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Abstract

Background: Obesity is a worldwide concern due to its global rapid expansion and remarkable impact on individual’s health by pre-
disposing to several other diseases. About twice as many women as men suffer from severe obesity and, in fact, there are stages in a
woman’s life when weight gain and adiposity can result in greater damage to health. For example, obesity triples the chance of a woman
developing gestational diabetes. Many hormones promote the metabolic adaptations of pregnancy, including progesterone, whose role
in female obesity is still not well known despite being involved in many physiological and pathological processes. Methods: Here we
investigated whether progesterone treatment at low dose can worsen the glucose metabolism and the morpho functional aspects of adipose
tissue and pancreas in obese females. Mice were assigned into four groups: normocaloric diet control (NO-CO), high-fat and -fructose
diet control (HFF-CO), normocaloric diet plus progesterone (NO-PG) and high-fat and -fructose diet plus progesterone (HFF-PG) for 10
weeks. Infusion of progesterone (0.25 mg/kg/day) was done by osmotic minipump in the last 21 days of protocol. Results: Animals fed
a hypercaloric diet exhibited obesity with increased body weight (p < 0.0001), adipocyte hypertrophy (p < 0.0001), hyperglycemia (p
= 0.03), and glucose intolerance (p = 0.001). HFF-CO and HFF-PG groups showed lower adiponectin concentration (p < 0.0001) and
glucose-stimulated insulin secretion (p = 0.03), without differences in islet size. Progesterone attenuated glucose intolerance in the HFF-
PG group (p = 0.03), however, did not change morphology or endocrine function of adipose tissue and pancreatic islets. Conclusions:
Taken together, our results showed that low dose of progesterone does not worsen the effects of hypercaloric diet in glycemic metabolism,
morphology and function of adipose tissue and pancreatic islets in female animals. These results may improve the understanding of the
mechanisms underlying the pathogenesis of obesity in women and eventually open new avenues for therapeutic strategies and better
comprehension of the interactions between progesterone effects and obesity.
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1. Introduction
Obesity is characterized by the increased fat accumu-

lation in white adipose tissue (WAT) depots. While the
number of cases has almost tripled since 1975 [1] around the
world, life expectancy has decreased around 5 to 20 years
in obese people [2]. About twice as many women as men
suffer from severe obesity, which reveals sex differences in
obesity prevalence [3]. The etiology of the disease is com-
plex, involving factors such as increased physical inactivity

and high caloric intake [1] that culminate in an imbalance
between intake and expenditure of calories [2]. Besides the
excessive calorie intake, the quality of calories consumed
is also determinant [4] since there is a relationship between
chronic consumption of a high-fat and -fructose diet with
an increase in body weight, inflammatory status, and in-
sulin resistance [5,6]. In several countries, the total sugar
intake ranges between 14–25% in adults [7].
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Table 1. Composition of the diets.
Normocaloric diet High-fat and -fructose diet

g/kg of diet

Cornstarch 397.5 20.0
Casein 200.0 200.0
Dextrinized cornstarch 132.0 20.0
Sucrose 100.0 62.5
Soybean oil 70.0 50.0
Fiber 50.0 50.0
Mineral mixture 35.0 35.0
Vitamin mixture 10.0 10.0
L-cystine 3.0 3.0
Choline bitartrate (41.1% choline) 2.5 2.5
Fructose 0.0 239.0
Lard 0.0 308.0
tert-Butylhydroquinone 0.014 0.014
Kcal/g 3.90 5.34

Individuals with obesity are more likely to be affected
by cardiovascular diseases [8], cancer [9], dyslipidemia, di-
abetes, and insulin resistance [10]. The WAT expansion
is accompanied by impaired vascularization, local hypoxia
facilitating adipocyte necrosis, fibrosis, and reduced lipid
storage capacity, which may result in ectopic fat accumula-
tion in the pancreas, liver, or muscles, leading to insulin
resistance [11]. In addition, increased production of in-
flammatory molecules and decreased secretion of insulin
sensitizers such as adiponectin are observed in hypertro-
phied adipocytes of people with obesity, resulting in dam-
age to the metabolic organs’ functions and control of energy
metabolism [12]. Obesity also increases the demand for
insulin secretion leading to higher islet area/pancreas area
ratio in mice [13] and impairs the islet function inducing
apoptosis and disarray in its cells [14]. Chronically hyper-
glycemia and hyperlipidemia trigger beta cell dysfunction
and death [15,16] and the excess of glucose and lipids in as-
sociation (glucolipotoxicity) induces progressive beta cell
failure in mice [15].

There are stages in a woman’s life when weight gain
and adiposity can result in greater damage to health. For
example, obesity triples the chance of a woman devel-
oping gestational diabetes compared to non-obese women
[17]. Pregnancy per se requires metabolic adaptations in
the maternal organism, which are orchestrated by several
hormones, including progesterone. Besides progesterone’s
roles in physiological adaptations of pregnancy [18], in-
cluding insulin resistance during this period [19], this hor-
mone regulates several cellular processes in other tissues.
In that sense, the apoptotic effect of progesterone on beta
cells and islets in vitro [20] and its action as an impor-
tant counter regulator of lactogenic stimulating activity in
islets [21] has been shown. In addition, progesterone has
also been used as a pharmacological strategy to treat clin-
ical conditions such as assisted reproduction, anovulatory

menstrual cycles, contraception during lactation [22] and
to prevent preterm birth [23]. In women receiving the
oral contraceptive pill, the reduction in insulin sensitiv-
ity is attributed to progesterone [24]. On the other hand,
estradiol but not progestin treatment, lower plasma very
low-density lipoptrotein-triglyceride concentrations by in-
creasing their plasma clearance in healthy postmenopausal
women [25]. Although progesterone and adiposity are reg-
ulators of glycemic metabolism, the role of progesterone in
female obesity is not yet clearly established. Thus, we in-
vestigated whether progesterone treatment at low dose can
worsen the glucose metabolism and the morpho functional
aspects of adipose tissue and pancreas in obese females.

