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Abstract

Background: Browning, the process by which white adipocytes acquire characteristics
of brown adipocytes, is emerging as a potential therapeutic strategy to combat obesity-
related metabolic dysfunction. Intermittent cold exposure (ICE) has been shown to
induce browning of WAT and enhance thermogenesis, which may improve glucose and
lipid metabolism. Objective: To evaluate the effects of intermittent cold exposure (ICE)
on glucose homeostasis and adipose tissue browning in obese rats, focusing on changes
in glucose tolerance, insulin sensitivity, and adipose tissue morphology. Methods: A 32
male Sprague-Dawley rats were divided into four groups (8 rats/group): 1) Control
(normal diet), 2) Control exposed to ICE, 3) high-fat high-fructose diet (HFFD), 4)
HFFD exposed to ICE. Measured parameters including; body weight, food intake,
fasting glucose, insulin sensitivity (HOMA-IR), and lipid profile, were assessed.
Histopathological and molecular analyses of adipose tissue were conducted to evaluate
browning markers (UCP1, CD137). Results: Although ICE led to increased body weight
in both control and obese groups, ICE significantly improved glucose homeostasis in
obese rats with reduction fasting insulin and HOMA-IR. ICE significantly ameliorated
dyslipidaemia in obese rats. ICE activated BAT and induced browning of WAT, as
evidenced by increased UCP1 expression in interscapular fat and enhanced CD137
expression in inguinal fat. Conclusion: Intermittent cold exposure enhances the
browning of white adipose tissue and improves glucose and lipid metabolism in obese

rats.
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Graphical abstract or Schematic representation of the experiment.

Introduction

Obesity is a multifactorial and chronic condition
characterized by excessive fat accumulation, and it
has become a major risk factor for a wide range of
metabolic disorders, including insulin resistance,
impaired glucose homeostasis, and type 2 diabetes
M Adipose tissue is traditionally categorized into
two main types: white adipose tissue (WAT) and
brown adipose tissue (BAT). WAT primarily
serves as an energy reservoir by storing
triglycerides, whereas BAT is specialized in
energy dissipation through thermogenesis, a
process that is regulated by the mitochondrial
protein uncoupling protein 1 (UCP1) ¥,

In addition to its classical role in energy storage,
WAT is increasingly recognized as a key player in
metabolic regulation, secreting a wide array of
bioactive molecules known as adipokines that
influence insulin sensitivity, inflammation, and
systemic metabolism. However, in obesity, the
excessive expansion of WAT and its associated
inflammatory state lead to insulin resistance,
altered glucose metabolism, and the development
of metabolic diseases ©.

Interestingly, recent studies have highlighted the
potential of browning—the process by which
white adipocytes acquire characteristics of brown
adipocytes—as a mechanism to counteract obesity-
induced metabolic dysfunction. Browning involves
the induction of UCP1l expression and other
markers of thermogenic activity in WAT, which
increases energy expenditure and has been linked
to improvements in glucose and lipid metabolism
[4:5]_

Cold exposure has long been recognized as a
physiological ~ stimulus  for
thermogenesis. When exposed to cold, the body

activates BAT to maintain core body temperature
6,71

nonshievering

by enhancing thermogenic activity
Browning of WAT, potentially increasing energy
expenditure, improving insulin sensitivity, and
ameliorating disturbances in glucose homeostasis
associated with obesity. Furthermore, intermittent
cold exposure (ICE) has been shown to exert
beneficial effects on lipid metabolism, reduce
ectopic fat deposition, and promote the
remodelling of adipose tissue, which could
collectively improve overall metabolic health 9.
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In this study, we aim to investigate the effects of
ICE on glucose homeostasis in obese rats, with a
particular focus on the role of browning in adipose
tissue. Using a rodent model of diet-induced
obesity, we assess the metabolic outcomes of ICE,
including changes in glucose tolerance, insulin
sensitivity, and adipose tissue morphology.
2. Material and Methods:
2.1. Experimental protocol: This experimental
study included 32 male Albino Sprague Dawley
rats weighed 180- 200 gm. The rats were
purchased from the animal house of medical
experimental research centre (MERC), faculty of
medicine, Mansoura University. The experimental
procedures were conducted according to the
guidelines of Mansoura University Animal Care
and Use Committee MU-ACUC
(MED.MS.22.12.3).
Rats will be housed in plastic cages, four animals
per cage, under controlled conditions of humidity
(40-70%), lighting (12 h light/dark cycle), and
temperature (24°C), with free access to food and
water. After acclimatization for one week the rats
will be divided into 4 experimental groups (each
included 8 rats) See graphical abstract.
2.2. Grouping:Rats were divided into 4 groups (8
rats each):
= Group I: (control group “LFD”) normal
rats were fed with standard laboratory
chow diet and had free water access to tap
water during whole experiment.
= Group |IlI: (control exposed to cold
“LFD/C”): The same as group | with
intermittent cold exposure (ICE) as
explained below.
=  Group IlI: (obese rats receiving high fat
high fructose diet (HFFD)): obese rats
were fed with diet 45% fat (40% animal
fat, 5 % in chow diet), and fructose 20%

