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A B S T R A C T

Our aim was to evaluate whether chronic administration of CAF affects the uterus and induces the morphological
and molecular changes associated with endometrial hyperplasia. Female Wistar rats exposed to CAF from
weaning for 20 weeks displayed increased energy intake, body weight and fat depots, but did not develop
metabolic syndrome. The adult uteri showed an increase in glandular volume fraction and stromal area. The
epithelial proliferation rate and protein expression of oestrogen receptor alpha (ERα) were also increased. The
CAF diet enhanced leptin serum levels and the long form of leptin receptor (Ob-Rb) mRNA expression in the
uterus. No changes were detected in either insulin serum levels or those of insulin growth factor I (IGF-I) mRNA
expression. However the levels of IGF-I receptor (IGF-IR) mRNA were lower in CAF-fed animals. Overall, the
results indicate that our rat model of the CAF diet produces morphological and molecular changes associated
with uterine hyperplasia and could predispose to endometrial carcinogenesis.

1. Introduction

Many risk factors of endometrial cancer have been described such
as, early age at menarche, nulliparity, late-onset menopause, exposure
to exogenous oestrogens (without a progesterone component), diabetes
and obesity (Parazzini et al., 1991; Amant et al., 2005). Currently,
many groups have demonstrated that obesity increases the risk of en-
dometrial cancer (Thompson, 2010) but the role of each diet compo-
nent is less clear. It has been speculated that Asian diets, typically
characterized by a lower intake of fat and higher intake of fish, soy
products, and cruciferous vegetables, compared with Western diets,
may contribute to lower endometrial cancer risk (Messina et al., 2006).

Endometrial cancer is often preceded by the occurrence of precursor
lesions and is accompanied by incessant oestrogen stimulation usually
referred to as oestrogen dominance (Lacey and Chia, 2009; Kirschner
et al., 1982). In normal conditions, the estrogenic effects initiate a
succession of biochemical reactions in uterine cells in anticipation of
the possible pregnancy, involving cell hypertrophy and hyperplasia
(Nephew et al., 2000).

Oestrogens act mainly through oestrogen receptor alpha (ERα) to

promote cell proliferation, differentiation and growth. ERα is expressed
in all uterine cells, including glandular and luminal epithelium and
mesenchyma (stromal and myometrial cells) (Wang et al., 2000). The
oestrogen receptor beta (ERβ) plays a less dominant role in the mature
uterus and only modifies the effects of ERα (Koehler et al., 2005). To-
gether with oestradiol (E2), insulin-like growth factors I (IGF-I) and II
(IGF-II) and their signalling pathways also play significant roles in the
regulation of uterine growth and differentiation during the oestrous
cycle. Estrogen boosts uterine IGF-I gene expression and provokes en-
dometrial proliferation. The results of the actions of IGF-I and IGF-II are
facilitated mainly by activation of the IGF-I receptor (IGF-IR)
(McCampbell et al., 2008).

In addition, other circulating hormones regulate uterine functional
differentiation. Fat tissue has been proved to be an endocrine organ that
synthesizes and secretes polypeptide hormones and adipokines having
the capacity to produce effects on the function of many tissues, among
them the uterus. Leptin exerts direct effects on proliferation and inva-
sion, as well as the production of angiogenic proteins in tumourous
endometrial cells through the long form of leptin receptor (Ob-Rb)
activation (Tartaglia et al., 1995; Carino et al., 2008; Gao et al., 2009).
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Besides, hyperleptinaemia is a frequent characteristic of obese women,
who are more likely to develop endometrial cancer than women with
normal weight, suggesting that the adipose tissue plays a direct role
through the hormone leptin (Petridou et al., 2002).

It is well known that obesity could predispose to endometrial
cancer, but the effect of chronic administration of a westernized diet
was not determined. In our experiment, western diet habits are re-
flected by the cafeteria diet (CAF), an experimental rodent diet model
composed by a variety of highly savoury and energy-dense foods with a
prevalence in Western society (a life style linked to the current obesity
pandemic) (Sampey et al., 2011). Recently, in our laboratory, Lazzarino
et al. found that the CAF diet differentially modifies the expression of
feeding-related genes by affecting the DNA methylation mechanisms in
individual hypothalamic nuclei (Lazzarino et al., 2017). In another
work, the CAF diet was linked with increased weight gain, abdominal
fat, and serum interleukin 6 (IL-6) levels, in addition to more damage in
the kidney (chronic interstitial inflammation and glomerular sclerosis),
heart (coronary perivascular fibrosis and steatosis), and liver (liver
weight, portal fibrosis, apoptosis, and steatosis) in comparison with a
high fat diet (Zeeni et al., 2015).

