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Abstract

We hypothesized that dietary walnut would prevent high-fat-diet (HFD)-induced hepatic apoptosis
based on its antioxidant properties. Male C57BL/6J mice were fed a rodent chow or HFD (45%
energy-derived) + walnuts (21.5% energy-derived) for 6 weeks. Liver histological and biochemical
analyses revealed significantly elevated fat accumulation in mice fed HFD compared to mice fed
the chow or HFD+walnuts. Walnut supplementation prevented HFD-mediated alteration of the
levels of key proteins in lipid homeostasis such as Sirtl, AMPK and FAS, leading to decreased fat
accumulation. In addition, walnut supplementation to HFD significantly decreased the hepatic
levels of cytochrome P450-2E1, nitrated proteins and lipid peroxidation. Furthermore, walnut
supplementation decreased the activated cell death-associated p-JNK and p-p38K accompanied
with increased hepatocyte apoptosis in HFD group. The beneficial effects of dietary walnut likely
result, at least partially, from its antioxidant ingredients and attenuating HFD-induced hepatic
steatosis, nitroxidative stress and apoptosis.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD), a condition regarded as the hepatic
manifestation of the metabolic syndrome, is one of the most common causes of chronic liver
diseases [1]. The dramatic increase in prevalence of metabolic syndrome and NAFLD has
been linked to the global spreading of the Western diet coupled with a more sedentary
lifestyle [2, 3]. The molecular pathogenesis mechanisms of NAFLD have not well
understood, but one of the well-established pathophysiological mechanisms is the “two-hit”
hypothesis [4]. In this proposal, fat accumulation is considered the first hit, that primes the
liver for more severe forms of NAFLD especially in the presence of increased oxidative
stress being the “second hit” [5-7]. Indeed, emerging data recently have shown that
increased liver triglycerides lead to increased oxidative stress in the hepatocytes of both
animals and humans [8-12]. It has been proposed that fat accumulation in hepatocytes is
coupled with mitochondrial dysfunction, which may be manifested by increased
nitroxidative stress arising from enhanced generation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) [13].
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Nitroxidative stress occurs when cellular levels of ROS exceed the neutralizing capabilities
of cellular nonenzymatic and enzymatic antioxidants. Sources of excessive ROS include
intracellular enzymes such as nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, inducible nitric oxide synthase (iNOS) and cytochrome P450-2E1 (CYP2E1) [14].
The increased production of ROS is also known to cause lipid peroxidation, followed by an
inflammatory response, and activation of stellate cells, leading to fibrogenesis [11, 15, 16].
On the other hands, nitric oxide (NO) and peroxynitrite (ONOO™), formed in combination
with superoxide that might be increased by CYP2EL or from mitochondrial sources, are
major sources of RNS in biological systems [17]. Peroxynitrite can induce post-translational
protein modifications of many cellular proteins including tyrosine and cysteine residues, to
form 3-nitrotyrosine (3-NT) and S-nitrosylation of cysteines, respectively, usually
contributing to inactivation and/or degradation of many functional proteins, some of which
might be essential for cell signaling and survival [18, 19]. Furthermore, recent studies have
revealed that excessive levels of ROS/RNS can lead to cellular injury and death by altering
cellular macromolecules other than proteins including DNA and lipids [20]. The association
between increased oxidative stress and a high rate of cellular apoptosis has been reported in
hepatocytes [21]. Hepatocellular apoptosis is emerging as an important early mechanism for
the progression of many liver diseases including NAFLD [22]. In addition, hepatocyte
apoptosis may contribute to liver fibrogenesis and the development of cirrhosis, both of
which are advanced forms of liver disease [23]. Although hepatocyte apoptosis may occur
through a variety of mechanisms, activation of the mitogen-activated protein kinases
(MAPKS) is considered a common critical mediator of various apoptotic inducers as in
initiating oxidative damage-induced apoptotic cellular events [24]. Indeed, the c-Jun NH2-
terminal kinases/stress-activated protein kinases (JNK) and the p38 mitogen-activated
protein kinases (p38K) have been widely accepted as the major cell death-related MAPKSs
and have generally been associated with proapoptotic actions in many cell types [25].

Several models of NAFLD by high fat diet (HFD) have been developed to evaluate the
mechanisms of the development and/or progression of NAFLD. HFD-mediated NAFLD has
been reported to result from at least partially by the development of fatty liver along with the
increased levels of oxidative stress and hepatocyte apoptosis [26, 27]. The healthy benefits
of walnuts including reduction of oxidative stress, inflammation, improvement of blood
circulation, suppression of the risk of heart disease, cancer, anti-aging properties, eczema
prevention, and stabilization of body hormones due to the presence of multiple
phytonutrients [28, 29]. Walnuts represent one of the edible nuts that show a very high anti-
oxidant property [28]. In addition, Fink et al have shown that walnut oil also ameliorated
HFD-induced triglyceride (TG) accumulation in the livers of obese Zucker rats [30].
Consistently, we have recently reported that dietary walnut can improve the levels of hepatic
TG, that were markedly elevated by HFD, although walnut supplementation did not
significantly alter HFD-related insulin resistance after 20 weeks of feeding [31]. At 20
weeks, The beneficial effects of walnuts appear to result from prevention of hepatic
steatosis, adipose tissue inflammation, infiltration of macrophages and apoptosis of adipose
tissues [31]. However, the potential protective effects of walnuts on HFD-mediated hepatic
fat accumulation, increased nitroxidative stress and the early cell-death related signaling
pathways have not been investigated especially after short term exposure to HFD. Thus, the
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current study is specifically aimed to evaluate whether dietary walnuts can decrease hepatic
apoptosis by potentially attenuating some of the early manifestations of NAFLD namely
hepatic fat accumulation, oxidative stress, and the cell death signaling pathways in mice fed
HFD for only 6 weeks.

