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SUMMARY

Background & aims: Cancer patients frequently experience weight loss, with negative 

consequences for functionality and prognosis. The extent to which muscle atrophy contributes to 

weight loss, however, is not clear, as few studies have directly measured muscle fiber morphology 

in cancer patients.

Methods: Whole body and regional tissue composition were measured, along with the cross-

sectional area (CSA) and fiber type of mechanically-isolated, single muscle fibers, in 19 cancer 

patients (8 with a history of weight loss, 11 weight-stable) and 15 non-diseased controls.

Results: Whole body fat mass was reduced in cancer patients with a history of weight loss, but 

no differences in whole body or leg fat-free mass were apparent. In contrast, reductions (~20%) in 

single muscle fiber CSA were found in both slow-twitch, myosin heavy chain (MHC) I and fast-

twitch, MHC IIA fibers in both weight-stable patients and those with a history of weight loss. 

Fiber type distribution showed a shift towards a fast-twitch phenotype compared to controls, which 

may preserve muscle function in cancer patients despite atrophy, as positive relationships were 

found between the fractions of hybrid MHC IIAX and I/IIA fibers and 6-min walk performance.

Conclusions: Our results suggest that, although not apparent from whole body or regional 

measurements, cancer is associated with reduced skeletal muscle fiber size independent of weight 

loss history and a shift towards fast-twitch fibers, phenotypes that resemble adaptations to muscle 

disuse.

*Corresponding author. Health Science Research Facility 126B, 149 Beaumont Ave, University of Vermont, Burlington, VT, 05405, 
USA. Tel.: +1 (802)656-7989. Fax: +1 802 656 0747. michael.toth@uvm.edu (M.J. Toth). 

Conflict of interest
Michael J. Toth, Damien M. Callahan, Mark S. Miller, Timothy W. Tourville, Sarah B. Hackett, Marion E. Couch and Kim Dittus 
report no conflict of interests.

HHS Public Access
Author manuscript
Clin Nutr. Author manuscript; available in PMC 2019 March 11.

Published in final edited form as:
Clin Nutr. 2016 December ; 35(6): 1359–1365. doi:10.1016/j.clnu.2016.02.016.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Atrophy; Single muscle fiber; Fatigue

1. Introduction

Cancer patients often experience alterations in body mass and composition during the 

disease and its treatment [1,2]. Estimates suggest that ~30–80% of patients experience 

weight loss, with variability associated with cancer site and severity [2]. Although muscle 

atrophy is commonly assumed to contribute to reductions in body mass, most of our 

knowledge of how cancer impacts skeletal muscle is derived from animal models, some of 

which have questionable relevance to cancer in humans [3]. Few studies have assessed 

skeletal muscle size in cancer patients at the tissue level [4–7] and these studies have yielded 

variable results, ranging from pronounced muscle atrophy to no atrophy. Similarly few 

studies have directly measured skeletal muscle fiber size to rigorously evaluate the extent of 

atrophy [8–11]. These studies generally support the notion that cancer is accompanied by 

muscle atrophy, but differ as to whether weight loss is a prerequisite for its occurrence. 

Animal models show shifts in fiber type distribution with cancer [12], but evidence to 

corroborate this adaptation in humans is restricted to a single study [10]. Thus, our current 

understanding of the effects of cancer and its treatment on skeletal muscle morphology and 

fiber type distribution in humans is limited.

The goal of the present study was to examine the effect of cancer and its treatment on 

skeletal muscle fiber size to discern the extent of atrophy and its relationship to prior weight 

loss. To accomplish this objective, we measured skeletal muscle fiber cross-sectional area at 

multiple points along the length of mechanically-isolated, single muscle fiber segments from 

cancer patients and controls. These fiber segments were evaluated by gel electrophoresis to 

identity the type of myosin heavy chain (MHC) protein(s) expressed, allowing for an 

unambiguous delineation of fiber type, including the ability to discern hybrid fiber types (ie, 

fibers expressing more than one MHC isoform). Thereafter, these data were used to evaluate 

whether features of muscle fiber size and MHC isoform distribution (ie, fiber type) predict 

functional capacity.