(20 gram of fructose diluted in 100 ml tap
water) during whole experiment.
= Group IV (obese rats exposed to cold

(HFFDI/C)): obese rats exposed to ICE.
2.3. Phases of the study: The study was
conducted on 2 phases.
2.3.1. The first phase: During this phase,
induction of obesity was done for 16 rats (Group
Il and 1V), and the other 16 rats (Group | and
Il)were maintained on standard laboratory chow
diet and had free water access to tap water for six
weeks (4 rats per a cage).
Rat model of obesity was induced by high fat
fructose diet consists of 45g fat/ 100g diet %, with
fructose 20% in drinking water. To prepare
fructose 20% drinking water, 20 g of fructose was
diluted in 100 mL of tap water. The bottles were
then covered with aluminium foil to prevent
fermentation. The fructose drinking water was
administered every day for 6 weeks induction and
5 weeks cold experiment ™,
2.3.2. The second phase was initiated on top of
phase one. Intermittent cold exposure was induced
for 16 rats (Group | and 11).
Intermittent cold exposure protocol: ICE
consisted of rats being removed from their home
cages and transferred to their own designated cage
(one rat per a cage) inside a refrigerator held at a
constant internal temperature of 4°C. The other
groups of the experiment remained unperturbed in
their home cages during this time (Group | & 111).
After ICE protocol rats were transferred back to
their home cages immediately following each bout
of cold exposure. Rats were repeatedly cold
exposed for 1 h/ day for 5 days/week
(consecutive), over 5 weeks, and then killed. All
cold exposures occurred between 09.00 and 12.00
h M(figure S1 in supplementary file I).
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2.4. Blood samples obtaining:

Retro orbital blood samples were collected from
retro orbital sinus with sterile haematocrit capillary
tube. During retro-orbital blood sampling a topical
ophthalmic  anaesthetic drops e.g. 0.5%
proparacaine hydrochloride was used 5 min prior
to blood sampling 2. The collected blood samples
were centrifuged at 1000 rpm for 20 minutes to
separate the serum. The separated serum was
stored at -20°C for subsequent biochemical
analysis (figure S2 in supplementary file I).

2.5. Oral glucose tolerance test:

Oral glucose tolerance was done at the end of the
experiment before scarification. Rats were fasted
for 6-8 h then received glucose (2g/kg body
weight) by oral gavage (50% glucose solution).
Blood samples were obtained from the retro orbital
sinus of each rat and a glucometer was used to
measure blood glucose levels at 0 (baseline), 60,
and 120 min after administration of glucose.

2.6. Measurement of food intake and weight
measurement:

The food and fluid intake for each cage (4 rats)
was measured by subtracting the remaining
amount in the cage from measured provided
amount ™. All rats in different experimental
groups were weighed once weekly.

2.7. Animal euthanasia:

Two days after the end of experiment (5weeks of
ICE), rats were fasted overnight (about 6-8 hours)
then weighed before their sacrifice. "At the end of
the experiment, euthanasia was performed by
administering a high dose of sodium pentobarbital
(60 mg/kg, intraperitoneally)[10].All animal
remains were disposed of in a hygienic and ethical
manner, in accordance with the guidelines of the
Mansoura Experimental Research Center (MERC).

2.8. Adipose tissue samples collections:

The euthanized rat was placed on the surgery
board. The dorsal and ventral external surfaces of
the rat was sterilized using 70% ethanol. The
external surface of the rat was sufficiently wet to
minimize contamination from fur during dissection
31 Then identification and isolation of three
different adipose depots including interscapular,
inguinal, and epididymal were performed. Finally,
the specimens were excised, part of interscapular
specimen was snap-frozen in liquid nitrogen and
stored at —80°C and another part was preserved in
10% buffered formalin and processed in paraffin
blocks and sections were made then used for
histopathologic examination and immunostaining
I4(figure S3 in supplementary file 1).

