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Abstract

This study aimed to elucidate the protective effects and underlying mechanisms of 173-estradiol (E2)
in a mouse model of type 2 diabetes mellitus (T2DM) with comorbid non-alcoholic fatty liver disease
(NAFLD). Methods: A T2DM+NAFLD mouse model was established using a high-fat diet combined
with intraperitoneal injection of streptozotocin (STZ). Mice were randomly divided into the following
groups (n=6 each): model, E2, E2+siNC, and E2+siPGC-1a. An additional control group (n=6) received
a standard diet and citrate buffer. Mice in the E2, E2+siNC, and E2+siPGC-la groups were
intraperitoneally injected with 20 pug/kg E2 daily for 8 weeks. Additionally, mice in the E2+siNC and
E2+siPGC-1a groups received tail vein injections of either an empty vector or a lentiviral vector
targeting PGC-1a knockdown on weeks 1 and 5. After treatment, fasting blood glucose (FBG) was
measured by glucometer, and fasting insulin (FINS) levels were determined using ELISA to calculate
the homeostasis model assessment for insulin resistance (HOMA-IR). Serum levels of total cholesterol
(TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) were analyzed using commercial kits. Body and liver
weights were recorded to calculate liver index. Hematoxylin-eosin (HE) and Oil Red O staining were
performed to evaluate liver histology and lipid deposition. Western blotting was used to assess
hepatic expression levels of PGC-la and estrogen-related receptor alpha (ERRa), while
immunofluorescence co-localization and chromatin immunoprecipitation (ChIP)-PCR were
employed to analyze protein interaction and promoter binding. Results: Compared to the model
group, the E2 group showed significantly reduced FBG, FINS, and HOMA-IR, as well as lower levels
of TC, TG, LDL-C, ALT, and AST (P < 0.05). E2 also decreased body weight, liver index, hepatocyte
necrosis, degeneration, inflammatory infiltration, and lipid accumulation. Expression levels and co-
localization of PGC-1a and ERRa were significantly increased. In contrast, knockdown of PGC-1a in
the E2+siPGC-1a group reversed these effects, resulting in aggravated liver pathology and reduced
PGC-1a/ERRa expression and interaction (P < 0.05). ChIP-PCR confirmed greater enrichment of
ERRa promoter regions by PGC-1a compared to IgG control (P < 0.05). Conclusion: E2 alleviates
glucose and lipid metabolic dysfunction, hepatic injury, and lipid accumulation in T2DM+NAFLD
mice. These effects may be mediated through activation of the PGC-1a/ERRa signaling axis.

Keywords: type 2 diabetes mellitus; non-alcoholic fatty liver disease; 17p-estradiol; PGC-1c; ERRat

1. Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by chronic
hyperglycemia, accounting for approximately 90-95% of all diabetes cases. Its global incidence has
been increasing year by year in recent years [1]. T2DM is characterized by insulin resistance, leading
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to abnormal glucose regulation and multiple metabolic disorders. Non-alcoholic fatty liver disease
(NAFLD) is a common complication of T2DM and one of the main causes of severe liver diseases
such as liver cirrhosis and liver cancer [2]. It is estimated that up to 70% of T2DM patients also have
NAFLD [3]. The development mechanism of NAFLD is complex, involving factors such as lipid
accumulation in the liver, insulin resistance, oxidative stress, and inflammation [4]. T2DM combined
with NAFLD not only aggravates the course of diabetes but also leads to further liver damage and
functional decline, seriously affecting the quality of life and prognosis of patients [5]. Therefore,
studying how to alleviate liver damage caused by T2DM combined with NAFLD is of great clinical
significance for improving the metabolic health of patients and enhancing treatment outcomes.