In the present work, we speculate that chronic administration of the
CAF diet might induce uterine changes associated with endometrial
hyperplasia. According to this, we assessed possible changes caused by
CAF diet on the uterine morphology, the expression of oestrogen-sen-
sitive genes and epithelial cell proliferation. In addition, we determined
the expression of IGF-I, IGF-IR and Ob-Rb as molecular regulators of
endometrial proliferation.

2. Materials and methods

2.1. Animals

All procedures in this study were approved by the Institutional Ethic
Committee of the School of Biochemistry and Biological Sciences
(Universidad Nacional del Litoral, Santa Fe, Argentina) and were per-
formed in accordance with the principles and procedures outlined in
the Guide of the Care and Use of Laboratory Animals issued by the U.S.
National Academy of Sciences (Commission on Life Sciences, National
Research Council, Institute of Laboratory Animal Resources, 1996).

2.2. Experimental design

Female Wistar rats were obtained at the Department of Human
Physiology of the School of Biochemistry and Biological Sciences (UNL)
where they were bred, weaned at 21 days of age, and randomly divided
into two groups: control diet group (CON) (n= 6) and cafeteria diet
group (CAF) (n=6). The animals of the CON diet group were fed with
a standard chow diet and the animals of the CAF diet group were fed
with the diet described below. The diets were administered from
weaning and for 20 weeks and water was administered ad libitum. Rats
were housed two per cage and maintained in controlled conditions
(22 ± 2 °C and 12-h light-dark cycle). The standard chow

(Cooperación, ACA Nutrición Animal, Buenos Aires, Argentina) pro-
vided 3 kcal/g, 5% energy as fat, 23% protein and 72% carbohydrate.
The CAF diet was composed of food items selected to reproduce the
diversity, palatability, and energy density of the modern Western diet.
The CAF diet incorporated standard chow, aside from french fries,
parmesan cheese, cheese-flavored snacks, crackers, sweet biscuits,
cookies, pudding, peanut butter, and chocolate. This diet supplied an
average of 4.85 kcal/g, 49% of energy as fat, 7% as protein, and 44% as
carbohydrate, in addition to that provide by standard chow. Three of
the CAF foods were offered in excess quantities and were changed every
day, by supplanting all the food with new items for more than two
consecutive days. During the experimental time, body weights were
registered once a week and food intake every day. Food intake was
measured by the weight difference between the accessible and the re-
maining food, adjusted to the waste by collecting food spillage. Energy
intake was calculated using the energy contents of each food (kcal/g)
and the average intake.

The oestrous cycle was monitored by vaginal smears during two
weeks to determine if the CAF diet alters the duration of particular
phases of the oestrous cycle. Vaginal smears were obtained daily from
lavage fluid collected by flushing the female's vagina with phosphate-
buffered saline and were examined under a light microscope. The stage
of the oestrous cycle was determined based upon vaginal cytology as
described by Montes & Luque (Montes and Luque, 1988).

All animals were weighed and sacrificed on the dioestrus stage of
the oestrous cycle after 20 weeks of treatment. Trunk blood was col-
lected, samples were centrifuged, and serum was immediately used or
frozen and stored at −80 °C until further use. Perigonadal and retro-
peritoneal fat pads were isolated and weighed. The uteri were sampled,
and one uterine horn from each rat was placed immediately in liquid
nitrogen and stored at −80 °C for RNA extraction. The other uterine
horn was fixed by immersion in 4% paraformaldehyde buffer for 6 h at
4 °C and processed for histological studies (morphometric and im-
munohistochemical analysis).

2.3. Serum assessments

Fasting serum metabolites (glucose, triglycerides, and cholesterol)
were assessed by a commercially available assay (Wiener Laboratorios,
Argentina). Serum insulin levels were estimated by radioimmunoassay
(RIA) using an anti-rat insulin antibody (Sigma, St. Louis, Missouri,
USA) and standard rat insulin provided by Laboratorios Beta (Buenos
Aires, Argentina). The circulating levels of leptin were determined by
specific RIA (Giovambattista et al., 2006). Total E2 levels were mea-
sured using competitive RIA kits (Immunotech, Marseille, France)
(Matthews et al., 1985).

