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ABSTRACT

Tree nuts are low in saturated fatty acids and high in unsaturated fatty acids, and
are rich sources of other nutrients including fiber, vitamin E, folate, phytosterols and
potassium. While most tree nuts are rich in monounsaturated fatty acids (MUFA),
walnuts contain high levels of polyunsaturated fatty acids (PUFA), both α-linolenic acid
(ALA) and linoleic acid (LA). In addition, walnuts skins contribute 6.5 mmol
antioxidants based on a one-ounce serving size, which is higher than other commonly
consumed tree nuts. Pistachios, on the other hand, are relatively high in phytosterols
compared with most other nuts. However, little is known about the effects of consuming
tree nuts on the development of atherosclerosis, which is characterized by the formation
of fatty streaks in the artery walls as well as a localized inflammation. In the in vitro and
ex vivo studies presented herein, mouse and human macrophage cell lines were used as a
model for foam cells to study the effects of walnuts, walnut components, and individual
nutrients present on cholesterol storage and transport. ALA, a predominant n-3 fatty acid
in walnuts, increased cholesterol efflux in the presence of various acceptor molecules.
During gene expression profile studies, stearoyl CoA desaturase 1 (SCD1), a rate-limiting
enzyme in MUFA synthesis, was decreased by ALA at both mRNA and protein levels in
a dose-dependent manner. Repressing SCD1 by short interfering RNA vector led to a
significant decrease in intracellular total cholesterol, cholesteryl ester, and free
cholesterol. The converse was observed when SCD-1 expression was increased using an
ectopic expression vector. After macrophage-derived foam cells were treated with lipid
extracts from walnut skins, walnut oil, and whole walnuts, SCD1 expression was
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decreased with walnut oil treatment. In an ex vivo study, serum samples from subjects
participating in a walnut components postprandial feeding study were applied as
treatment to investigate the effects of bioactive molecules present in the nut on
cholesterol efflux and gene expression. In foam cells treated with postprandial serum
samples, regardless of the walnut component consumed, SCD1 mRNA was decreased.
Bioactive compounds present in the serum from the walnut oil treatment were most
efficacious. This ex vivo effect on SCD-1 expression was greater when subjects were
categorized with low baseline C-reactive protein (CRP) (≤ 3 mg/L) compared to those
who had high CRP (> 3 mg/L). A similar finding was observed during the cholesterol
efflux assay, where serum from the walnut oil treatment (with lower basal CRP) had a
significantly higher efflux than that of serum from the high basal CRP group. ALA and
walnut extracts significantly activated farnesoid X receptor (FXR), which in turn
interfered with liver X receptor (LXR) and its ability to affect sterol regulatory element
binding protein 1c (SREBP1c) and ultimately SCD1. After cholesterol was transported
and incorporated into the high-density lipoprotein (HDL) particle, the effects of walnut
extracts on uptake and internalization of HDL in the hepatocyte was studied. Walnut
extracts increased internalization of HDL collected from the efflux medium of foam cells.
This effect was due to an activation of hepatocyte membrane receptor expression through
a FXR-dependent pathway. Thus, bioactive molecules present in walnuts favorably
decrease intracellular cholesterol storage and increase the removal of cholesterol out of
lipid laden foam cells by inhibiting SCD1 through an FXR-dependent pathway. To
investigate the anti-inflammatory effect of pistachios, lipopolysaccaride (LPS) was
applied as an inflammation inducer to study the regulation of pistachios on inflammatory
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biomarker expression. Administration of pistachio oil (PO) to cultured macrophages
affected a variety of genes associated with immune function. A novel biomarker,
interferon-induced protein with tetratricopeptide repeats 2 (Ifit-2), was identified as being
repressed by PO. A lipid extract of PO (PE) decreased LPS-induced Ifit-2 expression the
most, compared with changes in TNF-α, IL-6, and IL-1β. The bioactive molecules that
are present in PE, (e.g., linoleic acid and β-sitosterol) mimicked this inhibition. Two
adjacent interferon-stimulated response elements (ISRE) were responsible for the
regulation of Ifit-2 by PE. Taken together, walnuts and pistachios showed antiatherogenic and anti-inflammatory effects on macrophage cholesterol transport, storage,
and inflammatory biomarker expression, all of which are beneficial in the prevention
and/or regression of atherosclerosis.
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Chapter 1
Introduction

TREE NUTS & CARDIAC HEALTH
Tree nuts are complex plant foods that not only are low in saturated fatty acids and rich
sources of unsaturated fats, but also contain several non-fat constituents such as plant
protein, fiber, micronutrients (e.g., copper and magnesium), plant sterols, and other
phytochemical compounds including ellagic acid, flavonoids, phenolic compounds,
luteolin, and tocotrienols [1]. Because nuts have a favorable fatty acid profile and
contain several bioactive compounds that may confer additional protective effects, there
is an interest in evaluating the role of nuts in lowering various cardiovascular risk factors.
Results from epidemiologic studies clearly have shown a consistent effect of
frequent nut consumption on reduced risk of cardiovascular diseases (CVD).
Epidemiologic prospective studies have shown that frequent nut intake was negatively
associated with lower incidence of cardiovascular mortality (Fig. 1-1). Analysis of the
data from the Adventist Health Study (AHS) indicated that subjects consuming nuts
frequently (>4 times/wk) had substantially fewer fatal coronary heart disease (CHD)
events [relative risk (RR) 0.52; 95% confidence interval (95% CI) 0.36 to 0.76] and
nonfatal myocardial infarction (MI) (RR 0.49; 95% CI 0.28 to 0.85), when compared with
those who consumed nuts <1 time/wk [2]. Compared with the cohort that consumed nuts
<1 time/wk, those who ate nuts 1–4 times/wk had a 22% reduction in acute MI.
Furthermore, those consuming nuts ≥5 times/wk had a 51% reduction in CVD risk. Most
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commonly consumed nuts were peanuts (legumes or ground nuts) (32%), almonds (29%),
walnuts (16%), and 23% were other nuts. Another data analysis of the AHS population
demonstrated that the age of CHD onset in both genders was delayed by about 4 years
among subjects consuming nuts >5 times/wk, compared with lower nut consumption [3].
These data predicted that life expectancy free of CHD was significantly prolonged for 5.6
years with high nut consumption and CHD risk was 12% lower for the high nut intake
population.

Figure 1-1. Reduced risk of CHD mortality was associated with more frequent nut
consumption from primary interventions of prospective cohort studies.

Empty diamond: Adventist Health Study; solid square: Iowa Women’s Health Study; solid circle:
Nurses’ Health Study; empty triangle: Physicians’ Health Study. Adapted from [4].

The Adventist Health Study (AHS) reported that subjects with frequent nut
consumption (>4 times/wk) had substantially fewer fatal CHD events (RR 0.52; 95% CI
0.36 to 0.76) and nonfatal MI (RR 0.49; 95% CI 0.28 to 0.85), when compared with those
2

who consumed nuts <1 time/wk [2]. Compared with the group that consumed nuts <1
time/wk, those who ate 1–4 times/wk had a 22% reduction in acute MI. Furthermore,
those consuming nuts ≥5 times/wk had a 51% reduction in CVD risk. Most commonly
consumed nuts were peanuts (legumes or ground nuts) (32%), almonds (29%), walnuts
(16%), and 23% were other nuts. Another data analysis of the AHS population
demonstrated that the age of CHD onset in both genders was delayed by about 4 years
among subjects consuming nuts >5 times/wk, compared with lower nut consumption [3].
This predicted that life expectancy free of CHD was significantly prolonged for 5.6 years
with high nut consumption and that CHD risk was 12% lower in this population.
Higher tree nut intake is beneficial for both genders. During a 14-year follow-up
of participants in the Nurses’ Health Study, women who ate >5 oz of nuts /wk had a
significantly lower risk of total CHD (RR 0.65; 95% CI 0.47 to 0.89; P for trend 0.0009),
compared with women who reported never eating nuts or who ate <1 oz of nuts /wk [5].
Similar findings were observed in the Iowa Women’s Health Study [6]. Women who
consumed nuts >1 serving/wk had a 40% risk reduction of ischemic heart disease (IHD),
compared with those who ate nuts less frequently. Consumption of nuts a few times per
month conferred no appreciable benefit for IHD. However, at a frequency of
consumption of ≥1 time/wk, an inverse, graded relation was clearly observed. However,
it should be noted that only a relatively small percentage of this population consumed
nuts frequently, which limited the statistical power of Iowa Women’s Health Study.
Albert et al. [7] assessed the association between nut intake and CVD mortality in the
Physicians' Health Study. The results indicated that men who frequently consumed nuts
(≥2 times/wk) tended to have a lower risk of sudden cardiac death (RR 0.64, 95% CI 0.40
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to 1.01; P for trend 0.04). Compared to men who consumed nuts <1 time/mo, RR for
sudden cardiac death for those who consumed nuts ≥2/wk was 0.53 (95% CI 0.30 to 0.92;
P for trend 0.01) and for total CHD death was 0.70 (95% CI 0.50 to 0.98; P for trend
0.06). The relationship between nut consumption and sudden cardiac death appeared to
be linear. However, nut consumption was not significantly associated with risk of nonCVD mortality.

WALNUTS, PISTACHIOS & LIPIDS
While most tree nuts are rich in monounsaturated fatty acids (MUFAs), walnuts are
unique in that they contain high levels of polyunsaturated fatty acids (PUFAs), both αlinolenic acid (ALA) and linoleic acid (LA). Walnuts are also high in several
cardioprotective nutrients including fiber, vitamin E, folate, and potassium. Pistachios
are high in phytosterols as well as MUFAs. Plant sterols have favorable effects on
lowering serum cholesterol levels [8]. Walnuts have been widely studied for their role in
modulating blood lipids and lipoproteins. A review by Griel and Kris-Etherton [9]
summarized the results of clinical walnut feeding studies on serum lipid profile changes.
The results indicated a consistent favorable effect on total cholesterol (TC), and lowdensity lipoprotein cholesterol (LDL-C) reduction. A meta-analysis [10] of clinical
walnut feeding studies demonstrated that both TC and LDL-C were significantly
decreased by 10.3 mg/mL and LDL-C 9.2 mg/mL following 4-24 wk feeding, compared
with a control diet (Fig. 1-2). Changes in high-density lipoprotein cholesterol (HDL-C;
−0.2 mg/mL) and triglycerides (TG; −3.9 mg/mL), despite a reduction, was not
statistically significantly different from the control diet. Changes in other risk factors,
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such as body weight, body mass index (BMI), apolipoproteins, and markers of oxidative
stress were not consistent and not statistically significant different across studies. Very
few studies have been conducted to evaluate the effects of pistachios on lipid,
lipoproteins, and changes in other risk factors [11-14]. Among the studies performed,
pistachios also resulted in TC and LDL-C lowering.

Figure 1-2. A meta-analysis of TC and LDL-C changes following walnut intake of
clinical studies.

Adapted from [10].
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WALNUTS & INFLAMMATION
Systemic inflammation is considered a non-lipid risk factor for CHD, insulin resistance,
diabetes, and heart failure. Low-grade systemic inflammation can be measured in blood
using the inflammatory marker C-reactive protein (CRP). Other plasma markers of
inflammation include the pro-inflammatory cytokines and adhesion molecules.
Inflammation plays a central role in the pathogenesis of atherosclerosis. Activated
macrophages and lymphocytes secrete pro-inflammatory cytokines, including interleukin
(IL)-6, IL-1β, and tumor necrosis factor-α (TNF-α). These cytokines then activate the
endothelial expression of cell adhesion molecules and mediate a series of inflammatory
responses such as an increase of acute phase protein expression. In the postprandial state,
an increase in chylomicron remnants and free fatty acids typically increase oxidative
stress and inflammation, as well as endothelial dysfunction (i.e., vasoconstriction), and
possibly potentiate adverse effects related to postprandial hyperglycemia.
Several clinical studies explored the effects of walnut intake on markers of
inflammation and endothelial function. In the study performed by Zhao et al. [15], a high
ALA diet (walnut diet) significantly decreased serum CRP by 75%, whereas a high LA
diet decreased CRP (45%, P =0.08), compared with an average American diet (AAD;
control diet). CRP change did not differ between the LA and ALA diets. However, the
CRP reduction was not found in the study conducted by Mukuddem-Peterson et al. [16]
when a walnut diet was compared with a control diet. Zhao et al. [15] found that ALA
and LA diets similarly decreased intercellular cell adhesion molecule-1 (ICAM-1) by
−19%, and −11%, respectively, compared with AAD diet. The ALA diet significantly
decreased vascular cell adhesion molecule-1 (VCAM-1, −15.6% vs. −3.1%) and E-
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selectin (−14.6% vs. −8.1%) more than the LA diet. In a follow-up ex vivo study [17],
peripheral mononuclear cells isolated from subjects following an ALA diet released less
cytokines (IL-6, IL-1β, and TNF-α) in response to LPS stimulation, compared with cells
isolated from subjects consuming LA or AAD diet. In the study performed by Ros et al.,
[18], serum VCAM-1 was significantly lower following the walnut diet than a
Mediterranean diet. ICAM-1 change between the two diets was not significantly
different. However, a study conducted by Perez-Martinez et al. [19] showed that a high
ALA walnut diet was not superior to a Mediterranean diet with respect to reducing
nuclear factor kappaB (NF-κB) and VCAM, despite a reduction compared with a control
Western diet.

MACROPHAGE-DERIVED FOAM CELLS & LIPIDS METABOLISM
It has long been accepted that atherosclerosis is a chronic inflammatory process [20].
Atherosclerotic plaques are filled with scavenger cells that have large amounts of
cholesteryl ester, proliferating smooth muscle cells, sulfated glycosaminoglycans,
collagen, fibrin, and cholesterol [21,22]. The so-called foam cells arise either from
resident macrophages in the artery wall or from blood monocytes. Under various
oxidative stresses, monocytes migrate to the intima area and differentiate into
macrophages while importing oxLDL, release chemokines, such as monocyte
chemoattractant protein 1 [MCP 1; also known as chemokine (C-C motif) ligand 2],
recruiting more monocytes to local intima area, and releasing cytokines, such as IL-6, IL1β, and TNF-α, leading to local necrosis. As cholesteryl ester droplets accumulate in

7

macrophages, they become “foamy” looking under electron microscopy, which is the
type I/initial lesion of atherosclerosis (defined by the American Heart Association [23]).
Although macrophages express few receptors for normal plasma lipoproteins,
they exhibit abundant receptors for lipoproteins that have been modified by chemical
derivitization (such as reaction with acetic anhydride or copper sulfate as acetyl-LDL,
and oxidized LDL) or by complexing with other molecules. Besides endocytosis,
lipoproteins could enter the cells through a receptor-mediated pathway, the most studied
being scavenger receptor A (SR-A) and CD36. After macrophages ingest and metabolize
lipoproteins, free cholesterol is released and transported to the ER by Niemann Pick type
C (NPC) 1 and 2 proteins. Subsequently, re-esterification of cholesterol is mediated by
acyl-CoA: cholesterol acyltransferase (ACAT) and stored as cholesteryl ester. The
preferred acyl-CoA for this reaction is oleyl-CoA. This storage form of cholesterol can
be hydrolyzed by cholesteryl ester hydrolase (CEH; also called cholesterol esterase) to
release free cholesterol. In the presence of lipid acceptors in the blood stream, such as
apoA-I or HDL, free cholesterol is transported out of cells, simultaneously with synthesis
and secretion of apoE [24,25]. The cholesterol uptake, transport and storage pathways
are illustrated in Fig. 1-3.
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Figure 1-3. Model of LDL uptake, cholesterol transport, storage in macrophages.

Adapted from Harper’s Illustrated Biochesmistry (26th Edition). CE: cholesterol ester; PL:
phospholipid; ACAT: Acyl CoA cholesterol acyltransferase; LCAT: lecithin cholesterol
acyltransferase.

Several nuclear receptors (NRs) are expressed in macrophages and modify
lipid metabolism, including receptors for steroid hormones, such as the estrogen (ER) and
glucocorticoid (GR) receptors, receptors for nonsteroidal ligands, such as the vitamin D
(VDR) and retinoic acid (RAR) receptors, as well as receptors binding diverse products of
lipid metabolism, such as peroxisome proliferator-activated (PPAR) α, β/δ, γ, and liver X
receptors (LXR) α and β. In recent years, several other NRs, such as farnesoid X
receptor (FXR), and pregnane X receptor (PXR), which were called orphan receptors,
have been shown to have effects on gene expression and cholesterol efflux in
macrophages [26-29], although it still is early to draw any conclusions about their roles.
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Macrophage transfer and bone marrow reconstitution experiments demonstrated
that PPAR-α inhibits formation of macrophage-derived foam cells and atherosclerotic
lesion formation in vivo in LDLR–/– mice [30,31]. Activation of PPAR-α resulted in upregulation of carnitine palmitoyl transferase (CPT)-1, a fatty acid controlling fatty acid βoxidation [32]. PPAR-α also increased the expression of CEH and increased the release
of free cholesterol in macrophages. In addition, PPAR-α controlled gene expression in
the cholesterol efflux pathway. In human macrophages, PPAR-α activators enhanced the
expression of CLA-1/SR-BI [33], ABCA1 [34] by an unknown mechanism. PPAR-γ also
plays a role in macrophage intracellular lipid metabolism. In THP-1 monocyte-derived
macrophages, PPAR-γ activation reduces ACAT1 mRNA, thus decreasing the rate of
cholesterol esterification [35]. Identification of CEH as a PPAR-γ target gene also
provides molecular evidences for a role of PPAR-γ in cholesterol distribution [35].
PPAR-α, and PPAR-γ also positively control cholesterol efflux in macrophages by
enhancing the expression of ABCA1, ABCG1 and apoE as well as caveolin-1 [33,34,3640]. PPAR-γ activation did not promote foam cell formation or atherosclerotic lesion
although it could increase scavenger receptor SR-A, CD 36 expression. This is in
contrast to the observation of PPAR-β/δ action, leading to increases of SR-AI and CD36
and impaired cholesterol efflux by decreasing cholesterol 27-hydroxylase and apoE
expression [41]. However, it must be mentioned that the advances in PPAR-β/δ studies
in macrophages lag far behind studies of other PPAR family members.
LXR activation leads to induction of genes that regulate the cholesterol efflux
pathway and reduces the intracellular cholesterol concentration. ABCA1 induction is lost
in macrophages from LXR-α and LXR-β double-knockout mice [42]. ABCG1 and
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ABCG4 also have been identified as direct targets of LXRs in mouse and human
macrophages [43-45]. In addition, LXR drives activation of apoE [46,47], contributing to
reverse cholesterol transport. Functions of PPARs and LXR on lipid metabolism in
macrophages are illustrated in Fig. 1-4.
Figure 1-4. Effects of nuclear receptors on lipid metabolism in macrophages.

Adapted from [48].

As reviewed by Schmitz [49] and Yancey et al. [50], cellular cholesterol and
phospholipid efflux in macrophage are facilitated by different mechanisms besides
passive diffusion across membranes. Increased cholesterol efflux in foam cells lessens
the lipid burden in the atherosclerotic plaque. The major pathway depends on the
presence of lipophilic acceptor particles containing apoA-I as well as ABCA1 (ABC
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transporters are members of transmembrane proteins that transport a wide variety
substances across extra- and intracellular membranes, including metabolic products,
lipids and sterols, and drugs). In models of lipid efflux mediated through ABCA1,
cholesterol and phospholipids could be concomitantly exported with the binding of apoAI to ABCA1. However, lipid efflux from cells could be a two-step/sequential process, as
well. ABCA1 first promotes the lipidation of apolipoproteins with phospholipids,
generating the classic pre-β, phospholipid-rich particles thought to be nascent HDL.
These particles would then be capable of acquiring cholesterol secondary from other
membrane domains [51]. The second pathway is ABCA1-independent, which might
involve other ABC transporter proteins and other membrane proteins, such as SR-BI,
which mediates a bidirectional cholesterol efflux. The third mechanism involves a direct
secretion of excess 27-hydroxycholeseterol, which was converted by CYP27A1. In
addition, apoE also plays a critical role in lipid efflux in foam cells and atherosclerosis.
ApoE –/– mice will spontaneously develop atherosclerotic lesions, even on a cholesterol
free low fat chow diet [52].

HDL & REVERSE CHOLESTEROL TRANSPORT
After cells transport cholesterol and phospholipids to lipid acceptors, such as apoA-I and
HDL, these peripheral lipids are transported back to liver for bile salt synthesis,
completing the process of reverse cholesterol transport (RCT). ApoA-I is present on the
majority of HDL particles and constitutes about 70% of the apolipoprotein content of
HDL particles. ApoA-I is secreted predominantly by liver and intestine as lipid-poor
apoA-I and nascent phopholipid-rich cholesterol-poor HDL particles. ApoA-II is the

12

second most abundant apolipoprotein of HDL, found on approximately two-thirds of
HDL particles. Its physiologic role has not been completely defined. HDL also contains
a variety of other proteins, including apoA-IV, apoC-I, apoC-II, apoC-III, apoD, apoE,
apoJ, apoL-I, apoM, serum amyloid A proteins, ceruloplasmin, transferrin, and enzymes
such as LCAT, PON1, and PAF-AH/Lp-PLA2.
Nascent apoA-I/HDL acquires additional phospholipids and cholesterol via
cellular efflux and becomes a more mature HDL particle by lecithin cholesterol
acyltransferase (LCAT). During the transport of HDL in the circulation, HDL will
continue to acquire phospholipids by phospholipid transfer protein (PLTP) from other
lipoproteins during the lipolysis of TG-rich lipoproteins by lipoprotein lipase.
Furthermore, cholesteryl ester transfer protein (CETP) also plays a critical role in RCT.
It promotes the redistribution and equilibration of hydrophobic lipids packaged within the
lipoprotein core (CE and TG) between HDL and the apo B–containing lipoproteins
(VLDL, IDL, LDL, chylomicrons, and remnants). The net effect of CETP action on HDL
is depletion of CE and enrichment with TG, with a reduction in the size of the HDL
particle. When the TG-rich HDL is close to the hepatocyte, hepatic lipase will further
hydrolyze the particle to form a so-called remnant HDL. HDL will be “digested” by
different lipases, of which the most studied are hepatic lipase, lipoprotein lipase, and
endothelial lipase with different affinity for TG or phospholipids of HDL. The kidney,
liver, and steroidogenic tissues are major sites of HDL catabolism. Clearance of HDL
may be either by the selective removal of cholesterol (mainly) without uptake of the
whole particle, a process termed selective cholesterol uptake, or by endocytic uptake and
degradation of the whole particle, including apoA-I, a process referred as holoparticle
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HDL uptake. Scavenger receptor, SR-BI, binds to a variety of ligands including HDL
and plays a major role in HDL selective lipid uptake. After cholesterol is depleted, HDL
could be cleared and degraded by the kidney and liver. A simplified RCT process is
illustrated in Fig. 1-5.