2. Materials and methods

2.1. Subjects

Nineteen patients (7 men, 12 women) were recruited from our multi-disciplinary oncology 

clinics, with clinical characteristics outlined in Table 1. These patients had diagnoses of lung 

(n = 10), breast (n = 6), gastrointestinal (n = 1 gastric, n = 1 pancreatic) and head-neck (n = 

1 larynx) cancer, with 1 stage I,1 stage II,12 stage III and 5 stage IV patients, with 8 being 

characterized by prior weight loss, defined as a self-reported, unintentional weight loss >5% 

of body weight in the 6 months prior to evaluation and 11 patients being weight stable (ie, 

<5% weight loss in prior 6 months). Four patients were tested following diagnosis, prior to 

receiving any treatment, all of whom reported weight loss >5% of body weight (3 men, 1 

woman). The rest of the patients were receiving cancer treatment at the time of testing (n = 
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15; 4 men/11 women; 11 weight-stable, 4 weight-losing). In these latter patients, testing was 

completed prior to chemotherapy cycle 4, which excludes patients who might be on longer-

term maintenance chemotherapy. The average time from the start of chemotherapy to testing 

of 73 ± 6 d. All breast cancer patients had undergone surgical resection of their tumor prior 

to measurements. Three patients received radiation therapy (2 lung, 1 larynx; 2 men/1 

woman) and 14 (11 non-cachectic, 3 cachectic) received dexamethasone for 1–4 days after 

each chemotherapy administration to diminish cancer-induced nausea. Chemotherapeutic 

agents are provided in Table 1. Ten patients had a history of smoking and six were current 

smokers (1.13 ± 0.7 packs/d). The gastric and laryngeal cancer patient did not have 

obstructive dysphagia, as determined by the Massey Swallowing Screen [13]. None of the 

patients received nutritional support or any type of anabolic therapy designed to improve 

muscle size or function. Data from a sub-group of this cohort (n = 10) were published 

previously in a manuscript examining the effects of cancer on skeletal muscle contractility 

[14].

Controls (6 men, 9 women) were healthy based on medical screening and routine clinical/

laboratory tests and had no prior history of cancer, chronic lung or cardiovascular disease, 

neurological or orthopedic conditions or other mobility-limiting ailments. They were 

moderately active, but reported not participating in any structured exercise training or weight 

loss programs at the time of testing and all of the controls were non-smokers. Three 

volunteers were on stable regimens of statins (ie, HMG CoA reductase inhibitors), but 

reported no muscle symptoms (eg, muscle soreness) and had normal plasma creatine kinase 

levels. We recently showed that stable statin therapy does not affect skeletal muscle fiber 

size, fiber type distribution or mitochondrial or myofilament structure/function in patients 

without signs or symptoms of myalgia [15]. Written informed consent was obtained from all 

volunteers prior to their participation, and all protocols were approved by the Committees on 

Human Research at the University of Vermont.

2.2. Knee extensor muscle function

Knee extensor isometric torque production (55°; peak of knee joint angle-torque relationship 

[16]) was measured, as described [16]. Knee extensor function measurements were not 

performed on the 4 cancer patients tested shortly following diagnosis.

2.3. Six-minute (6-min) walk test

The 6-min walk test was conducted in cancer patients as a measure of whole body functional 

capacity [17], with power production calculated as: 6-min walk power (W) = body mass (kg) 

* 9.8 (m/s2) * total distance walked (m)/360 s, where 9.8 represents the acceleration of 

gravity. 6-min walk tests were not performed on the 4 cancer patients tested shortly 

following diagnosis.

2.4. Total and regional body composition

Total and regional fat mass, fat-free mass and bone mass was assessed by dual energy x-ray 

absorptiometry, with leg fat-free tissue mass measured as described [14].
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2.5. Muscle tissue processing

Protocols for muscle biopsy of the vastus lateralis have been described [18]. All solutions 

used for processing tissue have been previously described in detail [19]. For single fiber 

morphological assessments, muscle tissue was placed immediately into cold (4 °C) 

dissecting solution and processed as described [20], with long-term storage at −20 °C with 

50% glycerol (v/v) for cryopreservation. The remainder of tissue was proportioned for 

mechanical and biochemical measures, as described [14].