2. Materials and Methods

2.1 Animals

Female post-weaned C57BL/6J mice, obtained from
the Medical School of the University of São Paulo, were
assigned into four groups, according to body weight: nor-
mocaloric diet control (NO-CO; n = 11), high-fat and -
fructose diet control (HFF-CO; n = 10), normocaloric diet
plus progesterone (NO-PG; n = 8) and high-fat and -fructose
diet plus progesterone (HFF-PG; n = 13). The groups NO-
CO and NO-PG were fed a AIN93G chow (Pragsoluções
Biociências, Jaú, Brazil) and the groups HFF-CO and HFF-
PG were fed a AIN93G chow added with fructose (24%)
and lard (31%) (Table 1), that produces a high similarity of
metabolic and hormonal alterations associated with human
obesity [26]. The amount of casein in both diets did not
differ, which is in accordance with AIN-93G rodent diets
published [27]. Animals were kept under the same housing
conditions (12 h light/12 h dark cycle, temperature 22 ± 2
°C) with food and water ad libitum. All procedures were
approved by the Ethics Committee of the School of Arts,
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Table 2. Tissues and organs weight.
NO-CO NO-PG HFF-CO HFF-PG

SC-WAT (mg/g) 19.41 ± 1.55 17.95 ± 1.95 37.56 ± 1.91 * 30.25 ± 3.33 *
RP-WAT (mg/g) 4.63 ± 0.58 4.55 ± 0.46 12.47 ± 1.01 * 12.79 ± 1.79 *
iBAT (mg/g) 2.91 ± 0.33 3.33 ± 0.42 2.58 ± 0.24 2.22 ± 0.24
Pancreas (mg/g) 20.14 ± 1.87 23.05 ± 1.99 20.40 ± 1.87 16.65 ± 1.35
Liver (mg/g) 49.04 ± 2.25 47.69 ± 0.38 35.97 ± 2.82 * 37.54 ± 1.46 *
Kidneys (mg/g) 9.96 ± 0.27 9.78 ± 0.20 7.91 ± 0.20 * 7.77 ± 0.50 *
Left Ventricle (mg/g) 3.16 ± 0.11 3.16 ± 0.08 2.56 ± 0.07* 2.77 ± 0.09 *
Data are presented as mean ± SEM. The results were compared by two-way ANOVA plus
Tukey’s post hoc test: * p ≤ 0.05 vs. NO-CO and NO-PG.
For SC-WAT, RP-WAT, iBAT, liver, kidneys and left ventricle: NO-CO (n = 11), NO-PG (n
= 8), HFF-CO (n = 10), HFF-PG (n = 13). For pancreas: NO-CO (n = 7), NO-PG (n = 3),
HFF-CO (n = 7), HFF-PG (n = 9).
NO-CO, normocaloric diet control; NO-PG, normocaloric diet plus progesterone; HFF-CO,
high-fat and -fructose diet control; HFF-PG, high-fat and -fructose diet plus progesterone;
SC-WAT, subscapular white adipose tissue; RP-WAT, subscapular white adipose tissue; iBAT,
interscapular brown adipose tissue.

Sciences and Humanities of the University of São Paulo
(003/2018). In vivo evaluations were performed during the
non-ovulatory phase of the estrous cycle.

2.2 Body Weight and Food Intake

The animals were weighed weekly on a digital scale
(Gehaka/model BG4001, São Paulo, Brazil), on the same
day and time. In addition to body weight evolution, we cal-
culated body weight gain by the difference between final
body weight (week 10) and initial body weight (week 1).
The 24 h food intake was determined weekly throughout
the study in groups of mice that were housed in the same
cage.

2.3 Progesterone Treatment

In the seventh week of protocol, NO-PG and HFF-
PG animals received the subcutaneous implantation of os-
motic minipump (model 1004; Alzet, Cupertino, CA, USA)
for constant infusion of progesterone in a low dose (0.25
mg/kg/day), diluted in DMSO (100%), for 21 days [28].
For the implantation procedure, animals were anesthetized
with ketamine (100 mg/kg body weight) and xylazine (10
mg/kg body weight). The SHAM groups (NO-CO and
HFF-CO) underwent the same surgical procedure without
the pump insertion. We followed manufacturer’s instruc-
tions to measure residual volume inside the pump, thus as-
sessing the correct infusion parameters.

2.4 Glycemic Metabolism

Glucose tolerance test (GTT) and insulin tolerance test
(ITT) were performed at week 10 of protocol on awake ani-
mals after a 6 hour fast. For GTT, glycemia was determined
at 15, 30, 60 and 90 min after intraperitoneal infusion of
the glucose load (2 g/kg body weight). After 72 h from the
GTT, the ITT was performed with insulin (0.75 U/kg body

weight) injected as an intraperitoneal bolus, and glycemia
was determined 5, 10, 15, 20, 25 and 30 min after injection.
The values obtained between 5 and 30min were used to cal-
culate the rate constant for plasma glucose disappearance
(kITT) according to the method proposed by Bonora et al.
[29]. Fasting glycemia was determined from time point 0 of
GTT, before glucose infusion. Glucose concentration was
determined in tail blood samples using a glucometer (Ac-
cuChek Advantage Roche Diagnostics®; Rotkreuz, Zug,
Switzerland).

