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Simple Summary: Obesity is a global health concern with numerous associated comorbidities. This
study aims to provide a qualitative assessment of changes that may occur in tissues, organs, and
plasma during the early stages of obesity development and how it may differ between male and
female using a mouse model of diet induced obesity. Notable changes, not previously reported, were
observed in the lungs, liver, kidney, spleen, and heart, which may suggest early signs of developing an
obesity associated comorbidity. Leptin levels with notable sexual dimorphisms changes significantly
in early obesity and was observed to also correlate with insulin levels. Interestingly, males and females
showed different inflammatory cytokine profiles with females exhibiting a more anti-inflammatory
cytokine profile, notably the IL-6/IL-10 axis of cytokine regulation may account for their significantly
lower weight gain compared to males. Thus, this study provides valuable information which may
aid in understanding the development of some obesity associated diseases at the early stages and
could assist in developing effective intervention strategies in males and females.

Abstract: Despite obesity being a major health concern, information on the early clinical changes that
occur in plasma and tissues during obesity development and the influence of sexual dimorphism
is lacking. This study investigated changes in tissue and organ histology, macrophage infiltration,
plasma hormones, lipid, and chemokine and cytokine levels in mice fed on a high fat diet for 11-
weeks. An increase in adiposity, accompanied by adipocyte hypertrophy and macrophage infiltration,
was observed to be significantly greater in males than females. Important changes in cell morphology
and histology were noted in the lungs, liver, kidney, spleen, and heart, which may indicate early
signs for developing obesity associated comorbidities. Leptin, but not adiponectin, was significantly
altered during weight gain. Additionally, leptin, but not adiposity, correlated with insulin levels.
Interestingly, GM-CSF, TNF«, and IL-12 (p70) were not produced in the early stages of obesity
development. Meanwhile, the production of MCP-1, IP-10, RANTES, IL-10, IL-6, KC, and IL-9 were
greatly influenced by sexual dimorphism. Importantly, IL-6/IL-10 axis of anti-inflammatory cytokine
regulation was observed only in females and may account for their significantly lower weight gain
compared to males. This study provides new knowledge on how sexual dimorphism may influence
the development of obesity and associated comorbidities.

Keywords: obesity; adipose tissue; macrophage infiltration; histology; cytokines; sex differences

1. Introduction

Obesity is characterized by the accumulation of excess body fat or adiposity due to
adipocyte hyperplasia (increase in number) or hypertrophy (increase in size). Obesity is
tightly associated with metabolic abnormalities such as prediabetes, insulin resistance,
high plasma triglyceride, low high-density lipoprotein-cholesterol, and non-alcoholic fatty
liver disease, amongst others. The distribution of adipose tissue in obesity has a major
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impact on human health due to its association with numerous comorbidities, such as type
2 diabetes and cardiovascular disease, as well as reduced life expectancy and increased risk
of morbidity and mortality [1-3]. Adipose tissue expansion through adipocyte hypertrophy
leads to a dysfunctional adipose tissue commonly found in obese individuals [4], which
results to adipokine production, adipocyte insulin resistance, macrophage infiltration, and
production of pro-inflammatory factors, as well as release of free-fatty acids (FFA) [5].

Macrophage infiltration is a key feature of adipose tissue dysfunction and occurs in
response to adipocyte necrosis to phagocytose dead or necrosed adipocytes [6,7]. Adipose
tissue hypoxia and the release of FFA that occur during adipose tissue expansion may
also initiate the recruitment of macrophages. These macrophages are of the M1 phenotype
and secrete pro-inflammatory cytokines and chemokines, which further recruits more
macrophages and other immune cells into the adipose tissue [6,7]. As a result, obesity is
associated with a low-grade chronic inflammation characterized by an increase in proin-
flammatory cytokines (IL-6, TNF-«, IL-1x) and a reduction in anti-inflammatory cytokines
(IL-4, IL-10, and IL-13) [8].

Studies aimed at identifying possible interventions or treatment strategies for obe-
sity have made use of diet-induced obesity (DIO) models such as the C57BL/6] mouse
model, which has been used in numerous obesity-related studies [9-11]. A majority of
these in vivo obesity studies have used male animals to investigate the impact of DIO on
adiposity, glucose intolerance, insulin resistance, and inflammation. These studies have
largely focused on the chronic or long-term effects of obesity on the different parameters
analyzed, including the effect on liver and heart morphology [9-11]. Obesity is known to
have a major impact on various organ systems that are associated with some of its comor-
bidities like Type 2 diabetes, cardiovascular disease, pulmonary complications, gallbladder
disease, pancreatitis, non-alcoholic fatty liver disease (NAFLD), and cancer [1,8]. However,
information on how the cell morphology and histology of various organs and tissues with
pathological conditions associated with obesity are affected in the early stages of weight
gain and obesity development, is lacking. Furthermore, considering that obesity and the
associated comorbidities affect both males and females [12], previous studies have shown
bias towards the use of predominantly male animals in investigating these parameters
because of concern in the variability associated with the estrous cycle in females [13]. It is,
therefore, important for future studies in obesity to utilize both sexes to provide a complete
understanding on obesity development and the manifestation of its pathologies, as well as
whether sexual dimorphism could be a contributing factor that influences the development
of such pathologies.

This study, therefore, used both male and female mouse models of DIO to better un-
derstand the influence of sexual dimorphism on obesity development to investigate clinical
changes occurring in the cell morphology and histology of various organs and tissues of the
endocrine, cardiovascular, respiratory, immune, urinary, and digestive systems in the early
stages of weight gain and obesity development. It also evaluated macrophage infiltration into
white and brown adipose tissue and further investigated changes in plasma biochemistry,
and chemokine and cytokine levels that occur in the early stages of obesity development.

2. Materials and Methods
2.1. Diet Induced Obesity Model and Study Design

This study was approved by Faculty of Health Sciences Research Ethics Committee
and the Animal Ethics Committee, University of Pretoria (protocol no. 209/2019 and
379/2020). The study used 14-17-week-old male and female C57BL/6] mice from The Jack-
son Laboratory (Bar Harbour, ME, USA). A total of 32 mice (14 males and 18 females) were
used. The mice were housed in the animal unit at the Onderstepoort Veterinary Animal
Research Unit (OVARU), University of Pretoria, that was maintained at a temperature of
22 °C (£2 °C), relative humidity of 50% (£20%) and a 12-h light-dark cycle. Mice were
randomly divided into two experimental groups (16 mice per group), weighed, and fed
on either a high fat diet (HFD), 60% kcal fat; D12492, or a nutrient matched control diet
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(CD), 10% kcal fat; D12450] obtained from Research Diets (New Brunswick, NJ, USA) for a
duration of 11 weeks. Measurements of body weight, and food and calorie intake were
obtained weekly.

2.2. Intraperitoneal Glucose Tolerance Test

An intraperitoneal glucose tolerance test (GTT) was performed in mice at week 3 and
9. Mice were fasted for 4 h prior to an intraperitoneal administration of 1.5 mg/g body
weight glucose solution (Sigma-Aldrich, St. Louis, MO, USA). Baseline measurement of
glucose concentration was completed prior to intraperitoneal administration of glucose
(0 min) and at 15, 30, 60, 90, and 120 min after administration of glucose. Blood samples
were collected by a needle prick of the tail vein at each time point to determine glucose
concentration (mmol/L) using a glucometer (Accu-Chek®, Roche Diabetes Care, Pretoria,
South Africa).

2.3. Organ and Tissue Harvesting

Mice were terminated by isoflurane overdose and blood was collected in EDTA tubes
via cardiac puncture during the termination procedure for plasma isolation. The following
organs and tissues were harvested from each mouse upon termination: white adipose tissue
from the posterior subcutaneous depot (inguinal region) and perigonadal visceral depot,
interscapular brown adipose tissue, adrenal glands, heart, spleen, thymus, lung, kidneys,
liver, pancreas, and gastrocnemius muscle. All organs and tissues collected were weighed
and processed for light microscopy (hematoxylin and eosin) and immunohistochemistry.

2.4. Cell Morphology and Histology of Organs and Tissues

Harvested organs and tissues were immediately placed in 10% neutral buffered for-
malin solution for processing following a standard protocol which involves embedding the
organs and tissues in paraffin (formalin fixed paraffin embedded; FFPE), after which 3 pm
thick sections were made and mounted on microscope slides. The slides were stained with
hematoxylin and eosin using an automatic slide stainer (Leica, Microsystems, Newcastle,
UK), and the sections were viewed using a Zeiss AXIO Imager M2 light microscope (Carl
Zeiss Microscopy, Munich, Germany).

