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The aim of this study was to investigate the role of dietary macronutrient content
on adiposity parameters and adipocyte hypertrophy/hyperplasia in subcutaneous
and visceral fat depots from Wistar rats using combined histological and computa-
tional approaches. For this purpose, male Wistar rats were distributed into 4 groups
and were assigned to different nutritional interventions: Control group (chow diet);
high-fat group, HF (60% E from fat); high-fat-sucrose group, HFS (45% E from fat
and 17% from sucrose); and high-sucrose group, HS (42% E from sucrose). At day
35, rats were sacrificed, blood was collected, tissues were weighed and fragments of
different fat depots were kept for histological analyses with the new software Adi-
posoft. Rats fed with HF, HFS and HS diets increased significantly body weight and
total body fat against Control rats, being metabolic impairments more pronounced
on HS rats than in the other groups. Cellularity analyses using Adiposoft revealed
that retroperitoneal adipose tissue is histologically different than mesenteric and sub-
cutaneous ones, in relation to bigger adipocytes. The subcutaneous fat pad was the
most sensitive to the diet, presenting adipocyte hypertrophy induced by HF diet and
adipocyte hyperplasia induced by HS diet. The mesenteric fat pad had a similar but
attenuated response in comparison to the subcutaneous adipose tissue, while
retroperitoneal fat pad only presented adipocyte hyperplasia induced by the HS diet
intake after 35 days of intervention. These findings provide new insights into the role
of macronutrients in the development of hyperplastic obesity, which is characterized
by the severity of the clinical features. Finally, a new tool for analyzing histological
adipose samples is presented.
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adipose tissue.



Obesity is the result of an augmented
adipose tissue mass. The enlargement of
this fat depot may be the result of an
increase in the number of adipocytes
(hyperplasia) or an increase in adipocyte
size by lipid accumulation (hypertrophy).
Moreover, hyperplasia can be due to the
presence of new preadipocytes or to an
induction of its differentiation (8). It is
known that the most severe form of obe-
sity is characterized by an adipose tissue
enlargement as a consequence of
adipocyte hyperplasia (18) and that it is
related with an early age of onset (10). In
addition, adipocyte number is apparently
unafected in individuals with hyperplastic
obesity following a hypocaloric diet (35).
On the other hand, adipocyte cell size can
influence insulin sensitivity (1, 32), glu-
cose tolerance (37) and adipose tissue
metabolism (22). Also, it has been shown
that enlarged adipocytes secrete growth
factors that induce adipocyte pre-
adipocyte proliferation (28) as fat cells do
not have an unlimited capacity for expan-
sion. There are also regional differences
between different fat depots, having the
mesenteric region the major growth
capacity and the subcutaneous the major
proliferation capacity (9, 20). In these
sense, a previous study of our group
showed this proliferative capacity of the
subcutaneous adipose tissue in rats fed
with a high-fat diet (3). Furthermore, it is
known that it could be due to a differen-
tial tissue perfussion or to the innervation
density of adipose tissue by the sympa-
thetic nervous system (6, 7). 

On the other hand, specific dietary
constituents may promote the develop-
ment of insulin resistance, diabetes and
obesity independently of an increased
energy intake. In this sense, macronutri-
ent profile can affect diet-induced ther-
mogenesis (17), gene expression (5) or the

level of some hormones (13, 33). More-
over, the source and amount of energy can
modify adipose tissue growth by hyper-
trophy and hyperplasia in Holstein Steers,
being hypertrophy most affected by the
amount of energy and hyperplasia by the
source of energy (34). Furthermore, it has
been shown that a high-fat diet can mod-
ulate the proliferation of adipogenic prog-
enitors in adult mice in a fat-depot
depending manner, resulting in adipose
tissue hyperplasia (20). Since there are evi-
dence that a dietary treatment can modify
adipocytes number and size, the aim of
this study was to investigate the role of
dietary macronutrient content on adiposi-
ty markers and adipocyte hypertrophy/
hyperplasia measurements in subcuta-
neous and visceral fat depots of Wistar
rats fed on diets with different propor-
tions of lipids and sugars. 

