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SKELETAL MUSCLE SENSITIVITY  
TO WASTING INDUCED BY UROTHELIAL CARCINOMA

Background. Skeletal muscle wasting is a common phenotypic feature of several types of cancer, and it is associated 
with functional impairment, respiratory complications, and fatigue. However, equivocal evidence remains regarding 
the impact of cancer-induced muscle wasting on the different fiber types. Aim. The aim of this study was to investi-
gate the impact of urothelial carcinoma induced in mice on the histomorphometric features and collagen deposition 
in different skeletal muscles. Materials and Methods. Thirteen ICR (CD1) male mice were randomly assigned into 
two groups: exposed to 0.05% N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) in drinking water for 12 weeks, plus 
8 weeks of tap water (BBN, n = 8) or with access to tap water for 20 weeks (CONT, n = 5). Tibialis anterior, soleus, 
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Cancer is considered one of the most debilitating 
diseases and its incidence continues to increase, 
reflecting the growth and aging of the population, 
as well as the exposure to the main risk factors 
[1]. In recent years, although the introduction of 
neoadjuvant chemotherapy and the development 
of new therapies like antibodies and immune 
checkpoint inhibitors improved overall survival 
(OS), cancer remains a common cause of death 
worldwide [2]. Indeed, about 20% of all cancer-
related deaths have been attributed to cachexia, 
a complex multi-organ syndrome that affects up 
to 80% of cancer patients [3]. Skeletal muscle 
loss with structural changes, the most significant 
events in cancer cachexia, are the main causes of 
functional impairment and are associated with 
an increased mortality rate [4]. Indeed, muscle 
wasting associated with cancer can range from 
20 to 70% of muscle loss and is mainly caused by 
an increase in myofibrillar protein degradation, 
particularly myosin heavy-chain (MHC), a de-
crease in protein synthesis, or an imbalance be-
tween the two [5]. Consequently, tumor-bearing 
animals and cancer patients show clinical signs 
of muscle wasting, with reduced muscle force 
production and an earlier onset of fatigue [6, 7]. 

For a long time, chronic inflammation was 
considered the major mediator of cancer cac
hexia, involving the up-regulation of pro-in-
flammatory cytokines, acute phase proteins, and 
increased insulin resistance, which directly ac-
tivates the ubiquitin-proteasome system (UPS) 
and autophagy while inhibiting the synthesis of 

myofibrillar proteins [8]. However, it seems that 
the microenvironment of the skeletal muscle 
may influence its susceptibility to wasting [9]. 
Indeed, an increased production of reactive oxy-
gen species (ROS) and the reduced expression 
of antioxidant-related genes are functionally 
linked to the fast glycolytic muscles catabolism 
associated with cancer [9]. ROS can act as signa
ling molecules to regulate cellular viability, but 
excessive production can activate proteasome-
dependent protein degradation by inducing the 
expression of muscle-specific E3 ligases, muscle 
atrophy F-box protein (Atrogin-1/MAFbx),and 
muscle ring-finger protein 1 (MuRF1) [10]. 
Consequently, there is an increased oxidation of 
proteins, lipids, and DNA promoting oxidative 
stress and cellular damage [11]. Thus, conside
ring that the antioxidant capacity is lower in type 
II fibers due to a heterogeneous mitochondria 
population and a reduced production of nitric 
oxide (.NO) and inducible NO synthase (iNOS) 
[12], glycolytic muscle fibers may experience 
higher oxidative burden than oxidative fibers in 
response to cancer-associated wasting [9]. 

However, conflicting evidence remains to 
whether there is a selective loss of myofibers or 
when all skeletal muscles are equally affected 
by cancer-induced wasting [13]. Interestingly, 
while some studies observed a selective atrop
hy of fast glycolytic muscles compared to slow 
oxidative muscles [14, 15], other authors found 
that type I fibers were more affected by cancer-
induced wasting [16] or that cancer significantly 