2.5. Immunohistochemistry

FFPE sections were deparaffinized using xylene following an overnight incubation at
54 °C. The sections were then rehydrated through a series of decreasing EtOH concentra-
tions and washed with distilled water. The sections were treated with 3% (w/v) hydrogen
peroxide (H,O,; Sigma-Aldrich, St. Louis, MO, USA) in methanol for 5 min at 37 °C to
block endogenous peroxidase activity. Antigen retrieval with citrate buffer (pH 6.1; Dako
Target Retrieval Solution 51699, Dako, Carpinteria, CA, USA) was then performed using a
heat induced retrieval method in a Retriever unit 2100 (Electron Microscopy Sciences, Hat-
field, PA, USA). Phosphate buffered saline (PBS)/Tween buffer (Sigma-Aldrich, St. Louis,
MO, USA) was used to wash the sections followed by incubation with 5% goat serum (Dako
X0907, Dako, Carpinteria, CA, USA) at room temperature (RT) for 30 min. The samples
were stained with F4/80 monoclonal rat anti-mouse antibody (BM8) (eBioscienceTM, San
Diego, CA, USA) at 1:100 dilution and incubated overnight at 4 °C in a humid chamber.
The stained sections were washed with PBS/Tween, followed by a 30 min incubation (RT)
with goat anti-rat IgG (H+L) secondary antibody, horseradish peroxidase (HRP) at a 1:200
dilution (eBioscienceTM, San Diego, CA, USA). The stained sections were washed and
developed with 3,3’-diaminobenzidine (DAB)/HRP development reagent for 15 min. The
sections were then counterstained with hematoxylin and washed followed by dehydration
through a graded series of EtOH, and then xylene. The slides were mounted with DPX
permanent mounting medium. The sections were viewed using a Zeiss AXIO Imager M2
light microscope. Mouse liver was used as the positive control, while the negative control
was PBS buffer in place of the antibody.
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2.6. Measurements of Plasma Hormones and Lipid

Plasma leptin, adiponectin, cholesterol, and insulin were measured in both CD and
HFD mice using the following commercially available kits; the Quantikine® ELISA mouse
Leptin Immunoassay kit (Catalog No: MOB00; R & D Systems, Minneapolis, MN, USA), the
Quantikine® ELISA mouse Adiponectin/Acrp30 Immunoassay kit (Catalog No: MRP300,
R & D systems, Minneapolis, MN, USA), cholesterol assay kit (Catalog No: ab65390; Ab-
cam, Cambridge, MA, USA) and mouse insulin (INS) ELISA kit (Catalog No: E-EL-M1382;
Elabscience®, Houston, TX, USA), respectively, following the manufacturer’s protocol. A
microplate scanning spectrometer (BioTek instruments Inc., Highland, CA, USA) was used
to measure the optical density for the leptin (450 nm, wavelength correction: 540 nm—
570 nm), adiponectin (450 nm, wavelength correction: 540 nm-570 nm) and insulin
(450 nm) assays. A fluorometric detection method was used to measure total cholesterol,
and optical density (570 nm) was measured on a luminescence spectrometer.

2.7. Plasma Cytokine Analysis

The Milliplex® MAP Mouse Cytokine/Chemokine Magnetic Kit 25 plex (Cat: MCYTO
MAG-70K-PMX; Merck, Darmstadt, Germany) was used according to the manufacturer’s
protocol to measure the following 25 chemokines and cytokines: granulocyte colony
stimulating factor (G-CSF), granulocyte-macrophage colony stimulating factor (GM-CSF),
interferon gamma (IFN-vy), interleukin 1 alpha (IL-1«x), IL-13, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, interferon- y inducible protein 10
(IP-10), keratinocyte chemoattractant (KC), monocyte chemoattractant protein 1 (MCP-1),
macrophage inflammatory protein 1 alpha (MIP-1«), macrophage inflammatory protein
1 beta (MIP-1§3), macrophage inflammatory protein 2 (MIP-2), regulated on activation
normal T cell expressed and secreted (RANTES) and tumor necrosis factor alpha (TNF-«).
Standards (2000 pg/mL, 400 pg/mL, 80 pg/mL, 16 pg/mL, and 3.2 pg/mL) and controls
were prepared as described in the manufacturer’s protocol and transferred into separate
wells on a 96 well plate. Samples were diluted with Assay buffer at a 1:2 ratio. Serum
matrix was added to the background, standards, and control wells. To the sample wells,
25 pL of Assay buffer was added before the addition of the diluted samples. Premixed
cytokine and chemokine antibody-immobilized magnetic beads were added and incubated
overnight. The following day, the plate was washed using wash buffers supplied in the kit.
Detection antibodies were added, and the plate was incubated for 1 h at room temperature.
Streptavidin-phycoerythrin was added to each well and the plate was incubated for 30 min
at RT. The plate was washed, and the beads were resuspended in sheath fluid. The plate
was read on the Bio-Plex™ 200 system (Bio-Rad, Johannesburg, South Africa). A standard
curve was plotted, and the concentrations of chemokines and cytokines were determined
or inferred from optical density values and compared between CD and HFD groups.

2.8. Statistical Analysis

Results are expressed either as mean =+ standard deviation (SD) or mean =+ standard
error of the mean (SEM). Statistical analyses of measurements between the HFD and
CD groups, as well as between males and females, were performed using GraphPad
Prism version 7 (GraphPad Software Inc., San Diego, CA, USA). A two-tailed unpaired
Student’s t-test was used to determine the difference between means. Two-way ANOVA
was used to perform multiple comparison within groups followed by the Bonferroni post-
test. Differences between means were considered statistically significant at p < 0.05. A
qualitative analysis of the histology of organs and tissues were performed by comparing
the CD and HFD groups. Quantitative analysis of the organ and tissue sections was carried
out using image analysis program, Image] 1.52v, Java (http:/ /imagej.nih.gov /ij; accessed
on 14 October 2020). Image] was used to measure cell number, cross sectional area, as well
as quantifying macrophage infiltration by measuring the positively stained area per high
power field (n = 5 high power field per sample).
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3. Results
3.1. Males Are More Susceptible to DIO and Showed High Level of Glucose Intolerance Compared
to Females

Over the 11-week period, mice on HFD gained significantly more weight (p < 0.0001)
compared to those on CD starting from week 3 (Figure 1A) and this was observed in
both sexes (Females: p = 0.0004; Males: p < 0.0001) (Figure 1B). The average total weight
gained on HFD was 7.86 g + 1.14 (37.85% =+ 4.913) and 17.86 g & 2.446 (73.04% =+ 6.386) in
females and males, respectively. Interestingly, males gained significantly more weight than
females on both CD and HFD (CD: p = 0.0003 and HFD: p < 0.0001), which was evident
with a notably larger phenotype and fat accumulation than in females (Supplementary
Figure S1). Average weekly food intake was similar in males and females on either CD or
HEFD; however, the caloric intake was significantly higher in the HFD animals (females:
p = <0.0001; males: p < 0.0002) (Supplementary Table S1). Importantly, HFD males gained
significantly (p = 0.0124) more weight than HFD females (Figure 1B) despite no significant
difference in their caloric intake (Supplementary Table S1). Furthermore, the weight gained
in HFD males was accompanied by a significantly greater mass of inguinal and perigonadal
WAT (iWAT, p = 0.007; pWAT, p = 0.038) as well as liver mass (p < 0.01) compared to HFD
females, while there was no difference in the weight of all the other organs (data not shown).
Additionally, the glucose tolerance in animals at week 3 and week 9 were similar, however,
HFD animals displayed greater levels of glucose intolerance compared to the CD animals
and this was more evident in males than females at both week 3 and week 9 (Figure 1C,D).
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Figure 1. Weight gained in CD and HFD animals over the 11-week period. HFD animals gained significantly more weight

than CD animals, (A). HFD

females and males gained significantly more weight than CD females and males, respectively.

Additionally, HFD males gained significantly more weight than HFD females, (B). The area under the curve for a glucose
tolerance test conducted at week 3, (C) and week 9, (D) showed HFD males and females displayed glucose intolerance,
which was greater in the HFD males. Key: ** Significant difference between CD and HFD animals, p < 0.05. *** Significant
difference between CD and HFD animals, p < 0.001.* Significant difference between CD male and CD female, p < 0.05. #
Significant difference between CD female and HFD female, p < 0.05. ¥ Significant difference between CD male and HFD

male, p < 0.05. € Significant

difference between HFD female and HFD male, p < 0.05.
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3.2. Significant Changes in Cell Morphology and Histology Occur Early in Obesity Development