Figure 1-5. Reverse cholesterol transport.

Adapted from [53]. FC: free cholesterol; ABC: ATP binding cassette; SR: scavenger receptor;
CE: cholesterol ester; LCAT: lecithin cholesterol acyltransferase; CETP: cholesteryl ester
transfer protein; PLTP: phospholipid transfer protein; HL: hepatic lipase; EL: endothelial lipase.

SCD 1 & LIPID METABOLISM
In mice, four SCD isoforms (SCD1-4; ≈85-88% homology) have been identified, and are
localized on chromosome 19. SCD is highly expressed in liver, white and brown adipose
tissue, Harderian and preputial glands. SCD is an endoplasmic reticulum enzyme that
converts SFAs (palmitic acid 16:0 and stearic acid 18:0) to MUFAs (palmitoleic acid
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16:1 and oleic acid 18:1). Endogenous MUFAs are preferentially incorporated into the
TG molecule relative to dietary MUFAs.
SCD1 –/– knock out mice have reduced body adiposity, increased insulin
sensitivity, and are resistant to diet induced weight gain compared to wide-type mice [54].
These changes are attributed to the increased energy expenditure and thermogenesis since
fatty acid oxidation genes are up-regulated and lipogenic genes were down-regulated. In
a human cohort study [55], the desaturation index (serum C18:1/C18:0) explained 53% of
the variation in plasma TG among 100 familiar hypertriglyceridemia subjects. Due to the
critical roles of SCD in lipid metabolism, its activity change was related with chronic
diseases such as obesity, metabolic syndrome, and atherosclerosis.
SCD expression is controlled in a variety of ways. A high carbohydrate diet
increases SCD expression in animal studies accompanied with increased fatty acid and
triglyceride synthesis [56-58], which was due to an induction of a key regulator
SREBP1c. Cholesterol also plays a role in controlling SCD expression. Early in vitro
studies indicated that lowering cholesterol in the medium could induce SCD expression
due to the transcriptional activation of SREBP1c in CHO cells. However, these findings
were not observed in several rat studies [59-61], in which high levels of cholesterol
induced SCD gene expression. Polyunsaturated fatty acids (PUFAs) also are important
regulators of SCD expression (Fig. 1-6). When mice were fed a fat-free, high
carbohydrate diet, SCD mRNA was induced up to 50 fold. When the fat-free diets were
supplemented with linoleic acid (LA), arachidonic acid (AA) and ALA, SCD1 mRNA
levels were reduced while diets high in SFAs and MUFAs had little effects in liver cells
[56]. In adipose tissue and adipocyte culture, PUFAs repressed SCD mRNA expression
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as well [62,63]. When rats were fed DHA for 6 weeks, SCD1 mRNA was significantly
reduced [64]. In addition, leptin, an adipocyte-derived hormone, also regulates SCD
expression in ob/ob leptin deficient obese mice. In several other studies [65-69], SCD1 -/mice have improved insulin sensitivity. However, studies of SCD expression in other
tissues or cell types are limited.

Figure 1-6. PUFAs regulate SCD expression.

Adapted from [70]. PUFA: polyunsaturated fatty acid; SREBP: sterol regulatory element
binding protein; SCAP: SREBP cleavage activating protein; mPL: membrane phospholipid;
PUFA-RE: PUFA response element.

Several kinase pathways are related with SCD1 activity. AMPK activity was
significantly increased in SCD1 -/- knockout mice although the exact mechanism is still
unknown. In the SCD1 knockout mice, elevated AMPK was related with decreased
lipogenesis and increased fatty acid oxidation [71-73]. CPT-1 activity is increased due to
de-repression by malonyl-CoA, which is produced by ACC [72]. The changes could
shunt fatty acids through β-oxidation. In the study conducted by Lee et al. [73], SCD1
16

deficiency resulted in an increased phosphorylation of CREBP and activation of PGC1α
in basal thermogenesis. In addition, PI3 kinase and JNK pathways also play roles in
regulating SCD1 activity [74,75].
To date, the majority of SCD studies were performed in knockout mouse models
or in vitro hepatocyte and adipocyte cell lines. As discussed above, SCD plays an
important role in lipid synthesis and energy expenditure. However, little is known about
the functions of SCD in macrophages and lipid-laden foam cells. With lipid deposition in
the foam cells, SCD expression and activity may affect the overall lipid synthesis. It still
is unknown whether the change of SCD activity could affect cholesterol efflux in foam
cells and the atherosclerotic plaque.
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HYPOTHESES OF STUDIES
Tree nuts have favorable effects on CVD, in part, by lowering total cholesterol and LDLC. However, modification of other CVD risk factors has not been well defined following
nut consumption. Walnuts are superior to other tree nuts, having a unique nutrient profile
that is particularly high in PUFA, including both n-6 and n-3 fatty acids (i.e., LA and
ALA, respectively). Pistachios also have a unique nutrient profile. Previous clinical
studies by our group have shown that diets high in walnuts and pistachios significantly
reduce TG, TC and LDL-C as well as several cytokines, both in vivo and ex vivo.
Interestingly, a recent follow-up walnut study indicated that serum ALA was negatively
correlated with the SCD1 desaturation index (serum oleic/stearic acid and
palmitoleic/palmitic acid), implicating a role for ALA in SCD1 activity [76].
HYPOTHESES I: ALA, as the predominant n-3 fatty acid present in walnuts,
would affect cholesterol efflux and lipid metabolism in macrophage-derived foam cells in
vitro. It was further hypothesized that this change, if it existed, was through regulation of
SCD1 activity.
HYPOTHESES II: Different components of walnuts will differ in regulation of
cholesterol transport and storage, as well as SCD1 expression and activity.
HYPOTHESIS III: Based on the observed increase in cholesterol efflux in
macrophage-derived foam cells following ALA and walnut treatment, walnuts will affect
hepatocyte uptake of cholesteryl ester-rich HDL particles to promote reverse cholesterol
transport.
HYPOTHESES IV: Nutrigenomic approaches may be utilized to indentify novel
biomarkers that explain different responses to nut consumption.
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Chapter 2
Decreased expression of stearoyl CoA desaturase 1 by alpha
linolenic acid is through a Farnesoid-X-receptor dependent
pathway in macrophage-derived foam cells

Abstract

Stearoyl CoA desaturase 1 (SCD1) is the rate-limiting enzyme in the synthesis of
monounsaturated fatty acids (MUFAs). Endogenous MUFAs are preferentially
incorporated into triglycerides, phospholipids and cholesteryl esters, which are abundant
in atheroscleric plaques. This study investigated the regulation of SCD1 and its effect on
cholesterol storage and transport in macrophage-derived foam cells. Exogenous n-3
polyunsaturated fatty acid, alpha linolenic acid (ALA), and small interfering RNA
(siRNA) were applied to modify SCD1 mRNA and protein. ALA and siRNA
significantly decreased SCD1 expression and this was accompanied with a reduction of
intracellular cholesterol storage and increased cholesterol efflux in the presence or
absence of phospholipids rich lipid acceptors. ALA activated the nuclear receptor
farnesoid-X-receptor (FXR), which led to increased short heterodimer protein (SHP)
expression, and decreased liver X receptor-dependent sterol regulatory element binding
protein 1c transcription, ultimately resulting in repressed SCD-1 expression. In
conclusion, repression of SCD1 favorably decreased cholesterol accumulation and
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increased cholesterol efflux in foam cells. This may be one mechanism by which
manipulation of SCD1 could be beneficial to atherosclerosis regression.

Introduction

Stearoyl CoenzymeA desaturase 1 (SCD1) is an endoplasmic reticulum enzyme that
converts saturated fatty acids (SFAs; palmitic acid and stearic acid) to monounsaturated
fatty acids (MUFAs: palmitoleic acid and oleic acid). These endogenous MUFAs,
relative to their dietary counterparts, are preferentially incorporated into triglyceride
molecules. SCD1 expression is regulated by a variety of mechanisms including sterol
regulatory element binding protein 1c (SREBP1c), peroxisome proliferator-activated
receptors (PPARs), leptin and other pathways [1]. Due to its critical role in lipogenesis,
SCD1 has been proposed as a new drug target of obesity [2] and other chronic diseases
such as metabolic syndrome [3] and atherosclerosis. The majority of SCD1 studies, both
in terms of its regulation as well as biological function, focus on liver or adipose cells
either in mouse models or in cell lines. Little is known regarding the regulation or
biological function of SCD1 in macrophages or lipid-laden foam cells.
Unlike triglyceride-rich lipoproteins such as chylomicron and VLDL, LDL is rich in
cholesterol and cholesteryl ester. After macrophages import and metabolize oxidized
LDL (oxLDL), free cholesterol is released and subsequently re-esterified by acyl-CoA:
cholesterol acyltransferase (ACAT) and stored as cholesteryl ester. Notably, the
preferred acyl-CoA substrate for this reaction is oleate [4], the product of SCD1. This
storage form of cholesterol can be hydrolyzed by cholesterol esterase (CEase) to release
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free cholesterol for further utilization within the cell or for transport across the membrane,
initiating the process of reverse cholesterol transport (RCT) [5]. The ultimate goal of
RCT is to transport excessive peripheral cholesterol to the liver where it is excreted as
bile acids. Intracellular free cholesterol and phospholipid are transported out of the cells
through different mechanisms with or without acceptors such as apolipoprotein A-I
(apoA-I) or high density lipoprotein (HDL) [6,7]. In addition to passive diffusion across
membranes, ATP binding cassette (ABC) transporters and other membrane proteins such
as scavenger receptor subfamily B type I (SR-BI), sterol 27-hydroxylase A1 (CYP27A1)
and apoE all play roles in cholesterol efflux.
Alpha linolenic acid (ALA) is a plant-derived 18-carbon, long chain n-3 PUFA with
three double bonds that serves as a precursor to eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). Although the role of ALA in decreasing cardiovascular
disease risk is controversial based on primary and secondary prevention studies
(reviewed by Harris [8]), epidemiological studies indicate higher dietary ALA intake is
associated with lower risk of fatal coronary heart disease (CHD) [9]. Furthermore,
analysis of the National Heart, Lung, and Blood Institute (NHLBI) Family Heart Study
suggested that a higher ALA intake was associated with lower prevalence of calcified
atherosclerotic plaque in the coronary arteries [10] and less carotid intima-media
thickness [11]. Our previous clinical studies showed that a high ALA diet had favorable
effects on blood lipids, lipoproteins [12] and decreased level of inflammation [13,14],
which were beneficial to atherosclerosis regression. A recent study conducted by
Velliquette et al [15] indicated that high serum ALA was inversely correlated with SCD1
desaturation index. The ALA level of peripheral blood mononuclear cells was enriched
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4-fold following a high ALA diet compared with cells isolated after a western diet [13],
implying ALA accumulates and could affect monocyte/macrophage activity.
In addition to SCD1’s established role in hepatic MUFA synthesis and subsequent
triglycerides production, the hypothesis tested herein was that regulation of SCD1 would
affect cholesterol efflux in macrophage-derived foam cells. By manipulating levels of
SCD1 using ALA and short hairpin RNA inhibitors, we show that SCD1 plays a role in
cholesterol efflux in foam cells without causing a disproportionate and adverse increase
in free cholesterol, and that ALA, as a model PUFA, modulates cholesterol efflux by
decreasing SCD1. We further proposed a regulatory pathway that SCD1 expression was
repressed through activation of a nuclear receptor, farnesoid X receptor (FXR). This may
have important applications for dietary or pharmaceutical treatment or prevention of
vascular disease.

Materials and Methods

Chemicals
Human LDL, alpha linolenic acid (ALA), methyl-β-cyclodextrin (MBCD),
ciprofibrate, TO901317, and GW4064 were purchased from Sigma-Aldrich; St. Louis,
MO. GW 501516 and 9-cis retinoic acid (9-cis RA) was purchased from Enzo Life
Sciences Inc. (Farmingdale, NY). FBS was purchased from HyClone (Logan, UT).
Geneticin were purchased from Invitrogen (Grand Island, NY). apoA-I and HDL were
purchased from Calbiochem (La Jolla, CA). Rabbit polyclonal anti-SCD1 antibody was a
kind gift from Dr. Alan R. Tall (Columbia University). Rabbit polyclonal anti-ABCA1,
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anti-actin antibodies, and monoclonal anti-ABCG1 antibody were purchased from Novus
Biologicals Inc. (Littleton, CO), Santa Cruz Biotechnology Inc. (Santa Cruz, CA), and
Abcam Inc (Cambridge, MA). [1α,2α (n)-3H] cholesterol was purchased from GE
Healthcare Bio-Sciences Corp. (Piscataway, NJ).

Cell culture
The RAW 264.7 (Mus musculus macrophage) and HEK-293 (Homo sapiens
epithelial) cell lines were obtained from the American Type Culture Collection (ATCC;
Rockville, MD). Cells were cultured in HG-DMEM containing 10% heat inactivated
FBS, and antibiotics.

Oxidized LDL preparation
LDL at a protein concentration of 200 μg/ml was oxidized with 10 μM CuSO4 at 37
ºC for 24 h. oxLDL was concentrated using Amicon Ultra centrifugal filter units
(Millipore Corp. Billerica, MA). Excessive copper was removed by dialysis against 0.9%
NaCl three times for 24 h at 4 ºC (Slide-A-Lyzer Mini Dialysis Units; Pierce, Rockford,
IL) and was subsequently sealed under argon, stored at 4 ºC and used within a month.
Oxidation of fatty acids and protein components of LDL was demonstrated by analyzing
thiobarbituric acid reactive substances (TBARS) and agarose gel electrophoresis. Protein
concentration of oxLDL was determined by Bio-Rad DC protein assay (Bio-Rad
Laboratories, Hercules, CA).

Cholesterol efflux
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RAW 264.7 macrophages were seeded in 24-well plates at a density of 2×105/well.
To induce foam cell formation and label intracellular cholesterol pool equally across
samples, cells were loaded with 50 μg/ml oxLDL and 3H cholesterol (1 μCi/ml) in normal
growth medium. After 24 h, cells were washed twice with HG-DMEM and incubated
with 1% FBS for 12 hours to allow cholesterol distributed into various intracellular
compartments followed by an overnight treatment in 1% FBS for 16-18 h. Following
fatty acid treatment, cells were washed twice with serum-free HG-DMEM medium and
incubated in HG-DMEM containing 0.2% BSA along with 10 μg/ml apoAI, 50 μg/ml
HDL protein or 1mM MBCD to induce cholesterol efflux. After 6 h, medium was
collected and centrifuged at 12,000 rpm for 10 min to remove cell debris. Cells were
harvested by lysis buffer (5 mM Tris Cl+0.1% SDS) and media and intracellular tritium
(cpm) was measured by liquid scintillation counting. Efflux ratio was calculated as:
100×cpmMedium/ (cpmCell + cpmMedium) %.

Cholesterol assay
RAW 264.7 macrophages were seeded in a 6-well plate at a density of 1.5×106/well.
Foam cell formation, treatment and efflux settings were as described in method section.
After efflux period, cells were washed twice with cold PBS. Cholesterol was extracted
with 1% Triton X100 in chloroform. Total, free and esterified cholesterol concentrations
were determined following the supplier’s instructions (Cholesterol Assay Kit, Biovision
Inc., Mountain View, CA).

RNA extraction, reverse transcription, real time PCR
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Cells were lysed and harvested using TriReagent according to the manufacturer’s
instructions (Sigma; St. Louis, MO). High capacity cDNA Archive kit (Applied
Biosystems; Foster City, CA) was used for reverse transcription. Twenty ng/μl of cDNA
was amplified by SYBR Green PCR Master Mix (Applied Biosystems; Foster City, CA)
and detected by ABI 7000 Sequence Detection System (Applied Biosystems; Foster City,
CA). Primer sequences were listed in Table 2.1.

Table 2.1. Oligonucleotides used in quantitative real time PCR.

Forward (5’→3’)
ABCA1
ACGCTCAGAGGCTTCTTCTGTA
ABCG1
TCCTGCTCTTCTCCGGATTC
apoE
AGGAACAGACCCAGCAAATACG
SR-BI
GAACCGCACAGTTGGTGAGA
CYP27A1 GGAGGGCAAGTACCCAATAAGA
ACAT
ACTCCATCTTGCCAGGTGTCTT
CEase
ATGGCTGCGTGTCTGAAGATC
SCD1
ATCATGCCGGCCCACAT
SREBP1c AGCCCACAATGCCATTGAGA
HMGRd
TGCTGCCATAAACTGGATCGA
ELOVL6 CCGGAAGTTTGCCATGTTCAT
ACC
AACTTTGTGCCCACGGTCAT
FAS
CCTGGAACGAGAACACGATCT
ACO
TGCTCAGCAGGAGAAATGGA
CPT
CATTCCAGGAGAATGCCAGG

Reverse (5’→3’)
CAGGACCTTGTGCATGTCCTT
GGTAGGCTGGGATGGTGTCA
GGCGATGCATGTCTTCCACTAT
TGCACGAAGGGATCGTCATAG
CGGTGGTCCTTCCACTGATC
CATCCTGTCACCAAAGCGTAAC
GCAACTTGTAGGCCAGTGTCAA
GGTGGTCGTGTAAGAACTGGAGAT
TGCTGCAAGAAGCGGATGTAG
CGGCTTCACAAACCACAGTCTT
GCCCATCAGCATCTGAGTGATC
TGCTCCGCACAGATTCTTCAA
AGACGTGTCACTCCTGGACTTG
GGCGTAGGTGCCAATTATCTG
CTGGCACTGCTTAGGGATGTC

ABCA1: ATP binding cassette A1; ABCG1: ATP binding cassette G1; apoE: apolipoprotein E;
SR-BI: scavenger receptor subfamily B type I; CYP27A1: sterol 27-hydroxylase; ACAT: acylCoA: cholesterol acyltransferase; CEase: cholesterol esterase; SCD1: stearoyl CoA desaturase 1;
SREBP1c: sterol regulatory element binding protein 1c; HMGRd: 3-hydroxy-3-methyl-glutarylCoA reductase; Elovl6: fatty acid elongase 6; ACC: acetyl-CoA carboxylase; FAS: fatty acid
synthase; ACO: acyl-CoA oxidase; CPT: carnitine palmitoyltransferase.

Western blot
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RAW 264.7 macrophages were seeded in 15 cm2 plate at a density of 5×106/plate.
Macrophages were loaded with 50 μg/ml oxLDL for 24 h and treated with ALA as
indicated concentration overnight. After ALA treatment, cells were collected in lysis
buffer as described by Heinemann and Ozols [16]. For detection of SCD1, lysates were
sequentially centrifuged at 1,000 rpm and 12,000 rpm to remove nuclear and
mitochondria fractions. Supernatant was collected and microsomal fraction was obtained
by centrifuging at 42,000 rpm at 4 ºC for 2 h. Pellet was resuspended in lysis buffer. For
detection of ABCA1 and ABCG1, cells were placed, treated, and lyzed as described
above. Lysates were sequentially centrifuged at 1,000 rpm and 12,000 rpm. Protein
concentration was measured by Bio-RAD DC protein assay kit. Total soluble protein (80
μg) was separated on a 12% (SCD1) or 6% (ABCA1/G1) SDS-PAGE gel and transferred
to a PVDF membrane (Immobilon P; Millipore, Bedford MA). To detect SCD1 and actin,
membrane was blocked by 5% non-fat dry milk in TBS+0.2% Tween 20 (TBS+) at 4 ºC
overnight. The membrane was incubated with primary antibody (anti-SCD1 1:1000 or
anti-actin 1:500) at room temperature for 2 h. To detect ABCA1 and ABCG1,
membranes were blotted in 5% non-fat dry milk in TBS+ at 4 ºC overnight and incubated
with primary antibodies (anti-ABCA1 1:500 or anti-ABCG1 1:500) again at 4 ºC
overnight. Membranes were washed three times with TBS+ and incubated with
horseradish peroxidase-linked secondary anti-rabbit antibodies (1:10,000) for 1 h. Blots
were visualized by ECL plus western blot detection kit (GE Healthcare Biosciences;
Piscataway, NJ).

Establishment of SCD1 small interfering RNA (siRNA) macrophage stable cell lines
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Short hairpin RNA inhibitor (siRNA) sequence targeting mouse SCD1 mRNA, and
scrambled sequences used as a control, were designed by OligoEngine workstation 2
software (OligoEngine Inc., Seattle WA). Three pairs of oligonucleotides containing the
siRNA and control sequences were annealed and cloned into pSuper vector following the
protocol of OligoEngine Inc. (Seattle, WA). Inserted sequences were confirmed at the
Pennsylvania State University Nucleic Acid Facility. RAW 264.7 macrophages were
transfected siRNA and control pSuper plasmids by Lipofectamine according to
manufacturer’s recommendations (Invitrogen; Grand Island, NY). Positive cells were
selected and enriched by culturing in growth medium containing 300 μg/ml geneticin.
Knock-down of SCD1 was proved by real time PCR and western blot. Sequences of
selected siRNA and its control were 5’GATCCCCTGAAAGAAGATATTCACGATTCAAGAGATCGTGAATATCTTCTTTC
ATTTTTA-3’, 5’GATCCCCGAGAGAGAAACACTATATTTTCAAGAGAAATATAGTGTTTCTCTCT
CTTTTTA-3’.

