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Abstract. Pseudostellaria heterophylla polysaccharide 
PF40 has shown potential in alleviating insulin resistance by 
modulating CD4+ T cells in the intestinal tissue of rats with 
type 2 diabetes mellitus. To further elucidate the underlying 
mechanism, CD4+ T cells were isolated from the intestinal 
tissue of rats treated with PF40 (P‑T) and co‑cultured with 
insulin‑resistant (IR)‑BNL CL.2 cells. Oxidative stress was 
assessed by measuring reactive oxygen species, malondialde‑
hyde and superoxide dismutase activity, while apoptosis was 
evaluated by flow cytometry. Insulin sensitivity was examined 
by glucose uptake and consumption assays. Protein expression 
related to the PI3K/AKT pathway was determined by western 
blotting, and targeted energy metabolomics was performed 
to analyze glycolysis and the tricarboxylic acid cycle. P‑T 
treatment reduced oxidative stress in IR‑BNL CL.2 cells by 
reducing reactive oxygen species and malondialdehyde levels, 
while increasing superoxide dismutase activity. Additionally, 
P‑T inhibited apoptosis and improved insulin sensitivity, as 
evidenced by the increased glucose uptake and consump‑
tion. Mechanistically, P‑T decreased phosphorylated‑insulin 
receptor substrate‑1 expression, leading to activation of the 
PI3K/AKT signaling pathway, which enhanced glucose 
metabolism. Targeted energy metabolomics analysis further 
revealed that P‑T regulated glycolysis and the tricarboxylic 

acid cycle, ameliorating energy metabolism dysfunction. 
Notably, the combined treatment of PF40 and metformin indi‑
cated potential synergistic effects. These findings highlight 
the critical role of intestinal CD4+ T cells in PF40‑mediated 
metabolic regulation, suggesting that targeted modulation of 
intestinal immune cell homeostasis may offer a promising 
strategy for the prevention and treatment of insulin resistance.

Introduction

Insulin resistance represents a fundamental pathophysi‑
ological mechanism in the development of type 2 diabetes 
mellitus (T2DM), characterized by a reduced response of 
tissue to insulin signaling. Research has demonstrated that 
intestinal immune system dysregulation, which manifests as 
persistent inflammation, serves a pivotal role in mediating 
T2DM‑associated insulin resistance (1). Experimental evidence 
has indicated that aberrant activation of T helper (Th)17 cells 
triggers intestinal inflammation and precipitates autoimmune 
disorders, whereas regulatory T cells (Tregs) exert immuno‑
suppressive functions to modulate inflammatory processes (2). 
Furthermore, perturbation of the homeostatic balance between 
Tregs and Th17 cells has emerged as a critical determinant in 
the pathogenesis of insulin resistance, as evidenced by elevated 
IL‑17 levels and enhanced pro‑inflammatory cytokine secre‑
tion (3). Multiple studies have established that Tregs and Th17 
cells are essential mediators in maintaining intestinal immune 
homeostasis, with their dynamic equilibrium being crucial for 
proper immune function (4‑6).

Pseudostellaria heterophylla (Miq.) Pax ex Pax et Hoffm, 
formerly known as TaiZiShen, was initially described in the 
Chinese book Ben Cao Cong Xin, and is often used to treat 
diabetes, chronic obstructive pneumonia, cardiomyocyte 
injury, immune deficiency and other diseases (7‑9). This herb 
has been included in the Chinese Pharmacopoeia primarily 
due to its medicinal value (7). 

Polysaccharides (molecular weight: 52‑210 kDa), such as 
PF40, are the primary active ingredient of Pseudostellaria 
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heterophylla (10). Structural elucidation of PF40 by UV spec‑
troscopy, Fourier transform infrared spectroscopy and nuclear 
magnetic resonance has confirmed the absence of protein and 
nucleic acid impurities, as well as the presence of characteristic 
α‑pyranose configurations (11). Notably, Congo red assay and 
scanning probe microscopy analyses have revealed that PF40 
adopts a triple‑helical conformation and a multi‑branched 
molecular structure, features known to enhance the biological 
stability and functional activity of polysaccharides. Compared 
with other plant‑derived polysaccharides, PF40 displays 
superior thermal stability and is predominantly amorphous in 
physical state, as evidenced by X‑ray diffraction analysis. These 
properties not only support its suitability for pharmaceutical 
processing but also enhance its in vivo functionality (11). A 
radioisotope tracing study previously demonstrated that PF40 
exhibits targeted accumulation in the small intestine following 
oral administration, suggesting a high degree of intestinal 
bioavailability and potential for interaction with gut‑associ‑
ated lymphoid tissues (12). This gut‑enrichment behavior may 
explain its previously observed ability to modulate intestinal 
immune homeostasis, restore Th17 cell/Treg balance, and 
improve mucosal barrier integrity in diabetic models (9,11). 
Together, these unique structural and biopharmaceutical 
features distinguish PF40 from other polysaccharides and 
support its candidacy as a novel immunomodulatory agent for 
the treatment of metabolic diseases.

Previous studies have shown that PF40 has favorable 
pharmacological activity in improving insulin resistance and 
reducing fasting glucose in a rat model of T2DM (10‑12). 
In our previous study, it was revealed that PF40 can correct 
imbalances in Treg/Th17 cells in the jejunal tissue (11). Th17 
cells and Tregs, alongside Th1 and Th2 cells, constitute crucial 
subpopulations of CD4+ T lymphocytes that serve key roles 
in maintaining intestinal microbial balance and overall meta‑
bolic homeostasis (13,14). Studies have shown that in states 
of insulin resistance, pro‑inflammatory CD4+ T cells, such as 
Th1 and Th17 cells, are markedly activated in the gut, whereas 
anti‑inflammatory Tregs are relatively deficient, exacerbating 
intestinal inflammatory responses  (15,16). Additionally, 
impairment of the intestinal barrier and alterations in gut 
microbiota composition further amplify the expansion of 
inflammatory CD4+ T cells, thereby promoting the progres‑
sion of systemic insulin resistance (17,18). Interfering with 
the balance of intestinal CD4+ T cell subpopulations may 
offer a novel approach for preventing and treating insulin 
resistance. Previous research has suggested that enhancing 
Treg activity or suppressing the uncontrolled proliferation of 
Th1 and Th17 cells can notably improve insulin sensitivity and 
alleviate symptoms of metabolic disorders (19,20). However, 
understanding regarding how the CD4+ T‑cell subset balance 
influences insulin resistance, and the detailed molecular 
mechanisms involved, remains limited.

Our previous study established the therapeutic efficacy of 
PF40 in rat models of T2DM, where dose‑response analyses 
were conducted, and it was demonstrated that PF40 could 
markedly improve insulin sensitivity and metabolic param‑
eters (10). Notably, when combined with metformin, PF40 
exerts a synergistic effect, resulting in superior glycemic 
control and reduced systemic inflammation compared with 
either treatment alone (10,11). These findings underscore the 

potential of PF40 as an effective immunometabolic modu‑
lator. Building on this evidence, the present study focuses on 
identifying the cellular and molecular mechanisms by which 
PF40 influences hepatocellular insulin signaling via intestinal 
CD4+ T cells.

