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Dysfunction in Tumor-bearing Mice Is
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ABSTRACT

COUNTS, B. R., J. L. HALLE, and J. A. CARSON. Early-Onset Physical Inactivity and Metabolic Dysfunction in Tumor-bearing Mice Is

Associated with Accelerated Cachexia.Med. Sci. Sports Exerc., Vol. 54, No. 1, pp. 77-88, 2022. Cancer-induced skeletal muscle mass loss is

a critical characteristic of cachexia. Although physical inactivity and systemic metabolic dysfunction can precede cachexia development, how

these early-onset disruptions are related to cachexia’s eventual severity is not well understood. The well-established Lewis lung carcinoma

(LLC) preclinical cachexia model exhibits a varying degree of cachexia. Therefore, we examined if the early-onset of physical inactivity

and metabolic dysfunction were associated with accelerated cachexia development in LLC tumor-bearing mice. Methods: Male C57BL/6J

mice (12 wk of age) were injected with 1 � 106 LLC cells or phosphate-buffered saline (PBS) subcutaneously in the right flank, and tissue

was collected 26–28 d after cell injection. Tumor volume was measured every 5 d throughout the study to calculate the tumor growth rate.

Fifteen days after tumor inoculation, a subset of PBS (n = 11) and LLC (n = 16) mice were individually housed in metabolic Comprehensive

Laboratory Animal Monitoring System cages for 5 d.Results: LLCmice exhibited greater body weight loss (−5.1%), decreased muscle mass

(−7%), decreased fat mass (−22%), and increased plasma interleukin-6 (212%) compared with PBS mice. Before the onset of cachexia, total

cage activity was decreased in tumor-bearing mice. Cage activity was negatively associated with tumor mass and positively associated with

hindlimbmuscle mass. In addition, LLCmice had greater lipid oxidation than PBSmice.Conclusions:LLCmice exhibit early-onset physical

inactivity and altered systemic lipid oxidation, which are associated with the eventual development of cachexia. Key Words: CANCER,

METABOLISM, ACTIVITY, INFLAMMATION

Lung cancer is the second most common cancer type in
the United States (1), with 50% of lung cancer patients
developing cachexia (2). Cachexia is the unintentional

loss of muscle mass with or without fat loss that is irreversible
with nutritional support alone (3). Notably, 60% of lung can-
cer patients reported significant weight loss before receiving
treatment, which was associated with reduced survival and
increased chemotherapy toxicity (4). The high prevalence of
cachexia in lung cancer patients before receiving treatment
provides a solid rationale for the need to advance our under-
standing of the regulation of the early drivers of cachexia de-
velopment occurring before treatment. Because of limitations

in studying lung cancer patients, preclinical cancer models
have provided valuable mechanistic insight into cachexia reg-
ulation. The Lewis lung carcinoma (LLC) model is a widely
used syngeneic model to evaluate cachexia (5). A strength of
the LLC model is its established heterogeneity in the develop-
ment of cachexia (6), which has allowed for examination of
early-onset events through the development of severe cachexia
(7,8). Studies using the LLC model have demonstrated the im-
portance of several skeletal muscle signaling pathways regulating
musclemass (9–13). Impairedmusclemitochondria function pre-
cedes cachexia development (7), suggesting that understanding
muscle metabolism before wasting is essential (14). Moreover,
LLC mice exhibit disrupted systemic insulin and glucose signal-
ing (15,16) and impaired energy expenditure (17) before muscle
mass changes. Disruptions to whole-bodymetabolic homeostasis
with cachexia progression are reported in several preclinical
models (18–20). These disruptions suggest that early distur-
bances to systemic metabolism have a role in cachexia devel-
opment (21), and investigation of these early metabolic changes
in the LLC cachexia model is warranted.

Lung cancer patients exhibit increased energy expenditure
associated with body weight loss (22); however, discrepancies
still exist between the relationship of whole-body metabolism
to disease-free survival. For example, both hypometabolic
(23) and hypermetabolic (21,24) lung cancer patients have
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decreased survival. Recent studies have reported increased lipid
oxidation in cachectic patients (25) and preclinical cachexia
models (26,27). Cachectic LLC mice have increased lipolysis
(28), and studies have demonstrated that lipase inhibition can pre-
serve muscle and fat mass (15). These data and other studies re-
port the preservation of fat mass on improved indices of cachexia
(29). However, it remains unclear if altered lipid metabolism is a
consequence of cachexia or precedes cachexia development, and
the relationship between cachexia development and whole-body
metabolism requires further investigation.

Physical activity is a daily behavior that affects the physiolog-
ical regulation of the systemic environment, individual tissues,
and cells. Collectively, cachectic cancer patients and tumor-
bearing mice consistently demonstrate a substantial reduction
in physical activity (30–32). It is well established that activity
levels can have a significant role in cancer’s etiology, and recent
clinical work highlighting sedentary behavior is associated with
more severe cachexia (33). However, physical inactivity is often
characterized as an outcome of wasting rather than a contributor
to the wasting process. Decreased physical activity can precede
cachexia development (18,34,35), and early changes in activity
level are associated with the eventual severity of cachexia (36).
Alternatively, several effects of increased physical activity
on preventing cachexia development have been extensively
examined (36–39). There is a clear therapeutic potential for in-
creased physical activity (40) or exercise to prevent or attenu-
ate cachexia in preclinical cancer models (41,42). Although
physical activity level has established effects on systemic
and muscle metabolism, it is currently unknown if these early
declines in physical activity are linked to cancer-induced met-
abolic dysfunction during cachexia initiation.