2.9. Biochemical analysis: Details of biochemical
analysis was presented in supplementary file (I1).
Serum insulin level was measured by ELISA
technique. The kit for ELISA was purchased from
Sun-Red biology and technology, China,
Shanghai, CAT. NO. 201-11-0708. Blood glucose
level during fasting and during oral glucose
tolerance test was determined using Enzymatic
colorimetric commercial kits (human).Homeostatic
Model Assessment Index for Insulin Resistance
(HOMA- IR) was calculated as follows: HOMA-
IR= Fasting insulin levels (ulU/ml) x Fasting
glucose levels (mg/dl) /405.

Triglyceride concentration was determined using
GPO -POD Enzymatic Colorimetric Kit which was
purchased from Sigma Aldrich Co. Egypt. Serum
total cholesterol was determined using CHOD-
POD Enzymatic Colorimetric Kit which was
purchased from Sigma Aldrich Co. Egypt. High-
density lipoprotein (HDL) concentration was
determined using Phosphotungstic Precipitation Kit
which was purchased from Sigma Aldrich Co.
Egypt. Low- density lipoprotein  (LDL)
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concentration was obtained from the following
calculation (the Friedewald formula) ™*: LDL-
cholesterol (mg/dl) = (Total cholesterol) minus
(TAG/5) minus (HDL- cholesterol).

2.10. Histopathological examination of adipose
tissue:

The adipose tissue was prepared for light
microscopy. The fixative, which has been used, is
10% neutral buffered formalin for 24 hours. After
fixation, the tissue is dehydrated by serial
ascending series of ethyl alcohol 70%, 80%, 90%
and 95% for 30 minutes each. Tissues were cleared
in xylene for 20 minutes (two changes) then
embedded in paraffin wax (three changes) at 600C
for three hours and embded in paraffin wax. The
paraffin blocks were sectioned at 3-5 pum with
Reichert Jung 2030 microtome (West Germany)
using disposable blades mounted on glass slide and
stained according to the following histological
method.

2.10.1. Haematoxylin and Eosin staining:
Sections were deparaffinized in xylen for 10
minutes. Hydration was performed in descending
series of ethanol (100%-90%- 80%-70%- 60%-
50%) followed by distilled water. Sections were
immersed into haematoxylin stain for 10 minutes
and then washed in tap water for 2 minutes.
Transferred to acid alcohol 1% (1 ml of conc. HCL
(BDH, UK) in 100 ml of 70% ethyl alcohol) for
acidification and removing the excess of
haematoxylin stain. Slides were rapidly washed
under running tap water for 3 minutes for
removing the excess of acid alcohol and
establishing the haematoxylin stain. Sections were
counter-stained in aqueos eosin stain for 3 minutes
and then rinsed in distilled water. Dehydration was
achieved using ascending series of ethyl alcohol, 5
minutes each. Clearing in xylene (2 changes, for 5

minutes each). Mounting was done in Distyrene
Plasticizer Xylen (DPX).

2.10.2. Immunohistochemistry by cd-137 marker:
Tissue sections (4 um thick) were deparaffinized
with xylene and rehydrated through graded ethanol
(100-95-75%). Epitope retrieval was performed
using Heat Induced Epitope Retrieval (HIER) with
a pressure cooker and Cell Marque tribology. After
rinsing with distilled water and phosphate-buffered
saline (PBS), antigen retrieval was enhanced using
citrate buffer (pH 6.0), followed by blocking
endogenous peroxidase with 3% hydrogen
peroxide. Sections were incubated with CD-137
polyclonal antibody (1:200) for 60 minutes, then
with Ultra Vision One HRP Polymer for 15
minutes. A DAB substrate solution (Reagent Bl
and B2 mixed 1:1) was applied, followed by
washing with distilled water and counterstaining
with hematoxylin. Dehydration occurred using
increasing ethanol grades and xylene, and slides
were mounted with a cover slip after applying
mounting medium.

Digital image analysis:

Computer assisted digital image analysis(Digital
morphometric study) was used. Slides were
digitized using Olympus® digital camera installed
on Olympus® microscope with 1/2 X photo
adaptor, using 40 X objective. The result images
were analyzed on Intel® Core I7® based computer
using VideoTestMorphology® software (Russia)
with a specific built-in routine for stain
guantification. Two slides from each rat were used,
5 random field from each slide were analysed
(Steps for digital image analysis were
supplemented in supplementary file 111).