Material and Methods

Animals.– Experiments were per-
formed with forty-five male Wistar rats
from CIFA (Centre of Pharmaceutical
Aplicated Investigation) of the University
of Navarra with an initial weight of 250 g.
Animals were kept in an isolated room
with a constantly regulated temperature
between 21 and 23 ºC, and controlled
(50±10%) humidity in a 12h:12h artificial
light/dark cycle. They were distributed
into 4 groups and were assigned to differ-
ent nutritional interventions during 35
days. Thus, Control group (n=10) was fed
with a standard pelleted chow diet from
Harlan Ibérica (Barcelona, Spain) and the
other 3 groups were fed with different
hypercaloric diets: a high-fat diet (HF,
n=12), a high-fat-sucrose diet (HFS,
n=12) and a high-sucrose diet (HS, n=11),
whose composition is reported in Table I
(23, 27). The HF diet (288 Kcal/100g)
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consisted in a mix of pate, ham, bacon,
biscuits and a standard chow diet; the
HFS diet (267 Kcal/100g) consisted in a
mix of pate, ham, bacon, biscuits, sweet-
ened condensed milk and a standard chow
diet; and the HS diet (339 kcal/100g) con-
sisted in pelleted chow and sweetened
condensed milk.

The different groups of rats had ad libi-
tum water and food access, while body
weight and food intake were recorded 3
times per week. After finishing the exper-
imental feeding period (day 35) rats were
sacrificed, blood was collected from the
trunk and serum stored at -20 ºC, while
tissue samples of liver and retroperitoneal,
mesenteric, epidydimal and subcutaneous
(inguinal) WAT were isolated, weighted
and stored immediately at -80 ºC. All the
procedures performed agreed with the
national and institutional guidelines of the
Animal Care and Use Committee at the
University of Navarra.

Serum measurements.– Serum triglyc-
erides were determined with the RAN-
DOX kit for the in vitro diagnostic of
triglycerides (Randox LTD Laboratories,
Ardmore Road, UK), glucose was mea-
sured using the HK-CP kit (ABX Pentra,
Montpellier, France), total cholesterol was
measured using the Cholesterol-CP kit
(ABX Pentra, Montpellier, France) and
HDL-cholesterol with the HDL direct-
CP kit (ABX Pentra, Montpellier, France)
adapted for a COBAS MIRA (Rochel,

Basel, Switzerland) equipment. Leptin
and insulin quantification was performed
by specific Elisas Kits following the pro-
tocols described by the manufacturer
(Linco Research, Missouri, USA). Finally,
the homeostatic model assessment
(HOMA), as an insulin resistance index,
was calculated using the formula: (fasting
plasma insulin x plasma glucose)/22.5.

Histological analyses.– Small pieces of
different fat depots were kept in
formaldehyde for histological analyses.
These tissues were fixed and stained with
hematoxylin/eosin, and acquired using
AxioVision Zeiss Imaging software
(AxioVision controls via software an Axio
Imager M1 Zeiss microscope and an
Insight AxioCamm ICc3 camera). The
magnification in this case was 20x. The
acquired images were stored in uncom-
pressed 24 bit color TIFF format. Finally,
these images were analyzed with a new
software (Adiposoft from CIMA, Univer-
sity of Navarra) in order to determine
adipocyte diameters and adipose tissue
cellularity. Adipocyte number in each tis-
sue was estimated according to formulas
from LEMONNIER et al. (25).

Statistical analyses.– All results are
expressed as the average mean ± standard
deviation. Means comparisons were tested
for metabolic parameters by Anova test
and Student’s T test for all the variables.
For frequency distribution cell sizes <25
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Table I. Composition of the experimental diets.

Lipids Protein Total CHO Simple sugars

C (n =10) 17% 10% 73% 7%
HF (n =12) 60% 16% 24% 4.5%
HFS (n =12) 45% 20% 35% 17%
HS (n =11) 19% 12% 69% 42%

Values are represented as percentage of total energy. CHO, carbohydrates.



μm were considered debris or very small
adipocytes (16) and removed from the
analysis. After that, cells were grouped by
sizes according to adipocyte diameter (25-
50 μm, small adipocytes; 50-90 μm, nor-
mal adipocytes; 90-130 μm, big
adipocytes; >130 μm, very big adipocytes)
and analyzed statistical differences by a
repeated measures Anova test. Finally,
statistical differences of Lemonnier esti-
mations were performed using Mann-
Whitney U test. A level of probability up
at p<0.05 was set up as statistically signif-
icant and p<0.01 as very statistically sig-
nificant. For the statistical tests, Graph-
Pad Prism Software 4.02 version and SPSS
v13.0 was used (San Diego, CA, USA).

