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Purpose: To investigate resistance to diet-induced obesity (DIO) and monosodium gluta-
mate (MSG)-induced obesity as well as the underlying mechanisms.

Methods: Newborn mice were used to construct DIO and MSG-induced obesity models.
Obesity indices, such as body weight, body length, Lee index, body temperature, food intake,
fat weight, and leptin level, were examined. Mice that did not exhibit obesity were defined as
the obesity-resistant group. The morphological changes of white adipose tissue were
observed by hematoxylin and eosin staining, and expression levels of PR domain containing
16 (Prdm16) and uncoupling protein-1 (Ucp-1) in white adipose tissue were measured by
Western blot.

Results: Obesity-resistant mice fed a high-fat diet showed resistance beginning at week 5
along with lower weights and lengths than those in the obesity group from weeks 5 to 12.
MSG-induced obesity-resistant mice showed features consistent with resistance to obesity
from week 1 along with higher body lengths relative to the obesity group; however, the
weight difference was not significant until week 10, when body weights decreased signifi-
cantly in obesity-resistant mice. The Lee index was lower in obesity-resistant mice than in
the obesity group and the normal group, further suggesting obesity resistance. Additionally,
obesity-resistant mice showed higher levels of leptin, whereas obese mice induced by a high-
fat diet showed leptin resistance. Furthermore, Prdm16 and Ucp-1 levels were both down-
regulated in the obesity group and upregulated in obesity-resistant mice, showing that white
fat browning was highest in obesity-resistant mice.

Conclusion: The phenotypes of mice with DIO and MSG-induced obesity differed. Obesity
resistance might be related to Prdm16 and Ucp-1-mediated white adipocyte browning.
Keywords: obesity resistance, brown adipose tissue, Ucp-1, adipocyte browning

Introduction

The rapid increase in the prevalence of overweight and obese individuals is a major
public health issue worldwide.'* Obesity is a chronic metabolic disease attributed
to a long-term imbalance between energy intake and total energy expenditure
resulting from interactions between environmental and genetic factors, as well as
metabolic dysfunction.® Studies of obesity in humans have raised various questions,
including why some individuals are obese and others not when controlling for diet
and environmental conditions. Mammals exhibit variation in susceptibility to obe-
sity, with individuals showing obesity and obesity resistance; therefore, research to

determine the factors underlying obesity resistance is important.*>
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The most common animal models of obesity are diet-
induced obesity (DIO) and monosodium glutamate
(MSG)-induced obesity. The high-fat-diet-induced obesity
model is based on feeding high-calorie diets to induce
genetically susceptible animals and form an obesity
model of late-onset obesity caused by excessive calorie
intake. The DIO model is more relevant to human obesity
and currently considered an important model for studying
obesity. The DIO model is established after 8 weeks of
feeding with a high-fat diet containing 60% calories from
fat.*® MSG-induced obesity is a type of early onset obe-
sity resulting from MSG-induced lesions in the arcuate
nucleus of neonatal mice and damage to the satiety center
in neonatal mice as a result of overeating.”"!

Mammalian adipose tissues are typically divided into
two types: white adipose tissue (WAT) and brown adipose
tissue (BAT). WAT mainly stores energy in the form of
triglycerides, is distributed under the skin, perirenal areas,
and the epididymis, and is divided into subcutaneous white
fat and visceral white fat according to body distribution.
BAT is resistant to cold and obesity and mainly distributed
in the neck, supraclavicular area, and both sides of the
spine. Increased BAT results in increased heat production,
which increases the thermogenic activity of BAT and BAT-
like tissues and might promote energy expenditure and
combat obesity. Moreover, there are more mitochondria
in brown adipocytes than in white adipocytes.'* !> BAT
dissipates energy by uncoupled respiration mediated by
uncoupling protein-1 (Ucp-1) on mitochondria, thereby
increasing fatty acid oxidation and thermogenesis.
Promoting brown fat function or the acquisition of BAT
characteristics within white adipose depots is called
browning.

