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Dietary walnut reduces hepatic triglyceride content in high fat-
fed mice via modulation of hepatic fatty acid metabolism and
adipose tissue inflammation
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Abstract

In this study, we evaluated the protective effects of dietary walnuts on high fat diet (HFD)-induced
fatty liver and studied the underlying mechanisms. Male C57BL/6J mice were fed either a regular
rodent chow or HFD (45% energy-derived) with or without walnuts (21.5% energy-derived) for
20 weeks. Walnut supplementation did not change HFD-induced increase in body weight or
visceral fat mass. However, dietary walnuts significantly decreased the amounts of hepatic
triglyceride (TG) observed in HFD-fed mice. The addition of walnuts significantly altered the
levels of proteins, involved in the hepatic lipid homeostasis, including AMP-activated protein
kinase, fatty acid synthase and peroxisome proliferator-activated receptor-a. Since adipocyte
inflammation and apoptosis are reportedly important in regulating hepatic fat accumulation, we
also evaluated the protective effects of walnuts on adipose tissue injury. RT-PCR results revealed
that adipose tissues isolated from mice fed the HFD+walnuts showed significantly decreased
levels of macrophage infiltration with suppressed expression of pro-inflammatory genes compared
to those significantly elevated in mice fed HFD alone. These improvements also coincided with
reduction of HFD-induced apoptosis of adipocytes by dietary walnuts. However, the supplemented
walnuts did not significantly alter HFD-induced peripheral glucose intolerance or insulin
resistance despite a trend of improvement. Collectively, these results demonstrate that the
protective effects of walnuts against HFD-induced hepatic TG accumulation in mice are mediated,
at least partially, by modulating the key proteins in hepatic lipid homeostasis and suppression of
the genes related to adipose tissue inflammation and macrophage infiltration as well as prevention
of adipocyte apoptosis.
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1. Introduction

The incidence of non-alcoholic fatty liver disease (NAFLD), which refers to a wide
pathophysiological spectrum of nonalcoholic liver disease ranging from hepatic steatosis to
inflammatory steatohepatitis and fibrotic complications, is increasing rapidly in the
developed countries due to rising rates of obesity and related metabolic complications [1].
NAFLD is recognized to be the consequence of a complex interplay between diet,
environment, host genes, liver, and adipose tissues [2]. Many proteins are known to be
involved in the development and progression of NAFLD. For instance, AMP-activated
protein kinase (AMPK) and peroxisome proliferator-activated receptor-a (PPAR-a) play
key roles in the regulation of hepatic lipid synthesis and degradation as well as energy
metabolism. Activation of liver AMPK suppresses de novo fatty acid and cholesterol
biosynthesis by inhibiting and/or downregulating fatty acid synthase (FAS), leading to the
decreased hepatic lipogenesis [3], while PPAR-a activation mainly influences the fatty acid
oxidation in the peroxisomes and mitochondria [4].

Even though the pathogenetic mechanism of NAFLD is not fully understood yet, it has been
suggested that intra-abdominal fat mass and adipose tissue dysfunction are associated with
the development of hepatic steatosis [5]. White adipose tissues, once considered a mere
storage depot of energy in the form of fat, are today recognized as an important endocrine
organ that produces and secretes various bioactive molecules known as adipokines or
adipocytokines, including tumor necrosis factor-a (TNF-a), interleukin 6 (IL-6) and
monocyte chemoattractant protein-1 (MCP-1) [6]. In addition, adipose tissue expansion and
adipocyte hypertrophy lead to inflammation, as manifested by the infiltration of
macrophages [5, 7]. Adipose tissue inflammation is now recognized as an important
mediator link that may help explain the relationship between obesity and several metabolic
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abnormalities, including hepatic steatosis, insulin resistance, and vascular dysfunction [8-
10]. Previous studies proved that the unbalanced production of fat-derived pro-inflammatory
adipokines, including TNF-a, promote the early stages of NAFLD [11, 12]. Additionally,
recent studies uncover a key pathogenic role of adipocyte apoptosis in the recruitment of
macrophages to adipose tissues, subsequent inflammation and metabolic disruption,
contributing to hepatic lipid accumulation [13-15].