2. Materials and methods

2.1. Animals and diets

Age-matched (5 weeks) male C57BL/6 mice were obtained from Jackson Laboratories.
After one week of acclimation, mice were randomly assigned to three groups (n=6/group)
fed either a regular chow diet (14% fat by calories; 7017 NIH-31 open formula mouse/rat
sterilizable diet) (http://www.envigo.com/products-services/teklad/laboratory-animal-diets/
natural-ingredient/traditional/rodent/7017-nih-31-open-formula-mouse-rat-sterilizable-
diet.aspx) or HFD (45% fat-derived calories; D12451) (Research Diets, New Brunswick NJ,
USA) with or without physiologically relevant amounts of walnuts (21.5% total energy with
18.9% fat-derived calories) for 6 weeks [31]. The HFD and HFD-+walnut diets were
designed to be isocaloric. The diet composition is shown in Supplementary Table 1. The
mice were housed in groups of three per cage at 22°C with a 12 h light/dark cycle and given
free access to diet and water. The weight of each mouse was determined once a week and
their food intake was recorded daily during the feeding period. The food efficiency ratio
(FER) was calculated as gram of body weight gain per gram of food consumed. After 6
weeks, the livers tissues were excised from the mice fasted overnight (12 h) and immediately
snap frozen while trunk blood samples following decapitation were collected from the
sedated animals into heparinized blood collection tubes. All samples were stored at —80°C
until analysis. Animal experiments were performed in accordance with the National
Institutes of Health guidelines and approved by the Institutional Animal Care and Use
Committee.

2.2. Histopathology analysis

Liver tissue sections from the largest lobe were stained with hematoxylin and eosin (H&E).
Following staining, hepatic histological examination was performed with the histological
scoring system for NAFLD, as described by Kleiner et al. [32]. All liver specimens were
assessed blindly by an independent pathologist who did not know the identities of the study
groups.

2.3. Measurements of the hepatic contents of triglyceride (TG) and adenosine triphosphate
(ATP) as well as serum levels of alanine aminotransferase (ALT) and leptin

For hepatic TG measurement, liver tissues (50 mg wet weight) were homogenized in 5%
Triton X-100 solution and heated in 80-100°C water bath for 2-5 min to solubilize the TG.
The samples were then centrifuged at 10,000 x g for 10 min, and the resulting supernatant
was used to determine the TG level. Ten pL of either the samples or the standards were used
for the assay and 100 L of the working reagent (100 L assay buffer, 2 pL enzyme mix, 5
uL lipase, 1 uL ATP, and 1 uL dye reagent) provided by the manufacturer, was transferred
into the respective standards and sample wells. Samples were then incubated for 30 min at
room temperature and optical density at 570 nm was then read. Values were then
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extrapolated from the standard curve according to the manufacturer’s instruction provided
with the EnzyChrom™ Triglyceride Assay Kit (BioAssay Systems, Hayward, CA). ATP
levels in snap frozen liver tissues were evaluated by using the ATP Assay Kit (Abcam Inc.,
Cambridge, MA) following the manufacturer’s protocol. The level of serum ALT was
measured for each animal using a clinical IDEXX Vet Test Chemistry Analyzer system from
IDEXX Laboratories (West brook, ME). Serum leptin concentration was measured using the
Mouse Leptin ELISA kit (Life Technologies, Grand Island, NY).

2.4. Insulin resistance (IR) and glucose tolerance (GT) tests

After feeding for 4 and 5 weeks with the different diets without or with walnuts, GT and IR
tests were conducted in mice fasted for 6 h and overnight, respectively, after subsequent
intraperitoneal (i.p.) injection of glucose (2 g/kg) (4 weeks) or insulin (0.75 U/kg; Eli Lilly)
(5 weeks). This one week period between the first tests was given to allow sufficient time for
the mice to recover from the test and also to examine the mice over an extended period of
time. Glucose levels were then measured from the tail blood of each mouse right before the
injection (0 time point) as well as at 30, 60, 90, and 120 minutes following the
intraperitoneal injection of glucose or insulin. Blood glucose levels were determined using
the Elite glucometer (Bayer, Leverkusen, Germany) and the kinetic curve as well as area
under the curve (AUC) were generated to compare the levels among the different treatment
groups.

