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Enhanced SLLC2A4 expression mitigates insulin
resistance in gestational diabetes mellitus via
the FoxO signaling pathway in vitro
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Abstract. Gestational diabetes mellitus (GDM), a type of
diabetes mellitus occurring in pregnant women, increases
the risk of birth trauma. Solute carrier family 2 member 4
(SLC2A4) polymorphism is notably associated with GDM
susceptibility; however, the mechanism is unknown. In the
present study, HTR-8/SVneo cells were treated with high
glucose concentrations and transfected with SLC2A4 and
Forkhead box O (FoxO)1 to investigate their roles in the insulin
(INS) resistance of GDM trophoblast cells. The results showed
that the expression levels of SLC2A4, INS receptor (INSR)
and INS were significantly decreased in HTR-8/SVneo cells
under hyperglycemic conditions. Furthermore, overexpres-
sion of SLC2A4 reduced the levels of phosphorylated FoxO
(p-FoxO)1, FoxOl1, p-FoxO3a and FoxO3a but enhanced the
expression levels of INS and INSR, improving glucose uptake
within the hyperglycemic environment. Additionally, both
the analysis of the signaling pathways related to SLC2A4 and
GDM using the Kyoto Encyclopedia of Genes and Genomes
pathway analysis and the results of CCK-8 determination of
cell vitality both emphasized that the FoxO signaling was a
pivotal pathway affected by SLC2A4 in GDM. In conclusion,
the present study demonstrated that overexpression of SLC2A4
enhanced the INS signaling pathway, as evidenced by western
blotting showing increased levels of INSR and INS, along with
elevated glucose uptake. Concurrently, SLC2A4 overexpres-
sion inhibited the FoxO signaling pathway, as indicated by
reduced protein levels of p-FoxOl, total FoxOl1, p-FoxO3a
and total FoxO3a. Collectively, these molecular alterations
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contribute to the alleviation of insulin resistance in patients
with GDM.

Introduction

Gestational diabetes mellitus (GDM) is a form of diabetes
occurring in pregnant women, typically in the second or
third trimester (1). Although GDM often resolves after child-
birth (2,3), it poses risks to both maternal and fetal health (4,5).
This condition elevates both immediate obstetric risks,
including pregnancy/delivery complications (6), and long-term
metabolic sequelae for mothers and offspring, such as type 2
diabetes predisposition (7) and childhood obesity (8,9), respec-
tively. Exogenous insulin (INS) therapy remains the first-line
pharmacological intervention for GDM management (10),
despite gestational hormonal shifts inducing progressive
INS resistance (11), which complicates treatment efficacy.
Emerging evidence has highlighted placental INS signaling as
a critical pathophysiological contribution to GDM progression,
with impaired INS receptor (INSR) substrate phosphorylation
disrupting maternal-fetal glucose homeostasis (12). Therefore,
deciphering the molecular crosstalk between placental INS
signaling and gestational metabolic adaptation is imperative
for developing novel therapeutic approaches and precision
management protocols for GDM.

Solute carrier family 2 member 4 (SLC2A4), encoding the
glucose transporter 4 (GLUT4) protein, serves as the principal
mediator of INS-dependent glucose uptake in peripheral
tissues such as skeletal muscle and adipose tissue (13,14).
Compelling evidence from both molecular studies and clinical
observations has demonstrated a downregulation of SLC2A4
expression in patients with GDM compared with that in normo-
glycemic controls, indicating that SLC2A4 is particularly
relevant to gestational glucose homeostasis as its expression in
INS-sensitive tissues indicates the regulation of adaptive preg-
nancy, which refers to the process during pregnancy where
the mother dynamically adjusts the expression and function of
SLC2A4/GLUTA4 to optimize the insulin sensitivity of periph-
eral tissues (such as skeletal muscle and adipose tissue) (15,16).
However, critical mechanistic gaps persist regarding three
key aspects: i) Tissue-specific transcriptional regulation of
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SLC2A4 during gestational INS resistance; ii) post-transla-
tional modifications affecting SLC2A4 membrane trafficking
in GDM; and iii) epigenetic modulation of SLC2A4 expression
via hyperglycemic memory effects. A systematic investiga-
tion of these mechanisms through multi-omics integration is
essential to elucidate the pathophysiological cascade linking
SLC2A4 dysfunction to GDM progression. Although SLC2A4
is associated with GDM, the underlying mechanisms are not
fully understood.