Results

Body weight and adiposity.– During
the experimental period, rats fed with the
3 obesigenic dietary treatments showed
hyperphagia (Table II). At the end of the
experiment, rats fed with HF and HS diets
significantly increased body weight and
total body fat (reflected as the sum of
retroperitoneal, mesenteric, retroperi-
toneal and epidydimal fat pads) in com-
parison to Control rats (Table II). HFS
diet increased also total body fat; however
it did not modify body weight significant-
ly. Liver weight (Table II) was also higher
in HF, HFS and HS rats than in Control
rats, suggesting diet-induced steatosis.
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Table II. Weight related parameters and plasma values of male Wistar rats fed vith 4 different dietary
treatments during 35 days.

Group

C (n=10) HF (n=12) HFS (n=12) HS (n=11)

Weight related parameters
Food intake (Kcal/day) 79.7±27.5a 196.4±18.3b 181.8±27.5b,c 103.1±5.6d

Food efficiency (g/Kcal) 0.023±0.007a 0.014±0.005b 0.012±0.005b 0.029±0.006a,c

Final body weight (g) 388±23a 420±25b 413±39a,b 426±24b

Total fat mass (g) 22.61±4.75a 32.09±6.92b 32.84±6.11b 35.42±7.11b

Liver weight (g) 8.85±1.18a 11.19±1.01b 10.38±1.53b 10.4±1.14b

Plasma values
Glucose (mmol/l) 5.77±0.81a 6.22±1.03a 6.50±1.17a 5.98±1.04a

Total cholesterol (mg/dl) 63.6±7.9a 58.3±12.0a 56.8±11.7a,b 48.4±7.2b

HDL cholesterol (mg/dl) 22.4±2.7a 21.9±6.5a,b 20.8±4.6a,b 19.3±.2b

Triglycerides (mg/dl) 86.2±28.5a 70.6±21.2a 69.7±20.7a 132.9±57.6b

FFA (mg/dl) 0.78±0.12a 0.69±0.08a,b 0.63±0.09b,c 0.91±0.22a,d

Leptin (ng/dl) 2.76±1.52a 5.97±2.65b 7.33±3.99b,c 9.45±3.66c

Insulin (μU/ml) 7.18±2.94a 14.78±10.92b 19.62±14.65c 31.54±10.13d

HOMA IR 1.92±1.01a 4.36±3.67a,b 6.17±5.81b,c 8.51±3.51c,d

All the results are expressed as the mean ± SD. Statistical analyses were performed using Anova test and Stu-
dent’s t test was used to test differences in the means of each group. Different letter (a, b, c) indicated signi-
ficative differences between groups of at least p<0.05. Total fat mass indicates the sum of the subcutaneous,
retroperitoneal, mesenteric and epidydimal fat pads weights. C, Control; HF, High-Fat; HFS, High-Fat-Sugar; HS,
High-Sugar; FFA, Free Fatty Acids.



Metabolic parameters and hormone
profile.– The three diets tested in this
study induced marked hyperleptinemia
and hyperinsulinemia after 35 days of
experimental treatment. Regarding lipid
profile, HS diet was the only one that
increased free fatty acid and triglycerides
levels in Wistar rats, while it caused a
decrease in total cholesterol and HDL
cholesterol levels (Table II). Finally,
HOMA-IR, an indicator of insulin resis-
tance, was higher in HFS and HS groups
against control rats.

Histological analyses.– The results of
adipose tissue cellularity obtained from
Adiposoft program showed fat depot dif-
ferences in control rats. Thus, retroperi-
toneal fat pad had a higher frequency of
big adipocytes than subcutaneous
(p<0.01) and mesenteric (p<0.001) fat
pads (Rp: 15.46%±2.27; Sc: 6.21%±2.55;
Mes: 3.26%±1.27) and a lower frequency
of small fat cells (p<0.001) in comparison
to these two depots (Rp: 31.16±2.54; Sc:
42.63±4.56; Mes: 49.04±0.70). Regarding
the effects of obesigenic diets, adipocyte
frequency analyses in the subcutaneous
adipose tissue showed that HF rats had a
reduced frequency of small fat cells
(p<0.001) and a higher frequency of big
adipocytes (p<0.001), revealing that HF
diet induced an increase in subcutaneous
adipocytes size compared with chow diet
(Fig. 1A). This fact was not observed in
HFS and HS diets. In the mesenteric fat
depot, it was found exactly the same pat-
tern of adipocyte frequency distribution
that in the subcutaneous fat depot (Fig.
1B), reaching significance only for small
ones (p<0.01). Finally, the effects of the
dietary treatments on the retroperitoneal
fat depot (Fig. 1C) resulted in a decrease
in the percentage of big fat cells by HS
diet in comparison to control diet
(p<0.01), with no changes in the frequen-
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Fig. 1. Adipocyte frequency distribution in subcuta-
neous (A), mesenteric (B) and retroperitoneal (C)
adipose tissue of male Wistar rats fed with chow diet
(C), high-fat diet (HF), high-fat-sugar diet (HFS)
and high-sugar diet (HS) during 35 days (n= 3,4).
Non-lineal regression curves (Gauss) are shown in

each figure. 