2.5. Immunoblot and immunoprecipitation analyses

Total hepatic homogenate proteins were prepared as previously published [33]. Cytosolic or
mitochondrial proteins (50 pug/sample), prepared by differential centrifugation as previously
described [34, 35], were separated by 10 or 12 % SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and electrophoretically transferred to nitrocellulose membranes. Upon
completion of electrophoretic transfer of the proteins, membranes were blocked for 1 h in
4% milk powder in Tris-HCI buffered saline containing 0.01% Tween 20 (TBS-T).
Membranes were then probed with specific primary antibodies. The primary antibodies for
sirtuin-1 (SIRT-1), fatty acid synthase (FAS), phosphorylated- AMP-activated protein kinase
(P-AMPK), AMPK, P-INK, JNK, P-p38K, p38K, BCL2, P-BCL2, heat shock protein 90
(HSP90) and GAPDH were purchased from Cell Signaling Inc. (Danvers, MA) while
specific antibodies to poly-ADP-ribosyl polymerase-1 (PARP-1) or ATP synthase p-subunit
(ATP5B) were obtained from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Specific
antibodies for CYP2E1, iNOS, or 3-NT were from Abcam Inc. (Cambridge, MA, USA).
After removing the respective primary antibody followed by three washing steps the
nitrocellulose membranes were either incubated with the goat anti-rabbit or anti-mouse
horseradish peroxidase-conjugated secondary antibody (Santa Cruz Inc, Dallas, TX, USA)
(1:5,000 dilution in 5% milk powder in TBS-T to complete the immunoblot analyses).

For immunoprecipitation (IP) analysis, equal amounts of hepatic lysate proteins from each
mouse within the same group (n=6/group) were pooled to prepare a total of 1 mg proteins/
sample. Pooled proteins were incubated with the specific primary anti-HSP90 antibody
overnight at 4°C with head-to-tail rotations and then pulled down with protein-A/G
conjugated magnetic beads (Promega Inc., CA, USA). Following three separate washing
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steps and elution of the immunoprecipitated proteins by the manufacturer’s protocol, equal
amounts of protein/sample were loaded onto 10% SDS-polyacrylamide gels followed by
immunoblot analyses using anti-HSP90 or anti-3-NT antibodies, as described previously
[36]. Protein bands were detected by enhanced chemiluminescence and their densities
quantified using UN-SCAN-IT gel version 6.1 from Silk Scientific, as previously described
[26, 33].

2.6. Immunohistochemistry

Formalin-fixed liver samples were processed and 5-um thick paraffin sections were used for
immunohistochemistry (IHC). Briefly, de-paraffinized liver sections were treated with 3%
hydrogen peroxide followed by antigen retrieval. The sections were blocked with 2% non-fat
skim milk solution, and incubated with the primary antibody against 3-NT and 4-
hydroxynonenal (HNE). After incubation and subsequent washing steps, the attached
primary antibody was then linked to the dextran polymer by following the manufacturer’s
protocol (Envision kit, Dako, Carpinteria, CA, USA). The final reaction was performed by
immersing the sections in a solution of 3,3’-diaminobenzidine (DAB). The sections were
then counterstained with hematoxylin.

2.7. Measurements of MDA + HAE concentration

The concentration of malondialdehyde (MDA) + 4-hydroxyalkenals (HAE) (uM) in
cytosolic or mitochondrial fractions was measured using the commercially available kits
(Oxford Biomedical Research, Oxford, MI, USA) following the manufacturer’s protocol.

2.8. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

The ApopTag peroxidase /n situ apoptosis detection kit from Millipore Corporation
(Billerica, MA, USA) was used to identify apoptotic hepatocytes by labeling and detecting
DNA strand breaks by the TUNEL method following the manufacturer’s protocol. Numbers
of TUNEL-positive hepatocytes were counted in 10 high-power (200x) microscope fields
(HPF).

2.9. Statistical analysis

3. Results

Data represent results from at least two separate measurements, unless otherwise stated.
Each point represents the mean + SEM (n=6/group). The significance of differences between
groups was determined by One-way ANOVA with Tukey’s post hoc test. Statistical analysis
was conducted using Graphpad Prism software (GraphPad Software Inc.) and values with p
< 0.05 were considered significant.

3.1. Effects of walnuts on HFD-induced hepatic steatosis and metabolic parameters

After 6 weeks of feeding, histological analysis revealed the accumulation of lipid droplets in
the livers of HFD-fed mice, whereas hepatic fat contents were markedly decreased in mice
fed HFD+walnuts (HFD+W) than those of mice fed HFD alone (Fig. 1A). In addition,
walnut-fed mice had a significantly lower NAFLD activity score [32] than that of HFD-fed

J Nutr Biochem. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 7

mice (Fig. 1B). Consistent with histological assessment, HFD-fed mice exhibited the highest
levels of hepatic TG and these levels were significantly decreased in HFD+W group (Fig.
1C). No significant changes in the hepatic ATP contents were observed among the different
groups (data not shown). Serum ALT levels were not significantly changed in either HFD-
fed mice or HFD+walnut compared to control group (Fig. 1D). HFD-induced marked
elevation in the serum leptin level, compared to the control group, which was significantly
decreased by walnut supplementation (Fig. 1E). The body weight gain as well as visceral fat
mass of mice fed the HFD or HFD+W were greater than those of control mice, but walnut
supplementation did not significantly change these parameters compared with HFD group
(Table 1). In addition, walnut supplementation did not change the food intake, whereas
HFD- and HFD+W-fed mice had greater food efficiency ratios (FER) compared with control
mice (Table 1). Furthermore, walnut supplementation did not affect glucose intolerence or
insulin resistance, although HFD for 6 weeks did not alter the rates of both parameters (Fig.
1F-1), possibly due to a relative short exposure of HFD.

