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Abstract 

Objective  Free fatty acids (FFA) can increase the expression of 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) 
in local tissues and organs. However, the mechanism underlying the effect of FFA on 11β-HSD1 expression remains 
unclear.

Methods  A total of 24 male Syrian golden hamsters (SPF grade) were selected and randomly divided into a control 
group (Con, n = 8) fed a normal diet, and a high-fat diet group (n = 16) fed for 12 weeks. After successfully establishing 
the hyperlipidemia hamster model, the high-fat group was further divided into a high-fat group (HF) and a fenofibrate 
intervention group (Feno). Following an oral fat tolerance test (OFTT), blood lipids and FFA levels were measured. 
The expression levels of endoplasmic reticulum stress (ERS) marker GRP78, downstream key molecule CHOP, C/EBPα, 
and 11β-HSD1 were analyzed using Western blot and RT-PCR.

Results  After OFTT, FFA levels in all three groups initially decreased and then increased, with the highest levels 
observed in the HF group (Ps < 0.05). FFA levels in the Feno group were comparable to those in the Con group 
(P > 0.05). Hepatic FFA, 11β-HSD1, and corticosterone levels were highest in the HF group (Ps < 0.05), while the Feno 
group showed no significant difference compared to the Con group (Ps > 0.05). Hepatic 11β-HSD1 and corticosterone 
levels were positively correlated with FFA levels (Ps < 0.05). Western blot and RT-PCR results indicated higher GRP78, 
CHOP, C/EBPα, and 11β-HSD1 protein and mRNA expression in the HF group compared to the Con group (Ps < 0.05). 
Fenofibrate intervention reduced FFA levels and downregulated these indicators in the Feno group compared 
to the HF group (Ps < 0.05).

Conclusion  FFA may regulate the expression of hepatic 11β-HSD1 in high-fat-fed golden hamsters via the ERS-
CHOP-C/EBPα signaling pathway, thereby affecting local corticosterone levels. Fenofibrate may downregulate the lev-
els of 11β-HSD1 and corticosterone in local tissues by reducing FFA levels.
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Introduction
The release of glucocorticoids (GCs) in circulation is pri-
marily regulated by the hypothalamic–pituitary–adrenal 
axis. Approximately 4% of circulating GCs exist in a free 
form with biological activity, while about 96% are bound 
to proteins and lack biological activity [1]. The cellular 
and tissue response to GCs depends largely on their local 
concentration, which is influenced by the expression of 
11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) [2].

11β-HSD1 is a metabolic enzyme of GCs that inter-
converts inactive and active forms. However, its primary 
function in  vivo is to convert inactive GCs into their 
active form, thereby regulating their local concentration 
in tissues and acting as a local amplifier of GCs [3]. 11β-
HSD1 is highly expressed in organs such as the liver, adi-
pose tissue, and brain [4]. The local activity of 11β-HSD1 
in tissues is a major determinant of the adverse metabolic 
outcomes caused by excess circulating GCs, contributing 
to the development of metabolic syndrome [2].

GCs play a crucial and complex role in various lipid 
metabolic pathways [5]. Elevated levels of GCs can lead 
to dyslipidemia [6]. Does lipid metabolism disorder, in 
turn, influence GC levels? A study by Petrus P et  al. on 
biopsy samples from 45 obese women revealed that local 
saturated fatty acids were associated with increased 
expression of the 11β-HSD1 gene and protein in visceral 
adipose tissue [7]. Similarly, Vara Prasad SS et  al. dem-
onstrated that dietary trans and saturated fatty acids 
upregulated 11β-HSD1 expression in retroperitoneal 
white adipose tissue of rats, enhancing the local effects 
of GCs. They also found that CCAAT/enhancer-binding 
protein α (C/EBPα), a known transcriptional activator of 
11β-HSD1, had increased mRNA expression in the adi-
pose tissue of rats fed diets rich in trans and saturated 
fatty acids [8].

The endoplasmic reticulum (ER) is an organelle respon-
sible for protein folding, maturation, quality control, 
and transport. The primary nutrients that harm cells by 
affecting the ER are FFAs and glucose, with the harmful 
effects of FFAs likely related to their excessive incorpo-
ration into membrane structures [9]. The most common 
saturated FFA, palmitate (PA), induces ER stress (ERS) in 
various peripheral tissues and cells, with prolonged ERS 
and increased levels leading to the expression and acti-
vation of glucose-regulated protein 78 (GRP78) and C/
EBP homologous protein (CHOP), further causing cel-
lular dysfunction and even apoptosis [10–14]. CCAAT/
enhancer-binding proteins (C/EBP) are a family of 