In recent years, the health benefits of dietary supplements for preventing the development
and progression of NAFLD have received increasing attention, since these substances have
several advantages such as being widely available with low toxicities or minimal side effects
[16]. Walnut is one of these dietary supplements which have several beneficial effects
including reduction of inflammation, improvement of blood circulation, suppression of the
risk of heart disease, anti-aging properties, eczema prevention, and stabilization of body
hormones due to the presence of multiple phytonutrients [17-19]. In addition, a recent report
showed that dietary walnut oil improved hepatic steatosis in Zucker rats through modulating
lipoprotein assembly and hepatic fatty acid influx [20]. However, there was little
information about the beneficial effects of walnuts on adipocyte inflammation and
apoptosis, leading to hepatic fat accumulation. Based on the aforementioned information,
the present study was aimed to investigate the effects of dietary walnuts on hepatic fat
accumulation via restoring the levels of the key genes and/or proteins involved in the hepatic
lipid homeostasis and modulating adipose tissue inflammation and apoptosis, which can
promote hepatic fat accumulation, in C57BL/6J mice fed a high fat diet (HFD).

2. Materials and methods

2.1. Animals and diet feedings

Age-matched male C57BL/6 mice were obtained from Jackson Laboratories at 5 weeks of
age. 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 20 weeks [21, 22]. The HFD and HFD
+walnut diets were designed to be isocaloric and the composition of regular chow diet, HFD
or HFD+walnuts is shown in 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 recorded daily during the feeding
period. The food intake and food efficiency ratio (FER) were measured on a per-cage basis
and divided by three. After 20 weeks, the livers and adipose tissues were excised from the
mice fasted overnight (12 h) and snap frozen while trunk blood samples were collected from
the unconscious 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.
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2.2. Histopathology analysis

Liver and adipose tissue sections 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. [23], with separate scores for
steatosis (0-3), hepatocellular ballooning (0-2), and lobular inflammation (0- 3). NAFLD
activity score is the sum of these individual scores, and values of >5 are correlated with a
diagnosis of NASH. All liver specimens were assessed blindly by an independent
pathologist who does not know the identities of the study groups. To determine adipocyte
size, the cross-sectional area of adipocytes from epididymal fat was measured at a
magnification of X200 under light microscopy and image processing performed using Image
J software (National Institutes of Health, Bethesda, MD).

2.3. Determination of the hepatic triglyceride (TG) and plasma alanine aminotransferase

(ALT) activity
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 following the manufacturer’s protocol (BioVision Research products, Mountain
View, CA). The level of plasma ALT was measured for each animal using a clinical IDEXX
Vet Test Chemistry Analyzer system from IDEXX Laboratories (West brook, ME).

2.4. Immunoblot analysis

Hepatic total cell lysates (50 pg/sample) 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 5% milk powder in Tris-HCI buffered saline containing 0.01% Tween 20
(TBS-T). Nitrocellulose membranes were then probed with specific primary antibodies
(1:1,000 dilution) for P-AMPK (Cell Signaling, Danvers, MA), AMPK (Cell Signaling,
Danvers, MA), PPAR-a (Abcam, Cambridge, MA), FAS (Cell Signaling, Danvers, MA), or
GAPDH (Cell Signaling, Danvers, MA) (1:20,000 dilution) in 5% milk powder in TBS-T,
overnight at 4°C. After three cycles of separate washing steps to remove the primary
antibodies, the membranes were either incubated with the goat anti-rabbit or anti-mouse
horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution in 5% milk powder
in TBS-T). 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
[4, 24].