2.6. Single muscle fiber cross-sectional area (CSA)

Single fiber CSA was assessed on segments of mechanically-isolated, chemically-skinned 

muscle fibers (~3 mm long), as described previously [20]. Our choice of fibers is not biased 

for fiber size, although we do not include fibers with diameters <40 because they can be 

damaged during measurements (eg, movement through air–water interface). This would bias 

estimates of fiber CSA towards not observing atrophy in cancer patients, as cancer patients 

would be expected to have more fibers with small diameters. Briefly, we measured top and 

side diameter at 250 μm intervals along the fiber to estimate average CSA, assuming an 

elliptical cross-section. This method has the advantage of over immunohistochemical 

approaches of allowing unambiguous delineation of pure (MHC I, IIA, IIX) and hybrid 

(MHC I/IIA, IIA/IIX, I/IIA/IIAX) fibers and provides an integrated estimate of CSA along 

the fiber length to account for any regional heterogeneity [21]. Following measurements, 

single fibers were placed in gel loading buffer (2% SDS, 62.5 mM Tris, 10% glycerol, 

0.001% bromophenol blue, 5% β-mercaptoethanol, pH 6.8), heated (2 min at 65 °C) and 

stored at −80 °C until MHC assessment.

2.7. Myosin heavy chain (MHC) isoform expression

MHC isoform expression was assessed in single muscle fiber segments by gel 

electrophoresis, as described previously [14,20]. Briefly, a standardized amount of the single 

fiber volume within the linear range of detection [20] was loaded and run via SDS-PAGE 

(stacking gel: 4% acrylamide-bis/5% glycerol (w/v) and the resolving gel 7% acrylamide-

bis/30% glycerol) at 70 V for 3.5 h, followed by 200 V for 20 h, all at 9 °C. Thereafter, the 

gel was silver stained (BioRad, Hercules, CA). This permits separation of the three isoforms 

of MHC into three distinct bands for identification of both pure (ie, MHC I, IIA, IIX) and 

hybrid (MHC IIA/IIX, I/IIA, I/IIA/IIX) fibers (Fig. 1).

2.8. Single muscle fiber type distribution

Fiber type data from all single muscle fibers evaluated for patients and controls for both 

morphology (ie, CSA as described above) and contractile function (described in our prior 

publications; [14,19,22]) were pooled (n = 46 ± 0.3 fibers/volunteer) and their fractional 

abundance was calculated. Muscle fibers were separated into 6 groups depending on the type 

of MHC(s) expressed, as determined by gel electrophoresis: three pure isoforms (I, IIA and 

IIX) and three hybrid isoform combinations (I/IIA, IIA/IIX and I/IIA/IIX). Based on this 

classification system, data from each patient was used to calculate the relative expression of 

each fiber type relative to the total number of fibers examined (ie, % #) and CSA (ie, % 

CSA). For the latter, the sum of CSAs for all fibers examined in each individual was 
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calculated then divided by the sum of the CSAs for each fiber type to obtain the fractional 

expression for each fiber type.

2.9. Statistics

Differences between cancer patients and controls were determined using unpaired t-tests. 

Where data were not normally distributed and data transformations were unable to restore 

normality (eg, MHC IIA/X fiber type distribution), non-parametric statistics (Mann–

Whitney U test) were used. For those variables in which multiple observations were 

performed within the same individual (eg, single fiber CSA), a linear mixed model (SAS 

Version 9.3; SAS Institute, Cary, NC) was used, with group assignment (ie, control vs. 

cancer) being a fixed effect and a random effect (fiber number) included to account for the 

clustering of observations within individuals, as described [19]. Inclusion of this effect is 

necessary because the general linear model assumes that each measurement is independent, 

which is not the case for fibers evaluated within the same volunteer (ie, fibers are related). In 

other words, each fiber cannot be considered a single observation. Relationships between 

variables within the cancer patient cohort were determined by Pearson correlation 

coefficients, with the normality of dependent and independent variables confirmed by 

Shapiro–Wilk test (SPSS version 19). In the case of data with multiple observations per 

participant (eg, single fiber CSA), data were averaged to provide a single value for each 

individual for correlation analyses. For variables that were not normally distributed (eg, 

MHC I/IIA fiber type distribution), data transformations were applied (eg, log10) and 

normality was restored. All data are reported as mean ± SEM.

3. Results

3.1. Physical characteristics

Age and physical characteristics of cancer patients and controls are shown in Table 2. 