Inguinal white adipose tissue (iWAT) from HFD animals was significantly larger
(Figure 2A) in both males (p = 0.018) and females (p = 0.0002), compared to their control
counterparts. Both HFD females (Figure 2B,F) and males (Figure 2B,G), showed significant
(p = 0.0001) adipocyte hypertrophy compared to the CD females (Figure 2B,D) and males
(Figure 2B,E). Interestingly, the males displayed significantly greater adiposity (p = 0.001)
and adipocyte hypertrophy (p = 0.0001) than females on HFD, while on CD, males displayed
significantly larger (p = 0.0001) adipocytes than females (Figure 2B). Adipocyte hypertrophy
in HFD animals was accompanied by a significant increase in macrophage infiltration in
adipose tissues, especially in males (Figure 2C,H-K). Similar observations were made in
perigonadal adipose tissue (pWAT), with greater adiposity (Figure 3A, Females: p = 0.043;
Males: p = 0.01) and adipocyte hypertrophy (Figure 3B,D-G; p < 0.0001) in HFD animals,
especially in HFD males. Macrophage infiltration in pWAT was only observed in HFD
animals, and was significantly greater (p < 0.0001) in males (Figure 3C,H-K). Adipocyte
expansion was also evident in the interscapular BAT (Figure 4A-D) of HFD animals,
with HFD males displaying a greater extent of adipocyte expansion (Figure 4D). Interest-
ingly, macrophage infiltration was only observed in males of both experimental groups
(Figure 4FH) and was significantly greater (p = 0.0036) in HFD males (Figure 4I,E-H).
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Figure 2. Histology and immunohistochemistry of iWAT sections. Weight of iWAT sections, (A); cross sectional area of
adipocytes, (B); and F4/80+ macrophage-stained area, (C). Histological sections showing adipocyte sizes in CD females,
(D); CD males, (E); HFD females, (F); and HFD males, (G). Adipocyte hypertrophy was evident in HFD males and females,
compared to the CD males and females. F4/80+ immunostained sections from the CD females, (H); CD males, (I); HFD
females, (J); and HFD males, (K). Macrophage infiltration (black arrow) was evident in CD females, (H); HFD females, (J);
and HFD males, (K). No macrophages were observed in CD males, (I). Significantly greater macrophage infiltration was
observed in HFD animals. * Significant difference between CD females and CD males, p < 0.05. # Significant difference
between CD female and HFD female, p < 0.05. ¥ Significant difference between CD male and HFD male p < 0.05. € Significant
difference between HFD female and HFD male, p < 0.05. Mean =+ SD. Scale bar: 100 pum.
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Figure 3. Histology and immunohistochemistry of pWAT sections. Weight of pWAT sections, (A); cross sectional area of
adipocytes, (B); and F4/80 macrophage-stained area, (C). Adipocyte hypertrophy was evident in HFD males, (G) and
females, (F) compared to CD males, (E) and female, (D), respectively. F4/80+ immunostained sections from the CD females,
(H); CD males, (I); HFD females, (J); and HFD males, (K). Macrophage infiltration (black arrow) was evident only in the
HFD females, (J); and males, (K); no macrophages were observed in the CD females, (H); and males, (I). A significantly
greater macrophage infiltration was observed in the HFD males compared to HFD females, (C). * Significant difference
between the CD females and CD males, p < 0.05. # Significant difference between CD female and HFD female, p < 0.05.
¥ Significant difference between CD male and HFD male p < 0.05. € Significant difference between HFD female and HFD
male, p < 0.05. Mean =+ SD. Scale bar: 100 pm.

Microvesicular liver steatosis presenting as small lipid vacuoles (black arrow) lying
within the hepatocytes (Figure 5A-D) was evident in the liver of HFD females (Figure 5C)
and males (Figure 5D), but not in CD females (Figure 5A) and males (Figure 5B). In the HFD
group, the males presented with a greater degree of steatosis, with larger lipid vacuoles
(white arrow) diffused throughout the sections (Figure 5D). The presence of macrophages
was observed in all animals, CD females (Figure 5E), CD males (Figure 5F), HFD females
(Figure 5G) and HFD males (Figure 5H) with no significant difference observed across all
the experimental groups (Figure 5I).
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Figure 4. Histology and immunohistochemistry of BAT. Histological sections showing adipocytes in BAT of CD females,
(A); CD males, (B); HFD females, (C); and HFD males, (D). Adipocyte expansion was evident in the HFD males, (D) and
females, (C) compared to the CD males, (B) and females, (A). F4/80+ immunostained sections from CD females, (E); CD
males, (F); HFD females, (G); and HFD males, (H). Macrophage infiltration (black arrow) was only evident in males on
CD, (F) and HFD, (H) with the HFD males displaying a significantly greater extent of macrophage infiltration, (I). No
macrophages were observed in the females on either CD, (E) or HFD, (G). ¥ Significant difference between CD male and
HFD male p < 0.05. Mean =+ SD. Scale bar: 100 pm.

Figure 5. Cont.
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Figure 5. Histology and immunohistochemistry of liver tissues. Histology of liver sections harvested from CD females,
(A); CD males, (B); HFD females, (C); and HFD males, (D). Microvesicular steatosis (black arrow) characterized by the
accumulation of lipid droplets in the hepatocytes (h) was evident in the HFD animals (C,D), more prominently in the HFD
males (D) with larger lipid vacuoles (white arrow) present. F4/80+ immunostained sections from the CD females, (E); CD
males, (F); HFD females, (G); and HFD males, (H); showed positive staining (black arrow) in all groups, with no significant
difference being observed; (I). Mean =+ SD. Scale bar: 100 pm.

Alterations such as partial enlargement of myocardial fibers and of surrounding
fibrocollagenous tissue (black arrow), as well as visible lipid droplets (arrowhead) lying
between the myocardial fibers was evident in both HFD females (Figure 6C) and males
(Figure 6D), but not in CD females (Figure 6A) and males (Figure 6B). The alterations
observed in HFD animals was greater in males than females. No macrophages were
detected in any of the experimental groups (Figure 6E-H).

Figure 6. Histology and immunohistochemistry of heart tissue. Histology of heart tissue from CD females, (A); CD males,
(B); HFD females, (C); and HFD males, (D); showed enlarged myocardial fibers and surrounding fibrocollagenous tissue
(black arrow) in HFD animals as well as lipid droplets (arrowhead) that lies between the myocardial fibers in the HFD
animals. These features were more prominent in HFD males. F4/80+ immunostained sections from CD females, (E); CD
males, (F); HFD females, (G); and HFD males, (H); showed the absence of macrophages in heart tissues of all experimental

groups. Scale bar: 100 um.

Histology of lung tissue revealed the presence of adipocytes (black arrow) surround-
ing the pulmonary vasculature in all animals (Figure 7A-D), however, this was more
prominent and covered a larger section of tissue in the HFD groups (Figure 7C,D). In HFD
animals, lipid accumulation (arrowhead) was also observed in the smooth muscle layer
of the pulmonary artery (Figure 7E-H). This was prominent and visible in HFD females
(Figure 7G) and males (Figure 7H) but more so in males.
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Figure 7. Histology of lung tissue harvested from animals on CD and HFD. CD females, (A); CD males, (B); HFD females,
(C); and HFD males, (D); illustrates the pulmonary vasculature (bronchiole, pulmonary artery, or vein) surrounding

adipocytes (black arrow). Adipocytes were larger and more prominent in the HFD groups (C,D) than CD (A,B). The
pulmonary artery of CD females, (E); CD males, (F); HFD females, (G); and HFD females, (H); shows lipid accumulation
(arrowhead) in the smooth muscle layer, which was evident in the HFD groups (G,H), particularly in HFD males, (H). Scale

bar: 100 um.

Kidney tissues from CD females (Figure 8A), CD males (Figure 8B), HFD females
(Figure 8C) and HFD males (Figure 8D) showed significant enlargement of the Bowman'’s
space (Figure 8E) in both HFD females (p < 0.0001) and HFD males (p = 0.0009), while sig-
nificant enlargement of the glomerular area (p = 0.033; Figure 8F) and Bowman’s capsule
(p < 0.0001; Figure 8G) was only evident in HFD males. Lipid accumulation in the lining
and wall of the renal tubules (black arrow) was clearly visible in HFD males (Figure 8D). It
was also noted that CD females displayed a significantly larger glomerular area (p = 0.0261;
Figure 8F) and Bowman'’s capsule (p = 0.0041; Figure 8G) compared to CD males, while CD
males displayed a significantly larger (p < 0.0001) Bowman’s space compared to CD females.

Analysis of the spleen (red pulp) revealed cell swelling and necrosis (black arrow) in
both HFD females (Figure 9C) and males (Figure 9D) but not in CD females (Figure 9A)
and males (Figure 9B). Fibrotic lesions (arrowhead) were also observed in HFD animals,
with larger and more prominent lesions visible in males than females. In the pancreas,
the cross-sectional area of the islets of Langerhans in CD females (Figure S2A), CD males
(Figure S2B), HFD females (Figure S2C) and HFD males (Figure S2D) showed that of HFD
males was significantly smaller than those in CD males (Figure S2E). Enlargement of the
pancreatic acinar cells (black arrow) was also evident in HFD males only (Figure S2D), with
partial thickening of the fibrocollagenous septa (arrowhead) (Supplementary Figure S2). Al-
terations observed in the thymic tissue includes diffused lymphocyte necrosis (arrowhead)
and prominent macrophages (black arrow), which were observed in the thymic cortex of
HEFD animals, particularly in HFD males (Figure S3A-D). Epitheliocyte swelling (white
arrow) was also evident in both HFD females (Figure S3G) and males (Figure S3H) but was
more prominent in males (Supplementary Figure S3). Alterations to the adrenal glands
includes partial enlargement of the cells of the zona fasciculata in HFD animals which
was more prominent in males. Chromalffin cells making up the adrenal medulla appeared
enlarged in HFD males with a foamy-like appearance (Supplementary Figure S4). Gastroc-
nemius muscle showed fat accumulation within the perimysium which was observed only
in HFD females and males (Supplementary Figure S5).
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Figure 8. Histology of kidney tissue harvested from CD females, (A); CD males, (B); HFD females, (C); and HFD males,
(D); showing the glomeruli (Gl), Bowman’s space (BS), Bowman’s capsule (BC), surrounding proximal convoluted tubules
(PCT) and distal convoluted tubules (DCT). Cross-sectional area of Bowman'’s space, (E); glomeruli, (F); Bowman'’s capsule,
(G); measured from CD females, CD males, HFD females, and HFD males. The HFD females displayed a significantly
enlarged Bowman'’s space compared to CD females, E while HFD males displayed significantly enlarged glomerular area,
F Bowman’s space, E and Bowman’s capsule, G compared to CD males. Lipid accumulation (black arrow) in the lining
and wall of the renal tubule was evident in HFD males, (D). * Significant difference between CD females and CD males.
# Significant difference between CD female and HFD female. ¥ Significant difference between CD male and HFD male.
€ Significant difference between HFD female and HFD male. p < 0.05. Mean =+ SD. Scale bar: 100 pm.

