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Abstract: Functional and structural alterations of the gastrointestinal (GI) tract were evaluated in
mice with partial deficiency of TGF-β3 (HZ) and the influence of sex and diet in them. No signs of
inflammatory bowel disease were detected. WT females presented lower body weight and delayed
GI transit compared to males. The HZ genotype modified the latency of marked feces expulsion, in
a sex and diet dependent manner, without GI macroscopic structural alterations. HFD counteracted
TGF-β3 heterozygosity functional effect in males. Sex, diet and TGF-β3 may alter GI tract motility
and structure, with a possible impact on the obesity-associated IBD. A further important finding is
that exposure to HFD counteracted the functional effects of the mutation in males. Further research
is needed to determine the mechanisms involved in this effect.
Keywords: TGF-β3; inflammatory bowel disease (IBD); mice; sex-dependent differences; high fat
diet; genotype; obesity; inflammation; gastrointestinal transit

1. Introduction
Transforming growth factor β (TGF-β) is a family of cytokines which, acting through both
canonical (SMAD) and non-canonical (MAP kinases (MAPK), Rho-like GTPase, and
phosphatidylinositol-3-kinase (PI3K)/AKT)) cascades, are involved in a wide range of biological
processes such as differentiation, proliferation and apoptosis. Moreover, dysregulation of TGF-βProceedings 2020, 57, x; doi: FOR PEER REVIEW
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activated cascades has been correlated with the development of cancer and chronic inflammatory
diseases [1,2], highlighting its key role in homeostasis.
The family comprises three isoforms in mammals: TGF-β1, TGF-β2 and TGF-β3. Although
similar in their active domain sequences, they activate specific cell-surface receptors and perform
different functions. Accordingly, mice carrying mutations for the different isoforms display also
different phenotypes [3].
In particular, TGF-β3 is well-known for its involvement in craniofacial development. Mice
homozygous for TGF-β3 deletions (TGF-β3−/−) die shortly after birth due to cleft palate and also due
to defects in pulmonary and cardiovascular development [4–6]. In contrast, mice heterozygous for
TGF-β3 (TGF-β3+/−) survive normally, with no apparent external differences with wild-type
littermates. However, these mice display lower subcutaneous adipocyte progenitor proliferation, but
adipose hypertrophy and glucose intolerance upon weight gain induced by high fat diet [7],
suggesting that TGF-β3 is an important regulator of adipose tissue expansion in obesity (favoring
subcutaneous adipose tissue hyperplasia, at least in males). Furthermore, some mild cardiovascular
malformations associated with dysregulated collagen matrix reorganization and fibrotic lesions were
recently described in TGF-β3+/− fetuses, whereas adults are currently being studied [4]. Thus, TGF-β3
mutations result in dysregulated collagen matrix reorganization and fibrotic lesions, at least in the
cardiovascular system [4].
Inflammatory bowel disease (IBD) is an inflammatory chronic immuno-mediated disease of the
intestinal tract characterized by periods of exacerbation and periods of remission [8]. IBD arises
because of genetic, immunological and environmental factors [9]. The chronic inflammation of the
mucosa is a result of the disbalanced immunological defenses of the gastrointestinal tract against
alimentary antigens, extracellular contaminants and pathogens [2]. In order to prevent this
inflammation, the body promotes the proliferation of T regulatory lymphocytes to fight pathogens
that cross the intestinal barrier [2]. TGF-β balances the proinflammatory and anti-inflammatory
processes that take place in IBD [2]. In particular, it is known that TGF-β1 overexpression at the
intestinal level promotes spontaneous colitis [10,11], with inflammation and irregular collagen
deposition leading to fibrosis [12,13]. However, to our knowledge, the role of TGF-β3 in the
gastrointestinal tract has not yet been evaluated.
Crohn’s disease and ulcerative colitis are the main types of IBD [14]. In ulcerative colitis, the
inflammatory process affects just the mucosa, starting in the rectum and spreading orally. One of the
most characteristic symptoms of ulcerative colitis is bloody diarrhea, but the patient may as well
present abdominal pain or fever. Patients with just rectum inflammation may present constipation
during periods of exacerbation. In Crohn’s disease, inflammation affects all layers of the intestinal
wall, and spreads segmentally from mouth to rectum, with abdominal pain, fever, weight loss,
anemia and diarrhea as characteristic symptoms [14].
IBD can develop at any age and sex, although the incidence of Crohn’s disease is higher in
teenagers and middle age women, while in men from 45 years on, the incidence of ulcerative colitis
is higher [15]. The incidence is also higher in western countries such as North America, north of
Europe, United Kingdom and Australia [16]. However, in the last decades the incidence has also
increased in southeast Europe, Asia and many developing countries where obesity rates have
increased. This may be due to changes in lifestyle and diet characteristic of industrialized societies
[16]. Thus, high fat diets favor whereas diets rich in fiber, fruit and vegetables protect against the
development of IBD [8,16]. This has also been observed in genetically modified murine models in
which Crohn’s disease may be mimicked when these mice are fed a high fat diet [8,17].
Not surprisingly, diet-induced obesity is also a risk factor in the development of IBD. There are
2.100 million overweight people worldwide, of which 600 million are considered obese [9]. The
incidence of IBD in obese population (Body Mass Index (BMI) > 30 kg/m2) varies from 15% to 40%
[9]. Obesity may be due to an unhealthy diet and lifestyle and/or to genetic factors, and both
contribute to IBD development [8,16].
Lastly, as previously mentioned, sex is an important factor in IBD incidence as well as in obesity
incidence and severity. Likewise, obesity and IBD involve gastrointestinal disorders, which may be

