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Abstract

Previous studies demonstrated that diet-induced obese mice fed a semi-purified high-fat diet (HFD) had greater liver

tumorigenesis than mice fed a non-semi–purified diet. Because ingredients present in standard unpurified diets may elicit

potential chemopreventive properties that are not present in semi-purified diets, the present study evaluated hepatic

tumorigenic effects of dietary fat by replacing it with refined carbohydrates [digestible saccharides; high-carbohydrate diet

(HCD)] in a semi-purified diet without altering other components. Two-wk-old C57Bl/6Jmale mice were randomly injected

i.p. with either the liver-specific carcinogen diethylnitrosamine (25 mg/kg body weight) to induce liver cancer or saline as

the nontumor control. At age 6 wk, mice with or without cancer initiation were further randomly assigned to an HFD (26%

and 60% energy from carbohydrates and fat, respectively) or an HCD (66% and 12% energy from carbohydrates and fat,

respectively) and consumed food ad libitum for 24 wk. Results showed that HCD-fed mice had a comparable degree of

hepatic tumorigenesis (tumor number and volume) as HFD-fed mice, despite having significantly reduced body weights.

HCD feeding induced greater hepatic endoplasmic reticulum (ER) stress-mediated protein kinase RNA-activated–like

kinase (PERK) activation and oncogenic interleukin-6/signal transducer and activator of transcription 3 signaling than HFD

feeding. HCD-stimulated PERK signaling was associated with elevated expression of prosurvival markers in tumors,

including induced protein kinase B activation, increased extracellular signal-regulated kinases 1/2 phosphorylation, and

elevated cyclin D1 protein expression. However, HCD-mediated PERK activation in tumors was also positively associated

withmarkers of proapoptosis, which included elevated CCAAT/enhancer-binding protein homology protein expression and

increased cleaved caspase-3. HCD-fed mice had greater severity in hepatic steatosis than HFD-fed mice. HCD-induced

steatosis exacerbation was associated with increased expression in hepatic de novo lipogenic markers that can promote

ER stress. Together, these data indicated that chronic HCD consumption by mice can produce comparable severity of

hepatic tumorigenesis as HFD consumption, potentially through upregulating PERK-mediated ER stress. J. Nutr. 144:

647–653, 2014.

Introduction

Liver cancer is the third leading cause of cancer-related deaths
worldwide (1), and hepatocellular carcinoma (HCC)7 is the
most frequent and aggressive type of primary liver tumor (1).
The morbidity and mortality from HCC are parallel to the

increasing prevalence of non-alcoholic fatty liver disease
(NAFLD) (2), which is a non-alcohol–related form of steatosis
that is present in 75–100% of overweight and obese adults and
children (2). The molecular mechanisms involved in NAFLD-
associated HCC development are thought to include elevated
systemic inflammation, dysregulated lipid metabolism, and
activated mitogen signaling related to insulin resistance (3–5).
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Previous studies demonstrated that mice with diet-induced
obesity (DIO) from consuming a semi-purified high-fat diet
(HFD) (60% of energy derived from fat) promoted greater liver
tumorigenesis than that in mice fed a standard unpurified diet
(4,6). The mechanisms by which DIO promoted tumorigenesis
were related to systemic elevations of free FAs and the increased
presence of the proinflammatory cytokines tumor necrosis factor-
a and interleukin-6 (IL-6) (4,6). DIO promoted these proin-
flammatory responses by inducing the nuclear factor-kB (NF-kB),
MAPK, and IL-6/signal transducer and activator of transcription
3 (STAT3) signaling pathways (3–6). STAT3-activated tumors in
humans have been observed to be more aggressive than tumors
without STAT3 activation (3–6). Because unpurified diets (12%of
energy from fat) contain other ingredients (e.g., phytonutrients
and fiber) with potential chemopreventative properties that are
not present in semi-purified diets, reports comparing outcomes
between HFD-fed and unpurified diet–fed mice may be not
appropriate to evaluate the tumorigenic effects of dietary fat alone.