Cell viability test
RAW 264.7 SCD1-siRNA and control macrophages were seeded in a 96-well plate
at a density of 20,000/well. Foam cells were induced as described above. After
overnight incubation in reduced serum medium (1% FBS), 100 μl of CellTiter-Glo
reagent (Promega; Madison, WI) was added into each well and incubated for 10 min.
Fluorescence measurement was performed following manufacturer’s instructions.
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Flow cytometry
RAW 264.7 macrophages SCD1-siRNA and control were seeded in 6-well plates at a
density of 1.5×106/well. Foam cells were induced as described above and incubated in
reduced serum medium (1% FBS) overnight. Following treatment, cells were washed
twice with cold PBS and resuspended in 1 ml binding buffer (10 mM HEPES, 140 mM
NaCl, 2.5 mM CaCl2). One hundred μl of the resuspended solution was incubated with
0.5 μl FITC Annexin V (kind gift from Dr. Robert A Schlegel, The Pennsylvania State
University) for 15 min in the dark. Before measurement, additional 3 μl of propidium
iodide was added to each reaction to identify necrotic cells during measurement. Flow
cytometry was performed at the Cytometry Facility, The Pennsylvania State University.

Transfection and cell-based assays
The full length 5’ flanking promoter region of mouse SREBP1c (–10 kb) and a
truncated promoter of SREBP 1c (–0.17 kb; without two LXREs) were cloned into pGL3
plasmids and were provided as kind gifts from Dr. Joseph L. Goldstein (University of
Texas Southwestern Medical Center) [17]. The plasmids were transfected into HEK293
cells by Lipofectamine with 50 ng cDNA per reaction in a 96-well plate. FXR ligand
binding domain (LBD) was fused into DNA-binding domain of pM Gal4 under the
control of the SV40 promoter. The plasmid (45 ng per reaction) was cotransfected with
pFR, a plasmid which encoded the UAS-firefly luciferase reporter under the control of the
Gal4 DNA response element. SHP coding sequence was amplified by PCR using mouse
primary hepatocyte cDNA as a template with primers tailed with BamHI and EcoRI
restriction sites. It was finally sub-cloned to retroviral expression plasmid pBABE-neo
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and transfected to HEK293 cells. Viruses were expressed by HEK293 cells and secreted
in the medium for 72 hours. Medium was collected, filtered and used to treat RAW
264.7 macrophages for 24 h. Foam cells were induced by oxLDL for 24 hours and
samples then were harvested for real time PCR.

Statistical analyses
Normality of the data was checked by Anderson-Darling test. General Linear Model
(GLM) ANOVA, followed by Tukey post-hoc test, was used to test the difference
between treatments (P < 0.05). The values were expressed as mean ± SEM. All data
analyses were performed by Minitab Ver.15 (Mintab Inc., State College, PA) and data
plotted by Prism 5.01 (GraphPad Software, Inc., San Diego, CA).

Results

Effects of ALA on cholesterol efflux and cholesterol metabolism-related gene
expressions in foam cells
Increased cholesterol efflux and subsequent RCT may slow or reverse cholesteryl
ester accumulation, which are beneficial to atherosclerosis regression. In the preliminary
experiments, 10 μg/ml apoA-I, 50 μg/ml HDL protein, and 1mM MBCD induced a
maximal cholesterol efflux at 6 h, 24 h, and 6 h, respectively, in a total of 48 h
measurement (data not shown). At the peak efflux time, ALA (25-100 μM) significantly
increased cholesterol efflux (30-50%) in the presence of apoA-I, compared with BSA
control (Fig. 2-1A). ALA treatment also induced cholesterol efflux in the presence of
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HDL (about 25%), compared with the control (Fig. 2-1A). Furthermore, the effect of
ALA on a non-specific cholesterol efflux induced by methyl-β-cyclodextrin (MBCD) was
studied. In this case, ALA (25-100 μM) significantly increased cholesterol efflux (1530%) during the MBCD-induced efflux period, compared with control (Fig. 2-1A).
Among the transcripts related with cholesterol storage, secretion and transport across
membrane, ABCA1 and ABCG1, were significantly decreased by ALA treatment in a
dose-dependent manner (Fig. 2-1B), while apo E, SR-B1, CYP27A1, ACAT and CEase
were not affected. Messenger RNAs for genes involved in lipogenesis were also
examined following ALA treatment (Fig. 2-1C). SCD1 and SREBP1c were both
significantly reduced following ALA treatment. Changes of other tested genes (HMGRd,
FAS, ACC, FAS, and CPT) were not significantly different from control. Compared with
BSA control, ALA treatment did not result in significant reduction of ABCA1 and
ABCG1 protein as that was observed of mRNA levels (Fig. 2-1D). In contrast, SCD1
protein still was reduced by ALA in a dose dependent manner.
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Figure 2-1. ALA effects on cholesterol efflux and gene expressions related with lipid storage
and transport.
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A. 3H cholesterol efflux changes following ALA treatment in foam cells. RAW 264.7
macrophage-derived foam cells were treated with 25, 50 and 100 μM ALA as indicated. During
the efflux period, cells were incubated with 10 μg/ml apoA-I, 1mM methyl-β-cyclodextrin
(MBCD) for 6 h, and 50 μg/ml HDL protein for 24 h. Following efflux period, non-treated
control had cholesterol efflux of 1.1%, 10.4% and 18.2%, respectively (of total 3H-Ch) in the
presence of apoA-I, HDL, and MBCD. Efflux values of control were normalized as 100%.
ALA-induced efflux was expressed as percentage change relative to respective control in the
presence of acceptors. * indicates a significant difference from control (P < 0.05). B. Changes
of efflux related genes following ALA (25-100 μM) treatment. * indicates a significant
difference from BSA control (P < 0.05). C. Changes of lipogenic and fatty acid oxidation gene
changes following ALA treatment. * indicates a significant difference from BSA control (P <
0.05). D. Protein changes following ALA treatment. A total of 80 μg protein was loaded on
each lane. Lane 1: 0.3 mM cAMP treatment; Lane 2: BSA control; Lane 3: 25 μM ALA
treatment; Lane 4: 50 μM ALA treatment; Lane 5: 100 μM ALA treatment. Extended names of
all abbreviations of tested genes were as described in Table 2.1 footnote.
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Effect of SCD1 on cholesterol efflux in SCD1-siRNA foam cells
To determine the role SCD1 plays in cholesterol efflux, siRNA targeting this
transcript was introduced into RAW 264.7 macrophages. SCD1 mRNA and protein
levels were significantly affected in the appropriate manner (Fig. 2-2A, 2-2B). The
decrease in SCD1 mRNA by siRNA was similar to that observed by ALA treatment.
Introducing siRNA did not significantly affect ABCA1, ABCG1 mRNA or protein levels
(Fig. 2-2A, 2-2B). Cholesterol efflux was significantly increased by 31%, 38%, and 35%,
respectively, in the SCD1-siRNA cell line in the presence of apoA-I, HDL, and MBCD,
compared with that of control cells (Fig. 2-2C).
Figure 2-2. Cholesterol efflux and efflux related gene changes in SCD1-siRNA
macrophage stable cell lines.
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A. Changes of SCD1 and membrane transporters mRNAs in stable cells. * indicates a significant
difference from respective control group (P < 0.05). B. Protein changes of tested genes of Fig.
2A of stable cells. C. Cholesterol efflux change of control and siRNA stable cells induced by 10
μg/ml apoA-I, 50 μg/ml HDL protein, and 1mM MBCD for 6h, 24h, and 6h. Following efflux
period, control stable cells had cholesterol efflux of 1%, 12.5%, and 17.6%, respectively (of total
3
H-Ch) in the presence of apoA-I, HDL, and MBCD. Efflux values of control were normalized
as 100%. Efflux changes of siRNA-SCD1 stable cells were expressed as percentage change
relative to control cells. * indicates a significant difference from control cells (P < 0.05).

SCD1 reduction in foam cells decrease cholesterol storage without affecting cell
viability
Since modification of SCD1 indicated a significant effect on cholesterol efflux,
the mechanism of this effect was examined in more detail. In the presence of acceptors
(apoA-I, HDL, or MBCD), intracellular cholesterol was significantly reduced following
efflux period (data not shown). Decreasing SCD1 via siRNA significantly decreased
intracellular cholesterol concentration (CE, TC, and FC) in macrophage-derived foam
cells (Table 2.2). Cholesteryl esters were significantly decreased by – 23%, – 15%, and
– 28%, after apoA-I-, HDL-, and MBCD-induced efflux, respectively compared with the
respective control cells. Intracellular free cholesterol (FC) was decreased (– 23%, – 21%,
and – 42%) following ALA treatment. The ratio of FC/CE was not significantly different
between SCD1-siRNA and control cells during any type of efflux. Further evidence for a
lack of toxicity caused by these conditions, no differences in cell viability or the number
of cells undergoing apoptosis was observed (Fig. 2-3).
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Table 2.2. Intracellular cholesterol assay of foam cells following lipid acceptor induced
cholesterol efflux.

TC
CE
FC
FC/CE

apoA-I-induced
ctrl
siRNA
2.55 ± 0.12 1.95 ± 0.21*
1.2 ± 0.19
0.92 ± 0.07*
1.35 ± 0.26 1.04 ± 0.27*
1.13 ± 0.46 1.14 ± 0.43

HDL-induced
ctrl
siRNA
1.31 ± 0.14 1.09 ± 0.06*
0.68 ± 0.07 0.59 ± 0.01*
0.63 ± 0.11 0.5 ± 0.06*
0.93 ± 0.17 1.18 ± 0.13

MBCD-induced
ctrl
siRNA
1.08 ± 0.09 0.71 ± 0.04*
0.53 ± 0.02 0.38 ± 0.05*
0.55 ± 0.11 0.32 ± 0.01*
1.05 ± 0.33 0.85 ± 0.26

SCD1-siRNA and control cells were seeded in 6-well plate at a density of 1.5×106/well. Foam
cells induction was as described in Method. After an overnight incubation of cells in reduced
serum medium (1% FBS), cholesterol efflux was induced by 10 μg/ml apoA-I, 1mM MBCD for 6
h and 50 μg/ml HDL protein for 24 h. Cells were then washed in cold PBS twice and cholesterol
was extracted with 1% Triton X100 in chloroform. Chloroform was evaporated by vacuum spin
and lipid components were resuspended in 200 μl cholesterol reaction buffer. The measurement
was performed following instructions provided by manufacturer (Biovision Inc. Mountain View,
CA). Cholesterol content was quantified as μg cholesterol per μg protein. Values were expressed
as mean ± SD. * indicated a significant difference from respective control (P < 0.05).
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Figure 2-3. Cell viability and apoptosis changes in SCD1-siRNA stable cells.
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Results of CellTiter-Glo cell viability test were expressed as relative luminescence count.
Outcomes of apoptosis test were expressed as percentage of apoptoic cells per 10,000 cell count.

ALA reduced SCD1 expression through FXR activation
Different nuclear receptors were tested to investigate the mechanisms by which
ALA regulates SCD1 expression. Among all the tested synthetic nuclear receptor
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activators, GW4064, a specific potent agonist of farnesoid-X-receptor (FXR),
significantly reduced SCD1 mRNA while TO901317 and 9-cis RA, agonists of liver-Xreceptor (LXR) and retinoid-X-receptor (RXR), increased SCD1 expression (Fig. 2-4A).
Ciprofibrate (PPARα ligand), GW501516 (PPARβ/δ), rosiglitazone (PPARγ) and
rifampicin (PXR) had no effect on SCD1 expression. The altered SCD1 expression was
accompanied with respective changes of SREBP1c mRNA following treatment with
these agonists (Fig. 2-4B). ALA (25-100 μM) significantly increased ligand-dependent
FXR activity in cell-based reporter assay (Fig. 2-4C). FXR activation resulted in a
significantly increased expression of its target gene, short heterodimer partner (SHP), in
foam cells (Fig. 2-4D). When SHP was overexpressed, SCD1 and SREBP1c expression
were both significantly reduced (Fig. 2-4E). FXR agonist GW4064 (0.625-10 μM),
significantly reduced SREBP1c promoter luciferase activity. ALA at higher tested dose
(50-100 μM) also reduced SREBP1c transcription (Fig. 2-4F). The LXR agonist
TO901317 significantly activated luciferase activity of the SREBP1c full length promoter
(Fig. 2-4G). When co-treated with TO901317, GW4064 still reduced SREBP1c
luciferase activity while only 100 μM ALA blunted TO901317 activation of SREBP1c
(Fig. 2-4G). When the LXR response element in the SREBP1c promoter is removed,
there is no effect of ALA, T0901317 or GW4064 on reporter activity (data not shown).
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Figure 2-4. ALA inhibited SCD1 expression by FXR pathway.
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A. SCD1 mRNA change following different nuclear receptor agonists treatment. The treatment
concentrations were as follows: ciprofibrate 100 μM (PPAR-α agonist); GW501506 500 nM
(PPAR-β agonist); rosiglitazone 10 μM (PPAR-γ agonist); TO901317 5 μM (LXR agonist); 9-cis
retinoic acid 100 nM (RXR agonist); GW4064 10 μM (FXR agonist); rifamipicin 25 μM (PXR
agonist). * indicates a significant difference from control (P < 0.05). B. SREBP1c mRNA
change following different nuclear receptor agonists treatment. * indicates a significant
difference from control (P < 0.05). C. Interaction between ALA (25-100 μM) and FXR ligand
binding domain. Bars without common letters differ from each other (P < 0.05). D. FXR target
gene SHP expression following agonist GW4064 treatment. * indicates a significant difference
between treatment and control. E. Effect of overexpression SHP on SCD1 and SREBP1c mRNA
expression. * indicates a significant difference between control (empty vector) and SHP
overexpression group. F. Effects of ALA (highest 100 μM and 1:2 dilutions) and FXR agonist
GW4064 (highest 10 μM and 1:4 dilutions) on SREBP1c full length promoter plasmid. *
indicates a significant difference between treatment and control. G. Effects of LXR agonist
TO901317 (1 μM), ALA (highest 100 μM and 1:2 dilutions) and FXR agonist GW4064 (highest
10 μM and 1:4 dilutions) on SREBP1c full length promoter plasmid. * indicates a significant
difference between co-treatment and TO901317.

Discussion
An important mitigating event in atherosclerosis is reverse cholesterol transport (RCT),
a multi-step process resulting in the net movement of cholesterol from peripheral tissues
to the liver via the blood circulation system. Multiple steps within this process can
potentially be exploited as a drug or nutritional target to increase RCT and subsequently
treat or prevent atherosclerosis. For example, ACAT inhibition decreases cholesterol
esterification and incorporation into chylomicron and VLDL particles, and prevent
macrophage transformation into foam cells in vitro [18]. As such, it was anticipated that
ACAT inhibitors might prevent or reverse atherosclerosis in humans. However, recent
clinical trials (ACTIVATE [19], CAPTIVATE [20], and A-PLUS [21]) failed to support
this hypothesis, indicating worsened carotid atherosclerosis and increased CVD mortality.
CETP inhibition represents another failed hypothesis (ILLUMINATE [22], RADIANCE
1 trials [21]). The failure of the ACAT and CETP inhibitors has intensified that research
into new and alternative approaches to modifying RCT.
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SCD1 is the rate-limiting enzyme in the endogenous production of monounsaturated
fatty acids and their subsequent incorporation into triglycerides, phospholipids and
cholesteryl esters. The regulatory role of SCD1 in VLDL production is supported by
genetic mouse models and human nutritional studies, which highlight the correlation
between serum lipids and SCD1 [23]. In our previous clinical nutrition study [15], the
SCD desaturation index (ratio of serum oleic/stearic acid and palmitoleic/palmitic acid), a
predictor of SCD activity, was significantly correlated with serum TG level. Serum ALA
was negatively correlated with SCD index following a dietary intervention. In the study
presented herein, SCD1 was significantly decreased by ALA in a dose dependent manner
at both mRNA and protein levels in macrophage-derived foam cells. Furthermore, ALA
showed significant effects on cholesterol storage and transport. ALA increased
cholesterol efflux at the presence of phospholipids rich lipid acceptors in wild-type
macrophage-derived foam cells. ApoA-I or HDL induced cholesterol and/or
phospholipid efflux is mediated predominantly through membrane ABC transporters,
mainly ABCA1 and ABCG1, although other ABC family members (ABCA2, ABCA7,
ABCG4) also played roles in lipid trafficking [24-28]. Despite of reduction of
ABCA1/G1 mRNA levels following ALA treatment, protein levels of these major
membrane transporters were not significantly decreased compared with controls. βcyclodextrin, a compound with high affinity for encapsulating cholesterols [29-31], was
applied to test the non-specific cholesterol efflux to explore the action of cholesterol
transport when lipid acceptors (apoA-I or HDL) was not sufficient. ALA also showed an
increased cholesterol transport induced by MBCD, compared with control.
Although ALA treatment of foam cells decreased SCD1 expression, exogenous ALA
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also affected the expression of many other gene expressions via interaction with FXR,
LXR and PPAR(s) and other signaling pathways. The connection between SCD1 and
RCT required the use of directly manipulating the levels of this enzyme. After
introducing siRNA specifically repressing SCD1 expression, cholesterol efflux and
storage were further investigated without exogenous treatment, minimizing affect of
confounding pathways. The SCD1 deficiency state led to significant increases in
cholesterol efflux in the presence of all acceptors (apoA-I, HDL, and MBCD); this was
accompanied by a significant decrease of all forms of intracellular cholesterol in foam
cells. Importantly, the cholesterol storage and transport changes did not result in
increased intracellular free cholesterol and lipotoxicity [32], which is in stark contrast to
the ACAT inhibitors mentioned above [20]. When SCD1 is overexpressed in foam cells,
a significant inhibitory effect on cholesterol efflux was observed, along with significant
accumulation of cholesterol ester within foam cells (data not shown). These results were
consistent with previous studies indicated that SCD1 might have an effect on cholesterol
efflux without affecting ABCA1 protein , albeit in non-macrophage cell lines [33],
possibly related to changes of membrane microdomains and fluidity.
These studies show that selective manipulation of SCD1 expression can modulate the
first step in RCT. The effect of manipulating SCD1 expression in animal models of
atherosclerosis is unclear with both positive and negative outcomes being reported.
Injection of antisense oligonucleotides (ASO) directed against SCD1 in chronic
intermittent hypoxia mice model decreased expression of this enzyme ubiquitously and
resulted in a significant reduction of atherosclerosis [34]. An improved metabolic
phenotype in terms of insulin sensitivity and lipid profiles was observed in Scd1-/-Ldlr-/-
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mice relative to the Ldlr-/- mice [35]. However, in recent studies, decreased or genetic
ablation of SCD1 in mouse models was associated with a promoted development of
aortic atherosclerosis. Injection of SCD1 ASO into Ldlr-/-Apob100/100 mice fed high
saturated fat and monounsaturated fat diets improved insulin sensitivity and a lean
phenotype, but atherosclerosis was significantly worsened at thoracic and abdominal
aorta segments compared with Ldlr-/-Apob100/100 control mice [36]. Despite an
antiatherogenic metabolic profile, SCD1 deficiency increases atherosclerosis in
hyperlipidemic Ldlr-/- mice challenged with a Western diet [37]. It is still unclear what
the underlying mechanisms are that lead to an exacerbated atherosclerosis in artery walls
in these mice. As addressed by MacDonald et al [37], the relevance of these mouse
findings to metabolic syndrome in man is unclear. A notable caveat in light of recent
findings that high SCD activity is a predictor of both total and cardiovascular mortality in
prospective population-based studies in human [38].
Regulation of SCD1 in hepatocytes and adipocytes is dependent [39] or independent
[40] on the SREBP pathway. PUFAs modulate gene expression via other transcription
factors as well, including the PPARα, β/δ and γ, RXRα, β, and γ, LXRα, and β, and FXR
[41]. Using different specific nuclear receptor agonists, only the FXR agonist, GW4064,
significantly reduced SCD1 expression similarly to ALA. FXR has been studied
extensively in hepatocytes due to its critical roles in bile acid synthesis, reabsorption and
secretion [42]. However, its role in atherosclerosis still is controversial [43-45]. Nonethe-less, there is increasing evidence that some of the beneficial effects of ALA, in
particular decreased SCD1 expression, are mediated by this nuclear receptor. FXR is
activated by ALA in a dose dependent manner. FXR agonist alone or co-treated with
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TO901317 significantly blunted LXR activation of SREBP1c and SCD1 transcription at
the presence of LXRE in the promoter region of both genes [17,40]. However, ACC and
FAS, key enzymes in lipogenesis, were not decreased in proportion to the change of
SREBP1c. Similar findings were observed in several other studies and may indicate time,
location and cell type differences in gene regulation [46-48].
In conclusion, these experiments indicate that SCD1 plays an important role in
cholesterol efflux in lipid-laden foam cells. Thus, manipulating SCD1 expression in
macrophages by pharmacologic or dietary means may improve the removal of oxidized
lipids from atherogenic plaques and their subsequent transport to the liver for disposal.
More studies are required to test this hypothesis in humans accompanied by endpoint
measurements of relevant physiological responses.
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Chapter 3
Walnut extracts inhibit stearoyl coenzymeA desaturase 1 through
farnesoid X receptor in macrophage-derived foam cells

Abstract
Different walnut fractions are rich in various nutrients. Walnuts significantly decrease
total and low density lipoprotein (LDL)-cholesterol in normo- and hypercholesterolemic
individuals. Stearoyl coenzymeA desaturase 1 (SCD1), a rate-limiting enzyme in the
synthesis of monounsaturated fatty acids, plays a critical role in lipogenesis. No study to
date has evaluated the effects of different fractions of walnuts on SCD1 expression in
macrophage-derived foam cells (MDFC). The goal of these studies was to investigate the
mechanisms by which bioactives in walnuts affect SCD1 expression in MDFC. Extracts
from all walnut components (whole, oil or skin) decreased SCD1 expression when
applied to MDCF in vitro. Serum samples from subjects consuming different walnut
components were applied as a treatment to MDFC in culture. Serum from subjects
consuming walnut oil resulted in greater reduction of SCD1 expression in MDFC,
compared with serum of those receiving whole walnut, meat, or skin. Serum from
subjects consuming walnut oil significantly increased cholesterol efflux among subjects
with lower baseline CRP (≤ 3 mg/L). Mechanistic studies indicated that polyunsaturated
fatty acids of walnut oil, significantly activated farnesoid X receptor (FXR) ligand
binding domain in luciferase reporter assay. FXR activation increased expression of its
target gene, short heterodimer protein (SHP), which in turn decreased transcriptional
53

SREBP1c and SCD1 expression. Walnut oil contains bioactive molecules that
significantly decrease SCD1 expression and improve cholesterol efflux in MDFC. Thus,
the decrease in SCD1 by walnut oil is another mechanism which walnuts decrease CVD
risk and help prevent atherosclerosis.