2.4. Immunohistochemistry

A standard immunohistochemical technique was performed, fol-
lowing protocols previously described by our laboratory (Muñoz-de-
Toro et al., 1998). Briefly, uterine longitudinal sections (5 μm thick)

Abbreviations

CAF diet cafeteria diet
E2 estradiol
ERα estrogen receptor alpha
ERβ estrogen receptor beta
ERK extracellular signal-regulated kinase
GE glandular epithelium
IGF-I insulin growth factor I
IGF-II insulin growth factor II
IGF-IR insulin growth factor I receptor

IL-6 interleukin 6
IOD integrated optical density
IR insulin receptor
JAK januskinases 2
LE luminal epithelium
Ob-Rb long form of leptin receptor
PS periglandular stroma
RIA radioimmunoassay
SS subepithelial stroma
STAT3 ignal transducers and activators of transcription 3
Vim vimentin
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were deparaffinized and rehydrated in graded ethanol. After microwave
pretreatment for antigen retrieval, the endogenous peroxidase activity
and nonspecific binding sites were blocked. Samples were incubated in
a humid chamber with the specific primary antibody (overnight at 4 °C)
and then with the corresponding biotin-conjugated secondary antibody
(30min at room temperature). Reactions were developed using the
avidin-biotin-peroxidase method and diaminobenzidine (DAB) (Sigma-
Aldrich) as a chromogen substrate. Samples were dehydrated and
mounted with permanent mounting medium (Eukitt, Sigma-Aldrich). A
monoclonal antibody against Ki67 was used to evaluate epithelial cell
proliferation and the expression of steroid hormone receptors ERα and
progesterone receptor (PR) was performed using specific antibodies
described in Table 1. For Ki67 immunodetection, the samples were
counterstained with Mayer haematoxylin (Biopur, Rosario, Argentina).
Each immunohistochemical run included negative controls in which the
primary antibody was replaced by non-immune horse serum (Sigma-
Aldrich).

2.5. Histological analysis

2.5.1. Determination of the glandular volume fraction
Uterine samples embedded in paraffin were cut into 5-μm sections,

mounted on slides coated with 3-aminopropyl triethoxysilane (Sigma-
Aldrich) and stained with haematoxylin and eosin for light microscopy
(Olympus BH2, Tokyo, Japan). The volume fraction of uterine glands
was calculated by applying the formula given by Weibel (1969): Vv =
Pi/P, where Vv is the estimated volume fraction of the object under
study, Pi is the number of incidents points over glands, and P is the
number of incidents points over all cells in the studied population
(stroma). To obtain the data for the point-counting procedure, a glass
disk with a squared grid of 0.8mm×0.8mm was inserted into a fo-
cusing eyepiece. The results were expressed as Vv x 100.

2.5.2. Determination of the stromal area
Vimentin is a cytoskeletal protein expressed in mesenchymal-de-

rived cells. To estimate the uterine stromal area, vimentin protein ex-
pression was evaluated. A standard immunohistochemical technique
was developed using an antibody against vimentin. The expression of
vimentin was quantified in the periglandular stroma (PS) zone defined
as the 20-μm-wide area around the glands, and in the subepithelial
stroma (SS) zone defined as the 300-μm-wide area adjacent to the lu-
minal epithelium, from the basement membrane toward the outer
layers. The image analysis system and process are described below
(item 2.7 of the M&M).

2.6. Quantification of cell proliferation

Tissue sections were evaluated using an Olympus BH2 microscope
with a Dplan 40X objective (numerical aperture= 0.65; Olympus). The
proliferation indices of the luminal epithelium and the glandular epi-
thelium were quantified by considering the percentage of epithelial
Ki67-positive cells in a total of 2000 cells/section.