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

The ApopTag peroxidase in situ apoptosis detection kit from Millipore Corporation
(Billerica, MA) was used to identify apoptotic adipocytes by detecting DNA strand breaks
with the TUNEL method following the manufacturer’s protocol. Numbers of TUNEL-
positive adipocytes were counted in 10 high-power (200x) microscope fields (HPF).
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2.6. Insulin resistance (IR) and glucose tolerance (GT) tests

After feeding for 18 and 19 weeks with the different diets without or with walnuts, GT and
IR tests were conducted in mice fasted for 6 h or overnight, respectively, with subsequently
intraperitoneal (i.p.) injection of glucose (2 g/kg) (18 weeks) or insulin (0.75 U/kg; Eli Lilly)
(19 weeks). Glucose levels were then measured with tail blood from each mouse right before
the injection (0 time point) as well as at 30, 60, 90, and 120 minutes following the
intraperitoneal injection of insulin or glucose. Blood glucose levels were determined using
the Elite glucometer (Bayer, Leverkusen, Germany). The kinetic curve as well as area under
the curve were generated to compare the glucose levels between the different treatment
groups.

2.7. Gene expression analysis

Total RNA was isolated from frozen liver and fat tissues from each mouse using a Trizol®
from Life Technologies (Grand Island, NY), according to the manufacturer’s
recommendations. The concentration of RNA samples was measured by Nanodrop®
ND-1000 (Thermo Scientific, Wilmington, DE). Real-time quantitative PCR analyses were
carried out in 7900HT Sequence Detection System from Applied Biosystems (Foster City,
CA) and Eco Real-Time PCR system from Illumina (San Diego, CA) in 20 pul volume. The
reaction was conducted using Power SYBR® Green RNA-to-CT™ 1-Step Kit from Life
Technologies (Grand Island, NY) by following the manufacturer’s suggestions. Two
hundred nM each of forward and reverse primers, and 40 ng of template RNA were used.
All reactions were carried out in four biological replicates. The PCR analyses were
conducted as the manufacturer’s recommendations. To distinguish the specific amplicons
from the non-specific amplifications, a dissociation curve was generated and examined. The
Ct-values were calculated with Sequence Detection System 2.3, RQ Manager 1.2 (Applied
Biosystems), and Eco® software V4.0 (Illumina) with an automatic adjustment of base line
and determination of Ct. The resulting Ct-values were imported to Microsoft Excel
worksheet for further analysis. The primers used for the analysis were designed using
Primer-BLAST software (Supplementary Table 1). The primer sequences were designed to
span an intron region of the target gene of interest to avoid amplification of trace amounts of
genomic DNA in the samples.

2.8. Statistical analysis

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 ANOVA followed by two-tailed multiple t-tests with the
Bonferroni correction. Statistical analysis was conducted using Graphpad Prism software
(GraphPad Software Inc.) and values with p < 0.05 were considered significant.
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3. Results

3.1. Different effects of walnuts on HFD-induced body weight gain and hepatic TG
accumulation

As expected, mice fed the HFD for 20 wk gained significantly more weight than mice fed
the regular rodent chow (control) (P < 0.05, Fig. 1A). The addition of dietary walnuts to the
HFD did not protect against HFD-induced weight gain, as the body weights of mice fed the
HFD (40.6 + 1.7 g) and the HFD+Walnuts (HFD+W) (40.5 + 0.9 g) did not differ (Fig. 1A).
In addition, there was no difference in relative liver weight (liver weight/body weight)
among the groups (Control, 3.41 £ 0.05 vs. HFD, 3.65 + 0.51 vs. HFD+W, 3.43 +£ 0.23 g/
100g BW). Furthermore, walnut supplementation did not change the amount of food
consumed each day (Fig. 1B). However, HFD- and HFD+W-fed mice had greater food
efficiency ratios (FER) compared with mice fed the control rodent chow (control mice) (Fig.
1C).

The histopathological analyses and oil red-O staining results showed a moderate increase in
the hepatic levels of lipid deposition in HFD-fed mice, as compared to those of control mice
(Fig. 1D). Livers of HFD+W mice showed a marked decrease in lipid accumulation
compared to HFD-fed mice (Fig. 1D). In addition, the elevated hepatic TG levels in the
HFD group were also significantly alleviated by dietary walnut supplementation (Fig. 1E),
further confirming the histopathology results. Serum ALT levels were slightly lower in the
HFD+W group, although this difference was not statistically significant (Fig. 1F). As shown
in Figures 1G-J, using the scoring system for NAFLD, as described by Kleiner et al. [23],
the HFD group developed hepatocyte steatosis, ballooning, and scattered inflammatory cell
infiltration at 20 weeks. Hepatocyte fat accumulation and ballooning were clearly reduced in
the HFD+W mice. Although the inflammation score showed a similar pattern for the
steatosis and ballooning scores of liver tissues, the differences among the three groups were
not statistically significant (Fig. 11). Collectively, the strikingly elevated NAFLD activity
score in HFD group compared to control mice was significantly reduced in the HFD+W
group (Fig.1J). These results indicate that the dietary supplementation of walnuts in HFD
had marked effects on the improvement of hepatic TG accumulation in the experimental
mice.