PR domain containing 16 (Prdml16) is a zinc finger
transcription factor in the PR domain family that contri-
butes to the browning of WAT. The transgenic expression
of Prdml6 in
a thermogenic program in subcutaneous WAT that effects

adipose tissue strongly induces
energy expenditure and protects against obesity and related
metabolic complications.'®?' Prdm16 is distributed in
various organs, including the heart, liver, kidney, brain,
embryo, skeletal muscle, adipose tissue, and other tissues,
and is a marker of brown adipocytes, as well as an impor-
tant regulatory factor in white fat browning.?* The ectopic
expression of Prdm16 converts myoblasts and white adi-
pocytes into thermogenic brown adipocytes expressing
Ucp-1, which is mainly found in the mitochondrial mem-

brane of brown adipocytes, generates heat to maintain

body temperature and energy homeostasis, and controls
body weight. Ucp-1 uncouples the mitochondrial oxidative
respiratory chain and catalyzes proton leakage to directly
release the proton gradient as heat.''*"**-** However, the
roles of Prdm16 and Ucp-1 in obesity resistance have not
been established.

In this study, we induced obesity in C57BL/6J mice by
a high-fat diet and MSG, summarized the obesity charac-
teristics, compared energy-metabolism-related protein
expression between obesity and obesity-resistance groups,
evaluated the

and mechanism underlying obesity

resistance.

Methods

Obesity Model

C57BL/6J mice (No. SCXK2019-0003; Jinan Peng Yue
Experimental Animal Breeding Co. Ltd., Jinan, China)
were used to establish the obesity models. All animal
experiments were conducted in compliance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals and approved by the Binzhou
Medical University Animal Experimentation Committee
(approval No. 2017002). Animals were housed individu-
ally. For the DIO model, mice were weaned for 3 weeks
after birth and fed a high-fat diet, followed by random
division into two groups [normal control (NC) and DIO
groups] and rearing in stainless steel cages. All mice were
reared under a 12-/12-h light/dark cycle under ventilated,
dry conditions at 22 + 2°C and with ad libitum access to
food and water. At 12 weeks of age, mice were divided
into three groups: NC group, DIO group, and DIO-
resistant group (DIO-R). The Lee index was used to assess
obesity induced by a high-fat diet.

For the MSG-induced obesity model, newborn mice
were subcutaneously injected with an equal dose of MSG
(3.0 g/kg; Sigma-Aldrich, St. Louis, MO, USA) from day
4 after birth for 5 consecutive days. The mice were then
randomly divided into two groups: the NC group and the
MSG-induced obesity group (MSG group). The mice were
weaned for 3 weeks after birth and raised in stainless steel
cages. All mice were kept under a 12-/12-h light/dark
cycle under ventilated, dry conditions at 22 + 2°C and
with ad libitum access to food and water. At 12 weeks of
age, mice were divided into three groups: NC group, MSG
group, and MSG-induced obesity-resistant group (MSG-
R). The Lee index was used to assess obesity induced
by MSG.
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Detection of Growth Indexes

Each mouse was weighed with an electronic balance
(Mettler Toledo, Columbus, OH, USA), and body tem-
perature behind the ear was measured with an infrared
thermometer (GUIDE, Wuhan, China). A ruler was used
to measure the nose-to-anus body length, and average food
intake was measured three times weekly. The Lee index
was calculated as follows: body weight (g)"® x 10/
length (cm).

Organ Weights

After blood samples were collected, all mice were dis-
sected to obtain materials. The perirenal WAT, inguinal
subcutaneous WAT, gonadal WAT, and interscapular BAT
were weighed and recorded.

Determination of Serum Leptin Levels
Serum leptin was measured using a mouse leptin ELISA
kit (Enzyme-linked Biotech, Shanghai, China), and the
optical density of samples was analyzed at 450 nm using
an enzyme standard instrument (Bio-Tek, Winooski,
VT, USA).

Hematoxylin and Eosin (H&E) Staining
WAT was obtained from the animals, fixed with 4% par-
aformaldehyde, embedded in paraffin, and then cut into
4-mm thick slices. The slides were stained with (H&E)
and measured under a microscope.