Figure 9. Histology of the spleen harvested from CD females, (A); CD males, (B); HFD females, (C); and HFD males, (D)
showing the red pulp of the spleen, consisting of the parenchyma and surrounding sinusoids. HFD females, C and males, D
displayed cell swelling and necrosis (black arrow), and visible fibrotic lesions (arrowhead). The fibrotic lesions were more
prominent and larger in the HFD males. Scale bar: 100 um.

3.3. Leptin Levels Are Significantly Altered in the Early Stages of Obesity Development

Both females and males on HFD displayed a significantly higher plasma leptin con-
centration compared to females (p = 0.0003) and males (p = 0.0003) on CD, respectively.
HFD males displayed a significantly higher (p = 0.0005) plasma leptin concentration than
HFD females (Figure 10A). There was no significant change in plasma adiponectin concen-
tration between the HFD and CD animals of both sexes (Figure 10B). However, females
displayed significantly higher adiponectin levels than male on either CD or HFD (CD:
p = 0.0002; HFD: p = 0.0013). Measurement of plasma insulin (Figure 10C) and total choles-
terol concentration (Figure 10D) revealed minor changes which were not significantly
different between the CD and HFD animals of both sexes.
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Figure 10. Plasma leptin concentration (pg/mL), (A); plasma adiponectin concentration (ng/mL), (B); plasma insulin
concentration (pg/mL), (C); and total cholesterol (ug/uL), (D); measured in CD females, CD males, HFD females and HFD
males. * Significant difference between the CD females and CD males, p < 0.05. # Significant difference between CD female
and HFD female, p < 0.05. ¥ Significant difference between CD male and HFD male p < 0.05. € Significant difference between
HFD female and HFD male, p < 0.05. Mean =+ SD. Black circle, triangle and square represent individual data points in the
different categories CD females, CD males, HFD females and HFD males on the x-axis.

3.4. Inflammatory Cytokine Profile in Males and Females Differ in the Early Stages of
Obesity Development

The effect of DIO on plasma chemokine and cytokine concentrations was assessed. The
chemokines MCP-1 (Figure 11A, Supplementary Table S2) and MIP-2 (Figure 11B, Supple-
mentary Table S2) were only detected in the HFD group, while MCP-1 was only detected in
HFD males, MIP-2 was detected in both HFD males and females, with a higher concentration
in males. The HFD animals displayed a higher concentration of IP-10, particularly the HFD
females which displayed a significantly higher (p = 0.006) concentration of IP-10 than their
control counterparts (Figure 11C, Supplementary Table S2). Only HFD females displayed
a significantly higher (p = 0.006) concentration of RANTES than CD females, with males
showing no difference between HFD and CD (Figure 11D, Supplementary Table S2). HFD
males displayed a significantly higher concentration of KC than HFD females (p = 0.0002) as
well as when compared to CD males (p = 0.006) (Figure 11E, Supplementary Table S2). On
average, males displayed higher concentrations of KC than females when on either a CD or
HEFD. No significant difference was observed in MIP-1« (Figure 11F, Supplementary Table S2)
and MIP-133 (Figure 11G, Supplementary Table S2).

From the anti-inflammatory cytokines measured, IL-10 was significantly higher
(p = 0.046) in HFD animals compared to those on CD, and this difference was only signifi-
cant in females (p = 0.036) (Figure 11H, Supplementary Table S2). Interestingly, CD males
showed higher levels of IL-10 than females, which did not change significantly during
weight gain on HFD (Supplementary Table 52). G-CSF (Figure 111, Supplementary Table S2)
was significantly lower in HFD males compared to CD males (p = 0.0195). Conversely, the
concentration of G-CSF in HFD females was higher than in CD females. IL-5 was higher in
HFD females than CD females, as well as when compared to HFD males, while there was
no difference between the males on CD and HFD (Figure 11], Supplementary Table 52). No
significant difference was observed in IL-4 (Figure 11K, Supplementary Table S2) and IL-13
(Figure 11L, Supplementary Table S2) in both females and males between HFD and CD.
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Figure 11. Chemokines, anti-inflammatory and pro-inflammatory cytokines levels in HFD and CD animals. MCP-1, (A);
MIP-2, (B); IP10, (C); RANTES, (D); KC, (E); MIP-1«, (F); MIP-1p, (G); IL-10, (H); G-CSF, (I); IL-5, (J); IL-4, (K); IL-13, (L);
IL-15, (M); IL-9, (N); IL-6, (O); IFN-y, (P); IL-1«, (Q); IL-1B, (R); IL-2, (S); IL-7, (T); IL-12 (p40), (U); and IL-17, (V). The
graphs display the cytokines measured in CD females, CD males, HFD females and HFD males. * Significant difference
between the CD females and CD males, p < 0.05. # Significant difference between CD female and HFD female, p < 0.05. ¥
Significant difference between CD male and HFD male p < 0.05. € Significant difference between HFD female and HFD
male, p < 0.05. Mean = SD. Black circle, triangle and square represent individual data points in the different categories CD
females, CD males, HFD females and HFD males on the x-axis.
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From the pro-inflammatory cytokine profile, IL-15 was detected only in the HFD
group and was higher in males (Figure 11M, Supplementary Table S2). Only HFD males
displayed a significantly higher (p = 0.02) concentration of IL-9 compared to their control
counterparts (Figure 11N, Supplementary Table S2). Interestingly, IL-9 expression was
infrequent in females of both experimental groups. HFD females displayed a significantly
higher (p = 0.036) concentration of IL-6 compared to CD females, with no difference being
observed between males on HFD and CD (Figure 110, Supplementary Table S2). It was
also noted that, in the CD group, males displayed a significantly higher (p = 0.03) baseline
concentration of IL-6 compared to females. Insignificant differences were observed in
IFN-y (Figure 11P, Supplementary Table S2), IL-1« (Figure 11Q, Supplementary Table S2),
IL-1p (Figure 11R, Supplementary Table S2), IL-2 (Figure 11S, Supplementary Table S2),
IL-7 (Figure 11T, Supplementary Table S2), IL-12 (p40) (Figure 11U, Supplementary Table
52), and IL-17 ((Figure 11V, Supplementary Table S2) in both females and males between
HFD and CD. GM-CSF, TNF«, and IL-12 (p70) were not detected in either the CD or HFD
groups (Supplementary Table S2).

4. Discussion

Obesity is a major health concern and is associated with various comorbidities that
affect different organ and tissue systems, reducing life expectancy and increasing the risk
of morbidity and mortality [1-3]. Most studies designed to combat obesity have focused
on exploiting the process of fat cell formation (adipogenesis) by identifying important
molecular factors which could be used as potential targets to regulate adipogenesis [14-16]
with the hope of combating obesity. However, not much is known about the changes in
plasma concentrations of important mediators, as well as in organs and tissues morphology
during the early stages of obesity development which may contributes to defining an
obese environment, and whether sexual dimorphism is a contributing factor. This study
has, therefore, used male and female C57BL/6] mouse model of DIO to investigate the
changes that occur in various organs and tissues, as well as in plasma hormones, lipids,
chemokines and cytokines during the initial period of weight gain (11 weeks) leading to
obesity development in both males and females.

The average food consumption per week for females and males on either CD or
HFD was similar. However, the caloric intake for both females and males on HFD was
significantly higher than their respective counterparts on CD. This translated to a signif-
icant weight gain in both females and males on HFD, which is consistent with previous
reports [9,11,17,18]. Interestingly, males on HFD gained significantly more weight than
females on HFD despite no difference in the amount of food consumed or amount of energy
intake. This indicates males are more susceptible to developing DIO than females and
suggests energy and fat metabolic processes are influenced by sexual dimorphism, which
may account for the significant difference in weight gain between females and males. Other
in vivo studies have highlighted that male are more susceptible to DIO and that the effects
of DIO persist in females in the later stages [17,19-21]. Significant weight gain in HFD
animals was associated with increased glucose intolerance at both week 3 and 9. This was
more evident in males than females. Increased glucose intolerance or prediabetic conditions
are associated with weight gain and obesity, and this study shows the development of this
metabolic condition is evident in the early stages of obesity development.

A significant increase in adipocyte hypertrophy in iWAT and pWAT was evident
in HFD animals. This was more evident in males, which displayed significantly larger
adiposity and adipocyte sizes than females. Thus, it was clear that DIO leads to adipocyte
hypertrophy, which is seen as an adaptive response to excess calorie intake [22]. Adipocyte
hypertrophy is a common feature of obesity and is responsible for adipose tissue dysfunc-
tion, hypoxia, necrosis, and an inflammatory response, leading to adipokine release and
macrophage recruitment [6,7,23]. Increased macrophage infiltration was observed in iWAT,
pWAT, and BAT of HFD animals, with males displaying significantly more macrophages,
thus indicating a clear association between adipocyte size and macrophage infiltration in
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obesity development. Adipocyte expansion or “whitening” of the BAT was also observed
in HFD animals. This phenomenon was more prominent and evident in the HFD males.
Macrophage infiltration was, however, only evident in males and was significantly greater
in HFD males. It is not clear why macrophages were only detected in males, but it is clear
that BAT “whitening” leads to macrophage infiltration.

