) 0.031

until 3 years 31 –0.246 (–0.509 to 0.109) < 5 0.355 (–0.0556 to 0.591) 0.047

until 4 years 26 –0.286 (–0.512 to 0.117) < 5 0.355 (–0.0556 to 0.591) 0.048

after year 7 14 0.0109 (–0.326 to 0.163) > 5 –0.497 (–0.652 to –0.322) 0.010

Viperin change at 24 months vs MRI

until 4 years 15 0.0427 (–0.384 to 0.332) > 17 –0.364 (–0.530 to –0.202) 0.033

until 5 years 15 0.0427 (–0.384 to 0.332) > 17 –0.364 (–0.530 to –0.202) 0.033

N – number of cases; SD – standard deviation; IQR – interquartile range; *small groups.
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Supplementary Table 5. Statistically significant differences in MxA (all values in ng/mL) between patients with and without disease activity

Comparison
Non-active Active

p-value
N mean ±SD or median (IQR) N mean ±SD or median (IQR)

Baseline MxA vs NEDA

after year 5 8 8.852 (2.570 to 26.005) > 9 1.404 (0.294 to 2.543) 0.027

Baseline MxA vs relapses: no significant differences

Baseline MxA vs progression

after year 1 16 3.844 (1.853 to 12.141) > 8 0.983 (0.196 to 2.052) 0.007

after year 2 17 3.829 (1.405 to 11.274) > 7 1.404 (0.435 to 2.078) 0.040

after year 5 11 3.860 (2.086 to 19.293) > 6 0.983 (0.393 to 2.001) 0.020

entire follow-up 16 3.844 (1.853 to 12.141) > 8 0.983 (0.196 to 2.052) 0.007

MxA at 24 months vs NEDA: no significant differences

MxA at 24 months vs relapses: no significant differences

MxA at 24 months vs progression

after year 1 12 8.127 (3.118 to 15.994) > 7 2.536 (0.000 to 3.404) 0.022

after year 2 12 8.127 (3.118 to 15.994) > 6 2.536 (0.000 to 3.404) 0.025

after year 3 10 11.269 (3.228 to 17.155) > 5 2.774 (1.723 to 4.216) 0.040

entire follow-up 13 7.718 (3.173 to 15.414) > 6 2.536 (0.000 to 3.404) 0.022

MxA at 24 months vs MRI

until year 6 6 2.891 (0.393 to 3.228) < 9 7.718 (3.127 to 15.414) 0.050

MxA change at 1 month vs relapses: no significant differences

N – number of cases; SD – standard deviation; IQR – interquartile range; MxA – myxovirus resistance protein A.
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Abstract
Background. Clinical cases have been reported with women who got pregnant with confirmed low serum 
anti-Müllerian hormone (AMH) concentrations, thus demonstrating that low serum AMH concentration 
cut-points could be fairly specific for poor ovarian response (POR) to gonadotrophin stimulation, but not 
for pregnancy. That observation prompted the question whether serum AMH concentration accurately cor-
responded to the whole amount of AMH secreted by granulosa cells.

Objectives. To measure AMH levels in peritoneal fluid and their correlations with serum AMH concentrations.

Material and methods. The reported study involved 48 female patients, aged 18–40 years, diagnosed 
with benign ovarian cysts and qualified for a laparoscopic cystectomy. Prior to surgery, the ovarian reserve was 
assessed using serum AMH concentration assay. The peritoneal fluid was also collected during the laparoscopy 
and AMH concentrations in peritoneal fluid were measured.

Results. The AMH present in the peritoneal fluid strongly correlated with AMH levels in blood serum 
(r = 0.54; p < 0.001) and higher serum AMH concentrations corresponded to higher AMH concentrations 
in the peritoneal fluid. There was also a significant correlation between AMH levels in serum and in peritoneal 
fluid, collected from patients with endometrioma and other benign cysts (r = 0.61; p = 0.001 vs r = 0.43; 
p = 0.03).

Conclusions. The AMH is present in the peritoneal fluid and its concentrations significantly correlate with 
AMH levels in serum. The assessment of AMH concentration in the peritoneal fluid may be a valuable comple-
ment to the evaluation of ovarian reserve and the diagnosis of infertility after adnexal surgery.

Key words: anti-Müllerian hormone, peritoneal fluid, ovarian reserve, endometrioma, fertility
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Introduction

The  anti-Müllerian Hormone (AMH) is  produced 
in granulosa cells and its highest concentration is present 
in the granulosa cells of the secondary, preantral and small 
antral follicles.1 It exerts an inhibitory effect on primordial 
follicle recruitment and may also inhibit, through its para-
crine action, the follicle-stimulating, hormone-dependent 
selection of follicles for dominance.2 It  is secreted into 
the blood, which makes it possible to measure it in blood 
serum. The AMH concentration in serum reflects the pool 
of ovarian follicles, while a reduced amount of antral fol-
licles may result in a decreased serum AMH level. That 
is why AMH concentration in serum seems to be a reliable 
marker in the evaluation of ovarian reserve.1–3

According to the opinions of both the American  Society 
for Reproductive Medicine and the  American College 
of  Obstetricians and Gynecologists, no test of  ovar-
ian reserve is likely to be precise enough for an accurate 
evaluation of the chances for spontaneous conception. 
On the other hand, there is a prevailing opinion that AMH 
and the antral follicle count (AFC) are promising predic-
tive markers, especially in the cases of poor ovarian reserve 
(POR), which corresponds to women in the reproductive 
age and with regular menses whose response to ovarian 
stimulation or fecundity is reduced compared to other 
women in a comparable age.3–6 The studies revealed that 
AMH concentrations between 0.2 ng/mL and 0.7 ng/mL 
had been highly sensitive (40–97%) and specific (78–92%) 
to discriminate a diminished ovarian reserve (<3 follicles 
or 2–4 retrieved oocytes) or a poor response to gonado-
trophin stimulation in a population of women qualified 
to in vitro fertilization (IVF); however, those cut-points 
were neither sensitive nor specific enough to precisely 
predict the chances for pregnancy.3,7,8 The average AMH 
levels, which corresponded to normal ovarian reserve, 
ranged between 2.5 ng/mL and 2.7 ng/mL. Regarding those 
values, the AMH test demonstrated sensitivity and speci-
ficity to clinical pregnancy with 83% and 82% accuracy, 
respectively, with the positive predictive value of 67–77%, 
and the negative predictive value of 61–87%, respectively.9

As we can see, measuring serum AMH concentrations 
to estimate chances for clinical pregnancy at very low 
or even hardly detectable values does not always validate 
the actual status. There have been a  few clinical cases 
of women who responded to gonadotrophin stimulation 
or got pregnant, regardless of very low AMH concentra-
tions – below 1.1 ng/mL.3

Those findings prompted the question of whether se-
rum AMH concentrations accurately reflect the amount 
of AMH secreted by granulosa cells, thereby corresponding 
to the woman’s reproductive potential. In order to answer 
this question and assuming that ovarian follicles release 
their contents (including AMH) into the peritoneal cavity, 
a comparison juxtaposing AMH concentration levels in se-
rum with those in the peritoneal fluid seemed necessary.

The aim of the study was to determine the presence 
of AMH in the peritoneal fluid and compare its concen-
tration with that of blood serum.

Material and methods

The study was carried out at the Department of Opera-
tive Gynecology and Gynecological Oncology at the Pol-
ish Mother’s Memorial Hospital Research Institute, Łódź, 
Poland, during the  years 2014–2016. Peritoneal f luid 
samples were collected from female patients at the age 
of 18–40 years to assess AMH concentration levels. All 
those patients were qualified for a laparoscopic cystectomy 
for benign unilateral ovarian cysts. The exclusion criteria 
eliminated women at the age below 18 or above 40.

During laparoscopy, when a camera and 2 trocars were 
inserted, a volume of 5 mL of peritoneal fluid was aspi-
rated from the Douglas cavity. The fluid samples were 
collected before the onset of cystectomy procedure and 
the cyst sac opening, to avoid contamination with either 
blood or cyst secretions. Prior to the operation, each pa-
tient provided 5 mL of blood for serum AMH concentra-
tion assay. The collected peritoneal fluid was centrifuged 
and serum was separated from the whole blood, trans-
ferred to sterile polypropylene tubes and stored at −20°C 
until assay. Serum AMH concentrations were measured 
using a Beckman Coulter Gen II enzyme immunoassay 
kit (Beckman Coulter Poland, Warszawa, Poland; www.
beckman.com), according to its manufacturer’s instruc-
tions. A total of 48 patients were recruited, out of whom 24 
were diagnosed with endometrioma and 24 with ovarian 
cysts other than endometrioma.

The  study was approved by  the  Ethics Committee 
of the Medical University of Lodz, Poland, and informed 
consent forms were obtained from all the included patients.

Statistical analysis

All the  data was analyzed using STATISTICA v.  12 
software package (StatSoft, Inc., Tulsa, USA). The Mann–
Whitney U test was applied instead of Student’s t test, 
when variables did not pass the normality test. Spearman’s 
correlation coefficient and the simple regression test were 
used to reveal relations among variables. P-value <0.05 was 
considered statistically significant.

Results

Table 1 presents clinical characteristics of the recruit-
ed patients, including their obstetric and gynecological 
history, histopathological evaluation of operated cysts 
and the clinical stage of endometriosis observed during 
laparoscopy. The mean age of the recruited patients was 
30.3 ±5.2 years.
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The study confirmed the presence of AMH in the peritoneal 
fluid samples with a concentration range of 4.69 ±3.14 ng/mL. 
The concentration of AMH in the peritoneal fluid did not 
differ significantly from that in blood serum, assayed be-
fore the  laparoscopic cystectomy (4.69 ±3.14 ng/mL vs 
4.58 ±3.54 ng/mL, p = 0.58). A strong and statistically sig-
nificant correlation was thus established between serum 
AMH concentrations before surgery and AMH concen-
trations in the peritoneal fluid (r = 0.54, p < 0.001) (Fig. 1). 
The higher was serum AMH concentration, the higher was 
the concentration of AMH in the peritoneal fluid.

When the study group was divided into patients with 
endometrial cysts and with cysts other than endometrio-
ma, no significant difference was found between the mean 
AMH concentrations in  serum and in  the  peritoneal 
fluid (4.12 ±2.7 ng/mL vs 5.56 ±3.4 ng/mL, p = 0.3; and 
4.05 ±2.71 ng/mL vs 5.55 ±3.26 ng/mL, p = 0.12). A sig-
nificant correlation was found in both groups between 
serum and peritoneal fluid AMH concentrations. However, 
the correlation strength was definitely higher in the en-
dometrial cyst group, in comparison to the group of pa-
tients with conditions other than endometrioma (r = 0.61, 
p = 0.001 vs 0.43, p = 0.03).

Regarding the Bologna criteria, in which POR is defined 
as AMH < 1.1 ng/mL, there were only 3 such patients in our 

study group.10 In only 1 patient was the concentration 
of AMH in the peritoneal fluid significantly higher than 
that in serum (1.22 ng/mL vs 0.6 ng/mL, respectively).

Discussion

In practice, the procedures related to assistive reproduc-
tive technology (ART) require a reliable marker to evaluate 
the quality of obtained oocytes. Consequently, a concept was 
developed to determine AMH concentration in the secretion 
of ovarian follicles. The secretions from smaller follicles pro-
vided a 3 times higher AMH titer, compared to larger follicles, 
which proved a reduced AMH secretion during ovarian fol-
licle maturation. In addition, the AMH levels from follicular 
secretion correlated strongly with the number of AFC ob-
served in the early first phase of the menstrual cycle. The high 
levels of AMH in the follicular secretion correlated strongly 
with the number of clinically observed pregnancies. However, 
the quality of obtained embryos did not significantly differ 
in the group with low and high AMH levels in follicular secre-
tions. Such reports gave the authors the basis for a hypothesis 
about certain importance of AMH as a qualitative marker 
in the assessment of ovarian reserve.4,11–14

Evaluating only AMH in blood serum seems incomplete 
when trying to assess the ovarian reserve. For example, 
young girls may have a high ovarian reserve, but their se-
rum AMH concentrations are low. Therefore, it may be 
suspected that the concentration of AMH in blood se-
rum may not entirely reflect the produced AMH volume. 
Hence, an idea occurred to assess the presence and con-
centration of AMH in peritoneal fluid. In fact, we found 
only 1 report in the available medical literature, evaluating 
the concentration of AMH in peritoneal fluid, but it was 
published after we started the collecting of samples. Our 
findings are confirmed in that study, carried out by Hipp 
et al. The authors compared AMH concentrations in plas-
ma and in peritoneal fluid from women, operated for endo-
metriosis and from a control group. They did not observe 
any significant differences in plasma or peritoneal fluid 
AMH concentrations in women with endometriosis com-
pared to the controls. Moreover, they also found a signifi-
cant correlation between AMH concentrations in plasma 
and in peritoneal fluid.15 In addition, the authors claim 
that AMH concentrations in plasma may be a marker for 
peritoneal AMH in studies evaluating the local effects 
of AMH, especially in endometriosis.15 Our results con-
firm that statement with the observed strong correlation 
between AMH concentrations in serum and in peritoneal 
fluid in our group of patients with endometriomas.

Except for 1 study, all the other found reports described 
assessments of AMH levels in ovarian follicles. The first 
study in  which the  concentration of  AMH was mea-
sured in follicular secretion, was the work of Fallat et al. 
from 1997.16 In their study, only polycystic ovaries syn-
drome (PCOS) and endometrial cysts were evaluated and 

Table 1. Characteristic of the study group

Age [years]
mean
SD

30.3
±5.2

Previous pregnancies n %

Inrauterine
*childbirth
*misscariages
ectopic pregnancy

18
 3
 0

37.5
 6.2

0

Primary infertility  5 10.4

Secondary infertility  4  8.3

Previous abdominal surgery  5 10.4

Adnexitis in medical history  0 0

Histopathological diagnosis 
of the operated cysts:

*endometriomas 24 50.0

*Other than endometrioma:
simple cysts
mature teratoma
other

 7
12
 5

14.6
25.0
10.4

Fig. 1. Correlation of AMH concentration in peritoneal fluid with serum 
concentration before surgery
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a higher concentration of AMH in the follicular secretion 
in women with PCOS was found, compared to women with 
endometrial cysts. The authors did not, however, compare 
the concentrations of AMH in follicles and in blood serum.

Currently, a report can be found in which AMH was 
assayed in secretion from the ovarian follicles during quali-
fication for ART.4,11–13 As mentioned above, those studies 
showed a decrease in AMH secretion during ovarian fol-
licular maturation and a strong correlation of AMH con-
centration with the number of antral follicles in the early 
first phase of the menstrual cycle.4,11–13 However, the fol-
licular secretion of AMH was not compared either with 
AMH concentration in serum or peritoneal fluid.

The results of our study did not show any significant 
difference between AMH concentrations in serum and 
in the peritoneal fluid. On the other hand, a strong and sta-
tistically significant correlation was found between serum 
AMH concentration before surgery and the concentration 
of AMH in peritoneal fluid. The higher was the concen-
tration of AMH in the peritoneal fluid, the higher was 
the concentration of AMH in blood serum. These results 
prove that the amount of AMH secreted to peritoneal flu-
id corresponds to AMH concentration in serum, which 
means that serum AMH concentration correctly reflects 
the secretion of AMH by granulosa cells and, therefore, 
the ovarian reserve.

Our results also suggest that our patient, whose AMH 
concentration levels in peritoneal fluid significantly dif-
fered from those in serum AMH concentration before sur-
gery, may have had an abnormal secretion of AMH into 
blood serum. We thus believe that peritoneal fluid collec-
tion during laparoscopic cystectomy for AMH assay may 
be a valuable complement to ovarian reserve evaluation and 
a fairly reliable prognosis of fertility after surgery, especially 
in patients with low serum AMH values (<1.1 ng/mL) prior 
to surgery and in patients with endometriomas, in whom 
the surgery may potentially diminish the ovarian reserve. 
However, this hypothesis requires further research.

The weakness of our study was the rather small num-
ber of patients with low AMH in whom the difference 
between serum and peritoneal fluid AMH levels was 
evident. The strength of the study was the measurement 
of AMH in peritoneal fluid and its comparative juxtaposi-
tion with serum AMH levels in a very homogeneous group 
of patients.

Conclusions

The AMH is present in the peritoneal fluid and its con-
centrations significantly strongly correlate with AMH 
levels in blood serum. The assay of AMH levels in perito-
neal fluid may then be a valuable complement to ovarian 
reserve evaluation and a valuable marker for the prognosis 
of infertility after adnexal surgery.
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Abstract
Background. Evaluating health-related quality of life (HR-QoL) is important in urological oncology.