2.5 Indirect Calorimetry at Rest and During Exercise

In the last week of the protocol, the animals were
acclimated in the Oxylet Calorimetry System (Panlab,
Barcelona, Spain) and measurements were made during
rest. First, the animals were fasted (2 h) and then oxygen
consumption volume (VO2, mL/min/kg), carbon dioxide
production (VCO2, mL/min/kg), respiratory exchange ra-
tio (RER) and energy expenditure (EE, kcal/day/kg) were
measured during 30 min of rest. The rate of oxidation of
carbohydrate (CHO) and lipid (LIP) were calculated using
the formulas: CHO = (4.55 × VO2) – (3.21 × VCO2) and
LIP = (1.67×VO2) – (1.67×VCO2). Data were expressed
as mg/min/g [30].

After the rest measurement, the maximal exercise ca-
pacity was assessed by a graded progressive test without in-
clination until the animal reached exhaustion. Initial tread-
mill speed was 0.8 cm/s, increasing by 3 cm/s every 2 min-
utes, until the animal could not maintain the running pattern
and keep continuous contact with the shock grid for 5 sec-
onds [30]. VO2, VCO2, RER, and EE were continuously
measured until the animal reached exhaustion. VO2 max-
imal (VO2 max, mL/min/kg) and VCO2 maximal (VCO2

max, mL/min/kg) were obtained from the mean values dur-
ing the last phase of the test. The iVO2 (cm/s) was defined
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as the exercise intensity corresponding to VO2 max as de-
scribed by Machado et al. [31]. Results were expressed as
mg/min/kg.

2.6 Tissue and Blood Collection
Forty-eight hours after the last glycemic test, the

animals were killed with an intraperitoneal injection of
thiopental sodium (3 mg/100 g body weight), followed by
exsanguination. The animal was weighed and then the
subcutaneous (inguinal) and visceral (retroperitoneal) white
adipose tissue (WAT) pads (subscapular white adipose tis-
sue (SC-WAT) and subscapular white adipose tissue (RP-
WAT), respectively), interscapular brown adipose tissue
(iBAT), pancreas, liver, kidneys and left ventricle were har-
vested and weighed. Then, the blood was maintained 30
minutes at room temperature for coagulation until the mo-
ment of its centrifugation at 4 °C and 12.000 rpm for 10
minutes. Aliquots of serum were stored in freezer –80 °C
for adiponectin analysis.

2.7 Serum Concentration of Adiponectin
Serum adiponectin concentration was determined

in duplicate using enzyme-linked immunosorbent assay
(ELISA) kit, following the manufacturer’s guidelines
(RAB1115 — Sigma, St Louis, MO, USA). Results
were normalized by total serum protein determined by
the BCATM protein assay kit (ThermoFischer Scientific,
Waltham, Massachusetts, USA).

2.8 Histological Analysis
The morphology of adipocytes was measured on

paraffin sections of SC-WAT and RP-WAT (3 µm) stained
with hematoxylin and eosin (Sigma-Aldrich, St. Louis,
Missouri, USA). Digital images from 50 adipocytes per an-
imal were obtained using a light microscope (Axio. A1
Observer, Zeiss, Jena, Germany) at 400×. After scan-
ning, adipocyte area (µm2) was traced and calculated us-
ing a computerized morphometry analysis system (Image J
software, V. 1.53k, National Institutes of Health, Bethesda,
MD, USA). The following parameters were calculated: di-
ameter in µm [32], volume in pL [33], mass in µg [34,35],
and adipocyte number in RP-WAT [34]. The adipocytes
size was distributed into quartiles: adipocytes in quartile
1 were classified as small; in the interquartile range 1 and
2, medium; in the interquartile range 2 and 3, large; and
above quartile 3, very large. All WAT analyses were done
by a single observer (Cauduro, L.) blinded to mice identifi-
cation.

Additionally, three sequential sections (5 µm) of the
splenic portion of pancreas were included in paraffin and
subsequently stained with hematoxylin and eosin. The im-
ages of pancreatic islets and pancreas were acquired in a
digital light microscopy (Axio observator. A1, Zeiss, Jena,
Germany), at 400× and 40× magnification, respectively,
using the Motic Images Plus 3.0 program. Measurements

of the total islet area (µm2) were taken by manually cir-
cling them in Image J software (V. 1.53k). Results were
normalized dividing the islets by the total pancreas area,
and data were expressed as islets/pancreas ratio [13]. The
number of islets per mm2, major axis, minor axis, aspect
ratio (major axis/minor axis), perimeter and circularity (4π
× area/perimeter2) of the islets were also calculated. The
analysis of the individual size of the islets was determined
by the distribution of areas in quartiles, in the same way
as the adipose tissue. All pancreas analysis was done by a
single observer (Santos, M.) blinded to the identities of the
mice.

2.9 Pancreatic Islets Isolation
Pancreatic islets were isolated by the collagenase di-

gestion method, as previously described by Lacy and Kos-
tianovsky [36]. In short, after distension via pancreatic duct
injection of Hanks solution added with 0.07% collagenase
(type V), pancreas was removed and digested in a shaking
water bath at 37 °C. Pancreatic islets were isolated from
animals of all experimental groups and used in the static
insulin secretion.

