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Simple Summary: Toll-like receptor 4 (TLR4) is a transmembrane protein with important immune ac-
tivity. However, emerging evidence has shown that TLR4 also regulates glucose and lipid metabolism
by an as-yet-unknown mechanism. A study of TLR4’s role in glycolipid metabolism could con-
tribute to the prevention of metabolic syndrome, which seriously affects human health. This study
investigated the change in body weight, blood glucose, and blood lipids in both male and female
wild-type (WT) and TLR4 gene knockout (TLR4−/−) mice during the development of obesity or
diabetes models. The knockout of the TLR4 gene significantly alleviated the overweight and hyper-
lipidemia/hypoglycemic syndromes in mice, which confirmed that TLR4 plays an important role in
glycolipid metabolism. Male mice changed more than female mice, reflecting the distinct differences
in the responses between sexes. The findings of this study indicate that TLR4 has potential as a novel
target to prevent and treat metabolic diseases. The established models in this study would help to
screen suitable TLR4 inhibitors for application in curing obesity and diabetes.

Abstract: Innate immune receptor TLR4 plays an important role in glycolipid metabolism. The
objective of this study is to investigate the inhibitory effects of blocking TLR4 on hyperglycemia
and hyperlipidemia by comparing WT and TLR4−/− mice in obesity and diabetes modeling. The
knockout of the TLR4 gene could prevent weight gain induced by a high-fat diet (HFD)/high-sugar
and high-fat diet (HSHFD), and the differences in the responses existed between the sexes. It extends
the time required to reach the obesity criteria. However, when mice were injected with intraperitoneal
streptozotocin (STZ) after being fed by HSHFD for two months, TLR4−/− mice exhibited less weight
loss than WT. Blocking TLR4 alleviated the changes in body weight and blood glucose, consequently
reducing the efficiency of diabetes modeling, especially for male mice. Additionally, male TLR4−/−

obese mice exhibit lower total cholesterol (TC) and low-density lipoprotein (LDL) levels in serum
and less formation of fat droplets in the liver compared to WT. On the other hand, the knockout of
TLR4 significantly increased the high-density lipoprotein (HDL) of male mice. This study should
provide new insights into the role of TLR4, as well as opportunities to target novel approaches to the
prevention and treatment of metabolic diseases like obesity and diabetes.

Keywords: TLR4; glycolipid metabolism; obesity and diabetes modeling; knockout

1. Introduction

Obesity and type 2 diabetes mellitus (T2DM) are prevalent chronic diseases around
the world that are significantly harmful to human well-being and cause a substantial

Biology 2024, 13, 63. https://doi.org/10.3390/biology13010063 https://www.mdpi.com/journal/biology

https://doi.org/10.3390/biology13010063
https://doi.org/10.3390/biology13010063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biology
https://www.mdpi.com
https://orcid.org/0000-0002-2596-5461
https://orcid.org/0000-0002-3038-0636
https://doi.org/10.3390/biology13010063
https://www.mdpi.com/journal/biology
https://www.mdpi.com/article/10.3390/biology13010063?type=check_update&version=2


Biology 2024, 13, 63 2 of 16

economic burden on healthcare systems [1,2]. There is a certain connection between
obesity and diabetes, since they are both involved in the disorder/imbalance of glucolipid
metabolism, and obesity management can reduce the possibility of prediabetes developing
into type 2 diabetes [3,4]. For people diagnosed with diabetes, impaired blood glucose
homeostasis is largely caused by changes in liver function, which plays an important role
in regulating blood glucose and lipid metabolism [5]. Aberrations in gluconeogenesis,
glycolysis, lipogenesis, lipolysis, and glucose transport within the liver are key factors that
influence individuals with glucolipid-related disorders [6–8]. Obesity usually results in
the excessive accumulation of lipids within the liver and disrupts its metabolic function,
leading to the development of non-alcoholic fatty liver disease (NAFLD) [9].

The current drugs for obesity and diabetes mostly target the glycolipid metabolism-
related enzymes or neurotransmitter receptors. For people diagnosed with obesity, they
need to alleviate weight gain [10], and the foundation of successful weight loss is to reduce
fat accumulation in the body [11]. The clinical drugs for treating obesity include pancreatic
lipase inhibitors, glucagon-like peptide 1 (GLP1) receptor agonists and dual agonists for
GLP1 and glucose-dependent insulinotropic peptide (GIP) receptors, γ-aminobutyric acid
(GABA) A type receptor activators, serotonin 2C receptor agonists, opioid antagonists,
dopamine-norepinephrine reuptake inhibitors, etc. [12–14]. At present, there is no way to
completely cure type 2 diabetes. Patients with diabetes commonly take medicine includ-
ing sympathomimetics biguanides, insulin secretagogues and sensitizers, α-glucosidase
inhibitors, sodium-glucose co-transporter-2 inhibitors, glucagon-like peptide-1 (GLP-1)
receptor agonists, dipeptidyl peptidase (DPP)-4 inhibitors, etc. [15]. However, the treat-
ments of these drugs are sometimes accompanied by certain serious side effects and bring
economic burdens for patients. Therefore, it is necessary to explore new targets for treating
obesity and diabetes.

Toll-like receptor 4 (TLR4), an innate immune recognition molecule playing a key role
in the initiation and development of inflammation, has recently been found to be involved
in the regulation of glucose and lipid metabolism [16]. Inflammation is associated with
metabolic syndrome (such as obesity, diabetes, and non-alcoholic fatty liver). Inhibiting the
expression of related inflammatory factors by blocking the TLR4 signaling pathway may
have a preventive effect on metabolic diseases [17–19]. Obesity-induced inflammation is
mainly activated by the TLR4 signaling pathway, which in turn activates the downstream
pathway nuclear factor kappa B (NF-κB) and causes the production of pro-inflammatory
factor TNF-α, further aggravating the inflammation [20,21]. Studies have demonstrated
that TLR4 deficiency can alleviate inflammation and insulin resistance in adipose tissue, and
inhibit liver steatosis [22]. Phospholipase (PLA2), an enzyme produced by inflammatory
cells in atherosclerotic plaques, can regulate the expression levels of HDL and LDL, and
promote lipid droplet adipogenesis and accumulation in adipose tissue and the liver.
Activating TLR4 by LPS can induce cPLA2 activation and lipid adipogenesis [23], which
also leads to a disorder in the LDL and HDL levels of the serum. Additionally, the inhibition
of TLR4/NF-κB activation can block glucose production in several hepatocyte cells and
further inhibit the occurrence of hyperglycemia [24]. Therefore, TLR4 might provide a
new therapeutic target for the prevention and treatment of metabolic syndrome, including
obesity and diabetes.

Inhibition of TLR4 alleviates the symptoms of obesity and diabetes; however, the
hypoglycemic and hypolipidemic actions of TLR4 deficiency in mice with obesity and
diabetes are unknown. In this study, wild-type (WT) and TLR4 gene knockout (TLR4−/−)
mice were used for obesity and diabetes modeling. By comparing the changes in body
weight, blood glucose, and blood lipid, the role of TLR4 deficiency in stabilizing the balance
of glucolipid metabolism was analyzed. In addition, the differences in liver index and
physiological morphology were observed. These would help to understand the underlying
molecular mechanism of TLR4 in regulating glucolipid metabolism.
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2. Materials and Methods
2.1. Chemical and Reagents

The normal feed, the 60% high-fat feed, and the 45% high-fat feed for mice were from
Xietong Bioenginering Co., Ltd. (Nanjing, China), and their composition and detailed in-
gredients are listed in Tables S1 and S2. Glucose was purchased from Sinopharm (Shanghai,
China). BioFroxx streptozotocin (STZ, Saiguo Biotech, Guangzhou, China) in 0.1 M citrate
buffer with pH 4.2 was freshly prepared. Blood glucose strips and a blood glucose meter
were purchased from Sinocare (Changsha, China). The chemicals and reagents used in this
study were all analytical grades.