Epidemiologic studies suggested that a diet high in refined
carbohydrates (HCD) (50–65% of energy from carbohydrates,
high glycemic index, and low in fiber) could promote NAFLD
progression (7–9) and was associated with increased HCC risk
(10). These observational data have been consistent with compa-
rable experimental reports. Mice fed a high glycemic index diet
for 24 wk had greater hepatic TGs and adiposity than mice fed a
low glycemic index diet (11). HCD has been shown to induce
hepatic de novo lipogenesis (DNL) and increased synthesis of
lipogenic enzymes (12,13). As a result, the demand for endoplas-
mic reticulum (ER)–assisted folding becomes elevated (14,15),
leading to the induction of an ER stress-mediated unfolded
protein response (ERUPR) (14,15). Metabolic excess-induced
ERUPR activation has been associated with liver cancer develop-
ment (16). Furthermore, ER stress could also induce fibrogenic
activity of hepatic stellate cells (17). Hepatic fibrosis can promote
the development of liver cirrhosis (5), which is a significant risk
factor for HCC development (5). This evidence begs the question
as to whether HFD would indeed promote greater hepatic
tumorigenesis (when compared with HCD) and whether the
remaining compositions of the diets were similar.

The present study investigated the liver tumorigenic effects of
dietary fat in a carcinogen-initiated HCC mouse model by
replacing dietary fat with refined carbohydrates (digestible
saccharides) without altering other dietary components. In
addition, we explored potential mechanisms by which HCD
exhibited its hepatic tumorigenic effects by inducing ERUPR.

Materials and Methods

Study design. The experimental protocol (Supplemental Fig. 1A) was

adapted from a well-established animal model for studying HCC
pathogenesis (4,18) and approved by the Institutional Animal Care

and Use Committee at the JeanMayer USDAHumanNutrition Research

Center on Aging at Tufts University. Pregnant female C57Bl/6J mice
were purchased from The Jackson Laboratory to generate male mice for

this study. Mice consumed water and food ad libitum and were

maintained in an environmentally controlled (12-h light/dark cycle,

temperature and humidity controlled) animal room throughout the
study. Two-wk-old mice were randomly injected i.p. with either saline

(2DEN arm) or with the liver-specific carcinogen diethylnitrosamine

(DEN; Sigma-Aldrich) (+DEN arm) at a dose of 25 mg/kg body weight as

described previously (4,18). At age 6 wk, mice under both the 2DEN
and +DEN arms were randomly assigned to either a HFD (HFD2 DEN

or HFD +DEN; F3283; Bio-Serv) (composition in Supplemental Table 1)

or HCD (HCD2DEN or HCD +DEN; F6395; Bio-Serv) (Supplemental

Table 1). All mice were killed without being food deprived at age 30 wk

by terminal exsanguination under deep isoflurane (Isothesia; Butler Schein)

anesthesia.

Quantification of liver tumors. After the mice were killed, whole livers

were removed from studymice and processed for biochemical and histologic

analyses as described previously (18). Primary outcomes, including liver

tumor multiplicity, were evaluated by two investigators unaware of
treatments, as described previously (18).

Histopathologic evaluation. Sections (5 mm) of formalin-fixed,

paraffin-embedded liver tissue were subjected to hematoxylin and eosin
staining and histopathologic examination by two independent investi-

gators unaware of the treatment groups as described previously (18).

RNA extraction and qRT-PCR. Total RNA extraction from frozen liver
tissue and subsequent qRT-PCR were performed as described previously

(18). Primer sequences are listed in Supplemental Table 2.

Protein isolation and Western blotting. Protein isolation from frozen

liver tissue and subsequent Western blotting analysis of specific proteins
were executed as described previously (18). The following antibodies

were used for Western blotting: 1) acetyl-CoA carboxylase (ACC); 2)
protein kinase B (Akt); 3) eukaryotic initiation factor 2a (eIF2a); 4)
MAPK–extracellular signal-regulated kinases 1/2 (Erk1/2); 5) protein

kinase RNA-activated–like kinase (PERK); 6) phosphorylated Akt

(Ser473); 7) phosphorylated eIF2a (Ser51); 8) phosphorylated p44/42

MAPK–Erk1/2 (Thr202/Tyr204); 9) phosphorylated PERK (Thr980);
10) phosphorylated STAT3 (Tyr705); 11) stearoyl-CoA desaturase

