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Abstract

P53 has been implicated in the pathogenesis of obesity and diabetes; however, the mechanisms and
tissue sites of action are incompletely defined. Therefore, we investigated the role of hepatocyte
p53 in metabolic homeostasis using a hepatocyte-specific p53 knockout mouse model. To gain
further mechanistic insight we studied mice under two complementary conditions of restricted
weight gain: vertical sleeve gastrectomy (VSG) or food restriction. VSG or sham surgery was
performed in high fat diet-fed male hepatocyte-specific p53 wild-type and knockout littermates.
Sham-operated mice were fed ad /ibitum or food restricted to match their body weight to VSG-
operated mice. Hepatocyte-specific p53 ablation in sham-operated ad /ibitum-fed mice impaired
glucose homeostasis, increased body weight and decreased energy expenditure without changing
food intake. The metabolic deficits induced by hepatocyte-specific p53 ablation were corrected,
in part by food restriction, and completely by VSG. Unlike food restriction, VSG corrected the
effect of hepatocyte p53 ablation to lower energy expenditure, resulting in a greater improvement
in glucose homeostasis compared with food restricted mice. These data reveal an important new
role for hepatocyte p53 in the regulation of energy expenditure and body weight and suggest that
VSG can improve alterations in energetics associated with p53 dysregulation.
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INTRODUCTION

The transcription factor, p53, is a tumor suppressor with a well-defined role in the
maintenance of normal cell growth and genomic stability through the regulation of
proliferation, apoptosis, and senescence (1). More recently, it has been established that

p53 is also a key regulator of cellular metabolism (1). In particular, p53 suppresses

aerobic glycolysis, upregulates mitochondrial oxidative phosphorylation, and promotes
[B-oxidation of fatty acids (2). These p53 activities counteract the Warburg effect in

which cancer cells favor aerobic glycolysis over mitochondrial oxidative phosphorylation
to gain a survival advantage (3). Thus, disruption of p53 signaling is a key pathogenic
mediator of cancer, with over 50% of all cancer types being associated with somatic

point mutations in p53 (4). However, the metabolic actions of p53 have been shown to

be highly relevant in the maintenance of metabolic homeostasis in non-cancerous states

as well. Numerous preclinical studies in p53 knockout mouse models reveal that p53
ablation promotes metabolic impairment (5-8). Furthermore, impairments in p53 signaling
in humans are associated with metabolic disease. For example, certain p53 single nucleotide
polymorphisms are associated with diabetes in humans and promote obesity and glucose
dysregulation when introduced into mice (9). However, the mechanisms and key tissue sites
of action by which p53 regulates whole body metabolic homeostasis remain incompletely
defined.

Our understanding of the metabolic role of p53 is limited by a lack of studies conducted

in tissue-specific knockout mouse models, a lack of studies performed in nontransformed
cells and tissues, and a lack of studies assessing p53 function in complementary conditions
of metabolic stress and intervention. Several preclinical studies report that dysregulation of
p53 signaling results in disruptions in hepatic metabolism (10, 11). Furthermore, metabolic
stressors, such as high fat diet (HFD) feeding, increase hepatic p53 expression (9, 12),
suggesting that p53 may function as a compensatory mechanism against obesity-induced
hepatic metabolic dysregulation. Therefore, we sought to define the role of hepatocyte p53
in metabolic homeostasis using a HFD-fed hepatocyte-specific p53 knockout mouse model.
In parallel, we studied HFD-fed wild-type and knockout mice under two complementary
conditions of restricted weight gain to define the key mechanisms by which hepatocyte
p53 regulates whole body metabolism. Specifically, we studied mice after vertical sleeve
gastrectomy (VSG) or food restriction that was tailored to match body weight to VSG-
operated mice.