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

We next examined the effects of walnuts on key hepatic proteins involved in lipogenesis and
FFA oxidation. The Western blot analyses showed that the phosphorylation (activation) of
AMPK was markedly decreased in the livers of HFD group compared to control and that the
walnut supplementation to HFD completely restored the activated p-AMPK to the levels of
the control group (Fig. 2A, top panel), where AMPK was used as a loading control (Fig. 2A,
second panel). In contrast, mice fed HFD exhibited a prominent elevation in FAS protein
levels compared to control group and this increase was completely reversed in the livers of
HFD+walnut mice, as similar to the levels of the control mice (Fig. 2A, third panel).
GAPDH was used as a loading control for FAS (Fig. 2A, bottom panel). Lastly, the hepatic
expression of PPAR-a was dramatically elevated in HFD-fed mice compared with control
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mice. However, its elevated levels were reduced by walnut supplementation (Fig. 2B, upper
panel), where GAPDH was used as a loading control (Fig. 2B, lower panel).

3.3. Little effects of walnuts on HFD-induced glucose tolerance and insulin resistance

As shown in Figure 3, glucose tolerance (GT) and insulin resistance (IR) on all mouse
groups were determined at 18 and 19 weeks, respectively. In the present study, HFD-fed
mice exhibited both glucose intolerance after 18 weeks (Figs. 3A and B) and insulin
resistance after 19 weeks (Figs. 3C and D), respectively. In addition, both parameters were
not significantly changed by dietary walnuts when compared to HFD, despite the tendency
of improvements in the HFD+walnut group (Figs. 3A-D). Taken together, dietary walnuts
showed only a modest but not significant effects on HFD-induced glucose intolerance and
insulin resistance.

3.4. Significant suppression of HFD-induced adipose tissue inflammation and apoptosis

by walnuts

Similar to the results in body weight, the visceral fat mass as well as adipocyte size in
epididymal adipose tissues of mice fed the HFD or HFD+W were greater than those of
control mice, but walnut supplementation did not change these parameters from HFD group
(Figs. 4A and B). These results indicate that the addition of walnuts to the HFD did not
prevent adiposity and adipocyte hypertrophy induced by HFD.

Adipose tissue inflammation in obesity is characterized by macrophage infiltration. The
infiltrated macrophages are responsible for the production of proinflammatory cytokines and
the modulation of adipocyte-derived adipokines. There is increasing evidence that visceral
adipose tissue is a causative risk factor in promoting fatty liver [8-10]. Therefore, we next
determined the development of inflammation and macrophage infiltration in adipose tissues
of experimental mice via H&E stain. Indeed, the HFD-fed mice showed accumulation of
macrophages and increased inflammation in the adipose tissues (Figs. 4C and D), compared
with mice fed a control diet. Walnut supplementation to the HFD significantly decreased the
degree of inflammation in adipose tissues, compared with the HFD alone (Fig. 4C and 4D).
In addition, in order to evaluate the protective effects of walnuts on HFD-induced adipocyte
death, we performed TUNEL assay in mouse epididymal adipose tissues from different
experimental groups. The number of dead adipocytes was markedly higher per HPF in HFD-
fed mice than in mice fed the control diet (Figs. 4E and F). Walnut supplementation
significantly suppressed the death of adipocytes (by more than 85%) compared with the
HFD alone (Figs. 4E and F).