2.2. Animals and Experiments Design

The animal models utilized in the present study included C57BL/6J wide-type (WT)
mice and TLR4 gene knockout (TLR4−/−) mice of varying genders. The WT mice and
breeding TLR4−/− mice were obtained from GemPharmatech Co., Ltd. (Nanjing, China),
and were housed in the Experimental Animal Center of Jiangsu University, with a stable en-
vironment maintained at 25 ± 1 ◦C with a 12/12 h light-dark cycle. All animal experimental
procedures were performed in accordance with the guidelines of the Jiangsu Academy
of Agricultural Sciences Subcommittee on Research Animal Care and Use Committee.
Six mice of different sexes or types were randomly chosen and fed with a normal diet as the
control group, while the others were used for obesity/diabetes modeling. The achievement
ratio of the obesity/diabetes model was calculated by dividing the number of mice that
meet the model criteria by the total number of mice, which is displayed as a percentage.

2.2.1. Obesity Modeling

Mice aged 7–8 months were fed with a 60% high-fat diet (HFD) for 12 weeks, including
39 male and 20 female WT mice, as well as 38 male and 21 female TLR4−/− mice. The
fasting weight (12 h fast) of all mice was measured once every two weeks. The fasting
weight gain rate (FWGR) was calculated as the percentage of the increase in fasting weight
compared to the initial fasting weight at week 0. Mice with FWGR > 20% were recognized
as obese, reaching the model criteria, while those 10% ≤ FWGR ≤ 20% were recognized as
overweight [25].

2.2.2. Diabetes Modeling

Mice at the age of 2–4 months were fed with 10% sugar water and 45% high-fat diet
(HSHFD) for five months, including 27 male and 27 female WT mice, as well as 63 male
and 39 female TLR4−/− mice. The fasting weight of mice was measured once a month.
Initial blood glucose was measured before STZ injection. The mice were fasted for 12 h
and injected intraperitoneally with 100 mg/kg STZ. The drinking water was changed to be
without sugar, and the feed was restored to a normal diet. One week after STZ injection,
blood samples were taken from the tail vein after a 12 h fast, and fasting weight and blood
glucose concentration were measured. Mice with fasting blood glucose > 11.1 mmol/L
were recognized as having diabetes [26]. Those mice that did not achieve the model were
fed again with an HFD for one week and given STZ injections. The STZ injection was given
up to five times, and each blood glucose detection was conducted one week after the STZ
injection with the diet changed to a normal diet.

2.3. Sample Collection

Six male WT and TLR4−/− mice that reached the model criterion were chosen for each
of the model groups. The mice in the obesity model groups maintained the HFD feed for
another four weeks, while the mice in the diabetes model groups were fed with a normal
diet for four weeks. All mice in the control groups were fed with a normal diet since the
beginning of modeling with the same feed time as the obesity/diabetes models. Then, all
mice were fasted overnight for 12 h, and blood samples were taken from their eyeballs to
prepare serum and stored at −80 ◦C. All mice were anesthetized and sacrificed after blood
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sampling. The morphology and body width of mice were recorded. The mice’s liver tissues
were removed, weighed, measured in width, and stored at −80 ◦C for further experiments.

2.4. Estimation of Serum Biochemical Indexes and Liver Indexes

The levels of triglyceride (TG), total cholesterol (TC), low-density lipoprotein (LDL),
and high-density lipoprotein (HDL) in the serum of all mice were measured using a Roche
Modular Cedex bio HT Biochemical Analyzer from (ALIT Life Science, Co., Ltd., Shanghai,
China). The liver index was calculated by the following formula:

Liver index (%) = liver weight/body weight × 100%

2.5. Histological Analysis of Liver

The liver samples were harvested and placed in 10% neutral formaldehyde for 24 h,
then subjected to gradient alcohol dehydration and embedded with paraffin. Sliced sec-
tions (4 µm thickness) were stained with hematoxylin and eosin (H&E) staining. The
histological characteristics of the liver were visualized under a Nikon Eclipse MA200 Mi-
croscope (Nikon Instruments Inc., Melville, NY, USA). Images presented are in ×100 and
×200 magnification.

2.6. Statistical Analysis

The data were expressed as mean ± standard deviation (SD)/standard error of the
mean (SEM). The figures were generated using GraphPad Prism 8.0 (GraphPad Software,
Inc., San Diego, CA, USA). A one-way analysis of variance (ANOVA) was used to compare
the means of different groups with the Tukey test (SPSS 26.0 software, Inc., Chicago, IL,
USA). Two-way ANOVA was used to analyze the interaction among groups and treatment.
Differences were considered significant at * p < 0.05.

3. Results

3.1. Effect of TLR4−/− on Body Weight in Mice Fed by HFD

During obesity modeling by feeding HFD for 12 weeks, the fasting body weight of mice
all increased to some extent (Figure 1A). Compared with the WT male group, the TLR4−/−

male group significantly alleviated HFD-induced weight gain (p < 0.0001), however, the
difference in weight change is not significant between female WT and TLR4−/− mice
(Figure 1B). The male WT mice increased body weight by about 4 g per month, with weight
gain of 4.31 ± 3.51, 9.19 ± 4.18, and 13.81 ± 5.46 g at weeks 2, 6, and 12, respectively, while
the weight gain of male TLR4−/− mice was 2.25 ± 2.41, 5.94 ± 2.67, and 8.7 ± 3.55 g at
week 2, 6, and 12, respectively, which decreased 48% (p < 0.01), 35% (p < 0.001), and 37%
(p < 0.0001), respectively (Figure 1C). The knockout of the TLR4 gene could prevent weight
gain in male mice induced by HFD. Interestingly, the mean weight gain of female mice is
much lower than that of male mice, so the influence of the TLR4 knockout on body weight
is not significant (p > 0.05, Figure 1D).

