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Abstract

Background and Purpose Chemotherapy-induced cachexia (CIC) causes severe metabolic abnormalities independently of cancer
and reduces the therapeutic efficacy of chemotherapy. The underlying mechanism of CIC remains unclear. Here we investigated
the cytarabine (CYT)-induced alteration in energy balance and its underlying mechanisms in mice. Experimental Approach
We compared energy balance-associated parameters among the three groups of mice: CON, CYT, and PF (pair-fed mice with
the CYT group) that were intravenously administered vehicle or CYT. Key Results Weight gain, fat mass, skeletal muscle
mass, grip strength, and nocturnal energy expenditure were significantly lowered in the CYT group than in the CON and PF
groups. The CYT group demonstrated less energy intake than the CON group and higher respiratory quotient than the PF
group, indicating that CYT induced cachexia independently from the anorexia-induced weight loss. Serum triglyceride and
fecal lipid levels were significantly lower, whereas the intestinal mucosal triglyceride levels and the lipid content within the
small intestine enterocyte were higher after lipid loading in the CYT group than in the CON and PF groups, suggesting that
CYT inhibited lipid uptake in the intestine. This was not associated with obvious intestinal damage. The CYT group showed
increased zipper-like junctions of lymphatic endothelial vessel in duodenal villi compared to that in the CON and CYT groups,
suggesting their imperative role in the CYT-induced inhibition of lipid uptake. Conclusion and Implications CYT worsens
cachexia independently of anorexia by inhibiting the intestinal lipid uptake, presumably via the increased zipper-like junctions

of lymphatic endothelial vessel.
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BULLET POINT SUMMARY

What is already known

CYT induces weight loss and anorexia.

What does this study add

e CYT induces cachexia independently from the anorexia-induced weight loss.

e CYT worsens cachexia by inhibiting intestinal lipid uptake.

e CYT-induced lipid malabsorption might be due to increased proportion of zipper-like junctions of
lacteal.

What is the clinical significance

Intestinal lipid malabsorption contributes to CYT-induced cachexia independently of anorexia.
Junctional control of intestinal lacteal is an attractive therapeutic target for suitable cancer treatment.
Abstract

Background and Purpose

Chemotherapy-induced cachexia (CIC) causes severe metabolic abnormalities independently of cancer and
reduces the therapeutic efficacy of chemotherapy. The underlying mechanism of CIC remains unclear. Here
we investigated the cytarabine (CYT)-induced alteration in energy balance and its underlying mechanisms
in mice.

Experimental Approach

We compared energy balance-associated parameters among the three groups of mice: CON, CYT, and PF
(pair-fed mice with the CYT group) that were intravenously administered vehicle or CYT.

Key Results

Weight gain, fat mass, skeletal muscle mass, grip strength, and nocturnal energy expenditure were signif-
icantly lowered in the CYT group than in the CON and PF groups. The CYT group demonstrated less
energy intake than the CON group and higher respiratory quotient than the PF group, indicating that CYT
induced cachexia independently from the anorexia-induced weight loss. Serum triglyceride and fecal lipid
levels were significantly lower, whereas the intestinal mucosal triglyceride levels and the lipid content within
the small intestine enterocyte were higher after lipid loading in the CYT group than in the CON and PF
groups, suggesting that CYT inhibited lipid uptake in the intestine. This was not associated with obvious
intestinal damage. The CYT group showed increased zipper-like junctions of lymphatic endothelial vessel
in duodenal villi compared to that in the CON and CYT groups, suggesting their imperative role in the
CYT-induced inhibition of lipid uptake.

Conclusion and Implications

CYT worsens cachexia independently of anorexia by inhibiting the intestinal lipid uptake, presumably via
the increased zipper-like junctions of lymphatic endothelial vessel.
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1. Introduction

Body weight is regulated by a balance between energy intake and expenditure (Rohm et al., 2019; Ulrich
et al., 2018), which is crucial for successful treatment of cancer patients. Cachexia, a wasting syndrome
characterized by the involuntary loss of body weight and skeletal muscle mass with or without fat mass,
is frequently observed in cancer patients (Fearon et al., 2011; Vegiopoulos et al., 2017). Cachectic cancer
patients show poorer survival rate and prognosis than those with maintained body weight (Andreyev et al.,
1998; Argiles et al., 2018; Ross et al., 2004; Thivat et al., 2010). The wasting of adipose tissue contributes
to weight loss during cachexia and is associated with low survival rate in cancer patients (Ebadi & Mazurak,
2015; Sun et al., 2020).

Multiple factors, including tumor, tumor-derived secretory molecules, and chemotherapy, are involved in the
development and progression of cachexia in cancer patients (Dhanapal et al., 2011; Donohoe et al., 2011;
Penet & Bhujwalla, 2015). Emerging evidence shows that chemotherapy with cisplatin, 5-fluorouracil, irinote-
can, or leucovorin induces cachexia independently of tumor by disturbing energy balancein vivo (Tonorezos
& Jones, 2013; Van Soom et al., 2020). Moreover, some chemotherapeutic agents, including daunorubicin,
etoposide, and cisplatin, cause cachexia in healthy animal models (Amrute-Nayak et al., 2021; Brierley et al.,
2019; Conte et al., 2020). Thus, chemotherapy greatly contributes to cachexia development during cancer
treatment (Amrute-Nayak et al., 2021; Pin et al., 2019).