transcription factors with a conserved leucine zipper 
(bZIP) domain that dimerize and bind to DNA through 
a nearby basic region [15]. C/EBPα is highly expressed in 
adipocytes, hepatocytes, type II alveolar epithelial cells, 
and myeloid cells in the hematopoietic system, mainly 
functioning as a transcription factor to regulate adipo-
genesis, lipid metabolism in hepatocytes, lung devel-
opment, bone marrow formation, and differentiation 
[16]. CHOP, also known as C/EBPζ, is a member of the 
C/EBP family that lacks the bZIP motif and shows low 
homology with other C/EBP family members. It is a key 
downstream molecule of ERS. Upon activation, CHOP 
can bind with C/EBPα and enter the nucleus, affecting 
ER function and cell vitality by influencing target genes 
involved in protein synthesis and oxidative protein fold-
ing. Prolonged activation of CHOP is considered a criti-
cal trigger for ERS-related apoptosis [17–19].

Peroxisome proliferator-activated receptor α (PPARα) 
is a major regulator of hepatic lipid metabolism and is 
involved in many pathophysiological processes induced 
by GCs, including gluconeogenesis, ketogenesis, insulin 
resistance, hypertension, and anti-inflammatory effects 
[20, 21]. FFA serve as ligands for PPARα, and fenofibrate, 
a PPARα agonist, is one of the most commonly used 
drugs to treat hypertriglyceridemia. In summary, this 
study aims to establish a hyperlipidemic golden hamster 
model by feeding a high-fat diet and observe the lev-
els of corticosterone, 11β-HSD1, and FFA in the liver of 
hyperlipidemic golden hamsters and their interrelation-
ships. After fenofibrate intervention in hyperlipidemic 
golden hamsters, FFA levels will decrease, and changes 
in hepatic corticosterone and 11β-HSD1 levels will be 
observed. The study will analyze whether FFA regulate 
the expression of 11β-HSD1 in the liver of high-fat diet 
golden hamsters through the ERS-CHOP-C/EBPα signal-
ing pathway.

Materials and methods
Experimental animals
A total of 24 male Syrian golden hamsters (SPF grade), 
8  weeks old and weighing 100–150  g, were purchased 
from Hebei Yiweivo Biotechnology Co., Ltd. (Produc-
tion license number: SCXK (Hebei) 2020–002). The study 
was conducted in strict compliance with international 
animal management guidelines and approved by the Eth-
ics Committee of Hebei General Hospital (Approval No. 
202226).
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The animals were housed in pairs in a barrier system at 
the Key Laboratory for Metabolic Diseases, Hebei Prov-
ince, with a temperature of 21–25  °C, relative humidity 
of 50%, and a 12-h light–dark cycle. They had free access 
to food and water, with regular feed, water replacement, 
and cage cleaning. Diets were provided by Spefo (Bei-
jing) Biotechnology Co., Ltd. The normal diet (D12450J) 
consisted of 70% carbohydrates, 20% protein, and 10% 
fat, providing 3.85 kcal/g. The high-fat diet (D12492) had 
20% protein, 20% carbohydrates, and 60% fat [22], pro-
viding 5.24 kcal/g.

All hamsters were acclimatized for one week before the 
experiment, during which their activity, eating behavior, 
and growth were normal.

Animal grouping and experimental protocol
From the 24 golden hamsters, 8 were randomly selected 
as the Control group (Con) and fed with a standard diet. 
The remaining 16 hamsters were assigned to the High-fat 
diet group (HF) and fed with a high-fat diet. The feeding 
continued for 12 weeks, after which lipid metabolism was 
evaluated in all hamsters at the end of week 12 to confirm 
the successful establishment of a hyperlipidemia model.

Once the hyperlipidemia model was successfully estab-
lished, the 16 HF hamsters continued on a high-fat diet. 
Among them, 8 hamsters were randomly assigned to 
the Fenofibrate intervention group (Feno) and adminis-
tered fenofibrate suspension daily by gavage. The suspen-
sion was prepared by dissolving 200 mg of fenofibrate in 
40 mL of 0.1% DMSO saline solution, resulting in a 5 mg/
mL fenofibrate solution. The dosage was 50 mg/kg body 
weight [23–26]. The remaining 8 hamsters were main-
tained as the High-fat control group (HF). The Con group 
of 8 hamsters continued on a standard diet. Both the Con 
and HF groups received daily gavage with an equivalent 
volume of 0.1% DMSO saline solution, matching the 
volume given to the Feno group. The three groups were 
maintained under these feeding and intervention condi-
tions for another 12 weeks.

For dissection, 2% sodium pentobarbital injection 
(45  mg per 100  g body weight) was used for intraperi-
toneal anesthesia. Blood samples were collected from 
the abdominal aorta, and liver tissues were separated. 
Throughout the study, measures were taken to minimize 
animal discomfort and suffering.