Western Blotting

The extracted adipose tissue was immersed in RIPA lysis
buffer and centrifuged at 12,000g at 4°C for 20 min to
obtain the supernatant. After protein extraction, a BCA kit
(Thermo Fisher Scientific, Rockford, IL, USA) was used
to determine protein concentration, and proteins were
8%
polyacrylamide gel and transferred to a polyvinylidene

separated on an sodium dodecyl sulfate-
difluoride membrane. Non-specific binding was blocked
with 5% skim milk for 3 h, followed by incubation with
anti-Prdm16 (1:1000; Affinity, Cincinnati, OH, USA),
anti-Ucp-1 (1:1000, Affinity), and anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH; 1:1000, Affinity)
antibodies at 4°C overnight. Each membrane was washed
with Tris-buffered saline containing Tween-20 three times
for 10 min each, after which the membranes were incu-
bated with horseradish peroxidase-conjugated IgG at room

temperature for 2 h. An enhanced chemiluminescence

system was used to detect the bands, and Image] software
(v.1.37; NIH, Bethesda, MD, USA) was used for grayscale
analysis. The results are presented as the ratio of the
intensity of target proteins to the GAPDH band.

Statistical Analysis

All values are shown as means + standard deviation deter-
mined using GraphPad Prism software (v.8.0.1; GraphPad
Software, La Jolla, CA, USA). Expression levels of
Prdm16 and Ucp-1 were analyzed by one-way analysis
of variance with Dunnett’s T3 post hoc tests. All results
were considered significant at a P < 0.05.

Results
Comparison of DIO and MSG-Induced
Obesity Models

After mice were fed for 12 weeks, obesity symptoms
differed between the DIO and MSG-induced obesity mod-
els. We used the Lee index to verify the successful estab-
lishment of the obesity models. The Lee index values for
the two obesity groups differed significantly from those of
the NC group. Compared with those of the other groups,
mice in the DIO group showed significantly higher body
weights (P < 0.001 and P < 0.01; Figure 1A), body lengths
(P < 0.001; P < 0.01; P < 0.05; Figure 1B), and Lee
indexes (P < 0.001; Figure 1C). Although the weights of
mice in the MSG-induced obesity group were significantly
lower than those of DIO mice, the body length of the
former was significantly shorter. Accordingly, the Lee
index was also significantly higher in the MSG-induced
obesity group than in the DIO group. This result was
consistent with the distinct features of MSG-induced obe-
sity, which is characterized by a shorter body, less obvious
body weight gain, and an increased Lee index. The body
temperature and food intake of mice did not differ signifi-
cantly between the two obesity groups or between the
obesity groups and the NC group. Because MSG-induced
obesity affects the hypothalamus, the body temperature of
the DIO group was generally higher and more stable than
that of the MSG group (Figure 1D), and food intake by
mice in the MSG group was slightly higher than that in the
DIO group (Figure 1E). These results indicated the suc-
cessful establishment of the DIO model (characterized by
increases in body length, body weight, and the Lee index)
and the MSG-induced obesity model (characterized by
a shorter body, lower body weight, and increased Lee
index).
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Figure 1 Comparison of obesity-associated characteristics in DIO and MSG-induced obese mice. (A) Body weights in the NC, DIO, and MSG groups from weeks | to 12
are presented as the mean + SD (n = 5). (B) Body lengths in the three groups from weeks 5 to 12 are presented as the mean + SD (n = 5). (C) Lee indexes in the three
groups at week |2 are presented as the mean + SD (n = 5). (D) Body temperatures in the three groups are shown as the mean * SD (n = 5). (E) Food intake in the three
groups is presented as the mean % SD (n = 5). *P < 0.05; *P < 0.01; **P < 0.001 vs the NC group; *P < 0.01; P < 0.001 vs the DIO group.

Abbreviations: DIO, diet-induced obese mice; DIO-R, diet-induced obesity-resistant mice; MSG, MSG-induced obese mice; MSG-R, MSG-induced obesity-resistant mice;
NC, normal control.

The WAT weights of DIO and MSG-induced obese was not significant, the fat weight was higher in the
mice were significantly higher than those of the NC  MSG group than that in the DIO group. The BAT weight
group (P < 0.001; Figure 2A). Although the difference  of mice did not differ significantly between the two groups
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Figure 2 Comparison of the fat weight and WAT distribution between the MSG and DIO groups. (A) Fat weights of obese mice in the MSG and DIO groups are presented
as the mean % SD (n = 5). (B) WAT distribution in obese mice in the MSG and DIO groups are presented as the mean % SD (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001 vs the
NC group; #P < 0.05 vs the DIO group.