1 (SCD1); 12) STAT3 (Cell Signaling Technology); 13) IL-6 (R&D

Systems); 14) CCAAT/enhancer-binding protein homology protein

[CHOP (or GADD153)]; and 15) cyclin D1 (Santa Cruz Biotechnology).
Proteins were detected by a horseradish peroxidase–conjugated second-

ary antibody (Bio-Rad). The specific bands were visualized by a

SuperSignal West Pico Chemiluminescent Substrate Kit (Pierce) accord-
ing to the instructions of the manufacturer. Anti-actin antibody (Sigma-

Aldrich) was used to detect b-actin used for the equal loading of some

proteins. The intensities of bands were quantified by using GS-710

Calibrated Imaging Densitometer (Bio-Rad).

Statistical analysis. SAS 9.3 software was used to perform the

statistical analyses. Student�s t test and nonparametric Wilcoxon�s signed
rank tests were used to examine the differences in primary outcome

measurements for the following comparisons: 1) HFD2DEN and HCD

2 DEN; 2) HFD + DEN (nontumor) and HCD + DEN (nontumor); and

3) HFD + DEN (tumor) and HCD + DEN (tumor). Spearman�s rank
correlation was used to perform nonparametric measures of statistical

dependence between two variables. P value was set at 0.05 for

comparisons to reach statistical significance.

Results

HCD- or HFD-fed mice had the same degree of DEN-initiated

hepatic tumorigenesis. No liver tumors were detected in
uninitiated HFD-fed and HCD-fed mice (HFD 2 DEN and
HCD2 DEN; Table 1). All DEN-initiated mice (HFD + DEN and
HCD + DEN) developed multiple surface liver tumors (Supple-
mental Fig. 1Bi, Bii; Table 1), similar to those described in
previously published studies (4,18). Hematoxylin and eosin
staining of C57Bl/6J liver tissues showed hepatic adenoma and
HCC development (Supplemental Fig. 1Biii, Biv), with inflamma-
tory cell infiltration within both tumor and nontumor regions
(Supplemental Fig. 1Bv, Bvi). Hepatic surface tumor multiplicity
and volume were not statistically different between the HFD +
DEN and HCD + DEN groups (Table 1). Final body weights of
HFD-fedmice were comparable with theC57Bl/6JDIO phenotype
as described previously (4,19). HCD-fed mice weighed ;10 g less
than HFD-fed mice within each DEN arm of this study (Table 1)
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but were ;10 g heavier than unpurified diet–fed mice (;32 g at age
30 wk) in previously published studies (4,19). All groups of mice in
the current study had similar degrees of mortality (Table 1).

HCD feeding induced more severe hepatic steatosis and

greater DNL enzyme expression than HFD feeding. HCD-
fed mice had more severe hepatic steatosis than HFD-fed mice
(Supplemental Fig. 1Bvii, Bviii; Table 1). HCD feeding induced
greater protein expression of DNL enzymes in liver and liver
tumor tissue than HFD feeding, including ACC [by 122% in
HCD2 DEN, 294% in HCD + DEN (nontumor), and 316% in
HCD + DEN (tumor)] (Fig. 1A) and SCD1 [by 659% in HCD2
DEN, 243% in HCD + DEN (nontumor), and 116% in HCD +
DEN (tumor)] (Fig. 1B). This HCD-associated DNL enzyme
protein induction in liver tissue accompanied elevated gene
expression of Acc [by 249% in HCD 2 DEN and 186% in
HCD + DEN (nontumor)] (Fig. 1C), Scd1 [by 498% in HCD 2
DEN and 348% in HCD + DEN (nontumor)] (Fig. 1C), and FA
synthase [by 298% in HCD 2 DEN and 219% in HCD + DEN
(nontumor)] (Fig. 1C), thus implying an HCD-induced transcrip-
tional regulation of theseDNL enzymes. This phenomenonwas not
observed in liver tumor tissue (Fig. 1C).