Bariatric surgery, such as VSG, is defined as a surgical manipulation of the gut that is
performed for the purpose of body weight loss. It is currently the most effective long-term
treatment for obesity and often results in remission of type 2 diabetes prior to weight

loss (13, 14). While these metabolic improvements are partially related to body weight
loss, these effects are also mediated by factors independent of weight loss and restricted
caloric intake (15). Unlike food restriction, bariatric surgery improves energy homeostasis
at the cellular level, with patients demonstrating increased cellular energetic efficiency
and increased energy expenditure (16-19). Thus, we hypothesized that hepatocyte-specific
ablation of p53 would result in metabolic impairments that would be corrected, in part, by
food restriction and to a greater extent by VSG. Herein, we report that genetic ablation of
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hepatocyte p53 results in remarkable increases in body weight with an associated decrease
in energy expenditure. We found that the metabolic deficits induced by hepatocyte-specific
p53 ablation were corrected, in part by food restriction, and completely by VSG and the
associated restoration of energy expenditure.

MATERIALS AND METHODS

Animals and Diets

All experiments were performed in accordance with the Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and Use Committee

of Cornell University. Hepatocyte-specific p53 knockout mice on a C57BL/6J background
were generated by crossing an albumin Cre mouse line (B6N.Cg-Tg(Alb-cre)2Mdn/j) with
a floxed p53 mouse line (B6.129P2-Trp53t™M1BM/3) (Jackson Laboratories; Bar Harbor,

ME). Floxed p53 mice were generated as previously described and have been previously
demonstrated to exhibit deletion of the p53 gene from exon 2 to exon 10 when crossed with
the appropriate cre driver (20). gPCR analysis of p53 gene expression in mRNA extracted
from liver indicated 50% knockdown efficiency in this mouse model (Supplemental Figure
1). Study mice were individually housed and maintained in a temperature and humidity-
controlled room, with a 14:10-hour light-dark cycle. Starting at one month of age male
p53Hev+/+ (\WT) and p537€P~~ (KO) littermates were fed a HFD consisting of ground chow
(5012 LabDiets; St. Louis, MO) supplemented with 3.4% butter fat, 8.5% tallow, 13.1%
soybean oil, 3.5% mineral mix, and 1% vitamin mix (Dyets; Bethlehem, PA) by weight

for two months to produce an obese insulin resistant phenotype. At three months of age,
mice underwent sham or VSG surgery, as previously described (21, 22). Sham-operated
animals were either fed ad /libitum (S-AL) or weight matched (S-WM) to VSG-operated
mice. Weight matching was performed as previously described (23). Mice were maintained
on HFD throughout the study. The following groups were studied: S-AL-WT (7=10), S-
WM-WT (7=9), VSG-WT (r=11), S-AL-KO (r7=9), S-WM-KO (/7=10), VSG-KO (r=12).
Food intake and body weight were measured twice per week. A fasting blood sample was
collected at baseline (1 week before surgery), one month and three months after surgery for
assessment of glucose concentrations, serum triglycerides and serum cholesterol. An oral
glucose tolerance test was performed at 2 months after surgery, after a 6 hour fast (1 g/kg
body weight gavage with dextrose), as previously described (21). Oral glucose tolerance test
glucose measurements were made using a glucometer (One-Touch Ultra, Lifescan; Milpitas,
CA). Serum insulin concentrations were measured in a sub-set of mice (7=7-9 per group) by
ELISA (Millipore; Burlington, MA). Circulating triglyceride and cholesterol concentrations
were measured using enzymatic colorimetric assays (ThermoFischer Scientific; Waltham,
MA). Indirect calorimetry was performed at 2.5 months after surgery using a Promethion
Indirect Calorimeter (Sable Systems, Las Vegas, NV). Six-hour fasted mice were euthanized
3 months after surgery by an overdose of pentobarbital (200 mg/kg IP) for tissue collection.
At the time of sacrifice, three mice in the VSG-WT group and five mice in the VSG-KO
group had a mild contained granuloma and/or adherent tissue attached to the stomach.
However, study outcomes do not differ whether these mice are included or excluded from
data analysis, so these mice have been included in the data presented.
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Primary adipocytes were cultured by isolating and culturing the stromal vascular fraction
from inguinal fat from 5-6-week old, male, C57BL/6J mice, as previously described (24).
Once the cells were differentiated, cells were treated overnight with media that had been
conditioned with the plasma obtained from all experimental groups. mRNA was extracted
using Trizol (Invitrogen; Carlsbad, CA) and RNeasy kits (Qiagen; Hilden, Germany).