The Forkhead box O (FoxO) signaling pathway serves as a
pivotal regulator of cellular metabolism and is predominantly
governed by INS-mediated phosphorylation cascades (17).
A systematic bioinformatics analysis in arterial and venous
human feto-placental endothelial cells demonstrated that
GDM-associated differentially expressed genes were enriched
in the FoxO pathway (18). Complementing this finding, a
longitudinal clinical study revealed that placenta-derived
microRNAs (miRNAs) with differential expression in patients
with GDM compared with control subjects preferentially
targeted FoxO signaling pathway (19). Emerging evidence
further underscores the interplay between FoxO signaling
and SLC2A4-mediated glucose transport mechanisms, with
FoxOl nuclear translocation modulating the expression of
INS-responsive gene clusters (such as INS, INSR) during
metabolic adaptation (20,21). However, whether SLC2A4 plays
a role in placental cells in GDM through the FoxO signaling
pathway remains unknown. Understanding the dysregulation
of the FoxO signaling pathway and SLC2A4 in GDM may
provide insights into the mechanisms underlying INS resis-
tance and impaired glucose metabolism during pregnancy.
Therefore, the present study aimed to investigate the role of
SLC2A4 in INS resistance in an in vitro model of GDM and
explore the involvement of the FoxO signaling pathway.

Materials and methods

Database analysis. The list of genes associated with GDM
was retrieved from GeneCards (https:/www.genecards.org/),
Comparative Toxicogenomics Database (CTD) (https://ctdbase.
org/) and DisGeNet (https://disgenet.com/) database. By
performing jvenn analysis (https:/www.home-for-researchers.
com/#/), five genes were identified in all three databases:
INSR, PPARG, SLC2A4, TNF and LEPR. Subsequently,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of these five genes was performed using
the STRING database (https://string-db.org/). Briefly, these five
genes were input into the STRING interface with the organism
specified as Homo sapiens. A protein-protein interaction (PPI)
network was generated using default parameters (medium
confidence score =0.4). Subsequently, KEGG pathway enrich-
ment analysis was conducted via the ‘Analysis’ tab, with
statistical significance set at a false discovery rate (FDR)
<0.05 and no minimum gene count restriction. Pathways were
ranked by FDR-adjusted P-values, and those directly relevant
to metabolic regulation were prioritized for discussion.

Cell culture and treatment. The trophoblast cell line,
HTR-8/SVneo, obtained from Honorgene (Changsha Abiwei
Biotechnology Co., Ltd.), was cultured in RPMI-1640
medium (Beijing Solarbio Science & Technology Co., Ltd.)

supplemented with 5% fetal bovine serum (Beijing Solarbio
Science & Technology Co., Ltd.). Cells were maintained
under standard culture conditions at 37°C with 5% CO,. In the
control group, the cells were cultured in medium containing
5 mM glucose, whereas in the high glucose (HG) group, cells
were cultured in medium with an elevated glucose concentra-
tion of 25 mM (22). After a 24-h incubation period at 37°C, the
cells were harvested for further analysis.

For transfection experiments, overexpression of the target
genes was achieved using pc-SLC2A4 or pc-FoxOl, which are
plasmid constructs based on the pcDNA3.1 (Anhui General
Bio Co., Ltd.) vector backbone [pc-negative control (NC)].
These sequences are included in the original data, available
from the corresponding author. These plasmids (5 yg/ml) were
transfected into HTR-8/SVneo cells using Lipofectamine®
2000 (Gibco; Thermo Fisher Scientific, Inc.). For transfec-
tion, the plasmid working concentration was adjusted to
5 ug/ml and mixed with Lipofectamine® 2000 at a ratio of
1:2.5. Transfection was performed for 24 h under standard
culture conditions (37°C, 5% CO,). This procedure facilitated
the introduction and expression of the target genes into the
HTR-8/SVneo cell line. The transfection efficiency is shown
in Fig. S1. The in vitro experiments were divided into five
groups: Control, HG, HG + pc-NC, HG + pc-SLC2A4 and
HG + pc-SLC2A4 + pc-FoxOl. Subsequently, 48 h later,
reverse transcription-quantitative PCR (RT-qPCR) was
performed to confirm the successful transfection, and cell
functional analysis was performed, and RNA was extracted
for RT-qPCR and western blot analysis, respectively.