The present study aimed to evaluate the activity of 
differentially treated CD4+ T cells in ameliorating insulin 
resistance using an in vitro cell model. Particular focus was 
given to their effects on antioxidant activity, apoptosis, glucose 
uptake and energy metabolism in insulin‑resistant (IR) cells, 
alongside their influence on the insulin receptor substrate‑1 
(IRS‑1)/PI3K/AKT signaling pathway. By elucidating the 
roles and underlying regulatory mechanisms of differentially 
treated CD4+ T cells, the current study may provide theoretical 
support for developing interventional strategies against insulin 
resistance and advance immunotherapeutic approaches for 
metabolic diseases.

Materials and methods

Chemicals and materials. Pseudostellaria heterophylla was 
obtained from a Good Agricultural Practice‑certified culti‑
vation base in Zherong (Fujian Zheshen Biotechnology Co., 
Ltd), and PF40 was prepared as described previously (10). The 
total sugar content was measured using the anthrone‑sulfuric 
acid method as described previously  (21), and the protein 
content of PF40 was determined using a Bradford assay 
with BSA (Beyotime Biotechnology) as the standard  (22). 
The average molecular weight of PF40 was characterized by 
high‑performance gel permeation chromatography (23). The 
monosaccharide composition was analyzed using pre‑column 
derivatization with 1‑phenyl‑3‑methyl‑5‑pyrazolone followed 
by high‑performance liquid chromatography (HPLC) (24). 
BNL CL.2 cells were obtained from Procell Life Science & 
Technology Co., Ltd. Other materials, including fetal bovine 
serum (FBS), DMEM and trypsin (used for cell passaging), 
were obtained from Gibco (Thermo Fisher Scientific, Inc.). 
DMSO was sourced from MilliporeSigma. The glucose assay 
kit (cat. no. S0201S) was acquired from Shanghai Beyotime 
Biotechnology. The phosphorylated (p)‑PI3K (p85‑Tyr607; 
cat. no. AF3241) polyclonal antibody was purchased from 
Affinity biosciences Co., Ltd. PI3K (cat. no. A4992), IRS‑1 
(cat. no. A16902), p‑IRS‑1 (Ser307; cat. no. AP0552), AKT (cat. 
no. A17909) and p‑AKT (S473; cat. no. AP1208) polyclonal 
antibodies were obtained from ABclonal Biotech Co., Ltd. 

Intervention and purification of CD4+ T cells. The T2DM 
rat model was established as described previously  (11). 
Briefly, 60 male Sprague Dawley rats (4 weeks, 180‑200 g, 
SPF conditions) were obtained from Shanghai Institutes for 
Biological Sciences Shanghai Laboratory Animal Center 
(certificate no. SCXK 2017‑0005) and housed under stan‑
dard conditions with free access to food and water and a 
12 h light/12 h dark cycle. Except for the normal control 
group, all other rats were intraperitoneally injected with 
freshly prepared STZ solution (0.021 mol/l in pH 4.5 sodium 
citrate buffer, 0.5 ml/100 g bodyweight) after overnight fasting 
with free access to water to induce diabetes. After 3 days, rats 
with fasting blood glucose ≥16.7 mmol/l were considered to 
have T2DM. A total of 38 rats were successfully rendered 
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diabetic. These T2DM rats were randomly assigned to four 
groups: model (n=10), PF40 [1.5 g/kg body weight (bw); n=10], 
metformin (Merck KGaA; 135 mg/kg bw; n=9) and PF40 + 
metformin (PF40, 1.5 g/kg bw + metformin 135 mg/kg bw; 
n=9). Animals received their assigned treatments via oral 
gavage once daily for a duration of 4 weeks. The normal 
control group received an equivalent volume of saline. Each 
intervention lasted 4 weeks in total. Subsequently, the rats were 
euthanized in a small animal anesthesia machine using 10% 
isoflurane for 30 min, with death confirmed by the absence of 
a heartbeat. Jejunal lymphocytes were isolated as described 
previously (25). Briefly, jejunal tissue was rapidly excised and 
rinsed with cold PBS to remove feces. The tissue was then 
minced and digested in a solution containing 50 mg/ml deoxy‑
ribonuclease I and 30 mg/ml liberase for 30 min at 37˚C to 
facilitate lymphocyte release. The digested tissue was filtered 
through a 70‑µm cell mesh to obtain a single‑cell suspension, 
washed with PBS and resuspended in 40% Percoll solution. 
This suspension was layered over 70% Percoll solution and 
centrifuged at 800 x g for 15 min at 4˚C. Lymphocytes were 
collected from the interface between the two layers. CD4+ 
T cells were then purified from the lymphocyte population 
using the MagniSort™ CD4+ T Cell Enrichment Kit (Thermo 
Fisher Scientific, Inc.; cat. no. 8804‑6820‑74) according to 
the manufacturer's protocol. Cell purity was assessed using a 
NovoCyte flow cytometer (NovoCyte; Agilent Technologies, 
Inc.) and analyzed with NovoExpress software (version 1.4.1; 
Agilent Technologies, Inc.). Samples in which CD4+ T cells 
accounted for at least 80% of the population were used for 
further analysis. CD4+ T cells were labeled based on the 
interventions the mice received as follows: Control (Con‑T), 
model (Mod‑T), PF40 (P‑T), metformin (M‑T), and combined 
PF40 and metformin (PM‑T). Cells were cultured in DMEM 
supplemented with 10% FBS and 1% penicillin‑streptomycin 
at 37˚C in a humidified incubator with 5% CO2.

Establishment of the insulin resistance model. BNL CL.2 
cells were seeded in culture f lasks and maintained in 
low‑glucose DMEM supplemented with 10% FBS and 1% 
penicillin‑streptomycin at 37˚C in a humidified incubator with 
5% CO2 and 95% humidity. The culture medium was changed 
every 48 h. Once the cells reached 80‑90% confluence, the 
culture medium was replaced with DMEM containing 
varying concentrations of insulin (1x10‑6, 1x10‑7, 1x10‑8 and 
1x10‑9 mol/l; Sigma‑Aldrich; Merck KGaA; cat. no. Y0001717) 
and incubated at 37˚C for 24 h to identify the optimal insulin 
concentration that could induce insulin resistance. Based on 
glucose measurements in the culture medium, the concentra‑
tion of 1x10‑7 mol/l was identified as the ideal concentration for 
inducing insulin resistance. Subsequently, cells were treated 
with 1x10‑7 mol/l insulin for 24, 36, 48 and 60 h to determine 
the optimal duration for stable induction of insulin resistance. 
Untreated cells were used as a control group and each experi‑
mental condition included six replicates. After treatment, the 
supernatant was collected, and the glucose concentration in 
the culture medium was measured using a glucose assay kit 
using the o‑toluidine method (Beyotime Biotechnology). The 
glucose consumption was calculated based on the difference 
between the initial glucose concentration and the post‑treatment 
concentration, enabling assessment of the response of cells to 

insulin and identification of the optimal concentration and 
treatment duration for stable insulin resistance induction.