cy of the small and normal adipocytes by
any of the treatments.

Finally, we studied how the dietary
treatments could affect different markers
of adipose cellularity (cell volume, cells
per gram and cells per total fat pad) from
each depot (Fig. 2 and Table III) using
Adiposoft histogram data and the algo-
rithm published by LEMNONIER et al.
(24). First of all, cell volume (Fig. 2A, 2D),
as a measure of cell hypertrophia, was
higher in the subcutaneous fat depot from
rats fed with HF diet (p=0.055) in com-
parison with control fed rats. Neither the
two other diets nor the HF diet affected
this index in mesenteric and retroperi-
toneal fat depot. On the other hand (Table
III), all dietary treatments increased statis-
tically each fat depot weight analyzed
(apart from for HFS and mesenteric pad).

Remarkably, adipocyte number per gram
of fat was not affected by the diets except
for HF in the subcutaneous fat pad, which
showed lower number of cells than HS
fed rats (p<0.05), showing again a hyper-
trophic effect dependent on the macronu-
trient type (fat vs. carbohydrates). Total
adipocyte number per fat pad (parameter
of hyperplasia) was not changed by HF
diet in all the three fat depots (Table III).
However, HS diet induced an increase in
this total population of adipocytes in the
subcutaneous (46%, p<0.05) and retro-
peritoneal (104%, p<0.05) fat depots.
Finally, HFS diet had an intermediate
effect on adipose tissue cellularity com-
paring fat diet against the carbohydrate
enriched diet, with much more hetero-
geneity between rats than in the other 3
dietary groups. 
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Table III. Cellularity of three adipose depots of Wistar rats fed with 4 different dietary treatments during
35 days.

Group

C (n=4) HF (n=4) HFS (n=4) HS (n=4)

Subcutaneous pad
Fat pad weight (g) 5.67±1.25a 7.41±1.98b 8.16±1.54b 9.17±2.41b

Adipocyte number/g (x106) 11.47±8.97a,b 6.60±1.82a 9.51±4.23a,b 9.16±1.77b

Adipocyte number/fat pad (x106) 63.20±24.78a 58.20±11.19a 92.50±48.72a,b 92.18±11.41b

Mesenteric pad
Fat pad weight (g) 2.98±0.95a 4.11±1.05b 3.78±0.94a,b 4.63±1.04b

Adipocyte number/g (x106) 11.78±2.16a 8.37±3.68a 9.47±2.38a 11.28±5.14a

Adipocyte number/fat pad (x106) 40.76±1.14a,b 35.55±11.02a,b 33.80±5.28a 54.01±14.89b

Retroperitoneal pad
Fat pad weight (g) 7.57±2.08a 10.31±2.50b 10.46±2.34b 10.86±2.51b

Adipocyte number/g (x106) 3.27±0.81a 3.43±0.59a 3.46±0.54a 4.33±1.51a

Adipocyte number/fat pad (x106) 23.89±2.91a 35.52±8.56a,b 38.75±11.24b 48.88±8.70b

All the results are expressed as the mean ± SD. Statistical analyses were performed using Mann Whitney U  test.
Different letter (a, b, c) indicated significative differences between groups of at least p<0.05. C, Control; HF,
High-Fat; HFS, High-Fat-Sugar; HS, High-Sugar.
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Fig. 2. Effect of chow diet (C), high-fat diet (HF), high-fat-sugar diet (HFS) and high-sugar (HS) diet on
adipocytesize of Wistar rats.