2.7. Quantification of protein expression by image analysis

The expression of ERα, PR and vimentin proteins in the uterine cells
was evaluated by image analysis, using Fiji of Image J as previously
described (Ramos et al., 2002). Briefly, the images were recorded with a
Spot Insight V3.5 colour video camera, attached to a microscope
(Olympus) and converted to a grey scale. The integrated optical density
(IOD) was measured as a linear combination of the average grey in-
tensity and the relative area occupied by the positive cells (Ramos et al.,
2001, 2002). Because the IOD is a dimensionless parameter, the results
were expressed as arbitrary units. The IODs of ERα and PR were eval-
uated in the luminal and glandular epithelium (LE and GE, respectively)
of each tissue section, and in the SS (subepithelial stroma; 300-μm-wide

area adjacent to the epithelium, from the basement membrane toward
the outer layers). The IOD of vimentin was evaluated in the SS and PS,
as mentioned above. At least 10 fields of each histological compartment
were recorded in each section, and two sections per animal were
evaluated. Correction of unequal illumination (shading correction) and
measurement system calibration were performed with a reference slide.

2.8. RNA extraction and reverse transcription

Individual uterine horns were homogenized in TRIzol® reagent, and
total RNA was extracted following the manufacturer's protocol
(Invitrogen, Carlsbad, CA, USA). The concentration of total RNA was
estimated by measuring the absorbance at 260 nm and 280 nm in a
NanoDrop Lite Spectrophotometer (Thermo Scientific, Wilmington, DE,
USA), and the sample was stored at −80 °C until needed.

Equal quantities (1 μg) of total RNA were reverse-transcribed into
cDNA with Moloney Murine Leukemia Virus reverse transcriptase (300
units; Promega, Madison, WI, USA) using 200 pmol of random primers
(Promega, Madison, WI). Twenty units of ribonuclease inhibitor (RNA
out) (Invitrogen Argentina, Buenos Aires, Argentina) and 100 nmol of a
deoxynucleotide triphosphate (dNTP) mixture were added to each re-
action tube at final volume of 30 μl of 1× reverse transcriptase buffer.
Reverse transcription was performed at 37 °C for 90min and at 42 °C for
15min. Reactions were stopped by heating at 80 °C for 5min and
cooling on ice.

2.9. Quantitative real-time polymerase chain reaction

The mRNA expression of IGF-I, IGF-IR and Ob-Rb was quantified by
real-time RT-PCR. Each reverse-transcribed product was diluted with
RNAse free water to a final volume of 60 μl and further amplified in
duplicate using the Real-Time DNA Step One Cycler (Applied
Biosystems Inc., Foster City, CA, USA). L19 was used as a housekeeping
gene. The primer sequences are described in Table 2. For cDNA am-
plification, 5 μl of cDNA was combined with HOT FIREPol Eva Green
qPCR Mix Plus (Solis BioDyne; Biocientífica, Rosario, Argentina) and
10 pmol of each primer (Invitrogen, Carlsbad, CA) to a final volume of
20 μl. After initial denaturation at 95 °C for 15min, the reaction mixture
was subjected to successive cycles of denaturation at 95 °C for 15 s,
annealing at 52–60 °C for 15 s, and extension at 72 °C for 15 s. Product
purity was confirmed by dissociation curves, and random samples were
subjected to agarose gel electrophoresis. Controls containing no tem-
plate DNA were included in all assays, and these reactions did not yield
any consistent amplification. The relative expression levels of each
target were calculated based on the cycle threshold (CT) method
(Higuchi et al., 1993). The CT for each sample was calculated using the
Step One Software (Applied Biosystems Inc. Foster City, CA, USA) with
an automatic fluorescence threshold (Rn) setting. The efficiency of the
PCR reactions for each target was assessed by the amplification of serial
dilutions (over five orders of magnitude) of cDNA fragments of the
transcripts under analysis. Accordingly, the fold expression over control
values was calculated for each target using the relative standard curve,
which was designed to analyze real-time PCR data (Cikos et al., 2007).

Table 1
Antibodies used for immunohistochemistry.

Antibodies Dilution Supplier

Primary
Anti-Ki67 (clone MIB-5) 1/50 Dako Corp. (Carpinteria, CA, USA)
Anti-Vimentin (clone V9) 1/50 Novocastra (Newcastle upon Tyne, UK)
Anti-ERα (clone 6F-11) 1/100 Novocastra (Newcastle upon Tyne, UK)
Anti-PR (A0098) 1/200 Dako Corp. (Carpinteria, CA, USA)
Secondary
Anti-mouse (B8774) 1/100 Sigma (St. Louis, MO)
Anti-rabbit (B8895) 1/200 Sigma (St. Louis, MO)
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For all experimental samples, the relative target quantity was de-
termined using the standard curve, normalized to the relative quantity
of the reference gene, and finally divided by the normalized target
value of the control sample. No significant differences in CT values were
observed for L19 among the various experimental groups.