2.10 Static Insulin Secretion
Groups of 10 isolated islets were pre-incubated for 30

min at 37 °C in 500 µL of Krebs-Henseleit solution (KH)
containing 0.2% bovine serum albumin and 2.8 mM glu-
cose. Subsequently, the islets were incubated for 60 min
in KH (0.2% albumin) plus 5.6- or 16.7-mM glucose. After
incubation, the solutionwas frozen at –20 °C for subsequent
measurement of islet insulin secretion. For total insulin
content, islets were disrupted in an alcohol-acid HCl aque-
ous solution (52 ethanol: 17water; 1 hydrochloric acid v/v),
sonicated (three pulses of 5 s) to release the insulin con-
tent inside the islets, and the islet lysate solution was also
frozen at –20 °C [37]. These samples of insulin secretion
and insulin content were measured by enzyme-linked im-
munosorbent assay (ELISA) using a commercial kit (Mil-
lipore Corporation, Billerica, USA). Results are expressed
as the ratio of insulin secretion/insulin content

2.11 Statistical Analyses
All values are expressed as mean ± SEM. After

Shapiro-Wilk’s test to confirm normal distribution, data
were analyzed by two-way analyses of variance (ANOVA).
The Tukey’s post hoc test was used for multiple compar-
isons. Pearson’s correlation test was used to analyze the
association between variables. A p value of 0.05 or less
was considered statistically significant. The analyses were
performed by GraphPad Prism, v.7.0 software (GraphPad
Software, San Diego, CA, USA).
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Fig. 1. Body weight and diet consumption. (A) Body weight
evolution, (B) Body weight gain, and (C) Diet consumption
(kcal/animal/day). Data are presented as means ± SEM. Results
were analyzed by two-way analyses of variance (ANOVA) plus
Tukey’s post hoc test: * p ≤ 0.05 vs. normocaloric diet control
(NO-CO) and normocaloric diet plus progesterone (NO-PG), # p
≤ 0.05 vs. NO-CO; & p ≤ 0.05 vs. NO-PG. NO-CO (n = 11),
NO-PG (n = 8), HFF-CO (high-fat and -fructose diet control) (n =
10), HFF-PG (high-fat and -fructose diet plus progesterone) (n =
13).

3. Results
3.1 Body and Tissues Weights, Food Intake and Metabolic
Parameters

All animals started the protocol weighing around 16 g,
without statistical difference. Hypercaloric diet efficiently
increased body weight compared to normocaloric diet (p<

0.0001). Body weight in the HFF-CO group was higher
compared with NO-CO and NO-PG groups from the fourth
week, while the difference between HFF-PG and NO-CO
appeared only one week later. No difference in body weight
was observed between HFF-CO and HFF-PG (Fig. 1A),
keeping in mind that a possible influence of progesterone
could be observed only after minipump implant at the 7th
week. Additionally, the body weight gain in HFF groups
(HFF-CO: 12.21 g and HFF-PG: 10.53 g) was significantly
higher (p < 0.0001) than in NO groups (NO-CO: 6.74 g
and NO-PG: 7.39 g) (Fig. 1B).The average daily food in-
take per animal in grams was not different among groups,
but when expressed as kcal per animal, the caloric intake in
HFF groups (HFF-CO: 11.56± 0.58 kcal/animal and HFF-
PG: 10.58 ± 0.25 kcal/animal) groups was greater (p <

0.0001) than NO groups (NO-CO: 9.11± 0.25 kcal/animal
and NO-PG: 8.54 ± 0.41 kcal/animal) (Fig. 1C).

Table 2 shows the weights of tissues and organs cor-
rected by the bodyweightmeasured at the time of death pro-
cedure. The weight of SC-WAT and RP-WAT were higher
in HFF-CO and HFF-PG compared with NO-CO and NO-
PG groups (p < 0.0001). On the other hand, the weight of
liver, kidneys and left ventricle were lower in HFF groups
compared with NO groups (p< 0.0001). No difference was
observed between HFF-CO and HFF-PG. In addition, pan-
creas and iBAT did not show any significant difference in
relation to diet or progesterone treatment.

Through the analysis of metabolic parameters at rest
performed by indirect calorimetry, we observed that the val-
ues of VO2, VCO2, RER, EE, carbohydrate, and lipid oxi-
dationwere not different among groups (Table 3). Although
the time until exhaustion andmaximal velocity reached dur-
ing the running test did not differ, HFF groups showed
lower VO2max (p = 0.02), VCO2max (p = 0.001) and EE
(p = 0.03) in relation to NO groups. No difference was ob-
served between HFF-CO and HFF-PG. Carbohydrate and
lipid oxidation assessed at the time of VO2max, RER and
iVO2 did not differ among groups (Table 3).

3.2 Glycemic Metabolism

The HFF-CO and HFF-PG groups exhibited signifi-
cantly higher fasting glycemia (HFF-CO: 143.10 ± 6.47
mg/dL and HFF-PG: 141.89± 4.68 mg/dL) compared with
NO-CO andNO-PG groups (NO-CO: 131.55± 4.40mg/dL
and NO-PG: 127.88 ± 6.93 mg/dL; Fig. 2A; p = 0.03).
In GTT, post-hoc tests at each time points showed that
HFF-CO had higher glucose concentration than the NO-
CO group at minute 15 (Fig. 2B; p = 0.001). In addition,
the glucose concentration was higher in the HFF-CO group
compared with NO-CO (p< 0.0001), NO-PG (p< 0.0001)
and HFF-PG (p = 0.03) groups at minute 30 (Fig. 2B). Hy-
percaloric diet also statistically increased the area under the
glycemic curve (AUC) compared to normocaloric diet (p
= 0.0005; Fig. 2C). In the ITT, the HFF-CO and HFF-PG
groups showed glucose concentration higher than the NO-
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Table 3. Metabolic response at rest and at maximal running test.
Resting NO-CO NO-PG HFF-CO HFF-PG