(A) Mean adipocyte volume (pl) in subcutaneous fat pad. (B) Mean adipocyte volume (pl) in mesenteric fat pad.
(C) Mean adipocyte volume (pl)  in retroperitoneal fat pad. Three representative images (D) from hematoxylin
and eosin stained paraffin sections of subcutaneous fat pads of Wistar rats fed with chow diet, high-fat diet

and high-sugar diet.
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Discussion

The effect of dietary composition on
adiposity and cellularity was studied in
the current investigation through the new
software Adiposoft. For this purpose,
three diets with different macronutrient
distribution were used to induce obesity
in male Wistar rats. Taking into account
that obesity is characterized by an
increased adipose mass, the three obesi-
genic diets were able to establish this
overweight model. Moreover, the three
diets increased liver weight, suggesting the
induction of hepatic steatosis (29).

Diet-induced metabolic alterations in
HS group were more pronounced than in
the other groups. The rise in serum
triglycerides and FFA has been explained
because diets high in simple sugars
markedly stimulate fatty acid synthesis
from carbohydrates (19, 21). However,
total cholesterol levels decreased with HS
dietary treatment. This reduction could be
the result of the lower HDL cholesterol
levels, as has been previously reported by
KAMGANG et al. (21). These rats showed
also hyperinsulinemia, as described by
other authors (31). The absence of changes
in insulin resistance parameters in HF
group could be due to the short experi-
mental period, as other authors had
reported changes in glucose, insulin and
HOMA index in Wistar rats fed with a
HF diet (15, 29).

Regarding histological analyses, the
present investigation showed that
retroperitoneal adipose tissue is histologi-
cally different than mesenteric and subcu-
taneous ones, with greater adipocytes in
basal conditions (26). On the other hand,
rats fed with HF diet developed adipocyte
hypertrophy in the subcutaneous adipose
tissue without changes in adipocyte num-
ber. These results agree with those of
LEMONNIER et al. (24), as a high-fat diet

induced an increase in fat cell size in the
subcutaneous fat depot of old female
Zucker rats. However, in a previous study
from our laboratory (3), rats fed with HF
diet during 56 days presented an increase
in the proliferation of subcutaneous
adipocytes, estimated by DNA quantifi-
cation. It could be explained by the differ-
ent experimental feeding length and dif-
ferent technical approaches. Thus, accord-
ing to the theory of the critical fat cell size
(11), these differences can be due to lack
of time of these adipocytes to achieve a
maximal adipocyte size and thereby stim-
ulate new cell production or differentia-
tion. Taking into account that age is a sig-
nificant factor in diet-induced changes in
adipocyte morphology (30), other studies
using young adult female rats (aged 2
month, as in our study) fed with a high-fat
diet, reported adipocyte hyperplasia in
both subcutaneous and visceral fat depots
(2, 14), in addition to adipocyte hypertro-
phy. Likewise, it has been shown in male
mice that dietary fats of different origin
affect adipose tissue cellularity in a differ-
ent manner (4). 

On the other hand, the HS diet induced
an increase in the number of new fat cells
in the subcutaneous and retroperitoneal
depots of Wistar rats. This has been previ-
ously reported by TULP et al. (36). Despite
that the present study has not been found
a clear adipocyte hypertrophy induced by
the HFS diet, other investigations
revealed an effect of the same diet on fat
cells, increasing subcutaneous and
retroperitoneal adipocyte sizes (12).

Regarding fat-depot differences in cel-
lularity, it has been evidenced that mice
fed with high-fat diet during 60 days had
a greater proportion of new adipocytes in
subcutaneous than visceral fat, while
adipocyte hypertrophy was more pro-
nounced in visceral adipose tissue (20).
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Although we have not found this depot-
specific action, there are some differences
in the methodology of both studies, as the
high-fat diet used in such study (20) had
only 45% of energy as fat while we used a
diet with 60% of energy as fat. Moreover,
the experimental period was longer. 

Indeed, our findings suggest that rats
fed on diets with different rate of fat/sugar
develop obesity with different adiposity
characteristics in a time dependent man-
ner. Thus, a high-fat intake led mainly to
adipocyte hypertrophy in subcutaneous
adipose tissue, while a high sugar intake
led to an increase of subcutaneous and
retroperitoneal fat due to adipocyte
hyperplasia. These findings provide new
insights into the role of macronutrients,
such fat and sugar, in the development of
hyperplastic obesity, characterized by the
formation of new fat cells and the severity
of the clinical features. Finally, the results
of this study demonstrated that this new
software, Adiposoft, is a very useful tool
to analyze adipose tissue cellularity, facil-
itating the determination of adipocytes
diameters, volume, area and number in a
great number of images, avoiding the rela-
tively complex and delicate protocol for
isolating adipocytes from the adipose tis-
sue.
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