Lactate dehydrogenase (LDH) detection. Cells were seeded at
a density of 200,000 cells/well in 24-well plates and allowed to
adhere overnight. Following the application of the treatments,
cells were lysed using 100 x1 LDH assay buffer (Beyotime
Institute of Biotechnology). The LDH assay buffer facilitated
the release of LDH from the cytoplasm into the assay medium,
where it catalyzed the conversion of lactate to pyruvate and
reduced NAD+ to NADH. LDH activity was measured
using an LDH test kit (cat. no. C0016; Beyotime Institute of
Biotechnology), according to the manufacturer's instructions.
Spectrophotometric analysis at 340 nm was performed to
quantify NADH production, which directly reflects the LDH
enzymatic activity in the samples.

Glucose uptake assay. Glucose uptake was assessed using the
Glucose Uptake Fluorometric Assay Kit (cat. no. E-BC-F041;
Elabscience®; Elabscience Bionovation Inc.) according to the
manufacturer's instructions. Cells were seeded in 96-well cell
culture plates with ~2,000 cells per well and starved overnight
in serum-free culture medium. The medium was aspirated
and discarded, and the cells were washed twice with 200 ul
Krebs-Ringer-Phosphate-HEPES Buffer (KRPH) solution
from the kit (pH 7.4; containing 2% BSA; Elabscience®;
Elabscience Bionovation Inc.). Subsequently, 100 u1 KRPH
solution (containing 2% BSA) were added to the control and
the assay wells, while 10 ul 2-Deoxy-D-glucose (10 mmol/I)
were added to the assay wells and 10 1 KRPH solution were
added to the control well, followed by incubation at 37°C for
30 min. Cells were washed three times with 100 ul KRPH
solution and other reagents were added according to the kit
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instructions. A total of 30 ul was taken from the corresponding
wells and added to a microplate, and 170 ul working solution
was added to each well and incubated at 37°C for 30 min.
The fluorescence value of each well was detected using a
fluorescent microplate reader with an excitation wavelength of
530 nm and an emission wavelength of 590 nm.

Cell viability. Cells were seeded at a density of 1x10* cells/well
in a 96-well plate and cultured in RPMI-1640 medium at 37°C
with 5% CO,. After transfection, cell viability was evaluated
using a Cell Counting Kit-8 (CCK-8) assay kit (Beyotime
Institute of Biotechnology), according to the manufacturer's
instructions. The optical density was measured at 450 nm
using a microplate reader. Each experiment was independently
repeated three times.

RT-gPCR.RNA was extracted from cells using Trizol reagent
(Beyotime Institute of Biotechnology), followed by RT into
cDNA using a BeyoRT™II First Strand cDNA Synthesis Kit
(cat. no. D7168S; Beyotime Institute of Biotechnology). The
RT kit was used according to the manufacturer's protocol.
Subsequently, qPCR was performed using an ABI 7900
RT-qPCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The primer sequences used for amplification
were as follows: SLC2A4 (human) forward, 5'-GCCATG
AGCTACGTCTCCATT-3' and reverse, 5'-GGCCACGAT
GAACCAAGGAA-3'"; INSR (human) forward, 5-GAACAA
AGATGACAACGAGGAG-3' and reverse, 5'-CTTACAGAT
GGTCGGGCAAA-3" INS (human) forward, 5-GGGAAC
GAGGCTTCTTCTACA-3' and reverse, 5'-AGAGGGAGC
AGATGCTGGTAC-3'"; FoxO1l (human) forward, 5-GGA
TGTGCATTCTATGGTGTACC-3' and reverse, 5-TTT
CGGGATTGCTTATCTCAGAC-3'; and GAPDH (human)
forward, 5'-CATCATCCCTGCCTCTACTGG-3' and reverse,
5'-GTGGGTGTCGCTGTTGAAGTC-3'. The primers were
designed using Primer Premier 5 (PREMIER Biosoft) and
verified using Primer-BLAST (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/). Conditions of one cycle: 94°C for
20 sec, 55°C for 20 sec, 72°C for 20 sec, and 40 cycles were
performed. For relative quantification of gene expression, the
2-44C4 method was employed, with GAPDH serving as the
reference gene for normalization of mRNA expression levels.