Oral Fat Tolerance Test (OFTT)
At the end of week 24, all hamsters underwent the OFTT 
[27]. The animals were fasted overnight for 12  h with 
access to water. At the start of the test, body weight was 
recorded, and olive oil was administered orally at a dose 
of 450 μL per 100 g body weight. Blood samples were col-
lected from the retro-orbital venous plexus at 0, 0.5, 1, 2, 

3, and 4 h post-gavage to measure FFA, Total Cholesterol 
(TC), Triglycerides (TG), High-Density Lipoprotein Cho-
lesterol (HDL-C), and Low-Density Lipoprotein Choles-
terol (LDL-C).

Biochemical indicator measurement
FFA was measured using an enzyme method (Jiancheng 
Bioengineering Institute, Nanjing, China). TC was meas-
ured by the COD-PAP method (Jiancheng Bioengineer-
ing Institute, Nanjing, China), TG were measured by the 
GPO-PAP method (Jiancheng Bioengineering Institute, 
Nanjing, China), HDL-C and LDL-C were measured 
by the direct two-reagent method (Jiancheng Bioengi-
neering Institute, Nanjing, China). Corticosterone and 
11β-HSD1 were measured using competitive inhibition 
enzyme-linked immunosorbent assays (ELISA) (Yun-
clone Technology Co., Ltd., Wuhan, China). All of these 
indicators were determined using an automated micro-
plate reader (VERSAmax, USA). Liver tissue was homog-
enized using an ultrasonic disruptor, and the supernatant 
was collected for BCA protein concentration determina-
tion before measuring the relevant indicators.

Western blot
Liver tissue from the golden hamsters was ground using 
an automatic sample freeze grinder, followed by com-
plete lysis. Protein concentration was measured using 
the BCA method (Abbkine). SDS-PAGE gel was prepared 
using a one-step SDS-PAGE gel kit (Biotides). After add-
ing Marker (Mei5bio) and protein samples into the wells, 
electrophoresis was carried out. Following electrophore-
sis, membrane transfer was performed. The PVDF mem-
brane was incubated in a quick blocking solution for 
blocking. The primary antibody (Beyotime) was diluted 
according to the recommended ratio, and after block-
ing (Beyotime), the PVDF membrane was cut according 
to the molecular weight of different proteins, placed into 
incubation boxes with the corresponding primary anti-
body, and incubated overnight at 4 °C. After washing, the 
membrane was incubated with horseradish peroxidase-
conjugated secondary antibody at room temperature for 
1  h. Enhanced chemiluminescence (ECL) was used for 
detection. The grayscale values of the bands were read 
using ImageJ software. The expression level of each target 
protein was calculated as the ratio of the grayscale value 
of the band to the corresponding β-actin grayscale value. 
Statistical analysis and graphing of the expression levels 
of each target protein were then performed.

Antibodies were purchased from: ZenBio-β-actin 
(380,624, 1:10,000); ZenBio-PPARα (340,843, 1:1000); 
Abcam-GRP78 (AB21685, 1:1000); Abcam-DDIT3 
(CHOP) (AB317378, 1:2000); Abcam-CEBP Alpha 
(AB40764, 1:1000); Abcam-HSD11B1 (AB39364, 1:1000).



Page 4 of 15Liu et al. Lipids in Health and Disease           (2025) 24:40 

Reverse Transcription‑Polymerase Chain Reaction (RT‑PCR)
Approximately 50  mg of golden hamster liver tis-
sue was used to extract total RNA using a total RNA 
extraction kit ( TianGen Biochemical Technology Bei-
jing Co., Ltd., China). RNA content and purity were 
measured using a NanoDrop 2000, with an OD260/
OD280 ratio between 1.8–2.0, indicating the RNA 
was suitable for further reverse transcription. RNA 
was reverse transcribed into cDNA using the FastKing 
cDNA First-Strand Synthesis Kit ( TianGen Biochemi-
cal Technology Beijing Co., Ltd., China), incubated at 
42 °C for 15 min and 95 °C for 3 min. Using cDNA as a 
template, primers were combined with SuperReal fluo-
rescent quantitative PCR premix reagent ( TianGen 
Biochemical Technology Beijing Co., Ltd., China) for 
PCR amplification. After the Real-time PCR reaction, 
results were analyzed using ABI 7500 software, with 
β-actin as the internal reference gene. The CT values 
of different gene amplifications for each group were 
calculated. The relative quantification (RQ) value of 
the target gene for each group was determined using 
the formula RQ = 2^(-ΔΔCT), and statistical analysis 
was then performed.