Cancer patients were younger than controls (P < 0.01), but no differences in height, body 

mass or total or regional body composition were found. When cancer patients were divided 

into weight loss and weight-stable groups, the lack of differences generally persisted, except 

for group effects for fat mass in both absolute (kg) and relative (%) terms (P < 0.05). In both 

cases, post hoc comparisons showed that patients with a history of weight loss had lower fat 

mass than weight-stable patients (P < 0.05 for both), but not controls.

3.2. Single muscle fiber CSA

Average CSA data (as shown in upper panel; average fiber length = 3091 ± 18 μm) are 

shown in Fig. 1. Considering that measurements were conducted every 250 μm, data are 

representative of ~7400 assessments of CSA across our cohort. These data show that cancer 

patients are characterized by substantial muscle fiber atrophy at the cellular level in MHC I 

(−21%; P < 0.01) and IIA (−17%; P < 0.05) fibers, whereas differences in MHC IIA/X and 

I/IIA fibers both showed trends (P = 0.10) towards being significant and were of similar or 

greater magnitude (−19 and −27%, respectively). These differences were not driven by prior 

weight loss, as there were no differences in CSA in MHC I, IIA, IIAX or I/IIA fibers 

between weight-losing and -stable patients (Panel D). We also examined the effect of cancer 

type by examining the two most prevalent types in our cohort: lung and breast. We found 
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lower MHC I (−19%; P < 0.05) and IIA CSA (−19%; P < 0.05) in lung compared to breast 

cancer patients and a strong trend towards lower MHC IIA/X CSA (15%; P = 0.06). We did 

not evaluate MHC I/IIA fiber CSA because of the small number of fibers.

Muscle fibers swell with chemical skinning [23]. In a recent study [24], we found that 

human single muscle fibers undergo an ~20% increase in diameter following chemical 

skinning (121.6 ± 1.3%), which is in close agreement with previous work in lower order 

mammals [25]. More importantly, we found an inverse relationship between fiber size and 

the degree of swelling, suggesting that smaller fibers experienced greater swelling upon 

skinning, in keeping with recent results in the setting of genetically-induced fiber 

hypertrophy [26]. As myofilaments are the main osmolytes in skinned fibers, and our prior 

work [14] shows that the most abundant myofilament proteins, myosin and actin, do not 

differ in weight-stable patients or those with weight loss, it is unlikely differences in 

swelling would occur between patients and controls. Thus, if the skinning process skewed 

our measures, we would expect that any bias would underestimate the extent of atrophy in 

fibers from cancer patients.

3.3. MHC isoform expression in tissue homogenates and single fiber MHC fiber type 
distribution

We have previously observed no group differences in the relative expression of MHC I, IIA 

or IIX via gel electrophoresis [14]. However, analysis of tissue homogenates does not 

account for variation in MHC isoforms expression within individual muscle fibers. Thus, to 

further interrogate fiber type distribution, we determined the admixture of fiber types in the 

vastus lateralis muscle tissue for all of the single muscle fibers evaluated for these patients 

from both mechanical and morphological analyses (Fig. 2). The prevalence of muscle fibers 

studied as a fraction of the total number studied (n = 1578) in descending order of 

abundance were MHC I (53%), IIA (27%), IIA/X (13%), I/IIA (4.6%), I/IIA/IIX (0.9%) and 

IIX (0.7%) in the entire cohort. Because MHC IIX (n = 11) and MHC I/IIA/IIX (n = 14) 

fibers each constituted less than 1% of all of the fibers examined, we did not perform 

statistical analyses on these populations. When we compared fiber type distributions 

expressed as a fractional percentage of fiber CSA, there were significant group differences. 

Cancer patients showed an increase in MHC IIA/X hybrid muscle fibers (P < 0.05) 

compared to controls, whereas differences in MHC I, IIA and I/IIA fibers were not 

significant. Similar results were observed when data were expressed as a fraction of the 

number of fibers evaluated, although there was a strong trend for differences in MHC IIA/X 

fibers (P = 0.06; data not shown in Figure). Sub-group analysis showed no differences 

between weight loss and weight-stable patients in the distribution of any fiber types (Panel 

B).