3.2. Effects of walnuts on the levels of hepatic proteins involved in lipid metabolism

To elucidate potential protective mechanism(s) of walnuts against the HFD-induced hepatic
TG increment in this model, we examined the effects of walnuts on the levels of key hepatic
proteins involved in lipogenesis and fatty acid oxidation as SIRT1, AMPK, and FAS. SIRT1
and phosphorylated (active) AMPK (p-AMPK) are key regulators of both lipogenesis and
fatty acid oxidation in the liver [37, 38]. Expression of SIRT1 and phosphorylation of
AMPK were significantly decreased in the livers of HFD-fed mice compared with control
mice and walnuts supplementation completely prevented the alteration of the levels of these
two proteins (Figs. 2A-C). In addition, the hepatic expression of FAS was significantly
elevated in HFD-fed mice compared with control mice and this increase was significantly
reduced by walnut supplementation (Figs. 2A and D).

3.3. Effects of walnuts on expressions of CYP2E1, iNOS and NADPH oxidase

To determine the effect of walnuts on oxidative stress in HFD-fed mice, we evaluated the
expressed levels of cytosolic and mitochondrial CYP2EL1 proteins, because CYP2E1L, an
important source of oxidative stress [39], has been reported to increase in response to HFD
and play a critical role in the development of NAFLD [33]. Cytosolic CYP2E1 protein levels
were significantly upregulated in liver tissues of HFD-fed mice compared to control group
and this increase was significantly reversed by the walnut supplementation (Figs. 3A and B).
In addition, walnut supplementation to HFD significantly decreased the levels of
mitochondrial CYP2E1 compared to the two other groups (Figs. 3D and E). Further, HFD-
fed mice exhibited significantly elevated levels of cytosolic and mitochondrial iNOS
compared to those of the control group (Figs. 3A, C, D, and F). However, walnut
supplementation significantly decreased the mitochondrial iNOS levels (Figs. 3D and F)
without affecting the cytosolic contents (Figs. 3A and C), although we do not know the
reason for the different outcomes. Finally, the levels of hepatic NAPDH oxidase protein
were not statistically different among all the groups (data not shown).
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3.4. Effects of walnuts on HFD-induced protein nitration and lipid peroxidation

We further evaluated the levels of nitrated proteins by both immunoblot and
immunohistochemistry analyses. Western blot analysis of hepatic proteins showed that the
markedly increased levels of nitrated proteins in cytosolic and mitochondrial fractions in the
HFD-fed mice were considerably prevented in the HFD+W mice group (Figs. 4A and B).
Immunohistochemical analysis confirmed the marked decrease of the increased levels of
nitrated proteins in HFD-fed mice by the walnut supplementation (Fig. 4C). To further
support the result of increased nitrated proteins (Fig. 4), we have also analyzed the nitrated
levels of Hsp90 as an examples of protein nitration, since this protein is known to be nitrated
and involved in promoting cellular apoptosis [40]. We performed immunoprecipitation of
HSP90 followed by immunoblot analysis with the respective antibody against HSP90 or 3-
NT. The densitometric levels of nitrated HSP90 were normalized to those of native HSP90
in each group. Our results showed that increased protein nitration, as reflected by the
elevated ratio (~6 folds) of nitrated HSP90/native HSP90, was observed in HFD-fed mice
compared to the control group and that walnut supplementation prevented the increased
levels of the nitration of Hsp90 (Fig. 4D) and would possibly be the case with many other
proteins.

Increased oxidative stress can also elevate the levels of lipid peroxidation, as shown in
conditions associated with a HFD and fatty liver [26, 33]. Thus, we evaluated a lipid
peroxidation marker, MDA+HNE, in both cytosol and mitochondria. Similar to the results in
protein nitration levels, walnut supplementation significantly decreased the levels of
cytosolic MDA+HAE that were substantively increased in HFD-fed group (Fig. 5A).
However, there was no significant change in the mitochondrial MDA+HNE levels among all
the groups (Fig. 5B). Immunohistochemistry analysis supported the increased 4-HNE
contents in livers of HFD+W group than those of control mice and that walnut
supplementation markedly prevented the increment (Fig. 5C).