There is sufficient evidence that physical activity level has a
role in cancer cachexia’s progression. Because cachectic can-
cer patients and tumor-bearing mice demonstrate whole-
body (15–17) and tissue-specific metabolic dysfunction (43),
it is within reason to speculate that cancer cachexia’s disrup-
tions to physical activity are contributing to metabolic dysfunc-
tion. Furthermore, tumor development and growth in preclinical
cancer cachexia models are related to cachexia development
(18,35,44). Therefore, the purpose of this study was to examine
if the early-onset of physical inactivity and metabolic dysfunc-
tion were associated with accelerated cachexia development in
LLC tumor-bearing mice. We hypothesized that the early-onset
of physical inactivity and metabolic dysfunction would be asso-
ciated with accelerated cachexia development. To this end, we
examined cachexia development in male C57Bl/6J mice inocu-
lated with LLC cells. Fifteen days after tumor inoculation, at the
onset of palpable tumors and before cachexia development,
mice were housed in metabolic cages and then subsequently
followed for tumor growth and cachexia development until
the end of the study.

METHODS

Animals.Male C57BL/6J (B6; n = 62) mice were originally
purchased from The Jackson Laboratory (Bar Harbor, ME) and

bred at the University of Tennessee Health Science Center An-
imal Resource Facility. Mice were kept on a 12:12-h light/
dark cycle beginning at 6:00 a.m. and were given rodent chow
ad libitum (Harlan Teklad Rodent Diet, No. 8604; Harlan,
Indianapolis, IN). All experiments were approved by the Uni-
versity of Tennessee Health Science Center Animal Care and
Use Committee.

LLC cell inoculation. Between 11 and 12 wk of age, B6
mice were injected with either phosphate-buffered saline (PBS)
or 1� 106 LLC cells (ATCCCRL-1642) subcutaneously in the
right flank, and mice were under anesthesia (isoflurane) for less
than 3 min (10). A total of 38 mice were injected with LLC
cells, and 24 mice were injected with PBS.

LLC animal and tumor monitoring. Eighty-six percent
of the LLC-injected mice reached the study’s end point. End
point criteria were derived from previous published literature
(7,10) and veterinary guidelines for humane care of animals
as follows: 1) mouse reached 30 d after tumor inoculation,
2), >20% body weight loss from day 10 after day 25 after tu-
mor inoculation, 3), had a tumor >3 cm in width or length after
day 25 after tumor inoculation, or 4) the tumor was close to
breaking through the skin (ulcerated) after day 25. Once an
end point was achieved, the mouse was prepared for tissue col-
lection and euthanized within 24 h. Between 10 and 15 d after
tumor inoculation, four mice had tumors ulcerate and were not
included in the analysis, and one mouse died unexpectedly on
day 22. To be included in the study, mice needed to achieve at
least 25 d after tumor inoculation (7,10). Therefore, a total of
33 male LLC-injected mice were used in these experiments.
Tumor volume and body weight were measured every 5 d
(Fig. 1A). Tumor volume was calculated by the same investi-
gator using a caliper and the following equation: ½ (width2 �
length) (45). In addition, we accounted for tumor growth rate
throughout the study by calculating the slope of tumor volume
between days 15 and 25.

Tissue collection. At the time of sacrifice, mice were
anesthetized and ~500 μL of retro-orbital blood was collected.
After eye bleeds, under anesthesia, mice underwent cervical dis-
location and muscles were immediately excised within 4 min.
A second method of euthanasia was heart removal, and then
organs were collected. Hindlimb muscles and organs were rap-
idly excised, cleared for excessive connective tissue, weighed,
and snap-frozen in liquid nitrogen (46). Hindlimb muscles in-
cluded were soleus, plantaris, gastrocnemius, tibialis anterior,
and extensor digitorum longus.

Body composition and indirect calorimetry. Fifteen
days after tumor inoculation, a subset of mice (PBS, n = 11;
LLC, n = 16) were individually housed and placed in the Com-
prehensive Laboratory Animal Monitoring System (CLAM)
cages for 5 consecutive days (47). To allow for acclimatiza-
tion, the first 24 h was removed from the analysis, and the av-
erage of days 2, 3, and 4 was used for analysis. Mice were
removed from the cages on day 5. Data are presented as daily
average, and the average of each light and dark cycle. In mice,
light cycle refers to the time when mice are resting (rest phase)
and consuming little to no food, whereas the dark cycle refers
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to the active phase when they consumemost of their daily food
consumption (36,48). Before individual housing, mice were
weighed between 7:00 and 9:00 AM, and body composition
was determined in conscious mice by magnetic resonance
(EchoMRI 1100; EchoMRI, Houston, TX). Using the CLAM
system (Columbus Instruments, Columbus, OH), physical ac-
tivity, oxygen consumption (V̇O2), carbon dioxide production
(V̇CO2), and respiratory exchange ratio (RER; V̇CO2/V̇O2)
were determined. Physical activity was quantified as the 3-d
average of the hourly sum of XY beam breaks. The tempera-
ture was maintained at 22°C throughout the experiment. The
Lusk equation in Oxymax software (Columbus Instruments)
was used to determine energy expenditure. Carbohydrate and
lipid oxidation were based on published equations that assume
negligible protein oxidation (49). Before use in the equation, V̇O2

and V̇CO2 were converted from milliliters per kilogram lean
mass per hour to milliliters per minute. Equations are as follows:
carbohydrate oxidation (g·min−1): (4.585 V̇CO2) − (3.226 V̇O2)

and lipid oxidation (g·min−1) (1.695 V̇O2) − (1.701 V̇CO2),
and negative values indicate unusable time points, which were
removed from the analysis.