Proceedings 2020, 57, x FOR PEER REVIEW

3 of 19

differently affected by sex. On the one hand, endocrine secretion from adipose tissue, which is sexdependent, regulates gastrointestinal motility [18,19]. On the other hand, in patients with IBD, the
dysbiosis (dysregulation of intestinal microbiota) and other factors such as plexitis or enteric nervous
system inflammation [20], may favor changes in motility, feces consistency and abdominal pain in a
sex-dependent manner [21]. Female sex hormones have indeed a key role in gastrointestinal motility
regulation [22]. Thus, there are studies that show a lower gastrointestinal transit in females compared
with males and that link changes in female intestinal motility to the menstrual cycle [22]. However,
there is a scarcity of preclinical studies focusing on the influence of sex on motility and other
functional and structural aspects of the gastrointestinal tract under pathological circumstances such
as obesity or IBD.
Taking all this information into account, our aim was to determine the possible alterations in
motor function and structure of the gastrointestinal tract in mice with partial deficiency of TGF-β3
and the influence of diet and sex in these alterations.
2. Materials and Methods
2.1. Ethics
The experimental procedures were authorized by the Ethics Committee of Rey Juan Carlos
University (URJC), according to European (2016/63/EU) and Spanish (RD 53/2013) regulations, for
the protection of animals destined for scientific studies (PROEX #194/17 and internal registration
number ENM 84/170704202009420).
The design of the studies always sought to reduce the number of animals involved and their
suffering.
2.2. Experimental Animals and Groups
A total of 104 (54 females and 50 males) C57BL/6J mice donated by Concepción Martinez´s
laboratory (Universidad Complutense of Madrid) were used in this study [23]. They were housed in
standard transparent cages (maximum 4 per cage), separated by sex, under environmentally
controlled conditions (temperature = 20 °C; humidity = 60%), with a 12 h light/12 h dark cycle (lights
on: 8–20 h), and had access to food and water "ad libitum". Mice were weaned at the third week of
age and fed the control diet. At the fourth week, part of the mice continued with the control diet (CD;
10% of calories from fat; D12450B, Research Diets® ), and the rest were given a high-fat diet (HFD;
54.4% kcal calories from fat; TD. 07011, ENVIGO® , Indianapolis, IN, USA) for 3 more months.
Male and female mice were divided, respectively, into four experimental groups, based on their
genotype with respect to TGF-β3 (wild type, WT; heterozygous, HZ) and on the supplied diet (CD;
HFD). Therefore, 8 different experimental groups were stablished: male WT-CD (n = 12); male WTHFD (n = 13); male HZ-CD (n = 11); male HZ-HFD (n = 14); female WT-CD (n = 13); female WT-HFD
(n = 12); female WT-CD (n = 16); female WT-HFD (n = 13). Body weight data from the mice of each
group was collected until sacrifice.
2.3. Functional Study of the Gastrointestinal Transit
At the end of the 3 months of exposure to CD or HFD, a functional study of the gastrointestinal
transit, consisting of two phases, was performed.
In the first phase, barium sulfate (BariGraph® AD, Juste SAQF, Spain) suspended in 0.3 mL of
tap water (2 g/mL) was administered by gavage to each mouse, with an orogastric probe. Then,
animals were individually placed in cages without sawdust or food, but with water. Feces were
collected every 30 min in individual self-sealing plastic bags and weighed on a precision scale before
and after drying in an oven at 70 °C for 24/48 h, so that the degree of fecal moisture could be
determined. The degree of moisture in the stool can be modified by many factors (stress, pathology),
and influences motility, since higher humidity generally implies greater volume of the stool and
greater stimulation of the colonic wall for its propulsion and expulsion (including diarrhea) [24]. The
number of stools excreted by each animal at each time interval was also recorded.
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In the second phase, an X-ray study of the dry feces was carried out in order to obtain
information about gastrointestinal transit. The feces were radiographed with a digital X-ray
apparatus (CS2100, Carestream Dental, 60 kV, 7 mA; time exposure, 20 ms; focus distance manually
set at 50 ± 1 cm) using Carestream Dental T-MAT G/RA film (15 × 30 cm) housed in a cassette provided
with regular intensifying screen. X-rays were developed using a Kodak X-OMAT 2000 automated
processor (Kodak AG, Stuttgart, Germany). The percentage of barium-marked feces was determined
at each time point. In addition, a stool marking index was established, where the poorly marked feces
visualized in the radiograph for each mouse at each time point were multiplied by 1, and the intensely
marked, by 2. These two factors were summed and divided by the total number of feces, produced
by each mouse at each time point, as shown in the formula:
Stool marking index =