2.10. Statistics

Sample size was determined using G Power software (Faul et al.,
2007). In all cases the actual power value was higher than 0.90. The
results are expressed as the mean ± SD. All data were analysed using a
Mann-Whitney U test using the IBM SPSS Statistics 19 software (IBM
Inc.). p < 0.001 (***), p < 0.01 (**) and p < 0.05 (*) were accepted
as significant.

3. Results

3.1. CAF diet influences on body weight, adipose tissue and food intake

The group of animals that received the CAF diet showed normal
growth, without differences with the control animals, from the begin-
ning of treatment until week 13 (Fig. 1). The weight of the CAF-fed
animals then started to show an increase at 14 weeks of treatment
(weights in week 14: CON: 215.8 g ± 4.35 vs CAF: 229.8 g ± 13.00,
p < 0.05). In addition, the CAF diet also increased the perigonadal and
retroperitoneal fat depots expressed as a percentage of body weight
(p < 0.01, Fig. 1). These results are in accordance with the 21% in-
crease in energy intake found in CAF-fed rats, which presented a higher
daily caloric intake throughout the experiment. Nevertheless, the rats
on the CAF diet were not hyperphagic as they showed a decrease in
their daily food intake, defined by the weight of food, in comparison
with that of the control animals. Thus, the elevated energy uptake re-
sulted from the high-energy content of the palatable food.

3.2. CAF diet effects on metabolic and endocrine endpoints

In relation to metabolic parameters, we detected that serum leptin
levels were increased four-fold in CAF-fed rats (CON: 1.80 ± 1.26 ng/
ml, CAF: 6.99 ± 4.11 ng/ml, p < 0.001) (Table 3). No changes were
detected in the serum levels of insulin or in those of any other metabolic
parameters. The CAF diet did not alter the day of the first vaginal
opening, which was from postnatal day 40–45 in both groups. In ad-
dition, CAF-fed animals exhibited neither alterations in serum E2 levels
nor in the oestrous cycle. The oestrous cycle lasted 5 days in all animals
in both groups, without differences in the length of each phase.

3.3. CAF diet induced uterine morphological changes

The uteris of control animals revealed typical morphological fea-
tures of the dioestrous stage: a simple columnar luminal epithelium,
simple tubular glands lined with simple cuboidal epithelium, being
surrounded with a stratified endometrial stroma and two typical layers
of myometrium (Fig. 2 A). CAF-fed rats showed morphological changes

that resembled uterine hyperplasia. An increased glandular volume
fraction (CON: 4.77 ± 0.76vs CAF: 8.27 ± 1.87, p < 0.001) (Fig. 2A
and B) was observed. Moreover, a higher expression of vimentin was
detected in both the SS and the PS (Fig. 3A and B).

3.4. CAF diet deregulates the expression of ERα

We determined the expression of two classical nuclear steroid hor-
mone receptors, ERα and PR. CAF-fed animals showed deregulation of
ERα. The CAF diet increased ERα expression in all uterine compart-
ments: SS, GE and LE (Fig. 4A and B). PR expression was not affected by
CAF treatment.

3.5. CAF diet induces an increase of uterine cell proliferation

To determine if the CAF diet affects uterine cell proliferation, we
quantified Ki67 expression in glandular and luminal epithelial cells.
The results indicated that CAF-fed animals showed a higher level of
Ki67 expression in both compartments: GE: CON: 63.52 ± 11.46% vs
CAF: 76.06 ± 3.62% (p < 0.05) and LE: CON: 40.64 ± 11.53% vs
CAF: 68.11 ± 5.38% (p < 0.01) (Fig. 5A and B).

3.6. CAF diet alters the expression of molecules related to uterine
proliferation control

The higher proliferation of CAF uterine cells led us to evaluate
which molecular pathways could be affected. Therefore, we decided to
evaluate IGF-I and IGF-IR expression at the transcriptional level. CAF-
fed animals showed a decreased uterine IGF-IR expression, without
changes in IGF-I expression (Fig. 6A and B). In addition, we evaluated

Table 2
Primers and PCR products for real-time quantitative RT-PCR.