3.5. Effects of walnuts on activation of JNK, p38K, and hepatic apoptosis

Elevated ROS/RNS can promote the cell death signaling pathways by activating JNK and
p38K [41, 42]. The levels of phosphorylated (activated) JNK and p38K were significantly
increased in the livers of HFD-fed mice compared to control group (Figs. 6A, B, and C) and
walnut supplementation significantly decreased the levels of phosphorylated enzymes. In
addition, in order to further demonstrate the protective effects of walnuts on HFD-induced
hepatocyte apoptosis, we determined the levels of p-BCL2 and PARP-1 in hepatic lysates of
the different groups. Our results showed that the addition of walnut to HFD significantly
prevented the increased levels of P-BCL2 (Figs. 7A and B), which has been reported to play
a causal role in apoptosis [43], as well as the apoptotic protein PARP-1 [44] (Fig. 7A and D).
BCL2 was also slightly but significantly increased in HFD group, probably as a
compensatory mechanism to the increased BCL2 phosphorylation (Figs. 7A and C).
Consistently, TUNEL analysis in mouse liver tissues of different experimental groups [44]
revealed that the number of apoptotic hepatocytes was significantly greater in HFD-fed mice
than the other two groups (Figs. 7E and F). Walnut supplementation significantly prevented
the hepatocellular apoptosis induced by HFD alone (Figs. 7E and F).
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Taken together, these data suggest that the HFD-induced oxidative stress stimulated the
JNK- and/or p38K-mediated cell death signaling pathways with elevated hepatocyte
apoptosis and that walnut supplementation inhibited the effect of HFD-induced
hepatocellular apoptosis partially through inhibiting the HFD-activated cell death signaling
pathways.

4. Discussion

As expected, the HFD feeding led to increased hepatic fat accumulation, body weight and
visceral fat-pad weight in HFD-fed mice compared to those of the control group. Although
food intake was significantly decreased in the mice fed HFD and HFD+W, compared to
control, the energy intake was still significantly higher in the latter two groups due to the
nature of the high caloric intakes (Table 1). The addition of walnut significantly prevented
hepatic TG accumulation despite the fact that it neither improved the body weight nor the
relative liver weight. The lack of the effect of walnut on the body weight could be due to the
high caloric intake when combining both HFD (45% fat-derived calories) and walnut (21.5%
total energy with 18.9% fat-derived calories). This might explain the similar weight gains in
both HFD and HFD+W groups likely resulting from both HFD and energy intake in our
model. The HFD-induced TG accumulation was moderate in our model partly due to the
relatively short duration of HFD exposure. This 6-week feeding time was intentionally
chosen to evaluate and monitor the preventive role of walnuts in the early signaling events
(e.9., hepatic fat accumulation, increased oxidative stress, and activation of the cell death
signaling pathways, leading to hepatocellar apoptosis) in the development and progression
of NAFLD. Since the body weight gains were comparable in both HFD and HFD+W groups
and the fat accumulation in the liver was not massive, it is conceivable that the relative liver
weight was also comparable between the two groups, despite the lower tendency in the HFD
+W compared to the HFD alone.

Hepatic steatosis, which is considered the first hit in “the two-hit” hypothesis for the
development and/or progression of NAFLD in response to HFD, might be mediated via
several pathways [4], including oxidative stress. “The two-hit” model represents a well-
established and widely-accepted model for the pathophysiology of NAFLD, based on
numerous reports from many laboratories, although additional studies are still needed to
fully characterize and understand this disease. In addition, hyperleptinemia is one of the best
known and early markers for fatty liver and obesity [45]. Recent reports described that the
positive correlation between leptin and hepatic steatosis can be reversed by anti-leptin
therapies [46—48]. More importantly, leptin has been reported to be a key to peroxynitrite-
mediated oxidative stress in experimental non-alcoholic steatohepatitis [48]. In agreement
with these reports [45-48], our results showed that HFD increased leptin levels while walnut
supplementation significantly decreased the leptin level (Fig. 1). SIRT1, a mammalian
ortholog of Sir2 (silent information regulator 2) and a NAD*-dependent deacetylase, has
been implicated in the molecular control of aging and cell proliferation, and more recently
has also been involved in protection from metabolic syndrome [49, 50]. Manipulation of
SIRT1 levels in the liver has been reported to affect the expression of a number of genes
involved in glucose and lipid metabolism [51]. Additionally, recent studies demonstrated
that modest overexpression of SIRT1 resulted in a protective effect against high-fat induced
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hepatic steatosis and glucose intolerance [50, 52]. An earlier report demonstrated that
hepatic SIRT1 mediates a fine balance between energy influx and energy expenditure in the
liver [53]. Furthermore, SIRT1 overexpression reduces the level of oxygen consumption
linked to the generation of ROS, whose levels correlate with the degree of NAFLD [54, 55].
Another player in the SIRT1 activation pathway is AMPK. In human hepatoma cells, AMPK
activation through SIRT1 decreased glucose-induced FAS and triglyceride accumulation
[56]. Overexpression of SIRT1 increased, while shRNA silencing of S/R71 dramatically
decreased AMPK and glucose-stimulated triglyceride accumulation [37]. These results
suggest an important role of AMPK-SIRT1 axis in hepatic lipid metabolism. Furthermore,
liver-specific S/RT1-knockout mice developed hepatic steatosis and inflammation [53].
Taken together, these reports [37, 49-56] support the role of SIRT1 and AMPK in
suppressing lipogenic pathways in the acute regulation of energy balance in the liver.
Because FAS catalyzes the last step in the fatty acid biosynthetic pathway, it is believed to
be a determinant of the maximal capacity of a tissue, and liver in particular, to synthesize
fatty acids by de novo lipogenesis. Chakravarthy et al. [57] showed that liver-specific
deletion of mouse FAS gene results in mutant mice that possess a similar phenotype to
control animals when fed normal chow. Similar results of a positive relationship between
FAS and hepatic fat accumulation have been reported by Ito et al. [58] in different rodent
NASH models. Consistently, Mitsuyoshi et al. [59] also reported increased levels of FAS
MRNA expression in human steatotic liver tissues. Thus, it is reasonable to assume that the
walnut-mediated inhibition of hepatic steatosis in this study may result from, at least
partially, preventing hyperleptinemia (Fig. 1) and normalizing the levels of SIRT-1, p-
AMPK, and FAS, as comparable to those of the control group (Fig. 2). In addition, walnut
supplementation prevented the HFD-mediated alteration of the cell-death-related signaling
pathway proteins such as p-JNK, p-38K, p-BCL2 and PARP-1 as well as hepatocellular
apoptosis (Figs. 6 and 7).