((Poorly marked feces x 1) + ( Intensely marked feces x 2))
Total feces

The criteria to differentiate the marking were established from the beginning and were
maintained throughout the assessment, which was performed in a blinded fashion.
Finally, the latency of excretion of the first marked feces in each experimental group was also
determined.
2.4. Structural Study: Macroscopic Study of the Gastrointestinal Organs
After sacrifice, by cervical dislocation, the small intestine, colon, caecum and stomach were
removed en bloc, weighed, spread on a sheet of graph paper and photographed (see Supplementary
Material, Figure S1). The pictures were opened with ImageJ 1.38 and the graph paper was used to set
the scale for each picture. The area of the stomach and caecum and the length of the small intestine
and colon were recorded.
2.5. Histological Analysis
Samples of distal colon were obtained after sacrifice, fixed in buffered 10% formalin and
embedded in paraffin. Sections of 5 μm were stained with Van Gieson´s stain to detect collagen fibers.
They were studied under a Zeiss Axioskop 2 microscope equipped with the image analysis software
package AxioVision 4.6 to measure submucosa thickness. The analysis was made in 8–10 random
fields measured in 40x objective microphotographs per section and specimen. The experimenter was
blind to the treatment received by the rat from which the sample under analysis was obtained.
2.6. Statistical Analysis
Statistical analysis was performed with GraphPad Prism 7.0® (GraphPad Software Inc.). The
results were expressed as the mean of the values obtained ± SEM (standard error of the mean). The
data obtained from the functional study for the different experimental groups were compared using
two-way ANOVA, followed by Sidak´s multiple comparison test for multiple comparisons. On the
other hand, the results of the areas and lengths of the organs from the macroscopic study and the
weights of the organs were analyzed by one-way ANOVA followed by Sidak's multiple comparisons
pot-hoc test, which compared the data of the different experimental groups. In addition, for these
results, the effect of sex was determined by comparing WT females and males fed the control diet
(WT-CD), using a Student's t test. Differences were considered statistically significant when p ≤ 0.05.
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3. Results
3.1. Functional Study of Gastrointestinal Motor Function—Phase 1: Characteristics of Excreted Feces
3.1.1. Number of Feces
In control animals (WT-CD), there was a progressive reduction in the number of feces along the
experiment, more pronounced in males than females (males: 120 p < 0.05, 180, 240 p < 0.001 vs. 60;
females: 240 p < 0.05 vs. 60). Females expelled less feces than males during the first 60 min, this
difference being statistically significant (p = 0.05); during the rest of the experiment the number of
feces in both groups was similar (Figure 1A).
On the other hand, during the first hour of the study, a significant decrease in the number of
feces excreted by WT-HFD males and females compared with their respective WT-CD (males: p <
0.01; females: p < 0.05) was found, whilst HZ did not significantly modify this parameter in CD or
HFD animals (Figure 1B,C).

Figure 1. Number of feces excreted by the mice belonging to the different experimental groups. Male
and female mice of wild (WT) or mutant (HZ) genotypes were used, which were exposed to a control
(CD) or a high fat (HFD) diet for 3 months. The number of feces excreted per hour is shown. The
difference due to gender in the WT-CD groups is shown in (A). The effect of diet and genotype on the
number of feces excreted by males and females are shown in (B) and (C), respectively. Values are
represented by the mean ± SEM. * p < 0.05, ** p < 0.01 vs. WT-CD (two-way ANOVA followed by
Sidak's multiple comparisons test).

3.1.2. Wet Weight of Feces
Values of fecal wet weight obtained for WT animals resembled to some extent those obtained
for the number of feces. Thus, across the study, fecal wet weight decreased in males (males: 240 p <
0.05 vs. 60) but remained stable in females, without statistically significant differences between the
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two groups (Figure 2A). No statistically significant differences were found either in the effects of diet
and genotype (Figure 2B,C).