Plasma Interleukin-6. Immediately before sacrifice, blood
was collected via retro-orbital sinus with heparinized capillary
tubes, placed on ice, and centrifuged (10,000g for 10 min at
4°C) (46). The supernatant was removed, and plasma interleukin-
6 (IL-6) concentrations were determined using an enzyme-linked
immunosorbent assay kit according to the manufacturer’s in-
structions (Catalog No. KMC0061; ThermoFisher Scientific,
Waltham, MA).

Statistical analysis.All results are reported as means ±SEM.
Student’s unpaired t-test was used to compare PBS and LLC
mice animal characteristics and metabolic phenotyping.
One-way repeated-measuresANOVAwas used to examine tumor
volume over time in LLC mice. Two-way repeated-measures
ANOVA was used to compare tumor (PBS and LLC) to cycle
(light and dark cycle) for physical activity andmetabolic outcomes.

FIGURE 1—Effect of LLC tumor on indices of cachexia. Data are expressed as mean (SEM). A, Study design. B, Body weight change from day 10 after
tumor inoculation. Body weight is calculated as the sacrifice body weight minus the tumor mass divided by day 10 body weight. C, Total hindlimb muscle
mass. D, eWAT mass. E, Spleen mass. F, Seminal Vesicle mass. Unpaired t-test was used to compare PBS with LLC. *Different from PBS. Statistical sig-
nificance was set a P < 0.05. n = 24–33 per group. BW, body weight.
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When necessary, Tukey’s post hoc analysis was used. Pearson
correlation coefficients were used to determine associations.
Sample size of 6–7 per group was estimated from previous
publications to ensureP < 0.05 at a power of 95% (17,18). Sta-
tistical analysis was performed using GraphPad (Prism 8 for
Mac OSX, La Jolla, CA). Stepwise linear regression was used
to predict metabolic parameters and indices of cachexia. Shapiro–
Wilk test was used to confirm normal distribution. There was
no concern regardingmulticollinearity among predictor variables
in the stepwise linear regression models. Data were analyzed
using SPSS statistical package (IBM SPSS Statistics 20). The
level of significance for all measures was set at P ≤ 0.05.

Study approval. All experiments were approved by the
University of Tennessee Health Science Center’s Institutional
Animal Care and Use Committee (protocol no. 19.001).

RESULTS

Animal characteristics. There were no differences in age
or study duration between PBS (n = 24) and LLC (n = 33) mice.
The studywas initiated at approximately 12wk of age and com-
pleted at approximately 15 to 16 wk of age. PBS and LLCmice
body weights were not different before tumor inoculation
(P = 0.848) or 10 d after tumor inoculation (P = 0.473). Al-
though there were no differences in absolute body weight at
the end of the study (P = 0.433), after accounting for tumor
mass, LLC mice had decreased body weight compared with
PBS (P = 0.004). LLC mice had a greater body weight change
from day 10 when accounting for tumor mass (−4.9%) com-
pared with PBS (0.5%; Fig. 1B). Body weight change from
day 10 was chosen because the tumor is initially palpable but
before the rapid tumor growth phase (days 15–25). LLC mice
had decreased gastrocnemius (Table 1; P = 0.021) and total
hindlimb muscle mass (Fig. 1C; P = 0.014) compared with
PBS. LLC mice had increased spleen mass (Fig. 1E) compared

with PBS. Furthermore, LLC mice exhibited additional indices
of cachexia when compared with PBS mice, including de-
creased epididymal fat mass (epididymal white adipose tissue
(eWAT); Fig. 1D) and decreased seminal vesicle mass (Fig. 1F).
The LLC mice demonstrated an early cachectic phenotype de-
termined by mild weight loss, muscle mass, and fat mass loss.
However, we report a pronounced heterogeneity in the range
of cachexia in this cohort of LLC mice.

LLC tumormass and growth rate. Tumor volume was
measured every 5 d throughout the study and was measurable
10 d after tumor inoculation (Fig. 2A).Utilizing the LLCmodel’s
rapid tumor growth phase, we calculated the slope of tumor
growth from days 15 to 25. Tumor growth rate ranged from
0.036 to 0.385 cm3 per 5 d (Fig. 2B). Tumormass ranged from
0.389 to 5.48 g (Fig. 2C). Tumor growth rate and tumor mass
were correlated (Fig. 2D). We compared standard indices of
cachexia to each mouse’s tumor mass. Tumor mass was as-
sociated with body weight change from day 10 (Fig. 2E),
hindlimb muscle mass (Fig. 2G), and eWAT (R2 = 0.196,
r = −0.442, P = 0.010). Interestingly, despite the range of tu-
mor growth present, tumor growth rate was not associated
with body weight change from day 10 (Fig. 2F), hindlimb
muscle mass (Fig. 2H), or eWAT (R2 = 0.057, r = −0.238,
P = 0.182). These data provide evidence that tumor mass at
the end of the study is strongly associated with several indices
of cachexia.