and diaphragm muscles were collected from all animals. For cross-sectional area and myonuclear domain analysis, 
muscle sections were stained with hematoxylin and eosin, and for collagen deposition assessment, muscle sections 
were stained with picrosirius red. Results. All animals from the BBN group developed urothelial preneoplastic and 
neoplastic lesions, and the tibialis anterior from these animals presented a reduced cross-sectional area (p < 0.001), 
with a decreased proportion of fibers with a higher cross-sectional area, increased collagen deposition (p = 0.017), 
and higher myonuclear domain (p = 0.031). BBN mice also showed a higher myonuclear domain in the diaphragm 
(p = 0.015). Conclusion. Urothelial carcinoma induced muscle wasting of the tibialis anterior, expressed by a de-
creased cross-sectional area, higher infiltration of fibrotic tissue, and increased myonuclear domain, which also 
increased in the diaphragm, suggesting that fast glycolytic muscle fibers are more susceptible to be affected by cancer 
development.
Keywords: сancer, histology, cross-sectional area, myonuclear domain, collagen deposition.
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decreased the cross-sectional area (CSA) of all 
fibers, independently of the MHC isoform ex-
pressed [17]. Although such differences may be 
partially due to variations in tumor phenotype 
[18], methodological discrepancies regarding 
the assessment of muscle wasting among stu
dies could also contributed to these contradic-
tory results because some authors only evalu-
ated the mean weight of muscles [14, 15], while 
the others only measured the CSA of myofibers 
without a proper analysis of a potential selective 
atrophy pattern [19]. Additionally, although the 
morphologic changes in skeletal muscles, which 
represent the initial pathological change in was
ting are often an occult condition [20], many 
studies tried to evaluate the potential selective 
impact of cancer on skeletal muscles using se-
verely cachectic models, which may bias an ap-
propriate assessment because with the installa-
tion of clinical signs of cachexia, it is likely that 
its manifestation became exacerbated to a point 
that all tissues are affected, hindering an accurate 
analysis [21].

Therefore, the present study aimed to com-
pare, in a mouse model without clinical signs 
of cachexia, the impact of urothelial carcinoma 
(UCC) on the histomorphometric features, 
specifically the CSA and myonuclear domain 
(MND), and on the fibrotic tissue deposition of 
three skeletal muscles with different phenotypic 
characteristics, i.e., tibialis anterior (TA) com-
posed of type IIb (50%), type IId (18%), type 
IIa (17%), type I (2%), and hybrid (12%) fibers 
[22]; soleus (SOL), which shows 70% of fibers 
expressing only type I MHC isoform, 5% to 10% 
expressing type IIa isoform and the remaining 
co-expressing type I and IIa MHC isoforms [23], 
and the diaphragm, formed by type I (60%), 
type  IId (27%), and type IIa (13%) fibers [22]. 
We hypothesized that type II fibers and, conse-
quently, TA would be more susceptible to UCC-
associated wasting than SOL or diaphragm, thus 
showing a reduced CSA, higher collagen deposi-
tion, and increased MND.

Materials and Methods

Animals and procedures. Thirteen ICR (CD1) 
male mice were obtained at the age of 4 weeks 
from Harlan (Barcelona, Spain) and were in-
dividually housed in cages with identical floor 
areas (800 cm2; Tecniplast, Italy) under con-
trolled conditions of 23 ± 2 ºC, 50 ± 10% hu-
midity, and on 12:12-h light-dark cycle. After 
a week’s quarantine, mice were randomly as-
signed into two groups: exposed to 0.05% N-
butyl-N-(4-hydroxybutyl) nitrosamine (BBN) in 
drinking water in light-impermeable bottles due 
to its photosensitivity, over the course of 12 weeks 
plus 8 weeks of tap water without any chemical 
supplementation (BBN, n = 8) or with access to 
tap water, without any chemical supplementa-
tion over the course of 20 weeks (CONT, n = 5). 
Due to the increased risk of mortality for BBN 
mice, n in this group was superior to n in the 
CONT group in order to face some hypothetical 
dropouts guarantying a sufficient sample in the 
BBN group for a proper data analysis. According 
to the previous studies with this model, tumor 
burden is expected after 12 weeks of oral exposi-
tion to BBN [24, 25]. The animals were kept on 
a standard diet during the experiment, and body 
weight (BW) was evaluated weekly. All animal 
procedures were done according to the proto-
col approved by the Portuguese Ethics Commit-
tee for Animal Experimentation, Direção Geral 
de Alimentação e Veterinária (licence number 
020157; 2014-09-24) in accordance with the 
European and National Legislation (European 
Directive 2010/63/EU and National Decree-law 
113/2013). 