Co‑culture of IR‑BNL CL.2 cells with CD4+ T cells. The 
co‑culture model was established using the Transwell insert 
system, with CD4+ T cells seeded in the apical medium and 
IR‑BNL CL.2 cells seeded in the basolateral medium (26,27), 
using inserts with 6 wells and a pore size of 0.4 µm. Purified 
CD4+ T cells were co‑cultured with IR‑BNL CL.2 cells at 
various CD4+ T cells to IR‑BNL CL.2 cell ratios: 1:1, 2:1, 
5:1, 10:1, 20:1 and 40:1, to determine the optimal ratio for the 
co‑culture system. Phenol red‑free DMEM (Thermo Fisher 
Scientific, Inc.) was used to avoid color interference. Both CD4+ 
T cells and IR‑BNL CL.2 cells were cultured in this medium, 
supplemented with 10% FBS, and incubated at 37˚C with 
5% CO2 for 24 h. After 24 h, 10 µl CCK‑8 solution (Dojindo 
Laboratories, Inc.) was added to each well, followed by a 2‑h 
incubation at 37˚C. Subsequently, absorbance was measured at 
450 nm. The optimal ratio of CD4+ T cells to IR‑BNL CL.2 
cells was determined based on changes in IR‑BNL CL.2 cell 
viability across different co‑culture ratios.

Glucose consumption assay. CD4+ T cells from different 
treatment groups were co‑cultured with IR‑BNL CL.2 cells at 
the optimal cell ratio in phenol red‑free DMEM for 24 h. At 
the end of the co‑culture period, the supernatant was collected 
and glucose concentration was measured according to the 
instructions provided with the glucose assay kit (Beyotime 
Biotechnology). Glucose consumption was calculated as the 
difference between the initial glucose concentration and 
the glucose concentration in the supernatant after 24 h. The 
glucose degradation ratio was calculated as the percentage 
decrease in glucose consumption in the experimental group 
relative to the BNL CL.2 control group. Specifically, it was 
determined by subtracting the glucose consumption of the 
experimental group from that of the control group, dividing 
this difference by the glucose consumption of the control 
group, and multiplying by 100.

Superoxide dismutase (SOD) and malondialdehyde (MDA) 
assays. Following co‑culture with CD4+ T cells under the 
respective treatment conditions [the control (Con‑T), model 
(Mod‑T), PF40 (P‑T), metformin (M‑T) or PF40 + metformin 
(PM‑T) groups], IR‑BNL CL.2 cells from each treatment group 
were collected and washed three times with cold PBS. Cells 
were then lysed with an appropriate volume of RIPA lysis buffer 
(Thermo Fisher Scientific, Inc.) and incubating on ice for 15 min. 
The lysate was centrifuged at 12,000 x g for 10 min at 4˚C and 
the supernatant was collected for subsequent analysis. Protein 
concentrations were quantified using a BCA protein assay kit 
(cat. no. A045‑4‑2; Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer's protocol. The activity of SOD 
and levels of MDA were measured using respective commercial 
assay kits according to the manufacturer's protocol (SOD Assay 
Kit, cat. no. A001‑3‑2; MDA Assay Kit, cat. no. A003‑1‑2; both 
from Nanjing Jiancheng Bioengineering Institute).

Reactive oxygen species (ROS) assay. Treated IR‑BNL CL.2 
cells, following co‑culture with CD4+ T cells under the respec‑
tive experimental conditions (Con‑T, Mod‑T, P‑T, M‑T or 
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PM‑T), were collected and seeded into black, opaque‑bottom 
96‑well plates for ROS detection. Cells were incubated for 
24 h at 37˚C with 5% CO2. Following adherence, the cells were 
washed twice with serum‑free medium, and each well was 
loaded with 100 µM DCFDA in 1X buffer (cat. no. S0035S; 
Beyotime Biotechnology). After a 45‑min incubation at 37˚C, 
the DCFDA solution was removed and the cells were washed 
twice with 1X PBS to minimize non‑specific staining. The 
plate was then analyzed using a flow cytometer (NovoCyte), 
and data were collected and analyzed using NovoExpress 
software (version 1.4.1) according to the DCFDA kit protocol 
to quantify ROS levels (28).

Apoptosis assay. To evaluate apoptosis, IR‑BNL CL.2 
cells were collected and washed twice with cold PBS after 
co‑culture with CD4+ T cells under the indicated treatment 
conditions (Con‑T, Mod‑T, P‑T, M‑T or PM‑T). Cells were 
resuspended in 1X binding buffer, and 5 µl Alexa Fluor™ 
488 Annexin V and 1 µl 100 µg/ml propidium iodide were 
added as per the manufacturer's instructions (cat. no. A10788; 
Thermo Fisher Scientific, Inc.). The mixture was incubated in 
the dark at room temperature for 20 min to protect against 
photobleaching. Following incubation, the samples were 
analyzed immediately on a flow cytometer (NovoCyte), and 
data were collected and analyzed using NovoExpress software 
(version  1.4.1) to determine the proportions of live and 
apoptotic cells across treatment groups (29).

Western blot analysis. IR‑BNL CL.2 cells were collected 
and washed three times with cold PBS following co‑culture 
with CD4+ T cells under the indicated treatment conditions 
(Con‑T, Mod‑T, P‑T, M‑T or PM‑T). Cells were then lysed with 
RIPA lysis buffer containing protease inhibitors and lysates 
were incubated on ice for 30 min, vortexing every 10 min, to 
ensure complete lysis. Lysates were centrifuged at 12,000 x g 
for 10 min at 4˚C and the supernatant was collected for protein 
analysis. Protein concentrations were quantified using a BCA 
assay kit, and equal amounts of protein (30 µg/lane) from each 
sample were denatured at 95˚C for 5 min before being sepa‑
rated by SDS‑PAGE on 10% gels. Following electrophoresis, 
the proteins were transferred onto PVDF membranes at 4˚C. 
Membranes were blocked with 5% BSA at room temperature for 
1 h to minimize non‑specific binding, and were then incubated 
overnight at 4˚C with rabbit monoclonal primary antibodies 
targeting p‑PI3K (1:1,000), PI3K (1:1,000), p‑AKT (1:500), 
AKT (1:500), p‑IRS‑1 (1:1,000), IRS‑1 (1:1,000) and β‑actin 
(1:5,000; cat. no. AC026; ABclonal Biotech Co., Ltd.). The 
following day, the membranes were washed three times with 
TBS‑T buffer (TBS containing 0.1% Tween‑20; 5 min each) 
to remove unbound antibodies, followed by incubation with 
HRP‑conjugated goat anti‑rabbit IgG (1:5,000; cat. no. 7074; 
Cell Signaling Technology, Inc.) for 1 h at room temperature. 
After washing, protein bands were visualized using a Pierce™ 
Fast Western kit (Thermo Fisher Scientific, Inc.) and images 
were captured. Band intensities were semi‑quantified using 
Image Lab software (version 6.1.0; Bio‑Rad Laboratories, Inc.).

Targeted energy metabolomics analysis by ultra performance 
liquid chromatography tandem mass spectrometry 
(UPLC‑MS/MS). IR‑BNL CL.2 cells were submitted to 

Wekemo Tech Co (https://www.bioincloud.tech/) for metabo‑
lomics analysis via UPLC‑MS/MS. Briefly, 50 mg cell sample 
was mixed with 1,000 µl water/methanol/acetonitrile (1:2:2, v/v), 
vortexed for 25 min, and centrifuged at 14,000 x g for 15 min at 
4˚C. The supernatant was dried using a vacuum centrifuge, and 
the residue was reconstituted in 100 µl 50% acetonitrile. The 
sample was centrifuged again at 14,000 x g for 15 min at 4˚C 
before undergoing UPLC‑MS/MS analysis at Wekemo Tech Co. 
The conditions for mass spectrometry and chromatography are 
described in detail in the Supplementary materials.