Primer sequences
  β-actin F-ATA​TCG​CTG​CGC​TCG​TTG​TC, R-CAC​
CCA​CGT​ACG​AGT​CCT​TC; PPARα F-TGG​GAT​GTC​
ACA​CAA​TGC​GA, R-AGG​TAG​GCC​TCG​TGG​ATT​
CT; GRP78 F-TCG​GTG​GGT​CTA​CTC​GGA​TT, R-
AGA​GGA​CAC​ACG​TCA​AGC​AG;DDIT3 (CHOP) 
F-AGT​CCC​TGC​CAT​TCA​CCT​TG, R-TTT​CAT​CCG​
AGG​ACA​GCA​CC; CEBP Alpha F-GCG​AAC​ACG​
AGA​CGT​CCA​TA, R-AGG​AAC​TCG​TCG​TTG​AAG​
GC; HSD11B1 F-CAT​CTG​CCC​ACT​ACA​TCG​CT, R-
ATT​GCT​CCG​CGA​ACG​TCA​TA。

Statistical methods
Data were analyzed using SPSS 27.0 software. For nor-
mally distributed continuous data, values are presented as 
mean ± standard deviation (x̅ ± s), and for non-normally 
distributed continuous data, as median and interquar-
tile range (IQR). If the data were normally distributed 
with equal variances, an independent sample t-test was 
used for comparisons between two groups, and one-way 
analysis of variance (ANOVA) was used for comparisons 
between three groups. Repeated measures ANOVA was 
used to compare differences in the same indicator at dif-
ferent time points; otherwise, non-parametric tests were 
employed. If differences between three groups were sta-
tistically significant, pairwise comparisons were per-
formed. For linear correlation analysis of two variables, 
Pearson correlation was used if the data were normally 
distributed with equal variances, otherwise Spearman 
rank correlation was applied. A p-value of < 0.05 was 
considered statistically significant. Graphs were created 
using GraphPad Prism 9 software.

Results
Comparison of indicators between two groups 
of golden hamsters during the establishment phase 
of hyperlipidemic golden hamster model
Daily average caloric intake and weight changes of golden 
hamsters in the hyperlipidemic model establishment phase
During the establishment phase of the hyperlipidemic 
golden hamster model, as the hamsters continued to 
grow, their food intake gradually increased. The daily 
average caloric intake was recorded every two weeks, and 
there were no statistically significant differences between 
the two groups (Ps > 0.05, see Fig. 1A). At the beginning 
of the model establishment phase, there was no statisti-
cal difference in body weight between the Con group and 
HF group (P > 0.05). Subsequently, the body weight of 
the two groups gradually increased, and from the second 

Fig. 1  The changes of daily average calories and body weight of golden hamsters with hyperlipidemia in the two groups during the establishment 
of the model. Figure A represents Average daily calorie intake and Figure B represents Weight change. There were 8 golden hamsters in the Con 
group and 16 in the HF group. *P<0.05 versus the Con group; **P≤0.001 versus the Con group.
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week onward, the body weight of the HF group was sig-
nificantly higher than that of the Con group, with a statis-
tically significant difference (Ps < 0.05, see Fig. 1B).

Lipid metabolism of the two groups of golden hamsters 
during the establishment phase of the hyperlipidemia model
At the beginning of the hyperlipidemia model estab-
lishment phase, there were no significant differences in 
TC, TG, FFA, HDL-C, and LDL-C levels between the 
Con group and the HF group (Ps > 0.05). After 12 weeks 
of high-fat diet feeding, the TC, TG, FFA, HDL-C, and 
LDL-C levels in the HF group significantly increased and 
were notably higher than those in the Con group, with 
differences being statistically significant (Ps < 0.05, see 
Fig. 2). The results suggest that the hyperlipidemic golden 
hamster model was successfully established through 
high-fat diet feeding.

Comparison of indicators among the three groups 
of golden hamsters during the fenofibrate intervention 
phase
Changes in daily average caloric intake and body weight 
of golden hamsters in the fenofibrate intervention phase
During the 12-week fenofibrate intervention phase, there 
were no statistically significant differences in the daily 
average caloric intake among the three groups of golden 
hamsters (Ps > 0.05, see Fig. 3A). At any time point during 

the intervention phase, the body weight of golden ham-
sters in the HF group and Feno group was significantly 
higher than that in the Con group (Ps < 0.05, see Fig. 3B). 
The body weight of golden hamsters in the Feno group 
started to be slightly lower than that in the HF group 
from week 14, but the difference between the two groups 
was not statistically significant (Ps > 0.05, see Fig. 3B).

Liver H&E staining of the three groups of golden hamsters 
in the fenofibrate intervention stage
The liver cells of the Con group golden hamsters exhib-
ited intact structure, with evenly distributed cytoplasm 
and no visible lipid vacuoles. The hepatic cords and sinu-
soids were arranged in a regular radiating pattern. In the 
HF group, the liver cells varied in size, and multiple lipid 
vacuoles were observed in the cytoplasm. The hepatic 
cords and sinusoids were disordered. In the Feno group, 
the liver cell structure was improved compared to the HF 
group, with a noticeable reduction in lipid vacuoles in 
the cytoplasm, and the arrangement of hepatic cords and 
sinusoids was improved (see Fig. 4).