Figure 2. Wet weight of the feces excreted by the mice of the different experimental groups. Male and
female mice of wild (WT) or mutant (HZ) genotypes were used, which were exposed to a control (CD)
or a high fat (HFD) diet for 3 months. The wet weight of feces excreted per hour is shown. The
difference due to gender in the WT-CD groups is shown in (A). The effect of diet and genotype on
wet weight of feces excreted by males and females are shown in (B) and (C), respectively. Values are
represented by the mean ± SEM (two-way ANOVA followed by Sidak's multiple comparisons test).

3.1.3. Dry Weight of Feces
The curves representing the dry weight of the feces throughout the experiments were very
similar for control males and females, with no statistical differences across the experiment (Figure
3A), and these were not significantly affected either by diet or genotype for either sex (Figure 3B,C).
These results suggest that the differences found in the number and wet weight of the feces are due to
the degree of water content and not to the solid mass, therefore fecal moisture was calculated, by two
different methods: the difference in weight between the wet and dry feces (see Supplementary
material, Figure S2) and the percentage of water content (see below).
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Figure 3. Dry weight of the feces excreted by the mice belonging to the different experimental groups.
Male and female mice of wild (WT) or mutant (HZ) genotypes were used, which were exposed to a
control (CD) or a high fat (HFD) diet for 3 months. The dry weight of the feces per hour is shown. The
difference due to gender in the WT-CD groups is shown in (A). The effect of diet and genotype on
dry weight of feces excreted by males and females are shown in (B) and (C), respectively. Values are
represented by the mean ± SEM (two-way ANOVA followed by Sidak's multiple comparisons test).

3.1.4. Fecal Moisture
Fecal moisture (expressed as percentage of water content) was reduced across the experiment in
both males and females, in a similar manner. This reduction was more evident during the third hour
(males: 120 p < 0.05, 180 and 240 p < 0.001 vs. 60; females: 180 and 240 p < 0.001 vs. 60) (Figure 4A).
In both males (Figure 4B) and females (Figure 4C), the mutation did not seem to have any effect,
whereas exposure to HFD decreased the degree of moisture in both genotypes, particularly in males
during the third hour in HZ mice (p < 0.05) and females during the first (WT p < 0.001, HZ p < 0.01)
and second hour (WT and HZ p < 0.001) (Figure 4C).
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Figure 4. Fecal moisture expressed as percentage of water content in the feces excreted by the mice of
the different experimental groups. Male and female mice of wild (WT) or mutant (HZ) genotypes
were used, which were exposed to a control (CD) or a high fat (HFD) diet for 3 months. The percentage
of water in the excreted feces per hour is shown. The difference due to gender in the WT-CD groups
is shown in (A). The effect of diet and genotype on moisture of feces excreted by males and females
are shown in (B) and (C), respectively. Values are represented by the mean ± SEM. *** p < 0.001 vs.
WT-CD and # p < 0.05, ## p < 0.01, ### p < 0.001 vs. HZ-CD (two-way ANOVA followed by Sidak's
multiple comparisons test).

3.2. Functional Study of Gastrointestinal Motor Function—Phase 2: Gastrointestinal Transit
Different parameters were obtained, based on appearance of barium in feces, in order to
characterize the gastrointestinal transit. The results for the percentage of barium-marked fecal pellets
are shown in Supplementary Material (Figure S3). The results for the remaining parameters are
shown below.
3.2.1. Stool Marking Index
In WT-CD animals, there was a progressive increase in the stool marking index, during the first
3 h, which was faster in males than females (males: 120, 180, 240 p < 0.001 vs. 60; females 120 p < 0.01,
180, 240 p < 0.001 vs. 60). During the fourth hour, this index was still increasing in females whilst in
males it started to decrease (Figure 5A).
In WT males, HFD modified the index at 240 min when compared to CD, because it was still
increasing instead of decreasing (p < 0.05). On the other hand, HZ mice tended to have a lower index
than WT, the difference with WT being statistically significant at 120 min (p < 0.05) (Figure 5B); HFD
somehow prevented the decelerating effect of HZ on this. In females, HFD tended to accelerate GI
transit and this was more pronounced in the HZ-HFD group, whose differences with HZ-CD were
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statistically significant at 120 min (p < 0.001) (Figure 5C). The mutation alone did not significantly
alter this parameter in females.

Figure 5. Stool marking index in mice of the different experimental groups. Male and female mice of
wild (WT) or mutant (HZ) genotypes were used, which were exposed to a control (CD) or a high fat
(HFD) diet for 3 months. The stool marking index per hour is shown. The difference due to gender in
the WT-CD groups is shown in (A). The effect of diet and genotype on stool marking index in feces
excreted by males and females are shown in (B) and (C), respectively. Values are represented by the
mean ± SEM. p < 0.05 vs. WT-CD ### p < 0.001 vs. HZCD (two-way ANOVA followed by Sidak's
multiple comparisons test).

