
INTERNATIONAL JOURNAL OF MOlecular medicine  42:  799-810,  2018

Abstract. The aim of the present study was to investigate the 
mechanism underlying the high glucose (HG)‑associated regu-
lation of HTR‑8/SVneo cell viability and proliferation during 
gestational diabetes mellitus (GDM), and to verify the associa-
tion of microRNA (miR)‑137, protein kinase AMP‑activated 
catalytic subunit  α1 (PRKAA1) and interlukin‑6 (IL‑6). 
miR‑137‑overexpressing and negative control HTR‑8/SVneo 
cells were established by lentiviral vector infection. Cell 
Counting Kit‑8 and colony formation assays were used to 
analyze the viability and proliferation of HTR‑8/SVneo cells. 
Reverse transcription‑quantitative polymerase chain reaction 
analysis was used to determine the transcriptional activity 
of miR‑137, PRKAA1 and Il‑6, and ELISA and western blot 
analysis were used to measure the protein levels of IL‑6 and 
PRKAA1, respectively. It was demonstrated that PRKAA1 
was decreased in the placental tissues of women with GDM 
and HG‑treated HTR‑8/SVneo cells, and that HG upregulated 
miR‑137 and IL‑6 in trophoblasts. The overexpression of 
miR‑137 decreased levels of PRKAA1 and increased levels 
of IL‑6 in the HTR‑8/SVneo cells. An inhibitor of PRKAA1 
promoted the secretion of IL‑6, whereas an agonist of 
PRKAA1 suppressed the production of IL‑6. HG treatment 
and the overexpression of miR‑137 reduced the viability and 
proliferation of HTR‑8/SVneo cells in vitro, whereas the acti-
vation of PRKAA1 or incubation with IL‑6 antibody reversed 
these effects. Overall, it was concluded that HG suppressed 

the viability and proliferation of trophoblast cells through 
the miR‑137/PRKAA1/IL‑6 axis, which may contribute to 
pathological changes of placental tissues in GDM.

Introduction

Diabetes during pregnancy refers to two conditions, namely 
pre‑gestational diabetes and gestational diabetes mellitus 
(GDM). The former comprises diabetes prior to conception, 
including type 1 diabetes mellitus and type 2 diabetes mellitus 
(T2DM), and the latter refers to impaired glucose tolerance that 
is initiated during pregnancy, which is the greatest contributor 
to cases of diabetes during pregnancy. GDM is characterized 
by hyperglycemia and disturbance of carbohydrate metabo-
lism, and the etiology and pathological changes may be largely 
different from T2DM (1). Poorly controlled GDM may result 
in maldevelopment and incorrect vascular remodeling of 
the placenta. Previous studies have suggested that maternal 
hyperglycemia at early stages of pregnancy may facilitate 
abortion and fetus malformation, in addition to abnormal 
development of the first trimester placental tissue (2,3), which 
may be ascribed to the effect of high glucose (HG) on the 
placenta. As a crucial organ for nutrition exchange between 
mother and fetus during pregnancy, the regular formation, 
implantation and growth of the placenta are important to 
assure healthy pregnancy maintenance and embryonic devel-
opment (4). Trophoblast cells of normal biological function are 
vital to the development of the placenta. Suppressed invasion, 
migration and viability of trophoblast cells may contribute to 
maldevelopment of placental tissues, resulting in miscarriage, 
spontaneous abortion and premature labor, which have been 
reported in several published studies over the years  (5‑7). 
However, the mechanisms involved in the inhibition of tropho-
blast cell viability and proliferation in GDM remain to be fully 
elucidated.

Protein kinase AMP‑activated catalytic subunit  α1 
(PRKAA1), also termed AMP‑activated protein kinase 
(AMPK) or AMPKα1, is an enzyme of the serine/threonine 
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kinase family, which mediates the activities of essential 
metabolic enzymes by phosphorylation. PRKAA1 is impor-
tant in glucose metabolism and energy homeostasis; it also 
interferes with the modulation of biological functions of 
cells  (7). Previous studies have reported that PRKAA1 is 
aberrantly expressed in women with GDM and HG‑treated 
vascular endothelial cells (8,9). Regarding potential upstream 
regulators of PRKAA1, microRNAs (miRNAs) are of interest 
in research. These are conserved endogenous, non‑coding 
RNAs of 20‑25 nucleotides, which bind to the 3' untranslated 
region of target mRNAs to induce silencing and repression 
of translation, thus regulating various metabolic pathways. 
Such activity contributes to the pathology of numerous 
diseases  (10). Notably, it has been indicated that the fetus 
may retain metabolic memory of HG conditions and maintain 
the same pattern of metabolism, even if maternal glucose is 
controlled well in later gestational weeks (11). This phenom-
enon is termed ‘fetal programming’ and is associated with a 
long‑term risk of suffering from other complications, which 
may be ascribed to genetic factors  (12). It has previously 
been reported that miR‑137 is abnormally expressed in the 
placental tissues of women with GDM and preeclampsia, and 
is involved in HG‑induced dysfunction of vascular endothelial 
cells via the downregulation of PRKAA1 (13,14), which may 
be involved in exacerbating the progression of diseases and 
render a higher risk of cardiovascular events for the mother 
and fetus in later life. Interleukin‑6 (IL‑6) is a downstream 
molecule, which may be regulated by PRKAA1 and has been 
revealed to be modulated by PRKAA1 in different types 
of cells; furthermore, its levels are elevated in patients with 
GDM, contributing to the low‑grade inflammatory status of 
individuals (15‑18). However, the influence of PRKAA1 on the 
viability and proliferation of trophoblast cells remains to be 
elucidated.