Necropsy. All mice were euthanized 20 weeks 
after the initial exposure to BBN. The sacrifice 
was performed by exsanguination through car-
diac puncture, under deep anesthesia. TA, SOL, 
and diaphragm muscles were collected and pro-
cessed for histology. Their urinary bladders were 
inflated in situ and collected as previously de-
scribed [26]. 
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Histological analysis. TA, SOL, and diaph
ragm muscles were fixed (4% (v/v) buffered pa
raformaldehyde) by diffusion during 24 h and 
subsequently dehydrated with graded ethanol, 
cleared in xylene, and embedded in paraffin 
blocks. The 5 μm-thick sections were cut from 
paraffin blocks on a Leica 2125 rotary microto
me (Leica Microsystems, Germany) and used 
for histomorphometric analysis and collagen de-
position assessment. After fixation for 12 h, the 
bladders were longitudinally sectioned and furt
her embedded in paraffin. Bladder sections with 
a thickness of 2 μm were stained with hematoxy-
lin and eosin (H&E), and the mucosal surface was 
carefully examined for the existence of papillary 
or nodular lesions. At least one section per ani-
mal was evaluated under a light microscope by 
a pathologist (R.G.C.) to determine the exis-
tence of UCC and other urothelial lesions [27]. 
All the slides were examined in a blind fashion, 
without prior knowledge of the treatment given 
to the animals. The lesions found were classified 
and staged according to the World Health Or-
ganization / International Society of Urological 
Pathology consensus classification of urothelial 
(transitional cell) neoplasms of the urinary blad-
der [28]. For CSA and MND analysis, muscle 
sections were stained with H&E, and for colla-
gen deposition assessment — with Picrosirius 
Red (SR) according to the method by Sweet and 
colleagues (for references see [29]). Briefly, the 
slides were incubated with 0.1% SR in picric 
acid for 90 min, rinsed in 0.5% acetic acid, de-
hydrated in ethanol, and cleared in xylene. This 
technique stains collagen tissue bright red and 
muscle tissue — yellow.

Samples were analyzed with a light micros
cope (Axio Imager A1, Carl Zeiss, Germany), 
with a 40x magnification objective and images 
recorded with a coupled digital camera (Leica 
DM4000D, Germany). Images were then exa
mined with ImageJ software (NIH, Bethesda, 
USA) to measure the CSA of myofibers, colla-
gen deposition, and MND. The myofiber CSA 

was defined by its individual cross-section area 
(μm2), the collagen deposition was evaluated 
by calculating the percentage of red and yellow 
areas, and MND was determined by dividing 
the myofiber CSA by the number of its myonuc
lei. For consistency, multiple single-frame im-
ages (10—15 per section) were acquired from 
the same muscle section (9 different sections per 
muscle). In BBN mice, the number of fibers ana-
lyzed was 4326 (1497 from TA, 1347 from SOL, 
and 1482 from diaphragm), while in CONT 
mice, we assessed 2378 fibers (904 from TA, 816 
from SOL, and 658 from diaphragm).

Statistical analysis. Normality and homoge-
neity of variances were verified by Shapiro — 
Wilk’s and Levene’s tests. For normal distributed 
variables, outcomes were presented as means and 
standard deviations, and the statistical inference 
was done through the parametric independent 
T-test. Without a normal distribution, the out-
comes were expressed by median and interquar-
tile range (25—75%), and the statistical analysis 
was done through the non-parametric Mann —
Whitney test. All procedures were performed with 
SPSS, version 24 (Chicago, IL, USA), and p value 
below 0.05 was considered statistically significant.

Results and Discussion

All animals from BBN group developed urothe
lial preneoplastic and neoplastic lesions. No signs 
of cachexia were evident throughout the entire 
experimental protocol, as corroborated by the 
absence of a weight loss ≤5% [30] after 12 weeks 
of BBN exposure in drinking water followed by 
8 weeks of water consumption (Table 1). 

