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Abstract

Scope: Cancer cachexia is characterized by the loss of skeletal muscle resulting in functional
impairment, reduced quality of life and mortlity. Naringenin, a flavonoid found in citrus fruits,
improves insulin sensitivity and reduces inflammation and tumor growth in preclinical models.
Therefore, we hypothesized that dietary supplementation of naringenin would improve insulin
sensitivity, decrease inflammation, slow body weight loss and delay tumor growth in a mouse
model of cancer cachexia.

Methods & Results: Mice were fed 2 wt% dietary naringenin before and during initiation of
cancer cachexia using inoculated adenocarcinoma-26 cells (C-26). Food intake, body weight, body
composition, muscle function, insulin tolerance, and inflammatory status were assessed. Although
naringenin-fed tumor-bearing mice exhibited reductions in body weight and food intake earlier
than control diet-fed tumor-bearing mice, dietary naringenin was protective against loss of muscle
strength, and attenuated the onset of insulin resistance and markers of inflammation.

Conclusions: Dietary supplementation of naringenin improved multiple aspects of metabolic
disturbance and inflammation during cancer cachexia progression in [C-26 tumor-bearing] mice.
However, the acceleration of anorexia and weight loss was also observed. These findings
emphasize the link between inflammation and insulin resistance as a basis for understanding their
roles in the pathogenesis of cancer cachexia.
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Lifestyle methods to reduce or prevent the progression of cancer cachexia are needed. Naringenin
is a flavonoid that was able to maintain muscle strength and insulin sensitivity in a mouse model
for cachexia. Future studies should interrogate the mechanism(s) of action and determine safety
and efficacy of naringenin and other flavonoids, as delivered through the diet, to maintain muscle
strength in humans.
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1. Introduction

Cancer cachexia is a multifactorial disease characterized by the loss of skeletal muscle
mass (with or without adipose loss), and leads to functional impairment [1]. Many

factors contribute to wasting, including inflammation and alterations in systemic metabolic
pathways [2]. Cancer cachexia leads to weakness, loss of volitional effort, resistance to
antineoplastic therapies, and decreased quality of life and survival [3]. It is estimated that
cancer cachexia contributes to 20% of all cancer-related deaths [4]. Wasting in cancer
cachexia cannot be prevented or reversed by conventional nutritional therapies, due to

the development of abnormal energy metabolism and anorexia, which leads to chronic
negative nitrogen and energy balance. Currently, there are no effective clinical therapeutic
treatments for cancer cachexia; however, metabolic modulators have successfully slowed
cancer cachexia development in some clinical studies [5, 6], underscoring the importance
of metabolic regulation in cancer cachexia treatment. There is a need to identify therapeutic
treatments that can help improve quality of life by maintaining skeletal muscle mass and
function in patients suffering from the disease. Potential dietary treatments that could be
combined with adjuvant therapies are a desirable option, considering that cancer cachexia
patients are often taking additional therapeutic drugs for cancer treatment.
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Naringenin is a flavonoid most commonly found in citrus fruits and tomatoes that has a
wide range of beneficial impacts on inflammation, metabolism, and anti-cancer properties
by inhibiting pro-inflammatory pathways in a variety of cell types and tissues [7-11].

Due to the known link between inflammation and metabolism [12], it is not surprising

that naringenin also exhibits bioactivity /n vitroand in vivo which results in improved
glucose clearance [13-17], insulin sensitivity [13, 14, 18, 19], lipid metabolism [16, 19, 20],
and energy metabolism [18, 19, 21]. Furthermore, we and others have shown that dietary
supplementation of naringenin preserves lean mass in other animal models of metabolic
disturbances [19, 21]. To our knowledge, the impact of naringenin on muscle function has
not been reported.

An extension of naringenin’s role in attenuating metabolic disturbances is its potential
therapeutic means for the prevention of cancer development. Several epidemiological
studies report that higher consumption of naringenin-containing foods is associated with
lower cancer incidence [22—25] and a number of preclinical studies have identified
anti-cancer properties of naringenin [18, 26—-29]. The body of evidence highlighting

the metabolically beneficial effects of naringenin underscores the important relationship
between inflammation and metabolic health, which are both major contributors to the
development of cancer cachexia. We therefore hypothesized that dietary naringenin
supplementation would delay the pathogenesis of cancer cachexia by reducing
inflammation, improving insulin sensitivity, and possibly delaying tumor growth, leading
to maintenance of body weight, muscle mass, and strength.

In the current study we utilized the Colon-26 (C-26) mouse model of cancer cachexia to
address this hypothesis. In this model, cachexia is driven by systemic inflammation as a
result of persistently elevated interleukin-6 (IL-6), resulting in reduction in food intake,
body weight, and lean and adipose tissue mass [30-32]. Therefore, we assessed the impact
of consuming diets with or without 2% dietary naringenin on body composition, muscle
strength, and insulin sensitivity over the course of cancer cachexia progression in the C-26
tumor-bearing mice.

2. Experimental Section

2.1 Colon-26 adenocarcinoma cell culture

Colon-26 adenocarcinoma cells (NCI, Bethesda Maryland; cell line referenced in [33])
were cultured in Roswell Park Memorial Institute media (RPMI 1640) + L-glutamine
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% fetal bovine serum and 1%
Penicillin-Streptomycin at 37°C and 5% CO.