17p-estradiol (17p-Estradiol, E2) is a type of estrogen widely present in the female body and
plays an important role in various physiological and pathological processes. Studies have shown that
E2 can regulate reproductive system function, protect the cardiovascular and nervous systems, etc.
[6-7]. In addition, E2 can act on multiple tissues such as the liver, muscles, and fat to improve glucose
tolerance and insulin sensitivity, inhibit fat accumulation, and reduce liver inflammation [8].
Although the role of E2 in regulating glucose and lipid metabolism has been revealed by previous
studies, its specific role and underlying mechanism in T2DM combined with NAFLD remain unclear.
Peroxisome proliferator-activated receptor y coactivator la (PGC-la) is a key transcriptional
coactivator that participates in regulating cellular energy metabolism, mitochondrial function, and
oxidative stress response. It maintains metabolic homeostasis in tissues such as muscle and liver by
interacting with various transcription factors [9]. Estrogen-related receptor o (ERRa), as a member of
the nuclear receptor family, mainly regulates the expression of genes related to intracellular energy
metabolism. PGC-1a can bind to ERRa, enhance the transcriptional activity of ERRa, promote
mitochondrial biogenesis and oxidative metabolism, and thereby increase the energy production
capacity of cells. This mechanism has potential therapeutic significance in metabolic diseases [10].
Previous studies have shown that the expression of PGC-1at and ERRa decreases after liver injury
induced by endotoxin, and restoring their expression can improve liver fatty acid oxidation and
gluconeogenesis and enhance liver function [11]. Based on this, this study further explores the effect
of E2 on T2DM combined with NAFLD in mice and analyzes whether it improves glucose and lipid
metabolism and liver damage by regulating the PGC-1a/ERRa signaling axis, with the aim of
providing theoretical basis and potential targets for the clinical treatment of T2DM combined with
NAFLD.

2. Materials and Methods

2.1. Experimental Animals

A total of 40 specific pathogen-free (SPF) grade male C57BL/6] mice, aged 7-8 weeks and
weighing 18-22 g, were housed at the institutional animal facility under controlled environmental
conditions: constant temperature (22 + 1°C), relative humidity (50 + 10%), and a 12-hour light/dark
cycle. Mice were provided ad libitum access to food and water and acclimatized for one week prior
to experimentation.

2.2. Reagents and Materials

Standard and high-fat diets were purchased from Suzhou Xietong Technology Co., Ltd.
Streptozotocin (STZ) and 17p-estradiol (E2) were obtained from Sigma-Aldrich (USA). Lentiviral
vectors for PGC-1a knockdown and empty controls were purchased from Shanghai GeneChem Co.,
Ltd. Mouse insulin (FINS) ELISA kits were from Nanjing Jiancheng Bioengineering Institute. Kits for
serum TC, TG, LDL-C, ALT, and AST were obtained from Roche (USA). HE and Oil Red O staining
kits were from Wuhan Boster Biological Technology Co., Ltd. Protein extraction reagents were
supplied by Shanghai Biyuntian Biotechnology Co., Ltd. BCA protein quantification kits, ECL
reagents, bovine serum albumin (BSA), and DAPI were also from Biyuntian. Human HepG2
hepatocyte cell line was obtained from Wuhan Nuojing Gene Technology. Chromatin
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immunoprecipitation (ChlIP) kits were purchased from eBioscience (USA). Primary antibodies
against PGC-1a, ERRa, and GAPDH were from Abcam (UK). Secondary antibodies conjugated with
horseradish peroxidase (HRP), Alexa Fluor 488, and Alexa Fluor 594 were obtained from Cell
Signaling Technology (USA).

2.3. Methods

2.3.1. Animal Model, Grouping, and Treatment

According to the method described in reference [12], mice in the model group were fed a high-
fat diet (60% fat, 20% protein, 20% carbohydrates), while control mice were fed a standard diet. After
8 weeks, model mice received intraperitoneal injections of streptozotocin (60 mg/kg) once daily for 3
consecutive days. Control mice received an equivalent volume of citrate buffer. After the final
injection, all mice were fasted for 12 hours, and fasting blood glucose (FBG) was measured. Mice with
FBG between 15-25 mmol/L and histologically confirmed hepatic steatosis were considered
successfully modeled. These mice (n=24) were randomly divided into four groups: model, E2,
E2+s5iNC, and E2+siPGC-1a (n=6 each). An additional 6 mice were used as the control group. Mice in
the E2, E2+siNC, and E2+siPGC-1a groups received daily intraperitoneal injections of E2 (20 ug/kg)
for 8 weeks [13]. The E2+siNC and E2+siPGC-1a groups received tail vein injections of either empty
vector or lentivirus targeting PGC-1a knockdown (200 pL) on weeks 1 and 5.