3.2.2. Latency of Expulsion of the First Marked Fecal Pellet
As shown in Table 1, the latency of expulsion of the first marked fecal pellet was higher in
females than males, meaning that gastrointestinal transit was slower in females (p < 0.05). Whereas
HFD by itself did not significantly modify this parameter in females nor males, HZ genotype did
slow down gastrointestinal transit in males (p < 0.01), but curiously not in females. Interestingly,
exposure of HZ male mice to HFD normalized gastrointestinal transit.
Table 1. Latency of expulsion of the first marked fecal pellet.

Males
Females

WT-CD
107.5 ± 9.4
138.5 ± 5.4 ^

WT-HFD
122.3 ± 9.9
120 ± 14

HZ-CD
147.3 ± 10.3 *
132 ± 7.6

HZ-HFD
107.1 ± 8.1
135 ± 14.5

Male and female mice of wild (WT) or mutant (HZ) genotypes were used, which were exposed to a
control (CD) or a high fat (HFD) diet for 3 months. The interval at which the first fecal pellet appeared
was averaged. ^ p < 0.05 vs. males (Student’s t-test); * p < 0.05 vs. males (one-way ANOVA followed
by Sidak's multiple comparisons test).
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3.3. Structural Study: Macroscopic Study of the Gastrointestinal Organs
With regard to the weight of the different organs, there were no important differences between
males and females except for the caecum, which was heavier in females than males (p < 0.01). HFD
reduced the weight of most organs in both males and female; this difference was significant in most
of the studied organs, irrespective of genotype, except for the weight of the stomach and small
intestine of males where no statistically significant differences were found. The mutation per se did
not affect the weight of any organ, but in HZ animals exposed to HFD, the effect of this exposure was
as in WT mice (except for colon in males, in which the difference with WT-CD or, more importantly,
HZ-CD did not reach statistical significance).
When evaluating the differences between genders in the size of the organs, only the small
intestine was significantly longer in males when compared to female mice (p < 0.01). HFD per se did
not have any statistically significant effect in the area of the stomach or length of small intestine but
significantly reduced the area of caecum in both sexes and the length of the colon in males. The
genotype per se did not affect the area or length of the organs, except curiously for the colorectum in
females, which was significantly longer than in WT animals (p < 0.05). When HZ mice were exposed
to HFD, all areas and lengths were significantly reduced in both sexes, except stomach area in males
and small intestinal length in both sexes.
The results of the macroscopic study are shown in Table 2.
Table 2. Macroscopic and microscopic characteristics of gastrointestinal organs.

Stomach

Weight of
organs at
sacrifice

Full small
intestine

WT-CD
0.35 ± 0.02

WT-HFD
0.29 ± 0.02

HZ-CD
0.38 ± 0.03

Females

0.36 ± 0.03

0.25 ± 0.02 **

0.4 ± 0.01

Males

1.17 ± 0.03

1.14 ± 0.03

1.28 ± 0.06

Females

1.16 ± 0.02

1.03 ± 0.03 *

1.26 ± 0.04

Males

0.43 ± 0.03

0.24 ± 0.01 ***

0.48 ± 0.04

Females

0.53± 0.03 ^^

0.2 ± 0.01 ***

0.56 ± 0.02

Males

0.35 ± 0.02

0.27 ± 0.02 *

0.37 ± 0.02

Females

0.34 ± 0.02

0.24 ± 0.01 **

0.37 ± 0.03

Males
Females
Males
Females

0.89 ± 0.05
0.91 ±0.05
27.89 ± 0.68
25.13 ± 0.45 ^^

0.81 ± 0.03
0.81 ± 0.03
25.83 ± 1.16
24.72 ± 0.61

1 ± 0.05
1.02 ± 0.04
27.16 ± 0.77
25.54 ± 0.4

Males

1.24 ± 0.07

0.68 ± 0.05 ***

1.22 ± 0.09

Females

1.38 ± 0.04

0.63 ± 0.02 ***

1.39 ± 0.05

Males

4.61 ± 0.15

3.95 ± 0.16 **

4.73 ± 0.12

Females

4.24 ± 0.08

3.93 ± 0.06

4.73 ± 0.15 *

Caecum

Full
colorectum
Stomach
Full small
intestine
Area or
length of
organs at
sacrifice

Males

Caecum

Full
colorectum

HZ-HFD
0.31 ±0.02
0.24 ±0.02
###
1.24 ± 0.05
1.04 ± 0.02
###
0.26 ± 0.01
###
0.2 ± 0.01
###
0.31 ± 0.02
0.24 ± 0.01
###
0.85 ± 0.03
0.8 ± 0.04 ##
24.7 ± 0.88
24.59 ± 0.78
0.82 ± 0.05
###
0.62 ± 0.03
###
4.01 ± 0.11
##
3.99 ± 0.13
###

