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fed a ketogenic diet in combination with gemcitabine

NATALIA E. CORTEZ!", CECILIA RODRIGUEZ LANZI'*, PAYAM VAHMANI?,
KAREN MATSUKUMA>** and GERARDO G. MACKENZIE'*#

Departments of 'Nutrition and >Animal Science, University of California, Davis, CA 95616;

3Department of Pathology and Laboratory Medicine, Davis Medical Center; 4University of

California Davis Comprehensive Cancer Center, University of California, Sacramento, CA 95817, USA

Received February 10, 2023; Accepted September 6, 2023

DOI: 10.3892/01.2023.14067

Abstract. Ketogenic diets (KDs) are actively being evalu-
ated for their potential anticancer effects. Although KDs are
generally considered safe, their safety profile when combined
with chemotherapy remains unknown. It is known that a KD
enhances the anticancer effect of gemcitabine (2',2'-diflu-
oro-2'-deoxycytidine) in LSL-Kras"S“-G'2P*Typ53R172H4 Py |-
Cre (KPC) tumor-bearing mice. In the present study, whether a
KD in combination with gemcitabine affected the liver safety
profile in KPC mice was evaluated. For this purpose, male and
female pancreatic tumor-bearing KPC mice were allocated to
a control diet (CD; % kcal: 20% fat, 65% carbohydrate, 15%
protein) + gemcitabine [control plus gemcitabine group (CG)]
or a KD (% kcal: 84% fat, 15% protein, 1% carbohydrate) +
gemcitabine [ketogenic plus gemcitabine group (KG)] for
two months. After two months of treatment, no significant
differences in body weight were observed between CGs and
KGs. Moreover, the KD did not significantly alter the serum
protein expression levels of liver enzymes, including aspartate
aminotransferase, alanine aminotransferase and alkaline phos-
phatase. In addition, the KD did not alter markers of liver-lipid
accumulation as well as serum cholesterol and triglyceride
levels, compared with the CG-treated group. Upon histologic
examination, steatosis was rare, with no notable differences
between treatment groups. When examining liver fatty acid
composition, KD treatment significantly increased the content
of saturated fatty acids and significantly decreased levels
of cis-monounsaturated fatty acids compared with the CG.
Finally, the KD did not affect liver markers of inflammation

Correspondence to: Professor Gerardo G. Mackenzie, Department
of Nutrition, University of California, 1 Shields Avenue, Davis,
CA 95616, USA

E-mail: ggmackenzie@ucdavis.edu

“Contributed equally

Key words: ketogenic diet, gemcitabine, pancreatic cancer, KPC
mice, liver steatosis, liver toxicity

and oxidative stress, nor the protein expression levels of
enzymes involved in ketone bodies, such as 3-hydroxy-3-meth-
ylglutaryl-CoA lyase and hidroximetilglutaril-CoA sintasa,
and glucose metabolism, such as hexokinase 2, pyruvate
dehydrogenase and phosphofructokinase. In summary, a KD
in combination with gemcitabine appears to be safe, with no
apparent hepatotoxicity and these data support the further
evaluation of a KD as an adjuvant dietary treatment for
pancreatic cancer.

Introduction

Ketogenic diets (KDs) are low carbohydrate, adequate protein,
high fat diets that mimic fasting and induce ketosis (1). KDs
are well-established, effective and clinically approved dietary
treatments for children with drug-resistant epilepsy and are
used therapeutically in other neurological conditions such as
Alzheimer's disease, traumatic brain injury and stroke (2,3).
Moreover, they have been shown to be beneficial as adjuvant
therapy in certain types of cancer, including lung, stomach and
ovarian cancer (4,5). Although, preclinical evidence indicates
that KDs are safe and feasible for use in cancer treatment (6),
the safety of KDs in combination with chemotherapy is still
unclear, so their potential use as adjuvant cancer treatment
remains controversial.

The liver is a major organ for the biotransformation of xeno-
biotics and for the conversion of fatty acids into ketone bodies,
such as P-hydroxybutyrate, acetoacetate and acetone (7).
Therefore, hepatic metabolism serves a major role in substrate
availability and metabolic alterations during fasting or with
fasting mimicking diets such as KDs, especially when given
simultaneously with chemotherapy (8-10). It was recently
reported thataKD enhances the anticancer effect of gemcitabine
(2',2'-difluoro-2'-deoxycytidine), improves survival and
mitigates cachexia in LSL-Kras™S"-C"?P*Typ53R1720+Pdlx_ |-
Cre (KPC) tumor-bearing mice (11,12). Although additional
evidence on the efficacy of KDs in combination with chemo-
therapy exists (4,13), little is known regarding the safety of
KDs with or without concomitant treatment with gemcitabine,
an antineoplastic drug commonly used in pancreatic cancer
treatment. While gemcitabine is generally considered safe,
it has been associated with elevations in indicators of liver
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disease, such as serum aminotransferases [aspartate amino-
transferase (AST) and alanine aminotransferase (ALT)] and
with liver injury in patients with preexisting liver disease (14).
Furthermore, a small number of case reports have indicated
that this cytotoxic drug can cause steatohepatitis and
hepatotoxicity (15-17).

