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Abstract—Clinical symptoms of inflammatory bowel diseases (IBD) are the key indicators of disease
severity. A clear understanding of the variability in the manifestation of clinical symptoms and their
timing is crucial for tracking the effects of treatments on the course of IBD. One of the effective IBD
models is the Mucin 2 knockout (Muc2–/–) mouse strain, which exhibits clinical symptoms similar to
those in humans. Here, we investigated the sex-specific manifestation of clinical symptoms in Muc2–/–
mice to develop a protocol for evaluating the effects of drugs on disease progression and severity in this
model. The study assessed the degree of rectal prolapse and rectal bleeding, the degree of emaciation
(defined as the reduction of subcutaneous adipose tissue, evaluated visually), and stool consistency. It
was found that clinical symptoms tend to manifest differently in a sex dependent manner. For instance,
rectal prolapse with bleeding was observed predominantly in male Muc2–/– mice. These findings
highlight the importance of including both males and females in research samples when using this model.
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INTRODUCTION

Inflammatory bowel diseases (IBD) are a preva�
lent group of chronic disorders [1], characterized by
complex immune responses [2]. IBD is associated
with a wide range of etiological factors, and current
treatment methods primarily aim just to alleviate dis�
ease symptoms [3, 4].

Patients with IBD exhibit clinical symptoms, such
as weight loss, fecal incontinence and urgency,
abdominal pain, diarrhea, and rectal bleeding [5, 6].
However, evidence suggests that symptom severity
and immune responses triggered by inflammation
may vary between sexes. For instance, studies on the
influence of sex on intestinal immune activity have

shown that women exhibit a significantly stronger
immune response to intestinal mucosal damage
compared to men [7]. Notably, in most countries,
IBD is more frequently diagnosed in men, as is the
likelihood of developing colorectal cancer [8].
Moreover, men are diagnosed with IBD at an earlier
age than women [9].

Various animal models are employed to study IBD
[10], including induced models, such as dextran sul�
fate sodium (DSS)- and 2,4,6-trinitrobenzenesul�
fonic acid (TNBS)-induced colitis, and others [11,
12], as well as transgenic models like IL-10–/–,
TGF-β–/–, Muc2–/–, and others [13, 14]. In trans�
genic mice, the pathology develops more gradually,
with physiological compensatory mechanisms miti�



MILUTINOVICH, POPOV

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  61  No. 2  2025

552

gating inflammation, and the disease often enters
prolonged remission. Thus, these models better rep�
licate the clinical progression of IBD compared to
induced models. One of the transgenic models
widely used for IBD research over the past 20 years is
Mucin2 knockout (Muc2–/–) mice deficient in
mucin 2, the primary mucosal glycoprotein. These
mice develop mucosal insufficiency accompanied by
inflammation [15]. Muc2–/– mice, originally cre�
ated as a model for ulcerative colitis (a form of IBD),
exhibit clinical symptoms similar to IBD patients,
including histological and clinical features charac�
teristic of the disease [15, 16]. These animals display
diarrhea, rectal prolapse with bleeding, and weight
loss [17, 18]. Clinical symptoms typically emerge by
day 28 of life [19].

However, symptom manifestation can vary
depending on the animal’s age and individual vari�
ability [20]. For example, far not all knockout mice
develop prolapse or stool abnormalities, even after
six months of life [21]. Some cases exhibit reversible
rectal prolapses, and rectal bleeding occurs not in all
animals [16]. Over time, all IBD symptoms persist
and deteriorate [21].

Thus, Muc2–/– mice display symptoms charac�
teristic of IBD patients, albeit with minor age-
related variations. Possible reasons for the variability
in symptom onset include differences in researcher
assessment and/or individual variability.

Nevertheless, most studies use Muc2–/– males
aged 2–6 months, thereby complicating the evalua�
tion of sex- and age-specific symptom manifesta�
tions. Meanwhile, there is evidence suggesting such
differences do exist. For instance, in DSS-induced
colitis, pathology severity was significantly higher in
males compared to females, as evidenced by a
greater weight loss and more pronounced clinical
symptoms relative to controls [22]. Importantly,
modern translational biomedical research empha�
sizes the need for sex-balanced study cohorts [23].
The paucity of data on pathology progression in
female Muc2–/– mice hinders a comprehensive
understanding of the pathogenesis in this model.