Macroscopic characteristics of gastrointestinal organs. Male and female mice of wild (WT) or mutant
(HZ) genotypes were used, which were exposed to a control (CD) or a high fat (HFD) diet for 3
months. ^^ p < 0.01 vs. males, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. WT-CD; ## p < 0.01, ### p < 0.001
vs. HZ-CD. (one-way ANOVA followed by Sidak's multiple comparisons test or Student t test when
analyzing gender differences).
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3.4. Structural Study: Microscopic Study of Distal Colon
Colonic architecture was not apparently affected in any of the experimental groups studied.
Neither ulcers or goblet cell depletion in the mucosa nor inflammatory infiltrates were seen (Figure
6). However, some differences in submucosa thickness were appreciated (Table 3). Interestingly, the
mutation significantly decreased submucosa thickness in males (p < 0.05) but increased its value in
females (p = 0.05). Submucosa thickness increased in the other three groups of females compared with
WT-CD, with the differences being statistically significant in both mutated animals irrespective of the
diet used (p < 0.05 for HZ-CD; p = 0.05 for HZ-HFD).
Table 3. Submucosa thickness of distal colon.

Males
Females

WT-CD
7.32 ± 0.16
6.79 ± 0.57

WT-HFD
8.07 ± 0.28
8.01 ± 0.73

HZ-CD
5.92 ± 0.42 *
8.94 ± 0.44 *

HZ-HFD
6.74 ± 0.37
9.60 ± 0.59

Male and female mice of wild (WT) or mutant (HZ) genotypes were used, which were exposed to a
control (CD) or a high fat (HFD) diet for 3 months. Data represent the submucosa thickness. * p < 0.05,
vs. WT-CD (One-way ANOVA followed by Sidak’s multiple comparisons test).