Objectives. To evaluate the impact of minimally invasive radical cystectomy (RC) on the patients’ QoL 
depending on the surgical strategy (laparoscopic compared to robotic).

Material and methods. The study involved 110 patients divided into 2 groups: group 1 (n = 65), quali-
fied for robotic-assisted RC (RARC), and group 2 (n = 45), qualified for laparoscopic RC (LRC). A prospective 
analysis of QoL was performed. In the study, we used sociodemographic data taken from the patients’ medical 
records, and data from standardized questionnaires of QoL surveys entitled Functional Assessment of Cancer 
Therapy – General (FACT-G) and Functional Assessment of Cancer Therapy for Bladder Cancer (FACT-Bl).

Results. In the patients who had undergone LRC, a statistically significant difference in HR-QoL was noted 
only for the subjective well-being (SWB) domain regarding family and social life: The patients had higher 
SWB values before surgery than after it. In the patients who had undergone RARC, statistically significant 
differences in HR-QoL were noted in 3 domains: 1) SWB – family and social life, 2) FACT-Bl assessment 
and 3) FACT-G assessment. Both before and after surgery, no statistically significant differences were found 
between the 2 groups for any of the HR-QoL domains.

Conclusions. The surgical technique of minimally invasive endoscopic RC used (laparoscopic or robotic) 
does not affect HR-QoL domains.

Key words: radical cystectomy, quality of life, urinary diversion, laparoscopic, robotic-assisted
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Introduction

In modern urological oncology, more and more emphasis 
is being placed nowadays on evaluating patients’ health-
related quality of life (HR-QoL). In general, the research 
largely focuses on patients with urinary bladder cancer 
who have been qualified for radical cystectomy (RC).1,2 
The RC is the standard treatment for localized muscle-
invasive bladder cancer. An integral part of RC is the cre-
ation of a urinary diversion after the cystectomy. Currently, 
2 types of urinary diversion are commonly used: abdomi-
nal diversion (ureterocutaneostomy or ileal conduit) and 
urethral diversion (orthotopic bladder substitution).3 Uri-
nary diversion rather than urinary bladder removal seems 
to have a significant impact on the patients’ QoL, necessitat-
ing lifestyle changes and often causing stress to the patient.

The ultimate goal of HR-QoL assessment is to examine 
the impact of the type of treatment on the patient’s health, 
taking into account their physical and emotional condition 
as well as social and functional domains. There are several 
instruments for HR-QoL assessment in patients with uri-
nary bladder cancer. These tools are characterized by dif-
ferent development and validation phases and different 
contexts of use, depending on the depth of tumor infiltra-
tion, the applied therapeutic method or the urinary diver-
sion technique after RC. Initial assessments of HR-QoL use 
basic tools designed to assess the overall QoL in patients 
with cancer: the European Organization for the Research 
and Treatment of Cancer Quality of Life Questionnaire 
(EORTC QLQ-C30) and the  Functional Assessment 
of Cancer Therapy – General (FACT-G) questionnaire.4,5

The aim of the current study was to evaluate the impact 
of minimally invasive RC on the HR-QoL of patients de-
pending on the surgical strategy used: laparoscopic com-
pared to robotic.

Material and methods

Study groups

Out of 156 consecutive patients with muscle-invasive uri-
nary bladder cancer, 110 were included in the study. The pa-
tients were divided into 2 groups according to the mini-
mally invasive surgical technique used during RC. Group 1 
consisted of 65 patients qualified for robotic-assisted RC 
(RARC); group 2 encompassed 45 patients qualified for lap-
aroscopic RC (LRC). In each of the main groups, the patients 
were divided into subgroups depending on whether or not 
they had postoperative complications during their planned 
hospitalization. The division of the patients into these sub-
groups was based on the Clavien–Dindo classification.

The  study was approved by  the  Ethics Committee 
of the Collegium Medicum, Nicolaus Copernicus Uni-
versity (Bydgoszcz, Poland; approval No. 60/2016 dated 
January 26, 2016, and the annex dated March 21, 2017).

Inclusion and exclusion criteria

The inclusion criteria for the study were: 1) urinary blad-
der cancer qualified for RC; and 2) voluntary informed 
written consent to participate in the study. The exclusion 
criteria were: 1) RC due to neuromuscular urinary bladder 
dysfunction, prostate cancer or a primary tumor of an or-
gan other than the urinary bladder; 2) changing the op-
erating technique from LRC or RARC to open surgery, 3) 
senile dementia and/or the presence of a mental illness 
preventing an informed and voluntary decision regarding 
participation in the study; 4) confirmed homelessness; and 
5) refusal to participate in the study for subjective reasons.

On the basis of the exclusion criteria, 46 patients out 
of 156 were not enrolled in the study, including 20 who 
underwent LRC and 26 who underwent RARC. Twelve 
patients from the LRC group did not agree to participate 
in the study, and the remaining 8 patients did not meet 
the inclusion criteria. In the non-included RARC group, 
13 refused to participate and 13 were excluded.

HR-QoL assessment

A prospective analysis of QoL of the patients qualified for 
RC was performed. In order to find out the QoL of patients 
undergoing RC, depending on the surgical technique used 
and long-term complications noted, the diagnostic survey 
method was used. In the study, we used sociodemographic 
data taken from medical records of patients and data from 
standardized questionnaires of QoL surveys: FACT-G, used 
to assess the physical condition, family and social life, emo-
tional state and functioning in everyday life in patients with 
any type of cancer, and the Functional Assessment of Can-
cer Therapy – Bladder (FACT-Bl) to assess complaints and 
treatment related directly to urinary bladder cancer.

The FACT-Bl is a reliable, approved and flexible ques-
tionnaire used in many types and stages of urinary bladder 
cancer treatment developed by the Functional Assessment 
of Chronic Illness Therapy (FACIT) group.6 It differs from 
EORTC instruments in that it has been validated and de-
signed to compare HR-QoL between patients with muscle-
invasive bladder cancer (MIBC) and those with non-mus-
cle-invasive bladder cancer (NMIBC). The form consists 
of 27 questions from the general version of the FACT-G ques-
tionnaire, divided into 4 domains − physical, social/family, 
emotional, and functional − accompanied by 12 questions 
specific to urinary bladder cancer. These questions relate 
to urine function, bowel function, sexual function, body 
image, appetite and stoma care, and are rated on a scale 
of 0 to 4. The bladder-specific answers are added together 
and added to the FACT-G result. A high number of points 
indicates better HR-QoL. All the questions in the survey 
relate to the patient’s HR-QoL over the previous week.

On the basis of the FACT-G form, a questionnaire en-
titled Functional Assessment of Cancer Therapy – Bladder 
Cystectomy (FACT-Bl) formerly known as the Venderbilt  
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Cystectomy Index (FACT-VCI), was also developed. It is 
a validated tool designed for HR-QoL measurement in pa-
tients undergoing radical cystectomy. The questionnaire 
reserved for patients with urinary bladder cancer focuses 
mainly on clinical symptoms related to urinary bladder, 
gastro-intestinal and sexual dysfunction after radical 
cys tectomy.6–9

The FACIT group approved the use of the FACT-G and 
FACT-Bl questionnaires in Polish. The prospective mea-
surements were taken twice: before surgery and within 
a  period of  ≤12  months after surgery. Before surgery, 
the patients completed the questionnaires given to them 
in the hospital by a researcher. The 2nd measurement was 
done using the postal survey method or with the Com-
puter-Assisted Telephone Interviewing (CATI) method.

Statistical analysis

The results are expressed as means ± standard deviation 
(SD). To check the significance of differences in the level 
of the QoL before and after the procedures, a parametric 
Student’s t-test for dependent samples (when the condi-
tion of difference distribution normality was met) and 
a non-parametric Wilcoxon pair order test (when there 
was non-normal distribution) were used. Statistical sig-
nificance was set at p ≤ 0.05 for all the tests. The statistical 
calculations were performed using STATISTICA v. 10 PL 
software (StatSoft Polska, Kraków, Poland).

Results

Group characteristics

The  results showed that the  baseline health status 
of the patients in group 1 (RARC) was worse than in the pa-
tients in group 2 (LRC). In group 2, 53% of the patients 
were at the pTa-pT2 stage of cancer progression according 
to the TNM scale; group 1 included a 4% lower rate of pa-
tients at this stage of the disease (49%). A higher percentage 
of patients at the advanced pT3-pT4 stage of cancer was 
observed in group 1 (51%) than in group 2 (47%). The pa-
tients in group 1 were characterized by a more frequent 
occurrence of comorbidities; the differences between the 2 
groups were 6% for cardiovascular diseases and 11% for 
diabetes. There were no statistically significant differences 
between the 2 groups in terms of body mass index (BMI) 
or American Society of Anesthesiologists (ASA) physical 
status scores.

Group 1 (RARC) included 16 women and 49 men with 
a mean age of 70 years (range: 52–87 years). The subgroup 
of RARC patients who had no postoperative complica-
tions during their planned hospitalization was made up 
of 17 patients, including 13 men and 4 women. The sub-
group of RARC patients with postoperative complications 
during their planned hospitalization comprised 48 cases, 

including 36 men and 12 women. A total of 48 group 1 pa-
tients survived the one-year follow-up period: 20 patients 
with ureterocutaneostomy (42%) and 28 patients with ileal 
conduits (58%).

Group  2 (LRC) included 6  women and 39  men with 
a mean age of 66 years (range: 43–86 years). The subgroup 
of LRC patients who had no postoperative complications 
during their planned hospitalization consisted of 14 people 
(13 men and 1 woman). The subgroup of LCR patients who 
had complications during their planned hospitalization 
consisted of 31 patients, including 26 men and 5 women. 
A total of 27 group 2 patients survived the one-year follow-
up period: 16 patients with ureterocutaneostomy (59%) and 
11 patients with ileal conduits (41%).

Hospitalization time

Our results revealed no significant relationship between 
the  surgical technique used and hospitalization time. 
In group 1, the hospitalization time was shorter by an aver-
age of 2 days compared to group 2. The duration of hospital-
ization in the subgroup of patients in whom no postoperative 
complications were noted was the same for both analyzed 
groups. The greatest difference in the length of hospital 
stay following RC surgery was observed in the subgroups 
of patients with postoperative complications; the time was 
shorter for the RARC group (12 days) compared to the LRC 
group (16 days). The results obtained in this regard are con-
sistent with the results regarding the scale of complications. 
Patients from the RARC group had a lower rate of Grade 
III–V complications (Clavien–Dindo Scale) compared 
to the LRC technique, resulting in a shorter hospitalization.

Urinary diversion

In  the  group of  patients operated on  using the  LRC 
technique, ureterocutaneostomy (71%) was most often 
chosen as a method of urinary diversion. In the patients 
operated on with the RARC technique, the urinary di-
version methods used were equally divided (51% for ure-
terocutaneostomy compared with 49% for ileal conduit). 
The study showed a  statistically significant difference 
in the method of reconstruction of the urinary tract be-
tween the LRC and RARC groups (p = 0.0329). A higher 
percentage of urinary diversion procedures using an ileal 
fragment (49%) was noted among patients after RARC. 
A statistically significant relationship between the surgi-
cal technique and the urinary diversion procedure was 
also found in the subgroup of patients with postoperative 
complications (p = 0.0281).

HR-QoL assessment

The 48 RARC patients and 27 LRC patients who survived 
the one-year follow-up period were included in the post-
operative HR-QoL assessment. In both groups, males, 
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people living in urban areas and respondents receiving 
retirement benefits constituted larger shares. The average 
age in the LRC group was 64 years (range: 54–75 years); 
the average age in the RARC group was 68 years (range: 
52–87 years).

The results regarding the clinical data of the patients 
included in the QoL assessment after RC surgery did not 
show any significant differences between the 2 groups. 
In the LRC group, 59% of the patients underwent ure-
terocutaneostomy (n = 16) and 41% ileal conduits (n = 11). 
In the RARC group, 42% of the patients underwent ure-
terocutaneostomy (n = 20) and 58% ileal conduits (n = 28). 
Among the respondents who assessed their HR-QoL after 

RC surgery, 40% of those in the RARC group and 30% 
in the LRC group had pT3-pT4 level cancer. Patients from 
the RARC group who survived the one-year follow-up were 
characterized by higher rates of comorbidities than the pa-
tients who had undergone LRC.

In  the  patients who had undergone LRC, a  statisti-
cally significant difference in HR-QoL occurred only for 
the subjective well-being (SWB) domain regarding fam-
ily and social life (p = 0.0487). All of these patients had 
higher SWB values before surgery than after surgery. For 
other QoL domains, no statistically significant differences 
were found between the results before and after surgery 
(p > 0.05) (Table 1).

Table 1. Comparison of HR-QoL domains in patients before and after minimally invasive RC

Minimally invasive RC

HR-QoL domains time n mean SD p-value

PWB
Physical well-being domain

before LRC
27

20.4 5.8
0.8699

after LRC 20.1 5.4

before RARC
48

19.4 6.8
0.6248

after RARC 18.9 5.2

SWB
Family-social well-being domain

before LRC
27

22.1 4.7
0.0487

after LRC 19.6 3.8

before RARC
48

23.0 3.5
0.0001a

after RARC 19.0 5.4

EWB
Emotional well-being domain

before LRC
27

13.8 5.4
0.3648

after LRC 14.8 4.7

before RARC
48

13.3 5.1
0.7536

after RARC 13.6 5.2

FWB
Functional well-being domain

before LRC
27

18.1 6.0
0.8847

after LRC 18.3 4.7

before RARC
48

17.9 5.9
0.2379

after RARC 16.6 5.5

Bl
Other ailments related to
urinary bladder cancer

before LRC
27

30.3 6.6
0.0962a

after LRC 32.1 6.2

before RARC
48

29.1 6.7
0.0333

after RARC 31.9 6.9

TOI
Trial Outcome Index

before LRC
27

68.8 14.6
0.6721

after LRC 70.7 14.3

before RARC
48

66.5 15.3
0.8944

after RARC 66.9 15.8

FACT–G
Functional Assessment of 
Cancer Therapy – General

before LRC
27

74.4 15.6
0.7163

after LRC 72.8 15.7

before RARC
48

73.7 14.4
0.0468

after RARC 68.1 16.5

FACT–Bl
Functional Assessment of 
Cancer Therapy – Bladder 

before LRC
27

104.8 19.6
0.9322

after LRC 104.3 20.3

before RARC
48

103.1 19.3
0.3563

after RARC 99.6 22.6

aWilcoxon pair order test result; HR-QoL – health-related quality of life; RC – radical cystectomy; LRC – laparoscopic radical cystectomy; RARC – robotic-
assisted radical cystectomy; SD – standard deviation; n – number of patients.
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In  the  patients who had undergone RARC, statisti-
cally significant differences in the HR-QoL were found 
for the following domains: 1) the SWB domain concern-
ing family and social life (p < 0.0001), where the patients 
had higher SWB values before surgery than after surgery; 
2) FACT-Bl (p = 0.0333), where the patients had higher 
values after the procedure than before the procedure; and 
3) FACT-G (p = 0.0468), where the patients had higher 
values before surgery than after it. For the remaining QoL 
domains, no statistically significant differences were found 
between the results before and after surgery (p > 0.05) 
(Table 1).

Both before and after surgery, no statistically significant 
differences were found between the RARC patients and 
the LRC patients for any of the HR-QoL domains (p > 0.05). 
The HR-QoL of the patients in both groups was assessed 
at a similar level before RC surgery (Table 2).