Target Primer sequences Size (bp)

L19 F: 5′- GAAATCGCCAATGCCAACTC- 3′
R: 5′- ACCTTCAGGTACAGGCTGTC- 3′

290

Ob-Rb F: 5′- AGGATGAGTGTCAGAGTCAA- 3′
R: 5′- CTCTTCATCAGTTTCCACTG- 3′

80

IGF-I F: 5′- CTCAAGGATGGCGTCTTCAC- 3′
R: 5′- GAACTTGCTCGTTGGACAGG- 3′

137

IGF-IR F: 5′- CTCAAGGATGGCGTCTTCAC- 3′
R: 5′- GAACTTGCTCGTTGGACAGG- 3′

115

Fig. 1. (A) Body weight of rats fed with standard chow (CON) or cafeteria diet
(CAF) for 20 weeks. Perigonadal fat (B), retroperitoneal fat (C), expressed as a
percentage of body weight. Food intake (D) and energy intake (E), expressed as
g/day and kcal/day, respectively. Values in the bar graph are the mean ± SD
(6 rats per group). Data were analysed with the Mann Whitney Test. **,
p < 0.01; ***, p < 0.001 vs. the control group.
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uterine Ob-Rb because it is well known that leptin exerts direct effects
on proliferation in cancerous endometrial cells across Ob-Rb stimuli.
We found that CAF-fed animals showed an increased expression of
uterine Ob-Rb (Fig. 6C).

4. Discussion

Several risk factors for endometrial cancer are associated with dif-
ferent life style factors. Since obesity is a conclusive risk factor for
endometrial cancer, increased dietary fat uptake was hypothesized to
be associated with endometrial cancer risk. Currently, epidemiological
studies concerning the subject are unconvincing (Jochems et al., 2018;
Welti et al., 2017; Ollberding et al., 2012). Some results indicate a
positive association between total and saturated fat intake and en-
dometrial cancer. Cohort studies indicate that higher monounsaturated
fatty acid intake is associated with a reduced risk of developing en-
dometrial cancer (Zhao et al., 2016).

All data published until today, suggest that additional studies on
dietary patterns are necessary (Grosso et al., 2017). It is imperative to
investigate whether life-long dietary habits may contribute to disease
risk. The present study was created to estimate the possible impact of
the westernized diet on the uterus through chronic administration of
the CAF diet. We chose the CAF diet because it reflects the daily food
consumption of the Western population, as it, among other reasons, is a
more palatable diet.

In previous studies the CAF diet produced metabolic changes, in-
cluding an increase in triglycerides, glucose, insulin, and total choles-
terol levels (Goularte et al., 2012; Sagae et al., 2012; Lalanza et al.,
2014). In our experiment, the CAF diet generated slight obesity, which
was due in part to an increased energy intake, fat pads and body
weight, but no development of metabolic syndrome. These apparently
discrepancies could be explained because the different composition of
CAF diets used.

Our CAF diet is composed of lower protein content and higher fat
content, compared to those of other CAF diets. Different reports in-
dicate that a lower dietary protein content could affect normal growth
(de Oliveira et al., 2018; Furuta and Murakami, 2018; Arsenault and
Brown, 2017). In fact, using a model of male rats fed with a low-protein
diet, protein reduction at puberty contributed to energy and metabolic
disorders with long-term consequences (de Oliveira et al., 2018). In our
study, the growth of the CAF rats from the beginning of the experiment
until week 13 was slightly lesser than that of the control rats, but not
statistically different. Perhaps, the lower protein content was compen-
sated for the high fat content, producing a significant increase in body
weight, detected after week 14. Another difference between our study
and other similar studies is the timing of diet exposure and the sus-
ceptibility of rat strains. In relation to reproductive parameters, some
authors indicated that the CAF diet induces reproduction impairment
(Bazzano et al., 2015, 2017). They determined that the CAF diet pro-
duces a lower E2 secretion as a central failure related to the impairment
ovulation. They propose that the lower E2 level may induce a prolonged
dioestrus in the rat, leading to reproductive dysfunction (Bazzano et al.,
2015). Another published work found no differences in E2 serum levels
but detected follicle-derived preovulatory progesterone surge inhibition
during the pro-oestrus phase and, consequently, inhibition of the pre-
ovulatory gonadotropin surge (Sagae et al., 2012). In the present work,
E2 serum levels, the time of vaginal opening and the oestrous cycle
were not affected. However, differences related to diet composition,
time of exposure and/or strain of rats should not be minimized when
interpreting the results presented herein.