3.2. The Effect of TLR4−/− on the Obese Modeling Rate of Mice

Fed with HFD, WT mice exhibited faster weight gain than TLR4−/− mice, and the
body weight of males increased more than that of females. At week 4, 23% of male and
15% of female WT mice reached the obesity criterion (FWGR > 20%), and another 31% of
male and 25% of female WT mice were overweight (10% ≤ FWGR ≤ 20%), respectively.
However, there were no obese female TLR4−/− mice, and only 3% of the male TLR4−/−

mice reached the obesity criterion. Some TLR4−/− mice were overweight, including 21%
of the males and 14% of the females. These 14% of female mice became obese at week
8, which was still the lowest obesity rate. Meanwhile, the male WT mice possessed the
highest obesity rate, followed by male TLR4−/− mice and female WT mice, whose rates
were 74%, 45%, and 35%, respectively (Figure 2A). This also confirmed that female mice
and the knockout of TLR4 were not compatible with reaching the obesity criterion. As
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the HFD continued to be consumed, the obese modeling speed slowed down. There were
no more female WT mice reaching the obesity criterion; even the number of overweight
male mice slightly decreased at week 12. The percentage of obese male TLR4−/− mice was
32.12% lower than that of obese male WT mice. Moreover, the percentage of obese female
TLR4−/− mice increased from week 8 to week 12, which even exceeded that of obese female
WT mice (Figure 2A), but accompanied by a higher proportion of mortality (Figure 2B). At
the end of week 12, the final obesity modeling rates for male WT and TLR4−/− mice, and
female WT and TLR4−/− mice, were 79%, 47%, 20%, and 43%, respectively.
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Figure 1. Comparison of body weight and weight gain of male/female wild-type (WT) and TLR4 gene
knockout (TLR4−/−) mice during obesity modeling by feeding a high-fat diet (HFD) for 12 weeks.
Changes in fasting body weight (A) and weight gain (B); weight gain of male (C) and female (D) mice
on week 2, week 6, and week 12. Data are represented as the mean ± standard error of mean (SEM,
n = 20–39). Different lowercase letters indicate significant differences at the same time (p < 0.05).
Multiple groups were compared using two-way ANOVAs with Tukey’s multiple comparisons test,
and differences were considered significant at ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Figure 2. Comparison of modeling status and ratio of obesity model of male/female wild-type (WT)
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(B) The achievement ratio of the obesity model. Fasting weight gain rate > 10% indicates overweight,
while > 20% indicates obesity, reaching the model criterion.

3.3. Effects of TLR4−/− on Body Width and Liver Index in Obese Mice

After obesity modeling, the six male mice that had reached an obese weight were
chosen as the model groups and fed with HFD for another 4 weeks and were compared
with the control groups that fed with a normal diet. The body width of the WT model
group was larger than the WT control (p < 0.001), as well as the TLR4−/− model group
(p < 0.01) (Figure 3A; Table 1). The size of liver tissue in the WT model group was larger
than that of the other groups. The H&E staining images show the accumulation of fat
droplets in the liver tissue sections of both the WT and TLR4−/− model groups; however,
the liver fat droplets of TLR4−/− model mice were significantly less than those in WT
model mice (Figure 3B). Similarly, the liver index of the TLR4−/− model group was lower
than that of the WT model (p < 0.0001), and even lower than that of the TLR4−/− control
(p < 0.001, Figure 3C). There was no significant difference in serum TG levels between WT
and TLR4−/− model mice (p > 0.05). However, the TC and LDL contents of TLR4−/− model
mice were significantly lower than those of the WT model mice (p < 0.001 and p < 0.01,
respectively). On the other hand, the TLR4−/− control group had more HDL than the WT
control (p < 0.05) (Figure 3D). These results indicated that TLR4 could play an important
role in lipid metabolism, so the TLR4 gene knockout alleviated the formation of obesity.
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Table 1. Changes in fasting body weight of male wild-type (WT) and TLR4 gene knockout (TLR4−/−) mice.

Week WT−Control (g) WT−Model (g) TLR4−/−−Control (g) TLR4−/−−Model (g)

0 31.25 ± 1.46 C,D,b 32.73 ± 2.37 E,b 36.61 ± 3.03 A,a 35.84 ± 1.47 C,a

2 32.18 ± 1.11 B,C,b 36.78 ± 2.73 D,a 36.00 ± 2.84 A,a 37.99 ± 1.53 B,C,a

4 29.96 ± 1.61 D,c 38.68 ± 2.68 D,a 34.80 ± 3.38 A,b 38.40 ± 2.50 B,C,a

6 33.09 ± 1.34 A,B,C,b 43.08 ± 3.38 C,a 36.33 ± 2.97 A,b 42.61 ± 3.06 A,B,a

8 33.59 ± 1.59 A,B,b 45.85 ± 4.10 B,C,a 36.42 ± 3.33 A,b 44.38 ± 4.31 A,a

10 34.01 ± 1.79 A,B,b 46.08 ± 5.08 B,a 37.29 ± 3.28 A,b 45.16 ± 4.30 A,a

12 34.60 ± 2.56 A,B,b 48.29 ± 4.38 B,a 37.13 ± 3.07 A,b 45.40 ± 4.71 A,a

16 34.73 ± 1.91 A,c 53.39 ± 2.85 A,a 35.07 ± 2.84 A,a 46.29 ± 5.76 A,b

All data were expressed as mean ± standard deviation (SD, n = 6). Different uppercase letters (A, B, C, D, and E)
indicate significant differences within the same column (p < 0.05). Different lowercase letters (a, b, and c) indicate
significant differences within the same row (p < 0.05). The control groups were fed with a normal diet (ND),
while the model groups were chosen from those mice fed with a high-fat diet (HFD) that successfully reached the
obesity model criterion (increased weight percentage > 20%).
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Figure 3. Comparison of body and blood lipids of the control and obesity model groups from male
wild-type (WT) and TLR4 gene knockout (TLR4−/−) mice. (A) Body width; (B) liver tissue and
their hematoxylin-eosin (H&E) staining images; (C) liver index; (D) triglyceride, total cholesterol,
low-density lipoprotein, and high-density lipoprotein levels in serum. The control groups were fed
with a normal diet (ND), while the model groups were chosen from those mice fed with a high-fat
diet (HFD) that successfully reached the obesity model criterion (fasting weight gain rate > 20%).
All mice continued the feed for four weeks. Data are represented as the mean ± standard error
of mean (SEM, n = 6). One representative image from six mice in each group is shown. The scale
bar represents 100 µm. Differences were considered significant at * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

3.4. Effect of TLR4−/− on Body Weight and Blood Glucose in Fed by HSHFD

For diabetes modeling, the mice were fed with HSHFD first. All mice increased their
body weight. Within the last two months, HSHFD-induced weight gain in TLR4−/− male
mice compared with WT male mice was largely attenuated (p < 0.0001, Figure 4A). The
same phenomenon was observed in female mice (p < 0.001) (Figure 4B), but the weight
gain of females was still less than the corresponding males. During the injection of STZ,
the fasting body weight of all mice decreased and the blood glucose of all mice increased to
varying degrees. It is worth noting that the above changes are not as obvious in female mice
as in male mice, and the weight loss and blood glucose increase in male TLR4−/− mice
were significantly lower than that of male WT mice (p < 0.0001) (Figure 4D,E). By increasing
the STZ injection times, blood glucose levels in mice all increased, and the increase in blood
glucose in TLR4−/− mice was always significantly less than that in WT mice (p < 0.05)
(Figure 4F,G). Interestingly, the blood glucose of female TLR4−/− mice decreased after
the first STZ injection (Figure 4G), and they had higher initial blood glucose levels than
WT mice (Figure 4C). However, there was no significant difference in initial blood glucose
levels (STZ0) between WT and TLR4−/− male mice (Figure S1).
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knockout was found to postpone and alleviate the mice from reaching the criteria of type 
2 diabetes, and the female mice were less prone to reaching the diabetes criterion. After 
the first STZ injection, only 4% of the male WT mice reached the diabetes criterion (blood 
glucose > 11.1 mmol/L). With two STZ injections, 37% WT and 17% TLR4−/− male mice 
reached the diabetes criterion. At the same time, there were no female diabetic mice in 
both WT and TLR4−/− groups. As STZ injections continued on the mice with blood glucose 
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Figure 4. Comparison of body weight and blood glucose of male/female wild-type (WT) and TLR4
gene knockout (TLR4−/−) mice during type 2 diabetes modeling by feeding high-sugar and high-fat
diet (HSHFD) and intraperitoneal injection of streptozotocin (STZ). Weight gain of male (A) and
female (B) mice within the last two months fed with HSHFD; blood glucose of female mice before
the first STZ injection (C); changes in fasting body weight (D) and blood glucose (E) with STZ
injection; Increased blood glucose of male (F) and female (G) mice. Data are represented as the
mean ± standard error of mean (SEM, n = 27–63). Different lowercase letters indicate significant
differences with the same STZ injection (p < 0.05). Multiple groups were compared using two-way
ANOVAs with Tukey’s multiple comparisons test, and differences were considered significant at
* p < 0.05, *** p < 0.001, and **** p < 0.0001.