Histopathology

Liver samples were fixed in 4% PFA at the time of euthanasia and paraffin embedded.
Representative sections were obtained and stained with hematoxylin and eosin for scoring of
histologic changes. Sections were scored in a blinded fashion by a board-certified anatomic
pathologist for cell size variation, karyomegaly, lipidosis, lipid distribution, degeneration and
necrosis, cell alteration and hyperplasia, and oval cell hyperplasia.

Real-time quantitative PCR (qPCR)

Differential gene expression was measured by gPCR. Total RNA was extracted from liver
tissue using RNA STAT-60 (Tel-Test, Inc., Friendswood, TX), then reverse-transcribed for
gPCR as previously described (25). qPCR of p53, Ppary, Prdm16, Upcl, Puma, Ppara,
p21, Gek, and Sco2was performed using SYBR Green detection and threshold values were
normalized to the expression of the housekeeping gene. 7Hp was used as the housekeeping
gene for hepatic tissues and mouse primary white adipocytes, and to Pp/a for WAT. Primer
sequences used are presented in Table 1.

Statistics and data analysis

RESULTS

Data are presented as mean £ SEM. All statistical analyses were performed using GraphPad
Prism 8.00 for Mac (GraphPad Software). Data were analyzed by two-factor or three-factor
ANOVA with Bonferroni’s post-test, ANCOVA or Student’s t-test, as indicated. Differences
were considered significant at p<0.05.

Hepatocyte-specific p53 ablation increases body weight and adiposity which is normalized

by VSG and

food restriction

Cumulative food intake did not differ between genotypes (Figure 1A-B). However, S-AL-
KO mice exhibited dramatically elevated body weight and total white adipose tissue (WAT)
weight compared with S-AL-WT mice (Figure 1C-D, p<0.05). VSG reduced cumulative
food intake during the first 27 days after surgery compared to S-AL mice, independently of
genotype (Figure 1A, p<0.01); however, VSG-induced reductions in total cumulative food
intake only reached significance in VSG-WT mice (Figure 1B, p<0.01). S-WM mice had
to be food restricted to a greater degree than VSG-operated mice to match body weight

to the VSG-operated mice (Figure 1A-C, p<0.05). VSG and S-WM lowered body weight
independently of genotype (Figure 1C, p<0.05). WAT weight was elevated in S-AL-KO
compared with S-AL-WT (Figure 1D, p<0.001). VSG reduced WAT weight compared to
S-AL controls, independently of genotype (Figure 1D-E, p<0.05). Adipose depot weights
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did not differ between the S-WM and VSG-operated groups in either genotype (Figure
1D-E). These data demonstrate that hepatocyte-specific p53 ablation increases body weight
and adiposity independently of food intake and that this effect is corrected by VSG.

Hepatocyte-specific p53 ablation decreases energy expenditure which is normalized by

VSG

Given that hepatocyte-specific p53 ablation increased body weight and adiposity
independently of food intake, we assessed energy expenditure. Consistent with the
difference in body weight, 24-hour energy expenditure was decreased in S-AL-KO mice
compared with S-AL-WT mice (Figure 2A-B, p<0.05), suggesting that reduced energy
expenditure contributes to the effect of hepatocyte-specific p53 ablation to increase body
weight. VSG increased 24-hour energy expenditure by 17% compared to S-WM in
p537eP*/* mice (Figure 2A-B, p<0.05). VSG corrected hepatocyte-specific p53 ablation-
induced impairments in energy expenditure, as VSG increased total 24-hour energy
expenditure by 35% in p537¢°~~ mice compared to S-AL controls (Figure 2A-B, p<0.01).
Energy expenditure, during any period, did not differ between S-WM and VSG by genotype.
S-WM exhibited a decrease in VO, and VCO, compared to S-AL groups in both genotypes
(Supplemental Figure 2A-D, p<0.001). However, this effect was normalized by VSG in
both genotypes (Supplemental Figure 2A-D, p<0.001). Despite these differences in VO, and
VCO», there was no difference in respiratory quotient between groups (Supplemental Figure
2E-F).