HCD-fed mice had greater ERUPR-associated PERK/eIF2a
signaling induction than HFD-fed mice. Replacing dietary
fats with refined carbohydrates induced activation of PERK by
phosphorylation [by 106% in HCD 2 DEN, 96% in HCD +
DEN (nontumor), and 89% in HCD + DEN (tumor)] (Fig. 2A)
in liver and liver tumor tissue in each DEN arm. This HCD-
mediated PERK activation was associated with the increased
phosphorylation of the PERK-downstream signaling molecule
eIF2a [by 10-fold in HCD 2 DEN, 75% in HCD + DEN
(nontumor), and 63% in HCD + DEN (tumor)] (Fig. 2B).
Hepatic PERK activation in the +DEN arm was correlated with
eIF2a phosphorylation in liver and liver tumor tissue (R2 = 0.49,
P = 0.001; and R2 = 0.50, P = 0.007, respectively). PERK and
eIF2a phosphorylation in the +DEN arm also correlated with
ACC (PERK: R2 = 0.37, P = 0.019; eIF2: R2 = 0.36, P = 0.018)
and SCD1 (PERK: R2 = 0.30, P = 0.049; eIF2a: R2 = 0.43,
P = 0.003) protein expression in liver tissue. There was a sug-
gestive correlation between eIF2a phosphorylation and SCD1

(R2 = 0.35, P = 0.08) in liver tumors. HFD- and HCD-fed mice
shared similar ERUPR-associated inositol requiring enzyme 1a-
mediated X-box binding protein 1 gene expression and splicing
in liver tissue (data not shown).

HCD feeding induced greater proinflammatory signaling

activation than HFD-fed mice. HCD-mediated PERK/eIF2a
activation in the +DEN arm was associated with induced IL-6
protein expression (by 79%) (Fig. 2C) and IL-6-dependent
oncogenic STAT3 phosphorylation (by 80%) (Fig. 2D) in liver
tissue. IL-6 expression was correlated with the phosphorylation
of PERK (R2 = 0.52, P < 0.001) and eIF2a (R2 = 0.55, P < 0.001),
as well as with ACC (R2 = 0.48, P < 0.001) and SCD1 (R2 = 0.29,
P = 0.08) protein expression. We observed no differences in the
protein expression of NF-kB-inhibitory protein inhibitory kB
(IkB) (data not shown).

HCD feeding induced Akt and MAPK/Erk signaling in liver

tumors. Replacing dietary fat with refined carbohydrates
induced Akt activation by phosphorylation (by 382%) (Fig. 3A)
in liver tumors. HCD-mediated Akt activation was associated
with the activation of Erk1/2 by phosphorylation (by 144%) (Fig.
3B), cyclin D1 protein expression (by 104%) (Fig. 3C), and with
increased Erk-mediated downstream gene target cellular inhibitor
of apoptosis protein (cIAP1; by 20%; P = 0.08) (Fig. 3D). We
observed correlations between Akt activation and Erk1/2 phos-
phorylation (R2 = 0.49, P = 0.006), eIF2a phosphorylation (R2 =
0.38, P = 0.045), CHOP (R2 = 0.40, P = 0.030), and SCD1 (R2 =
0.47, P = 0.019) protein expression. Erk1/2 phosphorylation was
correlated with eIF2a phosphorylation (R2 = 0.55, P = 0.002) and
SCD1 protein expression (R2 = 0.55, P = 0.004). There was no
difference in ribosomal protein S6 (RPS6) phosphorylation
between HFD and HCD tumors (data not shown).

HFD feeding reduced expression of proapoptotic markers

in liver tumors. HCD feeding induced greater proapoptotic
CHOP protein expression than HFD feeding in the liver and liver
tumor tissue [by 316% in HCD 2 DEN, 105% in HCD + DEN
(nontumor), and 68% in HCD + DEN (tumor)] (Fig. 3E). HCD-
associated CHOP protein upregulation in liver tumors accom-
panied the induction of cleaved caspase-3 (by 485%) (Fig. 3F),

TABLE 1 Liver tumor outcomes, body and liver weights, hepatic steatosis, and inflammation in C57BL/6J
male mice that were or were not treated with DEN to initiate liver cancer, fed either an HFD or HCD for
24 wk1