Statistical analysis and visualization. Experimental data 
are presented as the mean ±  standard deviation. Baseline 
data across treatment groups were analyzed using unpaired 
Student's t‑test for comparisons between two groups or a 
one‑way ANOVA for comparisons between multiple groups. 
Following one‑way ANOVA, Tukey's post hoc multiple 
comparisons test was performed to determine significant 
differences between individual groups. P<0.05 was considered 
to indicate a statistically significant difference. Targeted energy 
metabolomics data analysis and visualization were performed 
on the Wekemo Bioincloud platform (https://bioincloud.
tech/) using default parameters. To further explore metabolic 
differences between groups, principal component analysis 
(PCA), orthogonal partial least squares discriminant analysis 
(OPLS‑DA) and redundancy analysis (RDA) were conducted 
on the same platform. Unless otherwise specified, all analyses 
were carried out with the standard settings provided by 
Wekemo Bioincloud.

Results

Physicochemical characterization of PF40. To investigate the 
physicochemical properties of PF40, a series of compositional 
and structural analyses were conducted. The polysaccharide 
yield from Pseudostellaria heterophylla was 18.63±1.21%. 
The total carbohydrate content of PF40 was determined to be 
79.85±3.54%, while the protein content was relatively low at 
0.12±0.01%, indicating a high degree of polysaccharide purity. 
Gel permeation chromatography revealed that PF40 exhibited 
a molecular weight distribution ranging from 52.6 to 212 kDa 
(Fig. S1), suggesting a heterogeneous macromolecular popula‑
tion. Monosaccharide composition was analyzed by HPLC 
after acid hydrolysis. The results showed that glucose was the 
predominant monosaccharide in PF40 (84.06 mol%), followed 
by a minor proportion of galactose (2.50 mol%). These findings 
were further supported by co‑chromatography with standard 
monosaccharides and peak area comparison, as shown in the 
chromatograms. Fig.  S2A presents the chromatograms of 
glucose and galactose standards, while Fig. S2B shows the 
monosaccharide composition analysis of PF40. These results 
indicated that PF40 is a polysaccharide mainly composed of 
glucose with a small amount of galactose.

Establishment of an IR‑BNL CL.2 cell model. To establish 
an IR cell model, BNL CL.2 cells were treated with a high 
concentration of insulin. To determine the optimal insulin 
concentration, BNL CL.2 cells were exposed to insulin at 
concentrations ranging from 1x10‑6 to 1x10‑9 mol/l. As shown 
in Fig. 1A, compared with in the control group, the 1x10‑7 to 
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1x10‑9 mol/l insulin‑treated groups exhibited significantly 
inhibited glucose consumption in BNL CL.2 cells (P<0.01). 
The 1x10‑7  mol/l insulin treatment exhibited the most 
pronounced inhibitory effect, reducing glucose consumption 
to 1.44±0.32 mol/l, which represents a 55.8% decrease from 
the control group (3.26±0.28  mol/l) (P<0.01). Therefore, 
1x10-7 mol/l was selected as the optimal insulin concentra‑
tion. Subsequently, the effects of varying exposure durations 
of 1x10‑7 mol/l insulin on glucose consumption in cells was 
examined (Fig. 1B). Following treatment with 1x10‑7 mol/l 
insulin for 24, 36, 48 and 60 h, glucose consumption decreased 
by 11.08, 27.11, 21.18 and 16.48%, respectively, compared with 
that in the control group, with a significant reduction observed 
at 36 h. These results indicated that treatment with 1x10‑7 mol/l 
insulin for 36 h represented the optimal conditions for inducing 
insulin resistance in BNL CL.2 cells.

Notably, a non‑linear relationship between insulin concen‑
tration and glucose consumption was observed in BNL CL.2 
cells (Fig. 1). While low concentrations of insulin significantly 
promoted glucose uptake, higher concentrations did not 
further enhance glucose consumption and even showed a 
plateau or decline in effect. This may be due to insulin receptor 
desensitization, or negative feedback regulation induced by 
prolonged or excessive insulin exposure. At high doses, insulin 
can trigger signaling attenuation through mechanisms such as 
increased serine phosphorylation of IRS‑1, thereby impairing 
downstream PI3K/AKT pathway activation and reducing 
glucose utilization efficiency. This phenomenon is consistent 
with previously reported insulin‑induced insulin resistance in 
hepatocyte models (30).

Stability of the IR‑BNL CL.2 model. To evaluate the stability 
of the insulin resistance cell model, IR‑BNL CL.2 cells were 
continuously monitored following insulin treatment. As shown 
in Fig. 2B, compared with that in the control group, glucose 
consumption in cells pretreated with 1x10‑7 mol/l insulin was 
significantly reduced at 36 and 48 h after insulin removal 

(P<0.01). Notably, at the final observation point of 60  h, 
although glucose consumption in the insulin‑treated group 
remained lower than that in the control group, this difference 
was no longer statistically significant (P>0.05). This result 
suggested that the insulin resistance model remains stable for 
up to 48 h after insulin withdrawal but may begin to undergo 
partial self‑repair by 60 h. Thus, subsequent experiments were 
performed within a 48‑h time period following the establish‑
ment of the model.

Biocompatibility of T cells with IR‑BNL CL.2. Isolated CD4+ 
T cells (Fig. S3) were co‑cultured with IR‑BNL CL.2 cells at 
varying ratios (1:1, 2:1, 5:1, 10:1, 20:1 and 40:1) to assess the 
biocompatibility of the co‑culture system. A CCK‑8 assay was 
used to evaluate the viability of IR‑BNL CL.2 cells (Fig. 2A). 
When the ratio of CD4+ T cells was ≤10:1 there was no signifi‑
cant impact on IR‑BNL CL.2 cell viability (P>0.05). However, 
at ratios of 20:1 and 40:1, the viability of IR‑BNL CL.2 cells 
was significantly reduced (both P<0.01; 82.11 and 73.26% of the 
control group, respectively). Therefore, a CD4+ T cell to IR‑BNL 
CL.2 cell ratio of 10:1 was selected for subsequent experiments.

Glucose consumption of IR‑BNL CL.2 cells in response to 
different CD4+ T‑cell treatments. CD4+ T cells subjected to 
various treatments were co‑incubated with IR‑BNL CL.2 
cells to assess their impact on glucose consumption in the 
IR‑BNL CL.2 cells. As shown in Fig. 3, glucose consumption 
was significantly reduced in IR‑BNL CL.2 cells compared 
with that in normal BNL CL.2 cells (P<0.05), confirming the 
successful establishment of the IR model. In the co‑culture 
experiments, glucose consumption in IR‑BNL CL.2 cells was 
markedly lower in the Mod‑T group than in the Con‑T group 
(P<0.01). Notably, co‑culture of IR‑BNL CL.2 cells with P‑T, 
M‑T or PM‑T significantly improved glucose metabolism 
compared with the Mod‑T group. The PM‑T group showed 
the most pronounced effect, with glucose consumption nearly 
doubled compared with that in the Mod‑T group (P<0.01).