Activity did not differ between genotypes within the three conditions (Figure 2C-D).
Activity in VSG-operated p53/%€7*/* mice was decreased compared to S-WM (Figure

2D, p<0.05). Although there was a trend for a decrease in activity in VSG-operated
p53€0~/~ mice compared to S-AL and S-WM groups, this did not reach significance (Figure
2D). Together, these data demonstrate that hepatocyte p53 regulates body weight through
determination of energy expenditure. Furthermore, these data show that the effect of VSG to
increase energy expenditure occurs via pathways other than hepatocyte p53.

Hepatocyte-specific p53 ablation impairs glucose tolerance which is improved by VSG and
food restriction

To assess the role of hepatocyte p53 in glucose regulation, we measured fasting blood
glucose concentrations throughout the study and performed an oral glucose tolerance test
(OGTT). Fasting blood glucose concentrations did not differ at any time point between
genotype within the three conditions (Figure 3A). VSG and S-WM exhibited reduced fasting
blood glucose concentrations compared with S-AL in both genotypes at 1 and 3 months
after surgery (Figure 3A, p<0.05). S-AL-KO mice exhibited significantly elevated fasting
insulin concentrations compared with S-AL-WT mice (Figure 3B, p<0.001). VSG and
S-WM exhibited reduced fasting insulin concentrations compared with S-AL in p53/7€r~/~
mice (p<0.001); however, this effect did not reach significance in p53%¢°*/* mice (Figure
3B).

S-AL-KO mice exhibited an increase in glucose excursions during the OGTT compared
with S-AL-WT mice (Figure 3C, p<0.05). S-WM mice exhibited reduced blood glucose
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excursions compared with S-AL in both genotypes (Figure 3C, p<0.05). VSG reduced blood
glucose excursions and the blood glucose area under the curve during the OGTT compared
with S-AL and S-WM in both genotypes (Figure 3C, Supplemental Figure 3, p<0.05).
Furthermore, VSG increased GSIS compared with S-AL in both genotypes, demonstrating
an improvement in islet function (Figure 3D, p<0.05). Together, these data show that
hepatocyte-specific p53 ablation impairs glucose tolerance, which can be improved by food
restriction alone. However, the magnitude of improvement in glucose tolerance was greater
in the VSG-KO compared to S-WM-KO (Supplemental Figure 3, p<0.05), demonstrating
that VSG improves the metabolic impairment resulting from hepatocyte-specific p53
ablation, at least in part, independently of body weight.

Hepatocyte-specific p53 ablation enhances cell size variation, karyomegaly and hepatic
expression of downstream p53 mediators

In order to determine the impact of hepatocyte-specific p53 ablation and VSG on hepatic
histomorphology, liver sections were stained with H&E and scored by a board-certified
pathologist, in a blinded fashion. As p53 mutations are associated with the development of
hepatic neoplasia (26), we assessed all mice for the presence of gross and histopathologic
signs of neoplasia or precancerous lesions. No gross or histopathologic signs of neoplasia or
precancerous lesions were observed. However, hepatocyte-specific p53 ablation significantly
increased cell size variation and karyomegaly scores compared to wild-type groups (Figure
4A-C, p<0.05). Cell size variation and karyomegaly scores did not differ between the three
treatment groups for either genotype. Furthermore, inflammation, degeneration and necraosis,
hyperplasia, and oval cell hyperplasia scores did not differ between genotype for the three
conditions (Figure 4D-G).