Micro-vesicular liver steatosis was observed in HFD animals, more extensively in
males, and this was accompanied by a significant increase in liver weight in males compared
to females on HFD. An increase in adipocyte hypertrophy may lead to a greater amount
of free fatty acids (FFA) being released into circulation, which is taken up by the liver,
thereby leading to the steatosis observed. Liver steatosis is commonly associated with
obesity, and it is a key feature of non-alcoholic fatty liver disease [24]. Steatosis occurs as a
result of greater fatty acid uptake and de novo fatty acid synthesis [25]. It is thus evident
that liver steatosis presents in the early stages of weight gain, and further strengthens the
link between adipocyte hypertrophy and steatosis in obesity. Assessment of macrophage
infiltration as a result of increased steatosis revealed no significant difference between any
of the experimental groups, which suggest that either macrophage infiltration does not
occur during these early stages or that since macrophages are resident cells of the liver
(Kupfer cells), it is macrophage activation rather than infiltration which may occur [26]. This
however requires further investigation to determine the proportion of M1/M2 macrophages
present in the respective groups.

Signs of glomerular hyperfiltration, such as an increase in glomerular area and volume,
and Bowman’s space, were noted in HFD animals. Glomerular hyperfiltration is suggested
to be the link between obesity and kidney abnormalities or diseases [27,28]. Additionally,
lipid accumulation in the renal tubules was also observed, which has previously been
described [27]. Thus, it is evident that important changes occur in kidney structure which
may affect its function early in obesity development.

Spleen tissue from HFD animals showed cell swelling and necrosis, and sinusoid
dilatation in the red pulp. Fibrotic lesions were also observed in both females and males
on HFD but were more prominent and extensive in males. Although these observations
are common features of splenomegaly or spleen enlargement [29], a primary feature is an
increase in splenic weight which was not observed in the current study. Splenic enlargement
is found to persist in the chronic stages of obesity (long-term feeding) [30]. Based on the
observations in the current study, it is suggested that the initial effects of DIO on the spleen
may include necrosis, sinusoid dilatation and fibrosis, which may later result in splenic
enlargement. Intermuscular fat infiltration was observed in the gastrocnemius muscle of
HFD animals, and is a common feature in obesity, primarily occurring during adipose tissue
expansion [5,7]. This was more evident in males than females on HFD and suggests that this
occurs very early in obesity development. Previously reported effects of obesity on the heart
include cardiac hypertrophy, lipid accumulation and fibrosis [31]. However, in the current
study minor alterations to the heart were observed in HFD animals, which included slight
enlargement of myocardial fibers, thickening of the fibrocollagenous tissue and visible lipid
vacuoles. No macrophages were detected in the heart tissue, thus suggesting the impact
on heart tissue in this regard in the early stages of obesity and weight gain is minimal. The
same can be said regarding the pancreas, thymus, and adrenal glands, where only minor
alterations were observed. The accumulation of fat in the airways of obese individuals
has recently been described [32]. Interestingly, in our study we observed fat accumulation
surrounding the pulmonary vasculature and lipid accumulation within the smooth muscle of
the pulmonary artery, which to our knowledge has not been described in the context of DIO.
The accumulation of fat and lipids within or surrounding the pulmonary vasculature may
affect the function of these vessels, leading to pulmonary arterial hypertension, which is a
common feature of obesity. Thus, this finding may assist in understanding the development
of pulmonary complications associated with obesity. Our study unequivocally shows that
DIO caused significant clinical changes in cell morphology and histology of various organs
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and tissues in HFD animals, which may help in our understanding of the development of
some obesity associated pathological conditions.

Changes in plasma adipokine and cytokine levels have been reported in obesity [33];
however, there are a limited number of reports on how these plasma analytes are altered
during weight gain and the influence of sexual dimorphism on them. Hyperleptinemia was
evident in both HFD females and males, which is consistent with previous studies [33-36].
Leptin is primarily produced by adipocytes and is proportional to adipose tissue mass, and
this was evident in the current study with the HFD males, which displayed significantly
higher levels of leptin compared to females. Measurement of adiponectin revealed no
significant difference between HFD and CD animals of both sexes. It has been suggested
that changes in adiponectin becomes apparent in the later stages of obesity and are largely
influenced by insulin resistance [33,37]. Adiponectin expression was also found to be
sexually dimorphic, with females displaying a significantly higher concentration than
males on either CD or HFD. There was no significant difference in plasma insulin and total
cholesterol concentrations between the HFD and CD groups of both sexes, suggesting that
significant changes in these analytes may only be apparent in the later stages of obesity. It
was noted that plasma insulin levels were lower in animals on HFD compared to those
on CD, which is contradictory to many studies that have reported increase insulin levels
in obesity [18,38]. Conversely, other studies have reported leptin to reduce circulating
glucose and insulin levels, as well as improve insulin sensitivity, and that these actions are
independent of body weight [39-41]. Additionally, HFD animals have been reported to
display significantly higher insulin levels only after 14 weeks on HFD [33], which was not
attained in the current study. Therefore, the hypotheses that insulin levels only increase
after long-term feeding on HFD (increased adiposity) and that leptin reduces insulin
levels, are seemingly possible. We investigated both adiposity and leptin to decipher the
relationship between adiposity, leptin, and insulin levels and whether sexual dimorphism
plays a role.

Considering adiposity to be a factor that may influence insulin levels, it was observed
that HFD males with significantly higher adiposity than CD males did not have higher
levels of plasma insulin, as would have been expected should adiposity have been a deter-
mining factor at this stage. This suggests that factors other than adiposity may influence
plasma insulin levels in periods of early weight gain. Interestingly, when considering leptin
as a determinant for insulin levels, CD males displayed significantly lower leptin levels
than HFD males, and this was observed to correlate inversely with insulin levels. This
important observation suggests that plasma leptin could be a more important factor in
regulating insulin levels rather than adiposity per se in the early stages of weight gain,
and that this effect is more visible in males than females particularly when on HFD (effect
resulting from DIO). Therefore, in the current study, the significantly higher levels of leptin
in HFD compared to CD animals may have led to the decrease in plasma insulin levels
observed in HFD.

The impact of DIO on chemokine and cytokine concentrations was investigated. MCP-
1 and MIP-2 were only detected in the HFD group. MCP-1 is produced by adipocytes, and
MIP-2 is produced by macrophages, and elevated levels are associated with obesity [42—-44].
This indicates the production of MCP-1 and MIP-2 is strongly associated with increased
adiposity and weight gain. A higher concentration of IP-10 was observed in HFD ani-
mals with only females displaying a significantly higher IP-10 on HFD compared to CD.
Similarly, RANTES levels were only significantly elevated in HFD females compared to
CD females. This suggest changes in IP-10 and RANTES levels during weight gain are
sexually dimorphic and are predominantly evident in females during early stages of obesity
development. KC, which is the mouse ortholog of human IL-8, was significantly higher
only in HFD males. KC/IL-8 is produced by adipocytes, and elevated levels have been
observed in obese mice and humans [45,46]. Thus, significantly high KC/IL-8 observed
only in HFD males suggest sexual dimorphism in its production, and that changes in IL-8
during early periods of weight gain is greater in males.
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Of the pro-inflammatory cytokines measured, IL-15 was only detected in the HFD
group, indicating an association with body weight, adiposity, and macrophage infiltration.
Although there is much controversy regarding the role of IL-15 in obesity [47-50], our
study strongly suggests it plays a role in weight gain and adipose tissue expansion during
DIO. IL-9 concentrations were significantly higher in HFD compared to CD animals. There
have been reports of elevated levels of IL-9 in the obese microenvironment [51]; however,
our study appears to be the first to report an increase in IL-9 expression in response
to DIO. Interestingly, it was also noted that HFD males display a significantly higher
concentration than CD males, while production of IL-9 was barely seen in females in
both experimental groups, suggesting sexual dimorphism influences IL-9 production with
dominant expression in males. G-CSF was significantly lower in HFD males than CD males,
with no difference observed between the females on the different diets. G-CSF is reported
to inhibit and decrease pro-inflammatory cytokines and displays anti-obesity effects by
increasing energy expenditure and reducing body weight [52]. The significantly lower
concentration of G-CSF observed in HFD males suggests an increased pro-inflammatory
cytokine profile and a reduced anti-inflammatory cytokine profile in males.