Abbreviations: DIO, mice with diet-induced obesity; DIO-R, diet-induced obesity resistance; MSG, mice with MSG-induced obesity; MSG-R, mice with MSG-induced
obesity resistance; NC, normal control; WAT, white adipose tissue.
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(P > 0.05; Figure 2A). As shown in Figure 2, the WAT in
various parts of the body differed significantly between the
two obesity groups. The MSG group had higher subcuta-
neous and gonadal fat weights than those of the DIO group
but a lower perirenal fat weight (P < 0.01 and P > 0.05;
Figure 2B). These results indicated that the weight gain in
the MSG-induced obesity model was more obvious.

Characteristics of Obesity Resistance in
the DIO Model

We then evaluated the characteristics of obesity and obe-
sity-resistant mice induced by a high-fat diet according to
weight, length, and the Lee index. At 5 weeks of age, the
body weights (P < 0.05; Figure 3A) of mice in the DIO-R
group were significantly lower than those in the DIO
group, and the body lengths of mice in the DIO-R group
were slightly lower than those in the DIO group; however,
there was no significant difference between the DIO-R and
DIO groups (P > 0.05; Figure 3B). At the end of the
experiment (12 weeks), the Lee index was significantly
lower in the DIO-R group (Figure 3C) than in the DIO
group (P < 0.05) and the NC group (P < 0.001). As shown
in Figure 3D, mice in the DIO group were largest, and

there was no obvious size difference between the other two
groups of mice.

Because the weight of adipose tissue can provide
a more intuitive representation of the characteristics of
obesity and obesity resistance, we compared the WAT
and BAT weights among the three groups. Compared
with those in the NC group, the WAT weight (P >
0.05) and BAT weight (P > 0.05) were not significantly
different in the DIO-R group. However, the WAT weight
in the DIO-R group was lower than that in the DIO
group (P < 0.01; Figure 3E). As shown in Figure 3F, the
ratio of the BAT weight to the total adipose tissue
weight was lower in the obesity-resistant group than in
the NC group. Additionally, the decrease in the relative
BAT weight was significant in the DIO group but not in
the DIO-R group (P < 0.05 and P > 0.05; Figure 3F).
Although body temperature did not differ significantly
between the DIO and DIO-R groups, it was generally
lower in the DIO-R group and showed greater fluctua-
tions (Figure 3G). These results indicated that mice in
the DIO-R group had lower weights, body lengths, and
Lee indexes and higher brown fat contents than those of
mice in the DIO group.
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Figure 3 Comparison of the characteristics of high-fat diet-induced mice based on growth indicators, fat weight, and relative composition. (A) Body weights of mice from
weeks | to 12 are presented as the mean + SD (n = 5). (B) The body length of mice from weeks 5 to 12 are presented as the mean + SD (n = 5). (C) Lee index was highest
in the DIO group and lowest in the DIO-R group. Data represent the mean * SD (n = 5). (D) Three mice from the same litter. The left image shows the general appearance
of a normal mouse, the middle image shows an obese mouse induced by a high-fat diet, and the right image shows an obesity-resistant mouse induced by a high-fat diet.
(E and F) Changes in WAT and BAT in mice with high-fat-diet-induced obesity are presented as the mean * SD (n = 5). (G) The temperatures of mice from weeks 4 to 12
are presented as the mean * SD (n = 5). (H) Levels of high-fat-diet-induced leptin levels in mouse serum are presented as the mean #* SD (n = 5). *P < 0.05; ***P < 0.001 vs

the NC group. #P < 0.05; *P < 0.01; *#P < 0.001 vs the DIO group.

Abbreviations: BAT, brown adipose tissue; WAT, white adipose tissue; DIO, diet-induced obesity; DIO-R, diet-induced obesity resistance; NC, normal control.
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Leptin, a hormone most closely related to obesity, is
secreted by adipose tissue and involved in regulating
energy metabolism, increasing energy consumption, and
inhibiting adipocyte synthesis to reduce body weight.*> In
the present study, we found that serum leptin levels were
significantly higher in both the DIO and DIO-R groups
than in the NC group (P < 0.05; Figure 3H), although there
was no significant difference between the two groups
(P>0.05; Figure 3H). These results showed the body
weight of mice in the DIO group was higher than that of
mice in the DIO-R group, and that serum leptin levels in
the DIO group were also slightly higher. This suggested
that the sensitivity of DIO mice to leptin response
decreased, whereas that of DIO-R mice did not and DIO-
R may be influenced by leptin and show obesity resistance.