Western blotting. Cells were lysed using RIPA buffer
(Beyotime Institute of Biotechnology) and the total protein
concentration was determined using a BCA kit (Beyotime
Institute of Biotechnology). Proteins (60 pg/sample) were
separated using an 11% SDS-PAGE gel and subsequently
transferred onto a PVDF membrane (cat. no. ISEQ00010;
Sigma-Aldrich; Merck KGaA). Non-specific binding sites
were blocked with Pierce protein-free blocking buffer (cat.
no. 37573; Thermo Fisher Scientific, Inc.). The membranes
were then incubated overnight at 4°C with primary antibodies
against SLC2A4 (cat. no. 2213S; Cell Signaling Technology,
Inc.), INSR (cat. no. 3025S; Cell Signaling Technology, Inc.),
INS (cat. no. ab181547; Abcam), phosphorylated (p)-FoxOl1
(cat. no. 94618S; Cell Signaling Technology, Inc.), FoxOl1 (cat.
no. 2880S; Cell Signaling Technology, Inc.), p-FoxO3a (cat.
no. 13129S; Cell Signaling Technology, Inc.), FoxO3a (cat.
no. 12829S; Cell Signaling Technology, Inc.) and GAPDH
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(cat. no. 97166; Cell Signaling Technology, Inc.) (all 1:1,000
dilution). After three washes with TBST, the membranes
were incubated with HRP-conjugated goat anti-rabbit or
goat anti-mouse secondary antibodies (1:1,000 dilution; cat.
nos. A0208 and A0216, respectively; Beyotime Institute of
Biotechnology) for 1 h at room temperature. Protein bands
were visualized using a SignalFire Plus ECL reagent (cat.
no. 12630S; Cell Signaling Technology, Inc.), with GAPDH
serving as an internal reference. Protein expression levels were
semi-quantified through densitometry analysis using ImageJ
V1.8.0 software (National Institutes of Health).

Statistical analysis. Statistical analyses were conducted using
SPSS software (v26.0; IBM Corp.). Experimental data were
derived from three independent biological replicates, with
continuous variables presented as the mean + SD. Intergroup
comparisons were performed using unpaired Student's t-test
for comparisons between two groups and one-way ANOVA
followed by Tukey's post hoc test for multi-group compari-
sons (n=3). P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression pattern of SLC2A4 in HG-induced HTR-8/SVneo
cells. The genes implicated in GDM were investigated using
the CTD, DisGeNet and Genecards databases. This compre-
hensive analysis led to consistent identification of a subset of
genes, including INSR, PPARG, SLC2A4, TNF and LEPR
across all three databases (Fig. 1A). LDH levels were measured
using an LDH assay to assess cellular stress in response to HG
conditions. The results indicated a significant increase in LDH
levels in the HG group compared with those in the control
group (P<0.001; Fig. 1B).

To delineate the specific role of SLC2A4 in GDM,
RT-qPCR and western blot analyses were conducted to
examine SLC2A4 expression in HTR-8/SVneo cells under HG
conditions. The data revealed a significant downregulation of
SLC2A4 expression at both the mRNA (P<0.01; Fig. 1C) and
protein levels in HG-induced cells (P<0.01; Fig. 1D). These
findings suggest a potentially important role for SLC2A4 in
the cellular response to HG environments, particularly in the
context of GDM.

Effects of overexpression of SLC2A4 on INS and INSR levels,
glucose uptake and cell viability in HG-induced HTR-8/SVneo
cells. Post-transfection of either pc-NC or pc-SLC2A4 in
HG-induced HTR-8/SVneo cells, SLC2A4 expression levels
were measured using RT-qPCR (Fig. 2A) and western blot-
ting (Fig. 2B). The results demonstrated a significant reduction
in SLC2A4 mRNA and protein expression in the HG group
compared with that in the control group (P<0.001). However,
there were no significant differences in the mRNA and protein
levels of SLC2A4 between the HG and HG + pc-NC groups.
Transfection with pc-SLC2A4 resulted in a significant increase
in SLC2A4 levels compared with the pc-NC group (P<0.05;
Fig. 2A and B).