Given the potential of KDs as a therapeutic diet for
pancreatic cancer when combined with chemotherapy (12),
comprehensive safety studies are critical in order to advance
this promising treatment strategy into the clinic. Therefore, the
present study performed a secondary analysis using previously
collected liver and serum samples from our recent study (12),
to evaluate the liver safety profile of a KD in combination with
gemcitabine in KPC mice bearing pancreatic tumors.

Materials and methods

Animal studies. All animal experiments were performed
according to ethical guidelines and were approved by The
Animal Care and Use Committee of the University of
California (approval no. 20555). KPC mice, bred at The UC
Davis Animal Facility in Meyer Hall, were generated from three
mouse parental strains (LSL-Kras®?P"*, LSL-Trp53%172H™* and
Pdx-1-Cre) backcrossed on the C57BL/6 strain background,
as previously described (18). The genetic background of each
pup was confirmed by toe DNA extraction and PCR. Briefly,
genomic DNA was extracted using the Extract-N-Amp™
Tissue PCR kit (cat. no. XNAT2R; MilliporeSigma) following
the manufacturer's instructions. PCR was performed for
Kras, p53 and Pdx-1-Cre using the following conditions:
Initial denaturation at 95°C for 2 min, followed by 37 cycles
at 95°C for 0.5 min, 58°C for 1 min and 68°C for 1 min. The
oligonucleotide primer sequences used were as follows: Kras
5'-CCTTTACAAGCGCACGCAGAG-3' sense, and 5'-AGC
TAGCCACCATGGCTTGAGTAAGTCTGCA-3' anti-sense;
Control p53 5-CTTGGAGACATAGCCACACTG-3', Mutated
p53 5-AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3,
WT p53; 5-TTACACATCCAGCCTCTGTGG-3', and Cre
5'-CTGGACTACATCTTGAGTTGC-3' sense and 5'-GGT
GTACGGTCAGTAAATTTG-3' antisense. PCR products
were separated on a 2% agarose gel, stained with GelRed®
(cat. no. 41003; Biotium, Inc.) and visualized in a Chemidoc™
Imaging-System (Bio-Rad Laboratories, Inc.). After weaning
and confirmation of the genotype by PCR, KPC mice [3 months
old; weighing between 20 and 25 g (females), and 23 and 28 g
(males)] were individually housed in polycarbonate cages in
a room with controlled humidity (40-60%) and temperature
(22-24°C), maintained on a 12 h light-dark cycle and fed
LabDiet 5001 chow diet (LabDiet®) ad libitum until they were
enrolled in the studies.

Dietary and chemotherapy interventions. The experimental
design of the present secondary analysis has been previously
described (12). Briefly, following tumor size determination
using a high-resolution ultrasound imaging of the pancreas
using a Vevo 2100 System (Visual Sonics; FUJIFILM Wako
Pure Chemical Corporation), male and female KPC mice (4-5
mice/sex/group), with a confirmed tumor volume of ~250 mm?,
were randomized to either a control group (CG; % kcal: 20%
fat, 65% carb, 15% protein + gemcitabine) or a ketogenic group

(KG; % kcal: 84% fat, 15% protein, 1% carb + gemcitabine).
Gemcitabine was administered to the CG and KG groups at
100 mg/kg by intraperitoneal injection twice per week for
3.5 weeks (seven total injections). Lard was the main fat source
in the KD, whereas in the control diet (CD) it was soybean
oil (Table SI). The exact fatty acid composition of the diets
is presented in Table I. The mineral mix, TD94046 was
used for the CD and TD79055 was used for the KD due to
the lower carbohydrate content (both from Envigo Rms, Inc.;
Bioanalytical Systems, Inc.). For both diets, the CA40060
vitamin mix was used (Inotiv; Table SI). Gemcitabine (>99%
2'-deoxy-2',2'-difluorocytidine; Gemzar; cat. no. LY-188011;
Thermo Fisher Scientific, Inc.) was administered at 100 mg/kg
by i.p, injection 2x/week for 3.5 weeks (for a total of 7 injec-
tions). Throughout the study, KPC mice were weighed twice a
week and observed daily for signs of inactivity and presence of
abdominal ascites. Endpoint criteria included the development
of abdominal ascites, weight loss >20% of the initial weight,
extreme weakness and inactivity. After 2 months of dietary
treatment, mice were euthanized by carbon dioxide inhala-
tion at a displacement rate of 30% vol/min and the liver was
dissected, weighed and split into three parts that were either
stored in liquid nitrogen, RNAlater® or 10% buffered formalin.