Figure 6. Submucosa thickness in distal colon. Wild type (WT) and mutant (HZ) mice were exposed
to a control (CD) or a high fat (HFD) diet for 3 months. Histological samples of WT (left: A, C, E and
G) or HZ (right: B, D, F and H) mice stained with Van Gieson´s stain. Male (A–D) and female (E–H)
animals. Arrow shows submucosa tissue stained in red. Bar 50 μm.
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4. Discussion
The present study aimed at determining the differences in gastrointestinal motor function and
structure depending on three different factors alone and combined: sex (male or female), diet (CD or
HFD) and genotype for TGF-β3 (WT or HZ). Importantly, we did not detect any signs related to the
occurrence of IBD, such as diarrhea or physical deterioration of the animals or their organs, in any
group.
Sex-related differences were determined by comparing WT-CD males vs. females; the latter
presented a lower body weight (as expected taking into account the nature of these animals [2,25]), a
bigger caecum, a slightly shorter small intestine and reduced transit. The fatty diet was the variable
that induced most alterations. Thus, in spite of increasing body weight in all groups (also expected
from previous studies: Petrus et al., 2018 [7]), HFD reduced practically all the values of weight and
area/length of gastrointestinal organs, irrespective of sex and genotype, the differences being
particularly evident in stomach, caecum and colon, and in a more pronounced way in females.
Besides, in the functional study, in both sexes, HFD reduced the number of feces in the first hour and
fecal moisture across the whole study. In addition, HFD tended to increase transit in males but to
reduce it in females. Finally, the heterozygous genotype per se only induced, in males, an increase in
the latency of the first marked fecal pellet excretion and sex-dependent effects in submucosa
thickness, which decreased in males and increased in females. HFD in HZ mice behaved as in WT
animals (the genotype added nothing to diet) in most parameters. However, latency of the first fecal
pellet, which increased in HZ-CD males, was normalized upon HFD exposure.
In previous studies, we have used X-rays, in vivo, to evaluate motility as well as morphometric
and densitometric changes of gastrointestinal organs and fecal pellets along the X-ray session [26,27].
Unfortunately, this was not possible in the current study. However, we still used barium to mark the
gastrointestinal contents and evaluated fecal pellet excretion in individualized animals along 4 h after
administration. First, we observed that the expulsion of feces varied throughout the experiment.
During the first hours, WT-CD males had an increased fecal pellet output and the water content of
these feces was higher, but as the time went by, both parameters decreased. Possibly, this increase
could be due to the stress induced by the manipulation and changes in the environment at the
beginning of the experiment. Indeed, this kind of increase in intestinal transit and water content in
feces has previously been seen in mice submitted to acute stressors [24,28]. On the other hand,
although there was a smaller variation in the number of feces expelled by females throughout the
experiment, the water content of the feces was also higher at the beginning of the experiment.
Importantly, the presence of barium did not seem to modify the dry weight of the feces
throughout the experiment (which was also quite constant irrespective of sex, genotype and diet).
This indicates that the amount of barium used did not affect the results of the study, although, as
mentioned, it did allow us to mark the feces to evaluate possible changes in gastrointestinal transit.
In other studies, as the one performed by Ling et al., 2016 [29], carbon was used as a tracer in the
feces, although they just studied the time necessary for the animals to defecate the first marked feces.
The percentage of marked feces and stool marking index increased progressively throughout
the experiment in both males and females, as expected (in rodents, that do not vomit, barium
deposited in the stomach can only travel distally to the anus [30,31]). In previous studies, performed
in vivo in mice using X-rays [26] and in another study performed using a suspension of carbon [29],
the first fecal pellet appeared 90 min after the administration of the tracer. In WT-CD males, we
obtained a slightly higher average for occurrence of the first fecal pellet (107.5 ± 9.4 min), but 50% of
male mice actually defecated the first marked feces 90 min after the beginning of the experiment,
which is in accordance with those previous studies.
The occurrence of barium in stool was slower in females when compared to males. Thus, the
average latency for marked pellets expulsion in female WT-CD was 138.5 ± 5.4 min, with the first
fecal pellet appearing after 150 min in 69% of the animals. The hormonal cycle can affect the speed of
transit [22]. Although we did not evaluate the phase of the estrous cycle in our animals, our results
were quite homogeneous, suggesting that, under our conditions, this effect, if any, was negligible.
There are some studies which indicate that females tend to suffer more from constipation [32], which
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is related to a slower intestinal transit in females [33], also seen here. Interestingly, in the macroscopic
study the length of both small intestine and colon was slightly reduced in WT-CD females compared
with males, but caecum was bigger and significantly heavier. Thus, it is likely that in females the
caecum accumulates contents for longer, explaining our results.
When animals were fed with HFD, the number of fecal pellets, its wet weight and its percentage
of water during the first hours of the experiment were reduced when compared to CD animals. This
could be simply due to the hydrophobic nature of fat, that was excreted in excess in HFD-exposed
animals (although no specific study was performed of fat content in fecal pellets, these and also the
contents of the stomach, small intestine and cecum showed a yellowish appearance suggestive of fat
being at a higher degree in gastrointestinal contents, data not shown). However, the different impact
of stress at the beginning of the functional study could also be involved. Bridgewater et al., (2017)
[34] evaluated the effects of combining HFD-induced obesity and stress in mice of both sexes, finding
that male mice were more vulnerable to the anxiogenic effects of the HFD when compared to females
and the authors attributed this finding with different sex- and diet-dependent changes in the
intestinal microbiota which, unfortunately, could not be studied here. In any case, the level of stress
in our study was probably milder than in the study performed by these authors, who used dedicated
tests to evaluate this and, these authors did not study fecal pellet moisture as a biomarker for stress,
thus limiting direct comparisons to be performed between both studies.
On the other hand, HFD tended to slow down the appearance of marked feces in males, which
is in agreement with the results previously described, where C57BL/6J male mice fed on HFD during
11–12 weeks had a slower gastrointestinal motility, which the authors related to reduced neurons
expressing nitric oxide in the proximal colon [35–37]. In females, HFD tended to accelerate the
appearance of marked feces, but we have not found any previous data related to gastrointestinal
transit in females fed a HFD. The changes in transit observed in males and females could be due to
structural changes in the organs, that might alter in a different manner the distance that the barium
has to travel. However, the effect of HFD in macroscopic parameters was qualitatively quite similar
(a reduction in area/length of the organ) in both WT-CD groups, although a bit more intense in males
for small intestinal and colon lengths, which is counterintuitive for these smaller lengths explaining
a slower transit. Thus, it is more likely that differences are due to altered propulsive activity in the
gastrointestinal tract, like altered activity of the myenteric neurons (as found in the previously
mentioned studies in male mice [35–37]), altered coordination of the interstitial cells of Cajal [38] or
structural changes in the muscle (which we have not noticed in this preliminary study). Further
investigations are needed to determine the exact mechanisms involved in our findings.
In our study, HFD reduced the size and weight of the gastrointestinal organs in accordance with
previous studies performed in mice [39,40]. This reduction in the size of the organs could be due to
the low-grade chronic inflammation associated with obesity, in which pro-inflammatory cytokines,
such as tumor necrosis factor alpha (TNF-α) or interleukin-6 (IL-6), are increased [41]. Future studies
would be needed to corroborate this hypothesis.
Finally, we studied the influence of TGF-β3 on gastrointestinal transit for the first time. The
deficiency in TGF-β3 did not induce by itself any significant effect in the size or weight of the
gastrointestinal organs (except for a slight increase in colon length in females) and HFD alone
reduced these values, as done in WT animals. However, the mutant genotype by itself significantly
increased the latency of appearance of marked feces in males (without altering this parameter in
females), and HFD normalized transit in HZ males. These effects occurred in parallel with a
significant reduction in submucosa thickness in HZ but an increase in females, not prevented by
exposure to HFD in either sex. No previous data exist regarding the effect of TGF-β3 on colon
structure. However, our results seem to indicate that it could be similar to that of TGF-β1 in males.
Vallance el al. (2005) [11] showed that transfection of TGF-β1 in male mice causes severe and
prolonged inflammatory response as well as progressive fibrosis, resulting in colonic obstruction.
Increased TGF-β transcripts have also been found in Crohn’s disease patients in relation with chronic
inflammation and fibrosis. Interestingly, pirfenidone, an anti-fibrotic drug, suppressed this fibrosis
by targeting TGF-β signaling [42]. At this stage, we do not know why the effects in gastrointestinal
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transit and colonic submucosa thickness are so different in mutated males and females, nor why HFD
counteracts some and not others.
5. Conclusions
The effects of sex and diet found here on motor function and macroscopic structure of the
gastrointestinal organs are in general agreement with the literature.
However, we describe, for the first time, that the partial deficiency of TGF-β3 reduces
gastrointestinal transit and submucosa thickness in male mice. The effect on the submucosa suggest
that this cytokine behaves in the male gastrointestinal tract in a similar manner to TGF-β1, whose
overexpression is associated with the development of IBD. Intriguingly, the mutation produced an
opposite effect on the submucosa thickness in females, in which gastrointestinal transit was not
significantly altered compared with control females.
A further important finding is that exposure to HFD counteracted the functional effects of the
mutation in males. Further research is needed to determine the mechanisms involved in this effect.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Structural
study: macroscopic study of the gastrointestinal organs. Figure S2: Difference between the weight of dry and
wet feces. Figure S3: Percentage of marked fecal pellets.
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Figure S1. Structural study: macroscopic study of the gastrointestinal organs.