Lipid metabolism of golden hamsters in the three groups 
in the fenofibrate intervention stage

Changes in blood lipids after OFTT in the three groups of 
golden hamsters  At the end of week 24, the three groups 

Fig. 2  Lipid metabolism of golden hamster with hyperlipidemia in two groups at the stage of model establishment. *P < 0.05 versus the Con group; 
**P ≤ 0.001 versus the Con group
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of golden hamsters underwent the OFTT, and the results 
are shown in Fig. 5. Based on the blood lipid levels at 0 h, 
it can be observed that the TC, TG, HDL-C, and LDL-C 
levels in the HF group were higher than those in the Con 
group. After fenofibrate intervention, the TC, TG, and 
LDL-C levels in the Feno group were significantly lower 
than those in the HF group, while the HDL-C level was 
higher in the Feno group than in the HF group.

After OFTT, the TG levels showed significant changes 
across the three groups, while TC, HDL-C, and LDL-C 
levels showed little variation. In the Con group, the TG 
level peaked at 2  h post-OFTT and returned to fasting 
levels by 4 h. In the HF group, the TG level continued to 
rise up to 4 h post-OFTT. In the Feno group, the TG level 
peaked at 3 h post-OFTT and decreased at 4 h, though it 
remained higher than the fasting level.

Changes in FFA levels after OFTT in the three groups of 
golden hamsters  After the OFTT, the FFA levels in all 
three groups of hamsters initially decreased and then 

increased. The FFA levels reached their lowest point 1 h 
post-meal and were above baseline levels 4  h after the 
meal (Ps < 0.05, see Fig. 6).

The FFA levels in the HF group were higher than those in 
the Con group at fasting and at 0.5 h, 1 h, 2 h, 3 h, and 4 h 
post-OFTT. Additionally, the FFA levels in the HF group 
were higher than those in the Feno group at fasting and at 
0.5 h, 1 h, 3 h, and 4 h post-OFTT (Ps < 0.05). There were 
no statistically significant differences in FFA levels between 
the Con group and the Feno group at fasting and at 0.5 h, 
1 h, 2 h, 3 h, and 4 h post-OFTT (Ps > 0.05, see Fig. 6).

Comparison of 11β‑HSD1, corticosterone, and FFA levels 
in the livers of the three groups of golden hamsters 
and their correlations
Comparison of 11β‑HSD1, corticosterone, and FFA levels 
in the livers of the three groups of golden hamsters
The HF group exhibited the highest liver 11β-HSD1 lev-
els, with significant differences compared to both the 

Fig. 3  The daily average calorie intake and body weight change of the three groups of golden hamsters in the fenofibrate intervention 
stage. Figure A represents Average daily calorie intake and Figure B represents Weight change. Each group has eight golden hamsters. *P<0.05 
versus the Con group; **P≤0.001 versus the Con group; #P<0.05 versus the HF group; ##P≤0.001 versus the HF group.

Fig. 4  Liver Tissue H&E Staining of the Three Groups of Golden Hamsters
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Con and Feno groups (Ps < 0.05). There were no signifi-
cant differences in liver 11β-HSD1 levels between the 
Con and Feno groups (P > 0.05). The HF group also had 
the highest corticosterone levels in the liver (Ps < 0.05), 
while there were no significant differences in corticoster-
one levels between the Con and Feno groups (P > 0.05). 
Additionally, the HF group showed the highest liver FFA 
levels (Ps ≤ 0.001), with no significant differences in liver 
FFA levels between the Con and Feno groups (P > 0.05) 
(see Fig. 7).

Correlation of liver 11β‑HSD1, corticosterone, and FFA levels 
in the three groups of golden hamsters
Correlation analysis revealed significant positive cor-
relations between liver 11β-HSD1 and corticosterone 
levels (r = 0.436, P = 0.033). There was also a significant 
positive correlation between liver 11β-HSD1 and FFA 
levels (r = 0.624, P = 0.001). Additionally, liver corticos-
terone levels were positively correlated with FFA levels 
(r = 0.532, P = 0.007) Fig. 8.

Changes in Liver PPARα, ERS‑CHOP‑C/EBPα signaling 
pathway proteins, and 11β‑HSD1 protein expression 
in high‑fat diet‑fed golden hamsters and the effect 
of fenofibrate intervention
Changes in liver PPARα protein expression in the three groups 
of golden hamsters
Western blot results indicated that the liver PPARα 
protein expression level in the HF group was higher 
than that in the Con group, although the difference 
was not statistically significant (P > 0.05). However, the 
PPARα protein expression level in the Feno group, after 
Fenofibrate intervention, was significantly higher than 
that in both the HF and Con groups, with a statistically 
significant difference (P < 0.05, as shown in Fig. 9).

