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Dietary caloric input and tumor growth
accelerate senescence and modulate liver
and adipose tissue crosstalk
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Metabolic alterations are related to tumorigenesis and other age-related diseases that are accelerated
by “Westernized” diets. In fact, hypercaloric nutrition is associated with an increased incidence of
cancers and faster aging. Conversely, lifespan-extending strategies, such as caloric restriction,
impose beneficial effects on both processes. Here, we investigated the metabolic consequences of
hypercaloric-induced aging on tumor growth in female mice. Our findings indicate that a high-fat high-
sucrose diet increases tumor growth mainly due to the boosted oxidation of glucose and fatty acids.
Consequently, through an increased expression of lactate, IGFBP3, and PTHLH, tumors modulate
liver and white adipose tissue metabolism. In the liver, the induced tumor increases fibrosis and
accelerates the senescence process, despite the lower systemic pro-inflammatory state. Importantly,
the induced tumor induces the wasting and browning of white adipose tissue, thereby reversing diet-
induced insulin resistance. Finally, we suggest that tumor growth alters liver-adipose tissue crosstalk

that upregulates Fgf21, induces senescence, and negatively modulates lipids and carbohydrates

metabolism even in caloric-restricted-fed mice.

Epidemiological studies have revealed an association between obesity and
an increased incidence and progression of cancer™. In fact, obesity is the
second most preventable cause of cancer’. Aging and cancer have been
described as two different manifestations of the accumulation of cellular
damage’, which is accelerated by obesity’. Thus, there is growing concern
regarding the relationship between obesity and cancer due to the increas-
ingly aging population and the current obesity pandemic.

There has been a rapid increase in the interest in therapeutically tar-
geting senescence, which manifests as efforts to improve healthy aging and
reduce age-related diseases™. However, it is important to indicate that aging
and senescence are not synonymous, since cells can undergo senescence,
regardless of organismal age®”. The “westernized” lifestyle, which includes a
high-calorie diet and a sedentary lifestyle, can accelerate aging. In contrast,
lifespan-extending strategies, such as calorie restriction (CR), can promote
metabolic fitness*. Both processes, although opposite, take effect through the
modulation of signaling pathways that respond to the fluctuations of
nutritional levels, such as the insulin and IGF-1 signaling pathways, in

addition to the nutritional sensors AMP-activated protein kinase (AMPK)
and sirtuins'”"". Indeed, the PI3K-AKT-mTOR pathway has prominent
aging-modulating effects.

We have previously shown that a high-fat high-sucrose (HFHS) diet
promotes tumor growth due to an increased response to insulin, in addition
to inducing tumor aggressiveness'’. Moreover, an HFHS diet reduced the
expression of cellular senescence markers in the tumors”. However,
gene-environment interactions—such as those induced by high-fat diets or
CR—molecularly modulate body physiology and play a key role in the
pathogenesis of metabolic diseases'™". Yet, it is not clear how obesity and
aging attenuation or acceleration through CR or a high-calorie diet influence
tumorigenesis or tumor growth and its consequences on the biology of
different body tissues.

Here, we addressed this important question by investigating the
metabolic consequences induced by changing the dietary regimen of adult
female C57BL/6] mice and their impact on tumor growth. Thus, mice aged
12 weeks were fed for 26 weeks with a Chow, CR, or HFHS diet. In the
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twenty-third week, an ectopic tumor was induced by a subcutaneous
injection of B16F10 cells on the back of the animals. Our data indicate that
tumor growth impairs glucose tolerance in Chow-fed mice, while the HFHS
diet increases lipids and glucose metabolism in tumors, thereby inducing the
expression of energy balance disruptors that act on the liver and adipose
tissue of these mice. Therefore, we observed an acceleration of aging in
tumor-bearing HFHS-fed animals as well as increased fibrosis in the liver.
Tumor growth and the HFHS diet-induced hepatic insulin resistance
and impaired lipid metabolism in this tissue despite presenting a lower
systemic inflammatory profile. We also observed an alteration in liver-
white adipose tissues (WAT) crosstalk and a surprising increase in
browning and reversal of insulin resistance in WAT due to tumor growth in
mice. Based on these results, we discuss the interrelationship among diet,
aging, and tumor growth and their consequences for whole-body physiol-
ogy and health.

Materials and methods

Cell culture

B16F10, a mouse-derived skin melanoma cell line, was obtained and
authenticated by the Cell Bank of Rio de Janeiro (BCRJ; www.bcrj.org.br,
Duque de Caxias, RJ, Brazil). The cells were grown and maintained in
Dulbecco’s Modified Eagle’s medium (DMEM) containing 25 mM glucose
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS)
(Invitrogen, Sdo Paulo, SP, Brazil) at 37 °C in a 5% CO, atmosphere'’. HuH-
7 hepatoma (a kind gift of Dr. A. Da Poian, UFR], Brazil) was grown in
monolayer culture in high-glucose DMEM supplemented with 10% (v/v)
FBS and 1% (v/v) antibiotic/antimycotic solution in a humidified atmo-
sphere of 10% CO, at 37 °C. 3T3-L1 fibroblasts (BCRJ; www.bcrj.org.br,
Duque de Caxias, RJ, Brazil) were grown in monolayer culture in high-
glucose DMEM supplemented with 10% (v/v) FBS and 1% (v/v) antibiotic/
antimycotic solution in a humidified atmosphere of 10% CO, at 37 °C. Two
days after confluence, 3T3-L1 fibroblasts were differentiated into adipocytes
in DMEM containing 10% FBS, 115 pug/ml 3-isobutyl-1-methylxanthine,
390 ng/ml dexamethasone, and 10 pg/ml insulin for 4 days, then the med-
ium was replaced with DMEM supplemented with 10% FBS and 5 pg/ml
insulin for an additional 4 days. The medium was then replaced by DMEM
containing 10% FBS until >80% of the cells exhibited an adipocyte mor-
phology, typically between 8 days and 12 days after differentiation’’.

Animals and induction of tumor

Adult female C57BL/6] mice (aged 12 weeks) were housed in the animal
facility of the Faculty of Pharmacy, Federal University of Rio de Janeiro,
Brazil. The animals were kept at a controlled temperature (23 °C) on a 12-h
light/dark cycle in controlled humidity'”. The sample size was calculated as
previously described in ref. 17. The protocol and all procedures used in this
current work have been previously approved by the Animal Care and Use
Committee of the Health Sciences Center of the Federal University of Rio de
Janeiro (CEUA/CCS/UFR] 177/18). Mice were put on a sterilized standard
rodent diet (4.4% fat by kcal, total 3.6 kcal/g of diet, AIN-93M, Pragsolugdes
Biociéncias, Jau, SP, Brazil) for two weeks to acclimate. At the beginning of
the protocol (Week 0), the animals were 12-weeks-old and were randomly
divided into 3 groups that were either kept on the standard diet (Chow),
transferred to an HFHS diet containing 65.4% fat and 19.6% carbohydrates
(sucrose) by keal, or kept on a CR diet (30% of Chow group) for 26 weeks.
The HFHS diet (Pragsolugdes Biociéncias, Jat, SP, Brazil) was prepared as
previously described in ref. 18. Bodyweight gain and food intake were
evaluated once and twice a week, respectively. In week 23, B16F10 cells
(10,000 cells suspended in 50 pL phosphate-buffered saline) or saline buffer
(for the control group) were subcutaneously injected into the back of the
mice in all groups, forming a solid tumor with the dimensions
~0.6 +0.2 cm’ after 10 days. In week 26, the mice were anesthetized in
saturated chambers with isoflurane and sacrificed by cardiac puncture.
Fifteen minutes before sacrifice, the mice were injected intraperitoneally
with saline (0.9% NaCl) or 2 IU/kg of insulin solution. The tumor, tissues,
and organs were collected and weighted and plasma samples were obtained

by centrifugation (3000 x g for 15 min at 4 °C). Additionally, the tumor
volume was determined using a caliper according to the procedure descri-
bed in the literature”. Liver samples were collected and fixed in 4% butffered
formalin. All the materials were identified and snap-frozen in liquid
nitrogen. Further, all the samples were included in data analyses.