Metabolic measurements. Blood was collected via cardiac
puncture after euthanasia and serum was isolated following
centrifugation at 3,000 x g for 10 min at room temperature.
Total serum cholesterol (cat. no. 03039773), triglycerides
(cat. no. 20767107 322), ALT (cat. no. 20764957 322), AST
(cat. no. 20764949 322), alkaline phosphatase (ALP; cat.
no. 03333752 190), total bilirubin (cat. no. 05795397 190),
albumin (cat. no. 04469658 190), creatinine (cat. no. 03263991
190), total protein (cat. no. 03183734 190) and blood urea
nitrogen (cat. no. 04460715 190) were measured using
COBAS INTEGRA kits (Roche Diagnostics) according to the
manufacturer's instructions.

Histology. After necropsy, liver tissue was fixed in 10% (w/v)
buffered formalin overnight at 4°C. Tissues were processed,
embedded in paraffin and sectioned (5 ym) by routine
methods. Tissue sections were stained with hematoxylin and
eosin or Masson's trichrome (Chromaview; Thermo Fisher
Scientific, Inc.) following standard protocols (19,20), and
analyzed, blind, by a pathologist. Sections were examined
using an Olympus BX46 microscope (Olympus Corporation),
with x20 and x40 objective lenses. The liver sections were
scored for the presence of macrovesicular and microvesicular
steatosis and hepatocyte hypertrophy according to the method
reported by Liang ef al (21). Briefly, the severity of macrove-
sicular steatosis and microvesicular steatosis was graded
based on the percentage of the total area affected, as follows:
0 (<5%), 1 (5-33%), 2 (34-66%) and 3 (>66%). Macrovesicular
steatosis was defined as the displacement of the nucleus to
the side by vacuoles and microvesicular steatosis was defined
as the absence of this displacement. Similarly, the level of
hepatocellular hypertrophy, defined as cellular enlargement
>1.5x the normal hepatocyte diameter, was scored, based on
the percentage of the total area affected, into the following
categories: 0 (<5%), 1 (5-33%), 2 (34-66%) and 3 (>66%).
The evaluation of hepatocellular hypertrophy was based
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Table I. Fatty acid composition in the CD and the KD.

CD, % of total
fatty acids

KD, % of total

Fatty acids fatty acids

SFA 17.3 353
cis-MUFA 20.3 39.1
n6-PUFA 53.6 23.0
n3-PUFA 8.2 2.0
n6/n3 ratio 6.5 112
Total PUFAs 61.8 250

The content of SFAs, MUFAs, n3- and n6-PUFAs expressed as % of
total fatty acids in the experimental diets. CD, control diet; KD, keto-
genic diet; SFAs, saturated fatty acids; MUFAs, cis-monounsaturated
fatty acids; PUFAs, polyunsaturated fatty acids.

on abnormal enlargement of the liver cells, irrespective of
rounding of the hepatocytes and/or changes in cytoplasm or
the number of vacuoles. Inflammation was scored based on
the number of inflammatory cell clusters (consisting of =5
lymphocytes) averaged over five fields at X200 magnification,
as follows: 0 (<0.5 foci), 1 (0.5-1.0 foci), 2 (1.0-2.0 foci) and 3
(>2.0 foci) (14).