2.11. Western blot analysis for detection of
UCP1:

The ReadyPrep™ Protein Extraction Kit (Bio-Rad
Inc., Catalog #163-2086) was used to extract total
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protein from homogenized tissue samples. Protein
concentration was determined using the Bradford
Protein Assay Kit (Bio Basic Inc., SK3041)
following the manufacturer's instructions. A 20 pg
protein sample was combined with 2x Laemmli
sample buffer (4% SDS, 10% 2-mercaptoethanol,
20% glycerol, 0.004% bromophenol blue, 0.125 M
Tris HCI, pH 6.8), boiled at 95°C for 5 min for
denaturation, and then loaded onto polyacrylamide
gels for SDS-PAGE. The gels were prepared using
the TGX Stain-Free™ FastCast™ Acrylamide Kit
(Bio-Rad Laboratories Inc., Cat #161-0181).
Following  electrophoresis,  proteins  were
transferred to a PVDF membrane in a transfer
sandwich setup using 1x transfer buffer (25 mM
Tris, 190 mM glycine, 20% methanol) at 25 V for
7 min with the Bio-Rad Trans-Blot Turbo. The
membrane was blocked with tris-buffered saline
with Tween 20 (TBST) and 3% bovine serum
albumin (BSA) for 1 hr at room temperature.
Primary antibodies (UCP1) were diluted in TBST
and incubated overnight at 4°C. After washing
with TBST, the membrane was incubated with
HRP-conjugated secondary antibody (Goat anti-
rabbit 1gG-HRP, Novus Biologicals) for 1 hr at
room temperature, followed by further washing.
Chemiluminescent detection was performed using
Clarity™ Western ECL substrate (Bio-Rad, Cat
#170-5060), and protein bands were visualized
with a CCD camera-based imager. Band intensity
was analysed using Image Analysis Software, with
beta-actin used as the control for protein
normalization.

2.12. Statistical analysis:

Data was entered and analysed using IBM-SPSS
software (IBM Corp. Released 2020. IBM SPSS
Statistics for Windows, Version 27.0. Armonk,
NY: IBM Corp), and GraphPad Prism software
(version 9.5.1). Quantitative data was initially

tested for normality using Shapiro-Wilk’s test
(normally distributed data has p>0.050) and Q-Q-
plots. The presence of significant outliers (extreme
values) was tested by inspecting boxplots.
Quantitative data was expressed as mean, and
standard deviation (SD). The two-way mixed
ANOVA test was used to ascertain the interaction
effects of groups over time on the parameters
studied, followed by simple main effects of group
(comparing the groups at each time point) using
univariate analysis. The one-way ANOVA test was
used to compare a quantitative variable between
the study groups. Significant results were followed
by post hoc analysis (pairwise comparisons using
Tukey’s tests). For any of the tests used, results
were considered statistically significant if p value
<0.05.

3. Results:

3.1. Body weight and food intake changes:

As shown in table 1, body weight of HFFD rats
(groups 11, 1V) was significantly higher than that
of LFD rats (groups I, Il) over the 5 weeks.
Intermittent cold exposure induced significant
increase in body weight among LFD and HFFD
rats (groups 11, IV) by the 2™ week to the 5" week
as compared to LFD and HFFD rats not exposed to
cold (groups I, I11). However, during the 1% week,
the significant effect of ICE on body weight was
among HFFD rats (group 1V) (p= 0.014),
meanwhile, ICE did not induce significant changes
in body weight of LFD rats (group I1)

Figure (1) illustrated the differences between the
studied groups as regards food intake. During the
1st and 2nd weeks, Rats received HFFD and
exposed to ICE (group 1V) had significantly higher
food intake than LFD groups (groups I, 1) (p=
0.01; 0.028 in week1), (p=0.008; 0.033 in week?2).
Also, rats received HFFD but were not exposed to
IC (group I11) had significantly higher food intake
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than LFD not exposed ICE (group 1) (p= 0.024 in
weekl, p= 0.03
exposure did not induce significant changes in

in week2). However, cold
food intake either among LFD or HFFD groups.
During the 3rd week, similar effects were present
on food intake, however, ICE induced significant

increase in food intake among HFFD (group 1V)

than compared to HFFD rats which were not
exposed to cold (group 1) (p=0.032).