Subsequently, the expression levels of INS and INSR
were assessed using the aforementioned techniques. Both
INS and INSR levels were significantly decreased in the HG
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Figure 1. Level of SLC2A4 in HG-induced HTR-8/SVneo cells. (A) A screen of targeted genes related to gestational diabetes mellitus in the CTD, DisGeNet
and Genecards databases. (B) The level of LDH was analyzed using an LDH assay. (C) The expression of SLC2A4 was analyzed by reverse transcription-quan-
titative PCR. (D) The expression of SLC2A4 was analyzed by western blotting. “P<0.01 and ““P<0.001 vs. control. CTD, Comparative Toxicogenomics
Database; SLC2A4, solute carrier family 2 member 4; LDH, lactate dehydrogenase; HG, high glucose.

group compared with those in the control group (P<0.001;
Fig. 2C and D). No significant differences were observed
between the HG and HG + pc-NC groups in terms of mRNA
(Fig. 2C) or protein (Fig. 2D) expression levels. Notably, the
mRNA and protein levels of INS and INSR were significantly
upregulated following transfection with pc-SLC2A4 compared
with the pc-NC group (P<0.05; Fig. 2C and D).

Additionally, a glucose uptake assay was conducted to
quantify glucose absorption. A significant decrease in glucose
uptake was observed in the HG group compared with that in
the control group (P<0.001); however, this reduction was effec-
tively reversed by transfection with pc-SLC2A4 (P<0.001)
(Fig. 2E). Cell viability, as assessed using the CCK-8 assay,
decreased in HG-induced HTR-8/SVneo cells compared with
that in the control group (P<0.001); however, this decrease was
ameliorated following treatment with pc-SLC2A4 (P<0.001)
(Fig. 2F).

These findings highlight the role of SLC2A4 in modulating
INS signaling and cellular responses to HG environments in
trophoblasts, as evidenced by the changes in INS and INSR
expression, glucose uptake and cell viability.

Effects of overexpression of SLC2A4 on the FoxO signaling
pathway in HG-induced HTR-8/SVneo cells. Following
KEGG pathway analysis, numerous pathways associated only
with SLC2A4 and GDM were identified, among which the
‘FoxO signaling pathway’ was highlighted as a key pathway

of interest (Fig. 3A). To investigate the regulatory relationship
between SLC2A4 and the FoxO signaling pathway, the levels
of p-FoxOl1, FoxOl, p-FoxO3a and FoxO3a were semi-quan-
tified using western blot analysis (Fig. 3B). In the HG group,
significantly elevated levels of p-FoxOl (relative to FoxOl)
and p-FoxO3a (relative to FoxO3a) were observed compared
with those in the control group (P<0.001). However, the over-
expression of SLC2A4 in HG-induced HTR-8/SVneo cells led
to a reduction in the levels of these proteins (P<0.001). This
downregulation suggested a suppressive effect of SLC2A4
overexpression on the FoxO signaling pathway. However, the
restoration of FoxOl protein levels by pc-FoxOl1 introduction
partially restored p-FoxOl levels, and the levels of FoxO3a
and p-FoxO3a were also restored (HG + pc-SLC2A4 +
pc-FoxOl1 vs. HG + pc-SLC2A4, P<0.05; Fig. 3B), indicating
that pc-FoxOl both increased expression of FoxOl protein
and increased phosphorylation of FoxOl/activation of the
pathway.

Role of the FoxO signaling pathway in the pc-SLC2A4-induced
expression changes of INS and INSR and the alteration of
glucose uptake and cell viability in HG-induced HTR-8/SVneo
cells. To elucidate the role of the FoxO signaling pathway in
the SLC2A4-induced enhancement of INS and INSR expres-
sion, pc-FoxOl was introduced into HG-treated HTR-8/SVneo
cells. The expression levels of INS and INSR were determined
through RT-qPCR (Fig. 3C) and western blotting (Fig. 3D).
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Figure 2. Effect of SLC2A4 overexpression on HG-induced HTR-8/SVneo cells. The expression of SLC2A4 was analyzed by (A) RT-qPCR and (B) western
blotting. The expression of INS and INSR was analyzed by (C) RT-qPCR and (D) western blotting. (E) Glucose uptake was detected using a glucose uptake
assay. (F) Cell viability was measured using a Cell Counting Kit-8 assay. ““P<0.001 vs. Control; *P>0.05 vs. HG; “P<0.05 and *P<0.001 vs. HG + pc-NC.
SLC2AA4, solute carrier family 2 member 4; HG, high glucose; RT-qPCR, reverse transcription-quantitative PCR; ns, not significant; NC, negative control; OD,

optical density; INS, insulin; INSR, INS receptor.