A clear understanding of the variability in IBD
clinical symptoms is essential for grasping the dis�
ease’s overall picture. For instance, symptom sever�
ity allows assessing disease progression and
individual variability, providing insights into patho�
logical mechanisms. The timing and degree of symp�

tom manifestation may also reflect the efficacy (or
lack thereof) of experimental treatments. Since clin�
ical symptoms serve as visible markers of disease
presence and severity in animals, changes in their
timing or intensity can indicate alterations in disease
progression.

The aim of this study was to evaluate the variabil�
ity of IBD clinical symptoms in intact Muc2–/–
mice depending on their sex and age.

MATERIALS AND METHODS

Animals. The animals were housed under standard
vivarium conditions in individually ventilated cages,
with a 12/12-h light/dark cycle and ad libitum access
to food and water. The vivarium maintained animal
housing conditions in accordance with the State
Standard (GOST) 33216-2014 [24]: temperature
20–24°C, air humidity 45–65%. The animals were
fed PK-120-1 laboratory animal diet, prepared
according to the GOST 34566-2019 “Complete feed
for laboratory animals. Technical specifications.”

Muc2–/– mice on the C57BL/6 genetic back�
ground were used in experiments. The animals were
generated by A. Velcich at the Albert Einstein Can�
cer Center/Montefiore Medical Center [25] and
obtained from the vivarium of the Research Institute
of Neuroscience and Medicine, Siberian Branch of
the Russian Academy of Sciences. Experimental
cohorts were selected from the offspring of Muc2–/–
and Muc2+/+ mice derived by crossing heterozy�
gous parents. Genotyping was performed on day 28
of life, after which the animals were separated. The
littermates (siblings) were co-housed and later segre�
gated by sex, with 1–5 animals per cage depending
on litter size. A total of 24 Muc2 animals were used in
the study (Table 1).

Clinical examination. Clinical symptoms, includ�
ing emaciation, rectal prolapse and bleeding,
changes in body weight, and the presence of diar�
rhea, were assessed at a weekly basis in the morning.
Body weight dynamics was evaluated using a
SHINKO DENSHI scale (accuracy = 0.1 g). Each
animal was thoroughly examined for signs of emaci�
ation and rectal prolapse with bleeding. Notably,
body weight gain does not always correlate with the
degree of emaciation, so changes in body weight and
emaciation severity were assessed as two individual
parameters. Emaciation severity was evaluated using
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a scale proposed by The Icahn School of Medicine at
Mount Sinai (USA) [35]. This visual scale reflects
overall body condition and the degree of subcutane�
ous fat deposition. Clinical symptoms in Muc2–/–
mice are commonly accepted to be assessed using
the Disease Activity Index (DAI). The main DAI
criteria include body weight loss, stool abnormalities
(diarrhea), and altered general condition (fur qual�
ity, posture) [16, 26, 27]. DAI is used to assess dis�
ease severity not only in animals but also in patients
with IBD [28].

Based on the published DAI protocols, we devel�
oped a more detailed version for assessing clinical
symptoms of IBD, which included the following
parameters: emaciation severity and rectal prolapse,
presence of rectal bleeding, and diarrhea.

Below are the criteria for evaluating clinical symp�
toms (in score points):

Stool:
• No liquid stool in the cage—0;
• Liquid stool in the cage—1.
Emaciation:
• Norm—0;
• Mild—0.5;
• Moderate—1;
• Severe—2.

Rectal prolapse:
• Norm—0;
• Intensive mucus discharge (mucous plug)—1;
• Incomplete rectal prolapse (mucus with traces

of blood or slight intestinal protrusion)—2;
• Complete rectal prolapse—3;
• Complete rectal prolapse with traces of blood—4;
• Complete rectal prolapse (severe) with active

bleeding—5.
Examples of rectal prolapse and bleeding severity

are shown in Fig. 1.
Statistical data processing. Statistical analysis was

carried out using GraphPad Prism 8. The nonpara�
metric Mann–Whitney test was used for pairwise
comparisons. All clinical symptom scores are pre�
sented as median values per animal. Body weight data
are shown as the average body weight of all animals in
a group on the day of measurement. Data on plots rep�
resent mean values ± standard deviation (M ± SD).