Discussion

Health-related QoL assessment plays a significant role 
in  the  treatment of  oncological diseases. In  addition 
to ascertaining whether and how patients benefit from 

Table 2. Comparison of HR-QoL domains in patients before and after minimally invasive radical cystectomy (LRC compared with RARC)

Minimally invasive radical cystectomy

HR-QoL domains time n mean SD p-value

PWB
Physical well-being domain

before LRC 27 20.4 5.8
0.6662(a)

before RARC 48 19.4 6.8

after LRC 27 20.1 5.4
0.3414

after RARC 48 18.9 5.2

SWB
Family-social well-being domain

before LRC 27 22.1 4.7
0.3516

before RARC 48 23.0 3.5

after LRC 27 19.6 3.8
0.6154(a)

after RARC 48 19.0 5.4

EWB
Emotional well-being domain

before LRC 27 13.8 5.4
0.6786

before RARC 48 13.3 5.1

after LRC 27 14.8 4.7
0.3278

after RARC 48 13.6 5.2

FWB
Functional well-being domain

before LRC 27 18.1 6.0
0.8926

before RARC 48 17.9 5.9

after LRC 27 18.3 4.7
0.1853

after RARC 48 16.6 5.5

Bl
Other ailments related to
urinary bladder cancer

before LRC 27 30.3 6.6
0.4759(a)

before RARC 48 29.1 6.7

after LRC 27 32.1 6.2
0.9298

after RARC 48 31.9 6.9

TOI
Trial Outcome Index

before LRC 27 68.8 14.6
0.5276

before RARC 48 66.5 15.3

after LRC 27 70.7 14.3
0.3078

after RARC 48 66.9 15.8

FACT–G
Functional Assessment of 
Cancer Therapy – General

before LRC 27 74.4 15.6
0.8484

before RARC 48 73.7 14.4

after LRC 27 72.8 15.7
0.2361

after RARC 48 68.1 16.5

FACT–Bl
Functional Assessment of 
Cancer Therapy – Bladder 

before LRC 27 104.8 19.6
0.7192

before RARC 48 103.1 19.3

after LRC 27 104.3 20.3
0.3760

after RARC 48 99.6 22.6

aMann–Whitney U test result; HR-QoL – health-related quality of life; RC – radical cystectomy; LRC – laparoscopic radical cystectomy; RARC – robotic-
assisted radical cystectomy; SD – standard deviation; n – number of patients.
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the treatment, assessing QoL facilitates the planning and 
implementation of long-term care. A relationship between 
the clinical stage of oncological disease, the type of treat-
ment and the patients’ QoL has been observed. Patients 
with chronic disease adjust to the current situation faster 
by lowering their expectations.10

Ureterocutaneostomy is the simplest form of inconti-
nent cutaneous diversion. Operating times, complication 
rates, the duration of stays in intensive care, and the length 
of hospital stays are lower in patients treated with uretero-
cutaneostomy as compared to ileal conduits.11 Therefore, 
in older or compromised patients who need a supravesical 
diversion, ureterocutaneostomy is the preferred procedure. 
The basic assumptions gained from previous studies are 
that patients with continent cutaneous or orthotopic di-
versions may have improved QoL compared to those with 
incontinent ileal conduit urinary diversions.11 In a study 
by Gilbert et al., the QoL of patients who had undergone 
ileal conduit and ureterocutaneostomy procedures was 
assessed using the Bladder Cancer Index (BCI), which 
showed equal urinary bother and function scores for 
both groups of patients.12 Others have demonstrated that 
in carefully selected elderly patients, all forms of wet and 
dry urinary diversions, including orthotopic bladder sub-
stitutions, are possible.13

Quality of life is a dynamic, multidimensional construct 
that changes over time and can be affected by the experi-
ence of both the patients and the healthcare providers. 
The HR-QoL assesses the impact of illness on the subject’s 
life and is considered an important component of patients’ 
attitudes to their cancer. The range of parameters assessed 
with an HR-QoL questionnaire includes physical func-
tion, symptoms, global judgment of health, psychological 
and social well-being, cognitive functioning, roles and ac-
tivities, personal attitudes, and satisfaction with care.14–16 
Patients’ acceptance of a stoma and rehabilitation in cas-
es of ileal conduit diversion varies widely, but generally 
it can be said that urinary diversion is not an operation 
that renders the subject an invalid; psychosocial reintegra-
tion is possible, and adequate preoperative information, 
particularly on sexual status, is very important.17 Regard-
ing postoperative status, patients with an ileal conduit 
usually have the poorest self-image, defined by a decrease 
in sexual desire and all forms of sexual and nonsexual 
physical contact.17 The advantages of various forms of con-
tinent urinary diversion are the presumed improvements 
in QoL compared with conduit diversion. However, con-
tinent urinary diversion may have some disadvantages 
as well. From a technical point of view, continent forms 
of diversion are more challenging and time-consuming, 
and patients leave the hospital with indwelling catheters. 
Once the catheters are removed, the patients must un-
dergo a period of education in the techniques required 
to properly care for the reservoir or neobladder. Patients 
are also at a higher risk for diarrhea and vitamin B12 mal-
absorption. However, it is generally believed that the QoL 

advantages of  continent urinary diversions outweigh 
the potential disadvantages.18,19

Our results revealed that the patients who had undergone 
LRC were distinguished by slightly higher value indices for 
individual domains making up the overall QoL assess-
ment than those who had undergone RARC. In the respon-
dents who had undergone RARC, attention should be paid 
to the higher number of patients whose urine was drained 
using an ileal conduit, the higher number of patients with 
cancer at  the pT3-pT4 level and the higher percentage 
of patients who were re-hospitalized due to complications 
than in the LRC group. The respondents who underwent 
RARC were on average 4 years older than the patients 
who had LRC. Despite the worse clinical data of the pa-
tients in the RARC group, no significant differences were 
found between the 2 study groups in the subjective as-
sessments of QoL either before or after surgery. Moreover, 
when interpreting the results for the subjective assessment 
of HR-QoL, attention should be paid to the guidelines 
on the minimum and maximum score possible for each 
domain. The highest achievable result, indicating the best 
perceived QoL, for the HR-QoL domain for cancer (FACT-
G), is 108 points, as opposed to 156 points for the domain 
testing HR-QoL for urinary bladder cancer (FACT-Bl).

For patients from the  LRC group before surgery, 
the FACT-G QoL was rated 31% lower than the maximum 
value, i.e., 33.6 points on average. After surgery, the indi-
cator fluctuated around 33%, i.e., on average 35.2 points 
lower than the maximum possible. On FACT-Bl, the points 
scored were 33% (51 points) lower than the maximum 
before surgery and 33% (52 points) lower after surgery. 
The patients in the RARC group scored 32% (34 points) be-
low the possible maximum on FACT-G before surgery and 
37% (40 points) below the maximum value after surgery. 
On FACT-Bl, the RARC patients scored 34% (53 points) 
lower than the possible maximum before the procedure 
and 36% (56 points) lower after the procedure.

Our observations regarding the assessment of the LRC 
patients’ QoL before and after surgery showed a significant 
decrease in the value of the family and social life domain 
(p = 0.0487). Lower values   after surgery were also noted for 
the domain dealing with the patient’s psychological well-
being. Similarly, the assessment of the RARC patients’ QoL 
before surgery compared to the one-year follow-up showed 
a significant difference for the family and social life do-
main (p = 0.0001). In addition, deterioration in the physical 
condition and functioning in everyday life of patients was 
observed. A significant difference was noted in the RARC 
patients’ FACT-Bl results, which were better after surgery 
(p = 0.0333), and in FACT-G results, which were worse after 
the observation period (p = 0.0468). Analysis of the FACT-
G and FACT-Bl responses shows that the patients in both 
study groups rated their HR-QoL not much worse after 
the RC procedure than before it.

There are few reports in  the  literature dealing with 
patient’s QoL after RC surgery in relation to the surgical 
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technique used. Most authors compare assessments of QoL 
for continent and incontinent urinary diversions. Bochner 
et al. indicated that there are no significant differences 
in the QoL of patients who had undergone open RC and 
those who had had RARC, taking into account follow-up 
periods of 3 and 6 months.20 Messer et al. reported that 
HR-QoL returned to the baseline 3 months after RC sur-
gery, with no difference between open RC and RARC.21

The one-year follow-up period adopted in our study may 
have contributed to obtaining slightly better indicators for 
the QoL domains those mostly regarding emotional states. 
Assessing QoL a full year after RC surgery could have result-
ed in patients accepting their cancer and adapting to their 
changed body and life conditions. There were decreases 
in the value of domains concerning physical condition and 
social life in both groups of patients (LRC and RARC).

The  results obtained on  FACT-Bl are also notewor-
thy: The values noted for patients from both the LRC 
and RARC groups were higher at the 2nd measurement, 
although one might expect that the necessity of  living 
with a stoma, sexual dysfunction or scarring would sig-
nificantly reduce the score. Positive adaptation to life with 
a stoma, and thus a better perception of QoL, largely de-
pends on the patient’s proficiency in urostomy care.22–24 
According to observations reported by Kristensen et al., 
in order to ensure a sense of self-sufficiency, urostomy 
care requires manual skill and adaptive in the emotional 
sphere.25 Providing the patient with relevant information 
about the stoma and education in its use and care are ex-
tremely important elements of the process of improving 
the patients’ self-sufficiency after surgery and their per-
ception of their QoL.26,27 Performing RC procedures using 
minimally invasive techniques does not negatively affect 
the patients’ self-image.

Conclusions

The results of our study indicate that the choice of min-
imally invasive endoscopic RC used (LRC compared to 
RARC) does not affect patients’ HR-QoL.
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Abstract
Background. Short and long-term results of microsurgical treatment with the mini-microflap technique 
in patients with Reinke’s edema (RE) were assessed based on the phonatory and ventilatory functions 
of the larynx.

Objectives. To assess the short and long-term results of microsurgical treatment with the mini-microflap 
technique in patients with RE based on the phonatory and ventilatory functions of the larynx.

Material and methods. Twenty patients diagnosed with advanced stage of RE confirmed with laryngo-
videostroboscopy (LVS) were enrolled in the study. Phonatory function disturbances were additionally assessed 
on the basis of Maximum Phonation Time (MPT) measurement, Voice Handicap Index (VHI) and Voice-Related 
Quality of Life (V-ROOL) questionnaires. Ventilatory function was assessed using spirometry. The aforemen-
tioned complex examinations were conducted prior to surgery and 1, 6 and 9 months following the surgery.

Results. Good postsurgical results were obtained in subjective and objective evaluation, which assessed 
the phonatory function and ventilatory parameters. Post-surgery increase in MPT, VHI and VQROL was noticed 
in all patients in 3 check points (p < 0.001). The results demonstrate postsurgical improvement for some 
LVS parameters, including assessment of glottis closure (p < 0.003) observed 6 months after the surgery. 
An improvement in most of the ventilation parameters was observed also 6 months after surgery (p < 0.001). 
For the spirometry flow parameter PEF, significant improvement was noted in each check point (p1 < 0.004, 
p6 < 0.001, p9 < 0.001). The study revealed a correlation between phonatory parameter – MPT and PEF 
observed 1 month after the procedure (p = 0.026), confirming the interdependence of ventilatory efficiency 
and phonatory condition of larynx.

Conclusions. Mini-microflap surgery brings satisfactory clinical effect in patients with advanced stages 
of RE by optimization of phonatory and ventilatory functions of the larynx.

Key words: spirometry, voice quality, long-term outcomes, mini-microflap surgery, Reinke’s edema
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Introduction

Reinke’s edema (RE) belongs to a group of benign masses 
of vocal folds (BVFM) deteriorating both phonatory and ven-
tilatory function of the larynx.1–3 Precisely, RE is classified 
as a disease of the lamina propria, and as its name indicates, 
superficial lamina propria, also referred to as Reinke’s space 
of the vocal fold layer, is affected by this disorder.4 Reinke’s 
edema constitutes about 6–10% of all non-malignant pa-
thologies within the glottis and is most commonly observed 
in middle-aged women.5,6 Longlasting smoking has been 
found to be the most important risk factor in the etiopatho-
genesis of RE.1,7 Four clinical stages can be distinguished, 
depending both on the extent of lesions on vocal folds and 
on glottis area narrowing caused by swollen folds.8 One 
of the first symptoms of RE are voice disorders, most fre-
quently manifesting themselves as persistent hoarseness and 
a lower than normal pitch, deteriorating the quality of voice, 
especially in women.9–11 In more advanced stages of RE, due 
to the narrowing of the glottis area, ventilatory capacity can 
also be compromised, which is typically observed as gradu-
ally aggravating respiratory problems.12 In the case of large, 
bilateral RE, stridor can be noticed, caused by chronic edem-
atous hypertrophy of vocal folds obstructing the glottis, 
especially its posterior part responsible for the respiratory 
function of larynx.13 Diagnosis of RE is made during a rou-
tine laryngological examination, although instrumental 
evaluation of the larynx by means of laryngovideostrobos-
copy is a valuable contribution in the diagnostic procedure.14

The management depends on the stage of the disease. 
At the 1st and 2nd clinical stages of RE conservative treat-
ment is usually effective.4 Microsurgery is the first treat-
ment of choice at the 3rd and 4th stages because of the po-
tential ventilatory function disorders. The previously used 
decortication technique (stripping)15,16 was unsatisfactory 
both for the surgeon and the patient because of the poor 
post-surgery quality of the voice.12,15–17 For this reason, 
the mini-microflap technique has become a more fre-
quently used method in phonosurgical treatment of RE 
as a  technique widening the ventilatory area of glottis 
and, at the same time, saving the phonatory function of 
the larynx.18–21

When reviewing the available literature, the authors did 
not find any studies that evaluated the effects of the com-
plex microsurgical treatment of RE, including those that 
monitored both phonatory and respiratory functions 
simultaneously. The aim of the study was to compara-
tively assess the abovementioned functions of the  larynx 
in  patients with RE who underwent mini-microflap 
phonosurgery.

Material and methods

The prospective study was carried out in 20 patients with 
advanced RE. The patients were qualified for phonosurgery 

on the basis of laryngological examination complemented 
with instrumental examination – laryngovideostrobos-
copy (LVS). Additionally, the assessment of the phonatory 
and ventilatory function of the larynx was performed be-
fore and after the surgery according to a scheme described 
below. The examinations after opera tion were conducted 
in 3 check points: at short-term (1 month) and long-term 
periods (6 and 9 months after the surgery).

The mini-microflap technique

The  applied surgical mini-microflap technique was 
intended to both decrease the mass of  the vocal folds 
and broaden the glottis, as well as to maintain layered, 
functional composition of  the vocal fold. All patients 
underwent laryngeal microsurgery under general anes-
thesia. The mini-microflap technique was applied in all 
cases as a one-step procedure. It is based on performing 
an incision of the upper edge of the vocal fold without 
 affecting its middle part. The surgery was performed with 
the Kleinsasser set. The Reinke’s space was opened along 
the superior surface of the vocal fold near the ventricle, 
saving the anterior commissure. Subepithelial layer was 
dissected to aspirate fluid accumulated in the Reinke’s 
space. The mucous, dense content of Reinke’s space was 
sucked out and the excess mucosa was removed mini-
mally as necessary. The surgical site was covered with 
a tissue layer to form a strong bond and to hold the tis-
sue in place to facilitate healing. Tissue glue was applied 
when necessary.2,4,5,7,13 All the patients were hospitalized 
for 1 day after the surgery. The patients were instructed 
to follow 1 week of complete vocal rest, so as not to trau-
matize vocal folds and were advised to respect vocal hy-
giene rules, with particular emphasis put on the absolute 
necessity of smoking cessation. They were also informed 
about the terms of postoperative care and examinations 
scheduled in 3 check points according to the scheme de-
scribed below.

Evaluation of the phonatory function

The evaluation of the phonatory function was carried out 
using objective and subjective methods. The instrumental 
methods of voice assessment included the following:

– Laryngovideostroboscopy (LVS), in which the fol-
lowing parameters were examined: the quality of mucosal 
wave, regularity of vocal fold vibration, amplitude of vocal 
fold vibration, and the configuration of glottal closure. 
Each stroboscopic parameter was rated on a 0–2 scale, 
where 0 – normal, 1 – limited dysfunction, 2 – severe 
dysfunction, e.g., absence of mucosal wave or  inability 
of assessment.

– Measurement of  the  Maximum Phonation Time 
(MPT), which is an objective and noninvasive measure-
ment of aerodynamic parameter of the phonatory func-
tion of  the  larynx. To measure MPT, the subject was 
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asked to phonate a sustained /a:/ vowel at a comfortable 
pitch and loudness as  long as possible during a single 
exhalation.

The subjective assessment of voice included:
– Voice Handicap Index (VHI) questionnaire – both 

its total value (VHI-T) and the values of each subscale, 
i.e., the functional state (VHI– F), physical state (VHI-P) 
and emotional state (VHI-E), were assessed. Total scores 
of VHI range from 0 to 120, with 120 indicating the most 
severe vocal dysfunction.

– Voice-Related Quality of Life (V-RQOL) survey is 
a 10-point self-rating scale, which is more focused on the 
quality of life than on a handicap itself. A higher V-RQOL 
score points to a better V-ROOL reported by patients.