TA from BBN mice presented a lower mean 
fiber CSA compared to CONT (Table 2), which 
resulted from a decrease in the proportion of fi-
bers with higher CSA (> 1500 μm2) (Fig. 1). In-
versely, there were no significant differences re-
garding the mean fiber CSA of SOL (Fig. 2) and 
diaphragm (Fig. 3) muscles between the groups 
(Table 2). The percentage of collagen deposition 
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was significantly higher in TA muscle from BBN 
mice compared to CONT (Table 3 and Fig.  4). 
The percentage of collagen deposition in SOL 
(Fig. 5) and diaphragm (Fig. 6) muscles did 
not statistically differ between the groups 
(Table 3). TA and diaphragm from BBN mice 
showed a higher MND compared to CONT. In 
contrast, SOL muscle did not present any dif-
ference in the MND between the groups stu
died (Table 4).

The results of the present study showed that 
a mouse model of UCC significantly induced 
wasting of TA with a decreased myofiber CSA, 
increased collagen deposition, and higher MND. 
Moreover, we found that, although there were 
no changes in the diaphragmatic myofiber CSA 
and fibrotic tissue infiltration, UCC promoted 
an important increase in MND of this muscle. 

Contrarily, SOL muscle did not show any signs 
of wasting associated with UCC. Interestingly, 
by distributing the myofibers according to CSA 
categories, we observed in TA that fibers with 
higher CSA were more affected by UCC, indi
cating its particular susceptibility to wasting. 
This observation is in agreement with the pre
vious studies reporting that fast-glycolytic mus-
cles seem to be more prone to cancer-induced 
wasting than slow-oxidative muscles [14, 15]. In-

Table 1. Body weight (mean ± standard deviation)

Body 
weight

Body weight (g)

CONT BBN

Baseline 24.14 ± 2.04 25.80 ± 0.85
Final 28.07 ± 3.83 27.69 ± 0.98
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deed, the study of Jullienne et al. [14] focusing on 
different hindlimb muscles found that SOL was 
the only skeletal muscle unaffected by peritoneal 
carcinosis. The remaining muscles, including 
extensor digitorum longus (EDL), gastrocne-
mius (GAST), and TA had a significant weight 
reduction, ranging from 7 to 10% loss. Similarly, 
in a C-26 tumor model, Acharyya et al. [15] ob-
served a significant wasting of TA, with mini-
mal change in SOL muscle weight. However, al-

though the assessment of muscle weight might 
be considered an operative variable to evaluate 
the occurrence of muscle atrophy, as this method 
does not differentiate the muscle fibers/connec-
tive tissue contributions, it is not adequate for 
the evaluation of a potential myofiber-selective 
targeting [31]. Therefore, as the skeletal muscle 
is not exclusively composed of only one type of 
fibers, without identifying myofibers and mea-
suring their CSA with a histogram to assess the 

Table 2. Cross-section area

Muscle

Cross-section area (μm2)

CONT BBN
p

Mean ± SD 95% CI Mean ± SD 95% CI

Tibialis anterior 1518.23 ± 122.82 1365.74; 1670.73 1166.93 ± 99.99 1083.34; 1250.53 0.0001
Diaphragm 696.24 ± 54.39 628.71; 763.78   676.88 ± 28.77 652.83; 700.94 0.414
Soleus 664.20 ± 42.94 610.88; 717.52   640.02 ± 43.31 603.81; 676.22 0.347

Note: CI — confidence interval; SD — standard deviation.

Table 3. Collagen deposition

Muscle

Cross-section area (μm2)

CONT BBN
p

Mean ± SD 95% CI Mean ± SD 95% CI

Tibialis anterior 4.47 ± 0.41 3.96;  4.99 5.08 ± 0.36 4.78; 5.37 0.017
Diaphragm 3.89 ± 0.54 3.21; 4.57 4.32 ± 0.44 3.95; 4.70 0.143
Soleus 3.76 ± 0.57 3.05; 4.47 3.98 ± 0.54 3.53; 4.43 0.508

Note: CI — confidence interval; SD — standard deviation.