Oral glucose tolerance test (0GTT)

The oral glucose tolerance test (0GTT) was performed as previously
described; moreover, after a 3-h fasting period, glucose tolerance was
assessed by the oral administration of 2 g of dextrose per kg of body weight
by gavage. Glycemia was assessed from the caudal vein at time 0 (before
gavage) and 15 min, 30 min, 60 min, and 120 min after administration using
a FreeStyle Precision Neo glucometer (Abbott Laboratories, Chicago,
IL, USA)™.

Plasma insulin

Serum insulin quantification was assessed by an enzyme-linked immuno-
sorbent assay (ELISA) using Insulin Mouse ELISA Kit (ThermoFisher,
Carlsbad, CA) following the manufacturer’s instructions.

Plasma and liver lipids

Liver lipids were extracted using Folch’s method” and the quantification of
liver and plasma cholesterol and triglycerides were assessed using the
commercial kits Cholesterol 250 and Triglyceride Enzymatic (Doles
Reagentes, Panamd, GO, Brazil), respectively, according to the manu-
facturer’s recommendation, as previously described in ref. 20.

Hepatic enzymes

Plasma alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) were evaluated using commercial kits (Doles Reagentes, Panama,
GO, Brazil) following the manufacturer’s protocol, as previously described
in ref. 15.

Western blotting

The samples of the powdered tumor, liver, and gonadal white adipose tissue
(gWAT) were lysed with RIPA buffer supplemented with a Protease inhi-
bitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The protein extraction,
SDS-PAGE (8-12% acrylamide gels), and PVDF membrane transfer were
performed as previously described in ref. 22. The membranes were pre-cut
after Ponceau S staining, blocked, and incubated overnight with the primary
antibodies, as presented in Table S1. After overnight incubation, the
membranes were incubated with the appropriate secondary antibodies, and
Western blotting was conducted, as previously described, using a C-DiGit
Blot Scanner (LiCor, Lincoln, NE, USA). The quantifications were per-
formed using Image J64 (Rasband, W.S., Image], U.S. National Institutes of
Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018;
NIH, USA)™.

Enzymatic activities

The enzymatic activities were evaluated after the protein extraction of
powered tumor samples (40 pg) with RIPA buffer supplemented with a
Protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) as pre-
viously described in ref. 24. Briefly, samples were centrifuged at 8000 x g for
15 min, 4 °C, and the supernatant was collected. Protein concentration was
assessed according to the manufacturer’s description (Pierce BCA Protein
Assay Kit, ThermoScientific, USA). Enzymatic kinetics were initiated by
adding 10 pl of the cell-free homogenates in appropriate reaction media"”.
Hexokinase (HK), phosphofructokinase (PFK), and pyruvate kinase (PK)
activities were assessed by NADH oxidation or NAD" reduction deter-
mined by measuring the absorbance at 340 nm in a microplate reader
(VICTOR 3, PerkinElmer). Lactate dehydrogenase (LDH) activity was
assessed in a reaction media containing 50 mM Tris-HCI (pH 7.4), 1 mM
MgCl,, 120 mM KCl, and 5mM NAD" and 5mM sodium lactate (to
evaluate Lactate > Pyruvate flux) or 5mM NADH and 5mM sodium
pyruvate (to evaluate Pyruvate > Lactate flux). For the enzymatic analyses,
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NADH oxidation or NAD™ reduction was determined by measuring the
absorbance at 340 nm in a microplate reader (VICTOR 3, PerkinElmer).

B16F10 cell culture supplemented with mouse serum

Mouse serum was obtained by cardiac puncture as previously described. A
pool of serum mice from CR, Chow, or HFHS was heat-inactivated, cen-
trifuged, aliquoted, and frozen until utilization in this assa)f’S. B16F10 cells
(2 x 10°) were seeded in 12-well plates and the treatment was conducted
when the cells reached 70% of confluence. Then, the medium was replaced
with a fresh DMEM high glucose (25 mM) supplemented with 2% mouse
serum of all experimental groups without tumors (CR, Chow, and HFHS)
for 48 h. At the end of the experiment, mRNA extraction was performed.

Conditioned medium and cell treatment

B16F10 cells (2 x 10°) were seeded in 12-well plates and treatments were
conducted when cells reached 70% of confluence. Conditioned medium
(CM) was obtained from HuH-7 or 3T3-L1 cells treated with DMEM high
glucose (25 mM) supplemented or not with 200 uM of palmitic acid (PA)
for 24 h. After the treatment, cell-cultured media were collected, centrifuged,
and utilized for treatment. BI6F10 cells were treated with DMEM high
glucose (25 mM) supplemented or not with 200 uM of PA or with the CM
obtained from Huh7 and 3T3-L1 for 24h and subjected to mRNA
extraction.

qPCR

B16F10 cells from in vitro experiments or tumor, liver, and gWAT samples
were powdered and subjected to mRNA extraction using TRIzol reagent
(Thermo Fisher, Carlsbad, CA, USA) following the manufacturer’s proce-
dures. For cDNA synthesis, a high-capacity cDNA reverse transcription kit
(Thermo Fisher, Carlsbad, CA, USA) was used following the manufacturer’s
recommended protocol. Further, quantitative analysis of mRNA expression
levels was conducted utilizing dye-based GoTaq qPCR Master Mix (Pro-
mega, Fitchburg, W1, USA) based on the selection of oligo pairs. The gPCR
reactions were performed using the QuantStudio 5 platform (Thermo
Fisher, Carlsbad, CA, USA). Detailed protocols for dye-based reactions can
be found elsewhere™. The relative mRN A expression levels were determined
using the 27" or 27**“ method according to the high international stan-
dards established”. Further, housekeeping genes were selected as reference
genes since their expression did not vary with any of the treatments (data not
shown). The optimization of gPCR conditions was performed in accor-
dance with international standards™. Detailed information regarding the
primers utilized in this study is presented in Table S2.

Processing and staining of hepatic tissue

Liver samples, after being removed and sectioned, were fixed in a 4% buf-
fered formalin solution at pH 7.2 for subsequent histological analyses. The
fragments were dehydrated using increasing concentrations of ethyl alcohol
(70%, 80%, 90%, and 100% in two baths of 20 min each). After dehydration,
the specimens were cleared in two successive baths of xylene (20 min each),
impregnated in two baths of paraffin (20 min each), and finally immersed
and embedded in paraffin. All processing was performed with the aid of a
semi-closed benchtop tissue processor, model Leica TP1020. Subsequently,
histological sections that were 5 pm thick were obtained using a microtome,
model Leica RM2125RT, and collected on slides and placed in an oven at
37°C for 24 h to dry”.

Hematoxylin and eosin (HE) staining

The slides were deparaffinized in two baths of xylene, hydrated in a series of
decreasing concentrations of ethyl alcohol (100%, 90%, and 70%), and
washed in distilled water. Staining was performed with Harris hematoxylin
for 10 s, followed by washing in running water for 5 min. Subsequently, the
sections were stained with eosin for 10 s”. After a quick wash in distilled
water, the sections were dehydrated in ethyl alcohol (70%, 90%, and 100%),
cleared in two baths of xylene, and mounted with coverslips using Entellan
(Entellan® new, Merck).

Picrosirius red staining

To stain and highlight collagen fibers, histological slides were treated with
picrosirius solution (3 g of Sirius Red F3BA in 100 ml of saturated aqueous
picric acid solution). After a bath in distilled water, the slides were immersed
in picrosirius solution for 1 h, followed by a bath in 0.01 N HCl for 2 min**.
After a quick wash in distilled water, the sections were dehydrated in ethyl
alcohol (70%, 90%, and 100%), cleared in two baths of xylene, and mounted
with coverslips using Entellan (Entellan® new, Merck).