Assessment of ventilatory function

The ventilatory performance was assessed in an ob-
jective way using spirometry. The following respiratory 
parameters were taken into account: Forced Vital Capac-
ity (FVC), Forced Expiratory Volume in the first second 
(FEV1), Maximum Expiratory Flow (MEF 25, 50, 75), Peak 
Expiratory Flow (PEF), Tiffeneau index (FEV1/FVC), and 
Forced Expiratory Flow (FEV 25, 50, 75).22

Statistical analysis

IBM SPSS Statistics v.  24 software (IBM Corp., Ar-
monk, USA) was used to analyze the obtained results. 
All the parameters were statistically described and re-
ferred to the measures of central tendency and dispersion. 
Spearman’s rank correlation coefficient (Spearman’s rho) 
was used to identify a correlation among aggregated co-
efficients. Statistical significance of the treatment effects 
was verified with the Wilcoxon test. The value of p < 0.05 
proved that there were significant differences in the data: 
p1 –before surgery compared to 1 month after the sur-
gery, p6 – before compared to 6 months after the sur-
gery, p9 – before compared to 9 months after the surgery. 
The key results of the analytical process are presented 
in box-whisker plots.

Results

Demographical data  
and clinical presentation

The study included 31 subjects operated on in the Clini-
cal Department of Otorhinolaryngology (Katowice, Poland). 
The final study group included 20 patients who completed 
a full cycle of post-surgery check-ups in 3 time check points: 1, 
6 and 9 months after the surgery. There were 16 women (80%) 
and 4 men (20%) in the study group. Mean age was 53.2 years. 
Depending on the clinical advancement of RE, the patients 
were divided into a group of 3rd clinical advancement stage 
according to Bart (15 subjects) and 4th clinical advancement 
stage (5 subjects). In subjects with RE stage 4, the main reason 
for reporting for surgery was dyspnea and in subjects with RE 
stage 3 (Fig. 1), the main symptoms were breathing disorders, 
hoarseness of voice and lowering of voice in women.

All the examined patients were active smokers. They 
were physical workers with no occupational vocal loading. 
The patients were qualified for mini-microflap surgery 
after preliminary examination including laryngological 
examination with LVS and assessment of phonatory and 
ventilatory function.

Comparison of pre- and post-surgery 
assessment of the phonatory function

Most of the results of the objective and subjective evalu-
ation of the phonatory function indicated post-surgery 
improvement in comparison to the pre-surgery values. 
In the analysis of the results of LVS, which is the gold stan-
dard of imaging examinations of the function of the lar-
ynx, the improvement of the phonatory function was ob-
served in the 6th month after the surgery, with an increase 
in the trend lasting up until the 9th month after the surgery. 
These results concerned all the assessed parameters in LVS: 
regularity of vocal fold vibration (p6 < 0.014, p9 < 0.001), 
amplitude of vocal fold vibration (p6 < 0.004, p9 < 0.001), 
the presence of mucosal wave (p6 < 0.001, p9 < 0.001), and 
the configuration of glottal closure (p6 < 0.003, p9 < 0.001).

Fig. 1. Image 
of  larynx in laryngo-
videostroboscopy 
of a patient with 
Reinke’s edema 
stage 3  
A – before surgery; 
B – 9 months after 
mini-microflap 
surgery

A B
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The study also indicated an improvement in the MPT, 
which is an objective aerodynamic indicator of the respi-
ratory performance during phonation. Postsurgical in-
crease in MPT was noticed in all patients. The research 
demonstrated a  statistically significant improvement 
in the aerodynamic parameter (MPT) already 1 month af-
ter the surgery, with the rising trend persisting in the long-
term observation. On  average, there was an  increase 
of 3.72 s during the 1-month observation after the surgery 
(p1 < 0.001), 4.79 s in the 6-month observation (p6 < 0.001) 
and 7.88 s in the 9-month observation (p9 < 0.001) (Fig. 2).

A self-assessment of  the  voice by  means of  VHI 
and V-RQOL revealed the  post-surgery improvement 
of  the  voice from the  patient’s point of  view. The  to-
tal score of the Voice Handicap Index (VHI-T) dropped 
in all the patients, giving an average decrease of 26 points 
in 1 month (p1 < 0.001), 34 points in 6 months (p6 < 0.001) 
and 47 points in 9 months (p9 < 0.001) after the surgery 
(Fig. 3). Analogically, significant improvement concerned 
all the subscales of the VHI: physical – VHI-P, emotional 
– VHI-E and functional: – VHI-F, with p1 < 0.001 sig-
nificance. Improvement in V-ROOL scores was observed 
in 18 patients in 9 month, after the procedure. V-RQOL 
values increased moderately after the  surgery by  8 
(p1 < 0.001), 10 (p6 < 0.001) and 13 points (p9 < 0.001) 
in 1, 6 and 9 months, respectively (Fig. 4).

Comparison of pre- and post-surgery 
assessment of the ventilatory function

In the assessment of the ventilatory function, the most sig-
nificant changes were noticed in the majority of patients af-
ter the surgery for the following parameters: Peak Expiratory 
Flow (PEF), Maximum Expiratory Flow (MEF 25% and 75%) 
and Forced Expiratory Flow (FEF 25% and 75%). The im-
provement in some ventilatory parameters was observed 

already 1 month after the surgery. The improvement con-
cerned the following parameters: PEF (p1 = 0.001), Forced 
Expiratory Volume in the first second (FEV1) (p1 = 0.024), 
Maximum Expiratory Flow MEF 25% (p1 = 0.025) and MEF 
75% (p1 = 0.002), and FEF 75% (p1 = 0.025).

In the assessment of the ventilatory function, a signifi-
cant improvement was observed for most ventilatory pa-
rameters 9 months after the surgery: PEF (p9 < 0.001), FEV1 
(p9 = 0.024), MEF 25% (p9 < 0.001), MEF 75% (p9 < 0.001), 
FEF 25% (p9 < 0.001), and FEF75% (p9 < 0.001). It should be 
underlined that the value of PEF parameter, which is de-
scribed in literature as an important parameter monitor-
ing the effectiveness of procedures widening the glottis, 
 increased significantly already in the first month post-
surgery. The increase persisted in 6 and 9 months post-
surgery (p6 < 0.001, p9 < 0.001) (Fig. 5).

Fig. 4. The comparison of Voice-Related Quality of Life before and 1, 6 
and 9 months after mini-microflap surgery
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Fig. 3. The comparison of Voice Handicap Index Total before and after 1, 6 
and 9 months after mini-microflap surgery

Fig. 2. The comparison of Maximum Phonation Time before and 1, 6 
and 9 months after mini-microflap surgery
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Correlations between the parameters 
of phonatory and ventilatory function

Analyzing the  relation between the  objective and 
subjective parameters assessing the  phonatory func-
tion of  larynx, the  most significant correlation was 
observed 9 months after surgery for aerodynamic pa-
rameter MPT and Physical subscale of Voice Handicap 
Index (VHI-P): r = –0.449, p = 0.047 (Fig. 6). Analogi-
cally, the study showed a correlation between MPT and 
V-ROOL 6 months after surgery (r = –0.511, p6 < 0.05) 
(Fig. 7). The longer MPT indicated that the patient ex-
perienced less difficulty in the physical aspect of voice 
projection. Analyzing the values of the phonation and 
ventilation indexes, we found the correlation between 
the MPT and PEF parameter in 1 month after the surgery, 
giving a statistically significant result of p = 0.026 (Fig. 8). 
The results indicate that conducting the mini-microflap 
technique in the 3rd or 4th stage of RE broadens the glottal 
area, increases MPT and decreases the PEF index, thus 
improving the respiratory efficiency of the glottis.

Discussion

An  important aspect in  the  surgical management 
of BVFM, including RE, is the preservation of the sur-
rounding normal tissue with as little disruption as possible; 
this is crucial to ensure optimal laryngeal functions post-
operatively. It is advisable for surgeons operating on BVFM 
to use microsurgery techniques in order to prevent vocal 
fold damage and to preserve voice production. For this 
reason, the mini-microflap technique has become a more 
frequently used for the treatment of RE, as the functional 
structure of the vocal folds is maintained by preserving 
their epithelium intact, especially at the vibrating margin.23

The study presented the postoperative results in patients 
with advanced stages (3rd and 4th) of RE who underwent 
mini-microflap surgery. Patients with obstructive RE suf-
fer from deterioration in their overall quality of life due 
to progressive voice change and respiratory symptoms.24 
Therefore, the examination involved a complex (objective 
and subjective) assessment of voice and spirometry, which 
were performed prior to surgery and 1, 6 and 9 months 
postoperatively.

The results of the study demonstrated postoperative 
improvement in both phonatory and ventilatory function. 

Fig. 8. Correlation between Maximum Phonation Time and Peak 
Expiratory Flow

Fig. 7. Correlation between Maximum Phonation Time and Voice-Related 
Quality of Life

Fig. 6. Correlation between Maximum Phonation Time and Voice 
Handicap Index-P – physical scale

Fig. 5. The comparison of Peak Expiratory Flow before and after 1, 6 
and 9 months after mini-microflap surgery

before 1 month 6 months

time

PE
F

12

10

8

6

4

2

0

9 months

10

20

18

16

14

12

10

8

6

4

2

0
15 20

VHIP scale (10–50)

M
CF

 [s
]

25 30

r = –0.449;  p = 0.047

10

35

30

25

20

15

10

5

0
15 20

VRQOL scale (10–50)

M
CF

 [s
]

25 30

r = –0.511;  p = 0.021

1050

12

10

8

6

4

2

0
15 20
PEF

M
CF

 [s
]

25 30

r = –0.496;  p = 0.026



K. Ura-Sabat et al. The functions of larynx after microsurgery870

Our research indicates objective improvement of voice 
function evaluated by means the LVS examination, which 
still remains a gold standard in the diagnosis of laryngeal 
pathology.18,19 The significant improvement of LVS pa-
rameters was observed after 6 and 9 months after the sur-
gery, particularly those indicating improvement of glottal 
closure (p6 = 0.003, p9 < 0.001). These good long-term 
postsurgical results were also observed for the other as-
sessed parameters in LVS, e.g., regularity of vocal fold 
vibration (p6 = 0.014, p9 < 0.001), and amplitude of vo-
cal fold vibration (p6 = 0.004, p9 < 0.001). Furthermore, 
the research demonstrated a statistically significant im-
provement of the aerodynamic parameter (MPT) already 
1 month after the surgery, with the rising trend persisting 
in the long-term observation (p < 0.001). The study con-
firmed the results of Lim et al., who, in a study concerning 
23 patients with RE treated by means of mini micro-flap 
technique, reported an improvement in MPT 2 months 
 after surgery.24 These observations are of clinical value, 
given that considerable changes in the Reinke’s area of 
the  vocal fold affect the  time of  vocal fold vibration, 
shortening it, which in turn decreases the effectiveness 
of the expiration during phonation. Maximum Phonation 
Time, as an aerodynamic parameter, is an important ele-
ment of the vocal function assessment, which indicates 
phonatory inefficiency of the larynx and respiratory-pho-
natory coordination disorder.

Given that recently an  important role has been at-
tached to the quality of  life, the results of self-assess-
ment of quality of voice were an important contribution 
to the study. The analysis of postsurgical results shows 
improvement of the VHI and V-ROOL in all time inter-
vals – 1, 6 and 9 months after the mini-microflap sur-
gery (p < 0.001). These results are in line with the study 
concerning subjects with RE presented by Bassel et al. 
on  the VHI-10 questionnaire 9 months after the  sur-
gery25 and Soner on the Voice Performance Questionnaire 
(VPQ) 6 months after the surgery.23 These observations, 
which are in accordance with our research, demonstrate 
that applying the  mini micro-flap surgery technique 
in RE patients results in improvement of vibratory func-
tion of vocal folds, making them thinner and more suit-
able for vibratory maneuvers, which, in turn improves 
voice quality after the surgery.

In the assessment of ventilatory function, a significant 
improvement was observed for most ventilatory parame-
ters 9 months after the surgery: PEF (p9 < 0.001), FEV1 
(p9 = 0.024), MEF 25% (p9 < 0.001), MEF 75% (p9 < 0.001), 
FEF 25% (p9 < 0.001), FEF 75% (p9 < 0.001). It should be 
underlined that the value of PEF parameter, which is de-
scribed in the literature as an important parameter moni-
toring the effectiveness of procedures widening the glottis, 
increased significantly already in the first month after 
the surgery. The  increase persisted in 6 and 9 months 

after the surgery (p6 < 0.001, p9 < 0.001). The results were 
in agreement with the studies of other authors, confirm-
ing the improvement of airflow stability and effectiveness 
of respiration after mini-microflap surgery.26–30

This research is the first Polish study showing a compara-
tive analysis of the phonatory and ventilatory function after 
phonosurgery in patients with RE. A correlation between 
the MPT-aerodynamic phonatory parameter and the PEF 
parameter found 1 month after the procedure (p = 0.026) 
may prove that reducing the mass of the vocal folds with 
mini-microflap surgery and widening of the glottis area 
improves the conditions of phonation.

Moreover, the satisfactory long-term post-surgery re-
sults of phonatory parameters assessed by means of LVS 
and voice self-assessment questionnaires revealed that 
the main goal of phonosurgery technique, i.e., maintain-
ing the layered, functional composition of the vocal fold, 
was fulfilled.

It should be emphasized that our research has shown 
a postoperative improvement in the phonatory and ven-
tilatory function of patients with RE, which persists for 
9 months after the surgery for most of the examined param-
eters. The available literature on the subject presents the re-
sults of the mini-microflap surgery either 2 or 6 months 
after the surgery.23,24 Our study indicates that, in order 
to obtain adequate postoperative results after surgical in-
tervention, it is crucial to provide long-term postoperative 
management, including vocal hygiene guidance. Therefore, 
the progress of the patient after phonosurgery must be 
monitored with a re-examination by means of subjective 
and objective methods not only in short-term (1 month), 
but also in long-term intervals (e.g., 6 and 9 months).

Conclusions

The study indicates that treatment with the mini-mi-
croflap technique in patients with advanced RE (3rd and 
4th stage) decreases the mass of the vocal folds and widens 
the glottis, thereby improving the aerodynamic condi-
tions of phonation. Moreover, the study confirmed that 
the abovementioned microsurgery technique improves 
the quality of phonatory movements of the vocal folds, 
as it maintains their layered, functional structure. The ap-
plied instrumental and subjective methods of voice assess-
ment enhanced the patients’ overall well-being, including 
their V-ROOL.
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Abstract
Background. Sirtuin 6 (SIRT6) can increase the radiosensitivity of non-small cell lung cancer and exert 
protective effects on radiation-induced lung injury.

Objectives. To investigate protective effects of SIRT6 overexpression on radiation-induced lung injury in rats.

Material and methods. Male Wistar rats (n = 72) were randomly divided into 3 groups. Models were 
made by radiating both lungs with a 6MV X linear accelerator. Each group was injected through the tail 
vein with normal saline (the control group and radiation group) and lentivirus carrying overexpressed SIRT6 
(the Lent-SIRT6 group) on the same day as the modeling. Routine blood indexes (white blood cells (WBC), 
red blood cells (RBC), neutrophils and lymphocytes) were recorded; the rats were sacrificed and their lung 
tissues taken; pathological changes in the lungs were evaluated using hematoxylin and eosin (H&E) stain-
ing; and tumor necrosis factor α (TNF-α), interleukin 6 (IL-6) and interleukin 1β (IL-1β) were detected with 
enzyme-linked immunosorbent assay (ELISA) 8 weeks after radiotherapy.

Results. The lung structure including alveolar walls and interstitium in the control group was normal, but 
the alveolar walls in the radiation group were obviously thickened and a large amount of hyperplastic fibrous 
tissue was found in the alveolar interstitium. The thickness and interstitial fibrosis of the alveolar walls were 
more alleviated in the Lent-SIRT6 group than in the radiation group. Compared with those in the control 
group, the respiratory rates, levels of TNF-α and IL-6 in serum, neutrophils and levels of TNF-α, IL-6 and 
IL-1β in the liver all were increased, while WBCs and lymphocytes were decreased in the radiation group. 
The respiratory rates, levels of TNF-α and IL-6 in serum, neutrophils and levels of TNF-α, IL-6 and IL-1β 
in the liver were all decreased, and WBCs and lymphocytes were increased after injection with lentivirus 
carrying overexpressed SIRT6.

Conclusions. Sirtuin 6 inhibits inflammation and alleviates radioactive pneumonia and lung injury. Therefore, 
SIRT6 can exert certain protective effects on lung injury.