Table 4. Myonuclear domain

Muscle

Myonuclear domain (μm2)

CONT BBN
p

Mean ± SD 95% CI Mean ± SD 95% CI

Tibialis anterior 569.79 ± 116.36 425.31; 714.26  729.45 ± 111.67 636.09; 822.81 0.031
Diaphragm 316.77 ± 82.28 214.60; 441.93 445.05 ± 75.86 381.63; 508.46 0.015
Soleus 334.35 ± 103.80 205.46; 463.24 419.67 ± 65.22 365.15; 474.19 0.093

Note: CI — confidence interval; SD — standard deviation.
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most atrophied ones, it remains inconclusive 
if the weight reduction of the skeletal muscles 
observed in that studies is in fact attributed to 
a specific wasting of the type II fibers.  

Aulino et al. [17] also evaluated the impact 
of a C-26 tumor model on the histomorpho-

metric properties of EDL, TA, and SOL from 
BALB/c mice and, contrary to our results, found 
that all muscles showed signs of wasting. None-
theless, since the tumor-bearing mice assessed 
were severely cachectic, with a 30% reduction in 
their BW, this means that the animals presented 
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an advanced pro-catabolic state, which was not 
suitable for this type of comparison. Corrobo-
rating this notion, other two studies involving 
severely cachectic C-26 mice showed a similar 
reduction in the muscle weight for fast-glycoly
tic (EDL and GAST) and slow-oxidative (SOL) 
muscles, highlighting the development of a sys-
temic wasting pattern in this later stage of the 
disease [16, 32]. 

Moreover, two studies recognized the occur-
rence of diaphragmatic dysfunction in cachectic 
C-26 mice [33, 34]. Indeed, Roberts et al. [33] 
showed that the mean CSA of all diaphragm 
fibers decreased by 26%, while Murphy et al. 
[34] reported a 10% lower maximum specific 
force and lower absolute force production of 
diaphragm from severely cachectic mice. The 
diaphragm is a chronically active muscle and, al-
though being composed mainly of type I fibers, 
it also expresses IIa and IId fibers, where the high 
amount of oxidative fibers provide sustained res-
piration at rest and type IId fibers allow increas-
ing respiratory rate observed during physical 
exercise or during high-power output that occurs 
in sneezing and coughing [35]. Thus, according 
to our results, it seems that before the initiation 
of clinical signs of muscle wasting, the continu-
ous activity of diaphragm for ventilation as well 
as of SOL for postural control during standing 
and walking may provide an additional protec-
tion from the catabolic systemic environment. 
However, as the progression to a more severe ca-
chectic phenotype is characterized by an intense 
systemic catabolism, increased energy expendi-
ture, insulin resistance, anemia, and hypogona
dism [30], these disturbing factors favor the in-
stallation of a general wasting pattern, hindering 
a rigorous evaluation of the susceptibility across 
different muscles and/or different fibers [36]. 

Additionally, in our study, the development 
of UCC also induced an increased collagen de-
position in TA, but not in diaphragm or SOL. 
Indeed, skeletal muscle fibrosis is a common 
hallmark of chronic muscle wasting disorders. 

Considering that an excessive accumulation of 
extracellular matrix (ECM) components, par-
ticularly collagen, in skeletal muscle results in 
reduced contractility, besides a decreased CSA 
[37], the clinical guidelines highlighted the in-
creased fibrotic tissue area as an important co-
factor to define a pathological condition [38]. 
Interestingly, in a recent study, Judge et al. [39] 
revealed that the rectus abdominis from cachec-
tic patients with pancreatic ductal adenocarci-
noma had higher levels of collagen deposition 
compared to non-cancer control subjects that 
correlated with lymph node metastasis and de-
creased OS. Therefore, as tissue fibrosis is the 
end result of a cascade of events occurring from 
tissue injury to necrosis via inflammation re-
sulting in the permanent scar formation [40], 
the replacement of muscle fibers with connec-
tive tissue represents a relevant outcome that 
must be assessed to predict cancer progression 
[39]. Furthermore, such replacement is a known 
consequence of impaired muscle regeneration 
following muscle injury [40]. Indeed, the hete
rogeneity of satellite cells (SCs) can promote 
important differences in the regenerative capa
city of slow oxidative and fast glycolytic skeletal 
muscles. Since a higher quantity of SCs is asso-
ciated with the capillary density [41] and myo-
nuclear number [42], it can be assumed that 
type I fibers have a five to six greater concen-
tration of SCs compared to type II fibers [43]. 
Indeed, the MND has been found to be differ-
ent according to the oxidative capacity of the fi-
bers and the MHC expressed, with type I fibers 
having smaller MND than type II fibers [44]. 
Curiously, several studies demonstrated that re-
duction of the myonuclear number during mus-
cle atrophy was not always proportional to the 
decrease in the myofiber CSA, resulting in sig-
nificant changes in the MND size [45—47]. The 
results of the present study corroborate this idea 
by showing an increased MND in TA and dia-
phragm from BBN mice but not in SOL. There-
fore, considering that each myonucleus controls 
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the transcription and, consequently, the protein 
synthesis of a limited amount of cytoplasm, an 
increased MND means that the same myonuc
leus is responsible for a higher cytoplasmic vo
lume, suggesting that the regenerative potential 
of TA and diaphragm muscles may have been 
compromised [49].