In the HG group, a significant reduction in INS and INSR
mRNA and protein levels was observed compared with those
in the control group (P<0.001). However, this decrease was
counteracted in the HG + pc-SLC2A4 group, where INS and
INSR expression levels were significantly elevated compared
with those in both the HG + pc-NC and HG groups (P<0.001).
Introduction of pc-FoxOl prevented this increase in INS
and INSR mRNA and protein expression levels (P<0.01;
Fig. 3C and D).

To investigate the involvement of the FoxO signaling
pathway in the increased glucose uptake and cell viability
induced by SLC2A4 overexpression, pc-FoxOl was intro-
duced into HG-induced cells. Glucose uptake and cell
viability were assessed using glucose uptake and CCK-8
assays, respectively. In the HG group, glucose uptake
(Fig. 3E) and cell viability (Fig. 3F) were significantly
reduced compared with those in the control group (P<0.001).
However, in the HG + pc-SLC2A4 group, glucose uptake
and cell viability were significantly increased compared with
those in the HG + pc-NC and HG groups (P<0.001). This
restoration of glucose uptake and cell viability by SLC2A4
overexpression was partially prevented when pc-FoxOl was
introduced (P<0.001; Fig. 3E and F).

Discussion

GDM, a metabolic disorder associated with increased
risk of maternal-fetal complications, including perinatal
morbidity (23) and placental dysplasia (24), has drawn signifi-
cant research attention onto trophoblast biology. Trophoblasts
are specialized epithelial cells, critical for placental morpho-
genesis and fetal development (25,26), that have emerged
as key cellular targets in GDM pathogenesis (27-29). The
experimental model of HTR-8/SVneo trophoblasts under
hyperglycemic conditions used in the present study revealed
significant alterations in the INS signaling cascade. The
expression levels of SLC2A4, INSR and INS were signifi-
cantly decreased in HTR-8/SVneo cells under high glucose
condition, while overexpression of SLC2A4 could increase
the expression levels of INS and INSR and improve glucose
uptake in high glucose environment. Overall, this supported
the hypothesis that glucose-mediated INS resistance in
trophoblasts may exacerbate maternal hyperglycemia
through a pathogenic feedback loop, thereby amplifying
adverse pregnancy outcomes.

The association between GDM and placental oxidative
stress as well as mitochondrial dysfunction is particularly
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Figure 3. Role of the FoxO signaling pathway in pc-SLC2A4-induced changes in HG-induced HTR-8/SVneo cells. (A) Screen of targeted pathways related
to gestational diabetes mellitus and SLC2A4 (five common genes identified through the CTD/GeneCards/DisGeNet database) using Kyoto Encyclopedia of
Genes and Genomes, suggesting a critical role for FoxO signaling pathway. (B) The expression levels of p-FoxO1, FoxOl, p-FoxO3a and FoxO3a were analyzed
by western blotting, GAPDH was used as the internal control for the results. The expression of INS and INSR was analyzed by (C) reverse transcription-quan-
titative PCR and (D) western blotting. (E) Glucose uptake was detected by glucose uptake assay. (F) Cell viability was measured using a Cell Counting Kit-8
assay. ““P<0.001 vs. Control; "“P>0.05 vs. HG; ##P<0.001 vs. HG + pc-NC; *P<0.05, %P<0.01 and ***P<0.001 vs. HG + pc-SLC2A4. SLC2A4, solute carrier
family 2 member 4; HG, high glucose; ns, not significant; NC, negative control; OD, optical density; INS, insulin; INSR, INS receptor; p, phosphorylated;

FoxO, Forkhead box O.

pronounced when the fetus is male (30,31). Emerging evidence
highlights sex-specific variations in mitochondrial bioener-
getics (30) and endoplasmic reticulum stress activation (31)
within placental trophoblasts during GDM progression.
Building upon these findings, future research can be further
developed in the following aspects: i) Mitochondrial respi-
ratory chain dysfunction; ii) unfolded protein response
dynamics; and iii) fetal sex-dependent molecular adaptations in
trophoblasts under INS-resistant conditions. This will help to

elucidate the pathophysiological continuum linking metabolic
dysregulation to cellular stress responses in GDM-affected
placentas, thereby advancing the understanding of trophoblast
pathophysiology and identifying potential therapeutic targets
for clinical intervention.