3.5. Differential effects of walnuts on the expression of genes related to macrophage
infiltration and inflammatory markers in adipose and liver tissues from HFD-exposed mice

The mRNA levels of the genes involved in macrophage recruitment including the
inflammatory chemokine ligands [e.g., chemokine ligand 2 (CCL2), CCL7, CCL8] and
chemokine receptors [e.g., C-C chemokine receptor type 2 (CCR2), CCR5)] were
upregulated in epididymal adipose tissues of HFD-fed mice compared to control group (Fig.
5A). Walnut supplementation markedly decreased the mMRNA levels of these chemokine-
related genes up-regulated by HFD (Fig. 5A). To further investigate macrophage infiltration
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and accumulation following exposure to different diets including the HFD with walnuts,
gene expression profiles of several macrophage and inflammatory markers were evaluated.
The mRNA levels of three macrophage markers F4/80, CD11c, and CD68 were highly up-
regulated in adipose tissues of HFD-fed mice compared to control mice and the addition of
walnuts significantly prevented the HFD-mediated up-regulation of these genes (Fig. 5B).
Consistently, walnut supplementation suppressed the expression of three inflammatory
markers (i.e., TNF-a, IL6, and 1L10), all of which were highly elevated in HFD-exposed
adipose tissues (Fig. 5C), as similar to those macrophage markers (Fig. 5B). In contrast to
the results with the adipose tissues, there was little or no significant change in the expression
of these genes in the liver (data not shown). Only the mRNA level of hepatic IL10 was
significantly downregulated in walnut-fed mice compared to HFD-fed mice (data not
shown). Taken together, the addition of walnuts ameliorated both HFD-induced adipose
tissue inflammation and apoptosis.

4. Discussion

The multiple factors are known to be involved in the molecular etiology of NAFLD. These
factors include genetic and non-genetic environmental mechanisms, contributing to the
development of the NAFLD [25, 26]. In addition to HFD [4, 21, 24], many other substances,
such as fructose and sucrose [27-30], are known to promote NAFLD with or without
inflammation, depending on the outcomes of gene and environmental interactions. It is well-
established that intrahepatic accumulation of TG in NAFLD is primarily caused by
imbalance between de novo lipogenesis and lipid oxidation exclusively in the liver.

Indeed, the HFD used in this study moderately increased the hepatic levels of lipid
accumulation, although the hepatic fat content does not seem to reach 10% of the liver
weight. The addition of walnut clearly ameliorated hepatic TG accumulation despite the fact
that it did neither improve 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). Even though the quality of fat was improved by the addition of walnut with
replacement of saturated fat in lard, nonetheless the amount of high caloric intake is still
similar to the HFD-fed mice. This might explain the similar weight gains in both HFD and
HFD+walnut groups, and obesity might be explained as a product of the total energy intake
in our model. Since the HFD-induced hepatic steatosis was moderate in our model, and the
body weight gains were comparable in both HFD and HFD+walnut groups, it is conceivable
that the relative liver weight was also similar between the two groups, despite the lower
tendency in the HFD+walnut compared to HFD alone (Fig. 1).