By the 4th and 5th weeks, ICE induced significant
increase in food intake among rats received LFD
and HFFD (groups Il, IV) as compared to LFD (p=
0.026, p= 0.02 successively) and HFFD (p= 0.008,
p= 0.008 successively) which were not exposed to

cold (groups I, 111).
Table (1): Effect of ICE on body weight (g) over 5 weeks between groups.

Group | Group 11 Group 111 Group IV F/n? P
Week 1 199.3+12.9 209.9+7.3 2686if5’5'4-7 28;-%”—'%-2 13.5/0.59 <.001
Week 2 208.5+12.9 2021413 284-,5%4-2 293-%“’—“%-2 13.5/0.59 <.001
Week 3 219.5+12.9 234.21.3 295a,4§5'5 31;-%;’-“%2 13.5/0.59 <.001
Week 4 2305+12.9 246.8+7.3 302;%9-0 335”-%“’—“%-2 13.5/0.59 <.001
Week5 238.5+12.9 2999473 315£ib10-7 35;-%%%-2 13.5/0.59 <.001

Data is presented as mean + SD. Tests of significance was one-way ANOVA (P); (a, b, c) post- hoc analysis; a: p value
against group | < 0.05; b: p value against group Il < 0.05; c: p value against group 111< 0.05; n2: partial Eta squared was
used to calculate effect size.
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Figure (1): Multiple Tukey’s pairwise comparisons for amount of food (g) over 5 weeks between groups.
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3.2. Biochemical parameters:

3.2.1. Fasting blood glucose and oral glucose
tolerance test results:

As shown in table 2, Fasting blood glucose, 1-hour
and 2- hour post prandial blood glucose level
showed statistically significant  differences
between the studied groups as high fat high
fructose diet groups (HFFD) (groups II, IV) had
significantly higher blood glucose levels than low
fat diet groups (LFD) (groups I, 1I) (p< 0.001).
Exposure to resulted in
(either

fasting or post- prandial) among HFFD- ICE group

intermittent cold

significant reduction of glucose level

(group 1V) as compared to HFFD group not

3.2.2. Fasting insulin and HOMA IR differences
between the studied groups:

Table 2 showed that fasting insulin and HOMA-
IR significantly differed between the studied
groups with large effect size (n?= 0.64) as fasting
insulin and HOMA- IR were significantly higher
among HFFD groups (group 11, 1V) as compared
to LFD groups (groups I, I1). Exposure of LFD rats
to intermittent cold (group I1) did not induce
significant changes in fasting insulin (p= 0.99) or
HOMA- IR (p= 0.99) as compared to LFD rats
which were not exposed to cold (group 1.
Meanwhile, Exposure of HFFD rats to ICE (group
IV) induced significant reduction of fasting insulin

exposed to cold (group HI) (p= 0.0052; 0.0052;
0.0061 respectively) (figure 2).

(p=0.008) HOMA- IR (p= 0.0052) as compared to
HFFD rats which were not exposed to cold (group
1) (figure 2).

Table (2): Effect of ICE on Fasting blood glucose level (FBG), One-hour Glucose level, Two-hour glucose level
(mg/dl) between groups.

Group | Group 11 Group II1 Group IV F/n? P
FBG (mg/d) 93.6+7.2 92.4+8.1 17082123 1488171 14.5/0.61 <.001
1-h PPBG (mg/dl) 125.8+6.3 123.6+12.6 263.4239.3 21112266 13.2/0.59 <.001
2-h PPBG (mg/dl) 114.1£4.9 105.946.8 21712238 1702204 13.13/0.58 <.001
Fasting insulin 8.240.8 6.840.7
el 5.4+0.3 5.4+0.6 s A 16.5/0.64 <.001
HOMA- IR 1.2540.11 1.2340.19 3442041 2482031 16.5/0.64 <001
Total Cholesterol 155.648.4 131.545.8
(i 83.8+11.4 79.0412.3 A o 14.5/0.61 009
Serum TG (mg/dI) 74.1%4.0 69.5+5.6 12908197 100-81 15/0.62 <.001
LDL-C (mg/dl) 25.546.7 22.946.9 794250 6a5x31 13.5/0.59 002
HDL-C (mg/dl) 45.9+5.2 48.6+2.8 29.943.1 370133 15/0.62 <.001
UCP1 interscapular  1.57+0.31 201021 152007 1.64:0.13 14/0.6 <001
CD_137 Epididymal ~ 102.11+1.67 104.49+3.01 103.10+1.11 105.03+2.67 2/0.18 0.06
CD_17 Inguinal  121000:21.7  27041399641213046  1445.70¢17.24  205721LOTELATEON0  1g 001