Changes in Liver ERS‑CHOP‑C/EBPα signaling pathway 
proteins and 11β‑HSD1 protein expression in high‑fat 
diet‑fed golden hamsters and the effect of fenofibrate 
intervention
Western blot results indicated that the expression of 
GRP78, CHOP, and C/EBPα proteins in the liver tissue 

Fig. 5  Results of blood lipid after OFTT in three groups of golden hamster
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of the HF group was significantly higher than that of 
the Con group, and the expression of 11β-HSD1 pro-
tein was also increased (P < 0.05). Fenofibrate inter-
vention in the Feno group significantly reduced the 
expression of GRP78, CHOP, and C/EBPα proteins, 
and the expression of 11β-HSD1 protein decreased 
correspondingly (P < 0.05, as shown in Fig.  10). These 
protein expression results suggest that Fenofibrate can 
inhibit the ERS-CHOP-C/EBPα signaling pathway, 
thereby reducing the expression of 11β-HSD1 protein.

Changes in mRNA expression of PPARα, ERS‑CHOP‑C/EBPα 
signaling pathway, and 11β‑HSD1 in the livers of high‑fat 
diet‑fed golden hamsters and the effect of fenofibrate 
intervention
RT-PCR results showed that, compared to the Con 
group, the mRNA expression of PPARα in the liver 
tissue of the HF group was higher, but the difference 
was not statistically significant (P > 0.05). Fenofibrate 
intervention in the Feno group significantly increased 
PPARα mRNA expression compared to both the HF 

Fig. 6  FFA results after OFTT of golden hamster in three groups. *P < 0.05 versus the Con group; **P ≤ 0.001 versus the Con group; #P < 0.05 
versus the HF group; ##P ≤ 0.001 versus the HF group; ns P ≥ 0.05

Fig. 7  Comparison of liver 11β-HSD1, corticosterone and FFA levels in three groups of golden hamsters. *P < 0.05 versus the Con group; **P ≤ 0.001 
versus the Con group; #P < 0.05 versus the HF group; ##P ≤ 0.001 versus the HF group
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and Con groups (P < 0.05). In the HF group, the mRNA 
expression of GRP78, CHOP, and C/EBPα in the liver 
tissue was significantly higher than in the Con group, 
and the mRNA expression of 11β-HSD1 was also ele-
vated (P < 0.05). Fenofibrate intervention significantly 
reduced the mRNA expression of GRP78, CHOP, and 
C/EBPα in the Feno group, and the expression of 11β-
HSD1 mRNA decreased accordingly, with statistically 
significant differences (P < 0.05, as shown in Fig.  11). 
From the perspective of mRNA expression, fenofibrate 
can inhibit ERS-CHOP-C/ EBP-α signaling pathway, 
thereby reducing the expression of 11β-HSD1 mRNA.

Discussion
This study analyzed data from three groups of golden 
hamsters and found that a high-fat diet resulted in the 
highest levels of liver FFA, 11β-HSD1, and cortisol in 
the HF group. Fenofibrate intervention was able to 
reduce the elevation of these indicators caused by the 
high-fat diet. Significant positive correlations were 
observed between liver 11β-HSD1 and cortisol lev-
els, 11β-HSD1 and FFA levels, and cortisol and FFA 

levels, suggesting that FFA levels may influence 11β-
HSD1 expression, which in turn affects the local tissue 
cortisol levels. Both Western blot and RT-PCR results 
confirmed that high-fat feeding increased FFA levels 
in the liver, which may enhance ERS and increase the 
expression of ERS markers GRP78 and CHOP, pro-
moting the translation of C/EBPα in liver cells. This 
ultimately resulted in increased 11β-HSD1 expression 
and elevated cortisol levels. These findings suggest that 
FFA might regulate 11β-HSD1 expression in the liver 
through the ERS-CHOP-C/EBPα signaling pathway. 
Fenofibrate intervention increased PPARα levels in the 
liver, reduced FFA levels, and decreased the expression 
of ERS-CHOP-C/EBPα signaling pathway proteins, 
leading to a decrease in 11β-HSD1 expression and 
lower cortisol levels. This further supports the idea that 
FFA may regulate 11β-HSD1 expression via the ERS-
CHOP-C/EBPα signaling pathway.