Relationshipof plasma IL-6on tumor size andgrowth
and indices of cachexia. LLC mice had increased plasma
IL-6 (212%; Fig. 3A) compared with PBS mice. Plasma IL-6
was associated with tumor mass (Fig. 3B) but not tumor
growth rate (Fig. 3C). When accounting for the one outlier
(40 pg·mL−1), the interpretation was unchanged by removal
of the outlier (tumor mass: R2 = 0.291, r = 0.539, P = 0.001;
tumor growth rate: R2 = 0.012, r = 0.110, P = 0.551). Interest-
ingly, plasma IL-6 was associated with body weight change
from day 10 (R2 = 0.123, r = −0.350, P = 0.046); however this
associated was due to the outlier (outlier removed: R2 = 0.019,
r = −0.139,P = 0.450). Plasma IL-6 was strongly associated with
hindlimb muscle mass (Fig. 3D; outlier removal: R2 = 0.539,
r=−0.734,P< 0.001). Furthermore, eWATmasswas associated
with plasma IL-6 (R2 = 0.285, r = −0.534, P = 0.001; interpre-
tation unchanged by outlier removal). These data provide ev-
idence that plasma IL-6 is linked to tumor mass and some
indices of cachexia.

Effect of tumor size and growthonwhole bodyme-
tabolism. In a subset of mice (PBS, n = 11; LLC, n = 16) from
the large cohort, PBS and LLC mice were single housed in the
CLAM system for 5 consecutive days starting at 15 d after tumor
inoculation (Fig. 4A). Notably, the CLAMmicewere representa-
tive of the entire LLC cohort (Table, Supplemental Digital
Content 1, animal characteristics at the end of study of mice
placed in the CLAM, http://links.lww.com/MSS/C415). Met-
abolic parameters were similar between PBS and LLC mice
15 d after tumor inoculation (Table 2). Regarding fuel utiliza-
tion, carbohydrate oxidation increased during the dark cycle in
both the PBS and LLC mice compared with the light cycle,

TABLE 1. Effect of LLC on animal characteristics.

Treatment PBS LLC

n 24 33
Tumor inoculation age (wk) 11.8 (0.1) 11.5 (0.1)
Study duration (d) 26.4 (0.3) 26.1 (0.3)
End of study age (wk) 15.6 (0.1) 15.2 (0.1)
BW pre tumor inoculation (g) 24.9 (0.5) 24.8 (0.4)
BW day 10 of study (g) 26.2 (0.4) 25.8 (0.4)
BW end of study (g) 26.7 (0.4) 27.1 (0.3)
Tumor mass (g) — 2.7 (0.5)
BW end of study − tumor mass (g) 26.7 (0.4)a 24.4 (0.5)b

Tumor growth rate 15–25 d (cm3 per 5 d) — 0.197 (0.017)
Gastrocnemius mass (mg) 115 (2) 108 (3)b

TA mass (mg) 41 (1) 37 (1)b

Soleus mass (mg) 7.4 (0.3) 6.8 (0.2)
EDL mass (mg) 9.7 (0.3) 9.1 (0.2)
Testes mass (mg) 198 (3) 202 (4)
Heart mass (mg) 156 (6) 143 (4)
Tibia (mm) 16. 7 (0.1) 16.5 (0.1)

Data are expressed as mean (SEM). Body weight change (Δ) is the following calculation
(body weight end of study − tumormass)/body weight day 10 in percent. Tumor growth rate
is calculated as the tumor volume slope from days 15 to 25. Unpaired t-test was used to
compare PBS to LLC. Statistical significance was set a P < 0.05.
aDifferent from pre tumor inoculation.
bDifferent from PBS.
BW, body weight.
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and there was no effect of LLC (Fig. 4C). Lipid oxidation
decreased during the dark cycle in both PBS and LLC mice
compared with the light cycle (Fig. 4D). Interestingly, lipid
oxidation, early in tumor development, was increased in LLC
mice compared with PBS mice. Lipid oxidation was not asso-
ciated with tumor mass at the end of the study (Fig. 4E) or tu-
mor growth rate (Fig. 4F). LLC mice metabolic parameters
were compared with cachexia indices at the end of the study.
Stepwise linear regression demonstrated that lipid and carbo-
hydrate oxidation were significant predictors of plasma IL-6
(Table, Supplemental Digital Content 2, relationship of meta-
bolic parameters and indices of cachexia in LLC mice, http://

links.lww.com/MSS/C416). Furthermore, lipid oxidation was
negatively associated with hindlimb muscle mass (Fig. 4G)
and trending to be associated with plasma IL-6 (Fig. 4H; out-
lier removal: R2 = 0.204, r = 0.451, P = 0.105). These data
supply evidence that early metabolic disruptions related to lipid
oxidation in LLC tumor-bearing mice are associated with more
cachexia indices rather than tumor development.