Gomori’s reticulin

To stain and highlight the reticular fibers, the slides were immersed in 1%
potassium permanganate and 3% oxalic acid solutions, washed in running
water, and immersed in 2% iron alum solution. After washing, ammo-
niacal silver nitrate solution was applied to the slides for 1 min, followed
by another wash in distilled water for 5 min and immersion in 1% gold
chloride solution for 10 min. After this immersion, the slides were washed
again in distilled water for 2 min and immersed in 5% sodium thiosulfate
for 1 min”. After a quick wash in distilled water, the sections were
dehydrated in ethyl alcohol (70%, 90%, and 100%), cleared in two baths
of xylene, and mounted with coverslips using Entellan (Entellan®
new, Merck).

Microscope analysis

The slides were analyzed under a light microscope (40x objective), and
10 fields per slide were captured. The average steatotic area and reticular
fibers were evaluated using the Cyclops Histopathological Tool software
(UFSC—Federal University of Santa Catarina, BR—http://chptool.
telemedicina.ufsc.br/).

Metabolomic analysis of animal serum pools

Serum from control and tumor-bearing animals (n=4-8) from all
experimental groups (CR, Chow, and HFHS) were pooled and sent for
metabolomic analysis at Nemo Metabolomica (LADETEC-IQ/UFR]). The
description of the method and analyses performed is described in S7.

Lipid and metabolite content evaluation in tissues

Lipid content evaluation in tissue was performed by thin-layer chromato-
graphy (TLC) as described previously in ref. 30. Briefly, the livers and gWAT
were used (50 mg of powdered tissues) to extract lipids using a 250 pl
chloroform/methanol (2:1) mixture. After adding the solvent, tissues were
vigorously mixed in a Vortex at maximal speed for 30 s for each sample.
Then, the mixtures were centrifuged (6000 X g 15 min) and the organic
phase was extracted and completely dried overnight in a hood. The dried
content was dissolved in pure Hexane and applied in a TLC plate (pre-
coated silica gel 60 F plates 20 x 20 cm, Merck, Germany). TLC was resolved
in hexane:diethyl-ether:acetic acid (H:D:A) (70:10:0.1, v/v/v), and lipids
were revealed using Iodine (I2). Revealed TLC was scanned and bands were
analyzed using Image] software.

The aqueous (methanolic) phases obtained above were dried overnight
in a hood and resuspended in 50 pl distilled water. Glycerol was quantified
using a coupled enzyme system, containing glycerol kinase (2 mU/ml) and
a-glycerophosphate dehydrogenase (5mU/ml) in a reaction medium
containing 50 mM Tris-HCl (pH 7.4) and 5 mM NAD", which reduction
was followed in a microplate reader at 340 nm. Similarly, fructose-1,6-
bisphosphate was quantified using aldolase (2 mU/ml), triosephosphate
isomerase (4 mU/ml), and a-glycerophosphate dehydrogenase (5 mU/ml)
in a reaction medium containing 50 mM Tris-HCl (pH 8.2) and 5mM
NADH, which oxidation was followed in a microplate reader at 340 nm.
Acetyl-Coa was evaluated in a coupled system containing citrate synthase
(10 mU/ml), aconitase (4 mU/ml), and isocitrate dehydrogenase (2 mU/
ml), in a medium containing 50 mM Tris-HCl (pH 7.4), 10 mM oxaloa-
cetate and 5 mM NAD", which reduction was followed in a microplate
reader at 340 nm. Lastly, oxaloacetate was evaluated using malate dehy-
drogenase (10 mU/ml) in a reaction medium containing 50 mM Tris-HCl
(pH 8.2) and 5 mM NADH, which oxidation was followed in a microplate
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reader at 340 nm. All assays were conducted in a final volume of 150 pl using
10 pl of the resuspended material.

Statistical analysis and reproducibility

Prism 10 for Mac (GraphPad Software Inc., La Jolla, CA, USA) was used for
graphical and statistical analysis. Student’s ¢-test, Mann-Whitney non-
parametric test, one-way ANOVA followed by Tukey’s post-test, and two-
way ANOVA followed by Sidak’s post-test were used as appropriate, as
previously described in ref. 26. Detailed information regarding the number
of experiments and significance levels are presented in the legend of
each figure.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

In order to investigate the contribution of Western diet-induced aging on
tumor growth, we fed young adult female C57BL/6] mice for 26 weeks
with an HFHS diet (HFHS group) and compared them with animals that
were fed a standard diet (Chow group), both ad libitum or subjected to
approximately 30% caloric restriction (CR group). At week 23, an ectopic
tumor was induced by subcutaneously injecting BI6F10 melanoma cells
on the back of the animals (Fig. 1A). At the end of the protocol, mice
whole-body weight gain and the weight of their tissues and organs, in
addition to the tumor growth, were evaluated. Our data reveal that, after
26 weeks of diet, the CR group lost weight, while the HFHS group gained
weight as compared to the Chow group (Fig. 1B). Additionally, we also
evaluated mice carcass weight after removing the tumors and compared
their weight to that of their control counterparts. Only the HFHS group
presented a significant variation in the carcass weight after tumor removal
(Fig. 1C). This result is a consequence of the impact of the diet on tumor
growth since our data reveal that tumors increase in weight (Fig. 1D) and
volume (Fig. 1E) in accordance with the caloric intake (i.e., CR < Chow <
HFHS). Moreover, we evaluated the weight of the liver (Fig. 1F), inguinal
(iWAT, Fig. 1G) and gonadal (gWAT, Fig. 1H) white adipose tissues,
gastrocnemius (Fig. S1a) and quadriceps muscles (Fig. S1b), and the heart
(Fig. S1c). Among these tissues and organs, only the adipose tissues had
reduced weight in tumor-bearing mice, particularly in the HFHS-fed
groups (Fig. 1G, H), thereby suggesting that WAT metabolism may be
related to tumor growth.

As expected, after 26 weeks on the HFHS diet, mice presented impaired
glucose tolerance, as revealed through an oral glucose tolerance test (0GTT)
(Fig. 11, L) and high-fasting glycemia as compared to the CR and Chow
groups (Fig. 1K). Chow and CR groups presented similar results for oGTT
and fasting glycemia, although the CR group presented lower fasting insulin
levels (Fig. 1N), thereby suggesting an improvement in insulin respon-
siveness as compared to the Chow group. This picture changes in tumor-
bearing animals, where an impairment in glucose tolerance was observed in
the Chow group (but not in the CR group) (Fig. 1], M). Indeed, in all tumor-
bearing groups, we observed similar levels of fasting glycemia (~7 mM;
Fig. 1K, black vs hatched bars). Curiously, fasting glycemia and insulinemia
were found to be decreased in the HFHS groups when comparing tumor-
bearing with control mice, an effect that was not observed in the CR or Chow
groups (Fig. 1K, N). Moreover, insulinemia was also evaluated after intra-
peritoneal administration of 2 IU/kg insulin, 15 min. before euthanasia,
where all the groups presented similar insulin levels, except the HFHS
control group that presented higher insulinemia (Fig. S1d, dotted lines
indicate fasting insulinemia in tumor-free mice). The impaired glucose
tolerance observed in tumor-bearing Chow mice can be partially due to the
upregulation of Pckl mRNA (coding for PEPCK) in the livers of these
animals (Fig. Sle).

Furthermore, we evaluated the serum lipid profile, where we observed
an increase in circulating triglycerides (TG) induced by tumor growth in the
Chow and HFHS groups as compared to their control counterparts

(Table 1). Nevertheless, a great variation in the lipid profile was observed in
the circulating LDL of tumor-bearing HFHS mice, which was more than
double as compared to any other group (Table 1). On account of the results
described above, we decided to evaluate the tumor’s metabolic profile and its
consequences for the physiology of liver and adipose tissues.