Western blot analysis. Liver tissue homogenates were prepared
using RIPA buffer (Thermo Fisher Scientific, Inc.), as previ-
ously described (22). The protein concentration was determined
using the Bradford method. Aliquots of total homogenates
containing 25-40 ug protein were separated by SDS 8-12.5%
(w/v) polyacrylamide gel electrophoresis and electroblotted
onto nitrocellulose membranes. After blocking membranes
in 5% (w/v) nonfat milk for 1 h at room temperature, they
were incubated overnight at 4°C with phospho-extracellular
signal-regulated protein kinases 1 and 2 (Thr202/Tyr204;
p-ERK1/2; cat. no. 4376; RRID: AB_331772), extracellular
signal-regulated protein kinases 1 and 2 (ERK1/2; cat. no. 9102;
RRID: AB_330744), phospho-protein kinase B (Ser473;
p-Akt; cat. no. 4060; RRID: AB_2315049), protein kinase
B (AKT; cat. no. 9272; RRID: AB_329827), AMP-activated
protein kinase (AMPK; cat. no. 2795; RRID: AB_560856),
phospho-AMP-activated protein kinase (Thrl72; p-AMPK;
cat.no.2535; RRID: AB_331250), p-IxBa (Ser32; cat. no. 2859;
RRID: AB_561111), IxBa (cat. no. 4814; RRID: AB_390781),
phospo-p65 (Ser536; p-p63; cat. no. 3033; RRID: AB_331284),
p65 (cat. no. 8242; RRID: AB_10859369), acetylated lysine
(cat. no. 9441; RRID: AB_331805), hexokinase 2 (HK2; cat.
no. 2867; RRID: AB_2232946), pyruvate dehydrogenase
(PDH; cat. no. 3205; RRID: AB_2162926), phosphofructoki-
nase (PFK; cat. no. 13123; RRID: AB_2617178), acetyl-CoA
carboxylase (ACC; cat. no. 3676; RRID: AB_2219397) and
toll-like receptor 2 (TLR2; cat.no. 12276; RRID: AB_2797867)
primary antibodies from Cell Signaling Technology, Inc. In
addition, 3-hydroxymethyl-3-methylglutaryl-CoA synthase
(HMGCS; cat. no. sc-373681; RRID: AB_10947237),
sterol regulatory element binding protein 1 (SREBPI; cat.
no. sc-13551; RRID: AB_628282), peroxisome prolifer-
ator-activated receptor o (PPARa; cat. no. sc-398394; RRID:
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AB_2885073), fatty acid synthase (FAS; cat. no. sc-74540;
RRID: AB_1121387), phospho-acetyl-CoA carboxylase
(p-ACC; cat. no. sc-271965; RRID: AB_10710517), fibronectin
(cat. no. sc-271098, RRID: AB_10608215), collagen type
lal chain (CollAl; cat. no. sc-59772; RRID: AB_1121787)
and toll-like receptor 4 (TLR4; cat. no. sc-293072; RRID:
AB_10611320) primary antibodies were purchased from Santa
Cruz Biotechnology, Inc. Finally, 3-hydroxymethyl-3-methyl-
glutaryl-CoA lyase (HMGCL) (cat. no. 16898-1-AP; RRID:
AB_2295304) primary antibodies were purchased from
Proteintech Group, Inc. and 4-hydroxynonenal (4-HNE; cat.
no. ab46545; RRID: AB_722490) primary antibodies were
purchased from Abcam. All antibodies were prepared using
a 1:1,000 dilution. The next day, membranes were washed
three times with TBS-tween 0.05% (v/v) and incubated
with secondary antibodies [either HRP (cat. no. 7074) or
biotinylated antibodies (cat. no. 14708) from Cell Signaling
Technology, Inc.; dilution, 1:2,500] for 1 h at room tempera-
ture. Finally, following another set of washes, the conjugates
were incubated with the ProSignal® Pico ECL reagent (cat.
no. 20-300; Genesee Scientific Corporation), visualized and
quantified by chemiluminescence detection in a Chemidoc™
Imaging-System (Bio-Rad Laboratories, Inc.). -actin (cat.
no. A1978) from MilliporeSigma (Merck KGaA) or vinculin
(cat. no. 13901; RRID: AB_2728768) from Cell Signaling
Technology, Inc. were used as loading controls. The densito-
metric analysis was performed using ImageJ version 2.3.0/1.53f
(National Institutes of Health).

Liver fatty acid analysis. The content of fatty acid in KPC
livers of CG and KG-treated mice was measured using gas
chromatography (GC). Liver samples were freeze-dried and
direct-methylated with sodium methoxide as previously
described (23). Prior to the methylation step, cis-10-17:1
methyl ester (Nu-Check Prep, Inc.) was added to the samples
as an internal standard. Fatty acid methyl esters (FAMEs)
were analyzed using a CP-Sil88 column (100 m; 25 ym ID;
0.2 pm film thickness) in a TRACE 1310 gas chromatograph
(Thermo Fisher Scientific, Inc.), which was equipped with a
flame-ionization detector (GC-FID; Thermo Fisher Scientific,
Inc.). Each sample was analyzed twice using a 175°C plateau
temperature program (23). FAMEs were quantified using
chromatographic peak area and internal standard-based
calculations (24).

Statistical analysis. Data are presented as the mean + SEM;
(n=4-5/sex/group). Each experiment was conducted once.
Statistical analysis was performed by unpaired t-test or
two-factor analysis of variance followed by Tukey's test
for multiple comparisons using GraphPad Prism software
(Dotmatics; version 9.2). P<0.05 was considered to indicate a
statistically significant difference.

Results

Effect of a KD in combination with gemcitabine on liver func-
tion tests in KPC mice. It has been recently reported that a
KD plus gemcitabine enhances overall survival and mitigates
cachexia in KPC mice compared with mice fed a CD (11,12).
Based on these promising results, the present secondary
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Figure 1. Effect of a KD in combination with gemcitabine on body weight, liver weight, liver enzymes, kidney markers and serum lipids in KPC mice. (A) Body
weight at each gemcitabine injection, (B) final body weight and (C) liver weight at euthanasia, (D) serum levels of liver enzymes aspartate aminotransferase,
alanine aminotransferase and alkaline phosphatase and bilirubin levels. (E) Serum total protein and albumin levels. (F) Serum creatinine and blood urea
nitrogen levels. (G) Serum cholesterol and triglycerides levels. Values are presented as mean + SEM, “P<0.05. n=4-5 animals/group/sex. KPC, LSL-Kras"S“-¢'2P*
Trp53R17285 pdx-1-Cre; CG, control plus gemcitabine group; KG, ketogenic plus gemcitabine group.

analysis was performed to evaluate the impact of a KD in
combination with gemcitabine on the liver safety profile in
KPC mice.