VO2 (mL/min/kg) 34.77 ± 5.59 35.16 ± 3.45 37.28 ± 3.32 32.59 ± 2.94
VCO2 (mL/min/kg) 27.15 ± 3.48 28.33 ± 2.62 23.90 ± 2.09 27.01 ± 1.50
RER 0.78 ± 0.04 0.80 ± 0.05 0.71 ± 0.05 0.85 ± 0.03
EE (kcal/kg/day) 244.43 ± 36.54 246.80 ± 23.09 234.21 ± 27.42 226.38 ± 18.84
CHO oxidation (mg/min/kg) 75.61 ± 15.42 69.06 ± 9.78 110.01 ± 21.39 61.60 ± 8.88
Lipid oxidation (mg/min/kg) 14.40 ± 4.35 11.42 ± 3.17 22.35 ± 3.50 9.33 ± 2.62
Running test
Exercise performance (min) 24.25 ± 1.25 27.25 ± 0.92 23 ± 1.71 23.43 ± 1.02
Max. velocity (cm/s) 31.25 ± 2.1 36.13 ± 1.6 29.75 ± 2.64 29.86 ± 1.56
VO2 máx. (mL/min/kg) 53.03 ± 2.82 47.95 ± 4.40 43.57 ± 1.63* 42.83 ± 3.09*
VCO2 máx. (mL/min/kg) 47.23 ± 3.35 47.20 ± 0.77 39.56 ± 2.26* 38.53 ± 1.86*
RER 0.89 ± 0.04 1.05 ± 0.10 0.93 ± 0.03 0.91 ± 0.05
iVO2 (cm/s) 29.86 ± 1.87 34.44 ± 1.47 28.29 ± 2.50 29.46 ± 1.27
EE (kcal/kg/day) 375.12 ± 20.17 345.73 ± 23.57 326.4 ± 16.79* 303.67 ± 19.42*
CHO oxidation (mg/min/kg) 89.70 ± 9.20 66.66 ± 19.92 71.25 ± 6.49 71.21 ± 3.71
Lipid oxidation (mg/min/kg) 9.69 ± 4.01 1.25 ± 7.33 6.69 ± 3.03 7.18 ± 3.71
Data are presented as mean ± SEM. The results were compared by the two-way ANOVA plus Tukey’s post
hoc test: * p ≤ 0.05 vs. NO-CO and NO-PG.
VO2, oxygen consumption; VCO2, carbon dioxide production; RER, respiratory exchange ratio; EE, energy
expenditure; CHO, carbohydrate; iVO2, intensity at oxygen consumption maximum. NO-CO (n = 8), NO-
PG (n = 8), HFF-CO (n = 8), HFF-PG (n = 7).

CO group at minute 5 (p = 0.03 and p < 0.0001, respec-
tively), and the HFF-PG group maintained the difference
(p = 0.004) from the NO-CO group at minute 10 (Fig. 2D).
The kITT did not differ among groups (Fig. 2E).

3.3 Adipose Tissue Histological Analysis
Morphometric analysis of RP-WAT by histology

slides stained with hematoxylin and eosin (Fig. 3A) showed
that adipocytes area from the HFF-CO and HFF-PG groups
were, respectively, 141.2% and 130.5% larger than NO-
CO and NO-PG groups (p < 0.0001) (Fig. 3B). When
we looked at the frequency of adipocyte size in RP-WAT
(Fig. 3C), we observed a higher percentage of very large
and medium size adipocytes in the HFF-CO compared with
NO-CO and NO-PG groups, and in the HFF-PG compared
with the NO-CO group. In the morphometric analysis of
SC-WAT (Fig. 3D), the adipocytes area of the HFF-CO
and HFF-PG groups were 90.4% and 60.1% larger than
NO-CO and NO-PG groups, respectively (p < 0.0001)
(Fig. 3E). Regarding the frequency of adipocyte size in
SC-WAT, both HFF-CO and HFF-PG groups presented a
higher percentage of very large adipocytes compared with
NO groups (Fig. 3F). Additional data from RP-WAT and
SC-WAT adipocytes are summarized in Table 4. In the
RP-WAT, adipocytes diameter (p < 0.0001), volume (p =
0.0006) and mass (p = 0.0003) were greater in HFF groups
than NO groups. These differences were also observed in
SC-WAT adipocytes diameter (p < 0.0001) and mass (p =
0.001). The number of adipocytes estimated in the RP-WAT
did not differ in any condition.

3.4 Serum Concentration of Adiponectin
Serum adiponectin concentration was lower in HFF

groups than NO groups (p < 0.0001). Post-hoc test ev-
idenced that HFF-CO group was significantly lower than
NO-CO (p = 0.002) and NO-PG (p = 0.0004), while the
HFF-PG group showed lower adiponectin concentration
than NO-PG group (p = 0.04) (Fig. 4A). Furthermore, we
correlated values from all groups and serum adiponectin
was positively correlated to kITT (Fig. 4B) and negatively
correlated to AUC (Fig. 4C).