RESULTS

By week 13 of life, most Muc2–/– females
demonstrated the signs of emaciation, which per�
sisted or, in some cases, exacerbated by week 23
(Figs. 2, 3).

Table 1. The number of animals (n) in the experimental groups (wt—wild type mice, het—heterozygous, muc—muc2
knockout mice)

Females Males

Group name N1(f muc) N2(f wt) N3(f het) N4(m muc) N5(m wt) N6(m het)

Genotype Muc2–/– Muc2+/+ Muc2+/– Muc2–/– Muc2+/+ Muc2+/–

n 3 4 4 3 4 6

Fig. 1. An example of a prolapse scoring: (a) norm; (b) 1 point; (c–e) 2 points; (f, g) 3 points; (h, i) 5 points.
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The degree of emaciation in females did not
depend on genotype. Similarly, no signs of emacia�
tion were observed in male Muc2–/– mice during
the study period. Males of both wild-type and het�
erozygous genotypes, as well as Muc2–/–, showed
no signs of emaciation throughout the experiment.
At the same time, a statistically significant difference
in the degree of emaciation was observed between
wild-type females and males (p < 0.05), as well as
between heterozygous females and males (p < 0.01).
The degree of emaciation in Muc2–/– females was
slightly higher compared to Muc2–/– males, though
this difference was only a trend (p = 0.1) (Fig. 2).

Thus, as for emaciation, the obtained data confi�
dently indicate that the differences in this trait are
associated with sex rather than genotype: emaciation
is significantly higher in all females compared to all
males, and this difference persists when comparing
females to males across any of the genotypes.

When analyzing emaciation dynamics (Fig. 3) in

females of different genotypes, it can be observed
that, regardless of genotype, all females exhibit signs
of moderate emaciation by week 17 of life, which
progresses over time. This suggests that emaciation
develops similarly in females of any genotype, and in
some cases, the degree of emaciation in control ani�
mals may exceed that in Muc2–/– females. It is
worth noting that the later onset of severe emacia�
tion in knockout females is due to the significant
individual variability in IBD symptoms, which, with
a small number of animals, may produce such a pat�
tern due to random factors. Ultimately, by the end of
the observation period, the degree of emaciation in
females of all genotypes reaches its maximum value.
Thus, it appears that emaciation parameters in wild-
type and knockout females may overlap, making this
indicator unsuitable for distinguishing between
them.

Over the period of measuring clinical IBD symp�
toms, after the third week of measurements (week 15

Fig. 2. Emaciation degree (in score points) in mice, as assessed in the period from week 13 to week 23 of life and presented as the
average emaciation score of the animal over the measurement period. * p < 0.05; N1(f muc) = 3, N2(f wt) = 4, N3(f wt) = 4,
N4(m muc) = 3, N5(m wt) = 4, N6(m wt) = 6; Mann–Whitney test.

Fig. 3. Emaciation dynamics in female mice, as assessed in all animals of the same group. Data are presented as the median value and
interquartile range; ordinate: emaciation score points. N1(f mac) = 3, N2(f wt) = 4, N3(f het) = 4.
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of life), one of the Muc2–/– males reached the cri�
teria for a humane experimental endpoint (severe
bleeding and extreme intestinal prolapse) and was
euthanized. By week 13 of life, most Muc2–/–
females exhibited almost no signs of rectal prolapse
and absolutely no signs of rectal bleeding. The signs
of rectal prolapse in Muc2–/– females emerged in
some cases by week 23 of life (data not shown). At
the same time, no signs of rectal prolapse were
observed in wild-type or heterozygous females
(Fig. 4).