Initially, the safety profile of KG in female and male KPC
mice treated for 2 months was evaluated. CD + gemcitabine was
selected as the CG to specifically assess the effect of a KD. No
significant differences in body weight were observed between
CG and KG throughout the treatment (Fig. 1A and B). Moreover,
no differences in liver weight were observed between groups at
the endpoint (Fig. 1C). No liver metastatic events were observed
in CG- or KG-treated KPC mice at euthanasia.

To determine whether KG affected normal liver function,
the levels of serum liver enzymes AST, ALT and ALP, as well
as bilirubin levels in female and male KPC mice at euthanasia
were determined (Fig. 1D). After 2 months of treatment, there
was no significant difference in liver enzyme and bilirubin
levels between the CG- and KG-treated groups. Of note, all the
mice had values within normal ranges, except one male mouse
in the CG group and one male mouse in the KG group, which
showed liver enzyme levels higher than the physiological range
for C57BL/6 mice (physiological range, 46-221 U/l for AST,
22-133 U/l for ALT, 16-200 U/l for ALP and 0.4+0.5 mg/dl for
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Figure 2. A KD in combination with gemcitabine has no effect on liver lipid accumulation. (A) Hematoxylin and eosin and (B) Mason trichome staining
images for liver isolated from female and male KPC mice treated with a CD or a KD. All images were digitally scanned at x20 original magnification.
(C) Immunoblotting for fibronectin and Coll Al from liver homogenates from CG- and KG-treated female and male KPC mice following 2 months of
treatment, with f-actin as the loading control. Representative images are shown. Each band represents an independent liver homogenate sample obtained
from either female or male KPC mice treated with the CD or the KD. Bands were quantified and results are expressed as a proportion of the control. Values
are presented as mean + SEM. n=4-5 animals/group/sex. KPC, LSL-Kras"S“"C"?P*Trp53R172H+ pdx-]-Cre; Col1Al, collagen type lal chain; CG, control plus
gemcitabine group; ketogenic plus gemcitabine group; CD, control diet; KD, ketogenic diet.

bilirubin) (25). Moreover, no differences in serum total protein
and albumin levels were observed (Fig. 1E).

Kidney function indicators were also assessed, with no signif-
icant differences in creatinine levels between the CG and KG. In
contrast, higher blood urea nitrogen levels were observed in the
serum of CG-treated KPC female mice, as well as when both
sexes were analyzed together, compared with the KG-treated
group (Fig. 1F). The serum lipid profile was measured and no
significant differences in total cholesterol or triglycerides were
observed between CG and KG groups (Fig. 1G).

Effect of a KD in combination with gemcitabine on liver
lipid accumulation. Whether a KD in combination with
gemcitabine could impact hepatic lipid accumulation/steatosis
was subsequently evaluated. For this purpose, histologic
sections of liver from CG and KG-treated mice were evaluated
(Fig. 2A and B) and the presence of macrovesicular steatosis,
microvesicular steatosis and hepatocyte hypertrophy were
assessed using a previously reported scoring system (21).
Overall, no notable differences in macrovesicular steatosis,
microvesicular steatosis, hepatocyte hypertrophy or inflam-
mation were observed between CG- and KG-treated mice.
Additionally, no histologic evidence of fibrosis was observed
in either group (Fig. 2B). This was confirmed by evaluating
the protein expression levels of fibronectin and CollAl using
immunoblotting. No significant differences in fibronectin
and CollAl levels were demonstrated in liver homogenates
obtained from CG- and KG-treated mice, together or when
separated by sex (Fig. 2C).

Effect of a KD in combination with gemcitabine on liver
fatty acid composition. Next, whether feeding a KD plus
gemcitabine could affect fatty acid profiles in the liver was
evaluated. Compared with CG-treated mice, KG signifi-
cantly increased the proportion of total saturated fatty acids
(SFAs), mainly driven by the increased levels of stearic acid
(18:0) and margaric acid (17:0) and significantly reduced the
proportion of cis-monounsaturated fatty acids (c-MUFAs),
including reductions in palmitoleic acid (cis9-16:1), oleic
acid (cis9-18:1) and ascleptic acid (cis11-18:1). In contrast, no
significant differences were demonstrated in the concentra-
tions of n6-polyunsaturated fatty acids (PUFAs), n3-PUFAs or
total PUFASs in the liver tissue of the KG mice compared with
the CG mice (Fig. 3; Table SII).