3.5. The Effect of TLR4−/− on the Diabetes Modeling Rate of Mice

During the diabetes modeling process via STZ intraperitoneal injection, TLR4 gene
knockout was found to postpone and alleviate the mice from reaching the criteria of type
2 diabetes, and the female mice were less prone to reaching the diabetes criterion. After
the first STZ injection, only 4% of the male WT mice reached the diabetes criterion (blood
glucose > 11.1 mmol/L). With two STZ injections, 37% WT and 17% TLR4−/− male mice
reached the diabetes criterion. At the same time, there were no female diabetic mice in
both WT and TLR4−/− groups. As STZ injections continued on the mice with blood
glucose levels less than 11.1 mmol/L, the percentage of diabetic mice that reached the
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model criterion increased, except that only 3% TLR4−/− female mice reached the model
criterion after four STZ injections, and none reached it even with the fifth STZ injection.
It is worth noting that some diabetic mice could recover their blood glucose to less than
11.1 mmol/L without further STZ injections. The final diabetic modeling rates of male WT,
male TLR4−/−, and female WT mice were 63%, 57%, and 28%, respectively (Figure 5).
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Figure 5. Comparison of the achievement ratio of type 2 diabetes model of male/female wild-type
(WT) and TLR4 gene knockout (TLR4−/−) mice. Blood glucose > 11.1 mmol/L indicates diabetes,
reaching the model criterion.

3.6. Effects of TLR4−/− on the Body and Liver Body Width and Liver Index in Type 2
Diabetic Mice

The male diabetic mice chosen as the model groups were compared with the control
groups after feeding with a normal diet for 4 weeks. There were significant differences in
the body width and liver index between the model and control groups (p < 0.05), but no dif-
ferences between the WT and TLR4−/− groups (p > 0.05) (Figure 6A). However, the changes
in fasting weight and blood glucose during four weeks exhibited significant differences
between the WT and TLR4−/− model mice (p < 0.05), which also confirmed the down-
regulatory effect of TLR4−/− on blood glucose (Figure 6B). Additionally, male TLR4−/−

model mice exhibit higher TG and HDL levels in serum compared to the WT (p < 0.05 and
p < 0.0001, respectively), while there were no significant differences in the serum TC and
LDL levels between WT and TLR4−/− model mice (p > 0.05, Figure 6C). These findings
further confirmed that TLR4 could play an important role in glucose and lipid metabolism,
so TLR4 gene knockout alleviated the formation of diabetes and dyslipidemia.
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Figure 6. Comparison of body and blood glucose and lipids of the control and diabetes model groups
from male wild-type (WT) and TLR4 gene knockout (TLR4−/−) mice. (A) Body width, Liver index, and
the photos of mice and liver tissues; (B) changes in fasting body weight and blood glucose within four
weeks; (C) triglyceride, total cholesterol, low-density lipoprotein, and high-density lipoprotein levels in
serum. The control groups were fed with a normal diet (ND), while the model groups were chosen from
those mice fed with a high-sugar and high-fat diet (HSHFD) and injected with streptozotocin (STZ) that
successfully reached the diabetes model criterion (blood glucose > 11.1 mmol/L). All mice continued
the feed for four weeks. Data are represented as the mean ± standard error of mean (SEM, n = 6). One
representative image from six mice in each group is shown. Different lowercase letters (a, b, and c)
indicate significant differences on the same time (p < 0.05). Differences were considered significant at
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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4. Discussion

Obesity and diabetes are chronic glucolipid metabolic disorders affecting human
health worldwide. Inflammatory reactions can be triggered by obesity and diabetes
and an increase in adipose and blood glucose involves the innate immune system ac-
tivation [27]. Moreover, insulin resistance becomes more severe as the release of pro-
inflammatory/inflammatory chemokines and cytokines in the body increases [28–30]. The
innate immune factor TLR4 is associated with inflammation and glucolipid metabolism,
which is linked to insulin resistance, glycolysis, pyruvate oxidative decarboxylation, adi-
pogenic gene expression, and intestinal permeability and flora [31–35]. The TLR4 activation
by binding to myeloid differentiation factor 88 (MyD88) can activate the downstream
(NF-κB), induce the product of pro-inflammatory/inflammatory factors, and result in glu-
colipid metabolism disorders, while TLR4-specific deletion can improve insulin resistance
and glucose tolerance, depress the differentiation of preadipocyte, and decrease the ac-
cumulation of lipids [15,36]. This study confirmed that the knockout of the TLR4 gene
significantly alleviated the overweight and hyperlipidemia/hypoglycemic syndromes in
mice during the process of constructing obese/diabetes models.

The accumulation of lipids in the body is closely related to the development of obe-
sity, which is determined by the capability of lipid metabolism [37]. Previous studies
demonstrate that TLR4 is distributed in various tissues and organs, including the liver,
intestine, and adipose tissue, and an increase in the expression of TLR4 was observed in
the liver and adipose tissues of obese rats and mice fed with a high-fat diet [21,38,39]. The
overexpression of TLR4 is associated with the accumulation of fat granules in the liver and
lipid degeneration of liver cells, which has been verified in non-alcoholic steatohepatitis
of mice or rats [21,39,40]. Gut microbiota Prevotella copri colonization could increase fat
accumulation in pigs by activating TLR4 signaling pathways to increase the permeability of
the intestinal barrier and cause a chronic inflammatory response in the host. Subsequently,
the gene expression related to lipogenesis and fat accumulation was significantly upregu-
lated, while the gene expression related to lipolysis and lipid transport was reduced [41].
Lipopolysaccharide and palmitic acid increased cholesterol accumulation via the activation
of the TLR4/MyD88/NF-κB signaling pathway [42]. Therefore, knocking out TLR4 or the
inhibition of TLR4/MyD88/NF-κB can reduce levels of total and free cholesterol. In this
study, it was difficult to increase body weight in TLR4 knockout mice during HFD feeding,
and the knockout of the TLR4 gene could reduce liver fat droplets and downregulate the
TC and LDL levels in the serum of obese mice, which might be due to the disruption of the
TLR4/MyD88/NF-κB signaling pathway, inhibiting cholesterol accumulation. However,
the level of TG in serum also increased in TLR4−/− obese or diabetic mice, which was
consistent with the findings of Pang et al. [43] in the TLR4−/− mice model after fasting.
Our results confirmed the important role of TLR4 in regulating lipid metabolism and the
potential hypolipidemic effect of blocking TLR4.