In order to investigate the mechanism underlying aberrant 
PRKAA1 levels that potentially result in maldevelopment of 
the placenta in women with GDM, the present study detected 
the expression profile of PRKAA1 in the placental tissues 
of healthy women and women with GDM, and evaluated the 
role of the microRNA (miR)‑137/PRKAA1/IL‑6 axis in regu-
lating the viability and proliferation of HTR‑8/SVneo human 
trophoblast cells under a HG condition in vitro. The aim of the 
present study was to provide a possible mechanism to eluci-
date how dysfunction of the placental tissue occurs during the 
gestational diabetic period.

Materials and methods

Participants and biopsy collection. The present study was 
approved by the Ethics Committee of Shanghai Jiao Tong 
University Affiliated Sixth People's Hospital (Shanghai, 
China) and all participants were recruited between January and 
June 2017 in the Department of Gynecology and Obstetrics, 
with informed consent. The participants (age, 20‑40) with 
GDM were diagnosed according to the American Diabetes 
Association guidelines  (19), with healthy pregnant women 
being recruited as controls. Patients with pre‑gestational 
diabetes, multiple gestation accompanied with further compli-
cations, and/or taking medication were all excluded from the 
study. At the time of delivery, placental biopsies of the women 

with GDM (n=11) and healthy women (n=11) were collected 
and transferred to the laboratory immediately, and stored in 
liquid nitrogen prior to extraction of protein.

Cell culture. The HTR‑8/SVneo trophoblast cell line 
derived from human choriocarcinoma was purchased from 
the Chinese Academy of Sciences Cell Bank (Shanghai, 
China) and cultured in Dulbecco's modified Eagle's medium 
(including 1,000 mg/l glucose; Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), supplemented with 10% 
fetal bovine serum (ScienCell Research Laboratories, Inc., San 
Diego, CA, USA), 100 U/ml penicillin and 100 µg/ml strep-
tomycin (Sangong Biotech, Co., Ltd., Shanghai, China) and 
0.25 µg/ml amphotericin B (Sigma‑Aldrich; Merck Millipore, 
Darmstadt, Germany). The cells were incubated at 37˚C, in 
a humidified atmosphere containing 5% CO2. Additional 
D‑glucose (Sigma‑Aldrich; Merck Millipore) was dissolved in 
the supplemented medium up to a final glucose concentration 
of 25 mmol/l, following which the HG medium was prepared 
in which cells were cultured, with cells in normal medium 
(glucose concentration ~5 mmol/l) used as a control.

Lentiviral vector infection. Recombinant lentiviral vectors 
with Ubi‑MCS‑SV40‑EGFP‑IRES‑puromycin sequences of 
LV‑miR‑NC (LV‑NC; cat. no. LVCON238) and up‑LV‑miR‑137 
(LV‑miR‑137; cat.  no.  LVKL15932‑1) were constructed 
by Shanghai GeneChem Co., Ltd. (Shanghai, China). The 
HTR‑8/SVneo cells were uniformly planted in a 6‑well 
culture plate (Corning Incorporated, Corning, NY, USA) with 
5x105 cells per well. After 24 h, the medium was replaced with 
infection substrates in accordance with the recommended 
protocol. Following 96 h of infection, light from green fluo-
rescent protein (GFP) was observed under an Olympus BX51 
fluorescence microscope (Olympus Corporation, Tokyo, 
Japan). Puromycin (Shanghai GeneChem Co., Ltd.) was added 
into the medium to clear out uninfected cells for ~2 weeks, and 
stably infected surviving cells were measured for infection 
efficiency and cultured for further experiments.

Cell Counting Kit‑8 (CCK‑8) viability assay. The LV‑NC 
and LV‑miR‑137 groups of HTR‑8/SVneo cells were plated 
in a 96‑well culture plate (Corning Incorporated) at the same 
density, and incubated at 37˚C in a humidified atmosphere 
containing 5% CO2 for 24 h. The uninfected HTR‑8/SVneo 
cells were uniformly planted in several 96‑well plates 
(Corning Incorporated), and different concentrations of 
IL‑6 (15.0, 30.0, 37.5, 45.0 and 52.5 pg/ml; BioLegend, Inc., 
San Diego, CA, USA), PRKAA1 inhibitor (Dorsomorphin; 
MedChemExpress, Princeton, NJ, USA), PRKAA1 agonist 
(AICAR; MedChemExpress) and IL‑6 antibody (α‑IL‑6; 
BioLegend, Inc.) were solely or jointly added to the medium 
for 24 h of treatment. The viability of the HTR‑8/SVneo cells 
was determined using a CCK‑8 assay (Dojindo Molecular 
Technologies, Inc., Kumamoto, Japan). At the time of detec-
tion, the medium was removed and the cells were washed with 
PBS, following which 10 µl CCK‑8 and 90 µl medium was 
added into each well of the plate. Following incubation at 37˚C 
for 1‑4 h in the dark, the plates were transferred to a microplate 
spectrometer (BioTek Instruments, Inc., Winooski, VT, USA) 
to measure optical density (OD) at a wavelength of 450 nm. 
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The viability index was calculated as follows: Treatment 
groupOD450 nm/Control groupOD450 nm x 100%.

Colony formation assay. The uninfected, LV‑NC and 
LV‑miR‑137 groups of HTR‑8/SVneo cells were plated at 
a density of 600‑800 cells/well into a 6‑well culture plate 
(Corning Incorporated) and cultured at 37˚C in an atmosphere 
containing 5% CO2, with exchange of the culture medium every 
other day. The uniformly plated uninfected HTR‑8/SVneo cells 
were cultured with IL‑6 antibody (α‑IL‑6; 1:1,000; BioLegend, 
Inc.) supplementary medium at 37˚C, with HTR‑8/SVneo cells 
not treated with α‑IL‑6 as a control group. The LV‑NC and 
LV‑miR‑137 HTR‑8/SVneo cells were cultured with normal 
and HG medium. After 10 days, the medium was removed 
from each well, and the plate was washed with PBS. The cells 
were then fixed with 4% paraformaldehyde (Biotech Well, 
Shanghai, China) for 10 min. Following the fixation process, 
crystal violet hydrate solution (Sangong Biotech, Co., Ltd.) 
was added for cell staining for 30 min. Finally, images of each 
well were captured by a camera (E‑M1 Mark II; Olympus 
Corporation;) and colonies were counted, with a colony 
defined as >15 cells.