Figure 1. Effects of different insulin concentrations and intervention durations on glucose consumption in IR‑BNL CL.2 cells. (A) Effects of various insulin 
concentrations (0‑1x10‑9 mol/l) on glucose consumption in IR‑BNL CL.2 cells. **P<0.01 vs. untreated control group. (B) Effects of different intervention dura‑
tions of insulin (1x10‑7 mol/l) on glucose consumption in IR‑BNL CL.2 cells. Data are presented as the mean ± SD, n=6. **P<0.01 vs. control group. IR‑BNL 
CL.2, insulin‑resistant BNL CL.2.
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Oxidative stress of IR‑BNL CL.2 cells in response to different 
CD4+ T‑cell treatments. To evaluate the oxidative stress status 
in IR‑BNL CL.2 cells across different treatment groups, MDA 
levels and SOD activity were measured. MDA, a primary 
product of lipid peroxidation, reflects the extent of cellular 
oxidative damage, whereas SOD, a key antioxidant enzyme, 
indicates cellular antioxidant capacity (31). As shown in Fig. 4, 
MDA levels in IR‑BNL CL.2 cells were significantly elevated 
in the Mod‑T group compared with those in the Con‑T group 
(P<0.01), whereas SOD activity was significantly reduced 

(P<0.01). Among the treatment groups, both the P‑T and 
PM‑T groups significantly lowered MDA levels (P<0.05), and 
although the M‑T group also showed a trend toward reducing 
MDA, the difference was not statistically significant compared 
with the Mod‑T group (P>0.05). All treatment groups exhib‑
ited notable improvements in SOD activity (P<0.01), with 
the PM‑T group showing the most significant effect, nearly 
restoring SOD activity to control levels.

Subsequently, intracellular ROS levels in IR‑BNL CL.2 
cells co‑cultured with CD4+ T cells from various treatment 

Figure 2. Stability of the IR‑BNL CL.2 cell model and characteristics of co‑culture with CD4+ T cells. (A) Analysis of cell viability in IR‑BNL CL.2 and 
CD4+ T cells co‑cultured at different ratios (1‑40:1). (B) Changes in glucose consumption in IR‑BNL CL.2 cells at various time points (24‑60 h) following 
insulin intervention. **P<0.01 vs. control. Data are presented as the mean ± SD, n=6. *P<0.05, **P<0.01 vs. untreated IR‑BNL CL.2 cells. IR‑BNL CL.2, 
insulin‑resistant BNL CL.2.

Figure 3. Effects of treated CD4+ T cells on glucose uptake of BNL CL‑2 cells. (A) Glucose consumption in the different treatment groups. (B) Glucose 
degradation ratio in the different treatment groups. Data are presented as the mean ± SD, n=6. ##P<0.01 vs. BNL CL.2 control group; **P<0.01 vs. Mod‑T group. 
IR‑BNL CL.2, insulin‑resistant BNL CL.2; Con‑T, control; Mod‑T, model; P‑T, PF40; M‑T, metformin; PM‑T, combined PF40 and metformin.
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groups were assessed using flow cytometry. As shown in 
Fig. 5, ROS levels were significantly elevated in the Mod‑T 
group compared with those in the Con‑T group (P<0.01), 

reaching approximately double that of the control levels. Both 
the P‑T and M‑T treatment groups significantly reduced ROS 
levels (P<0.05). Furthermore, the combined treatment group 

Figure 4. Effects of differently treated CD4+ T cells on (A) MDA and (B) SOD levels in IR‑BNL CL.2 cells. Data are presented as the mean ± SD, n=5. 
##P<0.01 vs. Con‑T group; *P<0.05, **P<0.01 vs. Mod‑T group. MDA, malondialdehyde; SOD, superoxide dismutase; IR‑BNL CL.2, insulin‑resistant BNL 
CL.2; Con‑T, control; Mod‑T, model; P‑T, PF40; M‑T, metformin; PM‑T, combined PF40 and metformin.

Figure 5. Effects of differently treated CD4+ T cells on ROS levels in IR‑BNL CL.2 cells. (A) Representative ROS images for each treatment group. (B) Statistical 
analysis of ROS levels across treatment groups. Data are presented as the mean ± SD, n=6. ##P<0.01 vs. Con‑T group; *P<0.05, **P<0.01 vs. Mod‑T group. ROS, 
reactive oxygen species; IR‑BNL CL.2, insulin‑resistant BNL CL.2; Con‑T, control; Mod‑T, model; P‑T, PF40; M‑T, metformin; PM‑T, combined PF40 and 
metformin.
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(PM‑T) exhibited the strongest inhibitory effect on ROS levels, 
restoring them to close to the control levels (P<0.01).

Apoptosis of IR‑BNL CL.2 cells in response to different 
CD4+ T‑cells treatments. FSC (forward scatter) and SSC (side 
scatter) plots were used to assess cell populations, where FSC 
reflects cell size and SSC indicates cell granularity or internal 
complexity. To investigate the impact of CD4+ T cells from 
different treatment groups on IR‑BNL CL.2 cell apoptosis, 
the apoptotic rate of IR‑BNL CL.2 cells in the co‑culture 
system was measured using flow cytometry (Fig.  6). The 
results showed that the Mod‑T group exhibited significantly 
increased apoptosis of IR‑BNL CL.2 cells compared with that 
in the Con‑T group (P<0.01). This finding indicated that CD4+ 
T cells in a T2DM state may exacerbate insulin resistance by 
promoting the apoptosis of IR‑BNL CL.2 cells. Following P‑T 
or M‑T treatment, the apoptosis rates in IR‑BNL CL.2 cells 
were significantly reduced (P<0.01). Notably, the PM‑T group 
showed the most pronounced protective effect, reducing the 
rate of apoptosis to close to that of control levels (P<0.01). 
These findings suggested that PF40 and metformin may 

mitigate apoptosis in IR‑BNL CL.2 cells through functional 
modulation of CD4+ T cells, with a potential synergistic effect.

Expression of IRS‑1/PI3K/AKT and phosphorylated proteins 
in IR‑BNL CL.2 cells. The expression of insulin signaling 
markers in IR‑BNL CL.2 cells was assessed using western blot 
analysis (Fig. 7). The results indicated that in the Mod‑T group 
IR‑BNL CL.2 cells exhibited an impaired insulin signaling 
cascade, as evidenced by increased phosphorylation of 
IRS‑1Ser307 (P<0.01), and significantly decreased phosphoryla‑
tion of PI3Kp58‑Tyr607 and AKTS473 (both P<0.01), compared with 
that in the Con‑T group. By contrast, the PM‑T group showed 
a marked reduction in p‑IRS‑1Ser307 (P<0.01), and a significant 
increases in p‑PI3Kp58‑Tyr607 and p‑AKTS473 levels (P<0.01) 
compared with in the Mod‑T group. These findings suggested 
that P‑T or M‑T may activate the PI3K/AKT signaling pathway 
by reducing p‑IRS‑1Ser307 expression, effectively increasing 
insulin sensitivity and improving insulin resistance.