On the other hand, TLR4 is involved in glucose metabolism. Hyperglycemia leads
to an increase in the mRNA and protein expression of TLR4 in the monocytes, and TLR4
deficiency can inhibit the high glucose-induced inflammatory response [44]. Studies have
demonstrated that blocking TLR4 can improve the insulin-dependent intake of glucose,
alleviating insulin resistance induced by obesity in mice [45]. It is well known that insulin
resistance is closely related to the development of diabetes. Similarly, TLR4 overexpression
has also been observed in type 2 diabetes patients [46]. TLR4 deficiency has a preventive
effect on spontaneous autoimmune diabetes in non-obese diabetic mice [47,48]. In this
study, TLR4 deficiency also prevents or delays the occurrence of type 2 diabetes in mice
induced by HSHFD and STZ injection. TLR4 deficiency could lead to a decrease in fasting
blood glucose in diabetic mice, which might be attributed to the decrease in the activity of
pyruvate dehydrogenase complex (PDC) in skeletal muscle that promotes the circulation
between glycolysis and gluconeogenesis [15,43]. The better ability of TLR4−/− mice to
maintain the homeostasis of body weight and blood glucose further confirmed that TLR4
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can be responsible for glucose metabolism regulation and blocking TLR4 may contribute to
some hypoglycemic effects.

Interestingly, there were distinct differences in glucose and lipid metabolism between
male and female mice, including different weight gain during HFD/HSHFD feeding,
blood glucose changes induced by STZ, and the impact of TLR4 knockout. Extensive data
demonstrated that biological and psychosocial differences in gender greatly impacted the
progression of disease and complications [49,50]. Elderly women had a greater ability to
self-dispose of glucose than men; however, there was no significant difference in insulin
secretion between them [51]. Previous studies also suggested that different hormone
secretion in mice of different genders might affect energy intake in high-fat diets [52].
Contrary to the finding of Ma et al. [52] that females responded much more strongly than
males for long-term bisphenol A (BPA) exposure-induced metabolic disorders, here males
responded more strongly than females for diet-induced obesity and STZ-induced diabetes.
The greater sensitivity of male mice to STZ was confirmed by Gurley et al. [53] during the
development of the diabetes model because the pancreatic islet β-cells of males are more
prone than those of females to STZ-induced cytotoxicity [54]. The strong influence of gender
also exerts in BPA-induced inflammation [55]. Blocking TLR4 can improve the insulin-
dependent intake of glucose and alleviate insulin resistance induced by HFD in mice,
which may be because the knockout of TLR4 leads to a decrease in inflammatory factors.
In addition, TLR4 deficiency in pro-opiomelanocortin (POMC) neurons can promote heat
production and maintain a balance of lipid metabolism, but this ability only exists in male
mice, which in turn increases the induction of obesity in female mice [56]. A slightly higher
obesity rate was found in female TLR4-/- mice compared to female WT mice in this study,
but nearly no female diabetic mice were obtained in the TLR4 deficiency groups. Shi et al.
also reported female C57BL/6 mice lacking TLR4 had increased obesity but were partially
protected against high-fat-diet-induced insulin resistance [31,56]. Females were resistant
to the effects of diet and STZ in this study, so only male model mice were further studied,
which may be the reason why male animals are more popular for study [54].

5. Conclusions

The different changes in body weight and blood glucose in WT and TLR4−/− mice
during the development of the obesity or diabetes models confirmed that the innate
immune receptor TLR4 plays an important role in glycolipid metabolism. Obviously, TLR4
knockout alleviated these changes and reduced the modeling efficiency of high-fat diet-
induced obesity or STZ-induced diabetes. Weight gain, blood glucose, blood lipid, and
liver fat droplets in the TLR4-deficient mice were lower than those in WT mice, suggesting
hypolipidemic and hypoglycemic effects of blocking TLR4. The greater sensitivity of
male mice to dietary interference and the tolerance of female mice to STZ also caused the
complicated gender differences of TLR4 influence. Taken together, the findings of this
study indicate that TLR4 has potential as a novel target to prevent and treat metabolic
diseases. The established models in this study would help to screen suitable TLR4 inhibitors
for application in curing obesity and diabetes. Further studies to explore the detailed
mechanism of the TLR4 signaling pathway in regulating glucose and lipid metabolism are
still needed in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biology13010063/s1, Figure S1: Comparison on blood glucose of
male mice before the first streptozotocin (STZ) injection between wild type (WT) and TLR4 gene
knockout (TLR4−/−) mice; Table S1: The composition of feeds; Table S2: The detail ingredients of
mice high-fat feeds.

https://www.mdpi.com/article/10.3390/biology13010063/s1
https://www.mdpi.com/article/10.3390/biology13010063/s1


Biology 2024, 13, 63 14 of 16

Author Contributions: Conceptualization, W.H. and J.W.; methodology, X.Z. and J.Z.; software, X.Z.;
validation, X.Z., J.W. and B.L.; formal analysis, X.Z.; investigation, X.Z. and J.Z.; resources, W.H.; data
curation, X.Z. and J.Z.; writing—original draft preparation, X.Z.; writing—review and editing, W.H.;
visualization, B.L.; supervision, W.H.; project administration, W.H.; funding acquisition, W.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Jiangsu Provincial Key Research and Development
Program (No. BE2021705), China.

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Laboratory Animal Research Center of Jiangsu Province, and approved by the Jiangsu Academy
of Agricultural Sciences Subcommittee on Research Animal Care and Use (No. SYXK 2020-0024).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request.

Acknowledgments: The authors thank Zhigang Tu from School of Life Sciences at Jiangsu university
in China for his advice and technical assistance with animal experiments.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dietz, W.H.; Solomon, L.S.; Pronk, N.; Ziegenhorn, S.K.; Standish, M.; Longjohn, M.M.; Fukuzawa, D.D.; Eneli, I.U.; Loy, L.; Muth,

N.D. An integrated framework for the prevention and treatment of obesity and its related chronic diseases. Health Aff. 2015, 34,
1456–1463. [CrossRef] [PubMed]

2. Ogurtsova, K.; da Rocha Fernandes, J.D.; Huang, Y.; Linnenkamp, U.; Guariguata, L.; Cho, N.H.; Cavan, D.; Shaw, J.E.; Makaroff,
L.E. IDF Diabetes Atlas: Global estimates for the prevalence of diabetes for 2015 and 2040. Diabetes Res. Clin. Pract. 2017, 128,
40–50. [CrossRef] [PubMed]

3. Torgerson, J.S.; Hauptman, J.; Boldrin, M.N.; Sjöström, L. XENical in the prevention of diabetes in obese subjects (XENDOS)
study: A randomized study of orlistat as an adjunct to lifestyle changes for the prevention of type 2 diabetes in obese patients.
Diabetes Care 2004, 27, 155–161. [CrossRef] [PubMed]

4. Le Roux, C.W.; Astrup, A.; Fujioka, K.; Greenway, F.; Lau, D.C.W.; Van Gaal, L.; Ortiz, R.V.; Wilding, J.P.H.; Skjøth, T.V.; Manning,
L.S.; et al. 3 years of liraglutide versus placebo for type 2 diabetes risk reduction and weight management in individuals with
prediabetes: A randomised, double-blind trial. Lancet 2017, 389, 1399–1409. [CrossRef]

5. Warner, S.O.; Yao, M.V.; Cason, R.L.; Winnick, J.J. Exercise-induced improvements to whole body glucose metabolism in type 2
diabetes: The essential role of the liver. Front. Endocrinol. 2020, 11, 567. [CrossRef]

6. Watt, M.J.; Miotto, P.M.; William, D.N.; Montgomery, M.K. The liver as an endocrine organ—Linking NAFLD and insulin
resistance. Endocr. Rev. 2019, 40, 1367–1693. [CrossRef] [PubMed]

7. Desai, S.M.; Sanap, A.P.; Bhonde, R.R. Treat liver to beat diabetes. Med. Hypotheses 2020, 144, 110034. [CrossRef] [PubMed]
8. Thorens, B. GLUT2, glucose sensing and glucose homeostasis. Diabetologia 2015, 58, 221–232. [CrossRef]
9. Allard, J.; Le Guillou, D.; Begriche, K.; Fromenty, B. Drug-induced liver injury in obesity and nonalcoholic fatty liver disease. Adv.