Introduction

Tree nuts are low in saturated-and high in unsaturated-fatty acids and are rich
sources of other nutrients including fiber, vitamin E, folate, phytosterols and potassium.
Nut consumption has favorable effects on blood lipids and lipoproteins with LDLcholesterol (LDL-C) being reduced by 3% to 19% in different populations [1]. Because
of their unique nutrient profile, nuts are recommended in healthy diets to lower
cholesterol, and thereby reduce multiple cardiovascular diseases (CVD) risks. While
most tree nuts are rich in monounsaturated fatty acids (MUFA), walnuts contain high
levels of polyunsaturated fatty acids (PUFA), both α-linolenic acid (ALA) and linoleic
acid (LA). In addition, walnut skin provides 6.5 mmol of antioxidants per ounce (which
is higher than other commonly consumed tree nuts [2]) and polyphenols in the
skin/pellicle, both of which could increase the resistance of LDL to oxidation [3,4]. A
recent meta-analysis [5] reported that walnut intake consistently reduces total cholesterol
(TC) and LDL-C among different populations. No study to date has investigated the
mechanisms by which component(s)/fraction(s) in walnuts produce the beneficial effects
observed in clinical studies.
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ALA, a predominant n-3 PUFA in walnuts, significantly increased cholesterol
efflux in macrophage-derived foam cells (MDFC) by inhibiting a lipogenic enzyme,
stearoyl CoA desaturase1 (SCD1), through farnesoid X receptor (FXR) activation
(manuscript in preparation). ALA-induced efflux in RAW264.7 MBCD was not
associated with significant changes in genes involved in cholesterol transport and storage,
such as ATP binding cassette transporters (ABC), scavenger receptor B-I (SR B-I),
apolipoprotein E (apoE), sterol 27-hydroxylase (CYP27A1) or key enzymes in
lipogenesis and oxidation. SCD1 is an endoplasmic reticulum enzyme that converts
saturated fatty acids, palmitic acid and stearic acid, to MUFAs (palmitoleic acid and oleic
acid). Endogenously-produced MUFAs, are preferentially incorporated into triglycerides
relative to their dietary counterparts. Due to its critical role in lipogenesis, SCD1 has
been proposed as a new drug target for obesity [6] and other chronic diseases such as
metabolic syndrome [7].
Foam cell formation during atherosclerosis development is a chronic
inflammatory process [8]. In addition to lipid accumulation, cytokines/chemokines
released from monocytes and macrophages of the atherosclerotic plaque will exacerbate
the progression of atherosclerosis. Although several studies suggest that walnut intake
affects inflammatory marker expression such as C-reactive protein (CRP), tumor necrosis
factor alpha (TNF-α), interleukins (IL-6 and IL-1β) [5], the association between dietary
intervention and inflammation still needs to be better defined [9].
The hypotheses tested herein were that different walnut components, especially ALA
rich walnut oil, would affect SCD1 expression and cholesterol efflux in MDFC both ex
vivo and in vitro.
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Materials and Methods

Chemicals
Human LDL, palmitic acid (PA), stearic acid (STA), oleic acid (OA), linoleic acid
(LA), alpha linolenic acid (ALA), arachidonic acid (AA), ciprofibrate, TO901317,
GW4064, and phorbol 12-myristate 13-acetate (PMA), were purchased from SigmaAldrich; St. Louis, MO. Rosiglitazone was purchased from Cayman Chemical (Ann
Arbor, MI). GW 501516 and 9-cis retinoic acid (9-cis RA) was purchased from Enzo
Life Sciences Inc. (Farmingdale, NY). FBS was purchased from HyClone (Logan, UT).
apoA-I was purchased from Calbiochem (La Jolla, CA). Rabbit polyclonal anti-SCD1
antibody was a kind gift from Dr. Alan R. Tall (Columbia University). Rabbit polyclonal
anti-actin antibody was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
[1α,2α (n)-3H] cholesterol was purchased from GE Healthcare Bio-Sciences Corp.
(Piscataway, NJ).

Cell culture
RAW 264.7 (Mus musculus macrophage), THP-1 (Homo sapiens monocyte), and
HEK-293 (Homo sapiens kidney epithelial) cell lines were obtained from the American
Type Culture Collection (ATCC; Rockville, MD). RAW 264.7 macrophages were
cultured in HG-DMEM containing 10% heat inactivated FBS, and antibiotics. THP-1
monocytes were cultured in RPMI 1640 with 10% heat inactivated FBS, 50 μM 2-ME, 1
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mM sodium pyruvate, and antibiotics. HEK-293 kidney epithelials were cultured in HGDMEM containing 10% FBS, and antibiotics.

Walnut components preparation in in vitro studies
English walnuts were provided by the California Walnut Commission. Whole
walnut (shell removed), deskinned walnut meat, and walnut skin were stored at –20 ºC
before use. Lipid extraction from different walnut components was modified from
methods described by Meyer and Terry [10]. Briefly, different walnut components were
merged in liquid nitrogen and ground into fine particles by pestle and mortar. One gram
of each component was homogenized by vortex with 30 mL hexane for 30 seconds. The
mixture was allowed to stand at room temperature for 1 minute and repeat vortex for 30
seconds followed by centrifugation at 5,500 rpm for 15 minutes. The supernatant was
transferred to a clean conical tube and powdered residues were washed again with 20 mL
hexane and extracted as described above. After centrifugation, the supernatant was
pooled and hexane was evaporated under argon. Lipid extracts, designated as whole
walnut, walnut oil and walnut skin, were weighed and dissolved in DMSO to attain stock
concentrations of 200 μg/mL. Stock solutions were sealed under argon and stored at –20
ºC.

Clinical walnut components feeding study and ex vivo study
Fifteen subjects with a BMI of 25-39 kg/m2, LDL >110 mg/dL and TG < 350 mg/dL
completed a randomized, controlled, postprandial feeding study. During each visit, after
a baseline blood draw, participants consumed one of the four walnut components: 85
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grams ground whole walnuts; 34 grams ground de-fatted walnut meat; 51 grams walnut
oil or 5.6 grams ground walnut skins. Whole walnut and walnut skins were prepared at
the Metabolic Dietary Study Center, The Pennsylvania State University. Defatted walnut
meat and walnut oil were prepared by solvent extraction with high purity n-hexane in Dr.
Devin Peterson’s Lab, Department of Food Sciences, The Pennsylvania State University.
After a baseline blood-draw, participants consumed one of the four walnut components
incorporated into diet jell-o over a 10 to 15 minutes period. Postprandially, at 0.5, 1, 2, 4,
6 hours, whole blood was drawn. THP-1 human monocytes were seeded in 24-well
plates at a density of 3×105/well and differentiated into macrophages with 100 nM PMA
for 48 hours. Foam cells were induced by incubating THP-1-derived macrophages with
50 μg/mL oxidized LDL for 24 hours, and treated by 10% (v:v) human serum from each
subject consuming each walnut component at different times. After 24 hours, cells were
harvested and RNA extraction and real time PCR were performed.

Oxidized LDL preparation
LDL protein concentration of 200 μg/mL was oxidized with 10 μM CuSO4 at 37 Cº
for 24 hours. Oxidized LDL (oxLDL) was concentrated using Amicon Ultra centrifugal
filter units (Millipore Corp. Billerica, MA). Excessive copper was removed by dialysis
against 0.9% NaCl three times for 24 hours at 4 Cº (Slide-A-Lyzer Mini Dialysis Units;
Pierce, Rockford, IL) and was subsequently sealed under argon, stored at 4 Cº and used
within a month. Oxidation of fatty acids and protein components of LDL was determined
by analyzing thiobarbituric acid reactive substances (TBARS) and agarose gel
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electrophoresis. Protein content of oxLDL was determined by Bio-Rad DC protein assay
(Bio-Rad Laboratories, Hercules, CA).

Cholesterol efflux
RAW 264.7 macrophages and THP-1 human monocytes were seeded in 24-well
plates at a density of 2×105/well and 4×105/well, respectively. To induce foam cell
formation, cells were loaded with 50 μg/mL oxLDL and 3H cholesterol (1 μCi/mL) in
normal growth medium. After 24 hours, cells were washed twice and treated in reduced
serum (1% FBS) medium overnight. Following treatment, cells were washed twice with
serum-free medium and incubated with 10 μg/mL apoA-I for 6 hours to induce
cholesterol efflux. Medium then was collected and centrifuged at 12,000 rpm for 10
minutes to remove cell debris. Cells were treated by lysis buffer (5 mM Tris Cl+0.1%
SDS) and media and intracellular tritium (cpm) was measured by liquid scintillation
counting. Efflux ratio was calculated as: 100×cpmMedium/ (cpmCell + cpmMedium) %.

RNA extraction, reverse transcription, real time PCR
Cells were lysed and harvested using TriReagent according to the manufacturer’s
instructions (Sigma; St. Louis, MO). High capacity cDNA Archive kit (Applied
Biosystems; Foster City, CA) was used for reverse transcription. Twenty ng/μL of
cDNA was amplified by SYBR Green PCR Master Mix (Applied Biosystems; Foster
City, CA) and detected by ABI 7000 Sequence Detection System (Applied Biosystems;
Foster City, CA). Primer sequences were: hSCD1 Forward: 5’
GAGTACCGCTGGCACATCAA 3’; Reverse: 5’ GGCCATGCAATCAATGAAGA 3’.
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mSCD1: Forward 5’ ATCATGCCGGCCCACAT 3’; Reverse 5’
GGTGGTCGTGTAAGAACTGGAGAT3’. mABCA1: Forward 5’
ACGCTCAGAGGCTTCTTCTGTA 3’; Reverse 5’ CAGGACCTTGTGCATGTCCTT
3’. mABCG1: Forward 5’ TCCTGCTCTTCTCCGGATTC 3’; Reverse 5’
GGTAGGCTGGGATGGTGTCA 3’. mCYP27A1: Forward 5’
GGAGGGCAAGTACCCAATAAGA 3’; Reverse 5’ CGGTGGTCCTTCCACTGATC
3’. mapoE: Forward 5’ AGGAACAGACCCAGCAAATACG 3’; Reverse 5’
GGCGATGCATGTCTTCCACTAT 3’. mSR-BI: Forward 5’
GAACCGCACAGTTGGTGAGA 3’; Reverse 5’ TGCACGAAGGGATCGTCATAG 3’.

Western blot
RAW 264.7 and THP-1-derived macrophages were seeded in 15 cm2 plate at a
density of 5×106/plate. Following treatment, cells were collected in lysis buffer (0.25 M
sucrose, 10 mM Tris-acetate (pH 8.1), 1 mM EDTA, and 1 mM DTT) as described by
Heinemann and Ozols [11]. Lysates were sequentially centrifuged at 2,500 rpm and
12,000 rpm to remove nuclear and mitochondria fractions. Supernatant was collected and
microsomal fraction was obtained by centrifuging at 42,000 rpm at 4 ºC for 2 hours. The
pellet was resuspended in lysis buffer and protein concentration of supernatant was
measured by Bio-RAD DC protein assay kit. Total soluble protein (80 μg) was separated
on a 12% SDS-PAGE gel and transferred to a PVDF membrane (Immobilon P; Millipore,
Bedford MA). The membrane was blocked by 5% non-fat dry milk in TBS+0.2% Tween
20 (TBS+) at 4 ºC overnight. The membrane was incubated with primary antibody (antiSCD1 1:1000, kind gift from Dr. Alan R. Tall, Columbia University; anti-actin 1:500) at
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room temperature for 2 hours, washed three times with TBS+ and incubated with
horseradish peroxidase-linked secondary anti-rabbit antibodies (1:10,000 and 1: 5,000) at
room temperature for 1 hour. Blots were visualized by ECL plus western blot detection
kit (GE Healthcare Biosciences; Piscataway, NJ).

Cholesterol assay
RAW 264.7 macrophages were seeded in a 6-well plate at a density of 1.5×106/well.
Foam cell formation, treatment and efflux settings were described in the Method section.
After efflux period, cells were washed twice with cold PBS. Cholesterol was extracted
with 1% Triton X100 in chloroform. Total, free and esterified cholesterol concentrations
were determined following the supplier’s instructions (Cholesterol Assay Kit, Biovision
Inc., Mountain View, CA).

Transfection and gene expression
Plasmids of human PPAR-α/-β/-γ ligand binding domain (LBD), liver X receptor
(LXR-α) LBD, and retinoid X receptor (RXR-α) LBD were constructed as previously
described [12]. Human farnesoid X receptor (FXR) and pregnane X receptor (PXR)
LBDs were fused into DNA-binding domain of pM Gal4 under the control of the SV40
promoter using the same methods. These plasmids were cotransfected with pFR, a
plasmid which encoded the UAS-firefly luciferase reporter under the control of the Gal4
DNA response element. Human short heterodimer partner (SHP) expression plasmid
pCMX-hSHP was a kind gift from Dr. David J. Mangelsdorf (University of Texas
Southwestern Medical Center). HEK293 cells were placed in collagen pre-coated 96-
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well plate at a density of 2×104/well. Each well was transfected with 45 ng cDNA
(nuclear receptor LBD) in 30 μL lipofectamine for 3 hours. The well volume was
brought up to 100 uL with growth medium. Various treatments were then added to the
cells and incubated overnight. After 18-20 hours, the medium/treatment was removed
and luciferase activities were determined using Promega’s Dual Luciferas Assay
(Promega; Madison, MI). THP-1 monocytes were differentiated into macrophages as
described above. Cells were washed twice with PBS and incubated with growth medium
overnight followed by transfection of 0.8 μL lipofectamine and 500 ng overexpression
plasmids for each well. After a 24-hour transfection, cells were washed twice with PBS
and recovered in growth medium overnight. Foam cells were induced by loading 50
μg/mL oxLDL for another 24 hours. Cells then were harvested for RNA extraction and
real time PCR.

Statistical analyses
Normality of the data was checked by Anderson-Darling test. Gene expression of ex
vivo study was logarithm transformed to achieve normal distribution for analysis and plot.
General Linear Model (GLM) ANOVA, followed by Tukey post-hoc test, was used to
test the difference between treatments (P<0.05). The values were expressed as mean ±
SEM. All data analyses were performed by Minitab Ver.15 (Mintab Inc., State College,
PA) and data plotted by Prism 5.01 (GraphPad Software, Inc., San Diego, CA).

Results
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Effects of walnut components on SCD1 and cholesterol efflux in MDFC in vitro
Cholesterol efflux is a multiple-step process that transports free cholesterol across
cytoplasmic membranes to initiate reverse cholesterol transport. Gene expression
changes in membrane transporters and enzymes that could facilitate cholesterol transport
was examined following exposure of cells to extracts of walnut components [whole
walnut (WW), oil (WO) or skin (WS)] in vitro. ABCA1 and ABCG1 mRNAs were
reduced only at the highest dose (1 mg/mL) of walnut extract, with lower doses (0.25 and
0.5 mg/mL) having no effect. In addition, apoE, SR-BI, CYP27A1 mRNA levels were
not affected by any doses of walnut component extracts (Fig. 3-1A). SCD1 mRNA was
significantly reduced in a dose-dependent manner by WO as well as by WW or WS (Fig.
3-1B). When individual fatty acids were examined, ALA significantly reduced SCD1
expression (–82%) while other tested fatty acids had no significant effect (Fig. 3-1C).
Following WO treatment (0.5 mg/mL), cholesterol efflux was significantly increased in
foam cells (22%), compared with DMSO control. However, WW and WS did not
significantly change cholesterol efflux (Fig. 3-1D). Major saturated and unsaturated fatty
acids presented in walnuts were applied as treatment to test cholesterol efflux changes.
Compared to the BSA control, ALA significantly increased cholesterol efflux (38%)
while other fatty acids did not significantly affect cholesterol efflux in MDFC (Fig. 3-1E).
Following efflux period, ALA significantly reduced total cholesterol, cholesterol ester,
and free cholesterol (–21%, –22%, and –20%, respectively) (Fig. 3-1F).
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Figure 3-1. Walnut components affected on gene expressions related with cholesterol
transport and storage in RAW264.7 MDFC.
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oil group (0.5 mg/mL) not walnut skin or whole walnut group (0.5 mg/mL). C. Of all the tested
individual fatty acids, only ALA significantly reduced SCD1 mRNA. Other saturated or
unsaturated fatty acids did not significantly affect SCD1 expression. * indicated a significant
difference from control D. Walnut components affected on cholesterol efflux. Following a 6hour efflux period, non-treated control cells had a 1.4% efflux (of total 3H-Ch). The value was
normalized and expressed as 100%. Effect of walnut fractions treatment on efflux was expressed
as percentage change relative to control. * indicated a significant difference from control. E.
Individual fatty acids affected on cholesterol efflux in MDFC. Following efflux period, nontreated control cells had a 1.3% efflux (of total 3H-Ch). The value was normalized and expressed
as 100%. Effect of individual fatty acid treatment on efflux was expressed as percentage change
relative to control. * indicated a significant difference from control. F. ALA affected on
cholesterol storage in MDFC. After a 6-hour apoA-I induced efflux, cells were washed in cold
PBS twice and cholesterol was extracted with 1% Triton X100 in chloroform. Chloroform was
evaporated by vacuum spin for 20 minutes. Cholesterol was resuspended in cholesterol reaction
buffer for measurement. * indicated a significant difference from control. CE: cholesterol ester;
TC: total cholesterol; FC: free cholesterol.

Human serum, categorized by basal CRP level, affected SCD1 expression and
cholesterol efflux in MDFC ex vivo
The hypotheses tested were that bioactive molecules are present in serum samples
following consumption of walnuts that affect SCD1 expression and thus have beneficial
effects on cholesterol efflux. The experimental conditions were designed to mimic the in
vivo response of foam cells exposed to nutrient rich serum during the postprandial state.
SCD1 mRNAs were reduced by all serum samples taken after consumption of walnut
components. A significant time-effect was observed at 4 and/or 6 hours postprandially
for the walnut oil group, whole walnut group, and walnut meat group. The decrease in
SCD1 from the ex vivo treatment with serum from the walnut oil group was greater than
any other group (Fig. 3-2A). There was a significant treatment difference between
walnut skin and walnut oil groups. Serum CRP levels ranged through 0.16 mg/L to 13.27
mg/L, with a mean of 3.02 mg/L at baseline. Neither treatment nor time affected CRP
postprandially (Fig. 3-2B). After categorizing subjects according to their baseline CRP
level (cut point 3mg/L), low baseline CRP serum (≤ 3 mg/L, a mean of 1.7 mg/L) from
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subjects consuming different walnut components significantly reduced SCD1 expression
by 20-26% at either 4 or 6 hours postprandially (Table 3.1). There was no significant
difference in SCD1 reduction by serum from subjects in the high CRP sub-group (>
3mg/L; a mean of 6 mg/L). In particular, SCD1 only was reduced by 1.4-2% following
treatment with serum from subjects in the high CRP group consuming walnut skins.
This ex vivo study indicated that SCD1 repression by the 4 hour walnut oil treatment
was maximally effective. This time point was used to assess cholesterol efflux. Serum
samples collected 4 hours after consumption of the walnut oil, as well as baseline
samples, were applied as the treatment. Over a 6-hour culture period, apoA-I induced a
non-significant slight increase in cholesterol efflux (6.5%) in the walnut oil postprandial
serum samples, compared with baseline serum treated cells (data not shown). However,
when subjects were grouped by baseline serum CRP concentration, serum from the lower
CRP subjects (≤ 3 mg/L) who consumed walnut oil showed a significant increase (18%)
in cholesterol efflux, compared to baseline serum samples. In contrast, postprandial
serum from subjects with higher CRP level (> 3 mg/L) who consumed walnuts exhibited
a non-significant reduced cholesterol efflux (–11.4%) (Fig. 3-2C).
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Figure 3-2. Human serum, categorized by baseline CRP level, affected on SCD1
expression and cholesterol efflux in THP-1 MDFC.
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A. THP-1 human monocyte was differentiated into macrophages and induced to foam cells as
described in Method. Human serum samples were taken from 15 subjects consuming different
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serum as well as postprandial serum of 1, 2, 4, 6 hours were applied as treatment (10%, v:v) for
24 hours. Value of individual serum treated sample was adjusted by a value of a pooled serum
sample on each culture plate to exclude a non-specific serum effect on gene expression. Each
postprandial value was adjusted by baseline value, which served as a control within the same
dietary period. Data were logarithm transformed for analysis and plot. Sample size: n = 75 of
each diet group. A significant treatment effect (P=0.004) and a time effect (P<0.001) were
observed. B. Changes of serum CRP following different walnut components intake. CRP was
measured by high sensitive ELISA as described elsewhere [30]. Subjects were divided as low (n
= 11) or high (n = 4) CRP sub-groups based on baseline CRP value (a mean of 3 mg/L as a
cutting point). C. Serum of subjects consuming walnut oil group affected on cholesterol efflux.
Serum of postprandial 4 hours and baseline serum (as control) were applied as treatment (10%,
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high CRP group on cholesterol efflux was expressed as percentage change of respective control.
* indicated a significant difference between low and high CRP groups following efflux.
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Table 3.1. Human serum, categorized by basal CRP level, from subjects consuming different
walnut components affected on SCD1 expression in THP-1 foam cells.
Trt
Meat
Skin
Oil
Whole

Post1hr
‒5.2%
‒6.2%
‒9.2%
‒11.3%

Low CRP
Post2hr Post4hr
‒4.1% ‒14.3%
‒8.6% ‒20% †
‒18.3% ‒26.3%‡
‒12.2% ‒22% ξ

Post6hr
‒19.7%†
‒18.5%
‒24.5% ‡
‒18.7%

Post1hr
‒4.6%
‒1.7%
‒10.4%
‒5.7%

High CRP
Post2hr Post4hr
‒3.8% ‒10.2%
‒2.1% ‒1.7%
‒12.6% ‒11.3%
‒9.1% ‒13.6%

Post6hr
‒12.4%
‒1.4%
‒12%
‒11.2%

Values were expressed as percentage changes from baseline serum treated cells following
different walnut components intake. ξ indicated 0.05 < p ≤ 0.1; † indicated 0.01 < p ≤ 0.05; ‡
indicated 0.001 < p ≤ 0.01, meaning a significant difference from baseline.