As we mentioned before, the primary goal of our work was to in-
vestigate if the chronic administration of the CAF diet might induce the
uterine effects associated with endometrial hyperplasia. We detected
different morphological and molecular changes that indicated that the

Table 3
Serum parameters and hormones of rats fed with control diet (CON) or a
Cafeteria diet (CAF).

Parameter CON CAF p value

Triglycerides (mmol/l) 103.29 ± 35.23 83.55 ± 30.93 0.26
Cholesterol (mmol/l) 186.19 ± 24.67 195.71 ± 13.49 0.49
Glucose (mmol/l) 6.22 ± 0.57 6.03 ± 0.38 0.36
Insulin (mU/I) 29.12 ± 10.61 33.46 ± 20.19 0.60
Leptin (ng/ml) 1.80 ± 1.26 6.99 ± 4.11*** < 0.001
Estradiol (ng/ml) 0.026 ± 0.009 0.023 ± 0.009 0.45

CON: Control Diet; CAF: Cafeteria Diet.
Data shown are presented as the mean ± SD (n = 10/group). *** indicates
significant differences at p < 0.001; Mann-Whitney test.

Fig. 2. (A) Representative photomicrographs of uterus
staining with Haematoxylin-Eosin of control and CAF rats.
Scale bar: 50 μm. (B) Quantification of the glandular volume
fraction. The results are expressed as Vvx100. Values in the
bar graph are the mean ± SD (6 rats per group). Data were
analysed with the Mann Whitney Test. ***, p < 0.001 vs.
the control group.
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CAF diet affects the normal uterine functional differentiation during the
oestrous cycle. Few studies have shown a close relationship between the
higher ERα uterine expression and the endometrial hyperplasia
(Chakraborty et al., 2005; Pieczynska et al., 2011). ERα is almost ex-
clusively situated in the nucleus and is involved in the most important
mechanism of oestrogen action–the genomic mechanism responsible for
cell growth and proliferation. The gradual increase in ERα density in

normal proliferative endometrium, which is greater in simple hyper-
plasia, and is maximal in complex endometrial hyperplasia, proves the
growth and proliferative effect of activated ERα. The fact that ERα
density decreases in atypical endometrial hyperplasia, which is much
smaller in low-grade and even greater in high-grade adenocarcinomas,
demonstrates that ERα is involved only in growth and proliferation of
cells with conserved architecture (normal or benign hyperplasic cells).

Fig. 3. (A) Representative photomicrographs of vimentin
expression in control and CAF rats. Scale bar: 50 μm. (B)
Quantification of vimentin expression in subepithelial (SS)
and periglandular (PS) stroma. The results are expressed as
IOD. Values in the bar graph are the mean ± SD (6 rats per
group). Data were analysed with the Mann Whitney Test. *,
p < 0.05; **, p < 0.01 vs. the control group.

Fig. 4. (A) Representative photomicrographs of im-
munohistochemical detection of ERα on SS, GE and
LE. Scale bar: 50 μm. (B) Quantification of ERα ex-
pression. The results are expressed as IOD. Values in
the bar graph are the mean ± SD (6 rats per group).
Data were analysed with the Mann Whitney Test. *,
p < 0.05 vs. the control group.
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Atypical, especially malignant cells, expressed significantly less ERα,
where lower expression is a sign of poor prognosis and/or a high-grade
lesion (Chakraborty et al., 2005; Tica et al., 2016). In CAF animals, we
detected an increase of glandular area and stromal compartments ac-
companied by an elevated proliferation rate and ERα expression.

Leptin and insulin are defined as regulators of endometrial pro-
liferation (Villavicencio et al., 2010). Previous studies indicate that
circulating insulin/IGF as well as the sex hormone axes are significantly
dysregulated by obesity and diabetes and during endometrial cancer
development (Merritt et al., 2016). Where as insulin predominantly acts
through the insulin receptor (IR), IGFs bind to the IGF-IR, the IR, and
the hybrid IR/IGF-IR (Pollak, 2012; Brouwer-Visser and Huang, 2015).
Oestrogen and insulin/IGF signalling result in downstream mitogenic
and anti-apoptotic effects and converge on the AKT signalling pathway.
Different expression levels of these pathway components were detected
between pre and post-menopausal women. In the postmenopausal
women IGF-II showed a lower expression compared with that in the
premenopausal proliferative phase (Lacey and Chia, 2009). The same
result was detected in our CAF-fed rats, with a lower expression of IGF-
IR compared with that of the control rats. However, the insulin serum
level and the IGF-I mRNA expression did not change in CAF animals.
Given that CAF animals were not obese or diabetic, we propose that
changes in leptin levels could explain the induction of endometrial