Effect of tumor size and growth on physical inac-
tivity. We examined cage activity levels in LLC mice. Over-
all, LLC mice decreased cage activity by 30% compared
with PBS mice (Table 2). Cage activity showed diurnal regu-
lation (Fig. 5A). Dark cycle cage activity was higher than light

FIGURE 2—Effect of tumor size and growth rate on indices of cachexia. Data are expressed as mean (SEM). A, Tumor volume over the course of the study.
n = 33. B, Tumor growth rate. C, Tumor mass. D, Tumor growth rate correlated to tumor mass. E, Body weight change from day 10 correlated to tumor
mass. F, Body weight change from day 10 correlated to tumor growth rate. G, Hindlimb muscle mass correlated to tumor mass. H, Hindlimb muscle mass
correlated to tumor growth rate. One-way repeated-measures ANOVA was used to compare tumor volume over time (A). Different letters mean different
between groups. Pearson correlation coefficient was used for correlations (D–H). Statistical significance was set a P < 0.05. n = 33. BW, body weight.
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cycle activity for both PBS and LLC mice. However, LLC
mice exhibited decreased dark cycle cage activity compared
with PBS mice. LLC mice cage activity at day 15, early in tu-
mor development, was negatively associated with tumor mass
(Fig. 5B) and plasma IL-6 (Fig. 5E; outlier removal: R2 = 0.387,
r = −0.666, P = 0.018) at the end of the study. LLC mice cage
activity at day 15 was not associated with tumor growth rate
(Fig. 5C). LLC mice cage activity at day 15 was also posi-
tively associated with hindlimb muscle (Fig. 5D) and fat mass
(Table 3) at the end of the study. Therefore, physical inactivity
is an early manifestation of more severe cachexia indices.
Stepwise linear regression demonstrated that lipid oxidation
and total activity were significant predictors of hindlimb mus-
cle mass (Table, Supplemental Digital Content 2, relationship
of metabolic parameters and indices of cachexia in LLC mice,
http://links.lww.com/MSS/C416). There was a negative asso-
ciation between cage activity and lipid oxidation (R2 = 0.333,
r = −0.576, P = 0.019), but not carbohydrate oxidation
(R2 = 0.151, r = 0.389, P = 0.137), in LLC mice early during
tumor development. Taken together, these data suggest impor-
tant regulation between lipid oxidation and physical inactivity
during cachexia initiation. These data provide evidence that
early disruptions to physical activity levels in LLC mice pre-
cede measurable differences in tumor volume and are associ-
ated with the future development of cachexia indices.

DISCUSSION

Cancer-induced cachexia is a debilitating wasting condition
(3) reported in approximately 60% of lung cancer patients.

Lung cancer patients also have a high prevalence of wasting
before receiving treatment (4). Studies have established that
physical inactivity (30–32) and metabolic dysfunction (21,24)
are adverse consequences of cachexia. Emerging evidence sug-
gests that these disruptions can precede cachexia development
(17,36) and may negatively affect cachexia severity. Therefore,
the purpose of this study was to examine if the early-onset of
physical inactivity and metabolic dysfunction were associated
with accelerated cachexia development in tumor-bearing mice.
We report the novel finding that early-onset physical inactivity
precedes cachexia development and is associated with indices
of cachexia. In addition, we report that high lipid oxidation
early in tumor development is associated muscle and fat mass
loss. We extend previous studies by identifying that the well-
established LLC preclinical cachexia model develops a wide-
ranging degree of cachexia severity.We report that tumor mass,
not tumor growth rate, was associated with indices of cachexia.
Our findings also highlight that early-onset physical inactivity
and altered systemic lipid oxidation are associated with the
eventual development of cachexia, suggesting that these early
disruptions might provide behavioral and pharmacological
therapeutic targets for further investigation.

Cachectic cancer patients and tumor-bearing mice consis-
tently demonstrate a reduction in physical activity (30–32). It
is well established that physical activity levels can signifi-
cantly affect cancer’s etiology (33). Although physical inactiv-
ity has been well documented with cancer cachexia, it is often
characterized as an outcome of wasting.We extend these find-
ings by reporting that physical inactivity occurs early during

FIGURE 3—Relationship of plasma IL-6 on tumor size and growth and indices of cachexia. Data are expressed as mean (SEM). A, Plasma IL-6. B, Plasma
IL-6 correlated to tumor mass. C, Plasma IL-6 correlated to tumor growth rate. D, Plasma IL-6 correlated to hindlimb muscle mass. Plasma IL-6 of
3.9 pg·mL−1 is used for undetected values per the manufacturer’s instructions. Unpaired t-test was used to compare PBS with LLC (A). *Different from
PBS. Pearson correlation coefficient was used for correlations (B–D). Statistical significance was set a P < 0.05. BW, body weight.

http://www.acsm-msse.org82 Official Journal of the American College of Sports Medicine

BA
SI
C
SC

IE
N
C
ES

Copyright © 2021 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/MSS/C416
http://www.acsm-msse.org