RNA extraction and reverse transcription (RT). The 
HTR‑8/SVneo cells were plated in 6‑well culture plate 
(Corning Incorporated), with normal medium‑cultured cells 
as controls and HG medium‑cultured cells as a HG group. To 
verify lentiviral vector infection efficiency and the role of over-
expressed miR‑137 in regulating the expression of PRKAA1 
and Il‑6, the uninfected, LV‑NC, and LV‑miR‑137 groups of 
HTR‑8/SVneo cells were equally plated in a 12‑well culture 
plate (Corning Incorporated). Total RNAs in the placental 
tissues and cells were extracted using TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.). Following quantification with 
a microplate spectrometer (BioTek Instruments, Inc.), the 
RNAs were reverse transcribed to cDNA with quantification 
of 500  ng, using an miRcute miRNA First‑Strand cDNA 
Synthesis kit (Tiangen Biotech Co., Ltd., Beijing, China) for 
miRNA analysis and PrimeScript RT Master mix (Perfect 
Real-Time; Takara Biotechnology Co., Ltd., Dalian, China) 

for mRNA detection, with the products from these processes 
stored at ‑20˚C in a refrigerator for subsequent assays.

Quantitative polymerase chain reaction (qPCR) analysis. 
The products of cDNA obtained from the aforementioned 
samples, including the control and HG groups, and LV‑NC 
and LV‑miR‑137 HTR‑8/SVneo cells, were used for RT‑qPCR 
analysis. The reaction system for miRNA included 2X miRNA 
Plus miRNA Premix (10 µl), forward primer (0.4 µl), reverse 
primer (0.4 µl), cDNA (2 µl), 50X ROX Reference Dye (2 µl) 
and double distilled water (5.2  µl). The mRNA reaction 
mixture included SYBR Premix EX Taq II (10 µl), forward 
primer (0.8 µl), reverse primer (0.8 µl), cDNA (2 µl), ROX 
Reference Dye II (0.4 µl) and double distilled water (6 µl). The 
total volume of 20 µl for each well was added into a 96‑well 
plate (Corning Incorporated) according to the manufacturer's 
protocol. The reaction steps were set up in accordance with the 
protocol of the miRcute miRNA qPCR Detection kit (SYBR 
Green; TianGen Biotech Co., Ltd.) for miRNA, with hsa‑u6 
as an internal control, and of SYBR Premix EX Taq™ II 
(Tli RAaseH Plus; Takara Biotechnology Co., Ltd) for mRNA, 
with the housekeeping gene β‑actin as an internal control. The 
reaction conditions for mRNA were set as: 95˚C for 30 sec, 
95˚C for 5 sec for 40 cycles, 60˚C for 34 sec and a final stage 
at 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec. The reac-
tion conditions for the miRNAs were: 95˚C for 15 min, 94˚C 
for 20 sec for 40 cycles, 60˚C for 34 sec, and a final stage 
at 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec. These 
steps were processed using the 7500 Real‑Time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The rela-
tive expression of target genes was analyzed using the 2‑ΔΔCq 

method (20). The forward and reverse primer sequences used 
are listed in Table I. All primers were purchased from Sangong 
Biotech, Co., Ltd.

ELISA. The uninfected HTR‑8/SVneo cells were plated in 
three 24‑well culture plates (Corning Incorporated), and he 
LV‑NC, and LV‑miR‑137 groups of HTR‑8/SVneo cells were 
plated in a new 24‑well plate (Corning Incorporated). After 
24 h, the medium of the control, LV‑NC, and LV‑miR‑137 

Table I. Sequences of forward and reverse primers for target genes.

Gene	 Direction	 Sequence (5'‑3')

miR‑137	 Forward	 ATAGAGCGGCCATTTGGATT
	 Reverse	 TCAAGGCCTTTCAGTCGTTC
hsa‑u6	 Forward	C TCGCTTCGGCAGCACA
	 Reverse	 AACGCTTCACGAATTTGCCT
PRKAA1	 Forward	 TGTAAGAATGGAAGGCTGGATGA
	 Reverse	 GGACCACCATATGCCTGTGA
IL‑6	 Forward	 GCTTCTTAGCGCTAGCCTCAATG
	 Reverse	 TGGGGCTGATTGGAAACCTTATTA
β‑actin	 Forward	 TGGCACCCAGCACAATGAA
	 Reverse	C TAAGTCATAGTCCGCCTAGAAGCA

miR, microRNA; PRKAA1, protein kinase AMP‑activated catalytic subunit α1; IL‑6, interleukin‑6.
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HTR‑8/SVneo cells was exchanged with 500 µl new medium, 
with the HG group receiving HG medium. The media in the 
second and third uninfected culture plates were respectively 
replaced with 500 µl of medium containing different concen-
trations of dorsomorphin (0, 2.5, 5 and 10 µM) and AICAR 
(0, 0.10, 0.25 and 0.50 mM). The cells were then incubated 
in 5% CO2 at 37˚C for 24 h. The medium was collected and 
centrifuged at 400 x g and 4˚C for 20 min, following which the 
supernatants were isolated. A human IL‑6 ELISA kit (Dakewe 
Biotech Co., Ltd., Shenzhen, China, cat. no. DKW12‑1060‑096 
was used to measure the concentration of IL‑6 in the superna-
tant according to the manufacturer's protocol. Following this, 
the OD values at wavelengths of 450 and 570 nm were deter-
mined using a microplate spectrometer (BioTek Instruments, 
Inc.) and the final concentrations of IL‑6 in supernatants were 
calculated according to the standard curve.