When analyzing individual fatty acids, it was observed
that dihomo-g-linolenic acid (20:3, n-6) from the n6 family,
a-linolenic acid (18:3n-3), eicosapentaenoic acid (20:5n-3)
and docosapentaenoic acid (22:5n-3) from the n3 family
were significantly reduced in KG group in contrast to CG
group. At the same time, arachidonic acid (20:4n-6), adrenic
acid (22:4n-6) from the n6 family and docosahexaenoic acid
(22:6n-3) from the n3 family were significantly increased in
KG-treated livers compared with the CG group (Table SII).

Effect of a KD in combination with gemcitabine on
de novo lipogenesis regulatory proteins. Next, whether KG
could influence the expression levels of sterol regulatory
element-binding proteins (SREBPs) were evaluated, which
together with FAS and ACC enzymes are central regulators of
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de novo lipogenesis (26-28). No significant differences were
observed in either SREBP1 protein expression levels or ACC
activation between CG- and KG-treated mice. However, KG
treatment significantly reduced FAS protein expression levels
in the livers of male mice, compared with CG-treated mice
(Fig. 4). Moreover, no significant differences were observed
in the liver protein expression levels of PPARa, a key nuclear
receptor regulating de novo lipogenesis (29), between CG- and
KG-treated mice, nor by sex (4-5 mice/group).

Finally, given that AMPK and AKT can stimulate de novo
lipid synthesis by activating SREBP (27,28), whether KG
could affect AMPK and AKT phosphorylation levels was
assessed. There were no significant differences in AMPK and
AKT phosphorylation levels demonstrated between CG- and
KG-treated mice (Fig. 4).

Effects of a KD in combination with gemcitabine on
ketogenesis and glucose metabolism. Given that the liver is a
major organ involved in the metabolism of ketone bodies and
glucose (30), the regulation of enzymes involved in ketogen-
esis (HMGCL and HMGCS) and glucose metabolism (HK?2,
PFK and PDH) following KG treatment was investigated.
No significant differences in HMGCL, HMGCS, HK2, PFK
and PDH hepatic protein expression levels were demonstraed
between CG- and KG-treated mice together or separated by
sex (Fig. 5A and B).

Acetylation may serve a key role in the coordination of
different metabolic pathways in response to extracellular
conditions, including nutrient availability (31). Since the liver
is highly exposed to lysine acetylation (32), whether a KD in
combination with gemcitabine affected acetylation was inves-
tigated. After 2 months of treatment, significantly increased
lysine acetylation levels in the liver of female, but not male,
KG-treated mice when compared with CG-treated mice were
observed (Fig. 5C).

Effect of a KD in combination with gemcitabine on markers
of inflammation and oxidative stress in the liver of KPC mice.
Activation of TLR signaling is key during liver inflammation
processes, with TLR4 and TLR2 serving crucial roles in the
progression of NASH (33). Therefore, if a KD could impact
the activation of TLR2 and TLR4 was evaluated. Moreover,
since TLR cascades can lead to the activation of NF-«B and
mitogen-activated protein kinases (MAPKSs) pathways, which
serve central roles in inflammation, the phosphorylation levels
of IxBa, p65 and ERK1/2 were measured. After 2 months of
intervention, no significant differences in TLR4, TLR2 levels
nor in the downstream IxkBa and ERK1/2 phosphorylation
levels were observed in the livers of KG- or CG-treated male
and female mice (Fig. 6A and B). A significant increase in p65
phosphorylation was observed in all and male mice in the KG
when compared with the KG; however, no significant differ-
ence was demonstrated between KG and CG within the female
group (Fig. 6B).

Given that oxidative stress serves a major role in the devel-
opment of liver injury (34), next 4-HNE levels, a main lipid
peroxidation product that displays increased levels with oxida-
tive stress (35), were measured. No significant differences in
4-HNE levels were observed between KG- and CG for all mice
or those separated by sex (Fig. 6C).
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Figure 4. Effect of a KD in combination with gemcitabine on enzymes
involved in de novo fatty acids synthesis. Immunoblots of SREBP-1, FAS,
p-ACC/ACC, PPARa, pAMPK/AMPK and pAKT/AKT from liver homog-
enates from CG- and KG-treated female and male KPC mice following
2 months of treatment. Representative images are shown. Each band
represents an independent liver homogenate sample obtained from either
female or male KPC mice treated with CD or KD. Bands were quantified
and values normalized to the non-phosphorylated protein (ACC, AKT
and AMPK) or B-actin levels (SREBP-1, FAS and PPARa). Results are
expressed as a proportion of the control, “P<0.05, values are presented as
mean + SEM with 4 animals/group/sex. CD, control diet; KD, ketogenic
diet; CG, control plus gemcitabine group; KG, ketogenic plus gemcitabine
group; KPC, LSL-Kras™St-6'2P#Typ53R172H Py [-Cre; SREBP-1, sterol
regulatory element binding protein 1; FAS, fatty acid synthase; ACC,
acetyl-CoA carboxylase; ACC, acetyl-CoA carboxylase; PPARa., peroxisome
proliferator-activated receptor a; AMPK, AMP-activated protein kinase;
AMPK, AMP-activated protein kinase; AKT, protein kinase B; AKT, protein
kinase B; p, phosphorylated.