In almost all Muc2–/– males, the signs of rectal
prolapse in the form of mucous plugs (initial stage)
were observed by week 13 of life, and in some cases,
rectal prolapse was already evident by the third
month (Fig. 1). By week 23 of life, most Muc2–/–
males developed rectal prolapse with traces of blood,
and in some cases, severe rectal prolapse with con�
stant bleeding was detected. Meanwhile, in most

wild-type males, the signs of rectal prolapse were
observed closer to the end of the measurement
period and did not reach the extreme stage, whereas
in many heterozygous males, rectal prolapse devel�
oped more prominently compared to wild-type
males. Thus, the severity of rectal prolapse and
bleeding in Muc2–/– males was significantly higher
than in wild-type (p < 0.05) and heterozygous (p <
0.05) males. At the same time, the degree of rectal
prolapse was slightly higher (as a trend, p = 0.1) in
Muc2–/– males compared to Muc2–/– females and
significantly higher in heterozygous males compared
to heterozygous females (p < 0.01) (Fig. 4).

Thus, in contrast to emaciation, it can be confi�
dently stated that the degree of prolapse manifesta�
tions is associated with genotype: it is significantly
higher in mucin-deficient males compared to males
of other genotypes.

Initial and moderate stages of rectal prolapse

Fig. 4. The degree of rectal prolapse and bleeding, as assessed in score points in the period from week 13 to week 23 of life and pre�
sented as the average score of rectal prolapse with or without bleeding during the measurement period. * p < 0.05, ** p < 0.01;
N1(f mac) = 3; N2(f wt) = 4; N3(f et) = 4; N4(m) = 3; N5(mvt) = 4; N6(m hat) = 6; Mann–Whitney test.

Fig. 5. Rectal prolapse and bleeding dynamics in male mice (median values), expressed in score points to assess prolapse manifesta�
tions. N4(m muc) = 3; N5(m wt) = 4; N6(m het) = 6.
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(intestinal prolapse and/or initial prolapse with abun�
dant mucus secretion) were observed in Muc2–/–
males as early as week 13 of life (Fig. 5). At the same
time, in wild-type and heterozygous males, initial-
stage prolapse (mucous discharge and mucous plugs,
as well as initial prolapse with abundant mucus
secretion), appeared only by the beginning of weeks
15–16. Subsequently, the degree of prolapse mani�
festation in heterozygotes and wild-type mice
reached the initial level characteristic of Muc2–/–
mice and did not progress further.

It is noteworthy that intestinal prolapse is irrevers�
ible, whereas mucous discharge, mucous plugs, and
detectable initial-stage rectal prolapse may be tran�
sient in nature.

The dynamics of body weight gain in the mice
during the measurement period correspond to data
from other studies [16, 29]. As expected, all females
had lower body weight than males, regardless of gen�
otype (Fig. 6), which mirrors the pattern observed in
the C57Bl/6 strain, the genetic background of the
model used in this study [30]. It is evident that
Muc2–/– females showed a slight lag in body weight
gain during the first weeks of measurement com�
pared to wild-type females, but this difference
diminished over time. However, the opposite pattern
was observed in males. From week 14 onward,
Muc2–/– males began to lag in body weight gain

compared to wild-type males, which aligns with lit�
erature data [16]. Nevertheless, the difference in
weight between knockout and wild-type males was
less pronounced compared to other studies [16, 17,
22], where in some cases, body weight loss could
reach 30–40% [22].

Here, we also assessed stool abnormalities in the
mice. Signs of diarrhea were observed, but its occur�
rence did not correlate with prolapse development,
nor did the presence of prolapse guarantee diarrhea.
When calculating the frequency of stool abnormali�
ties, we found the signs of diarrhea in 8 out of
11 females, with only three females developing first-
stage prolapse (mucous discharge, swelling) by the
middle or end of the measurement period. In con�
trast, diarrhea was observed in only 4 out of
13 males, of which only two exhibited severe rectal
prolapse. Another important fact is that signs of diar�
rhea were not persistent throughout the experiment.
Stool abnormalities could appear, disappear, and
reappear over time. Thus, signs of diarrhea and
altered stool were more frequently observed in
females than in males (data not shown).

We also noted signs of alopecia in the animals.
Temporary or permanent alopecia, manifested as
hair thinning on the head and body, was observed in
5 females. Signs of alopecia were also present in
males. In our experiment, we observed complete

Fig. 6. Weight gain dynamics in mice over the period from week 7 to week 25 of life. Data are presented as the average weight of all
animals of a certain sex and genotype at the point studied. N1(f muc) = 3; N2(f wt) = 4; N4(m muc) = 3; N5(m wt) = 4.
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lack of whiskers and hairless snouts in 3 out of
4 wild-type males. In the experimental mice, alope�
cia was also not persistent, while being more fre�
quently observed in females.