2.3.2. Blood Glucose Measurement

At the end of treatment, all mice were fasted for 12 hours. Blood was collected from the tail tip,
and FBG was measured using a glucometer. Serum insulin (FINS) was measured using ELISA. The
insulin resistance index (HOMA-IR) was calculated as: HOMA-IR = (FBG x FINS) / 22.5.

2.3.3. Serum Lipid and Liver Function Analysis

Blood samples were collected from the abdominal aorta and centrifuged at 3000 rpm for 10
minutes. Serum was separated, and levels of TC, TG, LDL-C, ALT, and AST were measured using
commercial kits according to the manufacturer’s instructions.

2.3.4. Body Weight and Liver Index Measurement

Mice were weighed, euthanized, and livers were harvested and weighed immediately. The liver
index was calculated as follows: Liver Index (%) = liver weight / body weight x 100%.

2.3.5. Histopathological Evaluation of Liver Tissues

Liver tissues were fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin, and
sectioned for hematoxylin and eosin (HE) staining to assess liver morphology under a light
microscope. For lipid deposition assessment, fixed tissues were embedded, cryosectioned, and
stained with Oil Red O. Red staining indicated lipid accumulation. Images were captured and the
lipid-positive area was quantified using Image] software.

2.3.6. Western Blot Analysis of PGC-1at and ERRa in Liver Tissue

Total protein was extracted from liver tissues and quantified using the BCA method. Equal
amounts (40 pg) of protein were denatured, separated via SDS-PAGE, and transferred to PVDF
membranes. Membranes were blocked with 5% skim milk for 1.5 h and incubated overnight at 4°C
with primary antibodies against PGC-1a (1:1000), ERRa (1:1000), and GAPDH (1:1000). After TBST
washing, membranes were incubated with HRP-conjugated secondary antibodies (1:5000) for 30
minutes at room temperature. Bands were visualized using ECL reagents and quantified using
Image] software.
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2.3.7. Immunofluorescence Double-Staining for PGC-1at and ERRa

Co-localization Paraffin-embedded liver sections were dewaxed, rehydrated, and subjected to
antigen retrieval. Sections were blocked with 5% BSA for 1 hour at room temperature and incubated
overnight at 4°C with primary antibodies against PGC-1a and ERRa (both diluted 1:200). After
washing, Alexa Fluor-conjugated secondary antibodies (1:500) were added for 2 hours in the dark at
room temperature. Nuclei were stained with DAPI for 10 minutes. After final washing, sections were
mounted and observed under a confocal fluorescence microscope.

2.3.8. ChIP-PCR to Validate PGC-1a Binding to ERRa

HepG2 cells were fixed with 1% formaldehyde and sonicated for 2 hours to obtain chromatin
fragments. Immunoprecipitation was performed using either anti-PGC-1a antibody or IgG as a
negative control (Anti-IgG group and Anti-PGC-1a group, respectively). DNA fragments enriched
by ChIP were collected and analyzed by qPCR to detect enrichment of the ERRa promoter.

2.4. Statistical Analysis

Data were analyzed using GraphPad Prism 8.0 and presented as mean + standard deviation (SD).
One-way ANOVA was used for multiple group comparisons, followed by LSD-t test for pairwise
comparisons. A P value of < 0.05 was considered statistically significant.

3. Results

3.1. FBG, FINS, and HOMA-IR Levels in Each Group

After treatment, FBG, FINS, and HOMA-IR were measured. Compared with the control group,
the model group exhibited significantly increased FBG, FINS, and HOMA-IR levels (P < 0.05). E2
treatment significantly reduced these indicators (P < 0.05) compared with the model group.
Compared with the E2+siNC group, the E2+siPGC-1a group showed elevated FBG, FINS, and
HOMA-IR levels (P < 0.05), indicating that PGC-la knockdown attenuated the metabolic
improvements conferred by E2 (see Table 1).