Energy metabolism in IR‑BNL CL.2 cells in response to 
different CD4+ T‑cell treatments. UPLC‑MS/MS was used 

Figure 6. Effects of differently treated CD4+ T cells on the apoptosis of IR‑BNL CL.2 cells. (A) Representative plots of apoptosis in each treatment group. 
(B) Quantification of apoptosis levels across treatment groups, based on the percentages of cells in the Q1‑2 quadrants as determined by flow cytometry. Data 
are presented as the mean ± SD, n=6. ##P<0.01 vs. Con‑T group; **P<0.01 vs. Mod‑T group. IR‑BNL CL.2, insulin‑resistant BNL CL.2; Con‑T, control; Mod‑T, 
model; P‑T, PF40; M‑T, metformin; PM‑T, combined PF40 and metformin.
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to investigate changes in energy metabolism‑related metabo‑
lites in IR‑BNL CL.2 cells. To streamline data analysis, the 
Con‑T, Mod‑T and PM‑T groups were selected. To explore 
metabolic differences between samples, PCA and OPLS‑DA 
were performed (Fig. 8A‑C). The PCA score plot indicated a 
clear separation trend among the three groups on PC1 (57.9%) 
and PC2 (12.1%). The OPLS‑DA analysis between the Con‑T 
and Mod‑T groups showed that the predictive component T 
score and orthogonal component T score explained 42.1 
and 25.3% of the variance, respectively. In the OPLS‑DA 
analysis between the Mod‑T and PM‑T treatment groups, the 
predictive component T score and orthogonal component T 
score explained 69.3 and 9.6% of the variance, respectively. 
Both OPLS‑DA score plots displayed good group separation, 
indicating significant metabolic alterations due to insulin resis‑
tance modeling, while PM‑T treatment effectively modulated 
these metabolic abnormalities.

As shown in Fig.  8D  and  F, heatmaps illustrated the 
levels of key metabolites involved in the tricarboxylic acid 
(TCA) cycle and glycolysis pathways within IR‑BNL CL.2 
cells. Compared with in the Con‑T group, the Mod‑T group 

exhibited significant changes in key metabolites within the 
TCA cycle and glycolysis. In the TCA cycle, α‑ketoglutarate, 
succinate, fumarate and malic acid levels were markedly 
increased, while oxaloacetate levels were markedly decreased. 
In the glycolysis pathway, levels of D‑glucose‑6‑phosphate 
and β‑D‑fructose‑6‑phosphate were substantially reduced 
in the Mod‑T group. These results suggested that the Mod‑T 
group may compensate for impaired glycolysis by upregu‑
lating key metabolites in the TCA cycle to maintain cellular 
energy balance. The PM‑T treatment group an opposing meta‑
bolic pattern was detected compared with that in the Mod‑T 
group, particularly regarding levels of α‑ketoglutarate and 
D‑glucose‑6‑phosphate, suggesting that PM‑T exerts thera‑
peutic effects by modulating the metabolic balance between 
the TCA cycle and glycolysis pathways.

RDA showed that the first and second axes explained 64.43 
and 16.54% of the total variance, respectively (Fig. 8E). The 
RDA ordination plot revealed clear separation among the 
Con‑T, Mod‑T and PM‑T groups. RDA revealed that the Mod‑T 
group was positively associated with ROS and apoptosis rate, 
whereas the PM‑T group was positively associated with SOD 

Figure 7. Effects of differently treated CD4+ T cells on the IRS‑1/PI3K/AKT signaling pathway in IR‑BNL CL.2 cells. (A) Representative western blot 
images showing protein and p‑protein expression levels of IRS‑1, PI3K and AKT across the different treatment groups. Relative protein expression levels of 
(B) p‑IRS‑1/IRS‑1, (C) p‑PI3K/PI3K, and (D) p‑AKT/AKT. Data are presented as the mean ± SD, n=3. ##P<0.01 vs. Con‑T group; *P<0.05, **P<0.01 vs. Mod‑T 
group. Con‑T, control; Mod‑T, model; P‑T, PF40; M‑T, metformin; PM‑T, combined PF40 and metformin; IRS‑1, insulin receptor substrate‑1; p‑, phosphorylated.
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activity and negatively with MDA levels, indicating that PM‑T 
treatment improves oxidative stress by enhancing antioxidant 
capacity and reducing lipid peroxidation damage.

Discussion

In the present study, an IR‑BNL CL.2 cell model was estab‑
lished and co‑incubated with intestinal CD4+ T cells treated 

with PF40, metformin or both. The results showed that P‑T 
reduced oxidative stress in IR‑BNL CL.2 cells by lowering 
ROS and MDA levels, while enhancing SOD activity, which 
reflected improved antioxidant defense. Oxidative stress is 
a known factor in insulin resistance, primarily by affecting 
glucose metabolism and the insulin signaling pathways, 
thereby accelerating the progression of insulin resistance (31). 
By mitigating oxidative stress, P‑T co‑culture restored the 

Figure 8. Targeted energy metabolomics analysis of the different treatment groups. (A) PCA of metabolites in the different treatment groups. OPLS‑DA was 
performed between the (B) Con‑T and Mod‑T groups, and the (C) Mod‑T and PM‑T groups. (D) Heat maps showing the relative content of key glycolysis 
products across different treatment groups. (E) Redundancy analysis. Data are presented as the mean ± SD, n=4 or 5. (F) Heat map showing the relative content 
of key TCA cycle products across different treatment groups. Mod‑T. Con‑T, control; Mod‑T, model; P‑T, PF40; M‑T, metformin; PM‑T, combined PF40 and 
metformin; PCA, principal component analysis; OPLS‑DA, orthogonal partial least squares discriminant analysis; TCA, tricarboxylic acid.
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redox balance and improved insulin sensitivity. The findings 
of the present study emphasized that CD4+ T cells may serve 
a critical role in alleviating insulin resistance in IR‑BNL CL.2 
cells. This aligns with accumulating evidence that immune 
cells, particularly CD4+ T lymphocytes, notably impact 
metabolic activity and inflammation in the context of insulin 
resistance (32,33).

The liver is a key organ involved in glucose metabolism 
and a primary target in insulin resistance (34,35). Establishing 
a stable and reliable IR cell model is crucial for screening 
anti‑insulin resistance drugs and studying their mechanisms of 
action. Murine embryonic liver cells are widely used as model 
cells to investigate hepatic insulin resistance, and insulin 
serves as an inducer for developing IR cell models (36,37). 
In developing the IR‑BNL CL.2 cell model, a marked reduc‑
tion in glucose consumption in response to optimal induction 
conditions was observed (1x10‑7 mol/l insulin for 36 h), and 
model stability was confirmed over 48 h. Impaired glucose 
consumption and elevated oxidative stress levels in IR‑BNL 
CL.2 cells are consistent with previous findings, validating the 
stability and reliability of the model (36,38). When co‑cultured 
with P‑T cells, glucose uptake was restored in IR‑BNL CL.2 
cells. The present study also investigated the biocompatibility 
of CD4+ T cells with IR‑BNL CL.2 cells at specific co‑culture 
ratios, and the results showed that the optimal non‑cytotoxic 
ratio for co‑culturing CD4+ T cells with IR‑BNL CL.2 cells 
was 10:1. The establishment of this co‑culture system provides 
a basis for further exploration of the mechanisms by which 
CD4+ T cells modulate insulin resistance in IR‑BNL CL.2 cells.