Walnut oil regulated SCD1 expression through activating FXR pathway in MDFC
During the ex vivo and in vitro studies, SCD1 was significantly decreased by walnut
components, especially walnut oil. Further studies were performed to investigate the
mechanisms of how SCD1 expression was regulated by walnut oil. Different walnut
components significantly increased ligand dependent FXR activity (Fig. 3-3A). SCD1
protein was significantly reduced by the FXR agonist GW4064, both compared with
DMSO control and other synthetic activators of other tested nuclear receptors (Fig. 3-3A).
Individual nutrient presented in walnuts were applied to study the observed activation of
FXR. Linoleic acid (LA), ALA and β-sitosterol all activated FXR activity in a dose
dependent manner (Fig. 3-3B, 3-3D). Oleic acid (OA) also significantly activated FXRLBD although there was no difference between different treatment concentrations (Fig. 33B). The saturated fatty acid, palmitic acid (PA) only showed activation of FXR at a
lower dose while there was no difference at the highest tested concentration (Fig. 3-3B).
Other major bioactive components in walnut oil, β-carotene and γ-tocopherol had no
effect on FXR activation in reporter assays (Fig. 3-3C). SCD1 and SREBP1c mRNA
were significantly reduced by LA and ALA treatment, accompanied by increases in FXR
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and SHP in THP-1 macrophage-derived foam cells (Fig. 3-3E, 3-3F, 3-3G, 3-3H).
Similar gene expression changes were observed for SCD1, SREBP1c, FXR, and SHP
following walnut oil treatment (Fig. 3-3I). When SHP was overexpressed, SCD1 and
SREBP1c both were significantly reduced (Fig. 3-3J).
Figure 3-3. Inhibition of SCD1 expression by walnut oil through FXR pathway in THP1 MDFC.
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Luciferase reporter assay tested effects of individual nutrient [palmitic acid (PA), oleic acid (OA),
linoleic acid (LA), and α linolenic acid (ALA)] on FXR-LBD activation. * indicated a significant
difference from respective controls. C. Luciferase reporter assay of effects of vitamins (βcarotene, and γ-tocopherol) on FXR-LBD activation. * indicated a significant difference from
respective controls. D. β-sitosterol effect on FXR-LBD activation. Treatment concentrations
were as indicated. * indicated a significant difference from respective controls. E, F, G. Real
time PCR showed mRNA changes of SCD1, SREBP1c, and FXR target gene SHP by PA, OA,
LA, and ALA treatment. * indicated a significant difference from respective control. H. Walnut
oil (0.5 mg/mL) affected on gene expressions of SCD1 SREBP1c, FXR, and SHP. I.
Overexpression of SHP inhibited SCD1 and SREBP1c expression in MDFC. THP-1 derived
macrophages were transfected with pCMX-hSHP and empty plasmid for 24 hours. After
overnight recovered in 10% FBS medium, cells were loaded with 50 μg/mL oxLDL for 24 hours
and then harvested. There was about 10,000 fold difference of SHP mRNA expression difference
between control (empty vector) and SHP overexpressed cells. * indicated a significant difference
from controls.

Discussion
SCD1 is the rate-limiting enzyme in the endogenous production of MUFAs and
subsequent synthesis of TGs. The role of SCD in VLDL production is supported by
genetic mouse models and human nutrition epidemiology which reported a correlation
between serum TG and SCD [13]. Our previous studies indicated that the desaturation
index (ratio of serum oleic/stearic acid and palmitoleic/palmitic acid) was significantly
correlated with serum TG level [14]. In addition, serum ALA concentration was
inversely related with SCD1 desaturation index [14]. Compared with a typical western
diet, a high walnut diet increased ALA concentration of peripheral blood mononuclear
cells (PBMC) by 4-fold; the extent of ALA’s increase was much higher than changes of
other tested fatty acids [15]. The enrichment of ALA in PBMC after the walnut diet
supported the underlying theory of our experiment. Extracts of walnut components
added directly to MDFCs significantly decreased SCD1 expression in a dose-dependent
manner while not affecting most other efflux-related genes. The membrane transporters
ABCA1/ABCG1 were decreased at the highest treatment concentration. All walnut
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component extracts reduced TNF-α, IL-1β and IL-6 mRNA expression in macrophagederived foam cells (data not shown). Walnut oil treatment (0.5 mg/mL; without affecting
ABC transporters) significantly increased cholesterol efflux but the same concentration of
walnut skin and whole walnut treatment did not. Since fatty acids are the major lipid
components of walnut oil [16], further studies were conducted to clarify which fatty
acid(s) contributed to the reduced SCD1 and increased efflux. Consistent with our
previous findings [14], ALA significantly decreased SCD1 expression and increased
cholesterol efflux, compared with control and other tested fatty acids tested.
In cell culture experiments, ALA significantly decreased SCD1 expression in MDFC,
accompanied with increased cholesterol efflux and decreased intracellular cholesterol
storage (manuscript submitted). In the present study, serum from subjects consuming
different walnut components also showed a significant reduction in SCD1 expression in
the ex vivo experiments. This effect was more prominent in serum samples from the
walnut oil group. Following exposure of MDFC to serum ex vivo, a slight increase in
cholesterol efflux was observed when comparing the walnut oil group at 4 hours
postprandially to the baseline serum samples. However, a significant serum effect on
cholesterol efflux was observed in low (≤ 3 mg/L) but not high (> 3 mg/L) baseline CRP
sub-groups. CRP has long been regarded as a biomarker of systematic inflammation and
is strongly correlated with hyperlipidemia [17], metabolic syndrome [18], atherosclerosis
[19] and cardiovascular diseases [20]. Results from several studies demonstrated that
elevated inflammatory state would impair cholesterol efflux. In a study performed by
Wang et al [21], CRP (5-20 mg/L) showed a dose-dependent inhibition of cholesterol
efflux by decreasing ABC transporter expression in MDFC. Incubation foam cells with
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TNF-α and IL-1β resulted in a significant retention of cholesterol and TG in foam cells
and decreased level of lipid efflux [22]. Similarly, Ma et al found that TNF-α and IL-1β
stimulation led to an increased cholesterol uptake and a decreased cholesterol efflux in
liver cells [23]. In our study, although SCD1 mRNA was non-significantly repressed by
serum of high CRP group, it did not translate into any significant efflux improvement,
due presumably to the higher levels of circulating inflammatory mediators. In the
postprandial state, an increase in chylomicron remnants and free fatty acids could
increase oxidative stress and inflammation, as well as endothelial dysfunction (i.e.,
vasoconstriction), and possibly potentiate adverse effects of postprandial hyperglycemia
[24,25]. Collectively, this sequelae of physiological events, in the presence of low-grade
systematic inflammation, would contribute to an increase in CVD risk burden and
impaired any postprandial beneficial responses of a dietary intervention.
Our previous studies indicated that ALA reduced SCD1 expression through
activation of FXR, which in turn suppressed SREBP1c and SCD1 transcription in RAW
264.7 MDFC (manuscript in preparation). In the current study, lipid extracts of walnut
components significantly activated FXR to a greater extent than other tested nuclear
receptors. In addition, unsaturated fatty acids (OA, LA and ALA) and the plant sterol, βsitosterol, activated FXR. However, due to the relative low availability of plant sterols in
walnut, it is unlikely that plant sterol alone could significantly activate FXR. Among the
individual compounds tested, only LA and ALA significantly reduced SCD1 and
SREBP1c expression concomitant with activation of FXR and SHP in MDFC. FXR
plays a critically important role in bile acids synthesis, secretion and re-absorption and is
expressed at a high level in liver and intestine. As reviewed by Wang et al [26], FXR
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knockout animals revealed an unexpected role in lipid metabolism, leading to a
hypolipidemic effect. However, a direct effect of FXR on atherosclerosis is still
controversial in in vivo studies [27-29]. Our in vitro studies presented herein
demonstrated that walnut oil, especially its PUFA fraction, could decrease a lipogenic
enzyme SCD1 through activation of FXR pathway. The decrease of SCD1 would result
in a reduced cholesterol storage and increased cholesterol efflux, thus decreasing the lipid
laden in foam cells. This would be beneficial to atherosclerosis prevention and/or
regression.
In conclusion, the studies presented herein showed that lipid-rich walnut oil had
significant effects on SCD1 expression and this effect was mediated through activation of
FXR pathway by polyunsaturated fatty acids in macrophage-derived foam cells.
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Chapter 4
Walnut increases high-density lipoprotein uptake by HepG2 cells
through a farnesoid X receptor dependent pathway

Abstract
Walnut intake is associated with reduced cardiovascular risks, in part, due to its
hypocholesterolemic effect. However, little is known about the effects of walnuts on
reverse cholesterol transport (RCT), a series of events that transport peripheral lipid back
to liver for synthesis of bile salts. Thus, an increase in RCT will reduce peripheral lipid
deposits and reduce atherogenesis. To study the mechanism by which walnuts decrease
circulating cholesterol and explore the hypothesis that walnut bioactives increase
hepatocellular uptake of high-density lipoprotein cholesterol (HDL-C). Tritium labeled
intracellular cholesterol was transported out of THP-1 macrophage-derived foam cells by
incubation with 50 μg/mL HDL protein as an acceptor for 24 hours. Following walnut
extract treatment, HepG2 hepatocytes internalized more HDL-C than did control treated
cells. The effect of walnut extracts on activation of nuclear receptors (NRs) was
evaluated. Walnut extracts activated farnesoid X receptor-α (FXRα), peroxisome
proliferator-actived receptor-β/δ (PPARβ/δ), and liver X receptor-α (LXRα), with FXRα
being activated to the greatest extent. Bioactives in walnuts, i.e., linoleic acid, linolenic
acid, and β-sitosterol, activated FXRα and increased expression of membrane receptors,
scavenger receptor (SR-BI), and LDL receptor (LDL-R). These changes in gene
expression were not observed when FXRα expression was repressed using short-hairpin
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RNA inhibitors. Walnut extracts, containing bioactive lipids, increased hepatocyte
cholesterol uptake by altering gene expression, in part, through FXRα. Thus, walnut
consumption may decrease circulating cholesterol concentrations by increasing uptake
and subsequent excretion by the liver.

Introduction

Reverse cholesterol transport (RCT) is a multi-step process in which peripheral lipid
is transported to the liver for bile acid synthesis and subsequent excretion. RCT is
initiated by cholesterol efflux in peripheral tissues and cells, including macrophagederived foam cells. In the presence of a lipid acceptor, such as apolipoprotein A-I (apoAI) and high-density lipoprotein (HDL), free cholesterol and phospholipids are transported
across the cytoplasmic membrane with the facilitation of various enzymes and receptors.
Free cholesterol is esterified to cholesterol ester (CE) by lecithin-cholesterol
acyltransferase (LCAT, usually bound with HDL) and stored in the core of HDL particles.
Mature HDL exchanges CE with triglycerides (TG) from TG-rich lipoproteins, such as
very low-density lipoproteins (VLDL), by cholesteryl ester acyltransfer protein (CETP)
in the blood stream. HDL uptake by hepatocytes occurs via several membrane receptors
including scavenger receptor, subfamily B, type I (SR-BI), LDL-receptor (LDL-R), LDLR related proteins (LRP) and apoE receptor [1]. The purpose of RCT is to carry
excessive peripheral cholesterol to the liver by HDL particles, whereby the cholesterol is
used bile acid synthesis and, consequently, lowering total and low density lipoprotein
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(LDL) cholesterol. Multiple strategies have been developed for targeting various steps of
RCT to reduce risk of cardiovascular diseases [2].
Tree nuts are low in saturated- and high in unsaturated-fats, and are rich sources of
other nutrients including fiber, vitamin E, folate, phytosterols and potassium. Diets high
in walnuts lower LDL-cholesterol (LDL-C) as much as 19% [3]. A recent meta-analysis
[4] reported that walnut intake was consistently associated with reduced total cholesterol
(TC) and LDL-C. Serum samples from subjects who consumed walnut oil containing
bioactive molecules significantly increased apoA-I induced cholesterol efflux
(manuscript in preparation). Alpha linolenic acid (ALA), the predominant n-3
polyunsaturated fatty acid in walnuts, significantly increased cholesterol efflux by
decreasing expression of a lipogenic enzyme, stearoyl CoA desaturase1 (SCD1), in RAW
264.7 macrophage-derived foam cells (manuscript in preparation). The decreased
expression of SCD1 was through ALA’s activation of the nuclear receptor, farnesoid X
receptor-α (FXRα).
Although the role of FXR in foam cells has not been extensively studied, FXR is
highly expressed in liver and intestine where it is an important regulator of bile acid
metabolism [5]. In addition, FXR activation affects expression of phospholipid transfer
protein (PLTP), lipoprotein lipase, apolipoproteins (A-I, C-II, C-III and E) and VLDL
receptor [6] [7]. It also is important in lipid metabolism within the hepatocyte. FXR
activation affects peroxisome proliferation-activated receptors (PPARs) thereby
modulating fatty acid β-oxidation in the liver [8,9]. However, despite documented effects
on lipid and lipoprotein metabolism, the antiatherogenic properties of FXR are still
controversial [10-13].
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Taking into account the effects of walnuts on circulating lipoproteins, and the role
FXR plays in the process of lipoprotein metabolism, the hypothesis tested herein was that
bioactives within walnut will increase hepatocytes uptake of HDL through activation of
the FXR pathway. In the human heaptoma cell line, extracts of walnut and representative
bioactives present within this nut, do indeed activate FXR and regulate gene expression
and cholesterol uptake, consistent with improved cardiovascular lipid risk factors. Thus,
our results add mechanistic justification to a growing list of potential beneficial effects in
response to consumption of walnuts and likely other tree nuts.

Materials and Methods

Chemicals
Human LDL, palmitic acid (PA), , oleic acid (OA), linoleic acid (LA), alpha
linolenic acid (ALA), RPMI 1640, high glucose DMEM (HG-DMEM), and phorbol 12myristate 13-acetate (PMA), were purchased from Sigma-Aldrich; St. Louis, MO. FBS
was purchased from HyClone (Logan, UT). HDL was purchased from Calbiochem (La
Jolla, CA). Lipofectamine and neomycin were purchased from Invitrogen (Grand Island,
NY). Rabbit polyclonal anti-FXR antibody and rabbit polyclonal anti-actin antibody
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). [1α,2α (n)-3H]
cholesterol was purchased from GE Healthcare Bio-Sciences Corp. (Piscataway, NJ).

Cell culture
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HepG2 (Homo sapiens hepatoma), THP-1 (Homo sapiens monocyte), and HEK-293
(Homo sapiens kidney epithelial) cell lines were obtained from the American Type
Culture Collection (ATCC; Rockville, MD). THP-1 monocytes were cultured in RPMI
1640 with 10% heat-inactivated FBS, 50 μM 2-Mercapto ethanol (ME), 1 mM sodium
pyruvate, and antibiotics. HepG2 and HEK-293 cells were cultured in HG-DMEM
containing 10% FBS, and antibiotics.

English walnut lipid extraction preparation
Total lipid extraction of English walnuts was conducted at Food Analysis Laboratory
Control Center of Virginia Polytechnic Institute and State University. Walnuts were
obtained as part of the national sampling plan described in details elsewhere [14]. Total
lipid extracts were weighed and resuspended in DMSO to reach a stock concentration of
100 μg/μL and stored at –20 ºC.

Oxidized LDL preparation
Human LDL (200 μg/mL) was oxidized with 10 μM CuSO4 at 37 ºC for 24 hours.
Oxidized LDL (oxLDL) was concentrated using Amicon Ultra centrifugal filter units
(Millipore Corp. Billerica, MA). Excessive copper was removed by dialysis against 0.9%
NaCl three times for 24 hours at 4 ºC (Slide-A-Lyzer Mini Dialysis Units; Pierce,
Rockford, IL) and samples were subsequently sealed under argon, stored at 4 ºC and used
within a month. Oxidation of fatty acids and protein components of LDL was determined
by analyzing thiobarbituric acid reactive substances (TBARS) and agarose gel
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electrophoresis. Protein content of oxLDL was determined using the Bio-Rad DC protein
assay kit (Bio-Rad Laboratories, Hercules, CA).

Cholesterol efflux
THP-1 human monocytes were placed in 24-well plates at a density of 4×105/well
and differentiated to macrophages with 100 nM PMA for 48 hours. To induce foam cell
formation and equally label intracellular cholesterol pool across samples, cells were
loaded with 50 μg/mL oxLDL and tritium cholesterol (3H-Ch 1 μCi/mL) in normal
growth medium. After 24 hours, cells were washed twice and treated as indicated in
figure legends in reduced serum (1% FBS) medium overnight. Following treatment, cells
were washed twice with serum-free medium and incubated with 50 μg/mL HDL protein
for 24 hours to induce cholesterol efflux. Medium was then collected and centrifuged at
12,000 rpm for 10 minutes to remove cell debris. Cells were treated by lysis buffer (5
mM Tris Cl+0.1% SDS) and media and intracellular tritium (cpm) were measured by
liquid scintillation counting. Efflux ratio was calculated as: 100×cpmMedium/ (cpmCell +
cpmMedium) %.

Hepatocytes uptake HDL collected from efflux medium
THP-1 monocytes were placed in 6-well plates at a density of 2×106/well. THP-1
derived macrophages were converted to foam cells and labeled with 3H-Ch as described
above. Cells were incubated in reduced serum medium (1% FBS) for 12 hours to allow
3

H-Ch to equilibrate into various intracellular compartments. Cells were incubated with

50 μg/mL HDL protein in 0.2% BSA for 24 hours to induce cholesterol efflux and allow
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cholesterol be packaged into HDL particle. Following the efflux period, medium was
collected from each well and centrifuged to remove cell debris. Medium was then pooled
and radioactivity was measured by liquid scintillation counting. Two days before
collecting efflux medium, HepG2 cells were placed in 24-well plates at a density of
3×105/well. After an overnight incubation in growth medium, cells were treated with
DMSO or walnut lipid extract (0.5 mg/mL) for 24 hours. Before loading with efflux
medium, HepG2 cells were washed with cold PBS twice. Each well was added with 250
μL pooled efflux medium and cells were lyzed at indicated time to measure intracellular
radioactivity.

RNA extraction, reverse transcription, real time PCR
Cells were lysed and harvested using TriReagent according to the manufacturer’s
instructions (Sigma; St. Louis, MO). High capacity cDNA Archive kit (Applied
Biosystems; Foster City, CA) was used for reverse transcription. Twenty ng/μL of
cDNA was amplified by SYBR Green PCR Master Mix (Applied Biosystems; Foster
City, CA) and detected by ABI 7000 Sequence Detection System (Applied Biosystems;
Foster City, CA). Primer sequences are listed in Table 4.1.
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Table 4.1. Oligonucleotides used in quantitative real time PCR
VLDL-R
SR-BI
LDL-R
CYP7A1
ABCG5
ABCG8
SCD1
FAS
ACC
ACO
CPT
SREBP1c
ELOVL6
apoCII
apoCIII
PLTP

Forward (5’→3’)
TGTGGCTCTCGATGCTGACAT
GGCGGTGATGATGGAGAATAAG
CAACCGGAAGACCATCTTGGA
AAGGAATCGCTGAGGCTTTCC
GACCGACTGATTGGCAACTACA
AGCCTCGCTCTGACATCTTCA
GAGTACCGCTGGCACATCAA
AGGAGCAAGGCGTGACCTT
CTTTGTGCCCACGGTTATCATG
GCCTGGAACTTGGAGATCATTG
GCACCTCCGTAGCTGACTCG
CCATCTGTGAGAAGGCCAGTG
CCGGAAGTTTGCCATGTTCAT
AGCAGCCATGAGCACTTACACA
ATGAAGCACGCCACCAAGA
AGGAGGAAGAGCGGATGGTGTA

Reverse (5’→3’)
GGCTTAGATCGGCCCAGAATAG
GTGGTGAATGCCAAGGTCATG
TCAAAGACGGCCAAGGAGAAG
TCCTCCTTAGCTGTCCGGATGT
CCTGTGGTTGGCTCATCAAAC
ACGTCATCAGGAGGACCAGATC
GGCCATGCAATCAATGAAGA
ACAACGAGCGGATGAGCTG
GGCGACTTCCATACCGCATTAC
CCTCGAAGGTGAGTTCCATGAC
TTGGTGAGCTTCTGCCATCTT
GGTGTGGTAGCCAGGCTGTC
GCCCATCAGCATCTGAGTGATC
CCTCTCCCTTCAGCACAGAAAG
TGTCCTTAACGGTGCTCCAGTA
TCTCCATGGCAGAGTCGAAGA

VLDL-R: very low-density lipoprotein receptor; SR-BI: scavenger receptor subfamily B type I;
LDL-R: low-density lipoprotein receptor (LDL-R); CYP7A1: cholesterol 7α-hydroxylase 1;
ABCG5: ATP binding cassette G5; ABCG8: ATP binding cassette G8; SCD1: stearoyl CoA
desaturase 1; FAS: fatty acid synthase; ACC: acetyl-CoA carboxylase; ACO: acyl-CoA oxidase;
CPT: carnitine palmitoyltransferase; SREBP1c: sterol regulatory element binding protein 1c;
apoCII: apolipoprotein CII; apoCIII: apolipoprotein CIII; PLTP: phospholipid transfer protein.