Key words: inflammation, lung injury, sirtuin 6, radioactive pneumonia
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Introduction

At present, lung cancer has become one of the common 
malignant diseases with the highest incidence and mor-
tality worldwide. The global annual death toll of cancer 
is up to 1.2 million, and radiotherapy is the main treat-
ment for late-stage or postoperatively recurring lung can-
cer. Radiation-induced lung injury not only affects lung 
functions but sharply reduces the patients’ quality of life, 
which is a common complication of lung cancer after ra-
diotherapy. It is of great significance to protect the lungs 
of patients undergoing radiotherapy from damage. Sirtuin 
is a NAD+-dependent histone deacetylase that can alter 
the activity of the target protein by lysine deacetylation.1

The 7 widely expressed sirtuin subtypes (SIRT1–SIRT7) 
encoded in mammalian genomes play an important role 
in various physiological processes, including cell growth 
and apoptosis.2 Several studies have reported that SIRT1 
exerts protective effects on lung injury of different types3,4 
and plays a crucial role in  this process.5 Our previous 
study found that SIRT6 could increase the radiosensitivity 
of non-small cell lung cancer, and that it exerts protective 
effects on radiation-induced lung injury.6

Pulmonary inflammation plays a crucial role in the oc-
currence and development of radiation-induced lung in-
jury, and various inflammation factors are involved in this 
process, such as tumor necrosis factor α (TNF-α) and in-
terlukin 6 (IL-6). The aim of this study was to transfect 
lentiviral vectors of overexpressed SIRT6 in models of rats 
with radiation-induced lung injury and observe the pro-
tective effects of SIRT6 on radiation-induced lung injury. 
In the present study, lung injury was induced by routine 
radiation of the thoracic cavity, and changes in lung pa-
thologies, plasma and pulmonary inflammation were com-
pared randomly between 2 groups: 1 with overexpressed 
SIRT6 lentivirus and 1 with no treatment.

Material and methods

Main reagents

The overexpressed lentivirus vector construction of SIRT6 
was completed by the Shanghai Genechem Company Ltd. 
(Shanghai, China); the enzyme-linked immunosorbent as-
say (ELISA) kits for IL-6 and interleukin 1β (IL-1β) were 
purchased from the R&D Systems Inc. (Minneapolis, USA); 
and ELISA kits for TNF-α were purchased from the Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China).

Animals and grouping

Male 150–200-gram specific pathogen-free (SPF)-grade 
Wistar rats (n = 72) were purchased from the Beijing Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, 

China). They were given national-standard rodent food 
ad libitum. We randomly chose 48 of the rats to be radi-
ated with a 6MV X linear accelerator for the lung models. 
The radiated rats were randomly divided into 2 groups 
of  24: the  radiation group and the  Lent-SIRT6 group. 
The rats in the Lent-SIRT6 group were injected with 5 × 107 
TU overexpressed SIRT6 lentivirus through the tail vein, 
while those in the radiation group received the same vol-
ume (100 μL) of normal saline. The other 24 animals were 
only injected with the same volume of normal saline, with-
out X-ray radiation.

Establishment of models  
of radiation-induced lung injury

The rats were intraperitoneally injected with pentobarbi-
tal sodium and then placed on the radiating table in a supine 
position after full anesthesia. The radiation field, adjusted 
according to the location of both lungs, was up to 5 × 4 cm, 
from armpit midpoint of the forelimbs down to the xiphoid 
process. A 6MV X linear accelerator was used to perform 
a single round of chest radiation with a total dose of 20 Gy 
at 300 cGy/min. The rats in the control group were placed 
on the radiating table without being subjected to radiation. 
All these procedures were performed in the Department 
of Radiotherapy of the  Affiliated Shanghai Pulmonary Hos-
pital of Tongji University (Shanghai, China).

Specimen collection and processing

Six rats were selected at every time point 1, 2, 4, and 
8 weeks after radiation. Respiratory rates and weights were 
recorded, followed by intraperitoneal injection of pento-
barbital sodium according to their weight. Their hearts 
were opened in a supine position and their right auricles 
were cut for 5 mL of blood. Eight weeks after radiation, 
6 rats were selected and fixed with blood pincers for liga-
tion of the lungs. After removal, the left lungs were fixed 
with 4% formaldehyde solution and stained with hema-
toxylin and eosin (H&E) for observation of pathological 
changes in the lungs, while the right lungs were preserved 
with liquid nitrogen to detect the levels of pulmonary in-
flammation factors.

Detection indexes

Changes in respiratory rates, body weight and levels 
of TNF-α and IL-6 in serum were measured at 1, 2, 4, and 
8 weeks after radiation, respectively. Blood routine indexes 
(white blood cells (WBC), red blood cells (RBC), neutro-
phils, and lymphocytes) were recorded at 8 weeks after 
radiation. The rats were sacrificed with their lung tissues 
taken and pathological changes of lungs were evaluated 
using H&E staining; the levels of TNF-α, IL-6 and IL-1β 
were detected using ELISA at 8 weeks after radiation.
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Statistical analysis

All statistical analyses were performed with the IBM 
SPSS Statistics for Windows software v. 20.0 (IBM Corp.,  
Armonk, USA). Data in this study was expressed as X ± stan-
dard deviation (SD). The t-test was used for comparisons 
between every 2 groups, and univariate analysis for com-
parisons among various groups; a = 0.05. The threshold 
of statistical significance was p < 0.05.

Results

Pathological changes in lung tissues 
of different groups of rats

The lung structure, including the alveolar walls and in-
terstitium, were normal in the control group, but the alveo-
lar walls in the radiation group were obviously thickened 
and a large amount of hyperplastic fibrous tissues were 
found in the alveolar interstitium. The thickness and in-
terstitial fibrosis of the alveolar walls were more alleviated 
in the Lent-SIRT6 group than in the radiation group, but 
were still more seriously affected than those in the control 
group.

Comparison of respiratory rates 
in different groups of rats after  
routine radiation

Compared with the control group without radiation 
and the Lent-SIRT6 transfected rats, the respiratory rates 
of the rats in the radiation group increased 1 week after ra-
diation; reached their highest value at 2 weeks after radia-
tion; and remained high from 4 to 8 weeks after radiation. 
As shown in Table 1, the differences among the groups 
were statistically significant at each time point (p < 0.05). 
The respiratory rates of the rats in the Lent-SIRT6 group 
were lower than those in the radiation group, and the dif-
ferences were statistically significant (p < 0.05). As shown 
in Table 1, the respiratory rates in the radiation group were 
higher than those in the control group (p < 0.05), except 
at 8 weeks after radiation.

Changes in the body weight  
of different groups of rats after  
routine radiation

As shown in Table 2, changes in body weight among 
the 3 groups at 1, 2, 4, and 8 weeks after radiation were 
in the normal range, and the differences among groups 
were not statistically significant (p > 0.05).

Comparison of serum TNF-α levels 
in different groups of rats after  
routine radiation

As shown in Table 3, compared with the control group 
without routine radiation and the Lent-SIRT6 transfect-
ed rats, the serum TNF-α levels in the radiation group 
 increased at 1, 2, 4, and 8 weeks after radiation. The dif-
ferences were statistically significant (p < 0.05). The serum 
TNF-α levels in the Lent-SIRT6 group were lower than 
those in the radiation group, and the differences were sta-
tistically significant (p < 0.05). The serum TNF-α levels 
in the Lent-SIRT6 group were higher than those in the ra-
diation group, and these differences were also statistically 
significant (p < 0.05).

Comparison of serum IL-6 levels 
in different groups of rats after  
routine radiation

As shown in Table 4, compared with the control group 
without routine radiation and the Lent-SIRT6 transfected 
rats, the serum IL-6 levels in the radiation group increased 
at 1, 2, 4, and 8 weeks after radiation. The differences were 

Table 1. Respiratory rates of the 3 groups of rats at different time points

Group 1 week 2 weeks 4 weeks 8 weeks

Control group 115 ±12 117 ±13 121 ±11 118 ±12

Radiation group 143 ±15a 152 ±17a 147 ±18a 136 ±16a

Lent-SIRT6 group 127 ±0.18ab 131 ±16ab 132 ±15ab 124 ±14a

Compared with the control group: a p < 0.05; compared with the radiation 
group; b p < 0.05.

Table 2. The body weight [g] of the 3 groups of rats after routine radiation 
(3 min)

Group 1 week 2 weeks 4 weeks 8 weeks

Control group 62 ±17 89 ±15 141 ±13 169 ±23

Radiation group 71 ±16 87 ±21 136 ±20 172 ±19

Lent-SIRT6 group 65 ±11 94 ±18 139 ±17 165 ±21

Table 3. Comparison of serum TNF-α levels in the 3 groups after routine 
radiation [ng/L]

Group 1 week 2 weeks 4 weeks 8 weeks

Control 
group

41.25 ±5.47 39.50 ±6.39 40.77 ±5.83 43.14 ±5.02

Radiation 
group

53.64 ±6.29a 66.28 ±6.11a 69.03 ±7.34a 79.75 ±8.46a

Lent-SIRT6 
group

57.31 ±5.48ab 55.41 ±7.36ab 51.43 ±6.15ab 49.26 ±6.93ab

Compared with the control group: a p < 0.05; compared with the radiation 
group; b p < 0.05.
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statistically significant (p < 0.05). The serum IL-6 levels 
in the Lent-SIRT6 group were lower than those in the radia-
tion group, and the differences were statistically significant 
(p < 0.05). The serum IL-6 levels in the Lent-SIRT6 group 
were higher than those in the control group, and these 
differences were also statistically significant (p < 0.05).

Comparison of blood routine indexes 
of different groups of rats at 8 weeks after 
routine radiation

As shown in Table 5, compared with the control group 
without routine radiation and the Lent-SIRT6 transfected 
rats, the number of lymphocytes in the radiation group 
decreased, while the number of neutrophils increased. 
The differences were statistically significant (p < 0.05). 
The number of lymphocytes in the Lent-SIRT6 group was 
higher than that in the radiation group, while the num-
ber of  neutrophils was higher than in  the  radiation 
group. These differences were also statistically signifi-
cant (p < 0.05). The differences in the number of neutro-
phils and lymphocytes between the Lent-SIRT6 group 
and the control group were also statistically significant 
(p > 0.05). The differences in RBCs among the 3 groups 
were statistically significant as well.

Comparison of levels of pulmonary 
inflammation factors in different groups 
of rats at 8 weeks after routine radiation

As shown in Table 6, compared with the control group 
without routine radiation and the Lent-SIRT6 transfect-
ed rats, the IL-6 and IL-1β levels in the radiation group 

 increased after radiation. The differences were statistically 
significant (p < 0.05). The L-6 and IL-1β levels in the Lent-
SIRT6 group were lower than those in the radiation group, 
and higher than those in the control group; these differ-
ences were all statistically significant (p < 0.05).

Discussion

The therapeutic effect of radiotherapy for lung cancer 
is dose-dependent. High-dose radiotherapy can improve 
the remission rate and local control rate of tumors, but 
at  the same time can bring about serious side effects.7 
The incidence of radiation-induced lung injury is 6–20%. 
It has been found that gene activation during radiotherapy 
leads to early lung injury, including tissue and cellular dys-
function, increased vascular permeability and radiation-
induced inflammation which may be caused by cytokines 
secreted in macrophages and leukocytes.8,9 As a stimulus, 
inflammatory responses in radiation-induced lung injury 
can promote the initiation of collagen genes and stimulate 
fibroblast hyperplasia.10

In this study, we found that the respiratory rates in the ra-
diation group increased after X-ray radiation. The most 
obvious increase occurred at 2 weeks after radiation, which 
was consistent with the results of related studies.11 How-
ever, the increase in the respiratory rates of rats receiving 
overexpressed Lent-SIRT6 were a little lower and tended 
to become slower. These results suggested that the rats 
in the radiation group had significant lung injury, whereas 
rats in the overexpressed Lent-SIRT6 group could allevi-
ate the dyspnea caused by radiation-induced lung injury.

Pathological changes in the lungs are the most direct 
evidence for evaluating lung injury.12 In this study, H&E 
staining showed that the rats in the radiation group had 
obvious lung injury compared with the control group; 
it was mainly manifested by thickened alveolar walls and 
fibrosis, and a large amount of hyperplastic fibrous tissues 
in the alve olar interstitium. In the group administered 
with overexpressed Lent-SIRT6, these pathological changes 
were improved, which provided direct evidence for the pro-
tective effects of SIRT6 against lung injury.

The TNF-α can promote inflammatory responses, while 
IL-6 can induce lung fibrosis by preventing the apopto-
sis of  lung fibroblasts.13 Therefore, this study analyzed 
 changes in both the process of radiation-induced lung 

Table 5. Comparison of blood routine indexes of the 3 groups at 8 weeks 
after routine radiation [×109/L]

Group RBC Neutrophil Lymphocyte

Control group 6.72 ±0.85 0.61 ±0.36 4.39 ±0.37

Radiation group 6.34 ±0.91 1.28 ±0.54a 1.65 ±0.84a

Lent-SIRT6 group 6.80 ±0.79 0.93 ±0.47ab 1.29 ±0.61ab

Compared with the control group: a p < 0.05; compared with the radiation 
group; b p < 0.05.

Table 6. Comparison of levels of pulmonary inflammation factors 
in the 3 groups after routine radiation [pg/mg]

Group TNF-α IL-6 IL-1β

Control group 19.44 ±4.52 59.13 ±6.78 41.92 ±5.06

Radiation group 46.36 ±7.16a 82.49 ±8.63a 60.37 ±8.42a

Lent-SIRT6 group 27.58 ±6.24ab 67.80 ±5.92ab 43.63 ±0.47b

Compared with the control group: a p < 0.05; compared with the radiation 
group; b p < 0.05.

Table 4. Comparison of serum IL-6 levels in the 3 groups of rats after 
routine radiation [ng/L]

Group 1 week 2 weeks 4 weeks 8 weeks

Control 
group

0.91 ±0.35 1.03 ±0.44 0.98 ±0.36 1.15 ±0.37

Radiation 
group

1.45 ±0.62a 1.66 ±0.77a 1.87 ±0.71a 1.72 ±0.84a

Lent-SIRT6 
group

1.32 ±0.49ab 1.24 ±0.52ab 1.36 ±0.75ab 1.29 ±0.55ab

Compared with the control group: a p < 0.05; compared with the radiation 
group; b p < 0.05.
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injury and the overexpression of SIRT6. The results showed 
that the  levels of TNF-α and IL-6 increased at 1 week 
after radiation, and could last through 8 weeks after ra-
diation, which indicated that inflammatory responses 
were sustained throughout the  entire process of  lung 
injury. However, in the group of animals administered 
with overexpressed Lent-SIRT6, the levels of TNF-α and 
IL-6 decreased and had protective effects on pulmonary 
inflammation during the process of  lung injury. In our 
experiments, increased Lent-SIRT6 levels also decreased 
the levels of pulmonary inflammation factors. Blood tests 
also suggested that overexpressed Lent-SIRT6 could im-
prove radiation-induced neutrophils, decrease the content 
of lymphocytes, and exert certain effects on inflammation, 
which was one of the possible ways to improve the patho-
logical changes in lung injury.

Conclusions

In summary, SIRT6 could effectively inhibit inflamma-
tory responses and alleviate radiation-induced lung injury, 
exerting certain protective effects on lung injury. How-
ever, the mechanisms and pathways of this process call 
for further study.
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Abstract
Background. The prognostic value and non-invasive predictors of splenomegaly in cirrhotic patients with 
hepatocellular carcinoma (HCC) after curative resection remain unknown.

Objectives. To investigate the prognostic value and non-invasive predictors of splenomegaly in cirrhotic 
patients with HCC after curative resection.

Material and methods. The medical records of 78 patients with HCC and liver cirrhosis who underwent 
curative resection were retrospectively reviewed. The influence of spleen size, measured with clinically routine 
ultrasonography (USG), on overall and disease-free survival was evaluated using univariate and multivariate 
analyses. The efficiency of some frequently used blood-derived liver function parameters and non-invasive 
fibrosis markers to predict splenomegaly was also assessed.

Results. It was shown that tumor size >5 cm, the presence of microvascular invasion, tumor-node metastasis 
(TNM) stage III–IVA of the tumor, spleen size >11.45 cm, and age ≤52 years were associated with poor 
overall survival and/or disease-free survival in univariate analyses (all p < 0.05). In multivariate analyses, 
spleen size was identified as an independent predictor for both overall and disease-free survival (p < 0.001 
and p = 0.012, respectively). On the other hand, platelet count, aspartate aminotransferase (AST) to platelet 
ratio index (APRI) and Fibrosis-4 index (FIB-4) scores were significantly different between small and large 
spleen groups (p = 0.026, 0.003 and 0.003, respectively), while statistical differences for albumin, alanine 
aminotransferase (ALT), AST, total bilirubin, AST to ALT ratio (AAR), and age-platelet index (API) were not 
found. Using receiver operating characteristic (ROC) curves, high powers of platelet count, APRI and FIB-4 
in splenomegaly prediction were confirmed.