3.5 Pancreas Histological Analysis
Representative pancreatic tissue of the four groups

stained with hematoxylin and eosin for morphometric mea-
surements of the islets are shown in Fig. 5A. The total area
of the pancreatic islets was not statically different among
groups (Fig. 5B), not even when we normalized this vari-
able by the total area of the pancreas (islet/pancreas ratio)
(Fig. 5C). Additionally, no significant difference was ob-
served in the percentage of islets considered small, medium,
large and very large in the pancreas of animals in each group
(Fig. 5D). Table 5 summarizes some other morphometric
parameters measured in pancreatic islets such as number of
islets/mm2 of pancreas, perimeter, major axis, minor axis,
aspect ratio and circularity. Progesterone treatment statis-
tically increased islets circularity (p = 0.001), and post-hoc
test showed that islets from NO-PG (p = 0.01) and HFF-PG
(p = 0.01) groups were closer to a perfect circle than the
NO-CO group.
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Fig. 2. Glycemic Metabolism. (A) Fasting glycemia. (B) Glycemic Curve obtained in glucose tolerance test (GTT). (C) Area under
curve. (D) Glycemic Curve obtained in insulin tolerance test (ITT), and (E) kITT. Data are presented as means ± SEM. Results were
analyzed by two-way ANOVA plus Tukey’s post hoc test: * p ≤ 0.05 vs. NO-CO and NO-PG, & p ≤ 0.05 HFF-CO vs. NO-CO, $ p ≤
0.05 vs. HFF-PG, # p ≤ 0.05 HFF-PG vs. NO-CO. NO-CO (n = 11), NO-PG (n = 8), HFF-CO (n = 10), HFF-PG (n = 9).

To obtain a clear picture of WAT and pancreatic islets
dynamics, we correlated morphometric parameters from
these tissues of the four groups and a positive correla-
tion was found between islet/pancreas ratio to RP-WAT
adipocytes area, RP-WAT adipocytes volume and RP-WAT
adipocytes mass (Fig. 6). No correlation was found in SC-
WAT and pancreatic islets parameters.

3.6. Insulin Secretion by Isolated Pancreatic Islets

Fig. 7A shows that islets incubated with basal glu-
cose concentration (5.6 mM) did not present significant dif-
ference in insulin secretion. When islets were incubated
at high glucose concentration (16.7 mM), the hypercaloric
diet abolished glucose-stimulated insulin secretion, even in
HFF-PG group (p = 0.03; Fig. 7B). In that scenario, we in-
vestigated which factors could be associated with this re-
duced insulin secretion, and the correlation analysis with
all groups showed that insulin secretion/insulin content re-
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Fig. 3. Histological analysis of adipose tissue. (A) Representative photomicrographs of histological sections of RP-WAT stained with
hematoxylin and eosin (400×magnification). (B) RP-WAT adipocytes area. (C) RP-WAT adipocytes size frequency. (D) Representative
photomicrographs of histological sections of SC-WAT stainedwith hematoxylin and eosin (400×magnification). (E) SC-WAT adipocytes
area and (F) SC-WAT adipocytes size frequency. Data are presented as means± SEM. Results were analyzed by two-way ANOVA plus
Tukey’s post hoc test: * p ≤ 0.05 vs. NO-CO and NO-PG, # p ≤ 0.05 vs. NO-CO. For RP-WAT: NO-CO (n = 7), NO-PG (n = 8),
HFF-CO (n = 5), HFF-PG (n = 8). For SC-WAT: NO-CO (n = 8), NO-PG (n = 6), HFF-CO (n = 5), HFF-PG (n = 8).

duces according to SC-WAT adipocytes area (Fig. 7D).
Although, in this study, we did not find a positive cor-
relation between glucose-stimulated insulin secretion and
serum adiponectin concentration (p = 0.07) (Fig. 7C), this
correlation was obtained by Nakamura et al. [38] in a study
with humans that illustrates the complex crosstalk between
pancreatic β-cell and adipose tissue in obesity. The same
correlation was not found in relation to RP-WAT adipocytes
area.

4. Discussion

Obesity, increasingly prevalent in women of reproduc-
tive age, can be especially harmful at certain stages of a
woman’s life, such as pregnancy. We studied the morpho
functional aspects of adipose tissue and pancreas of obese
female mice treated with low dose of progesterone, and we
did not observe any change at this dose in body weight
gain, adiposity or adiponectin secretion, nor in morphom-
etry of islets, except in circularity, that was improved in
HFF-PG group. Although fasting glycemia did not change
among HFF-CO and HFF-PG groups, the results from the
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Table 4. Morphometric parameters of adipocytes.
RP-WAT NO-CO NO-PG HFF-CO HFF-PG

Diameter (µm) 36.36 ± 0.57 38.03 ± 3.38 50.77 ± 0.97* 48.99 ± 1.38*
Volume (pL) 35.27 ± 4.98 42.42 ± 19.21 102.81 ± 3.13# 95.28 ± 16.72#

Mass (µg) 0.03 ± 0.00 0.04 ± 0.01 0.09 ± 0.00# 0.09 ± 0.02*
Adipocyte number 1.6 × 106 ± 0.17 × 106 1.6 × 106 ± 0.4 × 106 1.6 × 106 ± 0.2 × 106 1.7 × 106 ± 0.1 × 106

SC-WAT NO-CO NO-PG HFF-CO HFF-PG
Diameter (µm) 31.51 ± 0.6 33.10 ± 0.42 43.60 ± 2.06* 41.85 ± 1.48*
Volume (pL) 22.91 ± 2.06 25.95 ± 1.78 52.29 ± 13.01 48.58 ± 9.61
Mass (µg) 0.02 ± 0.00 0.02 ± 0.00 0.05 ± 0.01# 0.04 ± 0.01
Adipocyte number 11 × 106 ± 1 × 106 9 × 106 ± 1 × 106 9 × 106 ± 1 × 106 9 × 106 ± 1 × 106

Data are presented as mean ± SEM. The results were compared by two-way ANOVA plus Tukey’s post hoc test: * p ≤ 0.05
vs. NO-CO and NO-PG, # p ≤ 0.05 vs. NO-CO.
For RP-WAT: NO-CO (n = 7), NO-PG (n = 5), HFF-CO (n = 8), HFF-PG (n = 8). For SC-WAT: NO-CO (n = 8), NO-PG (n =
6), HFF-CO (n = 5), HFF-PG (n = 8).