11β-HSD1, located on the endoplasmic reticulum 
membrane, plays a crucial role in regulating local corti-
sol concentrations, which is independent of plasma cor-
tisol levels. For example, feeding can trigger 11β-HSD1 

Fig. 8  Correlation of liver 11β-HSD1, cortisone and FFA levels in three groups of golden hamsters

Fig. 9  Changes of liver PPARα protein expression in three groups of golden hamsters. *P < 0.05 versus the Con group; **P ≤ 0.001 versus the Con 
group; #P < 0.05 versus the HF group; ##P ≤ 0.001 versus the HF group
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to regulate local cortisol concentrations, making it a key 
component in adapting to changes in nutrient intake 
[28]. Research by Basu et al. indicated that when healthy 
male adrenal glands secrete approximately 38 nmol/min 
of cortisol, peripheral regeneration via 11β-HSD1 pro-
duces about 11 nmol/min [29]. Overfeeding in male rats 
after birth leads to upregulation of 11β-HSD1 expression 
in the liver [30]. Lipid infusion increased non-esterified 
fatty acids in the plasma of healthy cats by 1.7 times, 
leading to increased 11β-HSD1 expression in visceral and 
subcutaneous fat tissues and elevated local tissue gluco-
corticoid concentrations [31]. This study’s findings sug-
gest that high-fat diets elevate liver FFA, 11β-HSD1, and 
cortisol levels in the HF group. The significant positive 
correlations between liver 11β-HSD1 and cortisol levels, 
11β-HSD1 and FFA levels, and cortisol and FFA levels 
suggest that FFA levels influence 11β-HSD1 expression 
in the hamster liver, further affecting the local cortisol 
concentrations.

Iwasaki Y et  al. proposed that factors such as FFAs, 
insulin, and high-fat diets synergistically increase the 
expression of 11β-HSD1, leading to elevated cortisol 
levels in liver cells. This "intracellular Cushing’s syn-
drome" in the liver underscores the molecular mecha-
nisms behind the accumulation of metabolic syndrome 
risk, ultimately resulting in metabolic disorders [32]. 

11β-HSD1 inhibitors (BVT.2733) can reduce 11β-HSD1 
levels in mice, lowering local cortisol levels in tissues 
and preventing the onset of metabolic diseases induced 
by high-fat diets [33]. However, the exact mechanism 
by which FFAs influence 11β-HSD1 expression remains 
unclear and requires further research to clarify, providing 
new therapeutic targets for the prevention and treatment 
of metabolic diseases.

GRP78 is one of the most characteristic markers of 
ERS [34]. Activated GRP78 acts as a chaperone protein 
to enhance the protein-folding capacity of the ER, reduc-
ing the load of unfolded proteins within the ER [35]. ERS 
signaling promotes the formation of heterodimer com-
plexes between CHOP and C/EBPα, which is essential for 
enhancing their action [36]. Physiological ERS is induced 
by food intake, and high-fat diets significantly exacerbate 
ERS, promoting the translation of key metabolic regula-
tors C/EBPα and C/EBPβ, which indirectly regulate the 
expression of metabolic genes, further leading to distur-
bances in glucose and lipid metabolism [37, 38].

In 2000, Williams LJ et  al. proposed that members of 
the C/EBP transcription factor family directly regulate 
the transcription of 11β-HSD1. The 11β-HSD1 pro-
moter contains 10 C/EBP binding sites, one of which 
includes the transcription start site. Both C/EBPα and C/
EBPβ are present in complexes formed by liver nuclear 

Fig. 10  Changes in the expression levels of ERS-CHOP-C/ EBP-α signaling pathway protein and 11β-HSD1 protein in the liver of golden hamsters 
fed a high-fat diet and the effects of fenofibrate intervention. *P < 0.05 versus the Con group; **P ≤ 0.001 versus the Con group; #P < 0.05 
versus the HF group; ##P ≤ 0.001 versus the HF group
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proteins at this site, with C/EBPα playing a central role 
as a regulator of energy metabolism. C/EBPα is an effec-
tive transcriptional activator of 11β-HSD1 both in  vivo 
and in  vitro, further regulating intracellular GCs levels 
and the expression of key genes involved in glucose and 
lipid metabolism [39]. Vara Prasad SS et al. proposed that 
elevated FFA levels upregulate 11β-HSD1 expression by 
altering C/EBPα gene expression, thereby enhancing the 
local amplification of GC action [8]. Treatment with ER 
stress inhibitors during cell culture suppresses the pro-
duction of 11β-HSD1 and cortisol [40].

Our study, based on both Western blot and RT-PCR 
results, confirmed that high-fat feeding in golden ham-
sters increases FFA levels, which, in turn, elevate markers 
of ERS such as GRP78 and key downstream molecules 
like CHOP. ERS enhances the translation of C/EBPα in 
liver cells, leading to increased expression of 11β-HSD1 
and elevated corticosterone levels. This suggests that FFA 

may regulate the expression of 11β-HSD1 in the liver of 
high-fat-fed golden hamsters via the ERS-CHOP-C/EBPα 
signaling pathway (See Fig. 12).