The present study provides fundamental know
ledge regarding how UCC selectively impacts 
different skeletal muscles and their fibers, which 
should be taken in account in the clinical setting 
when addressing the prevention and manage-
ment of cancer-associated muscle wasting and 
cachexia. In the future, studies addressing po-
tential interventions that may prevent or over-
come these findings and evaluating the long-
term effects of UCC on the respiratory muscles 
are welcome. However, as muscle samples were 
fixed and further embedded in paraffin blocks, it 
was not possible to process fresh cuts for identi-
fication of different muscle fiber types. Nonethe-
less, considering that the fiber type composition 
of each muscle is well described in the literature 
[22, 23], the differences found between the mus-
cles in the present study point to a higher suscep-
tibility of fast glycolytic TA muscle, particularly 
the fibers with higher CSA, to the UCC-induced 
muscle atrophy. 
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ЧУТЛИВІСТЬ СКЕЛЕТНИХ М’ЯЗІВ ДО ВИСНАЖЕННЯ,  
ІНДУКОВАНОГО УРОТЕЛІАЛЬНОЮ КАРЦИНОМОЮ 

Стан питання. Виснаження скелетних м’язів є загальною фенотиповою рисою кількох різновидів раку та 
асоціюється з функціональними порушеннями, ускладненням дихання і загальним виснаженням. Нез’я
сованим лишається питання щодо особливостей цього процесу для різних типів м’язових волокон. Мета. 
Дослідити вплив індукованої у мишей уротеліальної карциноми на гістоморфометричні параметри та від-
кладення колагену в різних скелетних м’язах. Матеріали та методи. Самцям мишей ICR (CD1) впродовж 
12 тижнів додавали до питної води 0,05% N-бутил-N-(4-гідроксибутил) нітрозамін, після чого впродовж 
8 тижнів давали питну воду без канцерогену (n = 8). В контролі (n = 5) мишам впродовж 20 тижнів давали 
питну воду без канцерогену. Досліджували передній великогомілковий, камбалоподібний та діафрагмаль-
ний м’язи. Зрізи м’язової тканини забарвлювали гематоксиліном-еозином для визначення площі попере-
чного перерізу міофібрил і розмірів міонуклеарного домену та пікросиріусом червоним для визначення 
відкладення колагену. Результати. Пренеопластичні та непластичні ураження розвивались у всіх мишей, 
які отримували канцероген. У них відзначали зменшення поперечного перерізу міофібрил переднього ве-
ликогомілкового м’яза (p < 0,001), збільшення відкладення колагену (p = 0,017) та збільшення розмірів міо
нуклеарного домену (p = 0,031). Збільшення розмірів міонуклеарного домену відзначали також у діафраг-
мальному м’язі (p = 0,015). Висновки. У мишей з уротеліальною карциномою спостерігається виснаження 
переднього великогомілкового м’яза, що проявляється зменшенням поперечного перерізу міофібрил м’яза, 
підвищенням інфільтрації фібротичної тканини та збільшенням розмірів міонуклеарного домену. Останнє 
має місце також у діафрагмальному м’язі. Можна припустити, що більш сприйнятливими до індукованого 
розвитком пухлини виснаження є м’язові волокна з підвищеним рівнем гліколізу.
Ключові слова: гістологія, уротеліальна карцинома, поперечний переріз м’язових волокон, міонуклеарний 
домен, відкладення колагену. 