Data is presented as mean + SD. Test of significance was one-way ANOVA (P); (a, b, ¢) post- hoc analysis; a: p value
against group | < 0.05; b: p value against group Il < 0.05; c: p value against group 111< 0.05; n2: partial Eta squared was
used to calculate effect size; FBG: Fasting blood glucose; PPBG: Post- prandial blood glucose. TG: Triglycerides;
LDL- C: Low density lipoprotein- cholesterol; HDL-C: High density lipoprotein- cholesterol. UCP: uncoupling
protein; CD: Cluster of differentiation.
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Figure (2): Multiple Tukey’s pairwise comparisons for FBG, 1 -h PPBG, 2-h PPBG for fasting insulin, HOMA-IR between groups.

3.2.3. Lipid profile differences between the
studied groups:

As reported in table 2, all studied lipid profile
parameters  showed  statistically  significant
differences between the studied groups with large
effect size. Total cholesterol, triglyceride and
LDL- C were all expressed at significantly higher
levels among HFFD rats (groups I, 1V) as
compared to LFD rats (groups I, 1I). HDL- C was
significantly lower levels among HFFD rats
(groups 111, 1V) as compared to LFD rats (groups I,
I). LFD rats which were exposed to cold did not
show significant changes in all studied lipid profile
parameters (cholesterol, triglycerides, LDL, HDL
p=0.76; 0.84; 0.73; 0.47) as compared to LFD rats
which were not exposed to cold. On the other side,

ICE resulted in significant improvement of all lipid

profile parameters among HFFD rats (group IV) as
compared to HFFD rats which were not exposed to
cold as total cholesterol, triglycerides and LDL
were significantly lower (p= 0.0002; < 0.001; <
0.001 respectively) and HDL was significantly
higher (p=0.0038) among group IV than group IlI.
3.3. Adipose tissue histopathological
examination:

3.3.1. Histopathological assessment of adipose
tissue by haematoxylin and eosin:

Figure (3a) shows sections of epididymal adipose
tissue stained with hematoxylin and eosin in the
studied groups. The control normal group (1)
showing unilocular/large lipid droplet, with flat
peripheral nuclei. In HFFD exposed group (Il1),
there was a noticeable increase in the size of

unilocular adipocyte in comparison with normal
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group. On contrary, LFD exposed to cold group (11)
and HFFD and cold exposed group (IV) showing
smaller size adipocytes compared to normal and
HFFD group. Figure (3b)shows sections of inguinal
adipose tissue stained with hematoxylin and eosin.
The same as epididymal adipose tissue in normal (1)
and HFFD (lI1) groups. As regards LFD exposed to
cold group (I1) showing scattered beige adipocyte in
between white adipocytes. The morphology of beige
adipocyte shows more abundant spherical nucleus,
with more cytoplasm vacuolation. also, HFFD and
cold exposed group (IV), the inguinal showing

apparent decreased size of the fat cells compared to

3.3.2.

western blot analysis of adipose tissue:

Immune histochemical staining and
As shown in table 2, interscapular fat expression
of UCP1-1
differences between the studied groups as rats

showed statistically significant
received HFFD and were not exposed to cold had
significantly lower UCP-1 expression than LFD
rats, either exposed to cold (p< 0.001) or not
exposed to IC (p< 0.001). Exposure of LFD and
HFFD rats to ICE (group II, IV) resulted in
significant increase of UCP-1 expression as

compared to LFD and HFFD rats which were not

HFFD and relative apparently increases number of
nuclei in inguinal field (beiging).