Tumor metabolism is boosted by the HFHS diet

The metabolism of lipids and carbohydrates was assessed in the tumor
tissues of mice fed with different dietary regimens, and our data indicated an
adaptation of tumor growth in mice fed with the HFHS diet to better
metabolize lipids. This statement is supported by the upregulation of dif-
ferent genes related to fatty acid metabolism, such as Fabp3, Cd36, Cptla,
and Ppara (Fig. 2A-D, respectively), thereby suggesting an increased fatty
acid uptake, transport, and oxidation. PPARa is also a regulator of glucose
metabolism, which was evidenced by the increased activity of glycolysis-
regulatory enzymes hexokinase (HK; Fig. 2E), phosphofructokinase (PFK;
Fig. 2F), and pyruvate kinase (PK; Fig. 2G) in tumors in the HFHS-fed mice
as compared to those in Chow or CR groups. Further, we evaluated lactate
dehydrogenase (LDH) activity (Fig. 2H) and quantified intratumoral lactate
levels, which revealed an increase as a function of caloric intake (Fig. 2I). A
similar pattern was observed in serum lactate levels in tumor-bearing mice
but not in control groups, thereby indicating that tumors are responsible for
the differences described above (Fig. S2a). Hepatic lactate levels were also
evaluated and revealed that mice in both the CR and HFHS groups had
lower lactate levels as compared to mice in the Chow group, which was not
affected by the growing tumor (Fig. S2b). We also analyzed the conversion of
pyruvate to lactate by LDH and the expression of the two LDH isoforms
(Ldha and Ldhb) in the tumors. Our results indicate that there are no
differences in the activity or expression of LDH induced by diet (Fig. S2c-e).
Finally, the expression of unbalanced energy metabolism markers Pthlh and
Igfbp3, both related to the wasting of tissues, were evaluated and revealed an
upregulation of both genes in tumors from the HFHS group (Fig. 2] and K,
respectively), which might be related to WAT wasting, as observed in Fig. 1.
To further understand the effects of the diets on tumor metabolism, we
treated B16F10 cells with serum from animals fed CR, Chow, and HFHS
diets and evaluated the expression of genes related to lipid metabolism and
the expression of Pthlh and Igfbp3. Our in vitro results were similar to those
observed in vivo (Fig. S2f). In addition, we have treated HuH7 hepatoma
cells and 3T3-L1 adipocytes with 200 uM PA in high glucose medium. The
conditioned medium (CM) from these cells was used to treat BI6F10 cells.
The expression of Fabp3, Cd36, and Cptla in B16F10 cells was slightly
modulated by the presence of PA in the CM of HuH7 or 3T3-L1, or by PA
supplementation in the culture medium of B16F10 cells (Fig. S2g-i).
However, the expression of Ppara, Pthlh, and Igfbp3 were upregulated by
CM of 3T3-L1 incubated with 25 mM glucose and 200 uM PA (Fig. S2j-1).
These data together indicate that the energy metabolism in tumors in
HFHS-fed mice is, in fact, exacerbated, which putatively contributes to the
greater tumor growth in this group.

The tumorigenic process modulates the physiology and meta-
bolism of liver tissue

Since the different diet regimens have consequences for tumor growth and
metabolism, we evaluated the hepatic effects of both on liver metabolism
and physiology. Figure 3A indicates a greater accumulation of TG in the
liver of mice in the HFHS group, which is not altered by the growth of
ectopic tumors in these animals. These data are corroborated by histologi-
cally evaluating the steatotic process in the HFHS group, which is slightly
less evident in tumor-bearing HFHS mice (Fig. 3B, C). Moreover, choles-
terol levels are increased in the livers of the HFHS group, which was not
observed in the tumor-bearing mice (Fig. 3D). We also evaluated liver
damage by measuring plasma levels of the enzymes AST and ALT, which are
increased in HFHS controls as compared to Chow group (Fig. 3E, F,
respectively). Curiously, in tumor-bearing HFHS animals, these markers of
liver damage are reduced when compared to their control counterparts
(Fig. 3E, F). Although, picrosirius red staining does not indicate the
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establishment of liver fibrotic process in any group (Fig. 3G), the reticulin
staining (Fig. 3H) shows a reduction in reticular fibers staining in the HFHS
groups when compared with animals from the CR and Chow groups
(Fig. 3H, I) suggesting the initiation of fibrotic disease. Furthermore, Vim
and Tgfb mRNA expression are upregulated in the control HFHS group as
compared to Chow (Fig. 3K, L, respectively). In general, the presence of a

growing tumor exacerbates the expression of these fibrosis markers - in
addition to Mmp9 (Fig. 3M) and Krt18 (Fig. 3N)—in CR and Chow mice,
while it does not affect their expression in the HFHS group, where
expressions are, in general, upregulated by the diet and tumor growth does
not present an additive effect (Fig. 3K-N, hatched vs green). Additionally,
Il6 mRNA expression is upregulated in CR as compared to Chow or HFHS
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Table 1 | Effects of diet and tumor growth on serum lipid parameters in mice

CR CR tumor-bearing Chow Chow tumor-bearing HFHS HFHS tumor-bearing
Total triglycerides 0.48 £0.09 0.28 £0.03° 0.39+0.05 0.79+0.12° 0.69 +0.03* 0.92+0.11°¢
Total CHOL 0.64 +0.04 0.52+0.03 0.61+0.03 0.75+0.05"° 0.87 +0.03* 0.96 +0.07°°
Total HDL 0.21+0.03 0.20+0.02 0.15+0.02 0.20+0.02 0.28 +0.02° 0.21+0.02°
Total LDL 6.78 £ 0.60 8.07 £0.38° 7.88+0.45 11.01 £1.27° 8.36 +0.86*° 23.11 £2.63%%

Serum lipid profile in all tumor-free or tumor-bearing mice from CR, Chow, and HFHS groups. Serum parameters are in pg/uL. All plotted values are mean + S.E.M. of four to five animals. For statistics, two-
way ANOVA followed by Tukey’s post-test was used and P < 0.05 was considered statistically significant.

Serum parameters are in pg/uL. Data are presented as means + SEM (n = 4-5).
CHOL cholesterol, LDL low-density lipoprotein, HDL high-density lipoprotein.
“Significantly different compared to CR.

“Significantly different compared to Chow.

“Significantly different compared to CR tumor-bearing.

“Significantly different compared to HFHS.

“Significantly different compared to Chow tumor-bearing.

control groups (Fig. 3]). Curiously, particularly in the CR group but to a
lesser extent in the Chow group too, Il6 expression is upregulated in tumor-
bearing animals as compared to controls (Fig. 3]). Finally, we evaluated
senescence markers, p21, p16, and TERT (Fig. 30-Q), and SIRT1, phos-
phorylated p53 and pRB, as well as, proliferating cell nuclear antigen
(PCNA) expression by immunoblotting (Figs. 3R and S3b-e)), which
supported that diet impacts the cellular senescence process according to the
caloric intake (CR < Chow < HFHS). Nevertheless, the growing tumor
substantially increases the expression of p21 and p16 in all experimental
groups (Fig. 30, P, black vs hatched bars) whereas we observed a negative
correlation between TERT expression and tumor size (Figs. 3Q and 1D, E).