Pharmacol. 2019, 85, 75–107.
10. Nisak, M.Y.B.; Ruzita, A.T.; Norimah, A.K.; Kamaruddin, N.A. Medical nutrition therapy administered by a dietitian yields

favorable diabetes outcomes in individual with type 2 diabetes mellitus. Med. J. Malays. 2013, 68, 18–23.
11. Zhang, X.; Ha, S.; Cheuk-Hay Lau, H.; Yu, J. Excess body weight: Novel insights into its roles in obesity comorbidities. Semin.

Cancer Biol. 2023, 92, 16–27. [CrossRef] [PubMed]
12. Bessesen, D.H.; Van Gaal, L.F. Progress and challenges in anti-obesity pharmacotherapy. Lancet Diabetes Endocrinol. 2018, 6,

237–248. [CrossRef] [PubMed]
13. Tchang, B.G.; Tarazi, M.S.; Arasm, M.; Shukla, A.P. An update on pharmacotherapeutic strategies for obesity. Expert Opin.

Pharmacother. 2021, 22, 1305–1318. [CrossRef] [PubMed]
14. Bossart, M.; Wagner, M.; Elvert, R.; Evers, A.; Hübschle, T.; Kloeckener, T.; Lorenz, K.; Moessinger, C.; Eriksson, O.; Velikyan, I.;

et al. Effects on weight loss and glycemic control with SAR441255, a potent unimolecular peptide GLP-1/GIP/GCG receptor
triagonist. Cell Metab. 2022, 34, 59–74. [CrossRef] [PubMed]

15. Artasensi, A.; Pedretti, A.; Vistoli, G.; Fumagalli, L. Type 2 diabetes mellitus: A review of multi-target drugs. Molecules 2020,
25, 1987. [CrossRef] [PubMed]

16. Zeng, F.; Zheng, J.W.; Shen, L.; Herrera-Balandrano, D.D.; Huang, W.Y.; Sui, Z.Q. Physiological mechanisms of TLR4 in glucolipid
metabolism regulation: Potential use in metabolic syndrome prevention. Nutr. Metab. Cardiovasc. Dis. 2023, 33, 38–46. [CrossRef]
[PubMed]

17. Yang, Y.; Lv, J.; Jiang, S.; Ma, Z.; Wang, D.; Hu, W.; Deng, C.; Fan, C.; Di, S.; Sun, Y.; et al. The emerging role of Toll-like receptor 4
in myocardial inflammation. Cell Death Dis. 2016, 7, e2234. [CrossRef] [PubMed]

https://doi.org/10.1377/hlthaff.2015.0371
https://www.ncbi.nlm.nih.gov/pubmed/26355046
https://doi.org/10.1016/j.diabres.2017.03.024
https://www.ncbi.nlm.nih.gov/pubmed/28437734
https://doi.org/10.2337/diacare.27.1.155
https://www.ncbi.nlm.nih.gov/pubmed/14693982
https://doi.org/10.1016/S0140-6736(17)30069-7
https://doi.org/10.3389/fendo.2020.00567
https://doi.org/10.1210/er.2019-00034
https://www.ncbi.nlm.nih.gov/pubmed/31098621
https://doi.org/10.1016/j.mehy.2020.110034
https://www.ncbi.nlm.nih.gov/pubmed/32758878
https://doi.org/10.1007/s00125-014-3451-1
https://doi.org/10.1016/j.semcancer.2023.03.008
https://www.ncbi.nlm.nih.gov/pubmed/36965839
https://doi.org/10.1016/S2213-8587(17)30236-X
https://www.ncbi.nlm.nih.gov/pubmed/28919062
https://doi.org/10.1080/14656566.2021.1888927
https://www.ncbi.nlm.nih.gov/pubmed/33599159
https://doi.org/10.1016/j.cmet.2021.12.005
https://www.ncbi.nlm.nih.gov/pubmed/34932984
https://doi.org/10.3390/molecules25081987
https://www.ncbi.nlm.nih.gov/pubmed/32340373
https://doi.org/10.1016/j.numecd.2022.10.011
https://www.ncbi.nlm.nih.gov/pubmed/36428186
https://doi.org/10.1038/cddis.2016.140
https://www.ncbi.nlm.nih.gov/pubmed/27228349


Biology 2024, 13, 63 15 of 16

18. Calvo-Rodriguez, M.; García-Rodríguez, C.; Villalobos, C.; Núñez, L. Role of Toll like receptor 4 in Alzheimer’s disease. Front
Immunol. 2020, 11, 1588. [CrossRef]

19. Xu, Y.; Huang, X.; Huangfu, B.; Hu, Y.; Xu, J.; Gao, R.; Huang, K.; He, X. Sulforaphane ameliorates nonalcoholic fatty liver disease
induced by high-fat and high-fructose diet via LPS/TLR4 in the gut-liver axis. Nutrients 2023, 15, 743. [CrossRef]

20. Zhu, Y.; Cai, P.; Dai, H.; Xiao, Y.H.; Jia, C.; Sun, A. Black chokeberry (Aronia melanocarpa L.) polyphenols attenuate obesity-induced
colonic inflammation by regulating gut microbiota and the TLR4/NF-κB signaling pathway in high fat diet-fed rats. Food Funct.
2023, 14, 10014–10030. [CrossRef]

21. Kolieb, E.; Maher, S.A.; Shalaby, M.N.; Alsuhaibani, A.M.; Alharthi, A.; Hassan, W.A.; El-Sayed, K. Vitamin D and swimming
exercise prevent obesity in rats under a high-fat diet via targeting FATP4 and TLR4 in the liver and adipose tissue. Int. J. Environ.
Res. Public Health 2022, 19, 13740. [CrossRef] [PubMed]

22. Jin, C.; Henao-Mejia, J.; Flavell, R.A. Innate immune receptors: Key regulators of metabolic disease progression. Cell Metabol.
2013, 17, 873–882. [CrossRef] [PubMed]

23. Qi, H.Y.; Shelhamer, J.H. Toll-like receptor 4 signaling regulates cytosolic phospholipase A2 activation and lipid generation
in Physiological mechanisms of TLR4 in lipopolysaccharide-stimulated macrophages. J. Biol. Chem. 2005, 280, 38969–38975.
[CrossRef] [PubMed]

24. Jin, D.; Zhang, B.; Li, Q.; Tu, J.; Zhou, B. Effect of punicalagin on multiple targets in streptozotocin/high-fat diet-induced diabetic
mice. Food Funct. 2020, 11, 10617–10634. [CrossRef] [PubMed]