Cytarabine (CYT), a pyrimidine antimetabolite that inhibits DNA synthesis in the S-phase of the cell cycle,
has been widely used as a standard chemotherapy for leukemia (Aroua et al., 2015; Di Francia et al.,
2021). Individual or co-administration of CYT with chemotherapeutic agents via various routes significantly
decreases body weight in xenograft mouse model or healthy mice (Cheng et al., 2021; Tang et al., 2019;
Zuckerman et al., 2019). Moreover, in cancer patients, the combined treatment with CYT and interferon
causes weight-loss and is discontinued more frequently than the treatment with interferons alone (Guilhot
et al., 1997). Therefore, CYT administration may hinder the maintenance of energy balance during the
treatment, which is important to conserve the therapeutic efficacy and the quality of life of cancer patients
(Andreyev et al., 2012; Rohm et al., 2019). The adverse effects of chemotherapy have been hypothesized to
affect the energy balance in humans and animals (Agur et al., 1992; Di Francia et al., 2021). However, the
precise effect of chemotherapy on energy balance and its underlying mechanisms remain elusive.

In this study, we established a mouse model of CYT-induced cachexia and investigated the energy balance
and underlying mechanisms of the CYT-induced cachexia using pair-fed (PF) mice as controls. We found that
the zipper-like junctions of lymphatic endothelial cells (LEC) of the small intestinal villi might contribute to
the exacerbation of CYT-induced cachexia via inhibition of lipid uptake independently of anorexia in mice.
Therefore, our findings highlight the critical role of lacteal in CYT-induced cachexia.

2. Materials and Methods
2.1 Experimental model

Ten-week-old C57BL/6 male mice (Orient Bio, Seongnam, Republic of Korea) were housed individually
with free access to chow diet and waterad libitum at 22 °C, 60% humidity, and a 12:12 light:dark (LD)
cycle. After one week of adaptation, the mice were intravenously (iv) administered CYT (100 mg-kg™! body
weight, JW Pharmaceutical Corp., Seoul, Republic of Korea) once a day for four consecutive days (9 to 11
AM), while the control (CON) and PF groups were iv administered saline (vehicle, 2 uL-g! body weight) or
saline in combination with CYT, respectively. The dosage of CYT was determined based on previous studies
(Gutbrodt et al., 2013; Pabst et al., 2012). The interventions resulted in the successful establishment of a



murine model demonstrating dose-dependent anorexia and a decrease in weight gain and fat mass. Daily
body weight and food consumption were measured, and the PF group was given the average amount of food
consumed by the CYT group. All the mice were sacrificed a day after the last injection.

All the experimental procedures were performed under the ethical approval guidelines issued by the Institute
for Basic Science funded by the Ministry of Science and the Institutional Animal Care and Use Committee
(authorization no. KOREA-2018-0036). The animals were maintained in specific pathogen-free (SPF) animal
facilities authorized at Korea University College of Medicine (authorization no.: N. 127/2012-A).

2.2 Body mass profiling using nuclear magnetic resonance (NMR)

TD NMR analyzer (Bruker Corporation, MA, USA) was used to measure the lean and fat mass of mice on
the last day of the treatment.

2.3 Muscle grip strength test and indirect calorimetry
The maximum forelimb grip strength of the mice was measured by the grip strength test (Bioseb, FL, USA).

The mice were placed in metabolic cages connected to indirect calorimetry system combined with gas analyzer
(Harvard Apparatus, MA, USA) to measure Oy consumption and COsproduction to determine the energy
expenditure.

2.4 Tissue preparation

Harvested tissue was snap-frozen with liquid nitrogen and stored at -80 degC until further use. The flushed
intestine was dissected to obtain 6 cm of duodenum (at a distance of 1 cm from the stomach) and 9 cm
of jejunum (at a distance of 15 cm from the stomach), fixed with alcoholic zinc formalin (Anatech USA,
NV, USA) overnight, and immersed in 30% sucrose/PBS solution. The cryopreserved tissue was embedded
in Tissue-Tek optimal cutting temperature (OCT) compound (Sakura Finetek USA, Inc., CA, USA) for
cryo-sectioning.

Serum was isolated from blood following centrifugation for 5 min of 12,000 g at 4 degC. The serum samples
were stored at -80 degC.

2.5 Real-time quantitative polymerase chain reaction (RT-qPCR)

TRIzol reagent (Invitrogen, Thermo Fisher Scientific Corp., MA, USA) was added to the frozen tissue, which
was homogenized using a tissue homogenizer (BioSpec Products Inc., OK, USA). Isopropyl alcohol (Duksan
Pure Chemicals Co. Ltd., Ansan, Republic of Korea) was added to the homogenized tissue, and it was
subjected to centrifugation for 10 min of 12,000 g at 4 degC. The supernatant was mixed with chloroform
(Merck Millipore., MA, USA), and total RNA was extracted as per the manufacturer’s protocol (Invitrogen,
Thermo Fisher Scientific Corp., MA, USA). The isolated RNA was dissolved in DEPC-treated RNase free
water (Welgene Inc., Gyeongsan, Republic of Korea). The cDNA was synthesized using 1 yg of the total
RNA with the iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., CA, USA).