In order to assess the effects hepatocyte-specific p53 ablation on downstream mediators of
p53 signaling, we measured mRNA expression of p21 and Puma. p53 is responsible for the
induction of p21, which functions as an inhibitor of cyclin-dependent kinases required for
cell cycle progression (27). However, relative p27 mRNA expression did not differ between
genotypes within the three conditions (Figure 4H). PUMA (p53 upregulated modulator of
apoptosis) is a Bcl-2 homology 3 protein that is activated by p53-dependent and independent
pathways, and functions to transduce proapoptotic signals to the mitochondria, where it
induces mitochondrial dysfunction and caspase activation (28). Direct comparison of S-AL-
KO with S-AL-WT demonstrated that S-AL-KO mice exhibited significantly increased
Puma mRNA expression compared with S-AL-WT mice (Figure 41, p<0.05), suggesting that
in the absence of hepatocyte p53, Puma is upregulated to compensate for p53 loss. However,
VSG-KO and S-WM-KO mice exhibited decreased Puma mRNA expression compared with
S-AL-KO mice (Figure 41, p<0.05), suggesting that the need for compensation in response
to hepatocyte-specific p53 ablation is lost in the presence of food restriction and VSG.

Hepatocyte-specific p53 ablation promotes liver lipid deposition which is normalized by
VSG and food restriction

p53 promotes B-oxidation of fatty acids and thus is a critical regulator of lipid metabolism
(5, 29). Therefore, we assessed circulating and hepatic lipid concentrations. Liver weight
was elevated in S-AL-KO mice compared with S-AL-WT mice (Figure 5A, p<0.05). Liver
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lipid distribution and lipidosis scores, as well as liver triglyceride content, were higher

in S-AL-KO mice compared with S-AL-WT mice (Figure 5B-D, p<0.05). VSG-KO and
S-WM-KO mice exhibited decreased liver weight, lipid distribution and lipidosis scores
and triglyceride content to normalize liver triglyceride content to that of p537€7*/* mice
(Figure 5A-D, p<0.05). The effect of S-WM to lower liver lipid deposition was similar to
VSG. Circulating triglyceride and cholesterol concentrations did not differ at any time point
between genotypes in all three treatment groups (Figure 5E-F). VSG and S-WM exhibited
lower circulating cholesterol concentrations compared with S-AL in both genotypes at 3
months post-surgery (Figure 5E, p<0.05). These data demonstrate that hepatocyte-specific
p53 ablation increases hepatic lipid deposition primarily through its effects to increase body
weight. This effect is reversible by VSG, primarily through its effect to reduce body weight
gain.

Hepatocyte-specific p53 ablation promotes compensatory alterations in markers of cellular
metabolism that are normalized by VSG and food restriction

A major mechanism of energy expenditure regulation is thermogenesis in brown adipose
tissue (30). Prompted by recent evidence suggesting a role of p53 in brown fat
differentiation (8), we assessed whether hepatocyte p53 may regulate energy expenditure
through a factor secreted into the circulation. We measured the expression of markers of
beige fat following the treatment of primary mouse white adipocytes with media conditioned
with plasma from study mice. Ucpl, Ppary and Prdmi6 mRNA expression in white
adipocytes did not differ between groups (Figure 6A-C). These data suggest that VSG and
hepatocyte p53 do not impact energy expenditure through a circulating factor; however, it is
possible that an endocrine effect was not detected due to limitations of conditioned media
experiments, such as factor stability, physiological concentrations, and temporal signaling
that are present in vivo. Furthermore, p53 mRNA expression in visceral WAT did not differ
between groups or between genotype, demonstrating no compensatory induction of p53 in
adipose tissue following hepatocyte-specific p53 ablation (Supplemental Figure 4).