3.4. Relationship between single fiber morphology/fiber type distribution and functional 
parameters

We found a strong relationship between 6-min walk power output and knee extensor peak 

isometric torque (r = 0.715; P < 0.01), as we have previously reported in a sub-set of the 

current cohort [14], with a slightly lower correlation with 6-min walk distance (r = 0.546; P 

< 0.05). Fiber CSA for MHC I, IIA, IIA/X or I/IIA fibers, which constitute >98% of fibers 
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examined, did not correlate with either 6-min walk parameters or isometric knee extensor 

torque. In contrast, there were relationships between fiber type distribution and 6-min walk 

performance, but not isometric strength. The fraction of MHC IIA/X fibers were positively 

related to power output during the 6-min walk test (r = 0.598; P < 0.05; Fig. 3; n = 13 

because no MHC IIA/X fiber were found in 2 patients). Additionally, the fraction of MHC 

I/IIA fibers was positively related to the distance walked (r = 0.723; P < 0.02; Fig. 3; n = 10 

because no MHC I/IIA fibers were found in 5 patients).

4. Discussion

4.1. Body composition

Although concurrent loss of fat and fat-free (mostly muscle) tissue is an axiom of cancer-

associated weight loss [2], there is some disagreement among studies that have employed 

imaging techniques. Several studies have reported a more pronounced loss of fat mass 

[27,28], in line with our results, with the most compelling data coming from a recent 

longitudinal study [5]. However, a preferential loss of fat mass may be explained by the fact 

that radiologic- and magnetic resonance-based imaging assessments of whole body and 

regional tissue composition can underestimate fat-free tissue loss because of fluid retention 

and/ or increasing tumor mass [7], a caveat that also affects our imaging data. Indeed, 

studies that have attempted to account for these confounders have generally shown 

equivalent reductions in fat and fat-free tissue [4,7]. However, a recent longitudinal study 

showed reductions in fat mass, but negligible loss of arm or leg fat-free tissue mass in cancer 

patients over time [5], measures that should be minimally influenced by tumor mass (both 

arms and legs) or fluid retention (arms). Thus, there are disagreements among studies 

regarding adaptations in body composition with cancer. Our data may help to resolve some 

of these conflicting results.

4.2. Single muscle fiber morphology

Our single muscle fiber CSA data support the general notion that atrophy is present in 

cancer patients (Fig. 1), but these results are in contrast to no differences in whole body and 

leg fat-free tissue mass (Table 1). These seemingly contradictory findings may be explained 

by the inability of imaging techniques, such as DEXA, to accurately quantify skeletal 

muscle size or changes in muscle size over time [29,30] and could account for disparate 

results among studies detailed above. This bias may be less apparent with imaging 

techniques that assess muscle cross-sectional area, such as MRI and CT [29]. Indeed, one 

recent study showed similar reductions in muscle size in cancer patients by MRI and single 

fiber CSA [11]. However, caution is urged, as imaging techniques can still underestimate 

muscle loss in the event of fluid infiltration into the muscle interstitium [31].

To our knowledge, only four studies have evaluated single muscle fiber CSA in human 

patients. In two studies, atrophy was evident in weight-losing patients, defined by a loss of 

>10% in 6 months [8,11] compared to non-diseased controls. More recent studies have 

further refined these results to show that fiber atrophy is only apparent in later stage (III and 

IV), cachectic patients with low muscularity, with the latter being defined by CT-derived 

abdominal muscle size [10]. All three of these studies evaluated upper GI or pancreatic 
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cancers. Another recent study showed, similar to our results, that atrophy is apparent in both 

weight-stable patients and those with a history of weight loss [9]. This study was conducted 

in lung cancer patients, which make up the majority of our cohort, but differ in that their 

patients were all treatment naïve, whereas our weight-stable patients were all tested during 

treatment, suggesting that muscle fiber atrophy in weight-stable patients is not specific to 

treatment status or its associated medications. However, we acknowledge that some cancer 

treatments are associated with loss of muscle/fat-free tissue mass [28,32], and 

dexamethasone, an adjunct to many chemotherapy regimens and which a majority of 

patients in the current study were taking, can cause muscle wasting [33]. Thus, on balance, 

these studies support the notion that both cancer alone, and the combination of cancer and its 

treatments, can be associated with muscle fiber atrophy, but disagree as to whether prior 

weight loss is a prerequisite for atrophy.

What might explain this variation among studies? One factor is the site of the muscle biopsy. 