Gene expression was measured using SensiFAST SYBR Lo-ROX kit (Meridian Bioscience, TN, USA) or
TagMan probes and TagMan gene expression master mix (Applied Biosystems, Invitrogen, Thermo Fisher
Scientific Corp., MA, USA) on an Applied Biosystems 7500 Real-Time PCR Instrument System. The
information of TagMan probes and primers for RNA quantification is found in the supporting information.

2.6 Extraction of lipid from mice mucosa and feces

Snap frozen mucosa was lysed with RIPA lysis buffer (Santa Cruz Biotechnology, Inc., CA, USA), and the
lipids were isolated from mucosa. The separated lipid-containing layer was dried with 2% TritonX-100 in
chloroform under a laminar air flow hood. The dried mucosal lipid samples were dissolved in deionized water.

Mice feces were collected every day during the experiment. Fecal lipids were extracted using the Folch
method, and the extracted lipids were weighed after drying for 3 d. Briefly, 5 mL of saline was added to 1 g
of powdered mice feces and mixed thoroughly. Equal volumes of the chloroform-methanol (2:1, v/v) solution



was added to the saline-feces homogenate. The mixture was then vortexed and subjected to centrifugation
for 10 min of 1,000 g. The resultant layer of lipids dissolved in the mixture was isolated, dried under hood,
and weighed on a microscale.

2.7 Lipid analysis

The concentration of triglyceride (T'G), total cholesterol, and free fatty acids was determined using triglyc-
eride determination reagent (MilliporeSigma, MO, USA), free glycerol determination reagent (Millipore-
Sigma), cholesterol quantitation kit (MilliporeSigma), and free fatty acid quantitation kit (MilliporeSigma)
according to the manufacturer’s instructions. Protein concentration was estimated using the PierceTM BCA
protein assay kit (Thermo Fisher Scientific Corp., MA, USA) as per the manufacturer’s protocol, and the
concentrations of TGs and proteins were measured using a micro plate reader (Molecular Devices, LLC.,
CA, USA). Mucosal lipid levels were normalized to the protein concentration.

2.8 Oral fat tolerance test (oFTT)

The mice were administered olive oil (10 pL-g™! body weight, MilliporeSigma) by oral gavage after a 2-h fast.
Blood was collected before and 1, 2, 3, and 5 h post the lipid loading using capillary tubes from the tail vein
with a small cut. Serum samples were prepared and stored at -80 °C for lipid analysis.

2.9 Oil-red-O (ORO) staining

OCT-embedded duodenal and jejunal tissues were sectioned (thickness: 5 um) with a cryostat microtome
(Leica Biosystems., Wetzlar, Germany). After 1 h of air-drying, the sections were fixed with ice-cold 10%
formalin (MilliporeSigma) for 5 min and dried for 1 h. The slides were then placed in absolute propylene
glycol (Junsei Chemical Co., Ltd., Tokyo, Japan) for 2 min and stained in pre-warmed ORO solution for 8
min at 60 °C in an oven. After differentiation in 85% propylene glycol solution for 2 min, the slides were
rinsed in distilled water twice and stained with hematoxylin for 10 s. Subsequently, the slides were washed
thoroughly in running tap water and mounted with an aqueous medium.

2.10 FITC-dextran permeability assay

To investigate the intestinal paracellular uptake through leaky junctions, FITC-dextran permeability assay
was performed (Woting & Blaut, 2018). The mice were orally administered approximately 4 kDa FITC-
dextran (MilliporeSigma) at a concentration of 44 mg/100 g body weight after a 16-h fast, and the blood
samples were collected after 4 h. The isolated serum was diluted five times with PBS, and fluorescence was
detected at 528 nm using a micro plate reader (Molecular Devices, LLC.).

2.11 Electron microscopy

To observe ultrastructure of the small intestinal enterocytes, ultrathin sections of the duodenum were prepa-
red with an ultramicrotome (Leica Biosystems). Briefly, the harvested samples were fixed with 2% PFA and
2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and fixed with 2% osmium tetroxide after several
washes with PBS. After dehydration with increasing concentrations of ethanol and infiltration with propylene
oxide, resin embedding was performed. The ultrathin sections were then double-stained with uranyl acetate
and lead citrate and images were obtained using a transmission electron microscope (Hitachi, Ltd., Tokyo,
Japan) with 80 kV accelerating voltage.

2.12 Immunostaining

For immunostaining of the whole-mount small intestinal tissue sample, transcardial perfusion was performed
with 4% paraformaldehyde (PFA; Merck Millipore., MA, USA), following anesthesia administration. The
PBS-flushed small intestine was harvested as described in the preceding section and cut longitudinally, and
the tissues were pinned on silicon plate to expose the lumen. After washing with PBS, the samples were post-
fixed with 4% PFA for 2 h at 4 °C. After several washes with PBS, subsequent dehydration was performed
with 10% sucrose in PBS for 2 h, followed by 20% sucrose and 10% glycerol in PBS overnight at 4 °C. The
dehydrated samples were blocked with 5% goat serum and 1% BSA in 0.5% triton-X 100 in PBS for 1 h



and incubated with primary antibodies, which were diluted in the blocking solution, overnight at 4 °C. After
several washes with wash buffer (0.3% triton-X 100, MilliporeSigma, in PBS), the samples were incubated
with secondary antibodies, which were diluted in the blocking buffer, in the dark for 2 h at 25 °C . The
samples were washed with wash buffer and mounted with aqueous mounting solution.