Table 5. Morphometric parameters of pancreatic islets.
NO-CO NO-PG HFF-CO HFF-PG

Islets/mm2 1.21 ± 0.15 1.04 ± 0.24 1.11 ± 0.14 1.08 ± 0.12
Perimeter (µm) 328.29 ± 27.10 276.98 ± 24.22 294 ± 11.70 293.84 ± 12.51
Minor Axis (µm) 75.67 ± 5.30 71.61 ± 6.71 70.48 ± 4.32 72.46 ± 3.20
Major Axis (µm) 114.95 ± 10.30 92.74 ± 9.19 100.09 ± 3.45 100.65 ± 4.34
Aspect Ratio 1.54 ± 0.05 1.34 ± 0.06 1.45 ± 0.05 1.40 ± 0.03
Circularity 0.79 ± 0.01 0.84 ± 0.01* 0.81 ± 0.01 0.83 ± 0.01*
Data are presented as mean ± SEM. The results were compared by two-way ANOVA plus
Tukey’s post hoc test: * p ≤ 0.05 vs. NO-CO. NO-CO (n = 8), NO-PG (n = 3), HFF-CO (n =
9), HFF-PG (n = 5).

Fig. 4. Adiponectin and glucose metabolism. (A) Serum
adiponectin concentration, (B) Correlation of adiponectin and
kITT and (C) Correlation of adiponectin and AUC. Data are pre-
sented as means ± SEM, analyzed by two-way ANOVA plus
Tukey’s post hoc test: * p≤ 0.05 vs. NO-CO and NO-PG, & p≤
0.05 vs. NO-PG, and Pearson’s correlation test. For adiponectin
determination: NO-CO (n = 10), NO-PG (n = 7), HFF-CO (n =
10), HFF-PG (n = 11).

glycemic curve in GTT and AUC revealed that proges-
terone treatment attenuated glucose intolerance induced by
hypercaloric diet in HFF-PG group.

Hervey and Hutchinson [39] showed that infusion of
progesterone (5 mg/day) increased female rat body weight,
with greater amounts of corporeal water and fat. In turn,
Holmberg et al. [40] found that repeated exposure to 20
mg/kg of allopregnanolone (a progesterone metabolite that
has been implicated in evoking hyperphagia), over 5 days
induced body weight gain in rats fed on a high-fat diet.
Here, progesterone (0.25 mg/kg/day) did not worsen body
weight gain and adiposity induced by hypercaloric diet in
HFF-PG group, possibly due to the lower concentration of
the hormone used in the treatment. The body weight gain
is a result of the energy balance, which is determined by
the difference between energy intake and energy expendi-
ture. Considering that HFF-CO and HFF-PG groups had
higher daily caloric consumption, and that resting energy
expenditure measured by indirect calorimetry (VO2) did
not change, the greater body weight gain shown by HFF-
CO and HFF-PG groups was due to higher caloric intake.
In addition, treatment with progesterone did not interfere
with energy balance parameters, which can explain the un-
changed body weight gain in both HFF-CO and HFF-PG
groups.
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Fig. 5. Histological analysis of pancreas. (A) Representative photomicrographs of histological sections of pancreatic islets stained
with hematoxylin and eosin (400× magnification). (B) Total islets area. (C) Pancreatic islet area/pancreas area ratio and (D) islet size
frequency in pancreas. Data are presented as means ± SEM. Results were analyzed by two-way ANOVA. NO-CO (n = 7), NO-PG (n =
3), HFF-CO (n = 7), HFF-PG (n = 5).

Fig. 6. Correlations of islet/pancreas ratio and RP-WAT
morphometry. (A) Correlation of islets/pancreas ratio and
adipocytes area. (B) Correlation of islets/pancreas ratio and RP-
WAT adipocytes volume and (C) Correlation of islets/pancreas ra-
tio and RP-WAT adipocytes mass. Data were analyzed by Pear-
son’s correlation test.

Obesity is associated with chronic inflammatory state,
metabolic dysfunction, and increased cardiovascular risk
[12]. Low levels of cardiorespiratory fitness have been as-

sociated with higher risk of morbidity and mortality from
chronic degenerative diseases, including coronary artery
disease, systemic arterial hypertension, diabetes mellitus
type 2 and some types of cancer [41]. In our study, we found
that HFF-CO and HFF-PG groups showed reduction in aer-
obic capacity as measured by VO2max during maximal ex-
ercise test. Although progesterone exerts effects on energy
metabolism and cardiorespiratory function, and therefore
directly influences aerobic capacity [42], the progesterone
treatment did not modify the impairment of aerobic capac-
ity associated with obesity in the HFF-PG animals.

The hypercaloric diet consumption impaired the
glycemic metabolism as demonstrated by greater fasting
glycemia in the HFF-CO and HFF-PG groups. However,
contradicting previous evidence that progesterone induced
insulin resistance [43,44], our results showed that proges-
terone treatment attenuated glucose intolerance induced by
obesity in the HFF-PG group. A study with ovariectomized
diabetic rats showed that the animals lose insulin sensitiv-
ity progressively, however, when these animals received
progesterone their insulin sensitivity was higher than in the
non-hormone-treated groups. However, at the end of the
experiment, high doses of progesterone drastically reduced
such sensitivity in these female diabetic rats [45], showing
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Fig. 7. Insulin secretion analysis. (A) Insulin secretion/insulin
islets content after islets incubation with 5.6mM glucose. (B) In-
sulin secretion/insulin islets content after islets incubation with
16.7mM glucose. (C) Correlation of insulin secretion/insulin con-
tent in 16.7 mM and adiponectin and (D) Correlation of insulin
secretion/insulin content in 16.7 mM and SC-WAT adipocytes
area. Data are presented as means ± SEM, analyzed by two-way
ANOVA plus Tukey’s post hoc test: * p ≤ 0.05 vs. NO-CO and
NO-PG, and Pearson’s correlation test. For insulin secretion and
content: NO-CO (n = 4), NO-PG (n = 4), HFF-CO (n = 3), HFF-
PG (n = 4).