Conclusions. Splenomegaly, which can be predicted by some non-invasive variables, serves as a strong 
determinant for postresectional prognoses of cirrhotic patients with HCC.

Key words: splenomegaly, prognosis, hepatocellular carcinoma, non-invasive markers
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Introduction

Hepatocellular carcinoma (HCC) is  well-known as 
a malignant neoplasm with high incidence and mortal-
ity worldwide.1 According to recent epidemiological data 
from China, population growth and ageing led to large 
and rising number of new cases of HCC in 2015, despite its 
declining rate.2 In addition, the overall long-term prognosis 
of HCC remains disappointing, although surgical thera-
pies, including curative resection and liver transplanta-
tion, produce the best results in highly selected patients.1 
Therefore, factors associated with the outcome of HCC 
have long been of interest. Previous studies have identified 
many clinical and pathologic variables as prognosticators 
of HCC patients who had undergone hepatectomies.3–7 
The majority of them were tumor-related, such as micro-
vascular invasion (MVI), serum α-fetoprotein (AFP) level, 
histological grade, tumor-node-metastasis (TNM) stage, 
portal vein tumor thrombus, as well as tumor size and 
number.3–7 However, it  is  important to note that some 
authors found that liver cirrhosis correlated with post-
resectional survival of HCC patients, indicating that the 
prognosis of HCC was determined not only by the tumor 
itself, but also by the background liver status.3,6

Splenomegaly is one of the common clinical signs of por-
tal hypertension that is often ascribed to liver cirrhosis. 
Although portal hypertension has been shown to be prog-
nostic in patients following hepatectomy, counterexamples 
have also been reported.6,8–13 In addition, whether spleno-
megaly influences the long-term prognosis of patients with 
resected HCC remains unclear. The present study was 
designed to elucidate the impact of splenomegaly on the 
long-term prognosis of cirrhotic patients with HCC who 
had undergone curative resections. The efficiency of some 
frequently used blood-derived liver function parameters 
and non-invasive fibrosis markers to predict splenomegaly 
in this subgroup of HCC was also assessed.

Material and methods

Patients and variables

The  study involved 78  patients with HCC and liver 
cirrhosis who had undergone curative resection. Twelve 
factors, including the patient’s general situation (age and 
gender) and liver background status (hepatitis B surface an-
tigen (HBsAg), spleen size and clinically significant portal 
hypertension (CSPH)) as well as tumor-related factors (se-
rum AFP value, capsule completeness, MVI, TNM stage, 
histological grade, as well as tumor size and number) were 
included in survival analyses. Clinically significant portal 
hypertension was diagnosed using the standard surrogate 
criteria, i.e., the presence of gastroesophageal varices or 
splenomegaly >12 cm with a platelet count <100/mm2.10 
Tumor-node-metastasis stages were based on the 7th edi-
tion of the American Joint Committee on Cancer (AJCC) 
Staging Manual for HCC.14 The  Edmondson–Steiner 

Fig. 1. Determination of the cut-off value of spleen size for overall survival 
based on the receiver operating characteristic (ROC) curve; AUC – area 
under curve

Fig. 2. Prognostic value of splenomegaly (>11.45 cm) in cirrhotic patients with hepatocellular carcinoma (HCC) following curative resection: A. overall 
survival; B. disease-free survival
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criteria were used for tumor histological grading.15 In ad-
dition, 5 blood-based liver function parameters, includ-
ing albumin, alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), total bilirubin, and platelet count, 
and 4 non-invasive liver fibrosis markers, including AST 
to ALT ratio (AAR), age-platelet index (API), AST to plate-
let ratio index (APRI), and Fibrosis-4 index (FIB-4) scores, 
were applied to predict splenomegaly.16–19 The acquisi-
tion of clinicopathologic and follow-up data was approved 
by the institutional Ethics Committee of Peking Union 
Medical College Hospital (Beijing, China).

Determination of spleen size,  
blood-derived liver function parameters 
and non-invasive fibrosis markers

Spleen size was routinely measured using ultrasonog-
raphy (USG) and defined as the greatest dimension of the 
spleen. Serum liver function parameters, albumin, ALT, 
AST, and total bilirubin were detected preoperatively using 

the Beckman Coulter AU5800 chemistry analyzer (Beck-
man Coulter Inc., Brea, USA), while the preoperative plate-
let number was counted using the Sysmex XE-5000 auto-
mated hematology analyzer (Sysmex Corporation, Kobe, 
Japan). On the basis of those results, the abovementioned 
non-invasive fibrosis markers were calculated according 
to their respective formulae.16–19

Follow-up 

All the patients underwent follow-up, mainly by serum 
AFP level and imaging examinations, including USG, 
angiography, computed tomography (CT), and magnetic 
resonance imaging (MRI). The follow-up period ranged 
from 1.4 to 38.2 months (median: 14.5 months).

Statistical analyses

The cut-off value of spleen size was determined with the 
receiver operating characteristic (ROC) curve for survival 

Fig. 3. Prognostic value of splenomegaly (>12 cm) and clinically significant portal hypertension (CSPH) in cirrhotic patients with hepatocellular carcinoma 
(HCC) following curative resection: A. splenomegaly (>12 cm) for overall survival; B. splenomegaly (>12 cm) for disease-free survival; C. CSPH for overall 
survival; D. CSPH for disease-free survival
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and Youden’s index (YI). Suvival curves of patients in the 
small and large spleen groups were generated using the 
Kaplan–Meier method and compared using the log-rank 
test. Univariate and multivariate Cox regression analy-
ses (proportional hazard model) were used to  identify 
prognostic factors. The values of the blood-derived liver 
function parameters and non-invasive fibrosis markers 
in the 2 groups were compared using the Mann–Whit-
ney U test. The predictive accuracies of the variables for 
splenomegaly, evaluated with the area under the curve 
(AUC), were shown using ROC curves. SPSS statistical 
software package v. 11.5 (SPSS Inc., Chicago, USA) was 
used for all the analyses. Statistical significance was de-
fined as p < 0.05.

Results

Patient characteristics

The study group comprised 65 male (83.3%) and 13 fe-
male patients (16.7%). The  patients’ median age was 
52  years (range: 31–74  years). There were 71  patients 
(91.0%) with positive hepatitis B surface antigen (HBsAg). 
Clinically significant portal hypertension was present 
in 22 patients (28.2%) and absent in 56 (71.8%). The me-
dian tumor size was 5.2 cm (range: 0.3–17 cm). Solitary 
tumors were found in 54 patients (69.2%), whereas 15 pa-
tients (19.2%) carried tumors with complete capsules. 
Microvascular invasion developed in 35 patients (44.9%). 

Table 1. Univariate and multivariate analyses for the overall survival of cirrhotic patients with HCC following curative resection

Variables n
Univariate Multivariate

HR 95% CI p-value HR 95% CI p-value

Age
>52 years
≤52 years

40
38

0.561
1

0.284–1.106
0.095

N/A N/A N/A

Gender
male
female

65
13

1
0.653 0.295–1.447

0.294
N/A N/A N/A

HBsAg
positive
negative

71
7

2.624
1

0.356–19.312
0.344

N/A N/A N/A

Tumor size
>5 cm
≤5 cm

40
38

2.342
1

1.164–4.713
0.017

2.025
1

0.974–4.208
N/A

0.059

Tumor number
solitary
multiple

54
24

1.960
1

0.989–3.883
0.054

N/A N/A N/A

Capsule 
complete
incomplete

15
63

1
1.261 0.570–2.785

0.567
N/A N/A N/A

MVI 
present
absent

35
43

2.411
1

1.223–4.751
0.011

0.695
1

0.272–1.776
0.447

TNM stage 
I–II
III–IVA

37
41

1
4.232 1.967–9.102

<0.001
1

6.131 2.079–18.084

0.001

Edmondson–Steiner grade 
II
III–IV

27
51

1
1.513 0.726–3.155

0.269
N/A N/A N/A

AFP 
>20 ng/mL
≤20 ng/mL 

58
20

1.504
1

0.652–3.467
0.339

N/A N/A N/A

Spleen size
>11.45 cm
≤11.45 cm

32
46

3.779
1

1.890–7.553
<0.001

4.601
1

2.235–9.475
<0.001

Spleen size
>12 cm
≤12 cm

22
56

1.717
1

0.859–3.428 0.126 N/A N/A N/A

CSPH
present
absent

22
56

0.949
1

0.444–2.030 0.894 N/A N/A N/A

HCC – hepatocellular carcinoma; HR – hazard ratio; CI – confidence interval; HbsAg – hepatitis B surface antigen; MVI – microvascular invasion; 
TNM – tumor-node-metastasis; AFP – α-fetoprotein; CSPH – clinically significant portal hypertension; values in bold are statistically significant.
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 Serum AFP level was higher than 20 ng/mL in 58 patients 
(74.4%). Stage I, II, III, and IVA tumors were found in 13, 
24, 35, and 6 patients (16.7%, 30.7%, 44.9%, and 7.7%), 
respectively, while 27, 48 and 3 patients (34.6%, 61.5% 
and 3.9%) had Edmondson–Steiner grade II, III and IV 
tumors, respectively.

The prognostic value of splenomegaly 
in cirrhotic patients with hepatocellular 
carcinoma following curative resection

Using the ROC curve (Fig. 1), the point (11.45 cm) with 
the highest YI of spleen size for survival was defined 
as the cut-off value. The patients with large spleen size 

had significantly poorer overall and disease-free sur-
vival than those with small spleen size (p < 0.001 and 
p = 0.011, Fig. 2). However, when 12 cm (which is  in-
cluded in the standard surrogate criteria) was used as the 
cut-off value, spleen size was not prognostic (p = 0.121 
and 0.511, Fig.  3A,B). Furthermore, CSPH was not 
a significant marker for either overall or disease-free 
survival (p = 0.893 and 0.114, Fig. 3C,D). The univari-
ate Cox regression model identified tumor size, MVI, 
TNM stage, spleen size, and age as predictors for over-
all and/or disease-free survival (all p < 0.05, Table 1,2). 
In the multivariate analyses, spleen size was an  inde-
pendent predictor for both overall and disease-free sur-
vival (hazard ratio (HR) = 4.601, 95% confidence interval 

Table 2. Univariate and multivariate analyses for the disease-free survival of cirrhotic patients with HCC following curative resection

Variables n
Univariate Multivariate

HR 95% CI p-value HR 95% CI p-value

Age
>52 years
≤52 years

40
38

0.463
1

0.246–0.871
N/A

0.017
0.476

1
0.247–0.919

0.027

Gender
male
female

65
13

1
0.894 0.394–2.026

0.788
N/A N/A N/A

HBsAg
positive
negative

71
7

3.622
1

0.496–26.461
0.205

N/A N/A N/A

Tumor size
>5 cm
≤5 cm

40
38

2.677
1

1.396–5.132
0.003

2.330
1

1.181–4.600
0.015

Tumor number
solitary
multiple

54
24

1.581
1

0.822–3.042
0.170

N/A N/A N/A

Capsule 
complete
incomplete

15
63

1
1.736 0.845–3.567

0.133
N/A N/A N/A

MVI 
present
absent

35
43

2.184
1

1.172–4.070
0.014

0.640
1

0.253–1.616
0.345

TNM stage 
I–II
III–IVA

37
41

1
3.404 1.736–6.677

<0.001
1

3.806 1.408–10.286

0.008

Edmondson–Steiner grade 
II
III–IV

27
51

1
1.206 0.629–2.314

0.573
N/A N/A N/A

AFP 
>20 ng/mL
≤20 ng/mL 

58
20

1.446
1

0.681–3.072
0.337

N/A N/A N/A

Spleen size
>11.45 cm
≤11.45 cm

32
46

2.181
1

1.176–4.047
0.013

2.280
1

1.197–4.345
0.012

Spleen size
>12 cm
≤12 cm

22
56

1.247
1

0.644–2.412
0.513

N/A N/A N/A

CSPH
present
absent

22
56

0.542
1

0.250–1.175 0.121 N/A N/A N/A

HCC – hepatocellular carcinoma; HR – hazard ratio; CI – confidence interval; HbsAg – hepatitis B surface antigen; MVI – microvascular invasion; 
TNM – tumor-node-metastasis; AFP – α-fetoprotein; CSPH – clinically significant portal hypertension; values in bold are statistically significant.
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(95% CI) = 2.235–9.475, p < 0.001 for overall survival; 
HR = 2.280, 95% CI = 1.197–4.345, p = 0.012 for disease-
free survival; Tables 1 and 2), along with TNM stage, 
tumor size and age (all p < 0.05, Table 1,2).

Predictive efficiency of blood-derived liver 
function parameters and non-invasive 
fibrosis markers for splenomegaly

It was revealed that there were significant differences 
in platelet count, APRI and FIB-4 between the small and 
large spleen groups (p = 0.026, 0.003 and 0.003, respec-
tively, Fig. 4E,H,I), whereas the differences for albumin, 
ALT, AST, total bilirubin, AAR, and API were not sta-
tistically significant (Fig. 4A–D,F,G). The ROC curves 
demonstrated that platelet count, APRI and FIB-4 had 
high accuracy in predicting splenomegaly (AUC = 0.649, 

0.702 and 0.698, respectively, p < 0.05, Fig. 5E,H,I), while 
the other parameters were not of significance (p > 0.05, 
Fig. 5A–D,F,G).

Discussion

Splenomegaly has long been well-known as an obvious 
sign of portal hypertension that is  frequently induced 
by liver cirrhosis in clinical practice. It is listed as 1 of 3 
factors in the standard surrogate criteria of CSPH.10 It has 
previously been suggested that splenomegaly has a negative 
impact on the overall survival of patients with HCC treated 
with radiofrequency ablation; however, its prognostic sig-
nificance in curatively resected HCC has not been elucidat-
ed.20 The current study showed that splenomegaly, using 
the cut-off value derived from the ROC curve (11.45 cm), 

Fig. 4. Comparison of liver function parameters and non-invasive fibrosis markers between small (≤11.45 cm) and large (>11.45 cm) spleen groups: 
A. albumin (ALB); B. alanine aminotransferase (ALT); C. aspartate aminotransferase (AST); D. total bilirubin; E. platelet count; F. AST to ALT ratio (AAR);  
G.  age-platelet index (API); H. AST to platelet ratio index (APRI); I. Fibrosis-4 index (FIB-4)
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was identified as a powerful predictor for a poor prognosis 
using 3 statistical tools (the log-rank test, as well as univari-
ate and multivariate Cox regression models). These results 
might indicate that splenomegaly can be a promising and 
reliable independent prognostic marker of HCC before 
surgery. It should be emphasized that this variable was not 
only associated with overall survival, as previously found, 
but also with disease-free survival in HCC patients who 
had undergone curative resection.20 Thus, this study is the 
first to indicate the role of splenomegaly in postsurgical 
recurrence of HCC. However, splenomegaly (>12 cm) was 
not significant to either overall or disease-free survival, 
indicating that this cut-off point might not be suitable 
for outcome prediction after resection for HCC, although 
it is included in the standard surrogate criteria for CSPH.10 

We also found that CSPH, determined using the standard 
surrogate criteria, was also not prognostic in curatively 
resected HCC, which supports some previous investiga-
tions, including 1 from China.11–13 It has already been 
demonstrated that liver cirrhosis/fibrosis-related peritu-
moral ductular reaction contributes to aggressive tumor 
behaviors, recurrence and poor survival, and to molecular 
alterations, such as nuclear translocation of β-catenin and 
upregulated pSmad2 expression, in HCC.21,22 Therefore, 
the inconsistent results concerning the prognostic role 
of CSPH suggest an urgent need for further validation 
of the standard surrogate criteria, because measurement 
of the hepatic venous pressure gradient (HVPG), regarded 
as the gold diagnostic criterion for CSPH, is not routinely 
used in clinical practice due to its invasiveness. On the 

Fig. 5. Predictive accuracies of liver function parameters and non-invasive fibrosis markers for splenomegaly (>11.45 cm): A. albumin (ALB); B. alanine 
aminotransferase (ALT); C. aspartate aminotransferase (AST); D. total bilirubin; E. platelet count; F. AST to ALT ratio (AAR); G. age-platelet index (API); 
H. AST to platelet ratio index (APRI); I. Fibrosis-4 index (FIB-4); AUC – area under curve
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other hand, in comparison to total splenic volume calcu-
lations based on 3D reconstructions of spleen CT data, 
measurements of spleen size using USG might be simpler, 
more convenient and easier to apply in clinical practice.20 
Recently, it was shown that HVPG could be precisely pre-
dicted by the CT-based liver/spleen volume ratio.23 In the 
future, determining whether USG could be used to predict 
HVPG might be of interest.