Based on our results demonstrating that ablation of hepatocyte p53 decreases energy
expenditure and increases hepatic lipid deposition, we measured the hepatic expression

of Ppara (peroxisome proliferator-activated receptor-a.), a p53-regluated mitochondrial
gene. p53 regulates fatty acid oxidation by facilitating transport of fatty acids into the
mitochondria and by enhancing B-oxidation of fatty acids in response to nutrient stress (31).
PPARa stimulation increases mitochondrial and peroxisomal fatty acid B-oxidation (32).
Ppara mRNA expression was increased in S-AL-KO mice when directly compared with
S-AL-WT (Figure 6D, p<0.05), suggesting that in the absence of hepatocyte p53 there is
a compensatory response in which Ppara expression is uncoupled from p53 regulation to
increase mitochondrial fatty acid g-oxidation to reduce hepatic lipid levels. Ppara mRNA
expression did not differ between groups in p537€°*/* mice (Figure 6D). However, Ppara
MRNA expression was decreased in S-WM-KO and VSG-KO mice compared with S-AL-
KO (Figure 6D, p<0.05), suggesting that weight loss corrects the need for compensatory
increases in hepatic Ppara mRNA expression.
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p53 downregulates a number of critical components of the glycolytic pathway to promote
mitochondrial oxidative phosphorylation over aerobic glycolysis (3, 33). GCK (glucokinase)
is required for the first step in glycolysis (34). Gck mRNA expression was elevated in
S-AL-KO mice compared with S-AL-WT mice, suggesting that Gck is a p53 target (Figure
6E, p<0.01). Similar to Ppara, VSG-KO and S-WM-KO exhibited reduced Gck mRNA
expression compared with S-AL-KO to a similar extent (Figure 6E, p<0.01), suggesting
that the effect of VVSG to alter hepatic Gck expression in p537€P~~ mice is due to

decreased body weight gain. SCO2 (Synthesis of Cytochrome ¢ Oxidase 2), a direct
transcriptional target of p53, modulates oxidative phosphorylation through the regulation of
the cytochrome c oxidase complex, which is the major site of oxygen utilization (33). Sco2
MRNA expression was increased in VSG-WT mice when directly compared with S-AL-WT
and S-WM-WT (Figure 6F, p<0.05). A similar trend was seen in the p537€°~~ mice,
however, this did not reach significance, suggesting that VSG may upregulate oxidative
phosphorylation through p53-dependent and independent mechanisms. Finally, as Puma

is known to induce mitochondrial dysfunction, increased Puma expression in S-AL-KO
mice (Figure 41, p<0.05) may also contribute to impaired mitochondrial function and
energy expenditure. Together, these data demonstrate that hepatocyte-specific p53 ablation
promotes transcriptional changes that favor alterations in mitochondrial function, which are
corrected by VSG and food restriction.

DISCUSSION

Herein, we provide compelling data that hepatocyte p53 is a key regulator of body weight
and glucose homeostasis, largely through regulation of energy expenditure. Food restriction
alone was able to combat all of the negative metabolic effects of hepatocyte-specific ablation
of p53, except for the reduction in energy expenditure, demonstrating that hepatocyte p53
regulates whole-body metabolic function largely through determination of body weight.
However, unlike food restriction, VSG was able to correct the effect of hepatocyte-specific
p53 ablation to reduce energy expenditure which was associated with a greater improvement
in glucose tolerance than food restriction alone, despite similar body weights between VSG
and S-WM groups.

While our data are consistent with previous work demonstrating that p53 contributes to the
pathogenesis of metabolic disease in mouse models, our data are the first to demonstrate that
p53 action specifically within the hepatocyte plays a profound role in whole body energy
balance (7, 8, 35). Considering that the increase in body weight following hepatocyte-
specific p53 ablation was independent of food intake and associated with a decrease in
energy expenditure, the mechanism of action underlying this impairment likely relates

to p53’s role in mitochondrial energetics. In the absence of functional p53, cells exhibit
decreased mitochondrial respiration, and consequently, decreased oxygen consumption, and
a shift to anaerobic glycolysis for energy production (3, 33, 36). Consistent with our
findings that hepatocyte p53 knockout decreases whole body energy expenditure, previous
work demonstrates that p53 knockout in cultured primary mouse hepatocytes decreases
mitochondrial respiration, whereas overexpression of p53 in skeletal myocytes enhances
mitochondrial DNA content (10, 37). Furthermore, we found that hepatocyte-specific p53
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ablation increased expression of Gck, suggesting an increased dependence on glycolysis, as
compared to mitochondrial respiration for energy production.