2.2 Animals, diets, and experimental design

Twenty-t0-28 day-old male CD2F1 mice (N=44) were obtained from Charles River
(Wilmington, MA, USA). Mice were individually housed in a vivarium with room
temperature of 22+0.5°C and on a 12-hour light/dark cycle, with free access to food

and water and then allowed to acclimate to their new environment for 6 days. After the
acclimation period, mice were matched by body weight into two diet groups. The control
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(CON) group (n=21) received a semi-purified AIN-93G diet (D12450J, Research Diets

Inc. New Brunswick, NJ, USA), while the naringenin (NAR) group (n=23) received an
AIN-93G diet supplemented with 2% naringenin (Sigma-Aldrich, St. Louis, MO, USA)
prepared by Research Diets Inc (New Brunswick, NJ, USA; Supplemental Table S1). Due to
the potential confounding effects of dietary naringenin on food intake [18, 21] in a disease
and mouse model characterized by anorexia [1, 34], mice were acclimated to naringenin
diets prior to tumor inoculation. After 13 days of diet consumption, mice in each group
were matched by body weight into a non-tumor (=) group or tumor (+) group. The final
experimental groups consisted of CON(+) (n=11), CON(-) (n=10), NAR(+) (n=12), and
NAR(-) (n=11). To adequately control for variation in body weight, tumor or vehicle
inoculation was carried out once mice reached a body weight of 18g (between 13 to 26 days
after beginning experimental diets). The two tumor groups (+) were inoculated in the right
flank with a 1x10° cell suspension of C-26 cells suspended in 100l of phosphate-buffered
saline (PBS). Mice in non-tumor groups (=) were inoculated with 100ul of PBS and served
as non-tumor-bearing controls. At Day 0 (day of inoculation), NAR mice had an average
body weight of 19.25 + 0.27g while CON mice had an average body weight of 20.33g +
0.25¢g (P = .005; data not shown). The experimental design is outlined in Fig. 1. Bodyweight
and food intake of mice were measured daily.

Mice were euthanized 13 days after inoculation under isoflurane anesthesia with cervical
dislocation at 12pm after food was removed for 6 hours (mice had access to HydroGels-
Cincinnati Lab Supply, Inc., Cincinnati, OH, USA- containing .62kcal/g during the 6 hours
prior to euthanasia to prevent dehydration in moribund mice). Blood was collected by
cardiac puncture, deposited into EDTA-coated blood collection tubes, and stored on ice
until plasma was prepared. Tissues were collected, weighed, and immediately flash-frozen
in liquid nitrogen. Plasma and frozen tissues were stored at —80°C until further analysis, as
described below. All procedures involving mice were approved by The Ohio State University
Institutional Animal Care and Use Committee (protocol # 2013A00000036-R2) and have
therefore been performed in accordance with the ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments.

2.3 Dosage information / dosage regimen

For mice assigned to the NAR groups, 2% naringenin diets were consumed ad libitum
13-26 days prior to inoculation of C-26 cells or vehicle control for the remainder of the
study (Day 13 post-inoculation). This experimental design addressed our hypothesis that
consumption of naringenin in the diet would prevent the onset and progression of cancer
cachexia. The dosage of naringenin chosen is based on our previous studies that determined
that diets containing 1% and 3% naringenin were detectable in plasma, adipose and muscle
tissues [18] and increased locomotor function [20]. Although difficult to achieve this amount
of naringenin in the diet through food sources, it is possible through supplementation.
However, this study is aimed to determine a proof of principle: whether naringenin
supplementation has any beneficial effect against the detrimental effects of cancer cachexia
development. For a mouse weighing 18g and consuming 2.5g of 2% naringenin diet per day,
this equates to 2778mg of naringenin/kg body weight and a human equivalent dose of 226
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mg/kg body weight [35]. For an individual with a body mass of 60kg, to achieve this dose
they would need to consume 13.5g of naringenin per day.

2.4 EchoMRI for body composition

To assess time-course changes in body composition of live mice, EchoMRI (Houston, TX,
USA) was used to measure lean body and adipose tissue masses at three timepoints: Days
-1, 7, and 12 (1 day prior to necropsy).

2.5 Grip strength

Mice were acclimated to forelimb and hindlimb grip strength testing for 2 weeks prior to the
first experimental measurement. Forelimb and hindlimb grip strength were measured on Day
-1, 7, and 12 with the Columbus Instruments Grip Strength Meter (Columbus, OH, USA).
Values reported represent the average of measurements taken in triplicate, with at least 5
minutes of rest between measurements for each mouse.

2.6 Fasting glucose and insulin-stimulated glucose clearance

2.7

Mice were moved to clean cages without food and to a quiet room for 6 hours prior

to the start of the insulin tolerance test (ITT). The ITT was performed on Day 11 to
determine the effect of naringenin diet and tumor inoculation on insulin-stimulated glucose
clearance. Blood glucose was measured by pricking the tip of the tail with a 20-gauge
needle. After measuring baseline blood glucose, mice were given a bolus of 0.75 U/kg
insulin by intraperitoneal injection. Blood glucose was monitored using the OneTouch Ultra
glucometer (Lifescan, Inc., Milpitas, CA, USA) at 0 (“fasting”), 15, 30, 45, 60, 90, and 120
minutes post-insulin injection.

IL-6, adiponectin and high molecular weight adiponectin

The concentration of plasma IL-6 (Invitrogen, Carlsbad, CA, USA), high molecular weight
(HMW) and total adiponectin (Alpco, Salem, NH, USA) were measured by ELISA
according to the manufacturer’s protocols.