25. Zeng, F.; Li, Y.; Zhang, X.X.; Feng, J.; Gu, W.; Shen, L.; Huang, W.Y. Arctium lappa, L. roots inhibit the intestinal inflammation of
dietary obesity rats through TLR4/NF-κB pathway. Heliyon 2023, 9, e21562. [CrossRef] [PubMed]

26. Herrera-Balandrano, D.D.; Chai, Z.; Hutabarat, R.P.; Beta, T.; Feng, J.; Ma, K.Y.; Li, D.J.; Huang, W.Y. Hypoglycemic and
hypolipidemic effects of blueberry anthocyanins by AMPK activation: In vitro and in vivo studies. Redox Biol. 2021, 46, 102100.
[CrossRef] [PubMed]

27. Reddy, P.; Lent-Schochet, D.; Ramakrishnan, N.; McLaughlin, M.; Jialal, I. Metabolic syndrome is an inflammatory disorder: A
conspiracy between adipose tissue and phagocytes. Clin. Chim. Acta 2019, 496, 35–44. [CrossRef]

28. Plomgaard, P.; Bouzakri, K.; Krogh-Madsen, R.; Mittendorfer, B.; Zierath, J.R.; Pedersen, B.K. Tumor necrosis factor-alpha induces
skeletal muscle insulin resistance in healthy human subjects via inhibition of Akt substrate 160 phosphorylation. Diabetes 2005, 54,
2939–2945. [CrossRef]

29. Kim, C.S.; Park, H.S.; Kawada, T.; Kim, J.H.; Lim, D.; Hubbard, N.E.; Kwon, B.; Erickson, K.L.; Yu, R. Circulating levels of MCP-1
and IL-8 are elevated in human obese subjects and associated with obesity-related parameters. Int. J. Obes. 2006, 30, 1347–1355.
[CrossRef]

30. Kato, K.; Otsuka, T.; Saiki, Y.; Kobayashi, N.; Nakamura, T.; Kon, Y.; Kawada, T. Association between elevated c-reactive protein
levels and prediabetes in adults, particularly impaired glucose tolerance. Can. J. Diabetes 2019, 43, 40–45.e2. [CrossRef]

31. Shi, H.; Kokoeva, M.V.; Inouye, K.; Tzameli, I.; Yin, H.; Flier, J.S. TLR4 links innate immunity and fatty acid-induced insulin
resistance. J. Clin. Investig. 2006, 116, 3015–3025. [CrossRef] [PubMed]

32. Vitseva, O.I.; Tanriverdi, K.; Tchkonia, T.T.; Kirkland, J.L.; McDonnell, M.E.; Apovian, C.M.; Freedman, J.; Gokce, N. Inducible
Toll-like receptor and NF-kappaB regulatory pathway expression in human adipose tissue. Obesity 2008, 16, 932–937. [CrossRef]

33. Akira, S.; Takeda, K.; Kaisho, T. Toll-like receptors: Critical proteins linking innate and acquired immunity. Nat. Immunol. 2001, 2,
675–680. [CrossRef] [PubMed]

34. Kim, K.A.; Gu, W.; Lee, I.A.; Joh, E.H.; Kim, D.H. High fat diet-induced gut microbiota exacerbates inflammation and obesity in
mice via the TLR4 signaling pathway. PLoS ONE 2012, 7, e47713. [CrossRef] [PubMed]

35. Guo, S.; Nighot, M.; Al-Sadi, R.; Alhmoud, T.; Nighot, P.; Ma, T.Y. Lipopolysaccharide regulation of intestinal tight junction
permeability is mediated by TLR4 signal transduction pathway activation of FAK and MyD88. J. Immunol. 2015, 195, 4999–5010.
[CrossRef] [PubMed]

36. Jia, L.; Vianna, C.R.; Fukuda, M.; Berglund, E.D.; Liu, C.; Tao, C.; Sun, K.; Liu, T.; Harper, M.J.; Lee, C.E.; et al. Hepatocyte Tolllike
receptor 4 regulates obesity-induced inflammation and insulin resistance. Nat. Commun. 2014, 5, 3878. [CrossRef]

37. Park, M.; Sung, M. Carnosic acid attenuates obesity-induced glucose intolerance and hepatic fat accumulation by modulating
genes of lipid metabolism in C57BL/6J-ob/ob mice. J. Sci. Food Agric. 2015, 95, 828–835. [CrossRef] [PubMed]

38. Zhou, M.; Xu, W.; Wang, J.; Yan, J.; Shi, Y.; Zhang, C.; Ge, W.; Wu, J.; Du, P.; Chen, Y. Boosting mTOR-dependent autophagy via
upstream TLR4-MyD88-MAPK signalling and downstream NF-κB pathway quenches intestinal inflammation and oxidative
stress injury. EBioMedicine 2018, 35, 345–360. [CrossRef]

39. Xu, Z.J.; Fan, J.G.; Wang, X.P.; Wang, G.L. Upregulating expressions of hepatic lipopolysaccharide receptors in nonalcoholic
steatohepatitic rats. Chin. J. Hepatol. 2006, 14, 49–52.

40. Sharifnia, T.; Antoun, J.; Verriere, T.G.C.; Suarez, G.; Wattacheril, J.; Wilson, K.T.; Peek, R.M., Jr.; Abumrad, N.N.; Flynn, C.R.
Hepatic TLR4 signaling in obese NAFLD. Am. J. Physiol. Gastrointest. Liver Physiol. 2015, 309, G270–G278. [CrossRef]

41. Chen, C.; Fang, S.; Wei, H.; He, M.; Fu, H.; Xiong, X.; Zhou, Y.; Wu, J.; Gao, J.; Yang, H.; et al. Prevotella copri increases fat
accumulation in pigs fed with formula diets. Microbiome 2021, 9, 175. [CrossRef] [PubMed]

42. Chen, J.B.; Liu, Y.G.; Luo, H.; Chen, G.; Zheng, Z.; Wang, T.; Hu, X.; Zhao, Y.; Tang, J.; Su, C.; et al. Inflammation induced by
lipopolysaccharide and palmitic acid increases cholesterol accumulation via enhancing myeloid differentiation factor 88 expression
in HepG2 cells. Pharmaceuticals 2022, 15, 813. [CrossRef] [PubMed]

https://doi.org/10.3389/fimmu.2020.01588
https://doi.org/10.3390/nu15030743
https://doi.org/10.1039/D3FO02177G
https://doi.org/10.3390/ijerph192113740
https://www.ncbi.nlm.nih.gov/pubmed/36360622
https://doi.org/10.1016/j.cmet.2013.05.011
https://www.ncbi.nlm.nih.gov/pubmed/23747246
https://doi.org/10.1074/jbc.M509352200
https://www.ncbi.nlm.nih.gov/pubmed/16176925
https://doi.org/10.1039/D0FO01275K
https://www.ncbi.nlm.nih.gov/pubmed/33210684
https://doi.org/10.1016/j.heliyon.2023.e21562
https://www.ncbi.nlm.nih.gov/pubmed/38027866
https://doi.org/10.1016/j.redox.2021.102100
https://www.ncbi.nlm.nih.gov/pubmed/34416477
https://doi.org/10.1016/j.cca.2019.06.019
https://doi.org/10.2337/diabetes.54.10.2939
https://doi.org/10.1038/sj.ijo.0803259
https://doi.org/10.1016/j.jcjd.2018.03.007
https://doi.org/10.1172/JCI28898
https://www.ncbi.nlm.nih.gov/pubmed/17053832
https://doi.org/10.1038/oby.2008.25
https://doi.org/10.1038/90609
https://www.ncbi.nlm.nih.gov/pubmed/11477402
https://doi.org/10.1371/journal.pone.0047713
https://www.ncbi.nlm.nih.gov/pubmed/23091640
https://doi.org/10.4049/jimmunol.1402598
https://www.ncbi.nlm.nih.gov/pubmed/26466961
https://doi.org/10.1038/ncomms4878
https://doi.org/10.1002/jsfa.6973
https://www.ncbi.nlm.nih.gov/pubmed/25348739
https://doi.org/10.1016/j.ebiom.2018.08.035
https://doi.org/10.1152/ajpgi.00304.2014
https://doi.org/10.1186/s40168-021-01110-0
https://www.ncbi.nlm.nih.gov/pubmed/34419147
https://doi.org/10.3390/ph15070813
https://www.ncbi.nlm.nih.gov/pubmed/35890112