Oxidative stress has been shown to play a causal role in the development and/or progression
of NAFLD as one of the second hits of the “two-hit” hypothesis [60] (Fig. 8). In the present
study, the both cytosolic fraction and mitochondria of liver tissues of walnut-fed mice
showed significantly decreased CYP2EL protein levels in HFD-fed mice. In agreement,
CYP2E1 was reported to play a critical role in the development of HFD-mediated NAFLD,
as demonstrated with the WT and CypZel-null mice [33, 61, 62]. Conversely, transgenic
mice containing over-expressed CYP2E1 also exhibited elevated levels of insulin resistance,
hepatic fat accumulation and histological liver injury than the WT mice, when these mice
were chronically fed with a moderate-fat diet (20% fat-derived energy), further supporting
the important function of CYP2E1 in promoting fat-mediated NAFLD/NASH [63].
Furthermore, there is accumulating evidence that HFD-mediated upregulation of CYP2E1
may initiate lipid peroxidation by the production of ROS [33]. In view of the cytotoxic effect
of ROS and lipid peroxides [64, 65] and the capacity of CYP2EL to generate such reactive
intermediates, it is likely that this enzyme plays a key role in the pathogenesis of liver injury
[65-67]. HFD feeding is likely to increase CYP2EL levels in response to elevated liver
concentrations of ketones and fatty acids that serve as inducers and substrates of P450
enzymes [9]. Importantly, hepatic CYP2E1 levels are increased in NASH patients [68].
These results are in agreement with our study since cytosolic lipid peroxidation was also
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increased in the HFD-fed mice relative to control group, while the oxidative stress in HFD
+W fed mice was similar to that observed in control group. Human livers with NASH have
increased levels of lipid peroxidation and its by-products, providing further evidence of an
increased oxidative stress in this condition [12]. ROS are relatively short-lived molecules
that exert local effects [69]. However, they can attack polyunsaturated fatty acids (PUFAS)
and initiate lipid peroxidation within the cell, leading to the formation of aldehyde by-
products such as 4-HNE and MDA [12]. These molecules have longer half-lives than ROS
and can potentially diffuse from their sites of origin to reach distant intracellular and
extracellular targets, thereby amplifying the effects of oxidative stress. The 4-HNE and
MDA can be produced only through the peroxidation of PUFAs, which are preferentially
oxidized owing to elevated electron density and decreased carbon-hydrogen bond length in
double bonds between unsaturated carbon pairs [70]. Further, ROS may oxidize fat deposits,
releasing lipid peroxidation products that damage mitochondrial DNA and proteins to
partially block the normal flow of electrons along the respiratory chain, which might also
ultimately increase ROS levels via elevating mitochondrial ROS production.

Nitric oxide (NO) is now known to control mitochondrial respiration [71-73], insulin
signaling [74], oxidative stress [75]. NO and iNOS have been reported to play a pivotal role
in the development of various types of liver disease such as alcoholic cirrhasis [76], primary
biliary cirrhosis, autoimmune hepatitis [77], and especially NASH [78] in humans.
Furthermore, oxidative stress seems to be the most important candidate proposed so far
where NO and nitrotyrosine (3-NT), which are strongly associated with oxidative stress,
may be indicated to progress NASH as the second hitter. Peroxynitrite, derived from the
combination of superoxide (may be originated by CYP2E1) and NO, immediately attacks
tyrosine residues of many cellular proteins to form nitrotyrosine, which in turn causes
dysfunction and degradation of many functional proteins in the body [79]. Thus,
nitrotyrosine formation is considered a consequence of oxidative stress. There are numerous
reports in the literature showing that increased levels of INOS, CYP2EL, and protein
nitration play an important role, at least partially, in the development and/or progression of
NAFLD, as shown in various experimental models and people with NASH [33, 68, 80].
Peroxynitrite and protein nitration also play a central role in the suppression of the
mitochondrial respiratory chain activity, leading to mitochondrial dysfunction in a NASH
model using ob/0b mice while these effects were ameliorated by melatonin administration
[81]. In addition, elevated levels of peroxynitrite were observed in the liver of individuals
with NASH and ob/0b mice. For instance, Sanyal et al. [7] found that there was considerable
staining for 3-NT in individuals with fatty liver or NASH. Laurent et al. [82] showed that the
concentrations of nitrites and nitrates were significantly increased in liver homogenates of
ob/ob mice, and it has been demonstrated that iNOS protein expression is upregulated in the
liver of ob/ob mice [83]. These results are in accordance with our data where the upregulated
mitochondrial, but not cytosolic, iNOS in response to HFD was reversed by the walnut
supplementation. In addition, both upregulated cytosolic and mitochondrial nitrated proteins
in HFD-fed mice were also prevented by the walnut addition. However, it seems that the
major protective role of walnuts against the development of HFD-induced nitroxidative
stress seems to stem from its inhibitory effect of both cytosolic and mitochondrial CYP2EL1,
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which can be also involved in protein nitration [84] and the development of NAFLD [32,
58].