2.8 Assessment of muscle fiber succinate dehydrogenase (SDH) activity

To determine the size and quantity of muscle fibers presenting with a more pronounced
oxidative phenotype, freshly isolated quadriceps muscles were mounted in 7% gum
tragacanth and snap-frozen in liquid nitrogen-cooled isopentane at necropsy. Ten pm
transverse sections were acquired from frozen muscle tissue on a cryostat (Leica, Wetzlar,
Germany). SDH activity of muscle fibers was evaluated using a colorimetric staining
method. Briefly, 2—3 serial sections from each mouse were incubated in a working solution
containing 1-methoxyphenzine methosulphate, nitroblue tetrazolium, disodium succinate,
azide, EDTA, and POy for 15 minutes. To stop the reaction, slides were dipped in deionized
water, air-dried in the dark at room temperature for 10 minutes, and mounted for imaging.
Images of stained muscle sections were acquired using an Olympus 1X71 microscope and
cellSens Standard software (Center Valley, PA, USA). The cross-sectional area of each
darkly stained SDH-positive muscle fiber was analyzed using ImageJ (National Institute of
Health, Bethesda, MD, USA) by manually outlining each fiber section. A blinded evaluator
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grouped the results accordingly for data analysis and averaged each of the 2—3 sections per
muscle prior to statistical analysis.

2.9 Real-time quantitative PCR

Approximately 50 mg of tissue from gastrocnemius muscle was cut on dry ice. Muscle
RNA was isolated using giazol reagent (Qiagen, Germantown, MD, USA) and reverse
transcribed to cDNA (High Capacity DNA Archive Kit, Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). The cDNA was amplified by real-time
quantitative PCR using pre-designed and validated primers under universal cycling
conditions defined by Applied Biosystems (Thermo Fisher Scientific, Inc., Waltham,

MA, USA). The primers used were (4331182 Murf-1 Mm01185221 m1; Atroginl
MmO00499523_m1; Bax Mm00432051_m1; Bc/-2Mm00477631_m1; Bnip3 Mm01275600;
Ppargc1a Mm01208835; Ppargc1b Mm00504730; Nrfl Mm01135606 ). The thermocycling
conditions were 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec, and 60°C for

1 min. Target gene expression was normalized to the endogenous control GAPDH (Product
n0.4352932E, Thermo Fisher Scientific, Inc., Waltham, MA, USA) in the same reaction and
expressed as 2799¢t re|ative to the CON(-) group [36].

2.10 Statistical Analysis

Data are represented as the mean + the standard error of the mean (SEM). Plasma
adiponectin data were log-transformed for statistical analysis to reduce skewedness of

the distribution. Differences between CON(-), NAR(-), CON(+) and NAR(+) groups
were analyzed by 2-way analysis of variance (ANOVA) to determine the main effects

of tumor, diet or their interaction. Group differences were distinguished using Sidak’s
multiple comparisons test. A student’s t-test was utilized to determine the effect of diet

on insulin-stimulated glucose clearance at each individual timepoint. All statistical tests
were performed using STATA (StataCorp LLC, College Station, TX, USA) and graphed
with Graphpad Prism (Graphpad Software, San Diego, CA, USA). All statistical tests were
performed at the 5% significance level.

3. Results

3.1 Characteristics of the effects of tumor inoculation and naringenin-supplemented diet

on mice.

Prior to inoculation, NAR mice began to exhibit reduced body weight compared to CON
mice, which was apparent by Day 0 (day of inoculation) of the study (P=.006; Table 1).
Post-inoculation (beginning at Day 0), while body weight increased over time for both
control groups, NAR(=) mice had reduced body weight and developed lower cumulative
food intake over the course of the study compared to CON(-) groups (Fig. 2a-b). On Day
13 (day of necropsy), there was no effect of diet on total body weight between CON(-) and
NAR(-) groups (Fig. 2c¢); however, NAR(-) had reduced food intake compared to CON(-)
mice (Fig. 2d; P<.05).

Dietary naringenin caused early onset of body weight loss in the tumor group that preceded
the onset of control tumor mice (Fig. 2a). NAR(+) mice began to exhibit a decline in body
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weight compared to non-tumor control mice at Day 6 post-inoculation. Body weight loss in
the NAR(+) group corresponded with reduced cumulative food intake observed beginning
at study Day 6 (Fig. 2b). On Day 13 (day of necropsy), there was an interaction effect

of naringenin and tumor on final body weight: both tumor groups exhibited reduced body
weight compared to their respective non-tumor bearing controls, while the reduction was
significantly larger in mice fed the naringenin diet (—4g) than those fed the control diet
(-2g; P<.05) .The final body weight (including tumor mass) of the NAR(+) mice was also
about 4g lower on average compared to the CON(+) group (Fig. 2¢; P<.05). Analysis of
final cumulative food intake revealed that both tumor inoculation and naringenin diet caused
a reduction in cumulative food intake. NAR(=) mice cumulatively consumed about 5¢g less
than CON(-) mice, while NAR(+) consumed about 8g less food than CON(+) mice; both
tumor groups had lower cumulative food intake than CON(-) mice (Fig. 2d; all P<.05).
Compared to the CON(-) group, CON(+) had reduced food intake beginning on Day 11. By
Day 13, NAR(+) mice developed cachexia as defined by >5% body weight loss compared
to their body weight at Day 0 (inoculation), while the CON(+) mice did not, indicating a
main effect of dietary naringenin in the tumor groups that accelerated loss of body weight
from Day 0 (inoculation) to study termination (Fig. 2e; P<.05). On Day 13, NAR(+) mice
exhibited greater than 15% body weight loss from Day 0 (inoculation), while CON(+) mice
exhibited negligible change in body weight (Fig. 2e; P<.05)

Although NAR(+) mice exhibited an accelerated decline in body mass and food intake
compared to CON(+) mice, they appeared bright and active (Suppl. Video S1-2). This is
supported by the observation that while 3/11 CON(+) mice required early sacrifice due to
clear lethargy and moribundity (78% survival), 12/12 NAR(+) mice survived to the day of
necropsy (Fig. 1). These findings suggest that although the naringenin-supplemented diet
accelerated the progression of body weight loss typically associated with cancer cachexia,
the severity of body weight loss did not predict for earlier decline or worse outcomes.

of tumor and dietary naringenin on body composition and grip strength.