Discussion

The characterization of the safety profile of KDs concomi-
tant with chemotherapeutic treatments for pancreatic cancer
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Figure 5. Effect of a KD in combination with gemcitabine on ketogenesis and glucose metabolism. Immunoblotting of (A) HMGCL and HMGCS, (B) HK2,
PFK and PDH and (C) acetylated lysine from liver homogenates from CG- and KG-treated female and male KPC mice following 2 months of treatment. The
loading controls were vinculin or -actin. Representative images are shown. Each band represents an independent liver homogenate sample obtained from
either female or male KPC mice treated with a CD or KD. Bands were quantified and results are presented as a proportion of the control; "P<0.05. Values are
presented as mean + SEM with 5 animals/group/sex. CD, control diet; KD, ketogenic diet; CG, control plus gemcitabine group; KG, ketogenic plus gemcitabine
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is critical in order to develop clinical recommendations.
Data on the overall safety and feasibility of KDs indicate
that this diet can be tolerated by patients with cancer (36).
Nevertheless, the safety of KDs when administered with
standard cancer treatment modalities in patients with
pancreatic cancer is still unknown. Gemcitabine is a main
chemotherapeutic agent used for the treatment of pancreatic
cancer (37). Although it is considered generally safe, it can
cause adverse hepatic events such as elevations in serum
ALT, ALP and bilirubin (38,39). A case report previously
reported that gemcitabine monotherapy caused hepatic

failure in a patient with advanced pancreatic cancer after
pancreaticoduodenectomy (40).

Several human studies have reported the benefits of
using a KD in pancreatic cancer treatment. For instance,
certain randomized controlled trials have reported that a
KD may improve the quality of life and overall survival
of patients (41,42). Additionally, it has been suggested
that a KD might help to reduce tumor growth and slow
disease progression in certain cases (43-45). It was recently
reported that when combined with the chemotherapeutic
agent gemcitabine, a KD increases overall survival in the
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Figure 6. Effect of a KD in combination with gemcitabine on markers of in
(B) p-IkBa, IkBa, p-p65, p65, p-ERK and ERK and (C) 4-HNE from liver h
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flammation and oxidative stress. Immunoblotting of (A) TLR2 and TLR4,
omogenates isolated from CG- and KG-treated female and male KPC mice

following 2 months of treatment. The loading control used was [-actin. Representative images are shown. Each band represents an independent liver
homogenate sample obtained from either female or male KPC mice treated with a CD or KD. Bands were quantified and values normalized to (A) the
non-phosphorylated protein and (B and C) B-actin levels. Results are expressed as a proportion of the control. ‘P<0.05. Values are presented as mean + SEM. n=4
animals/group/sex. CD, control diet; KD, ketogenic diet; CG, control plus gemcitabine group; KG, ketogenic plus gemcitabine group; KPC, LSL-Kras™S-612P*
Trp53R172H5 Pdx-1-Cre; TLR, toll-like receptor; ERK, extracellular signal-regulated protein kinase; ERK, extracellular signal-regulated protein kinase; 4-HNE,

4-hydroxynonenal; p, phosphorylated.

autochthonous-clinically relevant KPC mouse model,
without any signs of intolerance to the fat content of the
diet (12). Therefore, the liver safety profile of a KD in
combination with gemcitabine in KPC tumor-bearing mice
was evaluated. To the best of our knowledge, this is the first
study to evaluate the liver safety of a KD in combination
with gemcitabine.

In the present study, multiple parameters of liver toxicity
were assessed in pancreatic tumor-bearing mice treated with
a KD plus gemcitabine. Overall, there were no changes in
liver enzymes nor in markers of kidney function with the KG
regimen. Consistent with the findings of the present study, a
previous study reported normal liver and kidney function tests
were observed in rats after being fed a KD for 60 days (46).
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A recent study reported that liver function markers differ
among groups fed lard, soybean oil or a blend of both, with the
levels of AST and ALT being lower in subjects that consumed
the blend oil for 12 weeks compared with those in subjects in
the pure soybean oil or lard groups (47). The KD composition
used in the present study was prepared primarily with lard
(84%) and combined with soybean oil, while there was no lard
in the CD, which should be taken into consideration for further
research.