Table 1. Comparison of FBG, FINS, and HOMA-IR levels among groups (X * s).

Group  FBG (mmol/L) FINS (mU/L) HOMA-IR

Control 5.73+0.61 775+£0.76  1.97+0.16

Model 27.69 +2.83* 17.08+1.69* 21.02+2.07*

E2 12.55+1.19* 10.88 £1.41* 6.07 +0.59*

E2+siNC 13.06 £+1.272  10.64+1.03> 6.18 £0.732

E2+siPGC-1ax 29.47 +2.90®  18.19 +1.82"> 23.82 +2.43"

*P <0.05vs. Control group; # P <0.05vs. Model group; a P <0.05 vs. Model group; b P <0.05 vs. E2+siNC
group.

3.2. Serum Lipids and Liver Function Indicators

Serum TC, TG, LDL-C, ALT, and AST levels were assessed after treatment. Compared with the
control group, the model group showed significantly higher levels of these indicators (P < 0.05). E2
treatment significantly reduced serum TC, TG, LDL-C, ALT, and AST levels compared with the
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model group (P < 0.05). In the E2+siPGC-1ac group, these values were significantly increased
compared to the E2+siNC group (P < 0.05), indicating that PGC-1a knockdown diminished the
hepatoprotective effects of E2.

Table 1. Comparison of serum TC, TG, LDL-C, ALT and AST levels among groups of mice.

Group TC (mmol/L TG (mmol/L LDL-C ( ALT (U/L) AST
) ) mmol/L) U/
Control 3.56+0.34 1.22+0.13 0.37+0.04 79.50+7.88 122.84+13.31
Model 8.15+0.82 3.57+0.36" 1.12+0.13" 178.36+17.23" 267.91+£25.48
E2 6.04+0.57* 1.92+0.18* 0.71+0.09* 97.13+9.92¢ 185.39+19.34*
E2+siNC 6.12+0.63 1.99+0.17 0.74+0.07 99.48+10.06 187.66+19.23

E2+siPGC-1a 8.71+0.894 3.61+0.384 1.16+0.112 180.52+17.94~  265.79+25.874

Compared with Control group, "P<0.05; Compared with Model group, #P<0.05; Compared with Ez+siNC
group, 2P<0.05.

3.3. Body Weight and Liver Index in Each Group

Body weight and liver index were measured. Compared with the control group, the model
group showed significantly increased body weight and liver index (P < 0.05). E2 treatment reduced
these parameters compared to the model group (P < 0.05). Compared with the E2+siNC group, the
E2+5iPGC-1a group had significantly higher body weight and liver index (P < 0.05), indicating that
PGC-1a knockdown attenuated the regulatory effect of E2 (see Table 3).

Table 2. Comparison of Serum TC, TG, LDL-C, ALT, and AST Levels among Groups (X * s).

TG LDL-C
Group TC (mmol/L) ALT (U/L) AST (U/L)
(mmol/L) (mmol/L)
Control 3.56+0.34 1.22+0.13 0.37+0.04 79.50 + 7.88 122.84 +13.17
Model 8.15 +0.82* 3.57+0.36* 1.12+0.13* 184.36 +20.87" 267.91 +25.41*
E2 6.04 +0.57¢% 1.92+0.18* 0.71 +0.09¢ 97.33 + 8.72¢ 160.98 +19.47¢
E2+siNC 6.12 +0.63a 1.99+0.17= 0.73+0.102 99.48 + 6.012 162.20 +17.39a

E2+siPGC-1a 8.71 £ 0.89® 3.61£0.38* 1.16+0.11" 180.52 £17.94®t  265.79 £ 25.87

* P <0.05 vs. Control group; #P <0.05 vs. Model group; a P <0.05 vs. Model group; b P <0.05 vs. E2+siNC group.

Table 3. Comparison of Body Weight and Liver Index among Groups (X * s).