Characteristics of Obesity Resistance in
the MSG Model

We then compared the characteristics of MSG-induced
obesity and obesity-resistant mice. After 10 weeks of
age, the body weight tended to decrease in the MSG-R
group and was significantly lower than that in the MSG
group at 11 weeks of age (P < 0.01 and P < 0.05;
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Figure 4A). At 2 weeks of age, the body lengths in the
MSG and MSG-R groups were significantly shorter than
those of the NC group and lowest in the MSG group (P <
0.01 and P < 0.05; Figure 4B). Additionally, the Lee index
was significantly higher in the MSG-induced obesity
group than in the NC group (P < 0.001) and significantly
lower in the MSG-R group than in the MSG group (P <
0.001 Figure 4C). As shown in Figure 4D, mice in the
MSG group were the shortest and showed the highest fat
accumulation as compared with the other two groups.

We also compared WAT and BAT weights among the
three groups. The WAT and BAT weights of the MSG-R
group were significantly lower than those in the MSG
group (P < 0.001; Figure 4E). As shown in Figure 4F,
the relative BAT weight in the MSG-R group increased
significantly relative to that in the obesity group (P < 0.01;
Figure 4F). There was no significant difference in body
temperature between the MSG and MSG-R groups, and
the body temperature of the MSG-R group was generally
high, with substantial fluctuations (P > 0.05; Figure 4G).
Accordingly, the MSG-R group exhibited a reduced
weight, increased body length, reduced Lee index, and
reduced fat weight but an increase in the relative BAT

weight.
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Figure 4 Comparison of the characteristics of mice induced by MSG based on growth indicators, fat weight, and relative compositions. (A) Body weights of mice from
weeks | to 12 are presented as the mean + SD (n = 5). (B) Body lengths of mice from weeks 2 to |12 are presented as the mean + SD (n = 5). (C) The Lee index was highest
in the MSG group and lowest in the MSG-R group. Data represent the mean * SD (n = 5). (D) Three mice from the same litter. The image on the left shows the general
appearance of a normal mouse, the middle image shows an obese mouse induced by MSG, and the right image shows an obesity-resistant mouse induced by MSG. (E and F)
Changes in WAT and BAT in mice with MSG-induced obesity are presented as the mean + SD (n = 5). (G) Temperatures of mice from weeks 4 to 12 are presented as the
mean * SD (n = 5). (H) Levels of MSG-induced leptin levels in mouse serum are presented as the mean  SD (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001 vs the NC group;

#P < 0.05; #P < 0.01; **P < 0.001 vs the MSG group.

Abbreviations: BAT, brown adipose tissue; WAT, white adipose tissue; MSG, mice with MSG-induced obesity; MSG-R, MSG-induced obesity resistant; NC, normal

controls.
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As shown in Figure 4H, leptin levels in the MSG-R and
NC groups were significantly higher than those in the MSG
group, and those in the MSG-R group were slightly higher
than those in the NC group, although there was no significant
difference (P < 0.01, P < 0.05, and P > 0.05, respectively;
Figure 4H). These results showed that different from results
from obesity induced by a high-fat diet, leptin levels in the
MSG group were significantly lower than those in the MSG-
R group. This suggested that MSG-R mice were sensitive to
leptin, increased energy expenditure, resistant to obesity.

Adipose Browning is Involved in Obesity

Resistance

White adipocytes and brown adipocytes exhibit different
morphologies and functions. White adipocytes are single-
locular, large lipid droplets, whereas brown adipocytes are
multi-locular, small lipid droplets.'® In the present study, the
DIO-R group showed smaller lipid droplets and a higher
number of these around local large lipid droplets as compared
with compared with the DIO and NC groups (Figure 5A and
B). Similarly, the lipid droplet volume of adipocytes in the
MSG-R group decreased, with the volume observed in the
MSG group being the largest. Moreover, H&E staining