In addition, it was believed that the accuracy of USG-
based spleen assessment could be significantly influenced 
by the examiner’s experience, especially due to irregular 
contours of the spleen and overlapping with bone, kidney 
or bowel gas.24 For inexperienced examiners or under dif-
ficult conditions, variables to aid in assessments might be 
of particular significance. Thus far, many non-invasive 
markers for predicting liver fibrosis and cirrhosis, such as 
AAR, API, APRI, and FIB-4, have been developed, based 
mainly on platelet number, liver biochemical parameters 
and age, and have been shown to have strong predictive 
power.16–19 However, a counterexample was also shown.25 
Previously, API, APRI, FIB-4, and the platelet number 
were found to be effectively predictive for splenomegaly 
in HCC patients who underwent radiofrequency ablation.20 
The present study is the first validation of the efficiency 
of those parameters and routine liver function tests for 
splenomegaly in curatively resected HCC. Like Wu et al., 
we suggested that platelet number, APRI and FIB-4, unlike 
AAR, are significant variables, while albumin, ALT, AST, 
and total bilirubin are not of significance.20 However, the 
predictive power of API in resected HCC deserves to be 
further confirmed, because its p-values were very close 
to the statistical limit in both direct comparison and the 
ROC curve.

Conclusions

Our data indicated that splenomegaly (>11.45 cm), which 
can be predicted by some non-invasive variables, serves 
as a powerful determinant for postresectional prognoses 
of cirrhotic patients with HCC. However, the present work 
might be limited by its retrospective design and relatively 
small sample size. The unsatisfactory AUCs of significant 
parameters (around 0.7) might be associated with the lat-
ter. In the future, further large-scale prospective studies 
that address these issues are expected.
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Abstract
Background. Microvascular invasion (MVI) is a significant sign of the invasive property and a strong predictor 
of poor prognosis in hepatocellular carcinoma (HCC), a life-threatening malignancy. However, recurrence-
associated and post-surgical long-term prognosis-associated factors in HCC with MVI remain unknown.

Objectives. To address the abovementioned issues, based on a Chinese patient cohort with HCC after 
curative hepatic resection.

Material and methods. The patient cohort consisted of 62 consecutive patients with HCC and MVI who 
underwent curative hepatic resection. The associations between clinicopathologic variables and recurrence, 
as well as patient overall/disease-free survival, were uni- and multivariately evaluated.

Results. Univariate χ2 test identified hepatitis B surface antigen (HBsAg) positivity, high Edmondson–Steiner 
grade and male gender as risk factors of recurrence, whereas Edmondson–Steiner grade and HBsAg positivity 
were significant or marginally significant in the multivariate stepwise logistic regression analysis. Subsequently, 
univariate log-rank test showed that Edmondson–Steiner grade, HBsAg positivity and Child–Pugh grade 
were associated with overall and/or disease-free survival. Among them, the independent prognostic impact 
of Edmondson–Steiner grade and HBsAg positivity for both overall and disease-free survival were proven 
in the multivariate Cox regression analysis.

Conclusions. Our data suggested that Edmondson–Steiner grade and HBsAg positivity might serve as useful 
indicators of recurrence and pessimistic prognosis in HCC with MVI.

Key words: prognostic factor, recurrence, survival, hepatocellular carcinoma, hepatic resection
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Introduction

Hepatocellular carcinoma (HCC) is  well-recognized 
as a malignant tumor with high incidence and mortality 
worldwide.1–3 Therefore, identification of prognostic mark-
ers of HCC became a research hotspot. Except for some 
clinical and pathological variables, such as portal vein tumor 
thrombosis (PVTT), tumor size, alpha-fetoprotein (AFP), 
and Child–Pugh grade, that were previously summarized 
as the most robust predictors of death, microvascular in-
vasion (MVI), one of signs of unfavorable histological fea-
tures of HCC (especially the invasive property), was also re-
vealed to be of strong predictive potential for poor prognosis 
in HCC after several treatment methods, such as resection, 
transplantation and ablation.4–14 However, it was also report-
ed that some patients who carried HCC with MVI acquired 
actual ten-year survival.15 Therefore, there is an urgent need 
and particular interest for the identification of prognostic 
determinants in this highly invasive subtype of HCC.

The current investigation aimed to address the issues 
through identification of factors that were associated with 
recurrence and long-term survival in this subtype of HCC.

Material and methods

Patients

In total, 62 patients undergoing curative hepatic resec-
tion for HCC with MVI were included in the study. Their 
age ranged from 24 to 76 years (mean ± standard devia-
tion (M ±SD) 56.8 ±12.5 years). Tumor sizes, regarding the 
largest dimensions, ranged from 2 cm to 26 cm (M ±SD 
8.5  ±4.9  cm). Microvascular invasion was diagnosed 
through the postoperative routine pathological examina-
tions. Portal vein tumor thrombosis was defined as tumor 
involvement in the main branches of portal vein. Satellite 
nodules were macroscopic. Histological grading was given 
based on Edmondson–Steiner criteria.16 The baseline char-
acteristics of patients are shown in Table 1. The acquisition 
of clinicopathologic and follow-up data was approved by the 
institutional Ethics Committee of Peking Union Medical Col-
lege Hospital, Beijing, China.

Evaluated variables and endpoints

Twelve variables related to general situation of the patient 
(age and gender), hepatic background (hepatitis B surface 
antigen (HBsAg), hepatitis C virus (HCV), liver cirrhosis, 
and Child–Pugh grade) and tumor phenotypes (serum AFP 
value, tumor size, tumor number, PVTT, satellite nodule, 
and Edmondson–Steiner grade) were chosen for analyses. 
Post-surgical recurrence, as well as overall and disease-free 
survival, served as the endpoints. Disease-free survival 
was defined as the patient survival interval from surgery 
to recurrence or distant metastasis occurrence.

Follow-up

The follow-up for all patients, ranging from 3 to 108 
(Me: 14) months, was performed through imaging exami-
nations and serum AFP level detection, as previously re-
ported.17,18 Follow-up intervals ranged from 1 to 3 months.

Statistical analyses

The uni- and multivariate risk factors of  recurrence 
were identified using c2 and stepwise logistic regression 
tests. Survival analyses were adopted using Kaplan–Meier 
method and log-rank test. Cox regression (proportional 
hazard model) was used for multivariate analysis of prog-
nostic factors. Statistical software package SPSS v. 11.5 
(SPSS Inc., Chicago, USA) was applied for all the analyses. 
Statistical significance was indicated when a p-value was 
less than 0.05.

Table 1. Baseline characteristics of patients with hepatocellular carcinoma 
(HCC) and microvascular invasion (MVI)

Variables n (%)

Age M ±SD: 56.8 ±12.5 years; range: 24–76 years

Gender
male
female

53 (85.5)
9 (14.5)

HBsAg
positive
negative

52 (83.9)
10 (16.1)

HCV
positive
negative

5 (8.1)
57 (91.9)

Cirrhosis
present
absent

51 (82.3)
11 (17.7)

Child–Pugh grade
grade A
grade B

58 (93.5)
4 (6.5)

Tumor size M ±SD: 8.5 ±4.9 cm; range: 2–26 cm

PVTT
present
absent

19 (30.6)
43 (69.4)

Satellite nodule
present
absent

9 (14.5)
53 (85.5)

Tumor number
solitary
multiple

55 (88.7)
7 (11.3)

AFP level
>20 ng/mL
≤20 ng/mL

49 (79.0)
13 (21.0)

Edmondson–Steiner grade
I
II
III
IV

3 (4.8)
14 (22.6)
29 (46.8)
16 (25.8)

M – mean; SD – standard deviation; HBsAg – hepatitis B surface antigen; 
HCV – hepatitis C virus; PVTT – portal vein tumor thrombosis;  
AFP – alpha-fetoprotein.
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Results

Risk factors of recurrence in patients 
with hepatocellular carcinoma and 
microvascular invasion after curative 
hepatic resection

Using univariate c2 test, gender, HBsAg and Edmond-
son–Steiner grade were associated with postoperative re-
currence (p < 0.05; Table 2), but other parameters were not 
of significance (p > 0.05; Table 2). Multivariate stepwise 
logistic regression showed that Edmondson–Steiner grade 
was the single independent risk factor of recurrence (haz-
ard ratio (HR) = 6.374, 95% confidence interval (95% CI) = 
1.196–33.963, p = 0.030; Table 2), while HBsAg positiv-
ity was of marginal significance (HR = 4.933, 95% CI = 
0.789–30.833, p = 0.088; Table 2).

Prognostic factors in patients with hepato-
cellular carcinoma and microvascular 
invasion after curative hepatic resection

Univariate log-rank test revealed that HBsAg and 
 Edmondson–Steiner grade were significantly associated 
with overall survival (p < 0.05; Fig. 1 and Table 3), whereas  
Edmondson–Steiner grade, HBsAg and Child–Pugh grade 
were significant for disease-free survival (p < 0.05; Fig. 2 
and Table  3). In  multivariate Cox regression analyses, 
 Edmondson–Steiner grade and HBsAg were identified as 
independent prognostic indicators for both overall and 
disease-free survival (HR = 2.905 and 2.942, 95% CI = 
1.263–6.683 and 1.021–8.474, p = 0.012 and 0.046 for over-
all survival, respectively; HR = 3.407 and 2.944, 95% CI = 
1.577–7.360 and 1.124–7.710, p = 0.002 and 0.028 for dis-
ease-free survival, respectively; Table 4).

Table 2. Univariate and multivariate factors associated with recurrence in HCC with MVI

Variables n
Univariate analysis Multivariate analysis

with 
recurrence

without 
recurrence p-value HR 95% CI p-value

Age
≥65 years
<65 years

19
43

14
38

5
5

0.147
N/A N/A N/A

Gender
male
female

53
9

47
5

6
4

0.045#

4.780
1

0.671–34.066
0.118

HBsAg
positive
negative

52
10

47
5

5
5

0.001
4.933

1
0.789–30.833

0.088

HCV
positive
negative

5
57

4
48

1
9

1.000#

N/A N/A N/A

Cirrhosis
present
absent

51
11

45
7

6
4

0.119#

N/A N/A N/A

Child–Pugh grade
grade A
grade B

58
4

48
4

10
0

0.838#

N/A N/A N/A

Tumor size
≥5 cm
<5cm

53
9

45
7

8
2

0.962#

N/A N/A N/A

PVTT
present
absent

19
43

17
35

2
8

0.672#

N/A N/A N/A

Satellite nodule
present
absent

9
53

8
44

1
9

1.000#

N/A N/A N/A

Tumor number
solitary
multiple

55
7

45
7

10
0

0.493#

N/A N/A N/A

AFP level
>20 ng/mL
≤20 ng/mL

49
13

42
10

7
3

0.732#

N/A N/A N/A

Edmondson–Steiner grade
I–II
III–IV

17
45

10
42

7
3

0.004#

1
6.374 1.196–33.963

0.030

HR – hazard ratio; 95% CI – 95% confidence interval; N/A – not applicable; # χ2 test with continuity correction; values in bold indicate statistically significant 
differences.
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Table 3. Univariate analysis for overall and disease-free survival of HCC with MVI patients

Variables n
Overall survival Disease-free survival

M ±SE 95% CI p-value M ±SE 95% CI p-value

Age
≥65 years
<65 years

19
43

40 ±10
24 ±3

20–60
18–30

0.408
34 ±10
16 ±2

14–53
12–19

0.250

Gender
male
female

53
9

28 ±5
22 ±4

19–37
14–30

0.772
19 ±4
22 ±5

12–27
13–31

0.213

HBsAg
positive
negative

52
10

22 ±3
69 ±15

16–27
40–97

0.006
14 ±2
59 ±15

11–17
29–89

0.002

HCV
positive
negative

5
57

12 ±3
30 ±5

6–18
20–39

0.063
9 ±2

22 ±4
4–14

14–30

0.167

Cirrhosis
present
absent

51
11

27 ±5
27 ±4

18–36
19–36

0.286
18 ±3
22 ±4

11–24
14–30

0.080

Child–Pugh grade 
grade A
grade B

58
4

30 ±5
11 ±5

20–39
1–21

0.058
22 ±4
7 ±3

14–31
1–12

0.017

Tumor size 
≥5 cm
<5cm

53
37

27 ±5
74 ±8

18–37
58–90

0.101
21 ±4
21 ±3

12–29
15–27

0.147

PVTT 
present
absent

19
43

20 ±5
34 ±6

11–30
21–46

0.095
13 ±3
26 ±5

7–19
16–37

0.095

Satellite nodule 
present
absent

9
53

16 ±5
31 ±5

7–25
21–41

0.051
11 ±3
23 ±4

5–18
12–32

0.142

Tumor number 
solitary
multiple

55
7

31 ±5
17 ±5

20–41
7–28

0.203
23 ±4
12 ±4

14–32
5–20

0.337

AFP level 
>20 ng/mL
≤20 ng/mL

49
13

26 ±4
31 ±8

17–34
16–46

0.517
19 ±4
22 ±5

11–26
12–32

0.260

Edmondson–Steiner grade 
I–II
III–IV

17
45

56 ±13
19 ±2

31–80
15–23

0.001
46 ±12
12 ±1

24–69
10–14

<0.001

M – mean; SE – standard error; values in bold indicate statistically significant differences.

Fig. 1. The significant influence of the variables on overall survival of patients with HCC and MVI after curative hepatic resection. A. Edmondson–Steiner 
grade (solid line – grade I–II, n = 17; dashed line – grade III–IV, n = 45; p = 0.001); B. HBsAg positivity (solid line – negative, n = 10; dashed line – positive, 
n = 52; p = 0.006)
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Discussion

Microvascular invasion, as a  marker of  the invasive 
growth, remarkably influences prognosis of HCC in pa-
tients who underwent curative treatments, liver resec-
tion and transplantation, when recurrence and/or overall 
as well as disease-free survival served as endpoints.5–14 
However, prognostic factors of HCC with MVI remain 
to be explored. In the present study, factors associated 
with tumor recurrence were first identified. It was found 
that gender, Edmondson–Steiner grade and HBsAg were 
of statistical significance in univariate c2 test, while these 
3  variables were significant or marginally significant 

in  multivariate logistic regression, respectively. Previ-
ously, gender and Edmondson–Steiner grade, along with 
MVI, were suggested to be correlated with post-surgical 
recurrence of HCC.19,20 This study first showed their roles 
in HCC with MVI. Moreover, the more important finding 
of this work is to define HBsAg as a potential risk factor 
of recurrence in HCC with MVI, based on univariate and 
multivariate analyses. It was shown that high hepatitis B 
viral load predicted the recurrence of small HCC after 
curative resection.20,21 We provided 2 novel predictors, 
HBsAg, which is routinely detected, and gender that was 
not predictive for recurrence in MVI-absent HCC, in ad-
dition to Edmondson–Steiner grade.22 Some authors found 

Table 4. Multivariate analysis for overall and disease-free survival of HCC with MVI

Variables
Overall survival Disease-free survival

HR 95% CI p-value HR 95% CI p-value

Edmondson–Steiner grade 2.905 1.263–6.683 0.012 3.407 1.577–7.360 0.002

HBsAg 2.942 1.021–8.474 0.046 2.944 1.124–7.710 0.028

Child–Pugh grade N/A N/A N/A 2.043 0.718–5.813 0.181

N/A – not applicable; values in bold indicate statistically significant differences.
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Fig. 2. The significant influence of the variables on disease-free 
survival of patients with HCC and MVI after curative hepatic resection. 
A. Edmondson–Steiner grade (solid line – grade I–II, n = 17; dashed line 
– grade III–IV, n = 45; p < 0.001); B. HBsAg positivity (solid line – negative, 
n = 10; dashed line – positive, n = 52; p = 0.002); C. Child–Pugh grade 
(solid line – grade A, n = 58; dashed line – grade B, n = 4; p = 0.017)
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the association between HBsAg positivity and high AFP 
level, whereas AFP is reported to be involved in many ma-
lignant phenotypes of hepatoma cells, even in the activity 
of dendritic cells, through different mechanisms.23–25 Fur-
thermore, the finding that knockdown of HBsAg expres-
sion inhibits HCC growth provides the direct evidence for 
the role of HBsAg.26 Therefore, our results about HBsAg 
and tumor recurrence might have a molecular basis.