By Day 7 post-inoculation, NAR(+) mice exhibited reduced adipose mass when expressed as
a percent change from their initial adipose mass (Fig 3a; P<.05). By Day 12, NAR(+) mice
exhibited a nearly 100% reduction in adipose mass as a percent of total body weight (Fig 3a;
P<.05). This reduction of adipose mass was significantly greater than the 25% reduction of
adipose mass in the CON(+) group (Figure 3a, P<.05). These results remained statistically
significant when controlling for body mass at Day 0, adipose mass at Day 0, and cumulative
food intake at Day 0 (data not shown). At Day 13 (day of necropsy), NAR (+) mice had
significantly reduced inguinal, epididymal, and brown adipose tissue depots analyzed as a
percent of tumor-free body weight compared to CON(+) mice (Table 1; all P<.05).

Naringenin supplementation has previously been shown to exert positive metabolic effects
on skeletal muscle [13, 20]. At Day 7, tumor-bearing mice had increased lean body mass
compared to non-tumor groups (Fig. 3b), likely due to increased overall body mass from
growth between Days 0-7 (Fig. 2a). At Day 7, tumor-bearing groups had higher grip
strength than non-tumor-bearing groups (Fig. l11c); however, CON(+) mice and NAR(+)
mice were indistinguishable despite the decline in NAR(+) average body weight (Fig. 2a).

Mol Nutr Food Res. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snoke et al.

3.3 Effects
clearance.

Page 8

At Day 13 (day of necropsy), NAR(+) mice exhibited increased gastrocnemius mass as a
percent of tumor-free body weight when compared to CON(-) mice (Table 1). Raw tissue
weights can be found in Supplementary Table S2.

A major predictor of the decline of quality of life and mobility in patients with cancer
cachexia is loss of muscle strength and function [1]. To track changes in muscle function
corresponding with body composition, grip strength was measured the day prior to
inoculation (Day —-1), Day 7, and Day 12. At Day 7, both tumor-bearing groups had greater
forelimb grip strength than non-tumor bearing mice (Fig. 3c; P<05). By Day 12, there

was a significant decrease in forelimb grip strength in both tumor-bearing groups (Fig.

3c; P<.05). However, naringenin supplementation appeared to attenuate loss of strength at
this timepoint, despite significant loss of body mass indicative of a more severe cachexia
phenotype (Fig. 3c). Hindlimb grip strength showed a more pronounced pattern: while
CON(+) mice experienced a ~30% loss in hindlimb grip strength (P<.05), NAR(+) mice did
not experience any decrease in grip strength and had similar maintenance of grip strength
compared to both non-tumor controls despite their lower body weight (Fig. 3c). At Day

12, although tumor-bearing mice had decreased grip strength compared to non-tumorbearig
controls, NAR(+) mice had an attenuated decline in grip strength compared to CON(+)
mice. Grip strength measurements, both raw and standardized to body weight on Day 12
further demonstrate that NAR(+) mice exhibit improved grip strength compared to CON(+)
mice despite their lower body mass (Suppl. Table S2). Taken together, the naringenin-rich
diet attenuated the decline in grip strength during the progression of cancer cachexia.

of tumor inoculation and dietary naringenin on insulin-stimulated glucose

We previously showed in models of metabolic disturbance that dietary naringenin
supplementation reduced plasma glucose [20] and insulin [21]. To determine the effects of
dietary naringenin and tumor burden on insulin-stimulated glucose clearance, we conducted
an ITT on Day 11. In non-tumor bearing mice, naringenin diet lowered glucose levels

at 2 hours-post insulin injection (Fig. 4a; P<.05), indicating greater insulin sensitivity.
Similar to its effect in non-tumor bearing mice, diet had an effect on measures of insulin-
stimulated glucose disappearance in tumor-bearing mice (Fig. 4b). CON(+) mice exhibited
an increase in blood glucose after insulin injection with most significant differences at

15 and 30 minutes post-injection (Fig. 4b). Comparatively, NAR(+) mice exhibited an
insulin-stimulated reduction in blood glucose levels that was indistinguishable from NAR(-)
control mice and a significantly greater area under the curve for the change in glucose over
time compared to CON(-) mice (Fig. 4b—c; P<.05). These results indicate that naringenin
increases insulin sensitivity in both healthy and tumor-bearing mice.

3.4 Effects of tumor and dietary naringenin on skeletal muscle oxidative cell type and
markers of proteolysis, apoptosis, and mitochondrial biogenesis.

It is well-established in the C-26 model of cancer cachexia that the progression of the
disease results in muscle loss, explained by the reduction of individual muscle fiber size
[30, 34, 37]. To address skeletal muscle fiber size and the contribution of skeletal muscle
to insulin-stimulated glucose clearance, we assessed quadriceps muscle SDH activity using
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a colorimetric staining technique on cryosectioned quadriceps muscle. While there were

no significant differences between the darkly-stained SDH-positive fiber size distribution
of mice fed a naringenin diet and their respective control groups (Fig. 5a—b), CON(+) and
NAR(+) groups showed an increase in darkly-stained SDH-positive fibers counted (Fig. 5c;
P<.05). This finding was likely due to the decrease in SDH-positive fiber cross-sectional
area seen in both of the tumor-bearing groups (Fig. 5d; P<.05). Representative images from
each group illustrate the decrease in muscle fiber size as well as the decrease in the size of
SDH-positive fibers in the tumor groups (Fig. 5e).