Of note, previous work in whole-body knockout mouse models suggest that the role of

p53 in metabolic regulation is tissue-specific. Studies in whole body p53 knockout mouse
models report conflicting findings on the effect of p53 knockout on body weight and
metabolic homeostasis, with some studies finding that p53 knockout decreases body weight
and improves glucose regulation in mice on HFD (38) and others finding the opposite (39,
40). However, when p53 knockout is studied using tissue-specific approaches, p53 knockout
is found to promote weight gain and metabolic impairment (7, 8, 10). The discrepancy in
findings in whole body p53 knockout models, maybe due to, in part, the development of
compensatory pathways. These conflicting findings point to the need to generate a more
refined understanding of p53 in metabolic regulation through the study of tissue-specific
manipulations.

VSG overcame the energetic impairments induced by hepatocyte-specific p53 ablation.

The mechanisms by which VSG increases energy expenditure are incompletely defined.
Studies in mouse bariatric models and human patients after bariatric surgery reveal a higher
total energy expenditure (21, 41-43). Furthermore, in comparing the energetic differences
between caloric restriction and bariatric surgery, caloric restriction results in compensatory
reductions in energy expenditure (44). Bariatric surgery, on the other hand, overcomes

this metabolic adaptation leading to sustained weight loss (23, 41, 44, 45). While our

data demonstrate that food restriction corrected much of the metabolic impairment induced
by genetic ablation of hepatocyte p53, food restriction did not correct the impairment in
energy expenditure. In contrast, VSG increased energy expenditure in hepatocyte-specific
p53 knockout mice, which led to greater improvements in glucose homeostasis. This
demonstrates that VSG can increase energy expenditure through pathways other than
hepatocyte p53. This is in agreement with a recent study in humans that found whole-body
p53 expression is downregulated after bariatric surgery (46), such that surgically induced
weight loss and remission of type 2 diabetes may suppress the metabolic stress needed for
p53 induction. Of note, body weight independent improvements in glucose homeostasis after
VSG are also likely the result of post-operative endocrine changes, such as potentiation of
glucagon-like peptide-1 and bile acid receptor signaling (21, 22). Overall, weight loss alone
is able to correct much of the metabolic impairment induced by hepatocyte-specific p53
ablation; however, VSG produces further body weight-independent improvements in glucose
regulation and energy expenditure.

Our findings provide additional insight into the underlying mechanisms by which metabolic
dysfunction develops in patients with p53 mutations and p53 dysregulation, such as
Li-Fraumeni Syndrome or Ataxia telangiectasia. Furthermore, these data highlight the
important interplay between metabolic disease and cancer, suggesting the aberrations in
hepatic p53 signaling first cause metabolic impairment that may prime the body for cancer
development. Finally, our data demonstrate that VSG overcomes the metabolic impairment
induced by hepatocyte-specific p53 ablation. These data suggest that VSG may be an
effective method of reducing the risk of obesity-related cancers and has the potential to
improve the alterations in mitochondrial energetics associated with p53 dysregulation.
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ABBREVIATIONS:

AL Ad libitum

AUC area under the curve

BAT brown adipose tissue

GSIS glucose stimulated insulin secretion

HFD high fat diet

KO knockout

OGTT oral glucose tolerance test

gPCR real-time quantitative PCR

S sham surgery

VSG vertical sleeve gastrectomy

WM weight-matched

WAT white adipose tissue

WT wild-type
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Figure 1. Hepatocyte-specific p53 ablation increases body weight and adiposity which is
normalized by VSG and food restriction.
A) Cumulative food intake during days 0-27 after surgery and B) throughout study. C) Body

weight, D) total white adipose tissue (WAT) weight and E) WAT depot and brown adipose
tissue (BAT) weights. *p<0.05, **p<0.01, ***p<0.001 compared with S-AL; **p<0.01,
*++p<0.001 compared with S-WM; #p<0.01, ##p<0.001 compared with WT by two-factor
or three-factor ANOVA.
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Figure 3. Hepatocyte-specific p53 ablation impairs glucose homeostasis which is normalized by
VSG and food restriction.