FIGURE 4—Effect of tumor size and growth on whole body metabolism. Data are expressed as mean (SEM). A, Study design. B, Tumor volume over the
course of the study in mice placed in the CLAM unit. Gray bar indicates when mice were placed in the CLAM unit. n = 16. C, Average carbohydrate ox-
idation in grams per minute per light and dark cycle. n = 11–16 per group. D, Average lipid oxidation in grams per minute per light and dark cycle. n =
11–16 per group. E, Average daily lipid oxidation correlated to tumor mass. F, Average daily lipid oxidation correlated to tumor growth rate. G, Average
daily lipid oxidation correlated to hindlimb muscle mass. H, Average daily lipid oxidation correlated to plasma IL-6. One-way repeated-measures ANOVA
was used to compare tumor volume over time (B). Different letters mean different between groups. Two-way repeated-measures ANOVA (2-time points� 2
treatments) was used to compare fuel oxidation during the light and dark cycle (C, D). Pearson correlation coefficient was used for correlations (E–H). Sta-
tistical significance was set a P < 0.05. ME, main effect.
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tumor development and utilizing physical activity as just an
outcome of cachexia is not sufficient. Furthermore, there are
sufficient data to speculate that most cancer and cancer ca-
chexia models are examining a model of physical inactivity,
which should be considered. In addition, recent findings have
hypothesized physical inactivity as a contributor to the process,
further supported by decrements in physical activity preceding
cachexia development (18,34,35) and linked to cachexia’s pro-
gression (36). Utilizing the ability to examine physical inactiv-
ity early during tumor development, we extend previous studies
by reporting that early-onset physical inactivity is associated
with indices of cachexia at the end of study. It is within reason
to speculate that physical inactivity might be used as one phys-
ical function outcome to predict cachexia development. These
findings have significant implications because we may inter-
vene to offset cachexia well before measurable phenotype
and tumor progression changes. However, further research is
warranted. Interestingly, plasma IL-6 at the end of the study
was correlated to early onset physical inactivity. Several stud-
ies have implicated a role for IL-6 in cachexia development
(38,50). Although our study was conducted in male mice,
given the known differential effects of sex on cachexia pro-
gression (51), it is interesting to hypothesize if IL-6’s relation-
ship is altered in the female. Future research is warranted to
determine IL-6’s relationship to early-onset physical inactiv-
ity. Alternatively, physical inactivity and sedentary behaviors
are known to increase chronic inflammation (52). It is interest-
ing to speculate that early physical activity decrements con-
tribute to the wasting process by increasing inflammation.
However, future studies should investigate if this is true. Sev-
eral studies have examined the effect of increased physical ac-
tivity on preventing cachexia progression (36–39), supporting

increased activity’s therapeutic potential on preventing or delaying
disease onset. There is currently ample evidence that identifies
physical activity level as a critical modulator of cancer cachexia’s
progression. It is well established that physical activity has
pronounced effects on systemic metabolism and improves pa-
tients’ health outcomes with chronic disease. Because cachectic
cancer patients and tumor-bearing mice demonstrate whole-
body (15–17) and tissue-specific metabolic dysfunction (43),
it is within reason to theorize that cancer cachexia’s disrup-
tions to physical activity can directly or indirectly contribute
to systemic metabolic dysfunction. We report decrements in
physical activity and impaired lipid oxidation early before
weight loss. During the initial phases of tumor development,
the mechanistic linkage between these events remains to be es-
tablished. However, early-onset physical inactivity was asso-
ciated with impaired lipid oxidation and several indices of
cachexia. Future studies should examine if increased physical
activity once inactivity has been identified is sufficient to pre-
vent cachexia development.

Energy expenditure is an indirect method to determine whole-
body metabolism. Lung cancer patients exhibit increased en-
ergy expenditure and have been linked to greater body weight
loss (22). Therefore, understanding the effect of whole-body
metabolism and its relationship to cachexia development is
needed to provide targeted therapeutics to improve patient life
quality and survival. A role for hypermetabolism in cachexia
development has been examined (21) and has potential as an
independent prognostic risk factor for lung cancer patients
(24). Results examining energy expenditure and cachexia de-
velopment in preclinical models are currently equivocal, and
divergent findings may be attributed to the characteristics of
the tumor and stage of cachexia examined, nutritional status,
and whether the fed and fasted conditions were accounted for
in the study. Several preclinical cancer cachexia models have
reported increased energy expenditure (17,20,28); however,
other studies report reduced energy expenditure (18,19). Our
study provides novel insight into LLC mice metabolism be-
fore weight loss and during the initiation of rapid tumor growth.
We initiated the examination of the whole-body metabolism
when the LLC tumor was just beginning to be palpable. Over-
all, we report that LLC tumor-bearing mice at this early stage
did not have altered energy expenditure or food consumption.
Early measurements of energy expenditure were also not asso-
ciated with cachexia indices later in the study. Although this
was unexpected, most preclinical studies report energy expendi-
ture after the initiation of cachexia. Given the lack of association
to cachexia development and energy expenditure, we examined
if there were disruptions to diurnal fuel utilization. We extend
previous studies by reporting increased lipid oxidation early in
LLC tumor-bearing mice. These metabolic changes have signif-
icant implications because they occurred early in tumor develop-
ment, before weight loss, and were associated with hindlimb and
fat mass cachexia at the end of the study. Several studies have
speculated that fat loss occurs before muscle wasting and may
have a role in driving initial muscle mass loss (15). The relation-
ship between IL-6 and lipid oxidation is commonly discussed

TABLE 2. Effect of LLC on daily average indirect calorimetry, physical activity, and fuel
oxidation.