The effect of KDs on serum lipids has been inconsistent
among previous studies. In a study where healthy male mice
were given a KD for 22 weeks, cholesterol and triglycerides
levels were increased and signs of hepatic steatosis were
observed (48). On the other hand, a KD led to improvements
in total cholesterol and triglycerides in women who were over-
weight (49). In the present study, a KD plus gemcitabine had no
effect on serum cholesterol nor on triglyceride levels.

Long term high-fat diets can induce liver steatosis, which is
a precursor of non-alcoholic fatty liver disease (NAFLD) (50).
Given the high fat content of a KD, this could be a potential
concern. Nevertheless, some controversy exists as to whether
a KD predisposes NAFDL development. In patients with
NAFLD, a KD given for 6 days improved metabolic abnor-
malities (51). Furthermore, a KD prevented the development of
steatosis in obese mice (52). In the present study, a KD did not
alter hepatic lipid accumulation, nor did it affect the protein
or enzyme levels related to de novo lipogenesis, ketogenesis
or glucose metabolism. Moreover, a KD plus gemcitabine
treatment failed to induce macrovesicular or microvesicular
steatosis, hepatocyte hypertrophy or fibrosis. Inflammatory
and oxidative stress markers, two known factors that can
contribute to the pathogenesis of NAFLD (53,54), were not
affected either.

Hepatic fatty acid composition may affect steatosis devel-
opment (55,56). In particular, low hepatic n6- and n3-PUFAs
could contribute to steatosis and steatohepatitis (57). In the
present study, it was observed that a KD plus gemcitabine
did not affect hepatic levels of n6-PUFA, n3-PUFA nor total
PUFAs (n6 + n3) compared with CG mice. On the other hand,
significant differences in the composition of numerous intra-
hepatic fatty acids following KG-treatment, with lower MUFA
levels, but higher SFAs were observed. Additional studies are
warranted to elucidate the potential impact of each individual
fatty acid affected by KG and their potential role in steatosis
risk or prevention.

Lysine acetylation/deacetylation mediated by histone
acetylases and histone deacetylases (HDACs:) is a regulator
of signaling pathways involved in cancer progression (58).
Moreover, it serves a role in metabolic processes involved
in liver disease, with certain HDAC inhibitors considered
candidates for hepatocellular carcinoma treatment (59).
B-hydroxybutyrate is a known HDAC inhibitor (60). In aging
mice, both survival and total acetyl-lysine levels have been
reported to be significantly increased in the liver of KD-fed
males compared with controls (61). Hutfles e al (62), also
reported an increase in cytosolic and mitochondrial acetyla-
tion in the livers of KD-fed male C57Bl/6] mice in contrast
to those fed standard chow diet. To the best of our knowledge,
the present study is the first to evaluate lysine acetylation in
the livers of KD fed, gemcitabine treated, pancreatic tumor

bearing, male and female mice. It was observed that a KD
combined with gemcitabine significantly increased liver lysine
acetylation in females, but not males, when compared with
CG-treated mice. Interestingly, previously published data
elucidated sex-dependent effects of KG treatment in the skel-
etal muscle of KPC animals (11), so the results of the present
study highlight the importance of researching the multi-organ
effects of treatments in both males and females. Unfortunately,
as the research design of the present study did not include KPC
mice fed with a KD alone, the exploration of the exact contribu-
tion of the KD to this effect was impeded. In addition, another
limitation is that the analysis was performed using previously
collected samples and the number of samples/group/sex used
were not powered for this particular study. Being underpow-
ered potentially explains why additional differences between
the CGs and KGs were not demonstrated. Nevertheless, further
studies are warranted to explore the specific role of KDs,
without the confounding effect of gemcitabine, in the hepatic
modulation of protein acetylation and the potential impact of
biological sex suggested by these data.

In summary, the findings of the present study indicate that
a KD in combination with gemcitabine appears to be safe in
male and female mice bearing pancreatic tumors. However, it
is important to stress that the liver safety profile of a specific
KD with a specific dose of gemcitabine over two months was
evaluated. Differences in diet composition (macronutrient
distribution and/or amount and type of fats), length of the
treatment and the type of adjuvant drug administered could
alter the liver safety profile when incorporating a KD to the
treatment strategy and require further, future study. Moreover,
the present study evaluated the safety of a KD in combination
with gemcitabine. Additional studies are warranted to evaluate
the safety of this dietary regimen in combination with other
chemotherapeutics used clinically (such as, nab-paclitaxel,
5-FU, irinotecan and oxaliplatin). Another limitation of the
present study is the lack of evaluation of the liver safety of
a KD alone, without the confounding effect of the chemo-
therapeutic agent, that would allow for the direct hepatic safety
effect of this dietary intervention to be evaluated in mice
bearing pancreatic tumors. Thus, future studies should focus
on identifying a standardized treatment protocol that includes
the composition, length and regimen for a KD (63), which
would assist in translating this promising dietary treatment
strategy safely into the clinic.
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