A) Fasting blood glucose concentrations at baseline, one month and three months after
surgery. B) Fasting serum insulin concentrations at the time of OGTT. C) Blood glucose
concentrations D) and percent change in insulin from baseline to 15 minutes after the
glucose gavage during an OGTT at 2 months after surgery. *p<0.05, **p<0.01, ***p<0.001
VSG compared with S-AL; *p<0.05 VSG compared with S-WM; #p<0.05, ##p<0.001
S-AL-KO compared with S-AL-WT by two-factor or three-factor ANOVA.
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Figure 4. Hepatocyte-specific p53 ablation enhances cell size variation, karyomegaly and hepatic
expression of downstream p53 mediators.

A) Representative images of H&E stained liver sections, B) karyomegaly score, C) cell size
variation score, D) inflammation score, E) liver degeneration score, F) cellular alteration
and hyperplasia score, G) oval cell hyperplasia score, H) hepatic p2Z and 1) PUMA mRNA
expression. *p<0.05 compared with S-AL; #p<0.05, #p<0.01 compared with WT by two-
factor ANOVA; $p<0.05 compared with S-AL-WT by unpaired two-tailed Student’s t-test.
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Figure 5. Hepatocyte-specific p53 ablation promotes liver lipid deposition which is normalized by
VSG and food restriction.

A) Liver weight, B) hepatic triglyceride content, C) liver lipidosis score, D) liver lipid
distribution score, E) fasting serum cholesterol concentrations and F) fasting serum
triglyceride concentration. %p<0.05 vs VSG-baseline; *p<0.05, **p<0.01, ***p<0.001
compared with S-AL; **p<0.01 compared with S-WM; #p<0.05, #p<0.01, ##p<0.001
compared with S-AL-WT by two-factor or three-factor ANOVA; $p<0.05 compared with
S-AL-WT by unpaired two-tailed Student’s t-test.
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Figure 6. Hepatocyte-specific p53 ablation promotes compensatory alterations in markers of
cellular metabolism that are normalized by VSG and food restriction.

A) Relative Upcl, B) Pdrm16, and C) Ppary mRNA expression in cultured white adipocytes
treated with media conditioned with fasting serum from the indicated groups. D) Hepatic
Ppara, E) Geckand F) Sco2 mRNA expression. *p<0.05, **p<0.01 compared with S-AL;
#p<0.01 compared with S-AL-WT by two-factor ANOVA. $p<0.05 compared with S-AL-
WT by unpaired one-tailed Student’s t-test; $p<0.05 compared with S-AL-WT and S-WM-
WT by unpaired two-tailed Student’s t-test.
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Table 1.

Primers used for Quantitative real-time PCR.

Gene Name | Primer Sequence (5 — 37)
5 F: ctg gaa ttg tac cgc agc tt
P R: gca aat cgc ttg gga tta tat tca g
Poia F: cgc gtc tec ttc gag ctg tttg
p R: tgt aaa gtc acc acc ctg gca cat
F: gtg cca gtt tcg atc cgt aga
Ppary R: ggc cag cat cgt gta gat ga
F: gac ttg gac act acc acg gg
Pram16 R: aga tgc acc ccc aaa ctc ag
F: act gcc aca cct cca gtc att
Uep1 R: ctt tgc ctc act cag gat tgg
F: cct agt tgg gt cca tit ctg
Puma R: acct ca acg cgc agt ac
F: ctg aac atc gag tgt cga ata
Fpara R: ccg aaa gaa gcc ctt aca
21 F: ctt gtc gct gtc ttg cac tc
p R: tag aaa tct gtc agg ctg gtc
Gok F: tca gga ggc cag tgt aaa
R: ccc agg tct aag gag aga aa
F: agg gct gag aag gaa cag tg
seoZ R: ctc atc ggg gca aat atc ag
053 F: ctc gaa gac tgg atg act ¢

R: aca gat cgt cca tgc act gac

F, forward; R, reverse.
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