On the other hand, it is well-known that HCC carries 
unsatisfactory prognosis. Thus far, its prognostic indica-
tors, including MVI, have been identified.4–14 However, 
prognostic indicators in HCC with MVI remain unclear 
and need in-depth exploration, because different survival 
status was also found in patients who carried HCC with 
MVI.15 Our results showed that HBsAg and Edmondson–
Steiner grade univariately and multivariately predicted 
both overall and disease-free survival, in consistence with 
reports on other types of HCC.27,28 Considering the fact 
that these variables were independent or marginally in-
dependent risk factors for recurrence, their impact on pa-
tient survival of HCC with MVI might be understandable. 
Previously, the impact of HBsAg positivity on prognosis 
of HCC after radical or palliative therapies was also sug-
gested.27 This study first links HBsAg and HCC with MVI. 
Here, the authors preliminarily speculate on the possible 
route of its action in this subtype of HCC, as this protein 
stimulates tumor growth, then facilitates recurrence, and 
finally causes worse prognosis. Of course, this hypothesis 
needs to be extensively validated.

Conclusions

Our data suggests that Edmondson–Steiner grade and 
HBsAg positivity might function as significant predictors 
for recurrence and poor prognosis in HCC with MVI after 
curative resection.
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Abstract
The current global burden of tuberculosis (TB) is one of the greatest challenges to public health, particularly 
in developing countries, and thus effective diagnostic methods and treatment options for TB remain a central 
topic in basic and clinical research. Heparin-binding hemagglutinin (HBHA)-specific immune responses have 
been linked to protection against TB. The binding of HBHA-coated beads to epithelial and endothelial cell 
layers may trigger transcytosis of the beads, which is the basis for extrapulmonary dissemination. In addition, 
HBHA has been confirmed as a potential diagnostic marker for TB, and it is important in developing new TB 
vaccines and anti-TB drugs. Recently, basic research on HBHA has been intensified. The HBHA application 
in the field of prevention and treatment should be further explored. In addition, the existing research achieve-
ments have shown its broad application prospects. Currently, there are no relevant specialized products, and 
research should be accelerated. These products may contribute to the application of HBHA in the diagnosis, 
prevention and treatment of TB.
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Introduction

Tuberculosis (TB), an infectious disease caused by Myco-
bacterium tuberculosis (Mtb), remains a global health 
problem, with an estimated 10.4 million incident  cases 
of active TB (aTB) in 2015.1 It is a major infectious dis-
ease that kills almost two million people every year, 
mostly in developing countries, where it poses a major 
health, social and economic burden.2 The development 
of improved, clinically sensitive, rapid, and economical 
diagnostic tests may provide a powerful tool to better 
control the epidemic. Recently, polymerase chain reaction 
(PCR)-based methods and automatic culture systems have 
been made available, and these methods are in extensive 
regular use in laboratories in developed countries.3 How-
ever, these diagnostic systems are not suitable for field 
use. The idea to develop a test for TB diagnosis through 
a serological assay has been pursued for many decades, 
but the results so far have been poor. Many of the antigens 
which have been tested did not possess adequate sensitiv-
ity or specificity, and these assays could not properly dis-
tinguish between individuals vaccinated with the Myco-
bacterium bovis bacillus Calmette–Guérin (BCG) vaccine 
or testing positive for purified protein derivative (PPD) 
and those with aTB.4

Recently, it has been demonstrated that several myco-
bacterial proteins undergo a process of post-translational 
modification in mycobacteria, providing important im-
munological properties. Among these proteins is hepa-
rin-binding hemagglutinin (HBHA), which is methylated 
in lysine residues present at the C-terminus.5,6 Since the re-
combinant proteins produced in Escherichia coli cannot 
be properly processed, the use of these antigens in sero-
logical assays is precluded by the cumbersome procedures 
required to purify the native antigens. Recently, a rapid 
and effective system for the purification of methylated 
HBHA (mHBHA) has been developed, and the use of these 
proteins in such assays is now feasible.7 The HBHA plays 
an important role during infection, especially during ex-
trapulmonary dissemination to other systems in the hu-
man host. It  has also been investigated as  a  potential 
diagnostic tool for latent TB, as a possible vaccine and 
as a booster of BCG immunity, probably by inducing cy-
tokines that may contribute to the generation of T helper 1 
(Th1)  effector memory lymphocytes. The HBHA is known 
to bind to heparin.

The HBHA of Mtb, a dissemination factor that has been 
identified as an immunodominant antigen able to induce 
interferon gamma (IFNγ), is associated with protection 
against TB.8 This surface protein interacts with non-
phagocytic cells, attaches to sulfated glycoconjugates, and 
has the ability to agglutinate red blood cells.9,10 The specific 
methylation of the antigen has been shown to be impor-
tant in mounting an immune response against this anti-
gen, and it has been suggested that HBHA can be used 
in IFNγ release assays (IGRAs) to diagnose Mtb infection 

or to discriminate between the active and latent forms 
of the disease. Current preclinical strategies involve ad-
ministering the HBHA vaccine as a booster following vac-
cination with BCG.11

Material and methods

A systematic search of electronic databases, including 
PubMed, EMBASE and Google Scholar, was performed 
in order to identify relevant articles (published until No-
vember 21, 2018) characterizing the role of HBHA in TB. 
To maximize the number of eligible articles, the following 
keywords were used in combination: [HEPARIN-BINDING 
HEMAGGLUTININ], [HBHA] and [TUBERCULOSIS].  
Additional studies were sought from the references of all 
the articles retrieved; only studies examining HBHA in TB 
were included, while non-English language studies and 
review articles were excluded.

Two independent reviewers screened all the titles and 
abstracts, and disagreements related to inclusion or ex-
clusion of a particular study were resolved through con-
sensus. Once the study was selected for inclusion based 
on its title and abstract, the full text was further screened 
by 2 independent reviewers. A total of 88 articles were 
identified.

Discussion

Biochemical characteristics of HBHA

The encoding gene of hbha is approx. 600 bp long, and 
the corresponding protein is composed of 199 amino ac-
ids. The molecular mass is about 28,000 Da. The HBHA 
contains 3 domains: a transmembrane domain composed 
of 18 amino acid residues at the N-terminus, a helical re-
gion containing 81 amino acid residues of curly helical 
type, and it can be modified by methylation after trans-
lation into the C-terminal junction.12,13 The N-terminal 
transmembrane region was inserted into the surface mem-
brane to fix HBHA to the lipid membrane of the surface 
of the bacteria, thereby enhancing virulence, while the C-
terminal domain plays an important role in mediating 
combination and sulfating the polysaccharide receptor.9,10

The HBHA can form a homodimer or polymer. The mo-
lecular weight of HBHA was measured using force micros-
copy.14 Peaks represent HBHA forming dimers or poly-
mers. At the same time, it is also found that similar effects 
exist in viable bacteria that produce HBHA. This phenom-
enon was not found in the hbha gene deletion mutant. 
Combined with the fact that HBHA mediates bacterial 
agglutination, it is speculated that a dimer or a polymer 
is formed through the interaction of the source HBHA and 
body agglutination. Methylation prevents the hydrolysis 
of HBHA protein.15
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Expression of HBHA in different carriers

Although it  is  generally accepted that the  interac-
tion of  Mtb with alveolar macrophages is  a  key step 
in the pathogenesis of TB, interactions with other cell 
types, especially epithelial cells, may also be important.16 
In this study, we characterized the molecular proper-
ties of mycobacterial HBHA, a protein that functions 
as an adhesin for epithelial cells.17 The gene was cloned 
from Mtb and M. bovis BCG, and the sequence was found 
to be identical between the 2 species. The calculated re-
sult was smaller than the finding from SDS/PAGE analy-
sis; this difference may be due to the Lys/Pro-rich repeats 
of the C-terminal end of the protein and to a putative 
carbohydrate moiety. Glycosylation of HBHA appears 
to protect the protein from proteolytic degradation, which 
results in the removal of  the C-terminal Lys/Pro-rich 
region responsible for binding HBHA to sulfated carbo-
hydrates.18 Evidence suggests that glycosylation is also 
important for HBHA-mediated hemagglutination and 
for certain immunological properties of  the protein. 
Finally, the absence of a signal peptide in  the coding 
region of HBHA raises the possibility that this protein 
is not secreted through the general secretory pathway.

The Mtb and M. bovis BCG HBHA is required for ex-
trapulmonary dissemination, and laminin-binding pro-
tein (LBP) is involved in cytoadherence through laminin 
recognition.19,20 These adhesins bear post-translational 
modifications that are not present when the proteins are 
produced in a recombinant (r) form in E. coli. Mass spec-
trometry analysis of HBHA reveals that the post-transla-
tional modifications are borne by the C-terminal moiety, 
which comprises the heparin-binding domain consisting 
of repeated lysine-rich motifs. Amino acid sequencing 
showed that these modifications consist of mono- and 
dimethyllysines within these motifs. The methyllysine-
containing repeats were recognized by mAb 4057D2 and 
were also detected in LBP, which is also recognized by mAb 
4057D2. This antibody does not recognize the recombi-
nant forms of these proteins. However, when recombinant 
HBHA (rHBHA) and rLBP were subjected to NaOH and 
formalin treatment to induce lysine methylation, reactiv-
ity with mAb 4057D2 was recovered. Methylated rHBHA 
displayed enhanced resistance to proteolysis compared 
with unmethylated rHBHA, as previously observed for 
native HBHA. S-adeno sylmethionine-dependent HBHA 
methyltransferase activity was detected in the cell-wall 
fractions of M. bovis BCG and of Mycobacterium smegma-
tis, a species that produces LBP but naturally lacks HBHA, 
suggesting that the same enzyme methylates both LBP 
and HBHA. This hypothesis was confirmed by the fact 
that HBHA produced by recombinant M. smegmatis was 
also methylated. These results show that mycobacteria use 
enzymatic methylation of lysines to ensure greater stability 
of their adhesins.

A recombinant M. smegmatis strain that overexpressed 
HBHA under the control of a strong furA promoter was 
constructed to  discriminate IGRAs between aTB and 
latent tuberculosis infection (LTBI). The methylated ac-
tivity of the purified protein was verified using hybrid-
ization with anti-methylated Lys antibody, and mHBHA 
was further evaluated for antigen-specific IFNγ responses 
in a BCG-vaccinated Chinese population. Taken together, 
evaluation of the immune response to mHBHA can dis-
criminate between healthy LTBI cases and aTB patients.

Infection and pathogenesis of HBHA 
and M. tuberculosis

By virtue of their position at the crossroads between 
the innate and adaptive immune response, macrophages 
play an essential role in the control of bacterial infections. 
Paradoxically, macrophages serve as the natural habitat 
of Mtb. The Mtb subverts the macrophage’s mechanisms 
of intracellular killing and antigen presentation, ultimately 
leading to the development of TB. The HBHA, a viru-
lence factor involved in extrapulmonary dissemination 
and a strong diagnostic antigen for TB, is both surface-
associated and secreted. Disruption of the hbha gene led 
to the restoration of impairment in infected macrophages, 
resulting in reduced apoptosis. Taken together, the data 
suggests that HBHA may act as a strong pathogenic fac-
tor to cause apoptosis of professional phagocytes infected 
with Mtb.21 A recent study suggested that HBHA induces 
cytosolic [Ca(2+)]i, which influences the generation of re-
active oxygen species (ROS) associated with the produc-
tion of pro-inflammatory cytokines. These concerted and 
complex cellular responses induce endoplasmic reticu-
lum stress-associated apoptosis during HBHA stimulation 
in macrophages. These results indicate that the endoplas-
mic reticulum stress pathway contributes significantly 
to  HBHA-induced apoptosis during mycobacterial 
infection.22

Importantly, in vitro studies have demonstrated that 
the Mtb hbha and esxA gene products HBHA and ESAT6 
directly or indirectly influence alveolar epithelial cell sur-
vival.23 In vitro assays with the recombinant histone-like 
protein and HBHA, which are considered to be major my-
cobacterial adhesins, confirmed their function of promot-
ing bacterial attachment to epithelial cells. In addition, 
these experiments suggested that the airway epithelium 
may act as a reservoir and/or portal of entry for Myco-
bacterium leprae in humans.24 A previous study used im-
munoblotting to examine the humoral immune responses 
of aTB patients against triton-soluble proteins extracted 
from Mtb. Of interest, the pooled sera from TB patients 
that contained anti-HBHA IgM antibodies neutralized 
the entry of Mtb into epithelial cells. These findings sug-
gest that IgM antibodies against HBHA may help protect 
against extrapulmonary dissemination.25
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Detection of HBHA in tuberculosis 
immunology

In recent years, T-cell-based IGRAs have been developed 
for immunodiagnosis of Mtb infection. Currently, these 
assays do not discriminate between disease and latency. 
Therefore, more promising antigens and diagnostic tools 
are continuously being searched for TB immunodiagnos-
tics. The HBHA is a surface protein of Mtb, which pro-
motes bacterial aggregation and adhesion to non-phago-
cytic cells. It has been previously assumed that the native, 
methylated form of this protein would be a promising an-
tigen to discriminate between latent and active infection. 
A pilot investigation was performed to study the humoral 
and T-cell-mediated immunological responses to recom-
binant HBHA produced in M. smegmatis and to synthetic 
peptides in patients with recent or past TB, with atypical 
mycobacteriosis, and in healthy, vaccinated individuals. 
T-cell reactivity to HBHA was compared to the respec-
tive reactivity toward PPD and 2 surface-secreted pro-
teins, i.e., early secretory antigen target-6 (ESAT-6) and 
culture filtrate protein-10 (CFP-10).26 The preliminary 
results indicate that methylated rHBHA induced a strong 
T-cell-mediated immune response and the production 
of IgG and IgM-class antibodies in all patient groups, most 
surprisingly in young Finnish vaccinees. They observed 
a positive correlation between the reactivity to HBHA 
and non-specific PPD among the entire study population. 
As expected, ESAT-6 and CFP-10 were the most powerful 
antigens to distinguish between disease and immunity 
caused by vaccination.27 On the basis of this exploratory 
investigation, we raise concerns that in countries like Fin-
land, where BCG vaccination was routinely used, HBHA 
may not be sufficient for diagnostics because of the in-
ability to explicitly discriminate between TB infection and 
immunoreactivity caused by previous BCG vaccination.28

The IGRAs based on region of difference 1 (RD1) anti-
gens have improved the diagnosis of Mtb infection. How-
ever, IGRAs of these antigens cannot distinguish between 
aTB and LTBI. The Mtb HBHA induces relatively high 
IFNγ responses in LTBI individuals and low responses 
in aTB patients, but purification of the native methylated 
HBHA from Mtb cultures for immunological tests is com-
plex and time-consuming. The study showed that T-cell 
responses against mHBHA were always lower in aTB pa-
tients than in LTBI individuals, regardless of the site of in-
fection or the results of bacteriological tests. This allowed 
for a high discrimination between these 2 groups of Mtb-
infected individuals, even in the BCG-vaccinated and high-
TB-incidence setting of China. Additionally, the combina-
tion of mHBHA and RD 1 antigens in an IGRA enhanced 
the diagnostic efficacy for aTB cases. Taken together, inclu-
sion of the immune response to mHBHA can differentiate 
between healthy LTBI cases and aTB patients.15

In a recent study, 165 outpatients and 133 healthy volun-
teers were included in an investigation of the role of HBHA 

in TB diagnosis, including serodiagnostic tests and IGRAs. 
None of the healthy volunteers had been BCG-vaccinated, 
including 73 individuals with PPD (−) and 60 with PPD 
(+) (i.e., P−B− and P+B−). Of all 165 outpatients, 77 had 
pulmonary tuberculosis (PTB) and 88 had extrapulmo-
nary tuberculosis (EPTB). The HBHA protein was used 
for serodiagnostic tests and IGRAs in peripheral blood 
mononuclear cells. They found that HBHA serodiag-
nostic tests with IGRAs had a limited potential for use 
as auxiliary tools for the differential diagnosis of PTB and 
EPTB, because both methods showed low sensitivity and 
specificity.29

Conclusions and future prospects

Tuberculosis is one of the greatest challenges to pub-
lic health, particularly in developing countries, and thus 
effective diagnostic methods and treatment options for 
TB remain a central topic in basic and clinical research. 
The HBHA-specific immune responses have been linked 
to protection against TB. Lately, the investigation of HBHA 
in basic research has been intensified. The HBHA appli-
cation in the field of prevention and treatment should be 
further explored. In addition, recent findings have shown 
its broad application prospects. Currently, there are no rele-
vant specialized products, and research should be accel-
erated. These products may contribute to the application 
of HBHA in the diagnosis, prevention and treatment of TB.
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