Further, we investigate hepatic metabolism to evaluate the insulin
signaling pathway. For this, half of the animals in all groups were challenged
by intraperitoneal administration of insulin (2IU/kg) 15min before
euthanasia. The main proteins of the insulin signaling pathway were eval-
uated by immunoblotting of mice liver homogenates (Fig. 4A; densitometric
analyses of the Western blots are plotted in S4). We evaluated the expression
of the B-subunit of insulin receptor (IRP), where we observed a reduction in
its expression in all tumor-bearing mice, regardless of the diet regimen
(Figs. 4A and S4a). Analyzing the AKT phosphorylation at Thr308 and
Serd73 residues, we show that all groups respond to the hormone by
increasing their insulin-stimulated phosphorylation (Figs. 4A, S4b, ). The
presence of tumors does not induce a modulation of the AKT (Thr308)
phosphorylation level (Figs. 4A and S4b, hatched vs black bars, saline
groups). However, we observed a significant reduction in AKT (Ser473)
phosphorylation in tumor-bearing mice in the HFHS group
(Figs. 4A and S4c, pink bars) compared to their tumor-free counterparts.
Next, we assessed mTOR phosphorylation and its downstream effector,
p70S6K. In the CR and Chow groups, tumor-bearing mice showed
increased levels of mTOR phosphorylation as compared to their controls
(Figs. 4A and S4d). However, in the HFHS group, tumor-bearing mice had
lower basal phosphorylation levels of mTOR as compared to the control
mice and were not as responsive to insulin as the other tumor-bearing
groups—Chow and CR (Figs. 4A and S4d). Indeed, mTOR downstream
effector phosphorylation revealed that the HFHS control group is insulin-
resistant, which is aggravated by tumor growth (Figs. 4A and S4e for p-
p70S6K/p70S6K). Therefore, we assessed whether insulin signaling could be
compromised by an increase in PKC phosphorylation levels. In fact, our
data indicates that PKC is more phosphorylated at Thr514 in tumor-bearing
mice than in their non-tumor counterparts (Figs. 4B and S4f). Moreover,
HFHS treatment stimulated this phosphorylation in basal and insulin-
stimulated mice, but maintained the additional effect promoted by tumor
growth (Figs. 4B and S4f). Overall, these data indicate that tumor growth
induces a reduction in IRP expression as well as an increase in pPKC
(Thr514), which compromises insulin signaling in the liver, particularly in
the HFHS group. This is concurrent with other studies that report a pro-
nounced sex difference in sensitivity to Western-like diets, with male mice
becoming more obese, insulin resistant, and tolerant to impaired glucose

than female mice’ ™. Thus, our data support that tumor growth induces
insulin resistance even in female mice.

We next analyzed lipid metabolism in the liver through immuno-
blotting (Fig. 4C; densitometric analyses of the Western blots are plotted in
$4). Our results revealed a significant increase in ACLy phosphorylation
(Ser455) induced by insulin in all groups (Figs. 4C and S4g). The presence of
tumors was found to trigger increased phosphorylation of ACLy in CR mice
but induce a reduction in pACLy (Ser455) levels in the Chow and HFHS
groups (Figs. 4C and S4g). The inactive form of ACC—thatis, pACC (Ser79)
—did not respond to insulin stimulation in both control and tumor-bearing
groups. Indeed, we observed increased phosphorylation in all HFHS groups
as compared to their Chow counterparts (Figs. 4C and S4h). Moreover,
there was a reduction in the expression of ACC in the HFHS group as
compared to the Chow group (Figs. 4C and S4i), thereby indicating that this
enzyme is inhibited in the liver of HFHS mice. Finally, we evaluated the
expression of SCD1, an important marker of lipid metabolism. Our results
revealed that SCD1 expression is not modulated by diet or insulin stimu-
lation in control groups (Figs. 4C and S4j, hatched and gray bars). However,
in tumor-bearing mice from all groups, this enzyme was found to be less
expressed compared to their control counterparts (Figs. 4C and S4j). Fur-
thermore, we analyzed the gene expression of proteins involved in lipid
metabolism by qPCR. In the CR group, Scdl mRNA was upregulated as
compared to the Chow group, and in tumor-bearing mice, Scdl was
upregulated as compared to the control group (Fig. 4D). Yet, the down-
regulation of SCD1 reported in Fig. 4C is confirmed by qPCR for the HFHS
group as compared to the Chow or CR groups (Fig. 4D). Conversely, we
observed an increase in Fgf21 expression in mice from the HFHS group,
mainly in the tumor-bearing HFHS (Fig. 4E). Furthermore, our results
indicated an increase in lipogenesis in the hepatocytes induced by the
presence of tumors, as evidenced by the increased expression of the tran-
scriptional factor XbpIs (Fig. 4F) and upregulation of APOB, thereby sug-
gesting increased triglyceride exportation by the liver (Fig. 4G). Moreover,
we evaluated fatty acid mobilization and oxidation through the expression
of Cd36, Pgcla, Cptla, and Acadl (Fig. 4H, K, respectively). The overall
results suggest that these genes are more expressed in the CR group in which
a positive modulation by tumor growth is observed. Tumor growth also
upregulated fatty acid mobilization and oxidation genes in Chow mice,
thereby indicating the higher demand for energy in the liver upon the tumor
growth process. In the HFHS group, our data suggest a reduction in fatty
acid oxidation.

Tumor growth reduces the systemic inflammatory process

Given the importance of the inflammatory process for nonalcoholic fatty
liver disease and insulin resistance, we evaluated the expression of the
markers and mediators of this process. We began by evaluating the Kupffer
cell population in the liver by analyzing the expression of F4/80, where we
observed that the HFHS diet promotes a significant increase in Kupffer cells
compared to the Chow diet, which is not modulated by tumor growth
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(Fig. 5A). Further, we observed a decrease in TLR4 expression levels due to
the caloric intake in both control and tumor-bearing animals (Fig. 5B, C).
This expression pattern was also observed for pIKK (Fig. 5B, D) and iNOS

A B C

(Fig. 5B, E), thereby indicating an attenuated inflammatory profile in HFHS
mice as compared to Chow mice. Curiously, tumor growth downregulated

the inflammatory markers in all dietetic regimens (Fig. 5B, E).
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Additionally, we analyzed the inflammatory process in gWAT.
Figure 5F depicts macrophage infiltration into gWAT and confirms that,
such as in the liver, F4/80 mRNA expression increased in the HFHS mice
compared to that in the tumor-free Chow or CR mice. Interestingly, the
tumorigenic process reduced macrophage infiltration in the gWAT
across all groups (Fig. 5F, hatched vs black bars). Furthermore, the Tnfa

B Tumor-bearing

SIRT1

p-p53 (S15)

53 kDa- p53

ZZ Control 110kDa - p-pRB (5807/811)

36kDa - PCNA

36 kDa - GAPDH

mRNA expression was reduced in Chow and HFHS mice compared to
that in the CR group, which is not modulated by the tumor growth
process (Fig. 5G). Figure 5H presents a representative immunoblotting,
where a reduction in the expression of TLR4 (Fig. 5H, I) and iNOS
(Fig. 5H, J) as a function of increasing caloric intake (CR > Chow >
HFHS) is evident, which is not modulated by the tumor growth.
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Fig. 3 | HFHS diet and tumor growth induce liver senescence, steatosis, and
fibrosis. A Liver triglycerides levels. B Histopathology of liver steatosis. Repre-
sentative liver sections from CR, Chow, and HFHS tumor-free (control) and tumor-
bearing mice (T-B mice) were stained with hematoxylin and eosin (scale bar = 30
uM). C Steatosis score. D Liver cholesterol levels. E, F AST and ALT liver enzyme
levels. G Collagen staining with Picrosirius red stain. Scale bar = 20 uM. H Silver
impregnation to detect reticulin fibers. Scale bar = 20 uM. I Reticular fibers quan-
tification. J Interleukin 6 (1I6) mRNA expression. K-N Liver fibrosis markers
evaluated by qPCR. K Vimentin (Vim), L Transforming growth factor beta (Tgfb),
M Matrix metalloproteinase-9 (Mmp9), and N Keratin 18 (Krt18). O-Q Senescence

markers: p21(Cdknla) (0), p16 (Cdkn2a) (P) and Telomerase reverse transcriptase
(TERT) (Q) mRNA expression. R Representatives immunoblot analysis of Sirtuin 1
(SIRT1) expression, phosphorylated p53 (S15) and total p53 expression, phos-
phorylated Retinoblastoma protein (pRB) (S807/811) expression, and Proliferating
cell nuclear antigen (PCNA) expression. GAPDH was used as a loading control. The
results represent three independent experiments (n = 3). Western blot densitome-
tries are in S3. Each test was performed with at least nine animals (n = 9-20) and
plotted values are mean + S.E.M. P<0.05; "P<0.01; ' P<0.001; P <0.0001.