Biology 2024, 13, 63 16 of 16

43. Pang, S.; Tang, H.; Zhuo, S.; Zang, Y.Q.; Le, Y. Regulation of fasting fuel metabolism by toll-like receptor 4. Diabetes 2010, 59,
3041–3048. [CrossRef] [PubMed]

44. Dasu, M.R.; Devaraj, S.; Zhao, L.; Hwang, D.H.; Jialal, I. High glucose induces toll-like receptor expression in human monocytes:
Mechanism of activation. Diabetes 2008, 57, 3090–3098. [CrossRef] [PubMed]

45. Kim, J.J.; Sears, D.D. TLR4 and insulin insistence. Gastroent. Res. Pract. 2010, 2010, 212563. [CrossRef] [PubMed]
46. Dasu, M.R.; Devaraj, S.; Park, S.; Jialal, I. Increased toll-like receptor (TLR) activation and TLR ligands in recently diagnosed type

2 diabetic subjects. Diabetes Care 2010, 33, 861–868. [CrossRef] [PubMed]
47. Devaraj, S.; Dasu, M.R.; Rockwood, J.; Winter, W.; Griffen, S.C.; Jialal, I. Increased toll-like receptor (TLR) 2 and TLR4 expression

in monocytes from patients with type 1 diabetes: Further evidence of a proinflammatory state. J. Clin. Endocrinol. Metab. 2008, 93,
578–583. [CrossRef]

48. Soltani, N.; Marandi, S.M.; Kazemi, M.; Esmaeil, N. Combined all-extremity high-intensity interval training regulates im-
munometabolic responses through toll-like receptor 4 adaptors and A20 downregulation in obese young females. Obes. Facts.
2020, 13, 415–431. [CrossRef]

49. Kautzky-Willer, A.; Harreiter, J. Sex and gender differences in therapy of type 2 diabetes. Diabetes Res. Clin. Pract. 2017, 131,
230–241. [CrossRef]

50. Kautzky-Willer, A.; Kamyar, M.R.; Gerhat, D.; Handisurya, A.; Stemer, G.; Hudson, S.; Luger, A.; Lemmens-Gruber, R. Sex-specific
differences in metabolic control, cardiovascular risk, and interventions in patients with type 2 diabetes mellitus. Gend Med. 2010,
7, 571–583. [CrossRef]

51. Basu, R.; Man, C.D.; Campioni, M.; Basu, A.; Klee, G.; Toffolo, G.; Cobelli, G.; Rizza, R.A. Effects of age and sex on postprandial
glucose metabolism: Differences in glucose turnover, insulin secretion, insulin action, and hepatic insulin extraction. Diabetes
2006, 55, 2001–2014. [CrossRef] [PubMed]

52. Ma, Q.; Deng, P.; Lin, M.; Yang, L.; Li, L.; Guo, L.; Zhang, L.; He, M.; Lu, Y.H.; Pi, H.; et al. Long-term bisphenol A exposure
exacerbates diet-induced prediabetes via TLR4-dependent hypothalamic inflammation. J. Hazard. Mater. 2021, 402, 123926.
[CrossRef] [PubMed]

53. Gurley, S.B.; Clare, S.E.; Snow, K.P.; Hu, A.; Meyer, T.W.; Coffman, T.M. Impact of genetic background on nephropathy in diabetic
mice. American Journal of Physiology. Am. J. Physiol. Renal. Physiol. 2006, 290, F214–F222. [CrossRef] [PubMed]

54. Kolb, H. Mouse models of insulin dependent diabetes: Low-dose streptozocin-induced diabetes and nonobese diabetic (NOD)
mice. Diabetes Metabol. Rev. 1987, 3, 751–778. [CrossRef]

55. Wise, L.M.; Sadowski, R.N.; Kim, T.; Willing, J.; Juraska, J.M. Long-term effects of adolescent exposure to bisphenol A on neuron
and glia number in the rat prefrontal cortex: Differences between the sexes and cell type. Neurotoxicology 2016, 53, 186–192.
[CrossRef]

56. Li, Y.; Zhu, S.; Du, D.; Li, Q.; Xie, K.; Chen, L.; Feng, X.; Wu, X.; Sun, Z.; Zhou, J.; et al. TLR4 in POMC neurons regulates
thermogenesis in a sex-dependent manner. J. Lipid Res. 2023, 64, 100368. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2337/db10-0418
https://www.ncbi.nlm.nih.gov/pubmed/20855545
https://doi.org/10.2337/db08-0564
https://www.ncbi.nlm.nih.gov/pubmed/18650365
https://doi.org/10.1155/2010/212563
https://www.ncbi.nlm.nih.gov/pubmed/20814545
https://doi.org/10.2337/dc09-1799
https://www.ncbi.nlm.nih.gov/pubmed/20067962
https://doi.org/10.1210/jc.2007-2185
https://doi.org/10.1159/000509132
https://doi.org/10.1016/j.diabres.2017.07.012
https://doi.org/10.1016/j.genm.2010.12.001
https://doi.org/10.2337/db05-1692
https://www.ncbi.nlm.nih.gov/pubmed/16804069
https://doi.org/10.1016/j.jhazmat.2020.123926
https://www.ncbi.nlm.nih.gov/pubmed/33254826
https://doi.org/10.1152/ajprenal.00204.2005
https://www.ncbi.nlm.nih.gov/pubmed/16118394
https://doi.org/10.1002/dmr.5610030308
https://doi.org/10.1016/j.neuro.2016.01.011
https://doi.org/10.1016/j.jlr.2023.100368

	Introduction 
	Materials and Methods 
	Chemical and Reagents 
	Animals and Experiments Design 
	Obesity Modeling 
	Diabetes Modeling 

	Sample Collection 
	Estimation of Serum Biochemical Indexes and Liver Indexes 
	Histological Analysis of Liver 
	Statistical Analysis 

	Results 
	Effect of TLR4-/- on Body Weight in Mice Fed by HFD 
	The Effect of TLR4-/- on the Obese Modeling Rate of Mice 
	Effects of TLR4-/- on Body Width and Liver Index in Obese Mice 
	Effect of TLR4-/- on Body Weight and Blood Glucose in Fed by HSHFD 
	The Effect of TLR4-/- on the Diabetes Modeling Rate of Mice 
	Effects of TLR4-/- on the Body and Liver Body Width and Liver Index in Type 2 Diabetic Mice 

	Discussion 
	Conclusions 
	References