Study group

HFD 2 DEN HCD 2 DEN HFD + DEN HCD + DEN

Mice, n 7 8 27 26

Mortality, n 1 0 3 1

Liver tumor outcomes

Incidence, % 0 0 100 100

Multiplicity, n 0 0 14.6 6 1.9 10.9 6 1.2

Volume, mm3 0 0 306 6 113 338 6 154

Final body weights, g 52.9 6 1.4 44.3 6 1.4* 50.9 6 0.6 41.2 6 0.6*

Liver weights, g 2.6 6 0.1 2.5 6 0.1 2.4 6 0.1 2.5 6 0.2

Liver/body weight, % 4.9 6 0.1 5.8 6 0.2* 4.2 6 0.2 6.2 6 0.5*

Hepatic steatosis score2 2 (1–2) 3 (2–4)* 2 (1–3) 2 (0–3)*

Liver inflammatory foci, n/cm2 0.0 6 0.0 0.6 6 0.4 1.7 6 0.5 1.4 6 0.3

1 Values are means 6 SEMs or medians (ranges) unless otherwise noted. *Different from the corresponding HFD, P , 0.05. DEN,

diethylnitrosamine; HCD, diet high in refined carbohydrates; HFD, high-fat diet.
2 The means for the hepatic steatosis were 1.83 and 2.15 for HFD + DEN and HCD + DEN, respectively. Wilcoxon�s signed-rank test was

used to examine the difference between steatosis medians.
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suggesting cancer cell apoptosis. CHOP protein expression
correlated with SCD1 protein expression (R2 = 0.39, P = 0.007)
in the liver tissue and had a suggestive correlation with PERK
phosphorylation (R2 = 0.33, P = 0.09) in liver tumors.

Discussion

The present study provided a novel observation that HCD and
HFD feeding had similar effects on DEN-induced liver tumor-
igenesis in male mice, suggesting that dietary fat did not have
greater tumorigenic effects on the liver than dietary refined
carbohydrates. This outcome occurred despite the fact that
HCD-fed mice weighed significantly less than HFD-fed mice,
presumably because of the differential energy densities of the
diets. Therefore, HCD feeding may use alternative pathways to
promote liver tumorigenesis than those that are obesity- and/or
weight-dependent.

ERUPR plays an important role in NAFLD development and
progression (16,20), and we investigated whether ERUPR could
be induced with HCD or HFD feeding. ERUPR is characterized
by the activation of three distinct signal transduction pathways
originating from the ER membrane that are mediated by the
inositol requiring enzyme 1a/X-box binding protein 1 system,

PERK/eIF2a signaling, and the activation of transcription factor
6a (16,20). We observed that replacing dietary fat with refined
carbohydrates significantly induced PERK/eIF2a signaling in
both liver and liver tumor tissue. It has been reported that PERK/
eIF2a activation was important for cancer cell survival (21,22).
Genetic ablation of PERK or a knock-in mutation of the PERK
phosphorylation site on eIF2a both significantly reduced the
survival of transformed mouse embryo fibroblasts (22). Because
others reported that tumors in PERK knockout mice grew much
slower and exhibited a greater degree of apoptosis than in the
respective wild-type mice (22), our results suggested that refined
carbohydrates may promote liver tumorigenesis through elicit-
ing PERK/eIF2a signaling. This notion is in support of observa-
tions that patients with NAFLD and non-alcoholic steatohepatitis
had increased eIF2a phosphorylation and glucose-regulated protein
78/binding Ig protein expression (23), suggesting a positive
association between ERUPR and NAFLD progression.