Figure 1. Photograph obtained from the organs of the animals for their macroscopic study with the
IMAGE J program. First, the reference scale of the images (5 squares = 5 cm) was selected with graph
paper. Once the scale was selected, the measurements were made. The stomach and caecum are
distinguished, of which the area was measured, and the small intestine and colon, of which the length
was measured.
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Figures S2. Difference between the weight of wet and dry feces.
When comparing males vs females, there was a tendency to a greater water content in males
than females during the first hour of the study, although in both genders the water content was
reduced throughout the study, more pronouncedly in males (males: 120 p<0.01, 180, 240 p<0.001 vs
60; females: 240 p<0.05 vs 60) (Figure S2A).
Both in males and females, there was a very clear effect of the HFD, which reduced the water
content during the first hour in both genders (males: WT: p<0.001, HZ: p<0.05; females WT and HZ:
p<0.001 vs CD) and during the second hour in HZ females (p<0.01). (Figures S2B and S2C).

Figure 2. Difference in weight of the feces excreted by the mice belonging to the different experimental
groups. Male and female mice of wild (WT) or mutant (HZ) genotypes were used, which were
exposed to a control (CD) or a high fat (HFD) diet for 3 months. The difference in weight of the feces
per hour are shown. The difference due to gender in the WT-CD groups is shown in (a). The effect of
diet and genotype on the difference in weight of feces excreted by males and females are shown in (b)
and (c), respectively. Values are represented by the mean ± SEM (two-way ANOVA followed by
Sidak's multiple comparisons test). *** p <0.001 vs WT-CD and # p <0.05, ## p <0.01, ### p <0.001 vs
HZ-CD (two-way ANOVA followed by Sidak's multiple comparisons test).
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Figure S3. Percentage of marked fecal pellets.
The percentage of barium marked feces progressively increased throughout the experiment
(males: 120, 180, 240 p<0.001 vs 60; females 180, 240 p<0.001 vs 60), although somewhat faster in males
than females; the difference between genders was statistically significant during the second hour
(p<0.05) (Figure S3A). In males, there was no clear modification produced by the mutation or HFD,
but the combination of both factors tended to accelerate the appearance of barium when compared
to HZ-CD males (p<0.05) (Figure S3B). In females, HFD increased GI motility (p<0.05), whilst HZ or
the combination of both factors did not affect it (Figure S3C).

Figure 3. Percentage of marked feces excreted by the mice of the different experimental groups. Male
and female mice of wild (WT) or mutant (HZ) genotypes were used, which were exposed to a control
(CD) or a high fat (HFD) diet for 3 months. The percentage of marked feces per hour are shown. The
difference due to gender in the WT-CD groups is shown in (a). The effect of diet and genotype on
marked feces excreted by males and females are shown in (b) and (c), respectively. Values are
represented by the mean ± SEM. * p <0.05, ** p <0.01 vs WT-CD and # p <0.05 vs HZ-CD (two-way
ANOVA followed by Sidak's multiple comparisons test).