Due to the contribution of skeletal muscle to whole-body energy metabolism during the
progression of cancer cachexia, we measured several markers of cachexia progression

and mitochondrial biogenesis by quantitative real-time PCR (Fig. 5f). Both tumor-bearing
groups exhibited significantly elevated levels of mMRNA of proteolytic degradation markers
Murfl and Atrogini, with no effect of diet in tumor bearing mice (NAR(+) vs. CON(+)).
Similar patterns were observed for pro-apoptotic marker Bax and anti-apoptotic marker
Bcl-2. While naringenin supplementation increased marker of mitochondrial biogenesis
Pgclaexpression in both NAR(-) and NAR(+) groups compared to their respective CON
groups, both tumor-bearing groups had significantly higher Pgclaexpression than the non-
tumor groups (Figure 5; P<.05). However, other mitochondrial genes did not follow a similar
pattern: there was no significant effect of diet or tumor on Pgc1b gene expression, and Nrf-1
gene expression was significantly increased in all tumor-bearing mice irrespective of diet
treatment. Overall, the effect of tumor burden had a greater effect than the naringenin-rich
diet on gene expression of cachexia-related genes in quadriceps skeletal muscle (Figure 5f).

3.5 Impact of tumor inoculation and dietary naringenin on inflammatory and adiponectin

response.

Adiponectin, an adipokine secreted from adipose tissue, has well-established roles

in regulating insulin sensitivity and in reducing plasma free fatty acids, glucose,
triacylglycerols [38-40] and pro-inflammatory cytokines [41]. Adiponectin is present in
circulation in several multimeric forms; of these forms, high molecular weight (HMW)
adiponectin is thought to have the greatest bioactivity in its relation to its aforementioned
regulatory functions [38, 42]. In other models of metabolic disturbances, naringenin
supplementation has yielded mixed reports about its ability to increase levels of circulating
adiponectin [21, 43, 44]. Although we saw significant improvements in insulin sensitivity
in NAR(+) mice compared to CON(+) mice, NAR(+) and CON(+) mice exhibited

reduced levels of circulating total adiponectin (Fig. 6a) and HMW adiponectin (Fig. 6b).
Interestingly, dietary naringenin sustained the HMW/Total adiponectin ratio which was
similar to HMW/total adiponectin ratios in both diet groups of non-tumor-bearing mice (Fig.
6c).

Naringenin has been previously reported to reduce plasma inflammatory cytokines in a
model of metabolic disturbance [45]. In our study, Dietary naringenin suppressed the
increase in plasma IL-6 levels in tumor bearing mice: NAR(+) mice exhibited a 5-fold
reduction in plasma IL-6 (Fig. 6d; P<.05) compared to CON(+) mice. We also found that
although tumor presence increased gene expression of pro-inflammatory markers TNFa
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and IL-6 in skeletal muscle, dietary naringenin did not alleviate these changes (Fig. 6e).
Corresponding with our finding that plasma IL-6 was reduced in NAR(+) mice compared

to CON(+) mice, while tumor presence elevated spleen mass, NAR(+) mice display a
reduction in spleen mass compared to CON(+) mice (Figure 6f; P<.05). These data suggest
the possibility that dietary naringenin alleviated the inflammatory burden on the spleen,
which may have decreased plasma inflammation in response to tumor-induced physiological
changes, as described by Bronte and Pittet [46].

4. Discussion

The aim of this study was to determine whether dietary naringenin supplementation could
ameliorate the pathogenesis of cancer cachexia, through its characterized anti-inflammatory,
insulin-sensitizing, and anti-cancer activities. Early-onset of anorexia and weight loss have
long been considered predictors of poor prognosis in cancer cachexia in both experimental
models and patients. In the current study, while NAR(+) mice exhibited accelerated anorexia
(Fig. 2b,d) and loss of adipose mass (Fig. 3a), naringenin supplementation significantly
reduced plasma IL-6 inflammation (Fig. 6d) and improved insulin sensitivity (Fig. 4b—c)
compared to CON(+) mice. Even in non tumor-bearing mice, we observed an effect of
naringenin diet on food intake (Fig. 2b,d). It is possible that mice perceived the diets as
bitter, which may have contributed to reduced acceptability and lower food consumption.
Furthermore, increased sensitivity to bitterness increases plasma TNF-a in tumor-bearing
mice [47], and these factors may have contributed to the reduced food intake and body
weight loss in NAR(+) group. This possibility suggests that naringenin may exert some

of its effects on inflammation through neuromodulatory responses in addition to its direct
activity in target tissues. The changes observed in body weight were not entirely explained
by tumor burden or difference in growth: there was no significant difference in tumor mass
or tibia length between diet groups (Table 1; P=.0685 and P=.3050, respectively). These
changes may have protected mice from skeletal muscle wasting associated with advanced
development of cancer cachexia symptoms. Further, the partial maintenance of muscle mass
and strength (Fig. 3b—d) appeared to occur coincident with maintenance of mobility and
alertness (Suppl. Videos S1-2), which may be indicative of improvements in end-stage
quality of life.