We studied tissue from the vastus lateralis, as did Weber et al. [8,11] and Op den Kamp [9], 

whereas Johns et al. [10] obtained tissue from the rectus abdominus. One could argue that 

leg muscle tissue may be more susceptible to atrophy from disuse that often accompanies 

cancer, and in advanced stage patients specifically given their profound inactivity [34], 

whereas abdominal muscle tissue would be less affected. This might explain why we and 

others [9] observed atrophy in weight-stable patients, where biopsies were taken from the 

leg, whereas Johns et al. did not [10]. However, studies of experimental disuse have shown 

that musculature in the abdominal region undergoes atrophy to a similar degree as leg 

muscles [35], probably because of reduced activity of trunk musculature to maintain posture 

during weight-bearing movement. Therefore, tissue from both sites should be influenced by 

decreased weight-bearing activity to a similar degree, making it less likely that the site of the 

muscle biopsy would explain variation in muscle atrophy among studies.

4.3. Role for muscle disuse

Building on the above discussion, muscle disuse deserves consideration as a determinant of 

the skeletal muscle phenotypes in cancer patients, as disuse is known to affect both muscle 

size and fiber type expression [36]. For instance, the same research group that found atrophy 

only in advanced staged patients [10] also showed that these patients had markedly reduced 

physical activity levels (−45%), whereas earlier stage patients had activity levels comparable 

to controls [34]. Moreover, cancer therapy has been shown to be associated with reduced 

activity level [34,37,38], which may partially explain atrophy during treatment [28,32], in 

particular in weight-stable patients in the current study. A role for muscle disuse in the 

cancer muscle phenotype may partially explain discordant results among studies. That is, as 

atrophy can be a function of both disuse and weight loss, variability among patients in the 

presence and/or extent of either precipitant may account for the discordance between 

atrophy and prior weight loss in some cohorts, such as [9] and the current study.

Further evidence to substantiate an influence of disuse on the skeletal muscle phenotype in 

cancer patients is provided in our finding of a switch towards a more fast-twitch phenotype 

[36,39]. This manifested as an increased relative expression of IIA/X hybrid fibers, similar 

to what occurs with muscle disuse [40]. Recent studies have provided some evidence for a 
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shift from MHC I to MHC II fibers with cancer in humans [10], but the antibody used to 

identify MHC II fibers would not distinguish between pure MHC IIA and hybrid MHC 

IIA/X fibers, the latter of which are more prevalent in cancer patients (Fig. 2). Thus, our 

work extends these results by providing a more definitive analysis of fiber type-specific 

atrophy in response to cancer and its treatment and further suggests a role for muscle disuse 

in the cancer muscle phenotype.

4.4. Relationship of muscle adaptations to physical function

From a functional standpoint, a switch to a more fast-twitch fiber admixture in the muscle 

may maintain whole muscle power output (force × velocity) in the face of declining force 

production secondary to atrophy (Fig. 1). Our recent studies in older adults have confirmed 

this reciprocal relationship between adaptations in force and velocity at the single fiber level 

with disuse in older adult humans [19] and our current data extend this paradigm to whole 

muscle/body functional measures in cancer patients. That is, a greater fractional expression 

of hybrid fibers reflecting a switch to a faster contractile velocity (ie, MHC I/IIA fibers 

reflects MHC I→IIA and MHC IIA/X fibers a switch from MHC IIA→IIX fibers; [40]) is 

associated with better walking performance. Indeed, both MHC I/IIA and IIA/X have greater 

power output than their more abundant pure fiber type (ie, MHC I and IIA, respectively) 

[41]. That power output would associate with 6 min walk outcomes is not unexpected, as 

muscle power output is a well-known determinant of walking performance [17]. However, 

any beneficial effects of these adaptations in MHC expression (ie, fiber type shifts) are not 

sufficient to overcome the aggregate negative effects of cancer on muscle performance [14].