The SLC2/GLUT family, as a member of the major facili-
tator superfamily of membrane transport proteins (32), plays
a pivotal role in INS resistance mechanisms (33) and is an
important research focus in GDM. Xiao et al (34) has recently
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demonstrated that GDM regulates GLUT3 translocation via
AMP kinase signaling, thereby modulating glucose uptake
in trophoblasts. Additionally, Stanirowski et al (35) reported
that, in well-controlled GDM/pre-GDM (PGDM) pregnan-
cies reaching the end of gestation, the expression levels of
GLUT3, GLUT8 and GLUTI2 in placental tissue remain
unaffected, whereas GLUT] is significantly upregulated in
type 1 PGDM. Moreover, the altered expression of GLUT]I,
GLUT4 and GLUT9 in placental tissue has been associated
with accelerated fetal growth in GDM/PGDM (36). In the
present study, reduced SLC2A4 expression in HG-induced
HTR-8/SVneo cells was observed. In addition, overexpression
of SLC2A4 improved INS resistance, suggesting the need for
further investigation into the association between the SLC2
family and GDM pathophysiology. Furthermore, comparative
analyses of other GLUT family members along with SLC2A4
in future studies may provide deeper insights into their roles in
GDM-associated INS resistance and lead to the identification
of novel clinical biomarkers.

INS resistance in trophoblasts is primarily attributed
to the dysregulation or dysfunction of the INS signaling
pathway (37,38), which involves key components, such as
INS and INSR (39). Previous studies have demonstrated that
INS and INSR contribute to INS resistance in MIN6 (40)
and HTR-8/SVneo cells (22) induced by HG. INS and INSR
contribute to insulin resistance through negative feedback
caused by hyperinsulinemia (reducing the expression of
INSR), inflammation, lipotoxicity and other interfering signal
transductions (37,38). INS is increased in the early stage and
decreased in the later stage, while INSR is continuously down-
regulated due to negative feedback and inflammation (39).
The findings in the present study revealed that SLC2A4
overexpression significantly increased INS and INSR levels,
enhanced glucose uptake and improved HTR-8/SVneo cell
viability. These results suggest that SLC2A4 may modulate
GDM pathogenesis and INS resistance via the INS signaling
pathway, although further validation through mice experiments
is required to confirm this conclusion. The relevant literature
indicates that SLC2A4 is a downstream effector of INS in
diabetes (40-42). The present study suggested that SLC2A4
overexpression may activate the INS signaling pathway by
inhibiting the FoxO signaling pathway. A recent study has
demonstrated that FoxO and FoxK proteins are related to
the switching of insulin signals during fasting and feeding
states (43). Therefore, SLC2A4 may not directly regulate the
expression or activity of INS or INSR but rather achieve this
through an indirect feedback loop via the FoxO signaling
pathway. The novelty of the present study lies to the fact that
SLC2AA4, as a downstream effector of INS, may activate the
INS signaling pathway through the FoxO signaling pathway,
thereby forming a regulatory loop.

Moreover, RNA-sequencing analysis has indicated that,
in addition to genes involved in INSR signaling and glucose
metabolism pathways, the FoxO signaling pathway plays a
pivotal role in INS resistance (44). The FoxO signaling pathway
has also been implicated in GDM pathophysiology via adipo-
genic pathways (45), yet its specific role in GDM-related INS
resistance remains unexplored. In the present study, the over-
expression of SLC2A4 inhibited the FoxO signaling pathway
by suppressing the phosphorylation of FoxOl and FoxO3a.
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Conversely, overexpression of FoxOl prevented the upregula-
tion of INS and INSR and decreased glucose uptake and cell
viability induced by SLC2A4 overexpression. These find-
ings indicate that SLC2A4 may regulate GDM pathogenesis
through modulation of the FoxO signaling pathway. It could be
hypothesized that SLC2A4 may directly affect FoxO signaling
through metabolic reprogramming, INS signaling feedback,
regulation of the membrane signaling microenvironment or
crosstalk between epigenetics and miRNAs. Further research
should focus on the tissue-specific localization, phosphoryla-
tion and target gene expression changes of FoxO proteins in
SLC2A4 knockout or overexpression models, as well as the
verification of the direct interaction between metabolic inter-
mediates (such as acetyl-coA, lactic acid and pyruvate) and
FoxO.