Western blot analysis. The uninfected HTR‑8/SVneo cells 
were cultured in a 6‑well plate (Corning Incorporated) and the 
LV‑NC, and LV‑miR‑137 HTR‑8/SVneo cells were cultured 
in another 6‑well plate. When all cells had grown to 80% 
confluence, the uninfected HTR‑8/SVneo cells were divided 
into control and HG groups. The medium of the HG group 
was replaced with HG medium, whereas the culture media of 
the other groups remained as normal. Following 24 h treat-
ment and incubation, the culture medium was removed and the 
cells were washed with PBS three times. The placental biop-
sies were removed from liquid nitrogen and used to extract 
protein. A total of 60 µl radioimmunoprecipitation assay lysis 
buffer (Beyotime Institute of Biotechnology, Haimen, China) 
with phenylmethanesulfonyl fluoride (Beyotime Institute of 
Biotechnology) was added to each sample on ice for 30 min, 
following which the cells were scratched with a cell scraper, 
and protein liquid was transferred into 1.5 ml EP tubes, prior 
to centrifugation at 2,000 x g and 4˚C for 20 min. The super-
natants were collected and the concentration of protein was 
determined with an enhanced bicinchoninic acid assay protein 
kit (Beyotime Institute of Biotechnology). The extracted protein 
was boiled with SDS‑PAGE sample loading buffer (Beyotime 
Institute of Biotechnology) for 10 min. For the western blot 
assay, 25 µg of protein samples and marker/ladder (Invitrogen; 
Thermo Fisher Scientific, Inc.) in 10% SDS‑PAGE (EpiZyme, 
Inc., Shanghai, China) underwent electrophoresis and trans-
membrane blotting, in which the separated proteins of different 
molecular weights were transferred onto 0.45‑µm polyvinyli-
dene membranes (Biotech Well). The membranes were then 
blocked in 5% defatted milk (Yili Group, Beijing, China) for 
2 h at room temperature and washed with Tris‑buffered saline 
Tween‑20 (TBST; Biotech Well). Rabbit monoclonal antibodies 
against β‑actin (Cell Signaling Technology, Inc., Danvers, MA, 
USA, cat. no. 8457) and PRKKA1 (Cell Signaling Technology, 
Inc., cat. no. 2795S) were diluted in primary antibody dilu-
tion buffer (Beyotime Institute of Biotechnology) at a ratio of 
1:1,000, and the membranes were incubated in the antibody 
solution at 4˚C overnight. Following this incubation process, 
the membranes were washed with TBST and incubated with 
HRP‑linked anti‑rabbit antibody (Cell Signaling Technology, 
Inc., cat. no. 7074S), diluted in secondary antibody dilution 
buffer (Beyotime Institute of Biotechnology) at a ratio of 
1:5,000, at room temperature for 1 h. Finally, the membranes 

were exposed to an enhanced chemiluminescence western 
blotting substrate kit (EMD Millipore, Billerica, MA, USA) 
using chemiluminescence apparatus. Relative protein band 
density was determined with Image Pro Plus version  6.0 
(Media Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. Statistical analysis was performed with 
GraphPad Prism version 5 (GraphPad Software, Inc., La Jolla, 
CA, USA) and data are presented as the mean ± standard error 
of the mean. Statistical significance was determined using 
Student's t‑test or one‑way analysis of variance with post hoc 
comparisons with the Student‑Newman‑Keuls test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Expression of PRKAA1 is decreased in placental tissues 
of women with GDM. To examine the expression profile of 
PRKAA1 in the placental tissues of women with GDM and 
healthy women, and to reveal its potential role in mediating 
dysfunction of the placenta, which frequently occurs during 
the gestational diabetic period, a western blot assay was 
used to determine the protein production levels of PRKAA1 
in biopsies. As shown in Fig. 1A and B, compared with the 
specimens collected from healthy women (n=11), the protein 
levels of PRKAA1 were notably decreased in the placental 
tissues of the women with GDM (n=11). This may be associ-
ated with pathological changes of placental tissues and adverse 
pregnancy outcomes in GDM.

HG treatment suppresses the expression of PRKAA1 and 
upregulates levels of miR‑137 and IL‑6. In order to verify 
the role of PRKAA1 in regulating the biological function of 
placental tissues and the underlying mechanism under condi-
tions of hyperglycemia, the HTR‑8/SVneo trophoblast cell line 
was treated with HG medium for 24 h in vitro. Following this, 
RT‑qPCR analysis was performed to determine the expression 
levels of PRKAA1 and its potential regulator, miR‑137, and 
western blot analysis and ELISA were performed to detect the 
protein levels of PRKAA1 and IL‑6, respectively. The results, 
as shown in Fig. 2A and B, revealed that treatment with HG 
significantly decreased the level of PRKAA1 and upregulated 
the level of miR‑137 in the HTR‑8/SVneo cells (P<0.05, 
P<0.001). As shown in Fig. 2C‑E, decreased protein level of 
PRKAA1 and elevated secretion of IL‑6 were observed in the 
HG‑exposed HTR‑8/SVneo cells.