Group Body weight (g) Liver/body weight (%)

Control 22.47 +2.342 4.08 +0.39-
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Model 27.08 +2.81" 6.30 + 0.56*
E2 22.54 +2.17¢ 4.32 +0.417
E2+siNC 23.11 +£2.062 4.37 +0.44>
E2+siPGC-1a 28.23 +2.93® 6.71 +0.74"

*P <0.05 vs. Control group; #P <0.05 vs. Model group; a P <0.05 vs. Model group; b P <0.05 vs. E2+siNC group.

3.4. Histopathological Changes in Liver Tissues

HE staining showed normal hepatic architecture in the control group, with well-arranged
hepatic cords and intact cellular morphology. The model group exhibited hepatocellular ballooning,
cytoplasmic vacuolization, and inflammatory infiltration, indicating typical NAFLD pathological
features. E2 treatment alleviated hepatocellular degeneration, reduced inflammatory infiltration and
steatosis. The E2+siNC group showed similar histological improvements, whereas the E2+siPGC-1a
group still exhibited marked hepatocellular degeneration and inflammation, comparable to the
model group ((Figure 1).

Control Model E: Ex+siNC Ea+siPGC-1a

Figure 1. Histopathological changes of liver tissues in each group (HE staining, x100).

Oil Red O staining was used to assess hepatic lipid deposition. Compared with
the control group, the model group exhibited substantial lipid accumulation in the hepatocyte
cytoplasm, shown as large red-stained areas, with significantly increased lipid-positive area
percentage (P < 0.05). Compared with the model group, E2 treatment reduced red-stained lipid
accumulation areas and decreased the percentage of lipid-positive areas (P < 0.05). Compared with
the E2+siNC group, the E2+siPGC-1a group showed increased lipid deposition and a significantly
higher percentage of red-stained area (P < 0.05) (Figure 2).
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Control Model E> Ex+siNC Ex+siPGC-la

Figure 2. Oil Red O staining of hepatic lipid deposition in each group (x100). Compared with Control group,
"'P<0.05; Compared with Model group, ?P<0.05; Compared with E2+siNC group, 2P<0.05.

3.5. Protein Expression of the PGC-1a/ERRa Signaling Axis in Liver Tissues

Western blot analysis showed that the relative protein expression levels of PGC-1a and ERRa in
liver tissues were significantly lower in the model group compared with the control group (P < 0.05).
E2 treatment significantly upregulated the expression of both proteins compared with the model
group (P <0.05). Furthermore, the E2+siPGC-1a group exhibited significantly decreased PGC-1a and
ERRa expression levels compared with the E2+siNC group (P < 0.05), indicating that the activation
of the ERRa pathway by E2 is dependent on PGC-1a ( Figure 3).
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PGC-la ERRa

Figure 3. Protein expression of PGC-1a and ERRa in liver tissues of each group (Western blot). Compared
with Control group, *P<0.05; Compared with Model group, #P<0.05; Compared with E2+siNC group,
AP<0.05.

3.6. Interaction Between PGC-1a and ERRa

Confocal immunofluorescence microscopy revealed co-localization of PGC-1a and ERRa in
mouse liver tissues. Compared with the control group, the model group exhibited a marked
reduction in the overlapping signal of PGC-1at and ERRa. E2 treatment restored this co-localization,
showing increased overlap between the two proteins compared to the model group. However, in the
E2+siPGC-1a group, the extent of co-localization was notably decreased compared to the E2+siNC
group, and appeared similar to the model group, suggesting a weakened interaction between the two
proteins following PGC-1a knockdown (Figure 4).
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PGC-la ERRa DAPI Merge

Figure 4. Co-localization of PGC-1a and ERRa in liver tissues of each group (immunofluorescence double

Control

E>+siNC

E>+siPGC-la

staining, x100).

ChIP-qPCR analysis further confirmed the binding relationship between PGC-1a and the ERRa
promoter region. Compared with the Anti-IgG group, the PGC-1a-specific antibody group (Anti-
PGC-1a) exhibited significantly higher enrichment of the ERRa promoter (P < 0.05), indicating that
PGC-1a is strongly enriched at the ERRa promoter site (Figure 5).
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Figure 5. Enrichment of ERRa promoter sequence by PGC-1a (ChIP-PCR). Compared with Control group,
"P<0.05.