Clinically, it has been reported that patients with GDM and
normal pre-pregnancy BMI who develop macrosomia may
exhibit HG-induced trophoblast proliferation mediated by the
ERK1/2 signaling pathway (46). Abnormal activation of the
Wnt/p-catenin pathway in patients with GDM has also been
associated with trophoblast dysfunction (47). Furthermore,
recent studies have highlighted the involvement of the NLR
family pyrin domain containing 3/apoptosis-associated
speck-like protein containing a CARD/caspase-1 signaling
pathway in trophoblast pyroptosis (48) and the INSR substrate
1/PI3K/Akt signaling pathway in trophoblast autophagy (49) in
patients with GDM. Additionally, the JNK signaling pathway
has been shown to promote INS resistance in trophoblasts in
GDM (38). Collectively, these findings underscore the poten-
tial regulatory roles of multiple signaling pathways in GDM
pathogenesis and suggest that broader investigations into the
interplay between SLC2A4 and these pathways are warranted.

Moreover, there are several limitations to the present
study relative to the HTR-8/SVneo cellular model in GDM
research: i) Hormonal complexity: GDM pathophysiology
involves dynamic hormonal interplay (including INS, estrogen
and progesterone) that the HTR-8/SVneo cell line cannot
fully recapitulate due to its static culture system nature;
ii) functional specificity: HTR-8/SVneo cells are primarily
used to investigate trophoblast migration and invasion, while
their limited applicability in INS signaling pathway studies
may compromise the accuracy of GDM-associated INS
resistance modelling; iii) phenotypic drift: Prolonged in vitro
propagation induces cellular adaptations divergent from
primary trophoblast phenotypes, potentially diminishing the
physiological relevance of the experimental outcomes; and
iv) microenvironmental simplification: This monoculture
system neglects critical multi-cellular interactions within
placental niches, particularly immunomodulatory networks
and angiogenic crosstalk at the maternal-fetal interface. It is
expected that these limitations will be addressed in the future.
For instance, a multifactorial stimulation model based on high
sugar, lipid and hormone levels can be used to simulate hyper-
glycemia, high free fatty acid and pregnancy hormone levels
(such as estradiol and progesterone) in patients with GDM.
Alternatively, primary placental trophoblasts or organoids
can be used to retain tissue-specific responses. Conversely,
intermittent high sugar exposure (simulating post-meal blood
glucose fluctuations) or progressive concentration increments
can be adopted to simulate the metabolic adaptation process
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during pregnancy. Moreover, at the multi-omics integration
level, the transcriptome and metabolome data of the placenta
from in vitro models and patients with GDM can be compared
to screen for consistent pathways (such as INS signaling and
lipid metabolism).

In conclusion, the present study indicated that overexpres-
sion of SLC2A4 can effectively improve the impaired INS and
INSR levels, glucose uptake and cell viability of HTR-8/SVneo
cells under HG conditions and inhibit the activation of the FoxO
signaling pathway. SLC2A4 may activate the INS signaling
pathway by inhibiting the FoxO signaling pathway, thus allevi-
ating INS resistance in patients with GDM. The present study
examined the role of SLC2A4 and the FoxO signaling pathway
in the INS resistance of trophoblasts, providing a research
basis for clarifying the mechanism of GDM pathogenesis and
suggesting SLC2A4 as a potential intervention target for GDM.
In the future, it may be possible to explore SLC2A4 activators
or FoxO inhibitors as potential treatment strategies for GDM
to improve blood glucose control and fetal health in pregnant
women. The present study further supports the use of SLC2A4
as a genetic marker for GDM, which may be helpful for the
early screening of high-risk pregnant women. Combined with
the detection of FoxO pathway activity, this may help to assess
the degree of INS resistance in patients with GDM and guide
precise treatment strategies, such as lifestyle intervention or
drug selection. However, further studies on placenta tissues
from patients with GDM should be performed to support this.
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