PBS LLC

n 11 16
Time since tumor inoculation (wk) 2.2 2.2
Tumor volume pre-CLAM (cm3) — 0.56 (0.01)
Tumor volume post-CLAM (cm3) — 1.61 (0.18)
Body weight

Body weight Pre-CLAM (g) 26.0 (0.6) 27.2 (0.5)
Body weight post-CLAM (g) 25.3 (0.6) 26.4 (0.6)
BW change during CLAM (%) −2.8 (0.7) −2.6 (1.0)

Body composition pre
Lean mass (g) 23.0 (0.6) 24.1 (0.5)
Fat mass (g) 2.4 (0.2) 2.4 (0.1)

Metabolic parameters: daily average
Relative V̇O2 (mL·kg

−1 lean mass·h−1) 3977 (225) 4063 (166)
Absolute V̇O2 (mL·h−1) 91.5 (5.3) 97.6 (3.7)
Relative V̇CO2 (mL·kg

−1 lean mass·h−1) 3443 (191) 3456 (150)
Absolute V̇CO2 (mL·h

−1) 79.0 (4.7) 83.0 (3.4)
Respiratory exchange ratio 0.860 (0.005) 0.847 (0.008)
Lipid oxidation (g·min−1) 0.338 (0.028) 0.397 (0.024)
Carbohydrate oxidation (g·min−1) 1.13 (0.08) 1.102 (0.075)
Energy expenditure (kcal·kg−1 lean mass·h−1) 19.4 (1.1) 19.7 (0.8)
Heat production (W) 0.44 (0.03) 0.48 (0.02)
Food Intake (g) 3.89 (0.23) 3.91 (0.47)
Cage activity (counts) 11,392 (866) 8713 (100)a

Data are expressed as mean (SEM). Metabolic parameters are presented as the daily aver-
age. Food intake was the average of food consumed over 5 d. Unpaired t-test was used to
compare PBS to LLC.
aDifferent from PBS. Statistical significance was set a P < 0.05.
BW, body weight.
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and has substantial ramifications on several diseases. We report
that the early increase in lipid oxidation was a predictor of
plasma IL-6 at the end study, further supporting the potential re-
lationship between lipid metabolism and IL-6. Although chron-
ically elevated IL-6 has established direct effects on muscle
catabolism and anabolic suppression (53,54), it would be within
reason to speculate that IL-6 is also indirectly regulating muscle
wasting through actions in adipose tissue. In addition, it would
be interesting to hypothesize the interaction between lipid oxi-
dation and chronic systemic inflammation, which progresses
during the tumor’s rapid growth. These results suggest that fur-
ther investigation is needed to determine if disrupted lipid me-
tabolism is linked to cachexia initiation and progression.

Understanding cancer cachexia regulation in humans is
complex because of the multifactorial regulation of wasting

syndromes and the heterogeneity of the cancer type, stage,
treatment, and patient characteristics. Therefore, preclinical can-
cer cachexiamodels have provided essential foundational knowl-
edge on understanding cancer-induced wasting. Furthermore,
the need to develop a multimodal approach to treating ca-
chexia due to this complexity has been widely theorized; pre-
clinical modeling can provide the mechanistic underpinnings
for developing these approaches. The LLC tumor-bearingmouse
is a widely used preclinical model to study cancer-induced ca-
chexia (9–13). Published works using the LLCmodel to study
cachexia report a significant heterogeneity in the cachexia sever-
ity developed (6). Body weight loss reported in published studies
ranges from −20% to 3%, with many studies not reporting the
variable. Studies have also used the time course of tumor devel-
opment to examine cachexia stages ranging from a categorization

FIGURE 5—Effect of tumor size and rate on physical activity. Data are expressed asmean (SEM). A, Total cageXY activity counts expressed as 3-d average
of the total activity counts per cycle. n = 11–16 per group. B, Average XY cage activity correlated to tumor mass. C, Average XY cage activity correlated to
tumor growth rate. D, Average XY cage activity correlated to hindlimb muscle mass. E, Average XY cage activity correlated to plasma IL-6. Two-way
repeated-measures ANOVA (2-time points� 2 treatments) was used to compare cage activity during the light and dark cycle (A). *Groups are statistically
significant. Pearson correlation coefficient was used for correlations (B–E). Statistical significance was set a P < 0.05. ME, main effect.
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of initiation to refractory cachexia (7,8). A majority of studies
using the LLCmodel have reported events late in cachexia de-
velopment that coincides with mice ranging from 21 to 35 d
after LLC tumor inoculation. It is crucial to note the evident in-
consistencies in the literature on reporting body weight change
and cachexia indices in implantable tumor models. Our current
study provides further evidence for the importance of account-
ing for LLC-induced cachexia’s heterogeneity and complexity
when interpreting findings.