To characterize the potential mechanism(s) by which walnut decreased the liver fat
accumulation, we therefore first studied hepatic lipid homeostasis in C57BL/6J mice. We
specifically targeted three very well-established proteins or genes that play a prominent role
in regulating the hepatic fat metabolism namely, AMPK, FAS, and PPAR-a. The signaling
molecule activated p-AMPK has been implicated in the regulation of hepatic lipid
homeostasis by modulating hepatic lipogenesis through phosphorylating its down-stream
targets including FAS [3], since FAS is a key enzyme involved in de novo fatty acid and TG
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synthesis in mammals and can be down-regulated and/or inhibited by activated p-AMPK,
leading to decreased hepatic fat accumulation [31]. In contrast, PPAR-q is essential in the
modulation of lipid transport and metabolism via increased fatty acid p-oxidation,
particularly when the organ is subjected to high fat overload as in the case of HFD exposure
[4]. Indeed, PPAR-a was reported to protect the liver from the development and/or
advancement of NAFLD in different HFD models using Ppar-a-null mice [4, 32]. Our
current results revealed that the addition of walnuts with replacement of saturated fat in lard
with unsaturated fatty acids in walnuts prevented the HFD-induced inhibition of activated p-
AMPK and up-regulation of FAS, leading to restoration of their levels to approximately
control levels. These results suggest that the observed reduction of hepatic TG accumulation
by dietary walnuts seems to be partly regulated by the inhibition of fatty acid synthesis
through the restoration of p-AMPK activity. Indeed, recent findings showing that hepatic
AMPK activation has been validated as a therapeutic target for metabolic disorders
including hepatic steatosis [33]. For instance, metformin and thiazolidinediones markedly
reduced hepatic steatosis both in rodents and humans, presumably acting through hepatic
AMPK activation [34, 35]. On the other hand, it is also known that PPAR-a activation by
various ligands up-regulates the expression of the genes involved in the oxidation of fatty
acids [31, 36, 37]. However, to our surprise, PPAR-a was markedly up-regulated by HFD
alone and that the addition of walnuts restored PPAR-a to the levels comparable in control
mice. This unexpected increase of PPAR-a can be explained by a cellular defense
mechanism to compensate against the increased FFA load either through the HFD or the
upregulation of FAS. Our result is in agreement with another report by Patsouris et al. [38]
who explained that fatty liver was still observed, despite up-regulation of PPAR-a and
numerous PPAR-q, target genes involved in the fatty acid oxidation in response to chronic
feeding of HFD. These results indicate that the up-regulation of PPAR-a and its down-
stream targets was not sufficient to efficiently catabolize the extra load of fatty acids.