Oxidant-induced apoptosis is not the simple result of the biochemical interactions of ROS
and cellular macromolecules but rather is actively regulated through the cell signaling
cascades [14]. For instance, oxidative stress partly activates mitochondrial dysfunction and
cell-death associated MAPK pathways, in particular the p38K and JNK pathway [42, 85].
This condition occurs when the cellular ROS levels exceed the capacity of antioxidant
defense. ROS formation and accumulation above a certain threshold can induce cell damage,
which is a common mechanism for liver injury [86]. It has been clearly demonstrated that a
high rate of hepatocyte apoptosis was developed in a NASH rat model induced by a HFD.
Our observation is in agreement with findings from both human studies of NASH patients
[22, 87] and an animal model of NASH [88]. These results suggest that increased hepatocyte
apoptosis could contribute to NASH pathogenesis. Moreover, the biological importance of
HFD-induced hepatocyte apoptosis in this model is more appropriate, because the rodents
consumed the diets ad /ibitum, similar to human eating patterns, rather than being force-fed.
The higher apoptotic hepatocytes in HFD-induced NASH were associated with high
oxidative stress, as reflected by significantly elevated MDA and 4-HNE levels, indicating a
potential major contribution to hepatocyte apoptosis from increased oxidative stress. In
addition, this increased oxidative stress associated with high apoptosis could, at least
partially, result from the induction of CYP2E1 by HFD feeding. CYP2EL1 has been shown to
be invariably elevated and responsible for generation of free radicals in the liver of NASH
patients [89, 90]. Many previous studies have demonstrated that JNK and p38K activation
contributes to stress-induced apoptosis in several cell types, including hepatocytes [26, 91].
Our results of higher phosphorylated JNK and p38K indicated that JNK and p38K could be
involved in HFD-induced NAFLD pathogenesis. All these observations suggest an essential
role of INK and p38K in the development of NASH. Current concepts suggest that a high
rate of hepatocyte apoptosis in steatohepatitis (NASH) patients, with the magnitude of
apoptosis correlating with hepatic inflammation instead of simple steatosis. This implies that
apoptosis could be involved in NASH progression [22, 87], possibly through stimulating
other liver cells such as macrophages and stellate cells along with increased infiltration of
immune cells for inflammatory liver disease. Moreover, activation (phosphorylation) of INK
and p38K (Fig. 6), that can be stimulated by ROS and blocked by antioxidants [92], could
also contribute to cell death [26]. The hepatocellular apoptosis in HFD-fed mice and its
prevention by walnut supplementation were further supported by TUNEL assay results with
increased levels of apoptotic proteins PARP-1 and p-BCL2 (Fig. 7).

In summary, these results implicate that the protective effects of walnut against the
development and/or the progression of NAFLD are mediated, at least partially, by
attenuating the widely-accepted mechanisms of NAFLD namely hepatic steatosis (15t hit)
and oxidative stress (2"d hit), leading to inhibition of the cell death signal pathways in HFD-
fed obese mice. Potential hepatoprotective mechanisms of walnut against NAFLD are
summarized in Fig. 8. The inhibition of oxidative stress may either directly result from the
antioxidant ingredients of walnuts or the prevention of steatosis which primes the liver for
increased oxidative liver damage usually observed in later times. However, more work is still
warranted to fully characterize the protective mechanism(s) of walnut.
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Effects of dietary walnuts on hepatic steatosis and metabolic parameters in mice fed HFD
for 6 weeks. (A) Representative liver histology with H&E staining, (B) NASH score, (C)
concentration of hepatic TG, (D) serum ALT, and (E) serum leptin of experimental mice.
The results of (F) glucose tolerance test (GTT), (G) glucose area under the curve (AUC)
during GTT, (H) insulin tolerance test (ITT), and (1) glucose AUC during ITT are shown. All
results are presented as mean + SEM (n=6/group). Significance was determined by one-way
ANOVA with the Tukey’s post hoc test (P<0.05) and is denoted by different letters.
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Figure 2.