Of the anti-inflammatory cytokines measured, IL-10 was significantly higher only in
HFD females compared to CD females. IL-10 is found to inhibit synthesis and functioning of
pro-inflammatory cytokines, as well as suppress the functioning of macrophages [53,54]. This
suggests a reduced inflammatory response in adipose tissue in females despite the presence
of macrophage infiltration, and a better regulation of pro-inflammatory cytokine produc-
tion. In addition, IL-6 levels were significantly higher only in females when comparing
HEFD to CD. IL-6 has been reported as a regulator of energy and glucose metabolism [55],
which may contribute to the lower weight gain and lesser degree of glucose intolerance
observed in females than males when on HFD for a short period of time. Conversely,
despite IL-6 being a pro-inflammatory cytokine, it has also been reported to exhibit anti-
inflammatory properties [56,57]. One way in which IL-6 induces its anti-inflammatory
effects is by increasing the production of IL-10 [57,58]. Interestingly, this was observed in
the current study, as only females displayed significantly higher IL-6 and IL-10 levels on
HFD compared to the CD group, as well as when compared to their male counterparts on
HFD. This unique finding suggests the IL-6/IL-10 cytokine axis observed only in females
may account for their lower weight gain compared to males during the period of DIO, and
this strongly suggests sex as an important biological variable to be considered in obesity
research. Several studies have reported sexual dimorphism in IL-6 in situations of severe in-
jury, stress, and infection [59-61], but not in obesity. Our study is the first to report on sexual
dimorphism in IL-6 production during diet-induced obesity. Additionally, it is important to
recognize that due to inherent biological variability between individual mouse, chemokine
and cytokine production were only detected in some male or female mice, despite them
being fed on the same experimental diet. It is, therefore, recommended that future studies
should consider increasing the number of animals in each experimental group in order
to take into account the existence of biological variability between animals. Overall, we
have observed that HFD males displayed a higher concentration of pro-inflammatory
cytokines, with no observed differences in the anti-inflammatory cytokine profile, while
females displayed notable differences in anti-inflammatory cytokines, like IL-5, IL-6, and
IL-10. Thus, it appears that the expression of cytokines in obesity is largely dependent
not only on body weight and adiposity but also on sex, which should be considered as an
important parameter in future obesity related research. Finally, GM-CSF, TNF«, and IL-12
(p70) were not detected in either CD or HFD, suggesting they do not play a major role in
the early stages of obesity development.

5. Conclusions

This study provides qualitative and semi-quantitative data demonstrating that the
regulation of some plasma analytes, as well as chemokines and cytokines in response to
weight gain, are significantly influenced by sex, which potentially may influence the rate
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and degree to which male and female develop obesity associated comorbidities. This new
knowledge may assist in developing suitable intervention strategies for managing the
development of obesity associated comorbidities in males and females.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biology10080717/s1, Figure S1: Dissection of CD female, A; CD male, B; HFD female, C; and
HFD male D; showing the perigonadal white adipose tissue depot, Table S1: Average weight gained,
food intake and caloric intake per week by CD females, CD males, HFD females and HFD males,
Figure S2: Histology of pancreas harvested from CD female, A; CD males, B; HFD females, C; and
HFD males, D. Figure S3: Histology of the thymus harvested from CD females, A and E; CD males,
B and F; HFD females, C and G; and HFD males, D and H. Figure S4: Histology of adrenal glands
harvested from CD females, A and E; CD males, B and F; HFD females, C and G; and HFD males, D
and H. Figure S5: Histology of gastrocnemius muscle (transverse section) harvested from CD females,
A; CD males, B; HFD females, C; and HFD males, D. Table S2: Chemokines, anti-inflammatory and
pro-inflammatory cytokines measured in the CD and HFD, males and females.

Author Contributions: Conceptualization, M.A.A. and M.S.P,; methodology, M.A.A., P.D., and
M.B.v.H.; formal analysis, P.D. and M.A.A; investigation, P.D.; data curation, P.D. and M.B.vH,;
writing—original draft preparation, P.D.; writing—review and editing, PD., M.A.A., M.B.v.H., and
M.S.P; supervision, M.A.A. and M.S.P,; project administration, M.A.A.; funding acquisition, M.A.A.
and M.S.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the South African National Research Foundation grant no.
114044 and National Health Laboratory Services grant no. 004 94683 (M.A.A.); the South African
Medical Research Council University Flagship Project (SAMRC-RFA-UFSP-01-2013/STEM CELLS),
the SAMRC Extramural Unit for Stem Cell Research and Therapy, and the Institute for Cellular and
Molecular Medicine of the University of Pretoria (M.S.P.).

Institutional Review Board Statement: The study was approved by the Faculty of Health Sciences
Research Ethics Committee and the Animal Ethics Committee, University of Pretoria (protocol no.
209/2019 and 379/2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and
Supplementary materials. All primary data such as weekly weight and food intake measurements,
adipocyte sizes and numbers are available on request from the corresponding author.

Acknowledgments: We want to thank Helen Steel and Luyande Kwofie at the department of Im-
munology for allowing us to use their equipment for the cytokine assay and ELISA, Rene Sutherland
at the Department of Oral Pathology and Oral Biology for assisting with tissue processing and the
department of Anatomy for allowing us to use their facility including the light microscope.

Conflicts of Interest: The authors have no conflict of interest to declare. The funders had no role
in the design of the study, in the collection, analyses or interpretation of data, in the writing of the
manuscript, or in the decision to publish the results.

References

1.  Bray, G.A. Medical Consequences of Obesity. J. Clin. Endocrinol. Metab. 2004, 89, 2583-2589. [CrossRef] [PubMed]

2. Lung, T;Jan,S.; Tan, EJ.; Killedar, A.; Hayes, A. Impact of overweight, obesity and severe obesity on life expectancy of Australian
adults. Int. J. Obes. 2018, 43, 782-789. [CrossRef]

3. Vidra, N.; Trias-Llimés, S.; Janssen, F. Impact of obesity on life expectancy among different European countries: Secondary
analysis of population-level data over the 1975-2012 period. BM] Open 2019, 9, e028086. [CrossRef]

4.  Stephens, ].M. The Fat Controller: Adipocyte Development. PLoS Biol. 2012, 10, e1001436. [CrossRef] [PubMed]

5. De Ferranti, S.; Mozaffarian, D. The Perfect Storm: Obesity, Adipocyte Dysfunction, and Metabolic Consequences. Clin. Chem.
2008, 54, 945-955. [CrossRef]

6.  Sun, K.; Kusminski, C.M.; Scherer, PE. Adipose tissue remodeling and obesity. J. Clin. Investig. 2011, 121, 2094-2101. [CrossRef]
[PubMed]

7. Choe, S.S.; Huh, ].Y.; Hwang, L].; Kim, ].I.; Kim, J.B. Adipose Tissue Remodeling: Its Role in Energy Metabolism and Metabolic
Disorders. Front. Endocrinol. 2016, 7, 30. [CrossRef]


https://www.mdpi.com/article/10.3390/biology10080717/s1
https://www.mdpi.com/article/10.3390/biology10080717/s1
http://doi.org/10.1210/jc.2004-0535
http://www.ncbi.nlm.nih.gov/pubmed/15181027
http://doi.org/10.1038/s41366-018-0210-2
http://doi.org/10.1136/bmjopen-2018-028086
http://doi.org/10.1371/journal.pbio.1001436
http://www.ncbi.nlm.nih.gov/pubmed/23209380
http://doi.org/10.1373/clinchem.2007.100156
http://doi.org/10.1172/JCI45887
http://www.ncbi.nlm.nih.gov/pubmed/21633177
http://doi.org/10.3389/fendo.2016.00030

Biology 2021, 10, 717 20 of 22

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

Schmidt, FM.; Weschenfelder, J.; Sander, C.; Minkwitz, J.; Thormann, J.; Chittka, T.; Mergl, R.; Kirkby, K.C.; Fahauer, M.;
Stumvoll, M.; et al. Inflammatory Cytokines in General and Central Obesity and Modulating Effects of Physical Activity. PLoS
ONE 2015, 10, e0121971. [CrossRef]

Avtanski, D.; Pavlov, V.A.; Tracey, K.J.; Poretsky, L. Characterization of inflammation and insulin resistance in high-fat diet-
induced male C57BL/6] mouse model of obesity. Anim. Model. Exp. Med. 2019, 2, 252-258. [CrossRef]

Van Der Heijden, R.A.; Sheedfar, F.; Morrison, M.C.; Hommelberg, P.P.; Kor, D.; Kloosterhuis, N.J.; Gruben, N.; Youssef, S.A.; De
Bruin, A.; Hofker, M.H.; et al. High-fat diet induced obesity primes inflammation in adipose tissue prior to liver in C57BL/6j
mice. Aging 2015, 7, 256-268. [CrossRef]

Lang, P; Hasselwander, S.; Li, H.; Xia, N. Effects of different diets used in diet-induced obesity models on insulin resistance and
vascular dysfunction in C57BL/6 mice. Sci. Rep. 2019, 9, 1-14. [CrossRef]

Kanter, R.; Caballero, B. Global Gender Disparities in Obesity: A Review. Adv. Nutr. 2012, 3, 491-498. [CrossRef]

Beery, A K. Inclusion of females does not increase variability in rodent research studies. Curr. Opin. Behav. Sci. 2018, 23, 143-149.
[CrossRef]

Ambele, M.A_; Dessels, C.; Durandt, C.; Pepper, M.S. Genome-wide analysis of gene expression during adipogenesis in human
adipose-derived stromal cells reveals novel patterns of gene expression during adipocyte differentiation. Stem Cell Res. 2016, 16,
725-734. [CrossRef]

Ambele, M.A; Pepper, M. Identification of transcription factors potentially involved in human adipogenesis in vitro. Mol. Genet.
Genom. Med. 2017, 5,210-222. [CrossRef]

Ambele, M.A; Dhanraj, P; Giles, R.; Pepper, M.S. Adipogenesis: A Complex Interplay of Multiple Molecular Determinants and
Pathways. Int. . Mol. Sci. 2020, 21, 4283. [CrossRef] [PubMed]

Yang, Y.; Smith, D.L.S,, Jr.; Keating, K.D.; Allison, D.; Nagy, T.R. Variations in body weight, food intake and body composition
after long-term high-fat diet feeding in C57BL/6] mice. Obesity 2014, 22, 2147-2155. [CrossRef] [PubMed]