FIGURE 2 Hepatic PERK/eIF2a signaling and apoptotic markers in

C57BL/6J male mice that were and were not treated with DEN to

initiate liver cancer, fed either an HFD or HCD for 24 wk. Graphical

representation of fold changes: A) PERK (Thr980) phosphorylation

(total PERK as control); B) eIF2a (Ser51) phosphorylation (total eIF2a

as control); C) IL-6 protein; D) STAT3 (Tyr705) phosphorylation (STAT3

as control). Representative Western blots with 1 sample per group are

shown.2DEN arm, n = 6–7 per group; +DEN arm (nontumor), n = 22–

26 per group; +DEN arm (tumor), n = 12–16 per group. Fold changes

normalized to HFD 2 DEN, HFD + DEN (nontumor), or HFD + DEN

(tumor). Values are means 6 SEMs. *Different from the correspond-

ing HFD, P , 0.05. DEN, diethylnitrosamine; eIF2a, eukaryotic

initiation factor 2a; HCD, diet high in refined carbohydrates; HFD,

high-fat diet; p-, phosphorylated; PERK, protein kinase RNA-activated-

like kinase; STAT3, signal transducer and activator of transcription 3;

T-, total.

FIGURE 1 Hepatic DNL biomarkers in C57BL/6J male mice that

were or were not treated with DEN to initiate liver cancer, fed either

an HFD or HCD for 24 wk. Graphical representation of fold changes: A)

ACC protein; B) SCD1 protein; C) Acc mRNA, Fas mRNA, and Scd1

mRNA. Representative Western blots with 1 sample per group are

shown.2DEN arm, n = 6–7 per group; +DEN arm (nontumor), n = 22–

26 per group; +DEN arm (tumor), n = 12–16 per group. Fold changes

normalized to HFD 2 DEN, HFD + DEN (nontumor), or HFD + DEN

(tumor). Values are means 6 SEMs. *Different from the correspond-

ing HFD, P , 0.05. Acc, acetyl-CoA carboxylase; DEN, diethylnitros-

amine; DNL, de novo lipogenesis; Fas, FA synthase; HCD, diet high in

refined carbohydrates; HFD, high-fat diet; Scd1, stearoyl-CoA desatur-

ase 1; T-, total.
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ERUPR has been linked to major inflammatory signaling net-
works, including the NF-kB pathway and the NF-kB-inducible
cytokine IL-6 expression (5,20). We observed that HCD-induced
PERK/eIF2a signaling activation was associated with increased
IL-6 protein expression and STAT3 phosphorylation. This
phenomenon occurred in the absence of IkB modulation. It has
been suggested that PERK/eIF2a-dependent NF-kB signaling
promotion can be mediated through the transcriptional repres-
sion of IkB (24). PERK/eIF2a can also activate NF-kB signaling
in a non-IkB degradation–dependent mechanism, involving the
induced disassociation of IkBa from the NF-kB p65 subunit
(25). Our results suggest that HCD feeding may have induced NF-
kB activation in an IkB-independent manner.

Interestingly, HCD-induced PERK/eIF2a signaling activation
in the current study was associated with elevated Akt-Erk1/2
signaling activation. This observation was accompanied with the
HCD-promoted increase in cyclin D1 protein expression and a
nonsignificant increase in the Erk-mediated downstream gene
target, the anti-apoptotic cIAP1. The induction of the phospha-
tidylinositol 3-kinase–Akt pathway is important to facilitate
cancer cell survival, which requires PERK/eIF2a signaling (26–
28). The potential mechanisms for the PERK-induced prosurvival
included the Akt-mediated activation of MAPK/Erk signaling
(27), as well as the induction of cIAP1 and cIAP2 proteins (26,29).
Akt activation in transformed cells of human liver tumors is a risk
factor for early disease recurrence (30,31) and correlates with
increased cell cycle promoter cyclin D1 expression (27,32).

Although our observation suggests that replacing dietary fat
with refined carbohydrates may promote tumor growth through
Akt–Erk signaling activation, both HCD-fed and HFD-fed mice
had comparable tumor volume. PERK/eIF2a signaling activa-
tion can initiate the gene activation of transcription factor 4
translation, a transcription factor that induces the expression of
the proapoptotic protein CHOP (16). In the present study, HCD-
induced PERK/eIF2a signaling was associated with elevated

CHOP protein expression in liver tumors. This evidence suggests
that HCD-mediated PERK/eIF2a activation may promote tu-
mor cell apoptosis, as indicated by the HCD-induced elevation
in cleaved caspase 3. These proapoptotic properties of PERK/
eIF2a activation may counteract the tumor-proliferating effects
of Akt signaling in HCD-fed mice, providing a plausible expla-
nation to why HCD-fed mice had similar hepatic tumorigenesis
as HFD-fed mice.