Upregulating miR‑137 decreases the expression of PRKAA1 
in HTR‑8/SVneo cells. PRKAA1 is involved in numerous 
signaling pathways and has been revealed as a target gene of 
miR‑137 in human umbilical vein endothelial cells (21‑23). 
To further investigate whether the suppressed expres-
sion of PRKAA1 is modulated by augmented miR‑137 in 
HTR‑8/SVneo cells under HG conditions, the present study 
used the LV‑NC and LV‑miR‑137 lentiviral vectors to infect 
HTR‑8/SVneo cells. RT‑qPCR analysis was used to detect the 
expression levels of PRKAA1 and the efficiency of the upregu-
lation of miR‑137, with protein levels of PRKAA1 measured 
using western blot analysis. The results, as shown in Fig. 3A, 
revealed the successful infection efficiency of the lentiviral 
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vectors (P<0.05, P<0.01), and indicated that the upregulation 
of miR‑137 in HTR‑8/SVneo cells decreased the expression of 
PRKAA1 at the gene and protein levels (Fig. 3B‑D; P<0.05).

HG/miR‑137 elevates the expression of IL‑6 in HTR‑8/SVneo 
cells by downregulating PRKAA1. To investigate whether the 
elevated secretion of IL‑6 in HG‑stimulated HTR‑8/SVneo 

Figure 1. PRKAA1 is decreased in placental tissues of women with GDM. Western blot analysis was used to measure the protein level of PRKAA1 in placental 
tissues of women without GDM (n=11) and with GDM (n=11). β‑actin (~43 kDa) was used as the internal control. The relative density of PRKAA1 (~62 kDa) 
was determined with Image Pro Plus version 6.0 software. (A) Representative protein bands of PRKAA1 and β‑actin in placental biopsies of five normal 
pregnant women and five women with GDM. (B) Relative density of PRKAA1 in placental tissues of the normal (n=11) and GDM (n=11) groups. Data are 
expressed as the mean ± standard error of the mean; statistical significance was determined using Student's t‑test, *P<0.05. GDM, gestational diabetes mellitus; 
PRKAA1, protein kinase AMP‑activated catalytic subunit α1; N, normal; G, GDM.

Figure 2. HG treatment suppresses the expression of PRKAA1 and upregulates levels of miR‑137 and IL‑6. HTR‑8/SVneo trophoblastic cells were treated 
with HG (25 mmol/l) medium for 24 h, with a control group cultured in normal medium (5 mmol/l). Expression levels of miR‑137 and PRKAA1 were 
detected using reverse transcription‑quantitative polymerase chain reaction analysis, with hsa‑u6 and β‑actin as internal controls. Protein levels of PRKAA1 
(~62 kDa) and IL‑6 were measured using western blot analysis and ELISA, respectively, and the relative density of PRKAA1 was determined using Image 
Pro Plus 6.0 software. (A) HG intervention suppressed the expression of PRKAA1 in HTR‑8/SVneo cells. (B) miR‑137 expression levels were elevated in 
HG‑exposed HTR‑8/SVneo cells. (C) Protein level of PRKAA1 was decreased in HG‑exposed HTR‑8/SVneo cells. (D) Results of western blot analysis. 
(E) HG treatment promoted the secretion of IL‑6 in HTR‑8/SVneo cells. Data are expressed as the mean ± standard error of the mean; statistical significance 
was determined using Student's t‑test, *P<0.05, ***P<0.001. HG, high glucose; Ctrl, control; miR‑137, microRNA‑137; PRKAA1 protein kinase AMP‑activated 
catalytic subunit α1; IL‑6, interleukin‑6.
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cells was triggered by miR‑137/PRKAA1, the production 
of IL‑6 at the gene and protein levels was measured using 
RT‑qPCR analysis and ELISA, respectively. The results, as 
shown in Fig. 4A and B, revealed that the overexpression of 
miR‑137 upregulated the expression of IL‑6 in HTR‑8/SVneo 
cells (P<0.05 and P<0.01). To investigate whether PRKAA1 is 
involved in modulating the expression of IL‑6, different concen-
trations of inhibitor  (dorsomorphin) and agonist  (AICAR) 
of PRKAA1 were used to treat the HTR‑8/SVneo cells for 
24 h. The results, as shown in Fig. 4C and D, clarified that 
the inhibition of PRKAA1 by dorsomorphin upregulated the 
expression of IL‑6, whereas the agonist of PRKAA1 caused 
the reverse effect (P<0.01 and P<0.001). It was concluded that 
HG treatment upregulated miR‑137, which downregulated 
PRKKA1 and ultimately promoted the production of IL‑6 in 
the HTR‑8/SVneo cells.

HG/miR‑137 reduces the viability and proliferation of 
HTR‑8/Svneo cells. To investigate the effect of HG treatment 
and subsequent upregulation of miR‑137 on the HTR‑8/SVneo 
cells, the viability and proliferation were determined in 
HTR‑8/SVneo cells (LV‑NC and LV‑miR‑137 groups), sepa-
rately cultivated in normal and HG medium. The viability 
and proliferation of the cells were detected using CCK‑8 and 
colony formation assays. The results (Fig. 5A) and the statis-
tical results of the colony formation assay (Fig. 5B) revealed 
that the proliferation of HTR‑8/SVneo cells was reduced 

by the overexpression of miR‑137 and/or HG treatment, 
compared with cells in the LV‑NC group cultivated in normal 
conditions (P<0.01 and P<0.001). In addition, the results of 
the CCK‑8 assay (Fig. 5C) demonstrated that upregulating 
miR‑137 in the HTR‑8/SVneo cells significantly suppressed 
the viability of the cells (P<0.001). These results indicated 
that the HG‑mediated upregulation of miR‑137 reduced the 
viability and proliferation of the HTR‑8/SVneo cells.

miR‑137 suppresses the viability of HTR‑8/SVneo cells by 
downregulating PRKAA1 and upregulating IL‑6. Based 
on the aforementioned results, it was hypothesized that HG 
stimulation induced high expression levels of miR‑137, which 
downregulated PRKAA1 and increased IL‑6. This led to 
the investigation of whether the miR‑137/PRKAA1/IL‑6 
signaling pathway interferes with the HG‑induced suppres-
sion of viability in HTR‑8/SVneo cells. The results (Fig. 6A) 
suggested that IL‑6 suppressed the viability of HTR‑8/SVneo 
cells  (P<0.05, P<0.01 and P<0.001), with the inhibitor of 
PRKAA1 (dorsomorphin) having the same effect (P<0.001; 
Fig. 6B). As shown in Fig. 6C, the PRKAA1 agonist (AICAR) 
promoted the viability of HTR‑8/SVneo cells  (P<0.05 and 
P<0.01). As shown in Fig. 6D, AICAR reversed the suppression 
of viability observed in HTR‑8/SVneo cells overexpressing 
miR‑137 (P<0.05 and P<0.01). These results suggested that HG 
reduced the viability and proliferation of HTR‑8/SVneo cells by 
upregulating miR‑137 and IL‑6, and downregulating PRKAA1.