DISCUSSION

Clinical symptoms of IBD are a major indicator of
IBD manifestation in both humans and animal mod�
els. These symptoms allow for the assessment of dis�
ease severity as they reflect the organism’s integral
response. In Muc2–/– mice, clinical symptoms are
used not only to detect the disease and evaluate the
severity of its progression but also to verify the effi�
cacy of therapeutic interventions.

However, the variability of these symptoms com�
plicates the process, making the study of baseline
symptom variability fundamentally important. This
work is among the first to evaluate sex-specific dif�
ferences in IBD symptom manifestation between
male and female Muc2–/– mice (previous work by
Fijneman RJA et al. [31] demonstrated that male
and female Muc2–/– mice have different frequency
and dynamics of tumor emergence). We managed to
detect a reduction in body weight in Muc2–/– males
compared to wild-type males, though the degree of
reduction was less pronounced than reported in
other studies. In females, we noted a slight lag in
weight gain among Muc2–/– individuals during the
initial weeks of measurement, after which their
weight matched that of wild-type females. In
Muc2–/– males, we also observed severe rectal pro�
lapse accompanied by persistent bleeding. Rectal
prolapse was not exclusive to knockout males but
also occurred in heterozygous and wild-type males
[16]. Conversely, signs of emaciation in females were
evident from the first weeks of measurement.
Females of each genotype exhibited significant ema�
ciation symptoms that progressed over time, while
rarely displaying signs of rectal prolapse. Throughout
the measurement period, no Muc2–/– female
exhibited complete intestinal prolapse; only early
stages were observed, occasionally accompanied by
bloody discharges. Heterozygous and wild-type
females either showed no signs of rectal prolapse or
only the presence of a mucous plug (the first indica�
tor of potential intestinal prolapse).

It is well known that IBD symptoms are not solely
caused by inflammatory processes but are also medi�

ated by changes in gut microbiota composition.
Given that mice of different genotypes were co-
housed throughout the experiment, it is possible that
some of the observed symptoms were more influ�
enced by shared microbiota than by inflammatory
processes associated with mucin 2 deficiency [32].

Thus, in co-housed siblings, the dynamics of IBD
clinical symptoms in Muc2–/– mice does not allow
for unambiguous discrimination between homozy�
gotes, heterozygotes, and wild-type individuals. Our
study revealed a varying diagnostic significance of
IBD symptoms: emaciation and diarrhea do not reli�
ably differentiate wild-type from knockout mice,
whereas prolapse, especially when severe, allows for
such a differentiation.

A second important finding is the sex-specific sig�
nificance of symptoms. For instance, prolapse in
males clearly distinguishes knockout males from
wild-type animals, whereas in females, it does not.

When using this model in studies suggesting the
assessment of the disease activity index (DAI) score
in response to therapy, sex-specific and age-related
dynamics of clinical symptoms must be considered.
Such studies must include both males and females,
as co-housing of mucin-deficient mice with siblings
of other genotypes helps differentiate microbiota-
mediated symptoms from those caused by the lack of
mucin. Notably, modern biomedical research stan�
dards necessitate the inclusion of both sexes, which
echoes with our findings [33].

In this study, siblings were co-housed and sepa�
rated only by sex. Previous studies have shown that
when mice from different litters (non-siblings) were
separated and housed by both sex and genotype,
more severe IBD symptoms and consequences,
including tumors, ensued [34]. One of the possible
explanations of this phenomenon is a chronic social
stress caused by intragroup aggression when unre�
lated adult mice are co-housed. Chronic stress may
serve a trigger, exacerbating IBD symptoms in
Muc2–/– mice compared to their non-stressed
counterparts. We believe that in the case of co-
housed siblings, the presence and apparent severity
of clinical symptoms in wild-type and heterozygous
mice are mediated by microbiota, shared with
knockout animals.

Therefore, when interpreting the outcomes from
studies involving Muc2–/– mice, housing and
grouping formats must be considered. To mark out
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the clinical consequences of mucin deficiency, stud�
ies should use mixed-sex cohorts with co-housed
siblings of different genotypes.
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