2.13 Histological analysis

The micrographs were obtained using Zeiss LSM 800 (Carl Zeiss AG, Jena, Germany). The primary and
secondary antibodies used in the immunostaining are as follows: anti-LYVE-1 (Angiobio., CA, USA; rabbit
polyclonal; Cat # 11-034, diluted 1:400); anti-CD31 (BD Biosciences., CA, USA; rat monoclonal; Cat #
557355, diluted 1:400); anti-VE-cadherin (R&D Systems, MN, USA; goat polyclonal; Cat # AF1002; diluted
1:200); Alexa Fluor 488- and Alexa Fluor 555- conjugated anti-rabbit (Invitrogen; Cat # A11008; diluted
1:1000); anti-rat (Invitrogen; Cat # A21434; diluted 1:1000); and anti-goat (Invitrogen; Cat # A32816;
diluted 1:1000) antibodies. All the antibodies used in our study were validated for specific applications.
Detailed description of magnification is indicated in the figure legends.

2.14 Morphometric analysis

Morphometric measurement was conducted using the NIH-ImageJ software (available at htt-
ps://imagej.nih.gov/ij/) after the processing of raw imaging data with the Zen software (Carl Zeiss). The
VE-cadherin™ junctions were quantified within the LYVE1T lacteal. The pattern of junctions in lacteals was
analyzed as described previously (Zheng et al., 2014). The zipper-like junctions were defined as continuous
junctions at cell-to-cell borders with elongated shape, whereas the button-like junctions were identified as
discontinuous junctions, which are not parallel to cell-to-cell borders.

2.15 Statistical analysis

All statistical analyses were performed using GraphPad Prism 6.0 software (GraphPad Software, Inc, CA,
USA). Data are represented as mean + SEM and were analyzed using two-way ANOVA followed by Bonfer-
roni’s post-hoc test or one-way ANOVA followed by Tukey’s post hoc test where appropriate. P values less
than 0.05 were considered statistically significant.

2.16 Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, and are permanently archived in the Concise Guide to PHARMA-
COLOGY 2021/22 (Alexander et al., 2021)

3. Results
3.1 CYT induces cachexia in mice

To investigate the effects of CYT on the regulation of energy balance, we established the PF group (pair-fed
with the CYT group and treated with vehicle) and compared the changes in the energy balance components
among the three groups (Figure. Sla). The appetite of the CYT group was significantly less on days 3 and
4 than that of the CON group, and it was comparable between the CYT and PF groups throughout the
experiment (Figure. 1a). Consistently, a significant weight loss was observed in the CYT and PF groups from
day 2 to the end of experiment compared to that in the CON group. Moreover, weight gain was significantly
lower in the CYT group than in the CON and PF groups on day 4, indicating lower metabolic efficiency
of CYT group than that of the PF group (Figure. 1b). Furthermore, the epididymal white adipose tissue
(eWAT) mass and inguinal white adipose tissue (iWAT) mass of the CYT group was significantly lower than
those of the CON group. Additionally, the eWAT mass of the CYT group was significantly lower than that
of the PF group (Figure. 1c).

Lean mass was also significantly lower in the CYT and PF groups than in the CON group on day 4 (Figure.
1d). However, the soleus muscle mass was considerably lower in the CYT group than in the CON and PF
groups on day 4, whereas the PF group exhibited lesser muscle mass than the CON group (Figure. le),



suggesting that CYT decreased the muscle mass independently of the anorexia-induced loss of muscle mass.
Consistently, the grip strength test revealed that the muscle strength was lower in the CYT group than
in the CON group, and there was a robust tendency toward decreased muscle strength in the CYT group
compared to that in the PF group (Figure. 1f). Therefore, the administration of CYT might induce cachexia
(> 5 % weight loss) accompanied by loss of both fat and skeletal muscle masses via a mechanism different
from that of the anorexia-induced weight loss in mice.

3.2 CYT decreases energy expenditure in mice

To investigate whether changes in energy expenditure contributed to the CYT-induced weight loss in mice,
we compared the oxygen consumption and respiratory quotient (RQ) on day 4 among the three groups.
The nocturnal energy expenditure (EE) was significantly lower in the CYT group than in the CON and
PF groups, despite the greater weight loss demonstrated by the CYT group than that by the CON and PF
groups (Figure. 2a). Furthermore, RQ was significantly higher during the nocturnal period in the CYT group
than in the PF group, whereas it was comparable between the CON and CYT groups (Figure. 2b). These
results indicated that the CYT group continued to consume carbohydrate as a fuel, which was different from
the PF group despite the lower energy intake of the CYT and PF groups than that of the CON group.

Additionally, the brown adipose tissue (BAT) mass was not significantly different among the experimental
groups (Figure. S2a). Consistent with the change in energy expenditure, BAT wucp! expression was signifi-
cantly lower in the CYT group than in the CON and PF groups. Additionally, eWAT wucpl expression was
significantly lower in the CYT group than in the CON and PF groups, suggesting the CYT-induced decrease
in energy expenditure (Figure. S2b).