hyperplasia.
Previous results indicate that significantly high serum leptin levels

are a usual characteristic of individuals with endometrial hyperplasia
and cancer in comparison to women having normal endometrium. This
characteristic correlates to their body mass indices. Leptin has been
demonstrated to exert significant effects on endometrial proliferation
(Cymbaluk et al., 2008). Leptin has been shown to have, through Ob-Rb
activation, immediate effects on proliferation, production of angiogenic
proteins and invasion of malignant endometrial cells (Tartaglia et al.,
1995; Gao et al., 2009; Amjadi et al., 2016). It is well know that en-
dometrium has leptin receptors. In our experiment, CAF animals
showed an increase in serum leptin levels together with a high ex-
pression of Ob-Rb mRNA. Previous results indicate that the Ob-Rb
overexpression in uterine hyperplasia may increase its susceptibility to
malignancy in obese patients as a consequence of the hyperleptinaemia
(Mendez-Lopez et al., 2017).

In the uterus, epithelial-mesenchymal crosstalk also plays an im-
portant role in the development of epithelial lesions. Confirmation of
the control exerted by the stroma on differentiation through different
tissue recombination studies (mixing uterine or vaginal stroma and
epithelia) has revealed that the fate of epithelial cells depends on
stromal/mesenchymal signalling (Kurita et al., 2001). In mice, the
stromal compartment is sufficient to induce endometrial cancer, and

Fig. 5. (A) Representative photomicrographs of im-
munohistochemical detection of Ki67 on LE and GE. Scale
bar: 50 μm. (B) Quantification of Ki67 expression. Results are
expressed as percentage. Values in bar graph are mean ± SD
(6 rats per group). Data were analysed with the Mann
Whitney Test. *, p < 0.05; **, p < 0.01 vs the control
group.

Fig. 6. Expression of molecules related to proliferation control. Relative expression of IGF-I, IGF-IR and Ob-RbmRNA levels (A, B and C, respectively). Samples were
normalized to L19 mRNA expression, and the relative amounts of mRNA were calculated using the standard curve method. Each column represents the mean ± SD
(6 rats per group). *, p < 0.05 vs. the control group.
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comparable changes in human endometrial cancer patients are ob-
servable, suggesting that mesenchymal cells play an important role in
the aetiology of endometrial cancer (Tanwar et al., 2011). According to
the World Health Organization 1994, an abundant cellular stroma is a
histological change present in the endometrial hyperplasia (Sanderson
et al., 2017). In our study, we detected that peri-glandular stroma and
subepithelial stroma areas increased in CAF-fed rats. Taking into ac-
count the role of stromal cells in epithelial lesions, our results indicate
that the changes detected in the stromal cells could contribute to epi-
thelial proliferation detected in CAF-fed rats. Some mediators of
stromal control have been proposed (Senol et al., 2016; Tanwar et al.,
2012). The dysregulation of the signalling of the mammalian target of
rapamycin complex 1 (mTORC1) in stromal cells plays an important
role in the pathogenesis of uterine diseases (Tanwar et al., 2012).

Endometrial hyperplasia is a central clinical topic, as it has the
potential to transform into cancer. In this sense, is crucial to take life
style into consideration because it could generate endometrial hyper-
plasia. Thus, we believe that in our animals, the CAF diet (and probably
the increased level of leptin), but not obesity (which is absent in our
animals), could be producing the endometrial hyperplasia. In future
studies we would like to evaluate the gene pathways affected by the
leptin hormone to induce the endometrial proliferation. In vitro studies
indicate that the knockdown of Ob-Rb disrupts the capacity of leptin to
promote cell growth. Leptin stimulates endometriotic epithelial cells
Janus Kinases 2 (JAK2) activation, signal transducers, as well as the
activation of transcription 3 (STAT3) and extracellular signal-regulated
kinase (ERK) (Oh et al., 2013). In future studies, we propose to de-
termine if these signal transducers could be affected in CAF fed animals
as one possible mechanism to explain the endometrial hyperplasia.
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