Similar to GCs, PPARα promotes hepatic fatty acid oxida-
tion and transport during fasting to provide energy, while it 
increases de novo lipogenesis during feeding to store lipids. 
PPARα may regulate the dynamic balance of fatty acid oxi-
dation and synthesis in the liver according to nutritional 
status and circadian rhythms [41]. Fenofibrate can reduce 
body weight, fasting blood glucose, insulin, TC, TG, FFA, 
and PA levels, while increasing serum HDL-C levels [42]. 
In this study, high-fat feeding resulted in increased weight 
and elevated TC, TG, FFA, HDL-C, and LDL-C levels in 
golden hamsters, which were significantly higher than in 
the control group. After fenofibrate intervention, weight 
decreased, and TC, TG, LDL-C, and FFA levels decreased 
significantly, while HDL-C levels increased, consistent with 
findings reported in the literature [43].

Fig. 11  Changes of mRNA expression of PPARα, ERS-CHOP-C/ EBP-α signaling pathway and 11β-HSD1 in liver of high-fat golden hamsters 
and effects of fenofibrate intervention. *P < 0.05 versus the Con group; **P ≤ 0.001 versus the Con group; #P < 0.05 versus the HF group; ##P ≤ 0.001 
versus the HF group
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Fenofibrate significantly improved ERS and inflamma-
tion induced by high-fat diets or palmitate by increasing 
fatty acid β-oxidation, correcting lipid composition dis-
orders in the ER, and improving hepatic steatosis [42, 44, 
45]. PPARα gene knockout or inhibition of PPARα sign-
aling impairs mitochondrial integrity, damages enzymes 
involved in fatty acid β-oxidation, and increases the 
expression of hepatic apoB, which affects the expres-
sion of ER calcium ATPases and induces hepatic ERS. 
Restoring PPARα activity can alleviate mitochondrial 

dysfunction and ERS, reduce systemic hypertriglyc-
eridemia, and improve hepatic steatosis [46]. As early 
as 2000, Hermanowski-Vosatka A et  al. showed that 
long-term treatment with a PPARα agonist significantly 
downregulated the expression and activity of 11β-HSD1 
in the liver of wild-type mice, whereas PPARα knockout 
or treatment with a PPARα agonist for just 7  h had no 
effect on 11β-HSD1 levels in the liver. This was the first 
demonstration that PPARα agonists can influence liver 
GC metabolism by altering 11β-HSD1 expression [23]. 

Fig.12  Free fatty acids may regulate the expression of 11β-hydroxysteroid dehydrogenase 1 in liver of high-fat fed golden hamsters 
through ERS-CHOP-C/ EBP-α signaling pathway
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Gao H et al. proposed that GCs stimulate hepatic PPARα 
expression at the transcriptional level via GRα, and in 
turn, PPARα inhibits 11β-HSD1 expression to counter-
act the effects of GCs. PPARα also downregulates hepatic 
GR mRNA and protein expression, forming a negative 
feedback loop [47]. In our study, fenofibrate intervention 
increased hepatic PPARα levels, decreased FFA levels, 
reduced the expression of ERS-CHOP-C/EBPα signal-
ing pathway-related proteins, and lowered 11β-HSD1 
expression and corticosterone levels in high-fat-fed 
golden hamsters. This further supports the hypothesis 
that FFAs may regulate 11β-HSD1 expression through 
the ERS-CHOP-C/EBPα signaling pathway (See Fig. 12), 
consistent with previously reported findings.

Our results provide new insights into the molecular 
mechanisms by which FFAs influence 11β-HSD1 expres-
sion. They also provide a basis for the use of fenofibrate 
in lowering local tissue 11β-HSD1 and GC levels and 
exploring new therapeutic targets for metabolic diseases. 
However, our study has some limitations, as it primar-
ily focuses on the changes in 11β-HSD1 gene expression 
regulated by FFAs through the ERS-CHOP-C/EBPα sign-
aling pathway, without further verification using gene 
knockout or ERS inhibitors in golden hamsters.

Conclusion
This study found that high levels of FFA lead to an 
increase in 11β-HSD1 and corticosterone levels in the 
liver of golden hamsters. After treatment with fenofibrate, 
both 11β-HSD1 and corticosterone levels significantly 
decreased. Further analysis suggests that FFA may regu-
late the expression of 11β-HSD1 via the ERS-CHOP-C/
EBPα signaling pathway, thereby altering corticosterone 
levels in local tissues. These findings provide new insights 
into the molecular mechanism by which FFA affects 11β-
HSD1 expression and explore new therapeutic targets for 
the prevention and treatment of metabolic diseases.
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