Western blot
HepG2 cells were seeded in 15 cm2 plate at a density of 5×106/plate. Following
treatment, cells were collected in lysis buffer (0.25 M sucrose, 10 mM Tris-acetate (pH
8.1), 1 mM EDTA, and 1 mM DTT). Lysates were sequentially centrifuged at 2,500 rpm
and 12,000 rpm to remove nuclear and mitochondria fractions. Protein concentration of
supernatant was measured using a Bio-RAD DC protein assay kit. Total soluble protein
(80 μg) was separated on a 10% SDS-PAGE gel and transferred to a PVDF membrane
(Immobilon P; Millipore, Bedford MA). The membrane was blocked by 5% non-fat dry
milk in TBS+0.2% Tween 20 (TBS+) at 4 ºC overnight. The membrane was incubated
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with primary antibody (anti-FXR 1:200 at 4 ºC overnight; anti-actin 1:500 at room
temperature 2 hours), washed three times with TBS+ and incubated with horseradish
peroxidase-linked secondary anti-rabbit antibodies (1: 5,000) at room temperature for 1
hour. Blots were visualized using an ECL plus western blot detection kit (GE Healthcare
Biosciences; Piscataway, NJ).

shRNA targeting FXR neomycin resistant HepG2 stable cells
SureSilencingTM shRNA plasmids targeting human FXR were purchased from
SABiosciences Corp. (Frederick, MD). Plasmids were provided as one negative control
vector and 4 shRNA vectors. HepG2 cells were placed in a 24-well plate and transfected
with plasmids by following instructions of lipofectamine. Positive cells were selected
and enriched by 500 μg/mL neomycin. Successful knock down of human FXR was
screened and tested by real time PCR and western blot. The shRNA plasmid contained
the FXR sequence GTCTCCAGATAGACAATACAT.

Transfection and cell-based assays
Plasmids of human PPAR-α/-β/-γ ligand binding domain (LBD), liver X receptor-α
(LXRα) LBD, and retinoid X receptor-α (RXRα) LBD were constructed as previously
described [15]. Human FXRα and pregnane X receptor (PXR) LBDs were fused into
DNA-binding domain of pM Gal4 under the control of the SV40 promoter using the same
methods. These plasmids were cotransfected with pFR, a plasmid which encoded the
UAS-firefly luciferase reporter under the control of the Gal4 DNA response element.
HEK293 cells were placed in collagen pre-coated 96-well plate at a density of 2×104/well.
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Each well was transfected with 45 ng cDNA (nuclear receptor LBD + internal control
pRL-TK Renilla luciferase plasmid) in 30 μL lipofectamine for 3 hours. The volume was
then brought to 100 μL,, incubated for an hour and followed by an overnight treatment.

Statistical analyses
Normality of the data was checked by Anderson-Darling test. General Linear Model
(GLM) ANOVA, followed by Tukey post-hoc test, was used to test the difference
between treatments (P<0.05). The values were expressed as mean ± SEM. All data
analyses were performed by Minitab Ver.15 (Mintab Inc., State College, PA) and data
plotted by Prism 5.01 (GraphPad Software, Inc., San Diego, CA).

Results

Effects of walnut on HDL uptake of hepatocytes
The peak 3H-Ch efflux from THP1-derived foam cells was reached by incubation
with lipid acceptor HDL for 24 hr, which was 15-fold higher than the non-acceptor
incubation treatment (data not shown). Efflux medium was collected and loaded to
walnut pre-treated HepG2 hepatocytes. As early as 1 hour and up to 24 hr after addition
of the 3H-Ch containing efflux media, walnut pre-treated HepG2 cells transported more
HDL into the cells than that of control cells, as indicated by higher intracellular
radioactivity (Fig. 4-1). The increased HDL-C uptake of cells was accompanied with
decreased radioactivity in the loading medium. Walnut treatment resulted in a faster
clearance of 3H-Ch from the medium, compared with DMSO control (data not shown).
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Thus, walnut pre-treatment increased the uptake of HDL particles within HepG2 cells
that was previously packaged during efflux period. The mechanism for this improvement
of transport was examined in more detail.

Figure 4-1. Effects of walnut extract on HDL uptake
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HepG2 cells were placed in 24-well plates and treated with DMSO (control) and walnut extract
(0.5 mg/mL). HDL induced efflux medium of THP-1 macrophage-derived foam cells was
collected as described in Method. Before loading, HepG2 cells were washed with cold PBS twice.
A total of 250 μL efflux medium was added into each well and cells were harvested for
intracellular radioactivity at indicated times. HDL uptake of HepG2 was expressed as a ratio of
intracellular radioactive counting at indicative time point divided by initial radioactive counting
of the efflux medium before loading. * indicated a significant treatment effect between walnut
and DMSO control at each time point.

Walnut significantly activated FXR target gene expression
Various nuclear receptors (NRs) serve as nutrient sensors and regulate target gene
expression to maintain cellular homeostasis. Different concentrations of walnut extracts
were tested to study the effect on activation of NRs that are affected by dietary lipids.
Walnut extracts significantly activated FXR with a 2.5 fold increase in ligand-dependent
reporter activity (Fig. 4-2A). Walnut extracts also activated PPAR β/δ and LXRα in this
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system, but to a lesser extent (25% and 45% increase, respectively). No significant
effects of walnut extract treatment were observed for PPAR-α, -γ, RXRα or PXR.
Messenger RNA for FXR target genes, VLDL receptor, LDL receptor, SR-BI, CYP7A1,
ABCG5/G8 all were increased significantly following walnut extract treatment of HepG2
cells (Fig. 4-2B). Furthermore, SCD1 and SREBP1c mRNA were significantly reduced
by walnut extract treatment (Fig. 4-2C). Other tested genes, FAS, ACC, ACO, CPT,
PLTP, apoCII, and apoCIII were only significantly regulated at the highest concentration
tested (Fig. 4-2C, 4-2D).
Figure 4-2. Effects of walnut extract on nuclear receptor activation and target gene
expressions
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A. Different concentrations of walnut lipid extract affected on nuclear receptor (NR) ligand
binding domain (LBD). Tested NR-LBD plasmids were as follows: PPAR: peroxisome
proliferator-activated receptors; LXR: liver X receptor; RXR: retinoid X receptor; FXR: farnesoid
X receptor; PXR: pregnane X receptor. B. Different concentrations of walnut affected on FXR
target genes of membrane receptors and bile acids synthesis. C. Walnut affected on gene
expression of lipogenesis and lipid oxidation. D. Effects of walnut extract on lipoprotein
coactivators and transfer protein expressions. * indicated a significant difference from respective
controls. Extended names of abbreviations of tested genes were as described in Table 1 footnote.

Individual fatty acids and phytosterols affect on membrane receptor gene
expression
The total lipid extract of walnut is rich in different fatty acids and plant sterols. The
major saturated and unsaturated fatty acids, and β-sitosterol were cultured with HepG2
cells and the expression of SR-BI, and LDL-R examined. ALA significantly increased
SR-BI expression in a dose-dependent manner (Fig. 4-3A). The other fatty acids tested
(palmitic, oleic and linoleic acids, Fig.4- 3A), as well as β-sitosterol (Fig. 4-3B) did not
significantly affect SR-BI mRNA expression. LDL-R mRNA expression was
significantly increased by LA and ALA treatment (Fig. 4-3C) as well as β-sitosterol
treatment (Fig. 4-3D). Palmitic and oleic acids had no effect on LDL-R mRNA
concentration.
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Figure 4-3. Effects of different fatty acids and plant sterols on membrane receptor gene
expression in HepG2 cells
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A. Fatty acid treatment affected on SR-BI expression. B. β-sitosterol affected on SR-BI
expression. C. Fatty acid treatment affected on LDL-R expression. B. β-sitosterol affected on
LDL-R expression. * indicated a significant difference from control.

Changes of membrane receptors gene expression and HDL uptake in shRNA-FXR
stable cells
FXR mRNA and protein were successfully repressed after introducing shRNA into
HepG2 cells (Fig. 4-4A); the amount of decrease seen with the FXR shRNA plasmid was
approximately 70%, compared to the control transfected cells. Walnut extract
significantly increased SR-BI expression in the control cell line (Fig. 4-4B). When FXR
was decreased by shRNA, the expression of SR-BI was not increased following walnut
extract treatment (Fig. 4-4B). Furthermore, walnut extract increased LDL-R expression
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in stable cells, compared with the DMSO control. Walnut extract did not enhance the
expression of LDL-R in shRNA-FXR stable cells (Fig. 4-4C). Following walnut extract
treatment, greater internalization of 3H-Ch, occurred in HepG2 cells compared to their
DMSO treated counter parts (Fig. 4-4D). HepG2 cells with FXR repressed exhibited
lower rates of cholesterol uptake compared to the control cell lines (Fig. 4-4D). In
addition, the FXR shRNA containing cells were not responsive to walnut extract
treatment in terms of 3H-Ch uptake.
Figure 4-4. Effects of FXR on membrane receptor expressions and HDL uptake in
HepG2 stable cells
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A. FXR mRNA and protein changes between neomycin resistant control and shRNA-FXR stable
cells. * indicated a significant difference from control. B. Walnut extract (0.5 mg/mL) affected
on SR-BI expression in control and shRNA-FXR stable cells. * indicated a significant difference
from control. C. Walnut extract (0.5 mg/mL) affected on LDL-R expression in control and
shRNA-FXR cells. * indicated a significant difference from control. D. Effect of walnut extract
and DMSO treatment on HDL uptake in control and shRNA-FXR stable cells. When FXR was
knocked down, HDL uptake by HepG2 cells were significantly reduced. Despite a nonsignificant slight increase, walnut treatment did not significant increase HDL internalization,
compared with DMSO control in shRNA-FXR stable cells. The change of HDL uptake by
walnut treatment in shRNA-FXR cells was significantly lower than that was observed in control
cells. Treatments without a common letter differ.

Discussion

After accepting cholesterol and phospholipids from peripheral tissues and cells,
especially from macrophage-derived foam cells, the crucial role of HDL is to carry lipids
back to the liver for synthesis of bile salts. Two HDL binding sites (high affinity low
capacity and low affinity high capacity) are present on liver cell membranes [16,17].
When mature HDL is modified by CETP in the presence of VLDL, or catalyzed by
hepatic TG lipase, the so-called TG-rich HDL or remnant HDL binds to both sites and
increases clearance or degradation of HDL. Following walnut treatment, the HDL
particle uptake was greater than that of DMSO-treated hepatocytes. The time-course of
HDL clearance observed herein is similar to those described previously [17] [18]. In the
study performed by Morrison et al [17], 8-9 hours were needed to reach maximal HDL
binding to liver cells. Barrans et al demonstrated that HDL was internalized by rat liver
cells as early as 30 minutes during a perfusion experiment, where choelsteryl ester (CE),
TG and phosphatidylcholine of HDL was reduced by − 20% to − 57% [18]. Uptake of
HDL by hepatocytes could stimulate the release of pre-β HDL for recycling [18].
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Our previous study indicated that different walnut components significantly
increased cholesterol efflux by regulating a lipogenic enzyme through the FXR pathway
in foam cells (manuscript in preparation). Walnuts are high in polyunsaturated fatty acids
(PUFAs). Fatty acids, especially PUFAs, are natural ligands to nuclear receptors, such as
PPARs. Long chain PUFAs, such as linolenic and alpha linolenic acids treatment led to a
ligand dependent activation of PPAR-α and -β in a previous study [15]. Plant sterols, due
to their structure similarity to cholesterol, could interact with LXR as well [19].
Although PPAR-β, LXR-α, and PXR activation all were observed, the activation of FXR
was the highest and the most prominent following walnut treatment. The simultaneous
activation of different nuclear receptors was partially due to the interaction between
different NRs and the availability of various lipid soluble nutrients, such as fatty acids,
tocopherols, carotenes, and plant sterols in walnuts.
Previous studies have shown that EPA and DHA significantly increase LDL-R at
both the mRNA and protein levels, compared with other unsaturated fatty acids [20].
Polyunsaturated fatty acids, ALA, LA and plant sterol exhibited a significant increase of
SR-BI and LDL expression, compared with saturated and monounsaturated fatty acids.
These findings are consistent with other studies showing a distinct regulatory different
between saturated and unsaturated fatty acids on membrane receptor expression [21-26].
However, the individual nutrient effects on membrane receptor expression were lower
than observed in the whole walnut treatment. This could be due to a synergistic effect of
different nutrients that are present in walnut. Knocking down FXR abolished the
activation of membrane receptor expression and HDL uptake by walnut treatment.
Despite a role in regulating lipid metabolism, the effect of FXR on membrane receptor
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expression still is not conclusive. FXR (-/-) mice showed a significant loss of SR-BI
expression in liver membrane with a significant increase in serum LDL, VLDL and HDL
cholesterol [27]. However, in the studies performed by Malerod et al [28], bile acidinduced FXR activation resulted in a significant reduction of SR-BI expression in liver
cells both in vivo and in vitro. In addition, whether the increased HDL uptake in
hepatocytes by walnuts could significantly decrease serum HDL awaits further long term
in vivo research.
In conclusion, our in vitro study has shown that walnuts could activate membrane
receptor expression in liver cells through a FXR-dependent pathway. This effect could
increase the HDL uptake and peripheral cholesterol transport back to liver for further
utilization.
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Chapter 5
Development of a sensitive fluorescence-based cholesterol efflux
assay in macrophage-derived foam cells

Abstract
Reverse cholesterol transport is the process by which extrahepatic cells, including
macrophage-derived foam cells in the artery walls, transport excessive cholesterol back to
liver for bile acid synthesis and excretion, thus lowering peripheral lipid burden.
Cholesterol efflux is the first step in this process and finding drugs and treatments that
facilitate this event is an important endeavor. Radioactively-labeled cholesterol has been
traditionally employed in measuring efflux efficiency, but this reagent has limitations for
high-throughput screening. We developed a novel alternative method using a fluorescent
cholesterol mimic, comprising Pennsylvania Green linked to a derivative of an N-alkyl3®-cholesterylamine, to measure cholesterol efflux in macrophage-derived foam cells.
Utilizing this fluorescent mimic of cholesterol in efflux experiments afforded a safe,
sensitive, and reproducible alternative to related radioactive assays.

Introduction

Cholesterol efflux from peripheral tissues and cells such as macrophage-derived
foam cells is an initial and critical step in reverse cholesterol transport (RCT). Excessive
intracellular cholesterol is transported from these tissues and cells via the blood stream in
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the presence of lipid acceptors such as apolipoprotein A-I (apoA-I) or high density
lipoprotein (HDL) [1]. The ultimate outcome of RCT is to bring peripheral cholesterol
back to liver for excretion as bile acids, thus lowering the peripheral lipid burden and
blood cholesterol level. Traditional methods to measure the effects of pharmaceutical
agents on cholesterol efflux in in vitro models involve loading of macrophage-derived
foam cells with tritium-labeled cholesterol (3H-Ch). In the presence of apoA-I or HDL,
radioactivity in the medium relative to that in the cells is used to estimate the efficiency
of cholesterol mobilization during RCT.
Enhancing tissue cholesterol efflux is a leading mechanistic approach for drug
therapies aimed at cardiovascular disease and atherosclerosis. There are multiple
mechanisms to increase RCT within the foam cells including but not limited to activating
peroxisome proliferator-activated receptors (PPARs), liver X receptors (LXRs) and
inhibition of acyl-coenzyme A:cholesterol acyltransferase (ACAT) [2]. In addition to the
passive diffusion of cholesterol across membranes, ATP binding cassette (ABC)
transporters and other membrane proteins such as scavenger receptor subfamily B type I
(SR-BI), 27-hydroxylase A1 (CYP27A1) and apoE all play roles in cholesterol efflux [3].
Although high-throughput screening assays for these receptors and enzymes have
been developed and can be used to identify anti-atherosclerosis therapies, examining the
penultimate desired response (i.e. increased cholesterol efflux) is beneficial. The
traditional assay for cholesterol efflux utilizes radioactive cholesterol, which limits its
application in many high-throughput screening applications. By contrast, fluorescencebased approaches are more amenable to screening programs. To explore this approach,
we utilized a novel mimic of cholesterol comprising an N-alkyl-3®-cholesterylamine
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derivative linked to the fluorophore Pennsylvania Green (Fig. 5-1; F-Ch). This
compound is structurally similar to other previously reported cholesterylamine conjugates
that are known to avidly associate with cellular plasma membranes and selectively
accumulate in early endosomes [4]. The Pennsylvania Green moiety is more
hydrophobic, more photostable, and less pH sensitive than fluorescein, making it a
potentially ideal component of molecular probes of living cells. Following treatment
with various RCT inducers, this fluorescent cholesterol mimic exhibited rates of efflux
very similar to that of 3H-cholesterol, indicating it is a useful alternative for measurement
of reverse cholesterol transport. In addition, by avoiding the need for detection of
radioactivity, F-Ch is more easily incorporated into high- and medium throughput
screening programs.

Figure 5-1. Chemical structure of the fluorescent N‐alkyl‐3®‐cholesterylaminePennsylvania Green molecular probe (F-Ch).

Materials and methods

Chemicals
The N‐alkyl‐3®-cholesterylamine-Pennsylvania Green (F-Ch) probe was
synthesized by methods analogous to those reported previously [4]. Human low density
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lipoprotein (LDL), 8-Br cyclic AMP, palmitic acid (PA), stearic acid (STA), oleic acid
(OA), linoleic acid (LA), α linolenic acid (ALA), sodium pyruvate, RPMI1640, HEPES,
2-mecaptoethanol, phorbol 12-myristate 13-acetate (PMA), ciprofibrate, TO901317, and
GW4064 were purchased from Sigma-Aldrich (St. Louis, MO). Arachidonic acid (AA)
and rosiglitazone were purchased from Cayman Chemical (Ann Arbor, MI). GW 501516
and 9-cis retinoic acid (9-cis RA) was purchased from Enzo Life Sciences Inc.
(Farmingdale, NY). High glucose DMEM (HG-DMEM) was purchased from Mediatech
Inc. (Manassas, VA). Tree nuts lipid extracts were purchased from Food Analysis
Laboratory Control Center, Virginia Polytechnic Institute and State University [5].
Samples were supplied in DMSO as a stock concentration of 100 mg/ml. Fetal bovine
serum (FBS) was purchased from Hyclone (Logan, UT). HDL and apoA-I were
purchased from Calbiochem Biochemicals (La Jolla, CA). [1α,2α (n)-3H] cholesterol was
purchased from GE Healthcare Bio-Sciences Corp. (Piscataway, NJ).

Cell culture
RAW 264.7 (Mus musculus macrophage) and THP-1 (Homo sapiens monocyte)
cell lines were obtained from the American Type Culture Collection (ATCC; Rockville,
MD). RAW 264.7 macrophages were cultured in HG-DMEM containing 10% heat
inactivated FBS, and antibiotics. THP-1 monocytes were cultured in RPMI 1640 with
10% heat inactivated FBS, 50 μM 2-mercaptoethenol, 1 mM sodium pyruvate, and
antibiotics. To differentiate THP-1 monocytes to macrophages, cells were incubated in
growth medium with addition of 100 nM PMA for 48 hours.
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Oxidized LDL preparation
LDL at a protein concentration of 200 μg/ml was oxidized with 10 μM CuSO4 at
37 ºC for 24 h. oxLDL was concentrated using Amicon Ultra centrifugal filter units
(Millipore Corp. Billerica, MA). Excessive copper was removed by dialysis against 0.9%
NaCl three times for 24 h at 4 ºC (Slide-A-Lyzer Mini Dialysis Units; Pierce, Rockford,
IL) and was subsequently sealed under argon, stored at 4 ºC and used within a month.
Oxidation of fatty acids and protein components of LDL was demonstrated by analyzing
thiobarbituric acid reactive substances (TBARS) and agarose gel electrophoresis. The
protein concentration of oxLDL was determined by Bio-Rad DC protein assay (Bio-Rad
Laboratories, Hercules, CA).

Cholesterol efflux
RAW 264.7 macrophages and THP-1-derived macrophages were seeded in 24well plates at a density of 1×105/well and 4×105/well, respectively. To induce foam cell
formation and equally label the intracellular cholesterol pool, cells were loaded with 50
μg/ml oxLDL and 3H-Ch (1 μCi/ml) or F-Ch (10 μM, obtained from a 10 mM DMSO
stock solution) in normal growth medium. After 24 hours, cells were washed twice with
HG-DMEM or RPMI 1640 and incubated in 1% FBS medium to allow cholesterol
distributed into various intracellular compartments. After 12 hours, medium was
discarded, followed by overnight treatment(s). Following treatment, cells were washed
twice and efflux was induced by addition of 10 μg/ml apoAI or 50 μg/ml HDL protein.
For the 3H-Ch efflux experiment, medium was collected at the specified time points and
centrifuged at 12,000 rpm for 10 min to remove cell debris. Cells were harvested by lysis

102

buffer (5 mM Tris Cl+0.1% SDS) and media and intracellular tritium (cpm) were
measured by liquid scintillation counting. The efflux ratio was calculated as:
100×cpmMedium/ (cpmCell + cpmMedium)%. For the efflux assays with F-Ch, the medium
was collected at the times indicated and centrifuged at 12,000 rpm for 10 minutes to
remove cell debris. Cells were treated with lysis buffer as described above. The F-Ch in
the medium was extracted with an equal volume of chloroform:methanol (3:1) to
eliminate confounding effects of the medium during the fluorescence measurement.
Solvent was evaporated by centrifugation under vacuum for 20 minutes and residual FCh was resuspended in ethanol. The F-Ch in the ethanol and cell lysates was quantified
relative to individual standard curves using Excitation/Emission wavelengths of 485/535
nm. All steps were performed under conditions that minimize photobleaching.

High throughput screen of cholesterol efflux
THP-1 monocytes in a 96-well plate at a density of 1×105/well were differentiated
to macrophages by addition of 100 nM PMA for 48 hours. After differentiation, cells
were washed twice with PBS and cultured in growth medium overnight. Foam cell
induction and addition of the F-Ch probe were performed as described above. After
treatment overnight, cells were washed twice with PBS and incubated with 50 μg/ml
HDL protein in PBS containing 0.2% BSA to induce efflux. After 2 hours, 100 μl of
medium in each well was collected and transferred to a new 96-well plate by a multichannel pipette. Cells were treated with 100 μl lysis buffer and homogenized on an
orbital shaker for 30 minutes. Fluorescence from the PBS fraction and the cell lysate
fraction were measured at Excitation/Emission wavelengths of 485/535 nm.
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Statistical analyses
Normality of the data was checked by Anderson-Darling test. General Linear
Model (GLM) ANOVA, followed by Tukey post-hoc test, was used to test the difference
between treatments (P < 0.05). The values were expressed as mean ± SEM. All data
analyses were performed by Minitab Ver.15 (Mintab Inc., State College, PA) and data
plotted by Prism 5.01 (GraphPad Software, Inc., San Diego, CA).