DIO

Cc

showed that the lipid droplets in obesity-resistant mice of the
two models decreased in size and appeared similar to brown
adipocytes, which was a manifestation of WAT browning.
Prdm16 is an important regulator of the browning
process in white fat, and Prdm16 overexpression can sig-
nificantly increase the number of brown adipocytes, which
determines the browning of subcutaneous white fat.
Compared with levels in the NC group, Prdm16 protein
expression in subcutaneous white fat was downregulated
in DIO and MSG-induced obese mice. Additionally,
Prdm16 levels in the DIO-R and MSG-R groups were
significantly higher than those in the corresponding obe-
sity groups (P < 0.05; Figure 5C, D, G, and H), and Ucp-1
levels in the DIO-R and MSG-R groups were significantly
higher than those in the corresponding obesity groups (P <
0.001 and P < 0.01, respectively; Figure 5E, F, I, and J).
Moreover, Prdm16 and Ucp-1 levels in the obesity-
resistant group were slightly higher than those in the
corresponding NC groups but did not differ significantly
between the obesity-resistant and NC group (P > 0.05;
Figure 5G-J). As shown in Figure 5, parallel results for
the two browning marker proteins indicated elevated

expression in obesity-resistant mice, indicating that
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Figure 5 Prdm16 and Ucp-| expression in subcutaneous WAT and comparison of serum leptin levels in each group. (A and B) H&E staining in the inguinal subcutaneous
WAT of mice induced by DIO and MSG (scale bar = 10 pm). (C and D) Prdm 16 expression in the adipose tissue of mice induced by DIO and MSG according to Western
blot. (E and F) Ucp- 1 expression in the adipose tissue of mice induced by DIO and MSG according to Western blot. (G) Immunoreactivity of Prdm16 in the adipose tissue of
mice induced by a high-fat diet and presented as the mean * SD (n = 3). P < 0.05 vs the DIO group. (H) Immunoreactivity of Prdm16 in the adipose tissue of mice induced
by MSG and presented as the mean + SD (n = 3). *P < 0.05 vs the MSG group. (I) Immunoreactivity of Ucp-1 in the adipose tissue of mice induced by a high-fat diet and
presented as the mean % SD (n = 3). *P < 0.01 vs the NC group. *P < 0.01 vs the DIO group. (J) Immunoreactivity of Ucp-1 in the adipose tissue of mice induced by MSG
and presented as the mean + SD (n = 3). **P < 0.01 vs the NC group. #H#p < 0,001 vs the MSG group.

Abbreviations: DIO, diet-induced obesity; MSG, mice with MSG-induced obesity; NC, normal control; Prdm16, PR domain containing 16; Ucp-1, uncoupling protein-1.
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obesity resistance is associated with a high browning level
and involves Prdm16.

Discussion

Because modern technology has led to a sedentary life-
style, obesity has become a global epidemic, with
increases in diet-associated obesity and hypothalamic obe-
sity due to genetic and environmental factors. In this study,
we analyzed obesity mouse models based on body weight,
body length, body temperature, food intake, fat weight,
and Lee index values.

DIO and MSG-induced obesity are typical models used
in obesity research; however, the phenotypic characteris-
tics of the two models have not been compared in detail.
Here, the data showed that mice with DIO and MSG-
induced obesity had distinct characteristics. Specifically,
the DIO model was characterized by a heavier weight,
longer body length, and higher Lee index than those of
the NC. A high-fat diet can disrupt the balance between
insulin and glucose, promote fat and sugar metabolism,
and cause glucose and lipid metabolism disorders, as well
as the ectopic deposition of adipose tissue. Typical symp-
toms of obesity include a large body size and increased
visceral fat.”® The MSG-induced obesity model was char-
acterized by a significant increase in the Lee index due to
fat accumulation and a short body length without an
increase in body weight. In animal models of MSG-
induced obesity, hypothalamic injury disrupts feeding,
and hypothalamic neuropeptides comprise different cell
nuclei and form a complex regulatory network that regu-
lates eating behavior and energy balance.?’ >°