Williams, L.M.; Campbell, EM.; Drew, ].E.; Koch, C.; Hoggard, N.; Rees, W.D.; Kamolrat, T.; Ngo, H.T.; Steffensen, I.-L.; Gray, S.R.;
et al. The Development of Diet-Induced Obesity and Glucose Intolerance in C57B1/6 Mice on a High-Fat Diet Consists of Distinct
Phases. PLoS ONE 2014, 9, e106159. [CrossRef] [PubMed]

Hong, J.; E Stubbins, R.; Smith, R.R.; E Harvey, A.; Nufiez, N.P. Differential susceptibility to obesity between male, female and
ovariectomized female mice. Nutr. J. 2009, 8, 11. [CrossRef]

Medrikova, D.; Jilkova, Z.M.; Bardova, K.; Janovska, P.; Rossmeisl, M.; Kopecky, J. Sex differences during the course of diet-
induced obesity in mice: Adipose tissue expandability and glycemic control. Int. J. Obes. 2012, 36, 262-272. [CrossRef]
[PubMed]

Hasegawa, Y.; Chen, S.-Y,; Sheng, L.; Jena, PK.; Kalanetra, K.M.; Mills, D.A.; Wan, Y.-].Y.; Slupsky, C.M. Long-term effects of
western diet consumption in male and female mice. Sci. Rep. 2020, 10, 1-11. [CrossRef]

Muir, L.; Neeley, C.K.; Meyer, K.A.; Baker, N.A.; Brosius, A.M.; Washabaugh, A R.; Varban, O.A.; Finks, ].F.; Zamarron, B.E;
Flesher, C.G,; et al. Adipose tissue fibrosis, hypertrophy, and hyperplasia: Correlations with diabetes in human obesity. Obesity
2016, 24, 597-605. [CrossRef]

Fuster, ].J.; Ouchi, N.; Gokce, N.; Walsh, K. Obesity-Induced Changes in Adipose Tissue Microenvironment and Their Impact on
Cardiovascular Disease. Circ. Res. 2016, 118, 1786-1807. [CrossRef]

Sarwar, R.; Pierce, N.; Koppe, S. Obesity and nonalcoholic fatty liver disease: Current perspectives. Diabetes, Metab. Syndr. Obes.
Targets Ther. 2018, 11, 533-542. [CrossRef]

Fabbrini, E.; Sullivan, S.; Klein, S. Obesity and nonalcoholic fatty liver disease: Biochemical, metabolic, and clinical implications.
Hepatology 2010, 51, 679-689. [CrossRef]

Sears, B.; Perry, M. The role of fatty acids in insulin resistance. Lipids Heal. Dis. 2015, 14, 1-9. [CrossRef]

Tsuboi, N.; Okabayashi, Y.; Shimizu, A.; Yokoo, T. The Renal Pathology of Obesity. Kidney Int. Rep. 2017, 2, 251-260. [CrossRef]
[PubMed]

Chagnac, A.; Zingerman, B.; Rozen-Zvi, B.; Herman-Edelstein, M. Consequences of Glomerular Hyperfiltration: The Role of
Physical Forces in the Pathogenesis of Chronic Kidney Disease in Diabetes and Obesity. Nephron 2019, 143, 38—42. [CrossRef]
[PubMed]

Gu, X;; Ma, Z,; Fang, J.; Cai, D.; Zuo, Z.; Liang, S.; Cui, H.; Deng, ].; Ma, X.; Ren, Z.; et al. Obesity Enhances Antioxidant Capacity
and Reduces Cytokine Levels of the Spleen in Mice to Resist Splenic Injury Challenged by Escherichia coli. J. Immunol. Res. 2020,
2020, 5948256-13. [CrossRef] [PubMed]

Buchan, L.; Aubin, C.R.S.; Fisher, A.L.; Hellings, A.; Castro, M.; Al-Nakkash, L.; Broderick, T.L.; Plochocki, J.H. High-fat,
high-sugar diet induces splenomegaly that is ameliorated with exercise and genistein treatment. BMC Res. Notes 2018, 11, 752.
[CrossRef] [PubMed]

Abel, E.D,; Litwin, S.E.; Sweeney, G. Cardiac Remodeling in Obesity. Physiol. Rev. 2008, 88, 389-419. [CrossRef]

Elliot, J.G.; Donovan, G.M.; Wang, K.C.; Green, FH.; James, A.L.; Noble, P.B. Fatty airways: Implications for obstructive disease.
Eur. Respir. ]. 2019, 54, 1900857. [CrossRef]

Guzman-Ruiz, R.; Stucchi, P.; Ramos-Alvarez, M.P; Sevillano, J.; Somoza, B.; Fernandez-Alfonso, M.; Ruiz-Gayo, M. Leptin drives
fat distribution during diet-induced obesity in mice. Endocrinol. Nutr. 2012, 59, 354-361. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0121971
http://doi.org/10.1002/ame2.12084
http://doi.org/10.18632/aging.100738
http://doi.org/10.1038/s41598-019-55987-x
http://doi.org/10.3945/an.112.002063
http://doi.org/10.1016/j.cobeha.2018.06.016
http://doi.org/10.1016/j.scr.2016.04.011
http://doi.org/10.1002/mgg3.269
http://doi.org/10.3390/ijms21124283
http://www.ncbi.nlm.nih.gov/pubmed/32560163
http://doi.org/10.1002/oby.20811
http://www.ncbi.nlm.nih.gov/pubmed/24942674
http://doi.org/10.1371/journal.pone.0106159
http://www.ncbi.nlm.nih.gov/pubmed/25170916
http://doi.org/10.1186/1475-2891-8-11
http://doi.org/10.1038/ijo.2011.87
http://www.ncbi.nlm.nih.gov/pubmed/21540832
http://doi.org/10.1038/s41598-020-71592-9
http://doi.org/10.1002/oby.21377
http://doi.org/10.1161/CIRCRESAHA.115.306885
http://doi.org/10.2147/DMSO.S146339
http://doi.org/10.1002/hep.23280
http://doi.org/10.1186/s12944-015-0123-1
http://doi.org/10.1016/j.ekir.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29142961
http://doi.org/10.1159/000499486
http://www.ncbi.nlm.nih.gov/pubmed/30947190
http://doi.org/10.1155/2020/5948256
http://www.ncbi.nlm.nih.gov/pubmed/32104715
http://doi.org/10.1186/s13104-018-3862-z
http://www.ncbi.nlm.nih.gov/pubmed/30348225
http://doi.org/10.1152/physrev.00017.2007
http://doi.org/10.1183/13993003.00857-2019
http://doi.org/10.1016/j.endonu.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22658766

Biology 2021, 10, 717 21 of 22

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lin, S.; Thomas, T.; Storlien, L.; Huang, X. Development of high fat diet-induced obesity and leptin resistance in C57B1/6] mice.
Int. J. Obes. 2000, 24, 639-646. [CrossRef] [PubMed]

DePaoli, A.M. 20 Years of Leptin: Leptin in common obesity and associated disorders of metabolism. J. Endocrinol. 2014, 223,
T71-T81. [CrossRef] [PubMed]

Izquierdo, A.G.; Crujeiras, A.B.; Casanueva, EF,; Carreira, M.C. Leptin, Obesity, and Leptin Resistance: Where Are We 25 Years
Later? Nutrients 2019, 11, 2704. [CrossRef]

Hoffstedt, J.; Arvidsson, E.; Sjolin, E.; Wéhleén, K.; Arner, P. Adipose Tissue Adiponectin Production and Adiponectin Serum
Concentration in Human Obesity and Insulin Resistance. J. Clin. Endocrinol. Metab. 2004, 89, 1391-1396. [CrossRef]

Francisco, V.; Pino, J.; Campos-Cabaleiro, V.; Ruiz-Fernandez, C.; Mera, A.; Gonzalez-Gay, M.A.; Gémez, R.; Gualillo, O. Obesity,
Fat Mass and Immune System: Role for Leptin. Front. Physiol. 2018, 9, 640. [CrossRef]

Denroche, H.; Huynh, E; Kieffer, T.]. The role of leptin in glucose homeostasis. |. Diabetes Investig. 2012, 3, 115-129. [CrossRef]
Amitani, M.; Asakawa, A.; Amitani, H.; Inui, A. The role of leptin in the control of insulin-glucose axis. Front. Neurosci. 2013, 7,
51. [CrossRef]

De Souza, R.; Tempelman, R.; Allen, M.; Weiss, W.; Bernard, J.; VandeHaar, M. Predicting nutrient digestibility in high-producing
dairy cows. J. Dairy Sci. 2018, 101, 1123-1135. [CrossRef]

Christiansen, T.; Richelsen, B.; Bruun, J. Monocyte chemoattractant protein-1 is produced in isolated adipocytes, associated with
adiposity and reduced after weight loss in morbid obese subjects. Int. J. Obes. 2004, 29, 146-150. [CrossRef]

Panee, ]. Monocyte Chemoattractant Protein 1 (MCP-1) in obesity and diabetes. Cytokine 2012, 60, 1-12. [CrossRef]

Rouault, C.; Pellegrinelli, V.; Schilch, R.; Cotillard, A.; Poitou, C.; Tordjman, J.; Sell, H.; Clément, K.; Lacasa, D. Roles of Chemokine
Ligand-2 (CXCL2) and Neutrophils in Influencing Endothelial Cell Function and Inflammation of Human Adipose Tissue.
Endocrinology 2013, 154, 1069-1079. [CrossRef] [PubMed]