Results

In macrophage-derived foam cells, efflux of F-Ch and 3H-Ch followed a similar
trend
To examine whether F-Ch could substitute for 3H-Ch in quantitative cholesterol
efflux assays, time-dependent (up to 48 hour) fluorescent- and radioactive-based
experiments were performed in RAW264.7 macrophage-derived foam cells. When using
3

H-Ch as a tracer to measure cholesterol efflux (Fig. 5-2A, left panel), cAMP-induced

efflux was significantly increased after 4 hours (1.6 fold) to 12 hours (1.5 fold),
compared with a BSA control. Efflux peaked at 6 hours with a 2-fold increase observed
following cAMP treatment. In the fluorescence-based assay, cAMP also significantly
increased efflux of the F-Ch probe from macrophage-derived foam cells (Fig. 5-2A, right
panel). With F-Ch, the difference in efflux between treatment with BSA and cAMP was
significant after 4 hours until 12 hours with the peak occurring at the 12 hour point (2.3fold relative to BSA control). F-Ch and 3H-Ch based efflux also was tested in human
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THP-1 monocyte-derived macrophages for a total of 48 hours (Fig. 5-2B). The
radioactivity-based measurement indicated continuously increased cholesterol efflux up
to 24 hours, compared with BSA control. The efflux of 3H-Ch induced by DMSO and
cAMP was significantly lower at 36 and 48 hrs than 24 hrs (data not shown). The
induction of efflux of F-Ch by cAMP was significantly increased at 1 hour (2.4-fold
change), with significant but lower rates of efflux from 2 to 12 hours (less than 2 fold
compared with the BSA control).

Figure 5-2. Comparison of time-dependent efflux of 3H-Ch and F-Ch in mouse RAW
264.7 macrophages and human THP-1 derived macrophages.
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A. Comparison of efflux of 3H-Ch (left) and F-Ch (right) in mouse RAW 264.7 macrophages.
Induction of foam cells, labeling of the cholesterol pool, and treatment were as described in the
Methods section. Efflux was induced by addition of 10 μg/ml apoA-I and samples were collected
at the indicated times. Data was plotted using the LOWESS/Fit Spline method. Values are
expressed as fold change upon treatment with cAMP relative to BSA control. * indicates a
significant treatment effect at the designated time (P < 0.05). B. Comparison of time-dependent
efflux of 3H-Ch (left) and F-Ch (right) in human THP-1-derived macrophages. Efflux was
induced by addition of 10 μg/ml apoA-I and samples were collected at the indicated times. Data
was plotted by non-linear regression/curve fit method. * indicates a significant treatment effect at
the designated time (P < 0.05).

Membrane transporter(s) of the ABC-family facilitate the efflux of fluorescent
cholesterol
Members of the ABC family of protein transporters facilitate the transport of a
wide variety of molecules across the cytoplasmic membrane and are of critical
importance in cholesterol efflux. To investigate the mechanisms of efflux of F-Ch by
ABC transporters, the ABC-family inhibitor glyburide was added to block these proteins
(Fig. 5-3). After treatment with cAMP, apoA-I and HDL both significantly increased
cholesterol efflux in the absence of glyburide (2.5 fold and 3.3 fold increase,
respectively). Importantly, addition of glyburide (31 to 125 μM) significantly blunted
apoA-I or HDL-induced efflux following cAMP treatment. Similar inhibitory effects of
glyburide also were observed with 3H-Ch (data not shown).
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Figure 5-3. Effects of the ABC inhibitor glyburide on F-Ch efflux in RAW 264.7
macrophages.
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without glyburide at the indicated concentrations. * indicates a significant difference between cotreatment and treatment with cAMP alone (P < 0.05).

Screening for compounds that affect cholesterol efflux with F-Ch
The effects of tree nut extracts, fatty acids, and pharmacologic agents on
cholesterol efflux measured by the fluorescence-based assay were examined. Among the
tree nut extracts, walnut extract showed a significant effect (14-18% increase) on
cholesterol efflux whereas other nut extracts tested did not significantly affect this
process (Fig. 5-4A). To identify lipid components that might contribute to the increased
efflux, major fatty acids of walnut were tested. Palmitic acid (PA) and α linolenic acid
(ALA) both significantly increased cholesterol efflux whereas other fatty acids examined
did not significantly affect cholesterol efflux (Fig. 5-4B). Compared with the F-Ch-based
assay of efflux under the same treatment concentrations (Fig. 5-4C), measurement with
3

H-Ch showed a similar trend of changes in efflux. The Pearson correlation test indicated

a significant correlation (r = 0.84) between these two assay methods (Fig. 5-4D).
Following treatment with different pharmacologic agents, the PPAR-γ agonist

107

rosiglitazone (10 and 3.3 µM), the LXR-α agonist TO901317 (5 and 1.7 µM), and the
FXR-α agonist GW4064 (10, 3.3, and 1.1 µM) all significantly increased F-Ch efflux
(Fig. 5-4E). Together, these data showed that many compounds or complex mixtures can
be analyzed simultaneously using this fluorescence-based assay incorporating F-Ch as a
molecular probe.
Figure 5-4. Performance of F-Ch in a high throughput cholesterol efflux assay in THP-1
monocyte-derived macrophages.
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A. Effect of tree nut extracts on cholesterol efflux. Cells were treated overnight with lipid
extracts of walnut, macadamia nut, pine nut, pecan, pistachio, cashew, and hazelnut. * indicates a
significant difference between treatment and DMSO as a control (P < 0.05). B. Effects of BSAconjugated fatty acids on cholesterol efflux. * indicated a significant difference between
treatment and BSA as a control (P < 0.05). C. Comparison of 3H-Ch (left) with F-Ch (right)
efflux measurement by various fatty acids treatments. Treatments (from left to right) were
applied as BSA (control), and fatty acids PA, STA, OA, LA, ALA, AA (at 100 μM). * indicated
a significant difference between treatment and BSA (P < 0.05). D. Pearson correlation of 3H-Ch
and F-Ch efflux measurement (r = 0.84; P = 0.02). E. Effects of nuclear receptor agonists on
cholesterol efflux. Cells were treated with various nuclear receptor agonists with a series of 1:3
dilutions overnight. The highest treatment concentrations were: ciprofibrate 100 μM (PPAR-α
agonist); GW501506 500 nM (PPAR-β agonist); rosiglitazone 10 μM (PPAR-γ agonist);
TO901317 5 μM (LXR agonist); 9-cis retinoic acid 1 μM (RXR agonist); GW4064 10 μM (FXR
agonist). * indicated a significant difference between treatment and DMSO control (P < 0.05).

Discussion

Peripheral cholesterol efflux is an initial step in RCT that is critically important in
development of atherosclerosis. Therapeutics that decreases lipid-laden atherosclerotic
plaques can prevent plaque rupture and the incidence of cardiovascular disease such as
heart attack and stroke. The identification of drugs and bioactive compounds that
promote regression of atherosclerosis is an important endeavor of healthcare
professionals. However, traditional cholesterol efflux measurement using radioactive
markers has limited utility in high throughput screening approaches. A newly developed
fluorescent mimic of cholesterol comprising Pennsylvania Green linked to an N-alkyl
derivative of 3β-cholesterylamine, was found to function similarly to traditional tritiumlabeled cholesterol in measuring cholesterol efflux. Both murine RAW 264.7
macrophages and human THP-1 monocyte-derived macrophages exhibited similar
responses to cAMP using F-Ch and 3H-Ch as probes of cholesterol efflux.
Cyclic AMP was applied in efflux experiments as a positive control since it
induces expression of ABC transporters at the plasma membrane [6-9]. In the presence
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of lipid acceptor, such as apoA-I or HDL, cAMP enhances free cholesterol efflux.
Glyburide blocks membrane ABCA transporters, thus decreasing cholesterol efflux
[10,11]. In the study presented herein, glyburide significantly reduced apoA-I-and HDLinduced cholesterol efflux, suggesting that the efflux of both F-Ch and 3H-Ch is mediated
by the same ABC family transporters.
To screen chemicals against this novel fluorescence-based assay in a highthroughput format, bioactive compounds with both known and unknown effects on
cholesterol efflux were examined at multiple concentrations. Previous studies have
shown that walnut intake can favorably affect lipid and lipoprotein profiles [12], inhibit
cytokine release [13,14] , and potentially affect atherosclerosis risk factors. Among the
tested tree nut extracts, only walnut lipids significantly increased cholesterol efflux.
Walnut is a tree nut unique in its fatty acid profile, and it is especially rich in plantderived n-3 polyunsaturated fatty acid, α linolenic acid (ALA). To clarify the lipid
components in the walnut extract that induce efflux, major saturated, n-9, n-6, and n-3
unsaturated fatty acids (PA, OA, LA, and ALA), along with other fatty acids in walnut
were tested. The results indicated that alpha linolenic acid (ALA) and palmitic acid (PA)
significantly increase cholesterol efflux compared with the BSA control. The presence of
ALA in walnut might explain the increased cholesterol efflux observed in the lipid
extract. Because fatty acids are natural ligands to a variety of nuclear receptors, cells
were also treated with nuclear receptor agonists to probe potential mechanisms of action.
The PPAR-γ agonist rosiglitazone and the LXR-α agonist TO901317 were found to
significantly increase cholesterol efflux, consistent with previous reports (reviewed by
Duffy and Rader [15]). Interestingly, GW4064, a synthetic FXR agonist, also

110

significantly increased cholesterol efflux. Athough the antiatherogenic effect of FXR
agonists is not clear, the underlying mechanisms may warrant further exploration [16-18].
In conclusion, the novel fluorescence-based assay reported here provides a simpler, more
sensitive potentially more reproducible alternative to existing radioactive methods for
investigating cholesterol efflux.
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Chapter 6
Effect of pistachio oil on gene expression of IFN-induced protein with
tetratricopeptide repeats 2: a biomarker of inflammatory response

Abstract
When incorporated into the diet, pistachios have a beneficial effect on lipid and
lipoprotein profiles. However, little is known about potential anti-inflammatory
properties. The present study was conducted to determine whether pistachio oil (PO) and
an organic extract from pistachio oil (PE) regulated expression of inflammation-related
genes. A mouse macrophage cell line (RAW 264.7 cells) was treated with pistachio oil
and gene expression microarray analyses performed. Pistachio oil significantly affected
genes involved in immune response, defense response to bacteria, and gene silencing, of
which Interferon-induced protein with tetratricopeptide repeats 2 (Ifit-2) was the most
dramatically reduced. PE reduced the LPS-induced Ifit-2 by 78% and of the bioactive
molecules contained in PE, linoleic acid and β-sitosterol recapitulated this inhibition.
Promoter analysis identified two adjacent interferon stimulated response elements (ISRE),
which lie between –110bp to –85bp of the 5’ flanking region of the Ifit-2 promoter, as
being responsive to LPS activation and inhibition by PE. Our results indicate that
pistachio oil and bioactive molecules present therein decrease Ifit-2 expression, and due
to the sensitivity of this effect, this gene is a potential biomarker for monitoring dietinduced changes in inflammation.
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Introduction

Inflammation is a complex biological response to harmful stimuli, pathogens,
damaged cells, or irritants, and underlies the pathophysiology of many chronic diseases
such as atherosclerosis, obesity and cancer. Persistent local and/or systematic
inflammation increases macrophage and lymphocyte migration and activity, leading to
the release of hydrolytic enzymes, cytokines, chemokines, and growth factors, which can
induce further damage and eventually result in necrosis. Inflammatory markers, such as
C-reactive protein (CRP), tumor necrosis factor-α (TNF-α), interleukins (IL-6, IL-1β),
and many others are used to monitor the severity of inflammatory diseases.
Nuts are a nutrient-dense plant food that are a rich source of protein, fiber,
micronutrients, plant sterols, and other phytochemical compounds including ellagic acid,
flavonoids, phenolic compounds, luteolin, and tocotrienols [1]. In addition, they are low
in saturated fat, and high in unsaturated fat. Because of their favorable nutrient profile,
nuts can be included in a diet recommended to decrease risk of cardiovascular disease
(CVD) [2]. Epidemiologic studies have demonstrated reduced risk of CVD with frequent
nut consumption [3-6]. The clinical studies with nuts have shown total cholesterol (TC)
and LDL-cholesterol (LDL-C) lowering effects [6, 7]. In addition, several studies have
shown a reduction in markers of inflammation following nut consumption. Zhao et al. [8]
found that a cholesterol-lowering diet high in walnuts, compared with an average
American diet, significantly decreased serum CRP and cellular adhesion molecules by
75% and 15-19%, respectively. IL-6, IL-1β, TNF-α released from isolated primary
peripheral blood mononuclear cell were significantly lowered by 22%, 18% and 22%,
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respectively, following the walnut diet compared to those released from cells isolated
from individuals on an average American diet [9]. However, little is known about the
effects and mechanisms of pistachios or pistachio oil on inflammation biomarkers related
with CVD risk.
One of the frequent problems with assessing the effects of diet on inflammation
is that the test population does not exhibit elevated levels of CVD risk factors; hence
studies aimed at identifying repressors of inflammation suffer from a lack of sensitivity.
The approach depicted herein uses cell culture systems and gene expression microarrays
to determine sensitive biomarkers for future use in clinical, dietary intervention studies.
The inflammatory marker interferon-induced protein with tetratricopeptide repeats 2 (Ifit2) was identified by this approach to be sensitive to pistachio and bioactive molecules
present in this nut. Further studies are needed to validate the Ifit-2 as a nutritionallysensitive marker of inflammation and CVD risk.

Materials and methods

Chemicals
Virgin Pistachio Oil was purchased from Jean-Marc Montegottero, France. High
glucose Dulbecco’s Modified Eagle’s Medium (HG-DMEM), LPS, palmitic acid (PA),
oleic acid (OA), linoleic acid (LA), alpha linolenic acid (ALA), γ-tocopherol, β-carotene,
and β-sitosterol were purchased from Sigma-Aldrich; St. Louis, MO. Fatty acids were
conjugated to fatty acid-free BSA based on the methods described by Calder et al [10].
Fetal bovine serum (FBS) was purchased from HyClone (Logan, UT). Non-essential
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amino acids, penicillin, and streptomycin were purchased from Invitrogen (Grand Island,
NY). Rabbit polyclonal anti-Ifit2 antibody was purchased from Abcam Inc., Cambridge,
MA. Mouse polyclonal anti-GAPDH was purchased from Fitzgerald Industries, Concord,
MA.

Pistachio oil preparation and analysis
The weighed oil was dissolved in DMSO with a ratio of 65:35 (oil:DMSO; v:v) at
a stock concentration of 1.1 mg/μL, sealed in argon and stored at –20 ºC. Procedures of
lipid extraction were modified from Folch method as described by Folch et al [11].
Briefly, 1 gram of oil was extracted twice with 20 mL chloroform/methanol 1:1 and 3:1
(v:v) and centrifuged at 2,800 rpm for 10 min separately. Pooled supernatant was mixed
with 1 mL 0.9% NaCl and centrifuged as above. Lower phase, which contains lipid
soluble components, was evaporated under argon and stored at –20 ºC. Oil extract was
dissolved in DMSO with a ratio of 10:40 (oil:DMSO; v:v) at a stock concentration of 0.2
mg/μL, sealed in argon and stored at –20 ºC. To minimize DMSO affect on gene
expression and to maximize solubility of oil and its extract in the medium, we did a 1:200
dilution of PO and PE stock in the medium to achieve the highest PO and PE treatment
concentration as 5.5 mg/mL and 1.0 mg/mL, respectively. These concentrations did not
cause toxicity as tested by CellTiter Cell Proliferation Assay (Promega; Madison, MI).
Fatty acid profile analysis was performed at Venture Laboratories, Inc., Lexington, KY.
Methyl esters of fatty acids (FAMEs) from pistachio oil having 8–24 carbon atoms were
separated on a silica capillary column and determined by gas chromatography. The
FAMEs were identified by comparing the retention time of peaks from samples with
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those of FAME standard mixtures. Quantification of FAMEs was based on the internal
standard technique and on the conversion of relative peak areas into weight percentages,
using the corrected response factor of each fatty acid. Fatty acids were expressed as
percentage of the sum of identified fatty acids (wt%).

Cell Culture
RAW 264.7 cell line (Mus musculus macrophage) was obtained from the
American Type Culture Collection (ATCC; Rockville, MD). Cells were cultured in HGDMEM containing 10% heat inactivated FBS, 1mM sodium pyruvate, 100 μM nonessential amino acid, and 100 U/mL penicillin and 100 μg/mL streptomycin.

RNA Isolation, Reverse Transcription, Real Time PCR
Cells were lysed and harvested using TriReagent according to the manufacturer’s
instructions (Sigma; St. Louis, MO). High capacity cDNA Archive kit (Applied
Biosystems; Foster City, CA) was used for reverse transcription. Twenty ng/μL of
cDNA was amplified by SYBR Green PCR Master Mix (Applied Biosystems; Foster
City, CA) and detected by ABI 7000 Sequence Detection System (Applied Biosystems;
Foster City, CA). Primer sequences used in Real Time PCR are presented in Table 6.1.
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Table 6.1. Oligonucleotides used in Real-Time PCR and mutagenesis
Jagged-2
TGF-β1
GPX-1
EGR-1
Ifit-2
TNF-α
IL-6
IL-1β
wt ISRE

Forward
CATCGTGGCTGCTATCACTCA
TGGATTCTGCGCTCTCTTCTC
GCAACGACATTGCCTGGAA
TGATGTCTCCGCTGCAGATCT
CCACCTTCGGTATGGCAACTT
AAAGCATGATCCGCGACGT
CCCAATTTCCAATGCTCTCC
TCCTTAGTCCTCGGCCAAGAC
TGACATCAGTGTTACTTTCTGG
TTTCAATTTCTCTTCTTT

muISRE1

TGACATCAGTGTTACTTTCTGA
TTGAAATGTCGCTTCTTT

muISRE2

TGACATCACAGCGACTGTCGG
GTTTCAATTTCTCTTCTTT

muISRE12

TGACATCACAGCGACTGTCGG
ATAGAAATGTCGCTTCTTT

Reverse
TGTGGAAGAGCCACCCATAAC
TTTCTGGCCTCTCCGAGTTCT
CGATGTCGATGGTACGAAAGC
GCATCATCTCCTCCAGTTTGG
GCCTTGTCTTGACGCTTCATT
TGCCACAAGCAGGAATGAGA
TGAATTGGATGGTCTTGGTCC
GTGCCATGGTTTCTTGTGACC
GATCAAAGAAGAGAAATTGAA
ACCAGAAAGTAACACTGATGT
CAGTAC
GATCAAAGAAGCGACATTTCA
ATCAGAAAGTAACACTGATGT
CAGTAC
GATCAAAGAAGAGAAATTGAA
ACCCGACAGTCGCTGTGATGT
CAGTAC
GATCAAAGAAGCGACATTTCT
ATCCGACAGTCGCTGTGATGT
CAGTAC

TGF-β1: transforming growth factor-β1; GPX-1: glutathione peroxidase-1; EGR-1: early growth
response-1; Ifit-2: interferon-induced protein with tetratricopeptide repeats-2; TNF-α: tissue
necrosis factor-α; wt ISRE: wild type interferon stimulated response element; muISRE1: mutant
interferon stimulated response element 1. All oligonucleotides are of mouse origins.

Microarray
Details of conducting gene expression microarray have been described elsewhere
[12-14]. Briefly, the Mouse Genome Oligo Set Version 1 was purchased from Operon
Technologies (Alameda, CA) and was printed onto glass slides using GeneMachines
Omnigrid (San Carlos, California) at the Pennsylvania State University DNA Microarray
Facility. All arrays were scanned with a GenePix 4000A scanner (Axon Instruments, Inc.,
Foster City, CA) and image intensity information was collected with Genepix 3.0
software (Axon Instruments, Inc., Foster City, CA). Data files from Genepix were
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filtered to remove bad spots and spots that were not significantly different (p ≤ 0.001)
from background. Significantly regulated genes were determined using GeneSpring 6.0
(Silicon Genetics Inc., Redwood City, CA) with a 1.5 fold difference in expression values
and p < 0.05. LocusLink IDs of significant genes were input into Gene Ontology Tree
Machine (GOTM; http://bioinfo.vanderbilt.edu/gotm/, Vanderbilt University) for further
pathway analysis.

Western Blot
RAW 264.7 macrophages were seeded in 15 cm2 plates at a density of 5×106/plate.
Macrophages were treated with different doses of oil extract (0.125-1 mg/mL) for a total
of 24 hours, during which time cells were treated with LPS (100 ng/mL) for the last 6
hours. After LPS treatment, cells were washed with PBS and treated with lysis buffer
(0.25 M sucrose, 10 mM Tris-acetate (pH 8.1), 1 mM EDTA, and 1 mM dithiothreitol).
Lysates were sequentially centrifuged at 2,000 rpm and 12,000 rpm to remove nuclear
and mitochondria fractions. Supernatant was collected and protein concentration was
measured by Bio-RAD DC protein assay kit (Bio-RAD Laboratories, Hercules, CA).
Total soluble protein (100 μg) was separated on a 10% Tricine gel and transferred to a
PVDF membrane (Immobilon P; Millipore, Bedford MA). Membrane was blocked by
5% non-fat dry milk in TBS+0.2% Tween 20 (TBS+) at 4 ºC overnight. The membrane
was incubated with primary antibody (anti-Ifit-2 1:800; anti-GAPDH 1:40,000) in 0.5%
milk at room temperature for 2 hours, washed three times with TBS+ and incubated with
horseradish peroxidase-linked secondary anti-rabbit (1:8,000) and anti-mouse (1: 80,000)
antibodies at room temperature for 1 hour. Blots were visualized by ECL plus western
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blot detection kit (GE Healthcare Biosciences; Piscataway, NJ). Band intensities were
determined by OptiQuant Image analysis software (Packard Instrument Co., Meriden,
CT).