The LLC model’s heterogeneity can be viewed as advanta-
geous in studying cachexia development when studies are
powered so that they can examine different severities of ca-
chexia induced by the same tumor type. LLC-induced ca-
chexia in mice involves skeletal muscle mass loss ranging
from −10% to −35% and fat mass loss ranging from −15%
to −94% that coincides with a range of tumor mass from 1.3
to 5.0 g (7–10,12,15,28). We report a wide range in tumor
mass, body weight change, muscle, and fat mass loss, which
agrees with previously published findings. However, we have
extended this understanding by reporting a significant associ-
ation between higher tumor mass at the end of the study and
more severe cachexia indices. Beyond tumor mass at the end
of the study, we also quantified tumor growth rate during the
study, which we theorized could affect cachexia initiation and
progression. Although tumor growth rate was associated with
a tumor mass at the end of the study, tumor growth rate was
not associated with indices of cachexia. It is interesting to spec-
ulate that tumor mass is more associated with cachexia indices
than tumor growth rate simply because of a greater tumor bur-
den. Although it is outside the scope of this manuscript, it is
possible that tumor growth rate, although not associated with
indices of cachexia, could be associated with several adverse
effects of the tumor: insulin resistance, drug intolerance, me-
tastasis, and so on. However, further research is warranted to
understand the implications of tumor growth rate on cachexia

progression and disease-free survival. Furthermore, despite simi-
larities in the initial LLC cells, inoculation, sex and genetic
background ofmice, and similar housing conditions, we report
significant heterogeneity in tumor growth after day 15 of inoc-
ulation. Several studies have explored the early and late LLC
cachexia events (7,12,15) and reported fat loss early in cachexia
progression, whereas muscle wasting occurred later (12,15).
Furthermore, several studies have speculated that dysfunctional
muscle signaling occurs before measurable differences in mus-
cle mass (7). Unfortunately, in preclinical studies, some critical
cachexia indices can only be quantified at the study’s end point,
making it challenging to determine if early disruptions in mus-
cle or fat regulation contribute to the eventual development of
refractory cachexia (6). To this end, we report changes to
systemic measurements of lipid metabolism, cage activity,
and tumor mass before the development of cachexia that were
associated with eventual end point cachexia parameters.

There is mounting evidence that physical inactivity has a role
in the progression of cancer cachexia. Systemic and tissue-
specific metabolic dysfunction is widely examined for regulat-
ing cancer cachexia initiation. We sought to investigate if early
physical activity changes in LLC tumor-bearing mice were as-
sociated with systemic metabolic dysfunction and the eventual
severity of cachexia. Therefore, we provide novel insight into
the implications of early-onset physical inactivity’s association
to cachexia indices in LLC tumor-bearing mice. We report that
before the onset of cachexia, tumor-bearing mice exhibited de-
creased cage activity and increased lipid oxidation, which were
associated with greater muscle mass loss at the end of the study.
We also report that tumor mass at the end of study, not tumor
growth rate, is strongly associated with several indices of
cachexia. Taken together, our findings provide evidence that
early-onset altered systemic lipid oxidation and physical inac-
tivity are associated with the eventual development of cachexia
inmalemice. Further research is warranted to determine if these

TABLE 3. Relationship of tumor growth and indices of cachexia on physical activity, indirect calorimetry, and fuel utilization in LLC mice.

Indices of Cachexia Activity RER EE V̇CO2 V̇O2 Lipid Oxidation CHO Oxidation

Tumor mass
Average daily Figure 5B −0.348 0.157 0.151 0.223 0.335 −0.074
Dark cycle −0.371 −0.259 0.200 0.208 0.279 0.286 −0.191
Light cycle −0.700 −0.332 0.084 0.089 0.146 0.187 −0.288

BWΔ d10
Average daily 0.410 0.471 −0.191 −0.202 −0.301 −0.464 0.125
Dark cycle 0.320 0.383 −0.199 −0.228 −0.331 −0.421 0.221
Light cycle 0.520 0.503 −0.168 −0.168 −0.251 −0.329 0.330

Hindlimb muscle mass
Average daily Figure 5D 0.823 −0.041 −0.082 −0.254 −0.791 0.451
Dark cycle 0.590 0.827 0.012 −0.025 −0.215 −0.856 0.461
Light cycle 0.615 0.684 −0.116 −0.173 −0.289 −0.484 0.409

eWAT
Average daily 0.620 0.521 −0.011 −0.064 −0.177 −0.515 0.338
Dark cycle 0.598 0.604 0.066 0.023 −0.111 −0.596 0.282
Light cycle 0.592 0.272 −0.125 −0.198 −0.244 −0.249 0.091

Plasma IL-6
Average daily Figure 5E −0.560 0.080 −0.205 −0.028 0.451 −0.202
Dark cycle −0.457 −0.633 0.116 −0.262 −0.071 0.617 −0.160
Light cycle −0.548 −0.273 0.003 −0.101 0.024 0.203 −0.167

Data are expressed as r correlation values. BWΔ d10, body weight change is the (body weight end of study − tumor mass)/body weight day 10 in percent. Pearson correlation coefficient was
used for correlations. Values in boldface are variables that are significantly correlated. Correlations trending to be significant P < 0.100 are italicized. Statistical significance was set a P < 0.05.
n = 15.
CHO, carbohydrate; EE, energy expenditure; RER, respiratory exchange ratio.
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early disruptions provide behavioral and pharmacological ther-
apeutic targets to prevent or attenuate cachexia progression.
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