The C-26 model is a well-characterized model of cancer cachexia driven by I1L-6
inflammation [48, 49]. Transcriptional control of IL-6 is regulated by NFK «B-mediated
pro-inflammatory pathways in activated macrophages, and these pro-inflammatory cytokines
can exert their effects in an endocrine fashion by producing chronic systemic inflammation.
Importantly, naringenin has been described as an inhibitor of pro-inflammatory pathways,
as it reduces the levels of pro-inflammatory cytokines [50] . Many groups have identified
that in a wide range of different cell types, including cancer cells, immune cells, adipocytes,
and skeletal muscle naringenin regulates transcription, ultimately leading to a decrease

in pro-inflammatory cytokine production [13, 29, 51-55]. In addition, others have shown
that naringenin operates in a post-transcriptional fashion by promoting lysosome-mediated
cytokine degradation [56]. In accordance to these prior findings, our results suggest that
naringenin supplementation may cause reductions in systemic inflammation driven by the
tumor in the C-26 model and prevent characteristic symptoms of cachexia that lead to
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poor prognosis. Indeed, in the current study, we identified that a 2% naringenin diet
reduced plasma IL-6 levels and spleen mass in tumor-bearing mice (Figure 6), indicating

a less robust systemic pro-inflammatory response when compared to tumor-bearing control
mice. However, persistent IL-6 inflammation is known to reduce food intake and body
weight [57, 58]: In the current study, naringenin reduced systemic IL-6 (Fig. 6d), but also
reduced food intake and body weight (Fig. 2a—b). This suggests two possibilities: that 1L-6
inflammation has a certain threshold at which it causes these changes, and/or that dietary
naringenin reduces food intake and body weight through a mechanism independent of IL-6
inflammation. The latter is supported by our findings in previous studies [18, 21] and here
(Fig. 2c—d) where naringenin reduced food intake and body weight in healthy [non-tumor
bearing] mice, which had undetectable levels of circulating IL-6.

Another intriguing possibility is that a significant portion of 1L-6 is produced by adipose
tissue during the progression of the disease in this model. In the current study, NAR(+) mice
had reduced adiposity (Fig. 3a) and plasma IL-6 levels (Fig. 6d). in patients with cancer
cachexia, plasma IL-6 is positively correlated to free fatty acids in the blood, suggesting
increased adipose tissue lipolysis in both early and late-stage cachexia [59]. Furthermore,
treatment of 1L-6 antibody in mice with cachexia prevents the reduction of adipocyte size
and beiging, indicating that increases in IL-6 contribute to these pathological changes to
adipose tissue [59]. Indeed, a recent study highlights the contributions of inflammation from
adipose tissue to cachexia progression: in a /77 vitro model, palmitate and 1L-6 added to
media to replicate inflammation and lipolysis from adipose tissue induced wasting in C2C12
myotubes [60].

In our study, we observed that NAR(+) mice had an accelerated rate of adipose tissue
depletion, compared with CON(+) mice (Fig. 3a). These findings paired with the evidence
cited above suggest the alternative possibility that elevated inflammation during cancer
cachexia may have slowed the rate of adipose wasting, despite the detrimental effects
inflammation has on other disease outcomes in this model. Conversely, dietary naringenin,
through its ability to reduce inflammation, may have accelerated adipose tissue wasting.
Therefore, although unfavorable to maintenance of adiposity in cancer cachexia, naringenin
likely exerted effects on muscle independent of effects on adipose tissue. Although NAR(+)
mice exhibited more rapid weight loss attributed to accelerated wasting of adipose tissues
(Fig. 3a), these mice were bright, alert, active (Suppl. Video S1-2), and maintained muscle
strength (Fig. 3c—d). In contrast, at comparable timepoints CON(+) mice were lethargic and
appeared very ill despite being larger in body weight than NAR(+) mice.

There is growing evidence that insulin resistance is an early and contributing factor to
cancer cachexia progression [61, 62]. Additionally, our findings highlight the important
relationship between inflammatory responses and regulation of insulin sensitivity. Through
several pro-inflammatory pathways, macrophages can release inflammatory mediators,
including 1L-6, that inhibit insulin signaling [12] and are thought to contribute to the
development of insulin resistance. Naringenin may increase glucose uptake into skeletal
muscle by reducing IL-6 via AMPK-dependent signal transduction events downstream

of the insulin receptor, simultaneously improving insulin sensitivity and whole-body
energy metabolism in peripheral tissues [13]. The beneficial effects of dietary naringenin
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supplementation in models of dysregulated energy metabolism have been well-described and
corroborated by studies in our lab and others [16, 18-21]. We previously identified that
naringenin supplementation reduced adipose mass and inflammation in a mouse model of
postmenopausal breast cancer [18]. Our current findings demonstrate that while CON(+)
mice exhibited insulin resistance previously well-characterized in C-26 mice, NAR(+) mice
had increased insulin sensitivity that was comparable to non-tumor-bearing CON(-) and
NAR(-) mice (Fig. 5). In fact, even healthy NAR(-) mice exhibited improved insulin
response when compared to healthy mice fed the control diet, suggesting that the effect of
dietary naringenin on insulin-stimulated glucose uptake is greater than that of the tumor
burden (Fig. 5). Measurement of muscle-specific insulin sensitivity is worth pursuing in a
future study using a multistage hyperinsulinemic-euglycemic clamp.