Effect of dietary walnuts on the levels of key proteins involved in lipid metabolism following
exposure to HFD for 6 weeks. (A) Representative images of the immunaoblot analysis for
SIRT1, P-AMPK, AMPK, FAS or GAPDH in the livers of experimental mice. The
densitometric levels of (B) SIRT1, (C) P-AMPK, and (D) FAS measured by immunoblot
analysis were normalized to GAPDH are shown. The densities of all samples are presented
as mean + SEM. Significance was determined by one-way ANOVA with the Tukey’s post
hoctest (£<0.05) and is denoted by different letters.
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Effects of dietary walnuts on the expressions of CYP2E1 and iNOS in the liver cytosol or
mitochondria from mice fed HFD for 6 weeks. Representative images of the immunoblot
analysis for CYP2E1 and iNOS in (A) cytoplasm or (D) mitochondria in livers of
experimental mice. The densitometric levels of CYP2E1 and iNOS in cytoplasm (B and C)
and mitochondria (E and F) measured by immunoblot analysis and normalized to GAPDH
or ATP5B, respectively are shown. All results are presented as mean + SEM. Significance
was determined by one-way ANOVA with the Tukey’s post hoc test (P<0.05) and is denoted
by different letters.
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Effects of dietary walnuts on protein nitration in mice exposed to HFD for 6 weeks. Equal
amounts of liver lysates from the indicated groups were used to determine the levels of
protein nitration using the anti-3-NT antibody in (A) cytoplasm or (B) mitochondria.
Immunoblot analysis were normalized to GAPDH (cytosol) or ATP5B (mitochondria). (C)
Representative immunohistochemical analysis results of hepatic protein nitration determined
with the anti-3-NT antibody in all indicated groups are presented. (D) Results of
immunoprecipitation of HSP90 followed by immunoblot analysis are presented. Specific
anti-HSP90 and 3-NT antibodies were used for immunoblot analyses, as indicated. The
numerical values, shown above the blots, represent the normalized values of nitrated HSP90
to the native HSP90 for the different groups, compared to the control group which was set at
1. All results are presented as mean + SEM. Significance was determined by one-way
ANOVA with the Tukey’s post hoc test (P<0.05) and is denoted by different letters.
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Effects of dietary walnuts on lipid peroxidation in mice fed HFD for 6 weeks. Equal
amounts of whole tissue lysates were used to determine the levels of MDA+HAE in (A)
cytoplasm or (B) mitochondria from the livers of the indicated groups. (C) Representative
immunohistochemical analysis results of hepatic lipid peroxidation determined with the
anti-4-HNE antibody in all indicated mouse groups are presented. All results are presented
as mean + SEM (n=6/group). Significance was determined by one-way ANOVA with the
Tukey’s post hoc test (P<0.05) and is denoted by different letters.
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Figure 6.
Effects of dietary walnuts on activation of JNK and p38 kinase in mice fed HFD for 6

weeks. (A) Equal amounts of whole liver lysates were used to determine the levels of P-
JNK, JNK, P-p38K, or p38K by immunoblot analysis. The densitometric levels of (B) P-
JNK and (C) P-p38K, determined by immunoblot analysis and normalized to JNK and
p38K, respectively, are shown. All results are presented as mean + SEM. Significance was
determined by one-way ANOVA with the Tukey’s post hoc test (P<0.05) and is denoted by
different letters.
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Figure 7.
Effects of dietary walnuts on the hepatic apoptosis. (A) Representative images of the

immunoblot analysis for P-BCL-2, BCL2, PARP-1 or GAPDH in the livers of experimental
mice exposed to HFD or HFD+walnut for 6 weeks. The densitometric levels of (B) P-BCL2,
(C) BCL2, and (D) PARP-1, determined by immunoblot analysis and normalized to
GAPDH, are shown. All results are presented as mean + SEM. Significance was determined
by one-way ANOVA with the Tukey’s post hoc test (P<0.05) and is denoted by different
letters. (E) Representative images of TUNEL-positive apoptotic hepatocytes (identified by
black arrows) in livers of indicated groups are presented. (F) Number of TUNEL-positive
hepatocyte in 10 high-power fields (x 200) was calculated. All results are presented as mean
+ SEM (n=6/group). Significance was determined by one-way ANOVA with the Tukey’s
post hoc test (P<0.05) and is denoted by different letters.
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Figure 8.

Schematic representation for the protective effects of dietary walnuts against hepatocellular
apoptosis in HFD-fed mice.
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Table 1

Body weight gain, liver weight, and food intake from mice fed experimental diets

Groups Control HFD HFD+W
Final body weight (g) 26.99 + 0.64° 30.78£0.36  30.75+1.16%
Body weight gain (/6 weeks) 3.68+0.17° 822+0.498  7.28+121°
Visceral fat-pad weight 12.0 + 1.47° 69.2+15328  61.7+279°
(mg/g body weight)

Liver index (mg/g body weight)? ~ 3:32+0.262 3680058  3.34+0.115
Food intake (g/day) 3.55+0.10% 2.60 + 0.05P 2.89 £0.13°
Caloric intake (kcal/day) 10.65+0.3*  12.22+024°> 13.29+0.6°
Food efficiency ratio ™ 0.024 +0.002°  0.075 + 0.0052 0(50050521 *

Each value represents the mean + SEM; Means in the same row not sharing a common superscript are significantly different at P<.05.

#Iiver index = liver weight/body weight

*
food efficiency ratio = Body weight gain for experimental period (g)/Food intake for experimental period (g)
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