BAT represents a site of adaptive non-shivering thermo-
genesis and major calorie-consuming tissue in mammals.
Previous studies show that a higher proportion of BAT
relative to total adipose tissue content is associated with
increased heat production, with increased thermogenic
activity of BAT and BAT-like tissues possibly promoting
energy expenditure to counteract obesity.>'**> Here, the
experimental results further verified the importance of
BAT in energy metabolism and obesity resistance. In the
present study, obesity-resistant mice showed resistance char-
acteristics beginning at week 5 after high-fat feeding.
Additionally, obesity-resistant mice demonstrated sup-
pressed lipogenesis and intensive fatty-acid oxidation in
visceral fat. To maintain homeostasis, obesity-resistant
mammals tend to reduce food intake and/or increase energy
expenditure as they accumulate fat.*> We suggest that these
characteristics might contribute to the formation of

phenotypes in obesity-resistant mice or be a consequence
of the low susceptibility to high-fat diet-induced weight or
fat gain. However, obesity resistance in the MSG-R mice
appeared at the beginning of the experiment, and the resis-
tance characteristics were very obvious at week 10. MSG-
induced obese mice present many features, including dis-
ruption of the arcuate nucleus, reduction of growth-hormone
secretion, a slowed rate of growth, and a relatively small
body size.”* MSG-induced obesity affects the hypothala-
mus, which leads to disturbances in thermoregulation and
presents as substantial fluctuations in body temperature.
Individuals who develop obesity resistance may avoid fat
accumulation and obesity via improved fat oxidization, with
resistance also potentially affected by genes related to
energy metabolism.>> We cannot exclude the possibility
that individual mice were insensitive to MSG drugs.
Leptin is the hormone most closely related to obesity, and
under normal circumstances, mice lose weight due to
increased leptin levels. A possible explanation of the obe-
sity-resistance observed in mice in the two different models
might be related to the increased leptin levels. MSG-induced
obese mice experience obesity as a result of low leptin
levels, whereas obese mice induced by a high-fat diet can
develop leptin resistance due to reduced leptin sensitivity,
resulting in an obese state.

We also investigated the mechanism underlying obesity
resistance by observing the morphological changes of sub-
cutaneous fat in the groin and evaluating the brown adipo-
cyte marker protein Prdm16 and the thermogenic protein
Ucp-1 on the mitochondrial membrane, as well as the level
of WAT browning. Studies confirmed that brown fat-
mediated Ucp-1 is activated under conditions of a strong
thermogenic response caused by a high-fat diet, thereby
contributing to obesity resistance.’*>® Additionally, the
transgenic overexpression of Prdm16 in fat tissues stimulates
the development of Ucp-1-expressing brown-like fat cells in
subcutaneous WAT and induces a thermogenic program with
potent effects on energy expenditure.'®** Moreover, under
a high-fat diet, increasing “white fat browning” can improve
insulin sensitivity and reduce weight gain.** In both the DIO
and MSG-induced obesity-resistant mouse models, the
results of morphological experiments showed that the sub-
cutaneous WAT in obesity-resistant mice resembled small
lipid droplets similar to brown adipocytes, resulting in
browning of white fat. Furthermore, the expression levels
of Prdm16 and Ucp-1 in the subcutancous WAT of obesity-
resistant mice were significantly higher than those in normal
and obese mice. The obesity group showed the lowest
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Prdm16 and Ucp-1 expression levels, suggesting that obe-
sity-resistant mice had the highest level of white fat brown-
ing. The ectopic expression of Prdm16 and Ucp-1 was
consistent with the presence of brown adipocytes within
white adipocytes in the two obesity models. Brown adipo-
cytes consume energy and counteract obesity by a unique
thermogenic mechanism, and Prdm16 expression determines
the thermogenic program in brown adipocytes. Notably,
excessive energy intake activates thermogenesis, and the
potential for energy expenditure depends on Ucp-1.
Increases in the levels of these two proteins can reportedly
prevent obesity;*" therefore, we speculate that elevated
Prdm16 expression induces the formation of brown fat-like
adipocytes in WAT, promotes subcutaneous white fat brown-
ing, and increases the number of brown adipocytes, which
subsequently increases Ucp-1 expression in the mitochon-
dria of brown adipocytes and stimulates thermogenic pro-
grams for the development of obesity resistance.

In the future, further studies on the mechanisms
involved in the occurrence of obesity resistance are
required; understanding these mechanisms may be an
interesting area in the field of metabolism research.

Conclusion

In summary, we found that mice with high-fat diet resulted
in longer body length, obese mice, while those with MSG-
induced mice with a dumpy appearance and fat accumula-
tion. Our findings indicate that obesity resistance may be
related to the high expression of Prdm16 and Ucp-1, which
can promote white adipocyte browning, activate thermo-
genesis, stimulate energy expenditure, and contribute to
obesity-resistance development.
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