The loss of skeletal muscle mass is an important characteristic in the definition of cancer
cachexia and its progression, and leads to faster decline, decreased mobility, and lethargy

in patients [1]. Importantly, in skeletal muscle, insulin signaling regulates energy substrate
utilization as well as skeletal muscle degradation in the presence of a catabolic energy state
[63]. Furthermore, in prior work from our lab, treatment of C-26 tumor-bearing mice with
the insulin-sensitizing drug thiazolidinedione attenuated the loss of body weight and skeletal
muscle mass [61]. In the current study, NAR(+) mice exhibited rapid adipose depletion
compared to CON(+) mice (Fig. 3), but surprisingly did not undergo any loss of skeletal
muscle. In fact, while CON(+) mice displayed loss of strength previously characterized in
the C-26 model [34, 37], NAR(+) mice maintained grip strength that was indistinguishable
from non-tumor bearing controls (Fig 3c—d). Interestingly, dietary naringenin was not
protective against the reduction of skeletal muscle fiber size (Fig. 5¢) and markers of
proteolytic degradation caused by the presence of the tumor (Fig. 5f). However, mRNA of
PGC-1a, a marker of mitochondrial biogenesis, was significantly increased in the NAR(+)
group (Fig. 5f), indicating the possibility that naringenin stimulated the maintenance of
skeletal muscle mass by replenishing mitochondria. Together with our findings that NAR(+)
mice have reduced IL-6 inflammation and improved insulin sensitivity, this suggests that
inflammation is strongly linked to insulin resistance in cancer cachexia, and that restoring
insulin sensitivity and muscle mitochondrial function are key factors that preserve skeletal
muscle function in the disease.

In addition to the preservation of insulin sensitivity, muscle strength, and improved
inflammatory status, naringenin improved survival in the C-26 model, suggested by the
100% (12/12) survival of NAR(+) mice on Day 13 in comparison to 73% (8/11) of CON(+)
mice (Figure 1). We visually observed that the locomotor activity of NAR(+) mice was
greater than that of CON(+) mice; the CON(+) group appeared lethargic and immobile
(Suppl. Videos S1-2). The maintained activity and alertness in NAR(+) mice [vs. CON(+)
mice] aligns with past quantitative measures of increased locomotor activity in naringenin-
fed mice conducted in our laboratory [20]. Our observations suggest the possibility that
naringenin may have effects on the brain in models of metabolic disturbances. Similar

to its effect in other tissues, naringenin acts to resolve inflammation in the brain by
preventing pro-inflammatory cytokine release, as well as by blocking other markers of
pro-inflammatory response [64]. Taken together, the data presented here highlight the need
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for future studies investigating the effect of naringenin on metabolic regulation in the brain
during the development of cancer cachexia.

Despite the current study’s findings, there are several limitations to consider. Although

the current dose of naringenin used has been demonstrated in the literature to have
beneficial metabolic, anti-inflammatory, and anti-cancer effects, it is important to note that
this dose is utilized to overcome the low bioavailability of naringenin. We determined in

a prior study that diets containing 1-3% naringenin resulted in its detection in plasma,
liver, adipose tissues and muscle [20]. Importantly, many of these tissues serve important
metabolic regulatory roles during the progression of cancer cachexia. Therefore, this study
served as a proof of principle to determine whether naringenin might attenuate cancer
cachexia progression, and future studies must be conducted to explore means of improving
naringenin bioavailability. Additionally, it is difficult to differentiate the effects of naringenin
consumption versus decreased food intake based on the current study design. However,
when controlling for food intake, the effects of naringenin are still significant for many
experimental outcomes. Therefore, a future study regimen that includes pair-feeding would
help to clarify the effects of naringenin consumption on cancer cachexia development.
Finally, in the current study we utilized grip strength to quantify muscle strength. It

is important to acknowledge that grip strength is regarded as a behavioral test that
emcompasses both strength and willpower. This measurement was chosen for the current
study because in addition to strength, fatigue is an important characteristic of cancer
cachexia to consider in both animal models and patients. However, this does not directly
address the question of whether naringenin supplementation improves muscle strength.
Therefore, future studies should include more quantitative measurements of muscle strength
and fatigue, such as single fiber force measurements and treadmill exhaustion tests to more
adequately describe the effect of naringenin supplementation on muscle function in cancer
cachexia.

In conclusion, in the C-26 model of cancer cachexia, an AIN-93G diet containing 2%
dietary naringenin improves multiple aspects of metabolic disturbances commonly observed
during cancer cachexia development. Most notably, dietary naringenin improved muscle
strength, attenuated the decline in insulin sensitivity, and improved inflammatory status.
These findings establish a strong link between inflammation and insulin resistance as
drivers of the progression of cancer cachexia and provide us with further understanding

of how dysregulated metabolism impacts the loss of muscle strength and mass. Importantly,
increased rate of adipose tissue loss was not predictive of skeletal muscle wasting or overall
survivorship in tumor-bearing mice fed a diet containing 2% naringenin. These observations
suggest the possibility that the improvement of metabolic status may be a more valuable
measure of prognosis than retention of adipose mass. Therefore, we conclude that through
its ability to improve metabolic and inflammatory status and voluntary strength, naringenin
may be a useful phytotherapeutic tool for preventing the progression of cancer cachexia.
Based on our findings, future studies are warranted to determine the mechanism by which
naringenin action improves disease outcomes durig the progression of cancer cachexia.
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Fig. 1. Details of experimental design.
Mice were randomized to a control diet (CON; n=21) or a diet containing 2% naringenin

(NAR; n=23). After 13 days of diet consumption, mice were matched by body weight into
a no-tumor (=) or tumor (+) group. The final experimental groups consisted of CON(+)
(n=11; black filled box), CON(-) (n=10; black outlined box), NAR(+) (n=12; red filled
box), and NAR(-) (n=12; red outlined box). When mice reached a weight of 18g between
13-26 days after beginning diets, tumor(+) groups were inoculated with a 1x10° cell
suspension of Colon-26 adenocarcinoma and tumor(=) groups with saline. At Day 12 post
inoculation, 3 mice in the CON(+) group required early euthanasia. On Day 13, mice were
sacrificed and necropsy was performed.
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Fig. 2. Characteristics of the effects of tumor inoculation and naringenin-supplemented diet on
male mice.