Straczkowski, M.; Dzienis-Straczkowska, S.; Stépien, A.; Kowalska, I.; Szelachowska, M.; Kinalska, I. Plasma Interleukin-8
Concentrations Are Increased in Obese Subjects and Related to Fat Mass and Tumor Necrosis Factor-o System. . Clin. Endocrinol.
Metab. 2002, 87, 4602-4606. [CrossRef] [PubMed]

Neels, J.; Badeanlou, L.; Hester, K.D.; Samad, F. Keratinocyte-derived Chemokine in Obesity: Expression, Regulation, and Role in
Adipose Macrophage Infiltration and Glucose Homeostasis. J. Biol. Chem. 2009, 284, 20692-20698. [CrossRef] [PubMed]
Nielsen, A.R.; Hojman, P; Erikstrup, C.; Fischer, C.; Plomgaard, P.; Mounier, R.; Mortensen, O.H.; Broholm, C.; Taudorf, S.;
Krogh-Madsen, R.; et al. Association between Interleukin-15 and Obesity: Interleukin-15 as a Potential Regulator of Fat Mass. .
Clin. Endocrinol. Metab. 2008, 93, 4486—4493. [CrossRef]

Quinn, L.S.; Anderson, B.G. Interleukin-15, IL-15 Receptor-Alpha, and Obesity: Concordance of Laboratory Animal and Human
Genetic Studies. J. Obes. 2011, 2011, 1-8. [CrossRef]

Dozio, E.; Malavazos, A.E.; Vianello, E.; Briganti, S.; Dogliotti, G.; Bandera, E.; Giacomazzi, F.; Castelvecchio, S.; Menicanti, L.;
Sigruener, A.; et al. Interleukin-15 and Soluble Interleukin-15 Receptor o« in Coronary Artery Disease Patients: Association with
Epicardial Fat and Indices of Adipose Tissue Distribution. PLoS ONE 2014, 9, e90960. [CrossRef]

Lacraz, G.; Rakotoarivelo, V.; Labbé, S.M.; Vernier, M.; Noll, C.; Mayhue, M.; Stankova, J.; Schwertani, A.; Grenier, G.; Carpentier,
A_; et al. Deficiency of Interleukin-15 Confers Resistance to Obesity by Diminishing Inflammation and Enhancing the Thermogenic
Function of Adipose Tissues. PLoS ONE 2016, 11, e0162995. [CrossRef]

Hamilton, J.A.; Lee, M.; Talekar, G.R.; Henry, C.J. Elevated Levels of Interleukin-9 in Obese Microenvironments Promote Leukemia
Progression and Chemoresistance in B-Cell Acute Lymphoblastic Leukemia Cells. Blood 2019, 134, 1468. [CrossRef]

Lee, Y;; Song, Y.-S.; Fang, C.-H.; So, B.-I; Park, J.-Y.; Joo, H.-W.; Park, I.-H.; Shen, G.-Y.; Shin, ].-H.; Kim, H.; et al. Anti-Obesity
Effects of Granulocyte-Colony Stimulating Factor in Otsuka-Long-Evans-Tokushima Fatty Rats. PLoS ONE 2014, 9, e105603.
[CrossRef]

Esposito, K.; Pontillo, A.; Giugliano, F; Giugliano, G.; Marfella, R.; Nicoletti, G.; Giugliano, D. Association of Low Interleukin-10
Levels with the Metabolic Syndrome in Obese Women. |. Clin. Endocrinol. Metab. 2003, 88, 1055-1058. [CrossRef]

Hong, E.-G.; Ko, H.J.; Cho, Y.-R.; Kim, H.-].; Ma, Z.; Yu, T.Y,; Friedline, R.H.; Kurt-Jones, E.; Finberg, R.; Fischer, M.A_; et al.
Interleukin-10 Prevents Diet-Induced Insulin Resistance by Attenuating Macrophage and Cytokine Response in Skeletal Muscle.
Diabetes 2009, 58, 2525-2535. [CrossRef]

Timper, K.; Denson, ].L.; Steculorum, S.; Heilinger, C.; Ruud, L.E.; Wunderlich, C.M.; Rose-John, S.; Wunderlich, ET.; Briining,
J.C. IL-6 Improves Energy and Glucose Homeostasis in Obesity via Enhanced Central IL-6 trans -Signaling. Cell Rep. 2017, 19,
267-280. [CrossRef]

Tilg, H.; Trehu, E.; Atkins, M.B.; Dinarello, C.A.; Mier, ].W. Interleukin-6 (IL-6) as an anti-inflammatory cytokine: Induction of
circulating IL-1 receptor antagonist and soluble tumor necrosis factor receptor p55. Blood 1994, 83, 113-118. [CrossRef]

Ma, Y.; Gao, M,; Sun, H; Liu, D. Interleukin-6 gene transfer reverses body weight gain and fatty liver in obese mice. Biochim.
Biophys. Acta (BBA)-Mol. Basis Dis. 2015, 1852, 1001-1011. [CrossRef]

Stumhofer, J.S.; Silver, J.S.; Laurence, A.; Porrett, PM.; Harris, T.; A Turka, L.; Ernst, M.; Saris, C.J.M.; O’Shea, J.J.; A Hunter, C.
Interleukins 27 and 6 induce STAT3-mediated T cell production of interleukin 10. Nat. Immunol. 2007, 8, 1363-1371. [CrossRef]
Jankord, R.; Turk, J.R.; Schadt, ].C.; Casati, J.; Ganjam, V.K.; Price, EM.; Keisler, D.; Laughlin, M.H. Sex Difference in Link between
Interleukin-6 and Stress. Endocrinology 2007, 148, 3758-3764. [CrossRef]


http://doi.org/10.1038/sj.ijo.0801209
http://www.ncbi.nlm.nih.gov/pubmed/10849588
http://doi.org/10.1530/JOE-14-0258
http://www.ncbi.nlm.nih.gov/pubmed/24973357
http://doi.org/10.3390/nu11112704
http://doi.org/10.1210/jc.2003-031458
http://doi.org/10.3389/fphys.2018.00640
http://doi.org/10.1111/j.2040-1124.2012.00203.x
http://doi.org/10.3389/fnins.2013.00051
http://doi.org/10.3168/jds.2017-13344
http://doi.org/10.1038/sj.ijo.0802839
http://doi.org/10.1016/j.cyto.2012.06.018
http://doi.org/10.1210/en.2012-1415
http://www.ncbi.nlm.nih.gov/pubmed/23372021
http://doi.org/10.1210/jc.2002-020135
http://www.ncbi.nlm.nih.gov/pubmed/12364441
http://doi.org/10.1074/jbc.M109.018556
http://www.ncbi.nlm.nih.gov/pubmed/19494115
http://doi.org/10.1210/jc.2007-2561
http://doi.org/10.1155/2011/456347
http://doi.org/10.1371/journal.pone.0090960
http://doi.org/10.1371/journal.pone.0162995
http://doi.org/10.1182/blood-2019-126139
http://doi.org/10.1371/journal.pone.0105603
http://doi.org/10.1210/jc.2002-021437
http://doi.org/10.2337/db08-1261
http://doi.org/10.1016/j.celrep.2017.03.043
http://doi.org/10.1182/blood.V83.1.113.113
http://doi.org/10.1016/j.bbadis.2015.01.017
http://doi.org/10.1038/ni1537
http://doi.org/10.1210/en.2006-1650

Biology 2021, 10, 717 22 of 22

60. Sperry, J.L.; Friese, R.S.; Frankel, H.L.; A West, M.; Cuschieri, J.; Moore, E.E.; Harbrecht, B.G.; Peitzman, A.B.; Billiar, T.R.; Maier,
R.V,; et al. Male Gender is Associated With Excessive IL-6 Expression Following Severe Injury. J. Trauma: Inj. Infect. Crit. Care
2008, 64, 572-579. [CrossRef]

61. Wegner, A ; Benson, S.; Rebernik, L.; Spreitzer, I.; Jager, M.; Schedlowski, M.; Elsenbruch, S.; Engler, H. Sex differences in the
pro-inflammatory cytokine response to endotoxin unfold in vivo but not ex vivo in healthy humans. Innate Immun. 2017, 23,
432-439. [CrossRef] [PubMed]


http://doi.org/10.1097/TA.0b013e3181650fdf
http://doi.org/10.1177/1753425917707026
http://www.ncbi.nlm.nih.gov/pubmed/28443392

	Introduction 
	Materials and Methods 
	Diet Induced Obesity Model and Study Design 
	Intraperitoneal Glucose Tolerance Test 
	Organ and Tissue Harvesting 
	Cell Morphology and Histology of Organs and Tissues 
	Immunohistochemistry 
	Measurements of Plasma Hormones and Lipid 
	Plasma Cytokine Analysis 
	Statistical Analysis 

	Results 
	Males Are More Susceptible to DIO and Showed High Level of Glucose Intolerance Compared to Females 
	Significant Changes in Cell Morphology and Histology Occur Early in Obesity Development 
	Leptin Levels Are Significantly Altered in the Early Stages of Obesity Development 
	Inflammatory Cytokine Profile in Males and Females Differ in the Early Stages ofObesity Development 

	Discussion 
	Conclusions 
	References