a possible dose-dependent effect of progesterone. In the
present study, despite we did not measured progesterone
level after the treatment, we used progesterone infusion rate
(0.25 mg/kg/day) based on previous study [28], which was
considerably lower compared to dosages used in other stud-
ies such as 5, 10 or 20 mg/kg [40] and 3 mg/kg of proges-
terone [44]. Together, these results suggest that it is essen-
tial to consider the progesterone concentration when think-
ing about its effects on glycemic metabolism.

The increased RP-WAT and SC-WAT adipocytes area,
diameter, and mass in the HFF-CO and HFF-PG groups,
without change in adipocyte number, reveals that the higher
adiposity was due to hypertrophy and not hyperplasia of
adipocytes. In fact, when the adipocyte size was distributed
into quartiles, the frequency of very large adipocytes was
higher in RP-WAT and SC-WAT in both HFF-CO and HFF-
PG groups. It has been shown that progesterone stimulates
fat storage in females [46]. In addition, it is known that in-
sulin and the adipokine acylation-stimulating protein (ASP)
are the most potent fat storage hormones [47]. Thus, the
non-worsening of adiposity in HFF-PG may be explained
by the ASP resistance induced by obesity. This is supported
by the fact that ASP levels follow the progesterone levels
in eutrophic women [47]; that, in obese females ASP levels
were higher than in obese males [48], and that high levels
of ASP may also reflect ASP resistance as observed dur-
ing pregnancy [47,49]. Further studies are still necessary to
clarify this issue.

There is a remarkable predisposition to insulin resis-
tance and β-cell dysfunction in obesity, which is mediated
by mechanisms such as lipotoxicity in insulin-sensitive tis-
sues, inflammatory response and adipokines action [50]. As
a marker of adipocyte function, we measured adiponectin
due to its role in improving insulin sensibility and insulin
secretion [51]. We found lower adiponectin concentration
in HFF-CO and HFF-PG groups, and a positive correlation
between adiponectin and better response in glycemic tests.
However, the progesterone treatment did not change these
responses, which corroborates the magnitude of the damage
to adipocyte morphometry caused by hypercaloric diet.

In face of insulin resistance, pancreatic β-cells must
adapt and secrete enough insulin to avoid hyperglycemia
[50]. Male mice exhibited glucose intolerance in response
to diet-induced obesity, but a partial compensatory response
was observed as an increase in pancreatic islet mass [52].
In our study with females, those compensatory responses
were not observed in islets morphometry, although the ra-
tio islet area/pancreas area was positively correlated to RP-
WAT adipocytes area (p = 0.002), volume (p = 0.008) and
mass (p = 0.009) reaffirming the greater demand that obe-
sity imposes on the islet of these females. Compared to
SC-WAT, visceral adipose tissue is more metabolically ac-
tive, sensitive to lipolysis and insulin-resistant, contain-
ing a larger number of inflammatory cells and greater ca-
pacity to generate free fatty acids [53], which may play a
role in islets adaptation. Progesterone did not interfere in
islets morphometry, except in the circularity improvement
in HFF-PG group. Although little is known about the im-
portance of this morphometric aspect for islet functional-
ity, it is shown that stellate cells presented in fibrotic islets
of Goto-Kakizaki rats are associated with impaired β-cell
function and proliferation [54], suggesting that islets with
irregular shapes may be less functional.

Gonzalez et al. [55] studying female mice observed
rises in β-cell mass and insulin secretion as a compensatory
response to a 12-week high-fat diet. In contrast, our work
showed an impairment in glucose-stimulate insulin secre-
tion in the HFF-CO and HFF-PG groups after a 10-week
high-fat and -fructose diet. Similar results were obtained
in a study with male mice fed on a 6-week extremely high-
fructose diet (60% fructose and 30% fructose supplemen-
tation in water) where an impaired glucose-stimulated in-
sulin secretion by isolated islets was observed [56]. Here,
progesterone treatment did not modulate islets secretion ca-
pacity of obese female mice, as observed by previous stud-
ies [57,58], in which progesterone infusion at high rates
increased glucose-stimulate insulin secretion by isolated
islets of non-obese female rats. However, we found an in-
verse correlation between insulin secretion and SC-WAT
adipocytes area (p = 0.036). In obesity, the SC-WAT de-
posit, rather than visceral deposit, has been inversely as-
sociated also with adiponectin levels [59], probably be-
cause SC-WAT is more susceptible to endoplasmic reticu-
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lum stress, which reduces the synthesis and secretion of this
adipokine [60]. Although, we did not find a positive cor-
relation between glucose-stimulated insulin secretion and
serum adiponectin concentration (p = 0.07; Fig. 7C), this
correlation was obtained by Nakamura et al. [38] in a study
with humans that illustrates the complex crosstalk between
pancreatic β-cell and adipose tissue in obesity.

5. Conclusions
Taken together, our results showed that a low dose of

progesterone does not worsen the effects of hypercaloric
diet in glycemic metabolism, morphology and function
of adipose tissue and pancreatic islets in female animals.
These results may improve the understanding of the mech-
anisms underlying the pathogenesis of obesity in women
and eventually open new avenues for therapeutic strategies
and better comprehension of the interactions between pro-
gesterone effects and obesity.
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