3.3 CYT reduces the use of lipids as an energy source in mice

Given the lower fat mass and the higher RQ of the CYT group than those of the PF group, we hypothesized
that CYT administration affected lipid metabolism in mice. Therefore, we compared the lipid content in
the serum, feces, and mucosa of the mice from the three experimental groups. The serum TG levels were
significantly lower in the CYT group than in the CON and PF group, despite the consumption of energy
intake being comparable to that of the PF group, whereas it was significantly higher in the PF group than
in the CON group (Figure. 3a). Therefore, the metabolic flexibility to switch from carbohydrate to lipid as
a fuel existed only in the PF group. Furthermore, the differences in the serum total cholesterol levels were
insignificant among the three groups (Figure. 3b), whereas the serum free fatty acid levels were lower in the
CYT group than in the PF group (Figure. 3c). Therefore, the deficiency of serum lipids might contribute to
the lower metabolic flexibility in the CYT group than in the PF group.

To identify the ability of intestinal lipid absorption in mice after CYT administration, we compared the total
amount of fecal lipids among the three groups. The fecal lipid levels were lower in the CYT group on day 4
than in the PF group (Figure. 3d). We further hypothesized that the lipids might be retained within intestinal
mucosa of the CYT mice and compared the mucosal lipid levels in the duodenum and jejunum among the
different groups. The levels of mucosal TGs, total cholesterol, and free fatty acids were significantly higher
in the CYT group than those of the CON and PF groups (Figures. 3e, S3a, and S3b). Thus, CYT treatment
might reduce the ability of the enterocytes to transport lipids for circulation in the small intestine of mice
after dietary fat intake.

3.4 CYT reduces lipid absorption accompanied by lipid retention within the small intestine of
mice

We directly compared the changes in the serum TG levels after an oral lipid loading among the three
treatment groups. The serum TG levels were significantly lower in the CYT group during the course of
experiment after the lipid loading than in the CON and PF groups (Figure. 4a). The area under curve
(AUCQ) for the serum TG levels during the oF TT was significantly lower in the CYT group than in the CON
and PF groups, indicating reduced lipid absorption in the CYT group, whereas the AUC was significantly
higher in the PF group than in the CON group (Figure. 4b). The serum TG levels decreased more rapidly



in the PF group than in the CON and CYT groups, whereas the same were unaltered during the oFTT in
the CYT group, indicating enhanced utilization of TGs in the PF group.

To confirm the increase in lipid retention within the small intestinal mucosa post CYT administration, oil-
red-O (ORO) staining of the sections of the small intestine was performed after the oral lipid loading in
mice. The Oil red O+ area was more frequently observed in the mucosa of the duodenum of the CYT group
than in that of the CON and PF groups (Figure. 4c¢). These findings suggested that CYT administration
might disturb the process of lipid metabolism, including lipid absorption and utilization in mice.

To identify whether CYT-induced decrease in the intestinal lipid absorption was associated with any damage
in the intestinal mucosa, we compared the expression of genes associated with macrophage recruitment and
pro-inflammation; as well as the intestinal villi length, and permeability using a FITC-dextran permeability
assay, among the different treatment groups. The expression of the pro-inflammatory genes, including 1110 ,
Tnf , Ccl2 , and 116 , and the serum FITC-dextran levels after oral FITC-dextran loading were not different
among the three groups. Moreover, the intestinal villi length was not different between the CON and CYT
groups. The expression of macrophage recruitment-related genes, including Adgrel andltgax was higher in
the CYT group than that in the PF group (Figure. S4). Thus, the CYT-induced decrease in lipid absorption
was not associated with obvious intestinal damage.

3.5 CYT increases the size of chylomicrons (CMs) within trans-Golgi network in the small
intestine of mice

To identify the underlying mechanism of lipid retention within the small intestinal mucosa after CYT ad-
ministration, the ultrastructure of the duodenal epithelial cells was compared using transmission electron
microscopy (TEM) among the different treatment groups.

The tight junctions of the enterocytes were intact in all the experimental groups, which was consistent
with the results obtained for intestinal damage (Figures. 5a-c). The immature pre-chylomicrons were more
frequently observed within the endoplasmic reticulum (ER) and Golgi apparatus in the CYT group than
in the CON and PF groups (Figures. 5a-c, right panels). Abnormally large CM sizes were observed in the
distended cisternae of trans-Golgi network (TGN) of the CYT group (Figure. 5b, right panel) compared
to that in the CON and PF groups (Figures. 5a and 5c, right panel). The average diameter of CM was
determined to be within the normal range in the CON and PF groups, which ranges from 75 nm to a
maximum of 600 nm (Mansbach & Siddiqi, 2016; Martins et al., 1996). However, the average diameter of
CM in the distended cisternae of TGN was prominently increased (> 600 nm) in the CYT group compared
to that in other groups (Figure. 5d, red-dashed box).

3.6 CYT accumulates CMs within the intercellular space of enterocytes in mice

To investigate the process of lipid transport via the small intestine, the expression of genes related to CM
synthesis, including Mitp , microsomal triglyceride transfer protein that mediates packaging of lipids, and
Apoal |, Apob48 , and Apoas involved in packaging and maturating pre-CM transport vesicle (PCTV) from
ER to Golgi, in the duodenal mucosa was compared among the treatment groups (Ko et al., 2020; Qu et
al., 2019). The results revealed that the expression of Mttp was not significantly different among the groups.
However, the expression of Apob/8 and Apoaj was significantly higher by 2.5-fold or 1.76-fold in the CYT
group than in the CON and PF groups (Figure. 6a). These findings suggest the possibility of increased
demand for CM synthesis in the CYT group compared to that in the other treatment groups.