Figure 3. miR‑137 upregulation decreases levels of PRKAA1 in HTR‑8/SVneo cells. HTR‑8/SVneo cells were infected with lentiviral vectors and miR‑137 
and PRKAA1 gene expression levels were measured using reverse transcription‑quantitative polymerase chain reaction analysis, with hsa‑u6 and β‑actin as 
internal controls, respectively. Protein levels of PRKAA1 (~62 kDa) were detected by western blot analysis, and β‑actin (~43 kDa) was used as an internal 
control. (A) miR‑137 was upregulated in LV‑miR‑137 HTR‑8/SVneo cells. (B) Gene expression level of PRKAA1 was downregulated in the LV‑miR‑137 group. 
(C) Western blot analysis of PRKAA1. (D) Protein level of PRKAA1 was decreased in miR‑137‑overexpressing HTR‑8/SVneo cells. Data are expressed as the 
mean ± standard error of the mean; statistical significance was determined using Student's t‑test, *P<0.05, **P<0.01. Ctrl, control; NS, no significant difference; 
miR‑137, microRNA‑137; PRKAA1 protein kinase AMP‑activated catalytic subunit α1; LV, lentiviral vector; NC, negative control.
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Figure 5. HG/miR‑137 reduces viability and proliferation of HTR‑8/Svneo cells. The viability and proliferation of HTR‑8/SVneo cells were assessed using 
CCK‑8 and colony formation assays. LV‑NC and LV‑miR‑137 HTR‑8/SVneo cell groups were treated with normal and HG medium for 10 days for the colony 
formation assay. (A) Images of the colony formation assay. (B) miR‑137/HG suppressed proliferation of HTR‑8/SVneo cells. (C) CCK‑8 assay demonstrated 
decreased viability of miR‑137‑overexpressing HTR‑8/SVneo cells. Data are presented as the mean ± standard error of the mean; statistical significance 
(P<0.05) was determined using Student's t‑test, **P<0.01, ***P<0.001. CCK‑8, Cell Counting Kit‑8; HG, high glucose; miR‑137, microRNA‑137; LV, lentiviral 
vector; NC, negative control.

Figure 4. HG/miR‑137 elevates levels of IL‑6 in HTR‑8/SVneo cells by decreasing PRKAA1. Expression levels of IL‑6 in LV‑NC and LV‑miR‑137 HTR‑8/SVneo 
cell groups were detected using reverse transcription‑quantitative polymerase chain reaction analysis. Secretion of IL‑6 into the supernatants of miR‑137‑over-
expressing, PRKAA1 inhibitor‑ and PRKAA1 agonist‑treated HTR‑8/SVneo cells was measured by ELISA. (A) Overexpression of miR‑137 upregulated 
the expression levels of IL‑6 in HTR‑8/SVneo cells. (B) Secretion of IL‑6 was elevated in the supernatants of miR‑137‑overexpressing HTR‑8/SVneo cells. 
(C) PRKAA1 inhibitor (dorsomorphin) promoted the production of IL‑6 in HTR‑8/SVneo cells at different concentrations (2.5, 5 and 10 µM). (D) PRKAA1 
agonist (AICAR; 1.10, 0.25 and 0.50 mM) suppressed secretion of IL‑6 from HTR‑8/SVneo cells. Data are expressed as the mean ± standard error of the 
mean; statistical significance was determined using Student's t‑test or one‑way analysis of variance, *P<0.05, **P<0.01, ***P<0.001. miR‑137, microRNA‑137; 
PRKAA1 protein kinase AMP‑activated catalytic subunit α1; LV, lentiviral vector; NC, negative control; IL‑6, interleukin‑6.
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IL‑6 regulated by miR‑137/PRKAA1 suppresses the viability 
and proliferation of HTR‑8/SVneo cells. In the present 
study, it was shown that PRKAA1 may be regulated by 
miR‑137 and affect the production of IL‑6. It was then 
hypothesized that this axis may also be involved in the 
HG‑induced suppression of viability and proliferation of 
HTR‑8/SVneo cells. An antibody of IL‑6  (α‑IL‑6) was 
used to inhibit the effect of IL‑6 and, as shown in Fig. 7A 
and B, it was observed that α‑IL‑6 promoted the prolifera-
tion activity of HTR‑8/SVneo cells (P<0.05). Additionally, 
the results (Fig. 7C and D) suggested that the application 
of α‑IL‑6 at different concentrations and times facilitated 
the viability of the cells  (P<0.05). Whether α‑IL‑6 was 
effective against the inhibitor of PRKAA1 (dorsomorphin) 
was then investigated. The results (Fig. 7E) indicated that 
α‑IL‑6 reversed the viability restriction induced by the 
PRKAA1 inhibitor in HTR‑8/SVneo cells (P<0.05, P<0.01 
and P<0.001). Collectively, these results suggested that HG 
suppressed the viability and proliferation of HTR‑8/SVneo 
cells via the miR‑137/PRKAA1/IL‑6 axis.