In the current study, the murine hepatocyte‑derived BNL 
CL.2 cell line was selected to establish an insulin resis‑
tance model for co‑culture with CD4+ T cells isolated from 
PF40‑treated rats with T2DM. This choice was made to 
maintain taxonomic proximity within the Rodentia order and 
to minimize potential immune incompatibility or non‑specific 
activation that could result from co‑culturing rodent‑derived 
immune cells with more distantly related species. While BNL 
CL.2 cells are embryonic in origin and do not fully recapitu‑
late the metabolic complexity of human hepatocytes, they are 
widely used in studies of hepatic insulin signaling (39), oxida‑
tive stress  (40) and energy metabolism  (41). Nevertheless, 
the limitations of this model in mimicking human patho‑
physiology should be acknowledged, and future studies 
incorporating humanized hepatocyte‑immune co‑culture 
systems or liver organoids will be necessary to validate and 
extend the findings in a translational context. Moreover, the 
T cell‑to‑hepatocyte ratio employed in the co‑culture system 
(10:1) exceeds physiological levels typically found in vivo. 
This elevated ratio was selected based on the biocompatibility 
testing of different CD4+ T cell/IR‑hepatocyte ratios, to ensure 
that CD4+ T cells could exert sufficient paracrine and immu‑
nomodulatory effects on IR hepatocytes without inducing 
excessive cytotoxicity. While this setup enhances the detec‑
tion of immunometabolic interactions in vitro, it may not fully 
replicate the cellular microenvironment of the gut‑liver axis 
under physiological or pathological conditions. Therefore, the 
data should be interpreted as proof‑of‑concept findings, and 
future studies employing more physiologically relevant cell 
ratios or three‑dimensional co‑culture models are warranted 
to confirm the observed effects.

SOD is a critical antioxidant enzyme that effectively 
scavenges superoxide anions, thereby reducing oxidative 
stress‑induced cellular damage. In the pathophysiology of 
T2DM, prolonged hyperglycemic conditions lead to a marked 
elevation in intracellular ROS levels, exacerbating oxidative 
stress, which further exacerbates insulin resistance and cellular 
injury (42,43). P‑T intervention significantly increased SOD 
activity in IR‑BNL CL.2 cells in the present study, suggesting 
that P‑T alleviated oxidative stress by enhancing cellular 
antioxidant capacity. Furthermore, the observed reduction in 
MDA levels supports the antioxidant role of P‑T. As a marker 
of lipid peroxidation, decreased MDA levels indicate that P‑T 
may reduce lipid peroxidation under IR conditions, thereby 
lowering the risk of oxidative membrane damage. Lipid 
peroxidation, a consequence of oxidative stress, destabilizes 
cell membranes, increases permeability and impairs cell func‑
tion (44). Compared with in the Mod‑T group, the P‑T group 
exhibited a significant reduction in MDA levels, suggesting that 
P‑T may serve a crucial role in inhibiting lipid peroxidation 
and preserving membrane integrity.

Oxidative stress is one of the primary inducers of cellular 
apoptosis, with ROS acting as reactive molecules that cause 
oxidative damage to membrane lipids, proteins and DNA under 
oxidative stress, ultimately triggering apoptotic pathways (45). 
In the present study, P‑T treatment significantly reduced ROS 
levels in IR‑BNL CL.2 cells, along with a decrease in the lipid 
peroxidation marker MDA. This finding indicated that P‑T not 
only exhibits antioxidant properties but may also inhibit the 
progression of oxidative damage by reducing ROS. Apoptosis 
assays of IR‑BNL CL.2 cells further validated these findings, 
with Mod‑T showing substantial apoptosis relative to the 
Con‑T group, whereas P‑T treatment significantly reduced 
apoptotic cell counts. Thus, P‑T may prevent apoptosis pathway 
activation by lowering oxidative stress, which is crucial for 
mitigating insulin resistance‑associated cellular injury.

To further elucidate the potential molecular mechanisms 
by which P‑T influenced glucose metabolism, the expression 
of insulin signaling‑related markers in IR‑BNL CL.2 cells 
was examined. Upon binding to its receptor, insulin promotes 
glucose uptake through a series of signaling cascades, resulting 
in the phosphorylation of IRS proteins at multiple tyrosine 
residues, which subsequently activate downstream molecules 
such as PI3K and AKT (46). The PI3K/AKT pathway is a 
primary regulator of metabolic functions and glucose uptake 
induced by insulin (46‑48). Activated AKT serves a central 
role in regulating various downstream pathways, including 
those involved in cell proliferation, protein synthesis and 
glucose metabolism. Phosphorylation of AKT further acti‑
vates GLUT4, enhancing glucose uptake in peripheral tissues. 
IRS‑1, a major IRS subtype, is closely associated with glucose 
homeostasis in the liver; however, phosphorylation of IRS‑1 
at the Ser307 residue significantly diminishes its activity, 
which is linked to the inhibition of insulin signaling (49,50). 
Western blot analysis showed that in the Mod‑T group, levels 
of p‑IRS‑1Ser307 were markedly elevated, whereas PI3Kp85‑Tyr607 
and p‑AKTSer473 levels were notably reduced, indicating 
impairment of the insulin signaling cascade. Treatment with 
P‑T or M‑T significantly reduced p‑IRS‑1Ser307 levels, enhanced 
PI3Kp85‑Tyr607 expression, and increased AKT phosphorylation, 
thereby promoting glucose uptake.
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Phosphorylation of AKT has a pivotal role in glucose 
uptake and utilization by activating key glycolytic enzymes, 
such as glucokinase, which facilitates glucose phosphoryla‑
tion, an essential step for entry into glycolysis and the TCA 
cycle (51,52). During a state of insulin resistance, reduced AKT 
phosphorylation may lead to decreased glucokinase activity, 
directly lowering the levels of glucose‑6‑phosphate (53). In 
the present study, reduced glucose‑6‑phosphate levels were 
observed in the Mod‑T group. This reduction disrupted the 
TCA cycle, which could impair glycolytic input, resulting in 
decreased ATP production efficiency and subsequent ROS 
accumulation. In the IR‑BNL CL.2 model group, elevated 
ROS levels and reduced TCA cycle intermediates suggested 
mitochondrial stress, compromising cellular bioenergetics 
and promoting apoptosis. This increase in apoptosis aligned 
with the results from RDA, where elevated ROS and lipid 
peroxidation were associated with higher apoptotic rates. 
Thus, disruption of the glucokinase‑AKT pathway highlights 
links among glucose metabolism disorders, oxidative stress 
and cell survival.

The present study used targeted energy metabolomics 
analysis to reveal differences in energy metabolism path‑
ways in IR‑BNL CL.2 cells among the different treatment 
groups. In the Mod‑T group, a notable increase in multiple 
key metabolites within the TCA cycle was observed, particu‑
larly α‑ketoglutarate, succinate, fumarate and malic acid, 
which suggested the presence of a compensatory regula‑
tory mechanism in response to metabolic dysregulation. 
Studies have shown that the accumulation of TCA cycle 
metabolites is often associated with mitochondrial dysfunc‑
tion  (54,55). Concurrently, the significant reduction of 
glycolytic intermediates (such as D‑glucose‑6‑phosphate and 
β‑D‑fructose‑6‑phosphate) in the Mod‑T group suggested 
that glycolysis may be suppressed. This metabolic shift 
aligns with previously reported characteristics of metabolic 
disease models  (56). Notably, the PM‑T treatment group 
exhibited metabolic features that were the opposite of those 
in the Mod‑T group. Following PM‑T treatment, the levels 
of glycolytic intermediates, such as D‑glucose‑6‑phosphate 
and phosphoenolpyruvate, were increased, and TCA cycle 
metabolites approached normal levels. This finding suggested 
that PM‑T may improve cellular energy metabolism by 
modulating the metabolic balance between the TCA cycle 
and glycolysis pathways.