While figure (3c)shows sections of interscapular
adipose tissue stained with hematoxylin and eosin.
The control normal group (1) showing multilocular
brown adipocyte (cytoplasm more abundant and
vacuolated, the nuclei are numerous and more
centrally situated). On contrary HFFD (llI)
showing whitening (large lipid droplet, nucleus
became at the periphery in some adipocyte). LFD
exposed to cold group (II) and HFFD and cold
exposed group (IV) demonstrating more density
(more nucleus, more vacuolation) compared to
those non exposed to cold.

expressed to cold (p=0.0021; < 0.001). HFFD rats
exposed to ICE showed comparable interscapular
UCP-1 expression to LFD rats not exposed to cold
(p= 0.9). Epididymal fat expression of CD- 137
did not show significant differences between the
studied groups. However, inguinal fat expression
of CD- 137 was significantly increased after
exposure to intermittent cold in both LFD and
HFFD rats (groups 11, IV) (p< 0.001; < 0.001)
(figures 4a, b).
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Figure (3): (a): Sections of epididymal adipose tissue stained with hematoxylin and eosin in the studied groups. (b): Sections of inguinal adipose
tissue stained with hematoxylin and eosin in the studied groups. (c): Sections of interscapular adipose tissue stained with hematoxylin and
eosin in the studied groups.
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Figure (4): (a) Multiple Tukey’s pairwise comparisons for UCP1 expression in interscapular specimen of fat, CD_137 in epididymal specimen
of fat & CD_137 in Inguinal specimen of fat between groups. (b) shows protein bands of UCP1 expression in the four groups. A and B
represent HFFD group, C and D represent HFFD plus cold group, E and F represent LFD group, G and H represent LFDplus cold group

4. Discussion:
The

transformation of white adipose tissue into brown

present study aimed to confirm the
or beige adipose tissue following intermittent cold
exposure and to investigate the role of this brown
adipose tissue in ameliorating disturbed glucose
homeostasis in obese rat model fed high fat and
fructose diet. Also, the study targeted to evaluate
the effect of browning on food intake and body
weight.

Effect of intermittent cold on body weight, food
intake:

In this study, intermittent cold exposure has a
positive effect on rats' body weight and food intake
over time regardless their diet. There is a
significant change in body weight of high-fat diet
group exposed to cold compared to those not
exposed to cold all over the duration of the study.
Also,

significantly higher in weight compared to low fat

low-fat diet rats exposed to cold are

diet group during the period of the study except in
the first week. Hyperphagia was significant in high
and low-fat diet group exposed to cold compared
to those not exposed to cold (in week 3, 4,5 and in
week 4,5respectively). These findings suggest that
while cold-induced BAT activation increases
energy expenditure, the associated increase in food
intake more than this increase in energy
expenditure leading to weight gain. The study did
not assess energy expenditure directly, but this
aligns with McKie et al., who demonstrated that
ICE induced weight gain was energy intake
dependent ™. Cold-induced hyperphagia may be a
central response to cold stress. Zhu et al. reported
that chronic cold exposure in mice fed a high-fat
diet led to greater weight gain compared to those
kept at room temperature, potentially due to
activation of the amygdala. This activation may
stimulate orexigenic neuropeptides, which promote

increased food intake and fat accumulation 2. In
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contrast, Deem et al., observed cold-induced
hyperphagia without weight gain, attributing it to a
balance between energy intake and expenditure 7).
Effect of intermittent cold on metabolic
parameters (Glucose homeostasis):

This study finds that the increase in weight gain
and fat mass seen in cold-exposed rats is not
associated with impaired metabolic parameters
(i.e., fasting glucose and lipids). Moreover,
intermittent cooling ameliorates the disturbance
with a high-fat diet. Intermittent cold exposure
seems to drive a phenotypically healthy expansion
of adipose tissue. Intermittent cold exposure (ICE)
significantly reduced fasting and postprandial
glucose, insulin, and HOMA-IR in high-fat diet
rats, while similar trends were observed in low-fat
diet rats, though not statistically significant. The
glucose-lowering effect was linked to activated
thermogenic adipocytes.

These results align with McKie et al., who found
that ICE improves glucose tolerance, independent
of diet and this could be due to potentiation of
pancreatic glucose-stimulated insulin secretion %,
Becher et al.,also showed that individuals with
brown adipose tissue (BAT) had lower rates of
type 2 diabetes, particularly those with higher
BMI, compared to others without detectable BAT
8] In humans, Blondin et al., reported a reduction
in fasting insulin levels after 4 weeks of cold
exposure ™ and Herz et al., found improved
insulin sensitivity and browning of adipose tissue

in 35% of participants .