For all panels, a two-way ANOVA was performed, followed by Tukey’s post-test.

Moreover, TNFa expression was reduced in the HFHS group when
compared to the Chow group (Fig. 5H, K), thereby reproducing in
gWAT the reduced inflammatory profile observed in the liver. In general,
these results indicate that the tumor growth process has a rather limited
influence on the systemic inflammatory process, with the main deter-
mined by the type of diet consumed.

Tumor growth modulates adipose tissue metabolism

With the aim of clarifying the molecular mechanisms involved in the
crosstalk between adipose tissue and the tumor, we evaluated lipogenesis,
the browning process, and the insulin signaling pathway in gWAT. As
previously described, adipose tissues are the tissues that had their weight
reduced during the 15 days in which the tumor growth process developed in
HFHS animals (Fig. 1G, H). This can be correlated with the increased
PGCla expression in tumor-bearing mice as compared to their control
counterparts in the HFHS group (Figs. 6A and S5a). Indeed, PGCla
expression decreases as the energy intake increases (CR > Chow > HFHS;
Figs. 6A and S5a). In the control groups, PPARy expression was not affected
by caloric intake, although in tumor-bearing mice PPARy decreased as the
caloric intake increased (CR>Chow >HFHS). Yet, its expression was
increased in the CR and inhibited in HFHS tumor-bearing mice compared
to diet-matched controls (Figs. 6A and S5b). Assessing ACLy and ACC
expression, our results indicated a profound reduction in their expression in
HFHS mice compared to the other groups (Figs. 6A, S5d, f). ACLy and ACC
phosphorylation follows the same pattern seen for total proteins; however,
when we evaluated pACLy (Ser455)/ACLy and pACC (Ser79)/ACC, our
results reveal an increase in the phosphorylation of these enzymes in the
HFHS compared to Chow mice (Figs. 6A, S5¢, e), without modifications
induced by tumor growth. Nevertheless, the expression of other lipogenic
enzymes—such as SCD1 (Figs. 6A and S5g), Fasn (Fig. 6B), and ATGL
(Fig. 6C)—followed a similar pattern and, thus, revealed a reduction in their
expression in accordance with the caloric intake. Additionally, the down-
regulation of Fasn mRNA expression was strongly intensified by tumor
growth (Fig. 6B). Reduction in SCD1 expression is normally associated with
an increase in adiponectin expression, as confirmed by evaluating Adipog
mRNA expression in gWAT (Fig. 6D). Furthermore, Prdm16 and Ucpl
expression - both WAT browning markers—were upregulated in HFHS
mice as compared to the other dietetic regimens (Fig. 6E, F). This is parti-
cularly clear when we look at the prominent increase in UcpI expression in
tumor-bearing HFHS mice (Fig. 6F, hatched vs brown bars), the relevance of
which is exacerbated by the overexpression of PGCla in this same group
(Figs. 6A and S5a).

Finally, we evaluated the response to insulin stimulation in gWAT.
Although there were no significant differences in the expression of IRp
among all groups (Figs. 6G and S5h), PI3K phosphorylation (Tyr508) was
significantly reduced in tumor-bearing mice compared to their tumor-free
peers in each feeding regimen (Figs. 6G and S5i). Furthermore, insulin
responsiveness was observed when we evaluated the phosphorylation of the
downstream effectors of the insulin pathway, pAKT (Thr308) and pAKT
(Ser473), pmTOR (Ser2448), and p-p70S6K (Thr421/Ser424). In general,
we observed that the diet promoted a decrease in insulin signaling in
accordance with the caloric intake (CR > Chow > HFHS), while the tumor
growth process rescues the responsiveness to insulin in gWAT

(Figs. 6G and S5j-m). Overall, we can infer that tumor growth reverts
insulin resistance in gWAT triggered by increased caloric intake.

In an integrated manner, our data enable us to propose a model of
crosstalk between tumors and liver and adipose tissues based on the results
obtained in female mice fed the HFHS diet, which is presented in Fig. 6H.

Discussion

The daily lives and habits of humans change over the years as a result of
different lifespan stages and ages. In this study, we investigated the metabolic
consequences induced by changing the dietary regimen of young adult mice
(after 12 weeks of age) and their impact on tumor growth. The findings of
this study have to be seen in light of some limitations. The first is that we
have used only female C57BL/6] mice, an underrepresented group due to
the inequality of data regarding biological responses in females™. In this
context, current data indicate that the prevalence of obesity and severe
obesity is higher in women than in men™” which reinforces the relevance of
studying the effects of a hypercaloric diet in females. Furthermore, previous
data indicate that, for most applications, female mice, across multiple rodent
species and traits, tested through their hormonal cycle display no more
variation than males do, although biological responses may vary between
genders™ . Thus, generalizability is subsequently impacted regarding sex-
based differences. The second limitation concerns the melanoma, a sexually
dimorphic cancer”. However, the current study used B16F10 cells because it
is a model previously used in our studies in immunocompetent animals'>"".
In vivo, intradermal implant of B16F10 cells in C57BL/6 mice results in
aggressively growing tumors showing efficient growth kinetics following a
range of inoculation with a doubling time of approximately 2-3 days. In our
previous studies, tumor growth of B16F10 cells was similar in males and
females'*"”. Our goal here was to investigate the physiological responses
induced by different dietary regimens on the senescence process and,
consequently, on the biology of tissues, such as WAT and liver, during
tumor growth.

We have previously shown and ratified here, that a “westernized”
HFHS diet can accelerate the senescence process in animals subjected to this
dietary regimen (Fig. 35-U, and ref. 12), but this is not so for the ectopic
tumors that are grown in these animals. A counterpoint to HFHS diet-
induced aging could be achieved through caloric restriction, as demon-
strated in several studies” ™. Therefore, we also evaluated this dietary
regimen in our model, where we showed that the tumor growth process
prevents the benefits promoted by CR, for example, increasing the expres-
sion of senescence markers p21 and pl6 (Fig. 3S, T), among others
(Figs. 3U and S3a-e), in the liver. This effect of the tumor on the senescence
process occurs despite the lower growth of tumor mass observed in CR mice
compared to that in HFHS and Chow groups. Moreover, apart from the
entire body, diet also feeds the tumor, as tumor weight and volume were
found to increase as a function of increasing caloric input (CR > Chow >
HFHS), as well as modulating tumor metabolism (Fig. S2{-1).