Discussion

The results of the present study confirmed that HG treatment 
contributed to the suppression of cell viability and prolifera-
tion in the HTR‑8/SVneo cell line, which is contradictory to 
the most common clinical cases in which mothers with 
GDM give birth to macrosomic infants and possess a larger 
volume of placental tissue  (24‑26). It has previously been 
demonstrated that HG conditions result in the mother and 
fetus exhibiting ‘over‑nutrition’ and leads to overgrowth of 
the fetus (27). In addition, if maternal plasma glucose levels 
continue to increase and remain in a severe hyperglycemic 
state, cytotoxicity occurs (28). Therefore, it was hypothesized 
that the suppressive effect of HG on the viability and prolifera-
tion of trophoblast cells is associated with the concentration 
of glucose. In the present study, HG medium was established 
with a final glucose concentration of 25 mmol/l, in accordance 
with previous studies  (29,30), which is generally used in 
in vitro experiments for analyzing T2DM, a type of diabetes 
with symptoms of poor glycemic control and severe insulin 

Figure 6. miR‑137 suppresses cell viability of HTR‑8/SVneo cells by decreasing PRKAA1 and upregulating IL‑6. Following cell treatment with different 
concentrations of IL‑6 (15.0, 30.0, 37.5 45.0 and 52.5 pg/ml), dorsomorphin (2.5, 5 and 10 µM) and AICAR (0.10, 0.25 and 0.50 mM) for 24 h, with untreated 
cells as a control group, the viability of HTR‑8/SVneo cells was measured using a Cell Counting Kit assay. (A) Different concentrations of IL‑6 suppressed 
the viability of HTR‑8/SVneo cells. (B) PRKAA1 inhibitor (dorsomorphin) decreased the viability of HTR‑8/SVneo cells. (C) PRKAA1 agonist (AICAR) 
increased the viability of HTR‑8/SVneo cells. (D) Inhibition of viability induced by overexpression of miR‑137 in HTR‑8/SVneo cells was partly reversed 
by PRKAA1 agonist (AICAR, 0.5 mM). Data are presented as the mean ± standard error of the mean; statistical significance (P<0.05) was determined using 
Student's t‑test or one‑way analysis of variance followed Student‑Newman‑Keuls test, *P<0.05, **P<0.01, ***P<0.001. NS, no significant difference; miR‑137, 
microRNA‑137; PRKAA1 protein kinase AMP‑activated catalytic subunit α1; IL‑6, interleukin‑6p; LV, lentiviral vector; NC, negative control.
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resistance (31). However, there is no literature that offers an 
appropriate glucose concentration to suit the conditions of 
light‑type or pre‑state of T2DM or GDM, which occurs during 
pregnancy and contributes to the largest proportion of cases 
of HG with adverse pregnancy outcomes (32). Due to this, the 
present study investigated various cases of pregnant women 
with poor glycemic control. Few studies have compared the 
differences in the effects of glucose concentration in vivo and 
in vitro; therefore, selecting the most suitable glucose concen-
tration to simulate the conditions in vivo remains a challenge 
and a limitation of the present study. The use of several glucose 

concentration gradients to reflect different severities of GDM 
in individuals requires investigation in the future.

Previous studies have investigated the role of PRKAA1 
in diabetic/HG conditions. Firstly, PRKAA1 is aberrantly 
expressed in the skeletal muscle, placenta and human sera 
of individuals with GDM  (33); secondly, it is associated 
with HG‑induced dysfunction of vascular endothelial cells, 
impaired angiogenesis, cardiovascular complications and 
obesity‑associated insulin resistance (34); and finally, it may be 
regulated by the diabetes drug metformin (35). Therefore, it was 
hypothesized that PRKAA1 may also be involved in the insulin 

Figure 7. IL‑6 regulated by miR‑137/PRKAA1 suppresses cell viability and proliferation of HTR‑8/SVneo cells. Colony formation and a Cell Counting Kit‑8 
assays were used to detect the proliferation and viability of HTR‑8/SVneo cells, respectively. (A) Proliferation of HTR‑8/SVneo cells was enhanced by α‑IL‑6 
(2.5 µg/ml) treatment. (B) Images of colony formation assay. (C) Inhibition of viability induced by the overexpression of miR‑137 in HTR‑8/SVneo cells was 
reversed by α‑IL‑6 in a time‑dependent manner. (D) Treatment with α‑IL‑6 (1.0, 2.5 and 5.0 µg/ml) for 24 h enhanced cell viability of HTR‑8/SVneo cells. 
(E) α‑IL‑6 (2.5 µg/ml) partly reversed the weakened viability of HTR‑8/SVneo cells induced by the PRKAA1 inhibitor (dorsomorphin, 10 µM). Data are 
expressed as the mean ± standard error of the mean; statistical significance was determined using Student's t‑test or one‑way analysis of variance, *P<0.05, 
**P<0.01, ***P<0.001. Ctrl, control; NS, no significant difference; miR‑137, microRNA‑137; PRKAA1 protein kinase AMP‑activated catalytic subunit α1; IL‑6, 
interleukin‑6; α‑IL‑6, antibody against IL‑6; LV, lentiviral vector; NC, negative control.
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signaling pathway and insulin resistance of HTR‑8/SVneo cells, 
further contributing to the pathological changes of trophoblast 
cells. It has been reported that a reduction of PRKAA1 may 
disrupt cellular metabolism in trophoblast cells  (36), and 
that the activation of PRKAA1 promotes maintenance of the 
utero‑placental bloodstream during hypoxic pregnancy (34). 
The direct effects of decreased PRKAA1 on the proliferation, 
migration and invasiveness of trophoblast cells have not been 
investigated extensively previously. To the best of our knowl-
edge, the present study is the first to demonstrate that PRKAA1 
may be involved in modulating the viability and proliferation 
of HTR‑8/SVneo cells under HG conditions, and provides a 
theoretical foundation for future clinical treatment of patients 
with GDM. However, the present study had various limitations, 
including a lack of investigation into the role of phosphorylated 
PRKAA1, which may be an important factor involved in the 
pathology of the placenta in a gestational diabetic condition.