Furthermore, lipid particles were more frequently observed within the intercellular space between the duo-
denal enterocytes in the CYT group than in other groups, suggesting the involvement of another process for
lipid transportation, including that mediated by lacteal, with the CYT-induced lipid retention (Hong et al.,
2020; Zhang et al., 2018) (Figures. 6b-d).

3.7 CYT increases zipper-like lacteal junctions in the small intestine of mice

The junctional status of LEC is critical for CM uptake into the lymphatic circulation (Zhang et al., 2020).



To investigate whether CYT administration inhibits intestinal lipid absorption by changing the junctions
of LEC, the microstructure of junctions of LECs among the different treatment groups were compared by
performing morphological studies with TEM imaging and double immunostaining. The overlapped and closed
junctions of LEC (zipper-like junctions) were frequently observed in the CYT group with the presence of
CMs within the interstitium of lamina propria, whereas they were barely detected in the lacteal lumen (LL)
(Janssen et al., 2016) (Figure. 7a, CYT). On the contrary, paracellularly opened lacteal junctions (button-like
junctions) were observed in the CON and PF groups, whereas the CMs were frequently detected in the LL
of both the groups (Figure. 7a, CON and PF). Furthermore, the immunostaining of lacteal junctions with
VE-cadherin displayed mostly discontinuous button-like junctions in the CON and PF groups. However, the
proportion of impermeable zipper-like junctions was more in the CYT group than in the CON and PF groups
by 65 % or 23 % (Figures. 7b and 7c).

Overall, the increased proportion of lacteal in the zipper-like junctions might contribute to the suppression
of lipid transport into lymphatic circulation and subsequent decrease in lipid absorption in the CYT group
compared to that in the CON and PF groups (Figure. 7d).

4. Discussion

The aim of this study was to identify the underlying mechanisms of chemotherapy-induced energy imbalance
in the CYT-induced cachexia mouse model. In this study, we established the cachexia mouse model and
determined the effects of CYT on the regulation of energy balance with pair-fed mice serving as control.
Additionally, we provided evidence that intestinal lipid malabsorption greatly contributed to the CYT-
induced cachexia that is independent of the CYT-induced anorexia. Furthermore, we demonstrated that
the CYT-induced intestinal lipid malabsorption might be attributable to intestinal lipid retention via the
increased proportions of zipper-like junctions of LEC in the villi of small intestine. Therefore, to the best of
our knowledge, this is the first study that emphasizes the critical role of zipper-like junctions of LEC within
the small intestine in the exacerbation of the CYT-induced cachexia that is independent of the anorexia.

We elucidated that CYT administration led to weight loss with a marked decrease in metabolic efficiency.
Moreover, the CYT group exhibited greater weight loss despite lower energy expenditure than that exhibited
by the PF group, whereas both the groups consumed the same amount of food. Consistently, we observed
reduced Ucpl expression in both the BAT and eWAT of the mice belonging to the CYT group compared to
those of the PF group, indicating decreased thermogenesis. Additionally, this was accompanied by elevated
loss of muscle and fat mass and lower grip strength in the CYT group than those in the PF group. Thus,
CYT administration induced cachexia that was different from the anorexia-induced weight loss, implicating
the existence of a factor capable of worsening the cachexia independent of anorexia.

Our results demonstrated a lack of metabolic flexibility in the CYT group, which is an adaptive process for
the change in energy source in the body and commonly occurs during low energy intake (Smith et al., 2018).
Evidently, the CYT group continued to use more carbohydrate than lipids as compared to the PF group,
although both the CYT and PF groups demonstrated comparable, albeit smaller amount of dietary intake
than the CON group. This was corroborated by the lower serum fatty acid levels and lipolytic gene expression
in adipose tissues of the mice belonging to the CYT group than those of the PF group (Figures. 3¢ and S5).
Enhanced lipolysis is considered one of the main factors for the development of cancer cachexia (Butler et
al., 2020; Dalal, 2019; Das et al., 2011). However, chemotherapeutic agents cause weight and fat losses by
differently affecting lipid metabolism in WAT. Cisplatin or combined treatment with irinotecan (CPT-11)
and 5-fluorouracil increases WAT lipolysis via the activation of fatty acid oxidation in rodent models (Ebadi
et al., 2017; Garcia et al., 2013; Stathopoulos et al., 1995), whereas doxorubicin inhibits both lipolysis and
lipogenesis in WAT (Biondo et al., 2016). Therefore, given the higher RQ and lower lipolytic gene expression
in WAT, despite the lower fat mass in the CYT group than that in the PF group, the impaired metabolic
flexibility might be associated with the low serum TG levels post CYT administration. This, in turn, might
be attributable to the lower intestinal lipid absorption in the CYT group than in the PF group.

CYT administration might indirectly reduce skeletal muscle function and mass in mice. In an in vitro study



using C2C12 myoblasts, CYT treatment affected contractile ability and sarcomere organization, indicating
a lack of its direct effect on muscle function and mass (Amrute-Nayak et al., 2021). However, we observed a
significant decrease in the skeletal muscle mass and grip strength in mice after CYT administration. Thus, the
in vivo effects of CYT on muscle might be indirect and associated with other factors such as the alterations
in metabolism, although further investigation is needed.

Next, we investigated the effect of CYT treatment on intestinal lipid absorption in mice. The lipid content
in both serum and feces were either significantly or tended to be lower in the CYT group than those in the
PF group, prompting us to compare the lipid contents in the intestinal mucosa among the treatment groups.
The lipid contents were significantly increased only in the intestinal mucosa of the CYT group compared to
those of the other groups, indicating CYT-induced lipid retention in the mucosa. Furthermore, we confirmed
that CYT treatment suppressed lipid absorption post oral lipid loading with the potentiated effect of CYT
on lipid retention in mice (Figures. 4 and S6).