Indeed, tumors extracted from HFHS mice were found to have
increased markers of uptake and oxidation of fatty acids, supporting the
accelerated growth of these tumors and also explaining the reduction in
WAT weight in these animals. In this context, adipose tissue is associated
with metabolic syndromes and functions as an endocrine organ secreting
cytokine, growth factors, and free fatty acids (FA), thereby supporting
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The uptake of free circulating FAs by

tumors by FABP4 and CD36 promotes the activation of AMPK and, con-
sequently, the increase in B-oxidation due to the greater expression of car-
nitine palmitoyltransferase 1 (CPT1a) and acyl-CoA oxidase 1. In fact,
higher CD36 expression is associated with a worse prognosis in different
types of cancer*”". According to these authors, CD36 plays a key role in the
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metabolic crosstalk between tumors and the microenvironment, inducing
an exogenous lipids uptake on tumors to sustain the rapid proliferative rate
of these cells”. Our data indicated that the expression of CD36 and CPT1a
are exacerbated in the tumors of HFHS-fed mice, when compared to the
other groups. Indeed, the increased uptake and oxidation of FAs by tumors
and the increase in PPARa activation were accompanied by the induction of
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Fig. 4 | Tumor and diet-induced hepatic insulin resistance, impaired lipid
metabolism, and liver-WAT crosstalk. To evaluate the insulin signaling pathway, a
proportion of the animals received an insulin shot before euthanasia as described in
the Materials and Methods section. A Representatives immunoblot analysis of
insulin receptor B (IRB) expression, phosphorylated AKT (T308 and S473), mnTOR
(52448), and Ribosomal protein S6 kinase beta-1 (p70S6K) (T421/S424) expression.
The total proteins or B-actin were used as loading control. B Representative
immunoblotting of phosphorylated PKC (Thr514) and total PKC in liver lysates
(GAPDH was used as loading control). C Representative immunoblotting of
phosphorylated ATP citrate lyase (ACLy) (5455), acetyl-CoA carboxylase (ACC)
(879), and total ACLy, ACC, and stearoyl-CoA desaturase 1 (SCD1) in liver lysates

(HSP90 was used as loading control). The results represent three independent
experiments (n = 3). Western blot densitometries are in S4. D Scd1. E Fibroblast
growth factor 21 (Fgf21). F Spliced form of X-box binding protein 1 (Xbp1s). G ApoB
mRNA expression. H Cd36. I Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (Pgcla). J Cptla and K Acyl-CoA dehydrogenase long chain
(Acadl) mRNA expression in liver from CR, Chow, or HFHS fed animals from all
groups. Plotted values are mean + S.E.M. 'P<0.05; "P<0.01; P <0.001;

"""P <0.0001. For all panels, a two-way ANOVA was performed, followed by
Tukey’s post-test. QPCR reactions for each sample were performed in duplicate. All
liver samples were analyzed.

the epithelial-mesenchymal-transition (EMT), which is consistent with the
increased incidence of metastasis>'>. Furthermore, our data indicated
wasting and browning of gWAT underway in these animals, which may
have been induced by the overexpression of tumor-derived parathyroid-
hormone-related protein (Pthlh) and insulin-growth factor binding protein
(Igfbp3) in tumors, thereby demonstrating the crosstalk between these tis-
sues. IGFBP was also increased in tumor tissues, which disrupts both insulin
and IGF-1 signaling and operates as an inducer of cachexia as a multiorgan
syndrome’’. In turn, PTHrP plays an important role in the wasting of gW AT
by driving the expression of thermogenic genes in adipose tissue™. Fur-
thermore, the increased Pthih expression observed in tumors from HFHS
mice (Fig. 2]) may be due to an increase in tumor metabolic acidosis™*,
since we observed a gradual increase in intratumoral lactate levels according
to caloric intake, which is reflected in the serum levels of this marker.
Moreover, there is an interorgan futile cycle, such as the Cori cycle, which
can be activated between the liver and the tumor™. This cycle plays an
important role in compensating for tumor-induced acidosis, which occurs
due to the use of tumor-derived lactate for gluconeogenesis. Indeed, cir-
culating lactate levels were higher in HFHS tumor-bearing mice, while its
levels were lower in the livers of these mice compared to Chow mice. On the
other hand, glycemia in this group was increased, thereby indicating that
lactate can serve as a gluconeogenic substrate. Furthermore, the reduction in
lactate levels in the liver of HFHS-fed mice may be associated with a
reduction in fatty acid synthesis™; this reduction was even more pronounced
in HFHS tumor-bearing mice. In fact, we showed here that there is a lower
lipids synthesis in the liver and WAT with an increase in the caloric intake
provided by the diet; this is further enhanced by the tumor growth (Figs. 4C
and 6A).

Dyslipidemias are common conditions associated with fat-rich diets
and are strong risk factors for other conditions such as atherosclerosis,
cardiovascular diseases, type 2 diabetes, and cancer”’. Our data here indicate
a different point of view on this correlation since the growing tumor, per se,
induced a dyslipidemic profile and aggravated HFHS diet-induced dysli-
pidemia. This statement is based on a series of results as follows. The serum
levels of triglycerides, LDL, and cholesterol are augmented in tumor-bearing
HFHS-fed animals as compared to Chow or control HFHS-fed animals
(Table 1) supporting the dyslipidemic profile. Moreover, serum metabo-
lomic analysis revealed the upregulation of phospholipid derivatives and
lipid-modified amino acids in the tumor-bearing HFHS-fed group, sug-
gesting an enhanced lipoprotein metabolism by this group (Fig. S6). Par-
ticularly, this last result combined with the high serum triglycerides is
indicative of elevated VLDL production and released by the livers of these
animals or increased VLDL metabolism via lipoprotein lipase by other
tissues. This effect seems to be specific for phospholipids since other
metabolites related to fatty acids synthesis and degradation are not sig-
nificantly modified in the liver (Fig. S4k-n) nor in WAT (Fig. S5n-q).
Indeed, the liver lipid profile indicates that increased VLDL production is a
result of the HFHS diet since the effects of the diet are not modified in the
liver by the growing tumor (Fig. S40-1), butin WAT (Fig. S5r-u). Moreover,
high lipoprotein lipase activity is a characteristic of cancers due to the
increased need for phospholipids to support cellular division and growth™.

Stearoyl CoA desaturase 1 (SCD1) is a critical lipogenic enzyme and its
reduced expression is associated with several other physiological functions,

including protection against diet-induced adiposity, hepatic steatosis, and
hyperglycemia™. Additionally, the inhibition of SCD1 promotes increased
liver expression and elevated plasma levels of the fibroblast growth factor 21
(FGF21). Our data are in accordance with the literature and indicated an
additional effect of the tumor growth process—increasing the expression of
Scdl only in tumor-bearing CR mice and a reduction in its expression in
accordance with the caloric intake. Therefore, we observed an increase in
Fgf21 expression, particularly in HFHS tumor-bearing mice. Further, the
hepatokine FGF21 has a protective effect against diet-induced obesity,
increases insulin sensitivity, stimulates lipolysis in adipose tissue, and
decreases triglyceride levels in diabetic rodents™. Here, the upregulation of
Fgf21 in HFHS tumor-bearing mice (Fig. 4E) correlated with lower fasting
insulinemia, with no impact on fasting glycemia (Fig. IN), a strong indicator
of improvement of WAT insulin sensitivity of these mice. However, this
increase in systemic insulin sensitivity induced by FGF21 was not observed
in the liver”, thereby confirming the results observed in this study
(Figs. 4A and S4). Furthermore, XBP1s, the FGF21 transcriptional factor, is
usually upregulated in liver tissues of NASH patients and is known to
increase lipogenesis in hepatocytes®. In this study, XPB1s levels increased in
response to the tumorigenic process in mice from all groups compared to
their tumor-free counterparts (Fig. 4F). Further, APOB upregulation is
related to an increase in TG export, while the expression of Cd36 is asso-
ciated with the uptake of FAs. CD36 is a fatty acid translocase that directly
contributes to the development of fatty liver under conditions of high free
FA modulating the rate of FA uptake by hepatocytes”’. Here, serum para-
meters for TG and LDL were found to be compatible with the ApoB
expression in the liver (Table 1 and Fig. 4G). The elevated cholesterol levels
in the serum of HFHS mice and, mainly, HFHS tumor-bearing mice
observed in this study are in line with data from the literature that reveal that
serum CHOL levels are associated with an increased incidence and recur-
rence of several types of cancer’™”. Furthermore, the increase in ApoB
expression—with reduced hepatic cholesterol content observed in HFHS
tumor-bearing mice (Fig. 3D)—indicated that the export of lipoproteins is
favored in these mice.