We do not know the reason why dietary walnuts did not prevent HFD-induced glucose
intolerance and insulin resistance despite the walnut-mediated amelioration of HFD-induced
hepatic steatosis, although hepatic fat accumulation is widely believed to result in insulin
resistance. However, the causal relationship between hepatic steatosis and insulin resistance
is uncertain. For instance, several recent studies have shown that it is possible to
experimentally induce insulin resistance without NAFLD, or induce NAFLD without insulin
resistance under certain conditions [39—41]. Our results indicate that dietary walnut
supplementation is insufficient to improve the peripheral insulin sensitivity under current
experimental conditions, despite the trend of improvement, possibly due to too much
influence by high contents of saturated and n-6 fatty acids in the HFD. In line with our
results, Brennan et al. reported that walnuts did not show any protective effect against
insulin resistance compared to placebo diet [42]. Another randomized study reported that a
diet containing high walnut content did not show beneficial effects on any metabolic
parameters of the metabolic syndrome [43]. Therefore, our results showed that dietary
walnuts significantly reduced HFD-induced TG content through modulating hepatic proteins
involved in fat homeostasis and adipose tissue apoptosis and inflammation, independent
from alleviating HFD-induced insulin resistance.
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Several studies have shown that n-3 a-linolenic acid (ALA), an important component of
walnuts, appears to elicit anti-inflammatory effects in clinical studies. For instance, Zhao et
al. [44] found that the diet high in ALA inhibited the production of IL-6, IL-18 and TNF-a
in cultured peripheral blood mononuclear cells (PBMCs) and decreased serum TNF-a
concentrations compared to an average American diet. In addition, a walnut-containing
breakfast (4% ALA) decreased mRNA expression of IL-6 in PBMCs in healthy subjects
compared to that following a butter breakfast [45]. On the other hand, walnuts are fat-rich
and energy-dense foods but most of the fats are unsaturated, according to the U.S.
Department of Agriculture. The unsaturated fats, including o-3 ALA contained in walnuts,
could partly explain their beneficial effects. In the present study, the isocaloric replacement
of HFD with walnuts prevents hepatic fat accumulation and adipocyte apoptosis as well as
macrophage infiltration into the adipose tissues of HFD-fed mice, although there was no
significant difference in total calorie intake between HFD and HFD+W groups. The high
caloric intakes might explain the comparable weight gains in both the HFD and HFD
+walnut groups and obesity might reflect a by-product of high energy intake. Thus, the
beneficial effect of walnuts on adipose tissue inflammation observed in our study might
have been due to partial replacement of saturated fatty acids present in the HFD with
beneficial fats and antioxidants in walnuts, when mice were fed HFD+walnuts.
Accumulation of immune cells, particularly macrophages, in adipose tissues is an important
component of obesity-associated inflammation and contributes to the development of fatty
liver [46]. The important mechanisms related to invasion of adipose tissues by macrophages
occur through the release of soluble mediators from adipocytes [46] as well as up-regulated
expression of pro-inflammatory chemokines [47]. In the present study, the adipose tissues of
walnut-fed mice showed markedly decreased mRNA levels of the genes involved in
macrophage recruitment including inflammatory chemokine ligands (e.g., CCL2, CCL7,
CCL8) and their receptors (e.g., CCR2 and CCR5) and macrophage markers F4/80, CD11c,
and CD68 compared to those in HFD-fed mice. Kanda et al. [12] showed that mice
overexpressing CCL2 specifically in the adipose tissue develop adipose tissue inflammation
and hepatic steatosis. Moreover, alterations induced by a HFD were blunted in the presence
of a dominant-negative mutant CCL2. On the other hand, genetic deletion of the CCR2
receptor, known to bind the ligands CCL2, CCL7, or CCL8, was found to attenuate obesity
and recruitment of macrophages to the adipose tissues [48] in agreement with the results
with antagonists of CCR2 [48, 49]. In addition, CCR5-deficient mice were protected from
insulin resistance and hepatic steatosis with a shift toward M2-type macrophages
(alternatively activation of non-inflammatory macrophages) in the adipose tissues [50].
These results collectively suggest that inflammatory chemokines may directly affect hepatic
lipid accumulation. This concept was also shown by in vitro experiments in which
conditioned medium of human adipose tissue explants induced significant fat accumulation
in hepatocyte cell lines. In this case, CCL2 secreted by adipose tissues may induce steatosis
not only recruiting macrophages but also acting directly on hepatocytes [51]. Furthermore,
recent findings revealed that adipocyte death and adipose tissue macrophage infiltration are
mechanistically associated with the pathogenesis of adipose tissue inflammation. For
instance, Alkhouri et al. [52] reported that the adipocyte apoptosis is a key factor that
initiates macrophage infiltration into adipose tissues accompanied with hepatic steatosis and
obesity in both mice and humans. Although a recent report showed that adipose tissue
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expansion is an important factor triggering the inflammatory processes during the
development of obesity, other studies showed that the amount and composition of dietary fat
are also important factors in determining the activation of pro-inflammatory process [53].
Indeed, some studies described that adipose tissue inflammation can be decreased
independently of adipose mass [54, 55]. These results are also consistent with our current
findings that dietary walnuts significantly prevent HFD-induced adipose macrophage
infiltration and inflammation without changing fat mass and adipocyte size in C57BL/6J
mice.

Many lines of evidence have shown that the metabolic link between the liver and adipose
tissues may play an important role in causing intrahepatic TG accumulation associated with
obesity. Indeed, adipose tissue inflammation, caused by various pro-inflammatory
chemokines and cytokines, greatly accelerated hepatic fat accumulation in obesity. Thus,
blocking the development of inflammation in adipose tissue can prevent HFD-induced
hepatic steatosis [56-59]. Crespo et al. [60] showed that the TNF-a mRNA expression was
significantly increased both in the liver and in adipose tissues of obese patients with
steatohepatitis. It has been also established that certain TNF-a polymorphisms can be
associated with the susceptibility towards NAFLD [61]. Furthermore, IL6 can induce
excessive inflammation, which is considered a potential mediator of NAFLD [62]. However,
the MRNA level of the anti-inflammatory cytokine IL10 was also elevated in our HFD-fed
mice. Our results are consistent with those of previous studies in mice [63] and humans [64]
and this phenomenon likely represents a protective response of the body to counteract pro-
inflammatory events. None-the-less, these results suggest that the protective effect of dietary
walnuts on hepatic TG content observed in the present study is likely due to, at least
partially, decreased inflammatory cytokines secreted from adipose tissues in HFD-fed obese
mice. Furthermore, our results showed that walnuts selectively suppressed the expression of
various chemokines and adipokines in adipose tissues without affecting those of hepatocytes
in HFD-fed mice. These results suggest an important role of adipose tissues in promaoting
hepatic fat accumulation and the primary source of serum cytokines and chemokines could
be adipose tissues rather than hepatocytes. However, the specific mechanisms of the hepatic
responses to the circulating cytokines and chemokines remain to be elucidated.