Our results revealed that lipid retention in the intestinal mucosa was not associated with the changes in
structure and permeability of mucosa. We observed intact tight junctions and no significant differences in the
serum FITC-dextran levels indicative of unaffected intestinal permeability between the cells in the intestinal
mucosa of all the treatment groups. Additionally, no significant differences in the intestinal villi length and
the expression of pro-inflammatory genes, except for the macrophage recruitment-associated genes, were
detected indicating no evident signs of leaky gut post CYT administration (Cani et al., 2008). This is
different from the findings of studies on other chemotherapeutic agents like doxorubicin or 5-fluorouracil,
which cause severe mucositis and increased intestinal permeability (da Rocha et al., 2019; Wang et al., 2017).
Thus, the results of the present study emphasize that the process governing intestinal transport of lipids into
lymphatic circulation holds greater significance in the CYT-induced intestinal lipid malabsorption than the
repercussions associated with leaky gut or intestinal damage.

We further investigated the ultrastructural changes in the enterocytes of small intestine to identify the
underlying mechanisms of the CYT-induced lipid retention within the intestinal mucosa of mice. We observed
an increased proportion of zipper-like junctions of LEC in the CYT group compared to that in the other
groups, as per TEM and immunohistochemistry analyses of LEC and VE-cadherin expression. CMs enter the
lymphatic circulation in a size-exclusive manner due to the high proportion of button-like junctions of LEC
within the small intestinal villi. Recent studies have shown that the systemic uptake of CM is inhibited by the
occurrence of zipper-like lacteal junctions (Hong et al., 2020; Nurmi et al., 2015; Zhang et al., 2018). Given
the accumulation of the large sizes of CM in the cisternae of trans-Golgi apparatus of the enterocytes with
abnormal CM metabolism and the detection of secreted CM particles in the intercellular space of enterocytes
in the CYT group, the increased proportion of zipper-like junctions in the CYT group might contribute to the
suppression of CM transport via the junctions into circulation. Therefore, the results suggest the important
role of button-to-zipper transformation in the CYT-induced lipid retention (Figure. 7d).

Delineating the underlying mechanisms of chemotherapy-induced cachexia is essential to develop a way to
maintain energy balance for successful cancer treatment (Pin et al., 2019; Rohm et al., 2019; Van Soom
et al., 2020). In this study, CYT treatment worsened cachexia in ways that were independent from the
anorexia-induced weight loss. Moreover, it resulted in dysfunctional lipid absorption with no evident signs of
leaky gut, thereby contributing to the development of CYT-induced anorexia-independent cachexia in mice.
Furthermore, the exacerbation of CYT-induced cachexia might be due to the increased proportion of zipper-
like junctions of lacteal within the small intestine and subsequent intestinal lipid retention. Consequently,
our findings provide evidence for a critical role of lacteal in the CYT-induced cachexia. Overall, our findings
suggest that modulating the lacteal might be an important mechanism for maintaining energy balance during
the CYT treatment, which can be potentially explored to develop a novel strategy for sustainable cancer
treatment.
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Figure legends

Figure. 1 Cytarabine induces cachexia independently of the anorexia-induced weight loss. (a) Daily food
intake during the treatments. (b) Changes in weight gain. (¢) Comparison of epididymal white adipose tissue
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(eWAT) mass and inguinal white adipose tissue (iWAT) mass among the indicated groups after treatment
(day 4). (d, e) Comparison of lean mass (d) and soleus muscle mass (e) among the indicated groups after
treatment (day 4). (f) Grip strength at day 4 of the treatments (3 times/mouse, n = 3-4 mice/group).

CON: control group treated with vehicle; CYT: group treated with cytarabine; PF: group pair-fed with the
CYT group and treated with vehicle.

*P < 0.05, ¥*P < 0.01, and **P < 0.001. Data in (a-f) are represented as mean + standard error of
mean (SEM). Data in (a, b) were analyzed using two-way ANOVA followed by Bonferroni’s post-hoc test,
and data in (c-f) were analyzed using one-way ANOVA between subjects followed by Tukey’s post hoc test.
(a-e), n = 6 mice/group.

Figure. 2 Cytarabine decreases energy expenditure in mice. (a) Real-time monitoring curve of the energy
expenditure (EE, left panel) and quantification of the expenditure (right panel) at day and night after vehicle
or cytarabine treatment (day 4). (b) Real-time monitoring curve of respiratory quotient value (left panel)
and quantification of the same (right panel) at day and night after vehicle or cytarabine treatment (day 4).

CON: control group treated with vehicle; CYT: group treated with cytarabine; PF: group pair-fed with the
CYT group and treated with vehicle.

*P < 0.05, **P < 0.01, and ***P < 0.001. Data in (a-b) are represented as mean + SEM. Left panels of
a, and b were analyzed using two-way ANOVA followed by Bonferroni’s post-hoc test while right panels of
a, and b were analyzed using one-way ANOVA followed by Tukey’s post hoc test. n = 3—4 mice/group.