The induction of cachexia due to increased energy expenditure and the
activation of tumor-triggered thermogenesis led to the browning of
WAT®*. As confirmed here, the levels of UCP1, a hallmark of the adipocyte
browning process, are dramatically upregulated in the tumor-bearing HFHS
group, the same group where WAT wasting was observed. In addition to
UCP1, tumors also induce the expression of other browning markers, such
as Prdm16 and Adipoq. The latter is directly associated with the effect of
FGF21 on adipose tissue®®,

Furthermore, we observed a downregulation of genes associated with
FA oxidation (Pgcla, Cptla, and Acadl) in the livers of tumor-bearing mice
according to the caloric intake provided to these animals. Moreover, PGCl«,
in addition to being a negative regulator of hepatic FGF21 expression™,
promotes an increased expression of enzymes involved in gluconeogenesis
and FA oxidation, among other actions*. In mice, the decrease in PGCla
expression induces steatosis and hepatic insulin resistance in animals sub-
jected to HFD®*”. However, this condition increases whole-body insulin
sensitivity and glucose tolerance, partially due to FGF21 upregulation. In
fact, our data reveal that insulin signaling was compromised in the liver of
HFHS tumor-bearing mice but not in the gWAT of these animals, where it
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Fig. 5| Liver and gWAT inflammation are downregulated by dietary caloric input
and tumor growth. A qPCR analysis of liver Kupffer cells/macrophage population:
F4/80 expression. Immunoregulation in liver lysates was evaluated by Western blot
in control (tumor-free) and tumor-bearing samples from CR, Chow, or HFHS-fed
mice. B Representative immunoblotting of Toll-like receptor 4 (TLR4), phos-
phorylated IkappaB kinase (IKK) (S176/180), IKKa, and inducible nitric oxide
synthase (iNOS) in liver samples. eEF2 was used as a loading control. (C-E) Western
blotting densitometries quantifications of C TLR4/eEF2, D pIKK (S176/180)/IKKa,
and E iNOS/eEF2. The results are from three independent experiments (n = 3).

F, G qPCR analysis of gWAT macrophage infiltration, F F4/80, and G Tnfa

expression. Immunoregulation in gWAT lysates was evaluated by Western blot in
control (tumor-free) and tumor-bearing samples from CR, Chow, or HFHS-fed
mice. H Representative immunoblotting of TLR4, iNOS, and TNFa protein
expression in gWAT lysates. B-actin was used as a loading control. I-K Western
blotting densitometries quantifications of I TLR4/Actin, J iNOS/pB-actin, and

K TNFa/B-actin. The results represent three independent experiments (n = 3).
Plotted values are mean + S.EM. P <0.05; "P<0.01; P <0.001; P <0.0001.
For all panels, a two-way ANOVA was performed, followed by Tukey’s post-test.
qPCR reactions for each sample were conducted in duplicate and all tissue samples
were analyzed.

was partially reestablished. This is particularly evident when we evaluate the
phosphorylation of pAKT (S473) and p-p70S6K (T421/S424) in gWAT.
Furthermore, the reduction in hepatic SCD1 expression leads to the upre-
gulation of GLUT4 and adiponectin in adipose tissue™, thus favoring insulin
signaling.

Increased adiposity impacts tumorigenesis, as the excess of nutrients
and increased levels of pro-inflammatory cytokines act as drivers of
tumorigenesis in different types of cancer’*””. Inflammatory and insulin
responses are regulated by TLR4 expression”. In this study, we showed that,
in both liver and gWAT, the increase in caloric intake was associated with a
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reduction in TLR4 expression (Fig. 5B, C, as well as H, I). Moreover, growing
tumors potentiated TLR4 downregulation in the liver. Therefore, the sys-
temic inflammatory response in these animals was disrupted. These results
may be due to several factors. For example, hyperinsulinemia—which
occurs concomitantly with obesity—downregulates TLR4 expression’.
Furthermore, aging—which is accelerated by an HFHS diet'*—also induces
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a decrease in TLR4 expression””. Nevertheless, we also need to consider that
here we evaluated all these processes in female mice, in which estrogen levels
can modulate TLR4 expression’® and aromatase levels are altered in parallel
with the increase in adiposity””®. Furthermore, TLR4 is differentially
modulated by saturated and unsaturated fatty acids’*". Our HFHS diet had
approximately 30% saturated fat and 70% unsaturated fat, with mainly oleic
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Fig. 6 | Tumor growth induces browning and reverts insulin resistance in WAT
from HFHS-fed mice. Lipid metabolism regulation in gWAT lysates was evaluated
by western blot in control (tumor-free) and tumor-bearing samples from CR, Chow,
or HFHS-fed mice. A Representative immunoblotting of PGCla, PPARY, phos-
phorylated ACLy (S455) and ACC (S79), and ACLy, ACC, and SCD1 protein
expressions in gWAT lysates. Actin was used as a loading control. B-D qPCR
analysis of B fatty acid synthase (Fasn), C adipose triglyceride lipase (ATGL,
Pnpla2), and D Adiponectin (Adipoq) expression. E, F Browning markers expres-
sions: E PR/SET domain 16 (Prdm16) and F uncoupling protein 1 (Ucpl) mRNA
expression. To evaluate the insulin signaling pathway, a proportion of the animals

received an insulin shot before euthanasia, as described in the Materials and
Methods section. G Representatives immunoblot analysis of insulin receptor § (IRf)
expression, phosphorylated PI3K (Y508), AKT (T308 and S473), mTOR (52448),
and p70S6K (T421/S424) in gWAT lysates. Total proteins or -actin were used as
loading control. Western blot densitometries are in S6. H Model of crosstalk between
tumor-liver-WAT in HFHS mice. Created in BioRender. Xavier do Nascimento
Junior, J. (2024) BioRender.com/e43£529. Plotted values are mean + S.E.M.
"P<0.05; "P<0.01; "P<0.001; P <0.0001. For all panels, a two-way ANOVA
was performed, followed by Tukey’s post-test. qQPCR reactions for each sample were
conducted in duplicate and all tissue samples were analyzed.

and linoleic acids. Therefore, the impairment of inflammation observed
here may be an adaptive response of these female mice to various disruptors
of the immune process.

Our previous studies indicate that high-caloric diets rich in refined
sugars and excess fat can disrupt metabolic homeostasis******. In this study,
an HFHS diet promoted hepatic steatosis, which is not affected by the tumor
growth process in tumor-bearing mice. The fatty liver disturbed Picrosirius
red staining®, yet HFHS tumor-free mice presented elevated AST and ALT
levels as compared to the mice in the other two groups. These enzymes, in
addition to being indicators of liver damage, are also indirect markers of
initial-phase liver fibrosis, which was supported by lower levels of reticular
fibers in mice in the HFHS group as compared to those in the CR or Chow
groups (Figs. 3E, F, as well as H, I). However, we observed a reduction in
serum AST and ALT levels in HFHS tumor-bearing mice compared to their
control counterparts. Nonetheless, reticular fibers, Keratin 18, Vimentin,
and TGFp were upregulated in the HFHS group livers and their expression
was triggered by the tumorigenic process in the other groups. TGF-$ can
induce EMT, and fibrogenesis** and is associated with hepatocellular car-
cinoma (HCC)”. Furthermore, IL-6 is a potent hepatocyte mitogen
implicated in liver regeneration®. These findings strongly suggest that there
was a modulation of liver physiology in response to the presence of an
ectopic tumor in these mice, which was higher in the HFHS group.

Finally, our results revealed the contribution of exacerbated caloric
intake to metabolic syndrome and aging-related diseases in addition to its
role in encouraging the incidence and progression of cancer. Nevertheless,
further research on the molecular mechanisms underlying the observed
metabolic and inflammatory alterations in aging and cancer will be neces-
sary. Therefore, understanding the nutritional-based interventions' effects
on dysbiosis, failing immunosurveillance, and gender responses to this age-
associated metabolic syndrome is the current focus of our research.

Data availability

The data used to support the findings of this study are available in Sup-
plemental Data 1 and 2. Uncropped blot/gels are available in Supplemental
Material S8. Metabolomic raw data are available in the repository Dryad
(https://datadryad.org)”’. All other data are available from the corre-
sponding author upon reasonable request.
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