In conclusion, the present study demonstrate for the first time that walnut supplementation
prevents inactivation and restoration of AMPK activity accompanied with reduction of the
level of FAS, resulting in decreased fat synthesis. In addition, walnuts were particularly
effective in lowering adipocyte apoptosis and macrophage infiltration into the adipose
tissues of HFD-fed mice. We propose that these two crucial effects by walnuts play a central
role in alleviating HFD-induced hepatic TG accumulation (Fig. 6). However, these
mechanistic results warrant for future studies about the temporal changes in the expression
of many other genes involved in hepatic fat accumulation and inflammation.
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Figure 1.
Differential effects of walnut supplementation on HFD-induced body weight and hepatic

injury. The changes in (A) body weight, (B) food intake, (C) food efficiency ratio (FER),
(D) representative liver histology with H&E staining (top panels) and oil red-O staining
(bottom panels), as indicated, (E) concentration of hepatic triglyceride, (F) serum ALT, (G)
hepatic steatosis score, (H) ballooning score, (1) inflammation score, and (J) NASH score in
the liver tissues of experimental mice are shown. All results are presented as mean £ SEM
(n=6/group). Significance was determined by one-way ANOVA with the Bonferroni
correction (P<0.05). Labeled characters without a common letter represent significant
differences from the other group(s). ) FER (food efficiency ratio) = Body weight gain (g)/
Food intake (g) for the experimental period.
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Figure 2.
Walnut supplementation on the levels of key proteins in the signaling pathways and lipid

homeostasis. Representative images of the immunoblot analysis for (A) P-AMPK, AMPK,
FAS or GAPDH and (B) PPARa or GAPDH are shown.
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Little effects of walnut supplementation on HFD-induced glucose tolerance and insulin
resistance. The results of (A) glucose tolerance test (GTT), (B) glucose area under the curve
(AUC) during GTT, (C) insulin tolerance test (ITT), and (D) 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 Bonferroni correction (P<0.05). Labeled characters without a

common letter represent significant differences from the other group(s).
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Preventive effects of walnut supplementation on HFD-induced adiposity and adipose tissue
inflammation and apoptosis. The results of (A) visceral fat-pad weights, (B) adipocyte
surface area, (C) representative H&E staining showing inflammation as indicated with black
arrows, (D) inflammation score for C, (E) TUNEL positive adipocytes were identified by
black arrows and (E) quantification in 20 high-power fields are shown. Data are presented as
mean £ SEM (n=6/group). Significance was determined by one-way ANOVA with the
Bonferroni correction (P<0.05). Labeled characters without a common letter represent

significant differences from the other group(s).
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Figure 5.

Preventive effects of walnut supplementation on the expression of the genes related to
macrophage recruitment and infiltration and inflammatory markers in epididymal adipose
tissues of mice fed different diets, as indicated. Relative mRNA levels of the genes involved
in: (A) macrophage recruitment, (B) macrophage infiltration, and (C) inflammatory markers
are shown. Relative expression of each target mMRNA has been standardized to cyclophilin.
Data are presented as mean £ SEM (n=6/group). Significance was determined by one-way
ANOVA with the Bonferroni correction (P<0.05). Labeled characters without a common
letter represent significant differences from the other group(s).
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Figure 6.
Proposed mechanisms for the protective effects of dietary walnuts against hepatic fat

accumulation in HFD-fed mice. Walnut supplementation activates AMPK with decreased
FAS protein level in the livers of HFD-fed mice. In addition, dietary walnuts decrease
macrophage infiltration and apoptosis in the adipose tissues of HFD-fed mice, contributing
to decreased levels of circulating cytokines and thus preventing diet-induced hepatic fat
accumulation.
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