RDA provided further biochemical evidence supporting 
the role of PM‑T in ameliorating oxidative stress. The sepa‑
ration between the Mod‑T and PM‑T groups on the RDA 
plot, along with the positive association between the Mod‑T 
group and elevated ROS levels and apoptosis rates, indicated 
that Mod‑T‑induced metabolic stress may be associated 
with increased oxidative damage. However, PM‑T treatment 
showed a strong positive association with SOD activity and a 
negative association with MDA content, indicating enhanced 
antioxidant defense capacity and reduced lipid peroxidation in 
treated cells. This transition in oxidative status may represent 
a key mechanism by which PM‑T reduces cellular stress and 
prevents apoptosis. Collectively, PM‑T may exert its protective 
effects through rebalancing energy metabolism and enhancing 
antioxidant responses, potentially alleviating functional 
impairments in IR cells.

The combined treatment of CD4+ T cells with PF40 and 
metformin demonstrated synergistic effects on antioxidant 
activity and apoptosis inhibition. Compared with M‑T, the 
PM‑T group exhibited markedly enhanced antioxidant 
capacity and reduced ROS levels, which may be attributed 
to the complementary mechanisms of PF40 and metformin. 
PF40 primarily reduces oxidative stress through its antioxidant 
properties, whereas metformin improves cellular metabolism 
by modulating the insulin signaling pathway (10,57). Thus, 
their combined application may alleviate insulin resistance 
and improve cell status through several different mecha‑
nisms. Although metformin is effective in reducing insulin 
resistance, adjunct therapy with natural antioxidants may 
further enhance therapeutic outcomes and potentially reduce 
side effects associated with metformin monotherapy (57,58). 
It has been reported that mushroom polysaccharide NAP‑3 
can enhance the efficacy of metformin in lipid and glucose 
metabolism in mice with T2DM by reshaping the homeo‑
stasis of the gut microbiota community (59). The Astragalus 
polysaccharide APS‑D1 has also been shown to reduce the 
required dosage of metformin by enriching Staphylococcus 
lentus, which promotes fatty acid oxidation and inhibits 
gluconeogenesis (60).

In the present study, the effects of differentially treated 
intestinal immune cell subsets on insulin resistance were 
investigated. The results revealed that modulating the 
homeostasis of CD4+ T cells in the gut immune system may 
notably improve insulin signaling and glucose metabolism 
in an IR cell model. This aligns with previous studies 
highlighting the role of gut immune cells in metabolic 
regulation, particularly the exacerbation of IR by T‑cell 
alterations in inflammatory environments (61,62). Targeting 
intestinal immune cells may present a novel approach for the 
prevention and treatment of insulin resistance and metabolic 
diseases (63). However, the CD4+ T‑cell population in the 
present study likely includes various subsets, such as Th1, 
Th2 and Th17 cells, and Tregs. The specific roles of these 
subsets in this process remain unclear. To further elucidate 
this mechanism, future studies should employ techniques 
such as single‑cell sequencing to better understand the 
contributions of these immune cell subsets in improving 
insulin resistance and reducing apoptosis.

In our previous study, the regulatory effects of PF40 on 
CD4+ T‑cell subsets, particularly in the balance between Tregs 
and Th17 cells were determined  (11). PF40 may alleviate 
immune system overactivation and reduce insulin resistance 
by enhancing the function of Tregs. Tregs serve a critical role 
in maintaining immune tolerance and suppressing excessive 
immune responses, whereas Th17 cells are typically associated 
with inflammatory responses and the development of insulin 
resistance (3,4). By modulating the Treg/Th17 balance, PF40 
may inhibit Th17 cell expansion and reduce the inflammation 
induced by these cells, thereby improving insulin signaling. 
Specifically, PF40 may enhance the secretion of factors such 
as IL‑10 by Tregs, while suppressing the secretion of IL‑17A 
by Th17 cells, thereby regulating the immune microenviron‑
ment and mitigating insulin resistance caused by immune 
activation (11). In the present study, it was observed that P‑T 
cells suppressed oxidative stress responses and activated 
the IRS‑1/PI3K/AKT signaling pathway. These findings not 
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only provide evidence for the potential mechanisms through 
which PF40 maintains immune balance but also highlight 
its promising application prospects in the treatment of 
insulin resistance.

While the current study provides experimental data on the 
role of PF40 in alleviating insulin resistance, its limitations 
must be considered. First, the present study primarily relied 
on in vitro models, and although the IR‑BNL CL.2 cell model 
has been widely validated in insulin resistance research, it 
differs from in  vivo environments, particularly regarding 
the dynamic changes in immune cells and tissue‑specific 
responses. Therefore, future studies should consider validating 
these findings in animal models to enhance the biological 
relevance of the results. Second, since the study did not delve 
deeply into the specific mechanisms of CD4+ T‑cell subsets, 
future research could employ single‑cell sequencing technolo‑
gies or other high‑throughput analysis methods to explore the 
roles and interactions of different T‑cell subsets in insulin 
resistance. These studies would contribute to a more compre‑
hensive understanding of PF40‑mediated modulation of the 
immune system and provide novel insights and strategies 
for the treatment of insulin resistance and related metabolic 
diseases. Finally, although the combined treatment of PF40 
and metformin indicated potential synergistic effects, the 
absence of formal synergy calculations represents a limita‑
tion of the present study, and further quantitative analyses are 
warranted to substantiate this interaction.

The present study provides evidence that P‑T cells are 
conducive to improving immune activation‑induced insulin 
resistance. However, the precise mechanisms by which PF40 
regulates CD4+ T‑cell subset differentiation remain to be eluci‑
dated. It is well known that polysaccharides are characterized 
by their high molecular weight and low bioavailability. Our 
previous research identified a water‑soluble pectic polysac‑
charide isolated from Pseudostellaria heterophylla that can 
be absorbed through the intestinal mucosa and enter the 
systemic circulation (12). Emerging evidence has suggested 
that fermentation of Porphyra haitanensis polysaccharides by 
Lactiplantibacillus plantarum markedly reduces their particle 
size and enhances the anti‑allergic effects both in vitro and 
in  vivo  (21). Fucoidan has also been shown to markedly 
modulate the composition and functional output of the gut 
microbiota (64,65). Notably, this microbial remodeling appears 
to be a key mechanism underpinning the biological activity 
of polysaccharides. The reshaped microbiota ferments these 
complex carbohydrates, leading to the production of critical 
metabolites, particularly short‑chain fatty acids (SCFAs), 
such as acetate, propionate and butyrate (66). These SCFAs 
act as essential signaling molecules and energy substrates, 
serving pivotal roles in the differentiation of intestinal 
immune cells (67).

In conclusion, the present study demonstrated that P‑T 
cells significantly enhanced SOD activity, reduced MDA and 
ROS levels, and lowered oxidative stress, thereby reducing 
apoptosis in the IR‑BNL CL.2 cell model. Additionally, 
these T cells alleviated insulin resistance by activating the 
IRS‑1/PI3K/AKT signaling pathway, increasing glucose 
uptake in IR‑BNL CL.2 cells, and optimizing the TCA cycle 
and glycolysis. CD4+ T lymphocytes in intestinal tissue serve 
a critical role in PF40‑mediated metabolic regulation and 

are key effector cells in the action of PF40 in improving 
insulin resistance. Targeted modulation of intestinal immune 
cell homeostasis may represent a promising strategy for the 
prevention and treatment of insulin resistance.
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