miR‑137 has previously been reported to contribute to the 
progression of preeclampsia and GDM (13,14), being vital in 
regulating vascular endothelial and trophoblast cells, involved 
in various biological processes and HG‑induced oxidative 
stress injury, and a potential biomarker for monitoring the 
severity of diseases and long‑term risk of metabolic disorders. 
Various studies have investigated the association between 
gestational diabetic conditions and levels of miR‑137, and it 
has been revealed that HG gives rise to aberrant expression 
of miR‑137 in various cells and tissues; however, the specific 
underlying mechanisms involved in this process remain to 
be elucidated. Certain molecules are involved in regulating 
miRNAs, and these may also be targeted by miRNAs, 
which form a loop and radically promote the progression 
of pathological changes  (37). In addition to the abnormal 
expression of miR‑137, methylation of the miR‑137 promoter 
may also contribute to the occurrence and progression of 

diseases (38,39). Regarding upstream regulatory molecules of 
miR‑137, Forkhead box D3 and high‑mobility group AT‑hook 
1 have been reported to activate the transcription of miR‑137 
via directly binding to its promoter  (40). The mechanism 
underlying the upregulation of miR‑137 under HG conditions 
remains to be elucidated, although disruption of the miR‑137 
promoter region may account for this change. Previously 
demonstrated roles of miR‑137 are closely associated with 
its target genes  (41); in the present study, PRKAA1 was 
significantly downregulated by miR‑137, and it is possible that 
various other unidentified genes are involved in suppressing 
the viability and proliferation of HTR‑8/SVneo cells.

According to previous studies, the role of PRKAA1 
in regulating IL‑6 is variable in different types of cells. 
Tang et al (42) demonstrated that an inhibitor of PRKAA1 
suppressed adiponectin‑induced production of IL‑6 in human 
rheumatoid arthritis synovial and osteoarthritis synovial fibro-
blasts. Lihn et al (43) observed that an agonist of PRKAA1 
decreased levels of IL‑6 in adipose tissues, and was consis-
tent with the results of Lim et al (17), which suggested that 
the PRKAA1 activator AICAR reduced levels of IL‑6 in 
primary amnion cells. These distinctions may be attributed 
to the various biological functions of different cells, and the 
role of PRKAA1 in regulating IL‑6 in trophoblast cells has 
received limited investigation. The present study demonstrated 
that the inhibitor of PRKAA1, dorsomorphin, significantly 
upregulated the expression of IL‑6 in HTR‑8/SVneo cells, 
whereas the agonist of PRKAA1, AICAR, exhibited the 
opposite effect. Based on knowledge of existing signaling 
pathways associated with PRKAA1, it was established that 
IL‑6 is not a direct target, and the mechanism underlying 
the PRKAA1‑induced regulation of the expression of IL‑6 
through intermediate molecules in HTR‑8/SVneo cells 
remains to be fully elucidated. Increased levels of IL‑6 have 

Figure 8. Overall mechanisms of action based on the results of present study. HG treatment upregulated expression levels of miR‑137, which resulted in a nega-
tive modulatory effect on PRKAA1 and ultimately stimulated the expression of IL‑6. HG/miR‑137 suppressed the viability and proliferation of HTR‑8/SVneo 
cells; the PRKAA1 inhibitor or upregulated IL‑6 had the same effect, and these effects were inhibited by α‑IL‑6. The miR‑137/PRKAA1/IL‑6 axis was 
involved in HG‑induced suppression of cell viability and proliferation of HTR‑8/SVneo cells, which may contribute to maldevelopment of the placenta 
during gestational diabetes. miR‑137, microRNA‑137; PRKAA1 protein kinase AMP‑activated catalytic subunit α1; IL‑6, interleukin‑6; α‑IL‑6, antibody 
against IL‑6.
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been observed in the plasma and various tissues of patients 
with GDM, which promotes not only low‑grade inflammatory 
reaction, but also disease progression (21). It has previously 
been demonstrated that IL‑6 inhibitor promotes the viability 
of pancreatic β‑cells  (44), whereas elevated IL‑6 induces 
obesity‑related insulin resistance (45), which serves as the 
etiology for the development of impaired glucose tolerance. 
Apoptosis and proliferation contribute to the viability of cells, 
and the present study only clarified that restricted proliferation 
activity resulted in the decreased viability of HTR‑8/SVneo 
cells; however, the underlying mechanism remains to be 
elucidated. IL‑6 may be involved in maldevelopment of the 
placenta through suppressing the viability and proliferation 
of trophoblast cells; the dysfunction of vascular endothelial 
cells and disrupted angiogenesis induced by IL‑6 may also 
contribute to the pathology (46). Notably, upstream or down-
stream molecules of IL‑6 may act as ideal therapeutic targets 
for intervention of GDM, particularly if the expression levels 
of these molecules are associated with the severity of diseases.

In conclusion, as shown in Fig. 8, the HG of a gestational 
diabetic condition suppressed the viability and proliferation 
of HTR‑8/SVneo cells through the miR‑137/PRKAA1/IL‑6 
axis, and this may contribute to the pathology of trophoblast 
cells during the diabetic period. Whether this leads to malde-
velopment of the placenta and adverse pregnancy outcomes 
requires verification in vivo through animal experiments. The 
present study aimed to provide an underlying mechanism for 
the dysfunction of trophoblast cells in conditions of hyper-
glycemia, and to provide a theoretical foundation for future 
therapeutic treatments for mothers with GDM.
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