At study Day 0, mice were randomized to receive tumor or saline inoculation, resulting

in four experimental groups: control diet saline CON(-), control diet tumor CON(+),
naringenin diet saline NAR(-), and naringenin diet tumor NAR(+). (a) Daily body weights
of all mice, beginning at diet randomization. Day 0 indicates the day of tumor or saline
inoculation. (b) Cumulative food intake over time, beginning at day —10. (c) Final body
weight in grams, including tumor mass. (d) Final cumulative food intake at Day 13 (day

of necropsy). (e) Percent change in body weight from Day 0 (inoculation) to Day 13

at necropsy. Data are expressed as the mean + SEM (n=10-12/group, unless otherwise
indicated). (c-e) A two-way ANOVA was conducted on the influence of the two independent
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variables (diet, tumor) on each depicted outcome. Significant effects (P<.05) are shown

in the graphs as follows: main effect of tumor is depicted with a bar above tumor and
non-tumor groups; main effect of diet is depicted with an asterisk. Interaction effects were
distinguished using Sidak’s multiple comparisons test; interaction effects between each
individual group are depicted with differing letters (a,b) directly over bars.
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Fig. 3. Effect of tumor inoculation and naringenin-supplemented diet on body composition and
grip strength in male mice.

(a) Percent change from Day —1 measurements of adipose mass and (b) lean body mass
over the experimental period, measured using EchoMRI. Percent change from Day -1
measurements of (c) forelimb and (d) hindlimb grip strength over the course of the
experimental period. For each individual timepoint, a two-way ANOVA was conducted on
the influence of the two independent variables (diet, tumor) on each outcome. Significant
effects (p <.05) are shown in the graphs as follows: main effect of tumor is depicted

with ‘@’ next to tumor(=) groups and ‘b’ next to tumor(+) groups. Interaction effects were
distinguished using Sidak’s multiple comparisons test and are depicted with differing letters
(a,b) over bars. (c) Capital letters (A,B) indicate interaction effects at Day 12.
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Fig. 4. Impact of tumor inoculation and naringenin diet on insulin-stumulated glucose uptake in

male mice.

On Day 11, mice received an intraperitoneal injection of insulin (0.75 U/kg body weight)
and blood glucose was measured over a two-hour period. (a,b) Change in glucose over time
for tumor and no-tumor mice, respectively. (c) Area under the curve (AUC) of change in
glucose over time for all four groups. For each individual timepoint of the ITT glucose
curves (a-b) a t-test was used to determine whether there was a significant effect of diet on
ITT outcomes for tumor(-) and tumor(+) groups, respectively. Significant effects (P<.05) are
shown in the graphs with an asterisk at each significant time point. A two-way ANOVA was
conducted of the influence of the two independent variables (diet, tumor) on glucose AUC.
Interaction effects are depicted with letters above each individual bar.
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Fig. 5. Effect of tumor inoculation and naringenin-supplemented diet on skeletal muscle
oxidative cell types and markers of proteolysis, apoptosis, and mitochondrial biogenesis.

(a,b) Frequency distribution of darkly-stained SDH-positive muscle fibers in quadriceps
muscle of non-tumor-bearing mice and tumor-bearing mice, respectively. (¢) Average
number of darkly-stained SDH-positive muscle fibers in quadriceps of mice. (d) Average
cross-sectional area of darkly-stained SDH-positive muscle fibers in quadriceps of mice. (e)
Representative images of transverse sections of quadriceps muscle stained for SDH activity,
used to quantify darkly-stained SDH-positive fiber size. (f) Relative gene expression markers
related to muscle wasting and mitochondrial activity; relative fold change was normalized
to control no-tumor mice. For each fiber cross-sectional area bin and other experimental
outcomes depicted in these graphs, a two-way ANOVA was conducted on the influence of
the two independent variables (diet, tumor) on each outcome. Significant effects (P<.05)
are shown in the graphs as follows: main effect of tumor is shown with a bar with ‘a’ or

‘b’ denoting the differences between tumor(+) and tumor(=) groups; main effect of diet is
shown with an asterisk above each red bar.
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Figure 6. Impact of tumor inoculation and naringenin-supplemented diet on elements of
inflammatory response in male mice.

(a) Plasma total adiponectin. (b) Plasma high molecular weight adiponectin. (c) Ratio

of plasma high molecular weight to total adiponectin. (d) Plasma IL-6 in tumor groups.
Because non-tumor-bearing controls had IL-6 levels that were too low to be detected in the
standard curve, results are not reported here. (e) Relative gene expression markers related
to inflammation in quadriceps muscle. (f) Spleen mass as a percent of total body mass. A
two-way ANOVA was conducted on the influence of the two independent variables (diet,
tumor) on each outcome. Plasma adiponectin was log-transformed for statistical analyses;
raw values are reported in graphs. Significant effects (P<.05) are shown in the graphs as
follows: a main effect of tumor is shown with a bar with “‘a’ or ‘b’ denoting the differences
between tumor(+) and tumor(-) group; main effect of diet is shown with an asterisk above
each red bar; interaction effects are depicted with individual letters (a,b) over each bar.
Interaction effects were distinguished using Sidak’s multiple comparisons test.
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