4.5. Conclusion

In conclusion, our data suggest that cancer and its treatment are associated with muscle 

atrophy at the single fiber (ie, cellular) level across fiber types that is evident in both weight-

stable patients and patients with a history of prior weight loss, despite the absence of 

differences in whole body and regional fat-free tissue mass, high-lighting the limitations in 

some radiologic imaging techniques to define muscle morphological adaptations in cancer 

patients. Moreover, we found a shift in isoform distribution towards a more fast-twitch fiber 

phenotype, which may serve to maintain functionality in cancer patients, as positive 

relationships were found between the fractions of MHC IIA/X and MHC I/IIA fibers and 

their 6-min walk performance. Because both of the aforementioned adaptations parallel 

those which are found in muscle disuse in adult humans [36], we posit that reduced weight-

bearing physical activity with cancer and its treatment [34] contributes, in part, to skeletal 

muscle adaptations. In this context, muscle disuse may compound nutritional deficiencies to 

promote cancer cachexia and functional disability, both of which affect near- and long-term 

prognosis [42–44].
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Fig. 1. 
Single fiber cross-sectional area (CSA) data. Panel A shows a representative gel 

electrophoresis separation of MHC isoforms for single muscle fibers (Lane 1: MHC I; Lane 

2: MHC IIA; Lane 3: MHC IIA/X; Lane 4: MHC I/IIA) and Panel B a description of CSA 

measurements. For the latter, top (d1) and side (d2) view diameter measurements were taken 

every 250 μm along the length of segments of chemically-skinned muscle fiber segments. 

Group average data are shown for MHC I, IIA, MHC IIA/X and MHC I/IIA fiber types in 

descending order relative to their abundance in controls (open bars) and cancer patients 
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(closed bars) (Panel C), as well as within the cancer patients in non-cachectic (gray bars) and 

cachectic (hatched bars) groups (Panel D). The number of fibers evaluated is provided at the 

base of each bar. Data are mean ± SE. *, P < 0.05; **, P < 0.01.
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Fig. 2. 
Myosin isoform distribution in single muscle fiber segments (MHC I, MHC IIA, MHC 

IIA/X and MHC I/IIA) in controls (open bars) and OA patients (closed bars) in descending 

order relative to their abundance (Panel A). Cancer data is also presented for non-cachectic 

(gray bars) and cachectic (hatched bars) groups (Panel B). Data for single fibers are 

expressed as a fraction of total fiber CSA, with the CSA for all of the fibers within each fiber 

type being summed and expressed relative to the summed total CSA from all fibers 

evaluated within each individual. The number of fibers evaluated is provided at the base of 

each bar. Note data from MHC IIX (n = 11 total fibers) and I/IIA/X (n = 14 total fibers) 

fibers were not analyzed because of their low numbers. Data are mean ± SE. *, P < 0.05.
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Fig. 3. 
Relationships of percentage of hybrid MHC IIA/X and I/IIA fibers to indices of 6-min walk 

performance in cancer patients. Note that there is n = 13 for the top panel and n = 10 for the 

bottom panel. The reduced n in these analyses reflects the fact that MHC IIA/X and I/IIA 

fibers were not observed in all cancer patients. Data for MHC I/IIA fibers in cancer patients 

was log10 transformed to achieve normality.
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Table 1

Clinical characteristics of cancer patients.

Cancer patients

All Weight loss Weight-stable

N 19 8 11

Cancer site (n)

Lung 10 4 6

Breast 6 3 3

Gastric 1 0 1

Pancreatic 1 1 0

Head/Neck 1 0 1

Stage (I/II/III/IV) 1/1/12/5 1/1/3/3 0/0/9/2

Histology (n)

Adenocarcinoma 14 6 8

Squamous-cell carcinoma 4 1 3

Adenosquamous carcinoma 1 1 0

Radiotherapy (n) 3 0 3

Chemotherapy (n) 15 4 11

Platinum-based 7 0 7

Taxanes 7 3 4

Pemetrexed 3 0 3

Cyclophosphamide 5 3 2

Doxorubicin 4 2 2

Herceptin 1 0 1

Gemcitabine 1 1 0

ECF 1 0 1

Etoposide 1 0 1

Dexamethasone (n) 14 0 14

Weight loss (kg) 6.9 ± 2.2 11.4 ± 2.0 0.4 ± 0.2

History of smoking (n) 10 4 6

Current smokers (n) 6 3 3

Data are mean ± SE. Weight loss, indicates patients who self-report >5% loss of body mass in the 6 mos prior to evaluation; whereas, weight-stable 
patients self-report <5% loss of body mass over this period. Platinum-based therapies include carboplatin (n = 3) and cisplatin (n = 4). ECF, 
epirubicin/cisplatin/5-fluorouracil.
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