4. Discussion

The relationship between T2DM and NAFLD is complex and bidirectional, with both conditions
frequently co-occurring. Insulin resistance and subsequent disturbances in glucose and lipid
metabolism are considered major contributing factors to T2DM-associated NAFLD. Current
therapeutic strategies primarily rely on lifestyle interventions such as exercise and dietary control,
along with pharmacologic agents including insulin, metformin, and glucagon-like peptide-1 (GLP-1)
receptor agonists. While these therapies help improve glycemic control and insulin sensitivity, their
effects on hepatic injury and lipid deposition remain suboptimal, often associated with transient
benefits or undesirable side effects. Therefore, elucidating the molecular mechanisms of T2DM with
NAFLD and identifying novel therapeutic targets are critical.

17p-Estradiol (E2), a major estrogen, has emerged as a key regulator in various metabolic
disorders, including obesity, diabetes, and NAFLD. E2 has been shown to counteract metabolic
dysfunctions by enhancing fatty acid oxidation, promoting the browning of white adipose tissue, and
increasing energy expenditure. It also contributes to improved insulin signaling, glucose metabolism,
and vascular endothelial function, while mitigating lipid peroxidation and ferroptosis, thereby
reducing cardiovascular risks. In the present study, E2 treatment significantly reduced FBG, FINS,
and HOMA-IR levels in T2DM+NAFLD mice. E2 also lowered serum TC, TG, and LDL-C levels,
suggesting improved glucose and lipid homeostasis and insulin sensitivity. Additionally, E2
administration led to reductions in ALT and AST levels, body weight, liver index, hepatocyte
necrosis, inflammation, and fat accumulation in liver tissues. These findings indicate that E2 exerts
protective effects on hepatic structure and function in T2DM with NAFLD.

Mechanistically, Western blot analysis revealed that PGC-1a and ERRa protein levels were
significantly downregulated in the livers of T2DM+NAFLD mice, suggesting a dysregulated PGC-
la/ERRa axis in the disease state. E2 treatment restored PGC-1a and ERRa expression, implicating
this pathway in the therapeutic mechanism of E2. Recent studies have highlighted the metabolic
importance of the PGC-1a/ERRa signaling axis. For example, upregulation of PGC-1a was shown to
alleviate acetaminophen-induced hepatic injury via regulation of lactate dehydrogenase B expression
and mitochondrial quality control. Similarly, a-ketoglutarate was found to activate PGC-1a,
mitigating oxidative stress and mitochondrial dysfunction in hyperlipidemia models.
Pharmacological activation of ERRa has also demonstrated benefits in enhancing fatty acid oxidation,
reducing adiposity, and improving glucose tolerance in metabolic disease models.

In the present study, enhanced co-localization of PGC-1at and ERRa following E2 treatment,
along with direct binding of PGC-1a to the ERRa promoter demonstrated via ChIP-qPCR, further
supports that E2 mediates its beneficial effects through the activation of the PGC-1a/ERRax axis.
Importantly, knockdown of PGC-la via lentiviral injection abolished these improvements, as
evidenced by reduced expression of both PGC-la and ERRa, decreased co-localization, and
exacerbated metabolic and histological impairments. These results provide strong evidence for the
role of the PGC-1a/ERRa axis in mediating E2's protective effects against T2DM-associated NAFLD.

In conclusion, this study demonstrates that E2 ameliorates glucose and lipid dysregulation,
hepatic injury, and steatosis in T2DM+NAFLD mice, at least in part by activating the PGC-1a/ERRa
signaling axis. These findings not only deepen our understanding of the molecular mechanisms
underlying E2 action but also identify PGC-1a/ERRa as a promising therapeutic target for T2DM
with NAFLD. Nonetheless, further research is needed to elucidate the downstream targets of this
signaling axis and to validate these findings in clinical settings.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of Helsinki,
and the protocol was approved by the Experimental Animal Ethics Committee of Xuzhou Medical University
(project identification code: XZMC2023-021) on 10 June 2023.
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