Figure. 3 Cytarabine reduces serum triglyceride levels and increases lipid accumulation within the small
intestinal mucosa in mice. (a-¢) Comparison of serum concentrations of triglycerides (TGs), total cholesterol,
and free fatty acids after vehicle or cytarabine administration in mice (day 4). (d) Total fecal lipid content
during the experimental period. (e¢) Mucosal concentration of TGs normalized by protein concentration of
the duodenum and jejunum (Jej) after vehicle or cytarabine administration in mice (day 4).

CON: control group treated with vehicle; CYT: group treated with cytarabine; PF: group pair-fed with the
CYT group and treated with vehicle

*P < 0.05, P < 0.01, and ***P < 0.001. Data in (a-e) represented as mean + SEM were analyzed using
one-way ANOVA followed by Tukey’s post hoc test.n = 6 mice/group.

Figure. 4 Cytarabine inhibits lipid absorption accompanied by lipid accumulation within the small intestinal
mucosa in mice. (a) Time-dependent changes in serum levels of triglycerides (TGs) after an oral olive oil
loading (day 3). (b) Area under the curve of (a). (c) Representative images and comparison of neutral lipids
of the small intestine stained with Oil-red-O (ORO) post oral lipid loading (day 4). Each ORO-stained
neutral lipid is indicated as arbitrary units of 3 villi/mouse (n = 6 mice/group). Thickness of tissues was 10
pum. Scale bar, 100 ym. Magnification, 40x.

oFTT: oral fat tolerance test; CON: control group treated with vehicle; CYT: group treated with cytarabine;
PF: group pair-fed with the CYT group and treated with vehicle

*P < 0.05, **P < 0.01, and ***P < 0.001. Data in (a-c) are represented as mean + SEM. Data in (a) were
analyzed using two-way ANOVA followed by Bonferroni’s post-hoc test, and data in (b, ¢) were analyzed
using one-way ANOVA followed by Tukey’s post hoc test. n = 6 mice/group. Significance, CON vs CYT, *;
CON vs PF, #; CYT vs PF, §.

Figure. 5 Cytarabine increases the size of chylomicrons in the duodenal enterocytes of mice. (a-c) Repre-
sentative transmission electron micrograph (TEM) of duodenal enterocytes of mice treated with vehicle or
cytarabine (day 4). Red-dashed box, trans-Golgi network (TGN). Magnification, 6000x. Scale bar, 5 pm.
Right panels represent magnified views of red-dashed box of (a-c). Chylomicrons (CMs) in TGN of entero-
cytes in mice after vehicle or cytarabine administration (day 4). Red asterisk, CM. Magnification, 60,000x.
Scale bar, 500 nm. (d) Summarization of CMs size within the TGN of each group. Dashed box indicates the
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frequencies of abnormally large sizes of CM within TGN (diameter, > 600 nm). Cytarabine increased the
TGN CM size.n = 3-5 enterocytes/group.

CON: control group treated with vehicle; CYT: group treated with cytarabine; PF: group pair-fed with the
CYT group and treated with vehicle

*P < 0.05, **P < 0.01, and ***P < 0.001. Data in (d) are represented as mean + SEM and analyzed using
two-way ANOVA followed by Bonferroni’s post-hoc test.

Figure. 6 Cytarabine accumulates secreted chylomicrons within intercellular space of enterocytes in the small
intestine of mice. (a) Comparison of relative mRNA levels of lipid metabolism-associated genes of duodenal
mucosa among the indicated groups after vehicle or cytarabine administration (day 4). (b-d) Representative
transverse-sectional TEM of duodenal enterocytes in mice after vehicle or cytarabine administration (day
4). Secreted chylomicrons are indicated by red asterisk. Magnification, 15,000x. Scale bar, 2 ym.

CON: control group treated with vehicle; CYT: group treated with cytarabine; PF: group pair-fed with the
CYT group and treated with vehicle.

*P < 0.05, **P < 0.01, and ***P < 0.001. Data in (a) are represented as mean + SEM and analyzed
using one-way ANOVA followed by Tukey’s post hoc test. n = 5-6 mice/group.

Figure. 7 Cytarabine increases zipper-like lacteal junctions in the duodenal villi of mice. (a-c) Representative
TEM of duodenal enterocytes in mice after vehicle or cytarabine administration (day 4). Int, interstitium
of lamina propria; LL, lacteal lumen; CM, chylomicron (indicated as red asterisk). Scale bars, 500 nm.
Magnification, 50,000x. (b, c) Representative micrographs and comparison of VE-cadherin™ junctions of
lymphatic endothelial cell (LEC) of LYVE1T lacteals in mice after vehicle or cytarabine administration (day
4). Black dashed box is magnified in the right panel. Arrowheads indicate dominant junctional pattern in
the lacteal; blue-line arrowhead, button-like junction; red-line arrowhead, zipper-like junction. Scale bars, 20
pm. (d) Schematic figure presenting the mechanism underlying cytarabine-induced decrease in lipid uptake.
Cytarabine increases zipper-like junctions of the lacteal within the small intestine and subsequently inhibits
intestinal lipid uptake in mice.

CON: control group treated with vehicle; CYT: group treated with cytarabine; PF: group pair-fed to CYT
and treated with vehicle.

*P < 0.05, ¥*P < 0.01, and ***P < 0.001. Data in (c) represented as mean + SEM were analyzed using
one-way ANOVA followed by Tukey’s post hoc test. 5-10 villi per mouse, n = 3 mice/group.
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