Metabolic excess and/or obesity-related hepatic ER stress
stemmed from accumulation of misfolded protein, a phenom-
enon that was partially due to increased synthesis of proteins
involved in lipid metabolism (synthesis, oxidation, transport)
(14,33,34). In the present study, HCD-fed mice had more severe
hepatic steatosis than HFD-fed mice, regardless of liver tumor
bearing. This HCD-induced elevated steatosis was associated
with the significant upregulation of DNL genes and proteins,
including ACC and SCD-1, as well as FA synthase gene
expression. This evidence is consistent with previous in vivo
studies and clinical observations that HCD-induced NAFLD
was associated with elevated hepatic DNL (7–9). Donnelly et al.
(35) observed that patients with NAFLD have elevated fasting
DNL compared with healthy individuals. Altering dietary
macronutrient contents can induce differential metabolic con-
sequences in the liver (8,14,36). Excessive dietary carbohydrates
induced glucose conversion to FA by DNL (8,36), whereas
excessive dietary fat elevated hepatic lipid uptake without
stimulating DNL (14,36). C57BL/6Jmice fed an HFD for 500 d
had significantly reduced mRNA expression of DNL genes
compared with unpurified diet–fed mice, suggesting a potential
negative feedback on lipogenesis by excessive dietary fat (6). In
the current study, we observed that HCD-induced DNL was
correlated with PERK/eIF2a signaling activation, providing
evidence to support the notion that aberrant lipid metabolism,
including elevated lipogenesis, was an important contributor to
hepatic ER stress (20).

FIGURE 3 Liver tumor Akt, MAPK/Erk,

and IL-6 signaling in C57BL/6J male mice

fed either an HFD or HCD for 24 wk.

Graphical representation of fold changes: A)

Akt (Ser473) phosphorylation (total Akt as

control); B) Erk1/2 (Thr202/Tyr204) phospho-

rylation (total Erk1/2 as control); C) cyclin D1;

D) cIAP1 mRNA; E) CHOP; F) cleaved

caspase 3. Representative Western blots

with 1 sample per group are shown. 2DEN

arm, n = 6–7 per group; +DEN arm (non-

tumor), n = 22–26 per group; +DEN arm

(tumor), n = 12–16 per group. Fold changes

normalized to HFD 2 DEN, HFD + DEN

(nontumor), or HFD + DEN (tumor). Values

are means 6 SEMs. *Different from the

corresponding HFD, P , 0.05. Akt, protein

kinase B; CHOP, CCAAT/enhancer-binding

protein homology protein; cIAP1, cellular

inhibitor of apoptosis protein; DEN, diethylni-

trosamine; Erk, MAPK–extracellular signal-

regulated kinase; HCD, diet high in refined

carbohydrates; HFD, high-fat diet; p-, phos-

phorylated; T-, total.
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It is important to note that ERUPR also has lipogenic capacity
(15), whereas Akt signaling activation can induce lipogenesis in
a mammalian target of rapamycin complex 1/RPS6-dependent
manner (31). Therefore, we are unable to conclude whether
HCD-induced DNL preceded the ERUPR-associated PERK/eIF2a
signaling. Interestingly, HCD feeding did not induce RPS6 phos-
phorylation in tumor regions. This observation provided some
evidence to suggest that HCD feeding may promote hepatic
steatosis in an Akt-independent manner. Additional investi-
gations are required to determine whether HCD-promoted
hepatic steatosis is independent of ERUPR. We also acknowledge
that the basal diet for this study lacked dietary fiber. Low dietary
fiber is associated with increased prevalence for metabolic
syndrome and HCC risk in humans (10). Diets rich in complex
carbohydrates and fiber did not induce clinical DNL in humans,
suggesting a potential interaction between digestibility/structure
of carbohydrates and DNL (13).

Together, the present study proposed that chronic HCD
feeding can promote comparable severity of hepatic tumorigen-
esis as for HFD feeding potentially through upregulating PERK-
mediated ER stress.
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