However,
Mihalopoulos et al., found no significant links
between BAT activity and metabolic parameters
1 and Zhu et al., observed increased serum
glucose levels and slower glucose clearance in

cold-exposed mice, attributing this to stress-

induced neuropeptide Y (NPY) release, which may
promote adipogenesis and worsen glucose

intolerance 191,

Effect of intermittent cold on metabolic
parameters (Lipid profile):

In the present study, high- fat diet induced
impairment of lipid profile as compared to low- fat
diet rats as serum cholesterol, triglycerides, LDL
were significantly elevated, and HDL was
significantly reduced in high- fat diet rats as
compared to low- fat diet rats. The effect of
intermittent cold on lipid profile derangement was
obvious in the present study as cholesterol,
triglycerides, LDL significantly decreased, and
HDL significantly increased after intermittent cold
in rats received high- fat diet as compared to rats
received high- fat diet without cooling. The lipid-
lowering effect of cooling could be attributed to
activated thermogenic adipocytes. This s
concomitant with a previous study which showed
that obese patients with high BAT exhibited
significantly lower rates of dyslipidemia (18.9%)
as compared to low BAT group. He reported

8 |n addition,

improvements in TG and HDL
Mihalopoulos et al., found that cold-activated
BAT volume correlated with triglycerides
(inversely) . Similarly, Berbée et al., found that
BAT activation consistently reduced plasma total
cholesterol levels 22,

Effect of intermittent cold on thermogenic
adipocytes:

In the current study, Hematoxylin and eosin
staining of interscapular and inguinal adipose
tissue specimen demonstrated appearance of beige
adipocyte with intermittent cold exposure

(multilocular adipocyte with spherical nucleus).
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This comes in line with Sanchez-Gurmaches et
al., work and Zhang et al.,research ** 2. Also,
the present study confirms BAT activation and
browning process through measurement of UCP1
protein expression level using western blot
analysis and immunohistochemical examination
against CD137 a marker for beige fat. The results
demonstrated a significant change in expression of
UCP1 in interscapular fat which is a marker for
brown adipose tissue after intermittent cold
exposure in both high-fat diet and low-fat diet
group. On the other hand, UCP1 expression is
significantly decreased in high fat diet group
compared to normal group. In addition, there is a
significant change in expression of CD137 which
is a marker for beige fat in inguinal fat
(subcutaneous WAT, sWAT) after intermittent
cold exposure in both high-fat diet and low-fat diet
group with obvious increase in low-fat group
exposed to cold than high fat group exposed to
cold. Also, the present work shows that CD137
expression in epididymal fat (visceral WAT,
VWAT) does not show any significant difference
between the 4 groups.

In agreement with present study, the study of
Wang et al., who demonstrated that ICE
upregulated BAT activity and UCP1 levels
%] Similarly in the study of Presby et al., the
level of UCP1 protein expression was significantly
higher in BAT with ICE . Moreover Liang et
al., showed that acute cold stimulation induced the
formation of beige adipocytes in mouse inguinal
fat with an increase of the beige adipocyte marker,
CD137 1. Furthermore, Yoo et al., report
presence of more beige cells in inguinal region

expressing more Ucpl with ICE treatment %1,

On contrary to the present study, Kim et al.,
observed that fish oil intake can induce
significantly increase in UCP1 expression in
classical brown and beige adipocytes via the SNS.
It seems that the source of dietary fat and thus its
fatty acid composition is the cause of the conflict
with this present study ®. In discordance with the
present study also Zhang et al., suggests that after
two weeks of continuous cold exposure, browning
is induced in periovarian adipose tissue (VWAT)
[30].

5. Limitations:

The study had some limitations. One of these
limitations that the study did not explore the
energy expenditure and total body fat distribution
thus, we were not able to have sufficient
explanation for increased body weight after
cooling. Another limitation that the study did not
explore the acute effect of cooling (within hours).
6. Conclusion:

Intermittent cold exposure enhanced the browning
of white adipose tissue, as indicated by increased
expression of beige adipose tissue markers
(CD137) in inguinal fat depots and increase
activity of brown adipose tissue indicated by
uncoupling protein- 1 (UCP1) in interscapular fat
depots. This activation of thermogenic adipocyte
had many beneficial aspects on body metabolism.
Intermittent cold exposure significantly improved
glucose homeostasis in obese rats by enhancing
oral glucose tolerance and reducing fasting insulin
levels. Also, Obesity-induced dyslipidaemia,
characterized by elevated cholesterol,
triglycerides, and LDL levels, alongside reduced
HDL, was significantly ameliorated by intermittent
cold exposure. It is notable that intermittent cold

exposure  effectively induced browning in



Elgendy etal.,

14

subcutaneous fat depots with minimal impact on

visceral adipose tissue (epididymal fat) in terms of

browning marker expression.
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