Ifit Promoter Constructs
Primers were designed to amplify different lengths (pGL4/–1417bp +78bp Ifit-2,
pGL4/–917bp +78bp Ifit-2, pGL4/–417bp to –17bp +78bp Ifit-2) of the 5’ flanking
region of the mouse Ifit2 promoter (+78bp is the start of translation). The first PCR
amplification was done using Mouse Genomic DNA (Promega; Madison, MI) as
template. Amplicons were cloned into pGEM-T Easy Vector System (Promega; Madison,
MI). Fragments were digested by restrictive enzymes (Nco I; New England BioLabs,
Ipswich, MA; Hind III; Promega, Madison, MI), isolated by standard techniques and subcloned into pGL4 Luciferase Reporter Vector (Promega; Madison, MI). Ifit-2 DNA
sequences were confirmed by sequence analysis at the Nucleic Acid Facility, The
Pennsylvania State University.

Transient Transfection and Luciferase Reporter Assay
RAW 264.7 cells were seeded and transfected with Lipofectamine according to
manufacturer’s recommendations (Invitrogen; Grand Island, NY). Briefly, the day before
transfection, RAW 264.7 macrophages were seeded in 24-well plates at a density of
0.1×106/well. pGL4 vectors with insert of different lengths of 5’ flanking region of
mouse Ifit-2 promoter were transfected into RAW 264.7 cells for 6 hours. After
overnight recovery in growth medium, cells were co-treated with pistachio oil extract and
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LPS for 24 hours. Cells were lysed by addition of passive lysis buffer (Promega;
Madison, MI) and frozen at –80 ºC for at least 2 hours. Reporter expression was
determined by Luciferase Assay System (Promega; Madison, MI) and detected by Turner
TD-20/20 Luminometer (Turner Designs, Inc.; Sunnyvale, CA).

Mutagenesis
Using an online transcription factor binding site analysis tool (TFSEARCH,
version 1.3), we identified two adjacent ISREs between –110bp to –85bp of 5’ flanking
region of Ifit-2 promoter. Sequences of wild type and mutant ISRE1, mutant ISRE2 and
both ISRE1 and ISRE2 mutant (Table 1) were cloned into pGL3 promoter vector
(Promega; Madison, MI). Mutant DNA sequences were confirmed by sequence analysis
at the Nucleic Acid Facility, The Pennsylvania State University.

Statistical Analysis
A P-value < 0.05 was used to determine whether the differences among the
variables were significant. Normality was checked by Anderson-Darling test. General
linear model (GLM), followed by Tukey post-hoc test, was used to test the difference
between treatments. The values were expressed as mean ± SEM. All data analyses were
performed by MiniTAB Ver.14 (MiniTAB Inc., State College, PA). Data were plotted by
Prism 5.01 (GraphPad Software, Inc., San Diego, CA).

Results
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Pistachio oil regulated gene expression in various pathways, especially inflammation
and immunology related pathways.
Microarray can be used to test hypotheses about treatment effects on gene
expression. To identify what pathways pistachio oil (PO) may affect, microarray
analyses were performed using RAW 264.7 macrophages. Results indicated a total of 43
genes were significantly regulated by PO treatment (5.5 mg/mL; Table 6.2). The GOTM
pathway analysis indicated that PO may affect many biological processes including
immune response (p = 0.00084), defense response to bacteria (p = 0.00717), and gene
silencing (p = 0.00103). To further validate the microarray data, three transcripts that
were increased [Jagged-2, Transforming Growth Factor-β1 (TGF-β1), Glutathione
Peroxidase-1 (GPX-1)] and three that were decreased [Early Growth Response-1 (EGR1), Interferon-induced protein with tetratricopeptide repeats-2 (Ifit-2), TNF-α] by PO
were selected. Quantitative Real Time PCR analysis showed expression changes of the
selected genes followed the same trends as that of the microarray results. However,
changes of GPX-1 and EGR-1 were not significantly different compared with DMSO
control (Fig. 6-1).
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Transcripts increased by PO
chromobox homolog 8
jagged 2
otoraplin
cytochrome P450, 2c40
RIKEN cDNA 2900002H16
CD24a antigen
glycine C-acetyltransferase
TGF beta 1 induced transcript
J domain protein 1
RIKEN cDNA 2410004C24
S-adenosylhomocysteine hydrolase
enhancer of rudimentary homolog
Gnefr
RAN guanine nucleotide release factor
pEL98 protein
differential display and activated by p53
breakpoint cluster region protein 1
RNA binding motif protein 3
manic fringe homolog
phosphatidylethanolamine binding protein
regulator of G-protein signaling 14
8-oxoguanine DNA-glycosylase 1
calmodulin 3
glutathione peroxidase 1

Fold
+5.11
+4.22
+3.34
+2.04
+2.01
+1.85
+1.81
+1.77
+1.74
+1.72
+1.72
+1.69
+1.66
+1.65
+1.65
+1.63
+1.62
+1.59
+1.58
+1.58
+1.56
+1.55
+1.52
+1.50
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Table 6.2. Genes regulated by PO treatment
Transcripts decreased by PO
VHSV induced gene 1
Ifit 3
immune-responsive gene 1
Ifit 2
Ifit 1
SCYB
myxovirus resistance 1
interferon activated gene 202B
homeo box B5
interferon activated gene 204
STAT 2
schlafen 3
cAMP-GEF II
STAT 1
tumor necrosis factor
nischarin
early growth response 1
apolipoprotein C-IV

Fold
-5.27
-3.57
-3.42
-3.28
-3.17
-3.06
-2.76
-2.61
-2.61
-2.50
-2.35
-2.27
-2.25
-2.16
-2.07
-2.05
-1.98
-1.91

RAW 264.7 macrophages were seeded in 6-well plates at a density of 1.0×106/well the day before
treatment. Cells were treated with either PO (5.5 mg/mL) or DMSO (vehicle control) for 24
hours before harvest. To achieve the high RNA purity required by microarray, RNA samples
were obtained by using RNeasy Mini Kit (QIAGEN, Valencia, CA). Detailed array analyses are
described in the Method section. TGF: transforming growth factor; STAT: signal transducer and
activator of transcription; cAMP-GEF: cAMP-regulated guanine nucleotide exchange factor; Ifit:
interferon-induced protein with tetratricopeptide repeats; VHSV: viral hemorrhagic septicemia
virus; SCYB: small inducible cytokine B subfamily.

Figure 6-1. Effect of PO on global gene expression.
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RAW 264.7 macrophages were seeded in 6-well plates at a density of 1.0×106/well the day before
treatment. Cells were treated with either PO (5.5 mg/mL) or DMSO (vehicle control) for 24
hours. To validate microarray results, mRNA levels of three up-regulated genes (bottom three
genes in the figure) and three down-regulated genes (top three genes in the figure) were
quantified by Real Time PCR. All values were adjusted by house-keeping gene 18S ribosomal
RNA. * indicated that the difference between control and PO treatment was significantly
different (p < 0.05). TGF: transforming growth factor; GPX: glutathione peroxidase; EGR: early
growth response; TNF: tissue necrosis factor.

Pistachio oil extract reduced Ifit-2 expression in a dose-dependent manner in
response to LPS challenge and the reduction was greater than other inflammatory
markers tested.
Microarray results indicated that pistachio oil had a potential anti-inflammatory
effect, perhaps due to the lipid component(s) in the pistachio oil, such as fatty acids,
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vitamins and phytosterols. To test this hypothesis, macrophages were treated with
pistachio oil extract (PE), followed by LPS challenge and the mRNA levels of traditional
inflammation markers, TNF-α, IL-6, IL-1β, along with Ifit-2, were quantified (Fig. 6-2A).
Compared with non-LPS stimulated cells, Ifit-2 mRNA was significantly increased 28fold following LPS challenge (data not shown). Compared to the LPS treatment, 0.25-1
mg/mL of PE significantly decreased Ifit-2 mRNA expression. The calculated half
maximal inhibitory concentration (IC50) was 0.48 mg/mL with the highest treatment
concentration (1 mg/mL) resulting in a 78% reduction of Ifit-2 expression in response to
LPS stimulation. The same concentration of oil extract reduced TNF-α, IL-6, IL-1β by
55%, 58% and 35%, respectively, in response to LPS stimulation. LPS challenge
significantly increased Ifit-2 protein level compared with non-LPS treated cells (Fig. 62B), whereas addition of PE (0.25-1 mg/mL) significantly reduced this stimulation.

127

Figure 6-2. Expression changes of inflammation-related genes following co-treatment of
PE and LPS.
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RAW 264.7 macrophages were treated with PE (as indicated dose) for a total of 24 hours, during
which time they were co-treated with LPS (100 ng/mL) for the last 6 hours. mRNA levels were
measured by Real Time PCR. All values were adjusted by house-keeping gene 18S ribosomal
RNA. A. Significant treatment effects were observed for genes Ifit-2 (p < 0.001), TNF-α (p =
0.001), and IL-6 (p < 0.001). No significant treatment effect was observed of IL-1β (p = 0.237).
B. Western blot showed that LPS significantly increase Ifit-2 protein compared with non-LPS
control. PE significantly decreased Ifit-2 protein through 0.25-1 mg/mL concentration. 0.125
mg/mL PE did not affect Ifit-2 protein level. Ifit2 and GAPDH band intensities were estimated
by subtracting background intensities. Relative Ifit2 protein levels were plotted after GAPDH
adjustment.

Identification of bioactive compounds in pistachio oil responsible for Ifit-2 reduction.
Organic extracts of pistachio oil decreased Ifit-2 mRNA and protein levels in a
dose-dependent manner. The predominant saturated, monounsaturated, and
polyunsaturated fatty acids in the oil were palmitic acid (PA), oleic acid (OA) and
linoleic acid (LA) (Fig. 6-3A). These fatty acids were examined to determine if they
were responsible for the Ifit-2 response from pistachio oil extract. Following treatment of
LPS-stimulated RAW264.7 cells with the aforementioned fatty acids, only LA treatment
(0-100 μM) significantly reduced Ifit-2 mRNA in a dose-dependent manner (Fig. 6-3B).
The calculated IC50 of LA was about 60 μM while the other fatty acids (palmitic, oleic
acids and alpha linolenic acid), did not significantly affect Ifit-2 expression following
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LPS challenge (data not shown). Other lipid soluble compounds found in pistachio, γtocopherol, β-carotene, and β-sitosterol, were examined in an identical manner (Fig. 63B). Each of these bioactive molecules reduced LPS-stimulated Ifit-2, in particular βcarotene, albeit with IC50 values in the μM range (IC50 are 3 μM, 2μM and 1.2 μM,
respectively of γ-tocopherol, β-carotene, and β-sitosterol.).

Figure 6-3. Identification of bioactive compounds responsible for Ifit-2 reduction.
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A. Fatty acid was expressed as the number of carbon atoms: the number of double bonds within
the carbon chain. Fatty acid profile analysis indicated that the predominant saturated,
monounsaturated and polyunsaturated fatty acids are palmitic acid (PA), oleic acid (OA) and
linoleic acid (LA), respectively. Values next to the bar represented the percentage of individual
fatty acid of total fatty acid. B. RAW 264.7 macrophages were treated with different doses of
fatty acids (100 to 25 μM; 1:2 dilution), γ-tocopherol and β-carotene (100 μM to 400 nM; 1:3
dilution), and β-sitosterol (40 μM to 160 nM; 1:3 dilution) for a total of 24 hours, during which
time they were co-treated with 100 ng/mL LPS for the last 6 hours. LA treatment significantly
reduced Ifit-2 expression in a dose dependent manner (p < 0.001). Significant treatment effects
were only observed at micro molar ranges of vitamins and phytosterol treatment. The calculated
IC50 of LA, γ-tocopherol, β-carotene, and β-sitosterol were 60 μM, 3 μM, 2 μM, 1.2 μM,
respectively.

Identification of Ifit-2 promoter region responsive to pistachio treatment of RAW
264.7 cells.
RAW 264.7 cells were transfected with different length of Ifit-2
promoter/luciferase reporter constructs (described above) and treated with DMSO (data
not shown), LPS and co-treated with PE+LPS (Fig. 6-4). Luciferase activity induced by
LPS was significantly decreased by PE co-treatment of pGL4/–1417bp +78bp Ifit-2 and
pGL4/–417bp +78bp Ifit-2 constructs. The region between –317bp and the transcription
start site (+78bp) was examined more closely. LPS induced a significant increase of
luciferase activation among pGL4/–317bp +78bp Ifit-2 to pGL4/–117bp +78bp Ifit-2
constructs. PE addition to LPS had a significant inhibitory effect of luciferase activation.
However, LPS failed to stimulate luciferase activity of pGL4/–17bp +78bp Ifit-2
construct and PE response was not observed for this construct.

Figure 6-4. Mouse Ifit-2 promoter activity changes after pistachio oil extract treatment
of RAW 264.7 cells.
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pGL4 vectors with insert of different lengths (-1417bp to -17bp) of 5’ flanking region of mouse
Ifit-2 promoter were transfected into RAW 264.7 cells. After recovering overnight, RAW 264.7
macrophages were treated with DMSO (vehicle control; data not shown); LPS (100 ng/mL), and
co-treated with LPS+PE (0.5 mg/mL) for 24 hours. * indicated significantly different from LPS
treatment (p < 0.05) when compared LPS+PE co-treatment with LPS. All luciferase values were
adjusted by respective protein levels.

Mutation of ISREs in Ifit-2 promoter region changed responses to pistachio
treatment in RAW264.7 cells.
Ifit-2 promoter analyses suggest that pistachio oil extract decreased Ifit expression
by affecting transcription and that the region from –117bp to –17bp contains the enhancer
element involved. This region contains two ISRE elements (Fig. 6-5). After
macrophages were transfected with a plasmid containing the wild type ISRE sequence, a
significant induction of luciferase activity was observed following LPS stimulation.
However, this was not detected in cells transfected with three mutant ISRE luciferase
constructs (Fig. 6-6A). For the wild type construct, luciferase activity was significantly
decreased following the co-treatment of PE with LPS (data not shown). When both
ISREs were mutated, compared with wild type macrophages response, the inhibitory
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effect of PE on Ifit-2 expression was reversed (52% increase) following co-treatment
with LPS (Fig. 6-6B). Mutation of ISRE1 and ISRE2 alone did not significantly change
luciferase activity despite a trend of an increase (33% and 15%, respectively).

Figure 6-5. Prediction of response element—ISRE in Ifit promoter region.

Two ISREs were found adjacent at –110bp to –85bp 5’ flanking region of Ifit-2 promoter based
on research conducted by Bluyssen et al [15] and online analysis tool TFSEARCH, version 1.3.
ISRE: interferon stimulated response element.

Figure 6-6. Wild type and mutant ISREs in response to pistachio oil extract treatment.
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Oligonucleotides from –117bp to –77bp (including two ISREs) 5’ flanking region of Ifit-2
promoter, as well as mutations of sequences for ISRE1, ISRE2 and ISRE1 and 2, were cloned
into pGL3 promoter vectors as described. RAW 264.7 macropahges were transfected with
different plasmid constructs and treated with DMSO (not shown), PE (0.5 mg/mL), LPS (100
ng/mL) and co-treatment for 24 hours. (A) * indicated significantly different from DMSO (p <
0.05); (B) bars with different letters differ (p < 0.05). All luciferase values were adjusted by
respective protein levels.

Discussion

In these in vitro model systems, pistachio oil and its extract significantly decreased
inflammatory markers including Ifit-2, TNF-α, and IL-6. The most potent effects were
observed for Ifit-2, which was more responsive to PE than other biomarkers commonly
used to identify inflammation. Ifit genes are markers of inflammation that are induced by
LPS or IFN stimulation and are attenuated by glucocorticoids in vitro [15-18]. In a gene
profiling study conducted by Ovestebo et al [19], Ifit-2 was increased 82-fold in response
to LPS stimulation, as were Ifit-1 (51 fold), Ifit-3 (42 fold) and Ifit-5 (22 fold). Our
microarray results revealed that mouse Ifit family members were reduced by pistachio oil
treatment. In mice, three members of this gene family are ISG-56 (also known as Ifit-1
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or GARG-16/Ifi-56), ISG-54 (also known as Ifit-2 or GARG-39/Ifi-54), and ISG-49 (also
known as Ifit-3 or GARG-49/IRG-2), which are homologous to the human ISG-56, ISG54 and ISG-60 genes, respectively [17, 20, 21]. Mutations of Ifit identified in humans
lead to reduced expression in response to IFN and/or LPS activation [15, 22]. Ifit also is
involved in virus infection, auto-immunologic disease, and systemic lupus erythematosus
[23-28]. Taken together, this data indicates that Ifit family members are responsive to
inflammatory signaling and their expression is associated with diseases in humans.
Microarray and other data presented herein identified Ifit-2, as being a biomarker of
inflammation that is regulated by pistachio oil and its extract. Although significant
treatment effects of PE also were observed for TNF-α and IL-6, changes in Ifit-2 mRNA
were more dramatic and seen at lower doses. IL-1β mRNA is the least sensitive of the
established inflammatory biomarkers and was significantly reduced only at the highest
PE dose. Preliminary studies were conducted to determine if the Ifit response could be
observed in response to dietary pistachio. Peripheral blood mononuclear cells (PBMC)
were isolated from subjects participating in a clinical pistachio feeding study [29]. The
two pistachio diets (3 and 1.5 ounces/day) reduced PBMC Ifit-2 mRNA level by –40%
and –30%, respectively, compared with a baseline high saturated fat average American
diet (unpublished observations).
Like other tree nuts, pistachios and pistachio oil are sources of many bioactive
components, including fatty acids, phytosterols, vitamins, and minerals [30]. Besides
inhibition of Ifit-2 by PE, we also tested the effect of pistachio oil (PO) on Ifit-2
expression. PO reduced Ifit-2 expression in a similar manner as that of PE. For example,
the highest dose (5.5 mg/mL) inhibited Ifit-2 mRNA by –85% in response to LPS
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challenge with an IC50 of 0.97 mg/mL (data not shown). Pistachios are a particularly rich
source of unsaturated fatty acids (predominantly as oleic acid) and phytosterols.
Although OA showed anti-inflammatory effects by reducing NF-κB and AP-1 expression
in some in vitro studies [31-36], there was no significant effect of oleate on Ifit-2
expression in our study (25-100 μM; data not shown). Other predominant fatty acids in
nuts, such as PA and ALA, also had no effect on Ifit-2 expression at the same
concentration range. However, LA showed a significant inhibitory effect on Ifit-2
expression in a dose-dependent manner. In addition, lipid soluble vitamins γ-tocopherol
and β-carotene both significantly reduced Ifit-2 expression with IC50 of 3 μM and 2 μM,
respectively. Other bioactive compounds in pistachios, such as phytosterols, could also
have anti-inflammatory effects [37-41]. In support, β-sitosterol decreased LPSstimulated Ifit-2 expression with an IC50 of 1.2 μM. Based on the fatty acid profile
analysis and information present elsewhere [30], the estimated availability of LA, γtocopherol, β-carotene and β-sitosterol in the pistachio oil extract (IC50 ≈ 0.5 mg/mL) is
approximately 175 μM, 270 nM, 3 nM, and 2.4 μM respectively. Thus, the most likely
scenario is that linoleic acid and β-sitosterol are responsible for the observed Ifit-2
reduction from the pistachio extract with minor contributions from the other fatty acids
and bioactive molecules.
Pistachio oil decreases Ifit expression by affecting its transcription via elements in
the –110bp to –85bp 5’ flanking promoter region, and area which includes two adjacent
ISREs. Previous studies with mouse macrophages have shown that ISRE transcription
activity was regulated by LPS treatment [42-46]. LPS interacts with the membrane tolllike receptor-4 (TRL4) and activates nuclear factor-kappaB (NF-κB) and/or activating
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protein 1 (AP-1), followed by an increase in proinflammaory gene expression. LPS
stimulation also can mediate endogenous interferon expression and activate Janus kinase
(JAK) signal pathway and signal transducer and activator of transcription (STAT) signal
pathway. The activated signal pathways would lead to interferon regulatory factor (IRF)
binding to ISRE and/or interferon-γ activated sequence (GAS). In our microarray results,
STAT1 and STAT2 were decreased over 2-fold, indicating a possible pathway regulated
by pistachio treatment. It is not clear which of these transacting factors is being affected
by pistachio and extracts derived from this nut due to their complex nutrient combination
as whole food package. However, based on the mutational analysis of the Ifit-2 promoter,
the ISRE is the key cis-acting element. This response element is found in a variety of
pro-inflammatory genes including TNFα and IL-1α. Presumably, the number,
arrangement or sequences flanking the ISRE in Ifit-2 render this particular inflammatory
gene more responsive to the effects of pistachio and its components.
In summary, pistachio oil has beneficial effects on the regulation of inflammationrelated genes, notably a relatively understudied potential biomarker Ifit-2. Compared to
more conventional inflammatory and CVD markers, extracellular inflammationstimulated Ifit-2 gene expression was most affected by pistachio oil extract treatment.
Thus, these results suggest that PO beneficially affects CVD risk, in part, by modulating
the inflammatory response as measured by common inflammatory markers TNF-α and
IL-6 as well as Ifit-2. The fact that linoleic acid and β-sitosterol are responsible for this
effect, and these are components of other tree nuts and plant-derived foods, suggests that
Ifit-2 may be a sensitive biomarker for the anti-inflammatory effects and CVD risk in
dietary intervention studies.
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Chapter 7

Conclusions

EFFECTS OF WALNUTS ON CHOLESTEROL EFFLUX
Current recommendations to decrease CVD risk emphasize the benefits of lowering TC
and LDL-C for both primary and secondary prevention. Despite an established
hypocholesterolemic effect (i. e. lowering TC and LDL-C) following walnut intake in
clinical studies, other cardiovascular benefits of walnuts are not well defined. The effects
of walnuts on apoB- or apoA-rich lipoproteins, inflammatory biomarkers and endothelial
function have not been systematically investigated. Atherosclerosis is a complicated
process caused by dyslipidemia, metabolic syndrome, and obesity and is associated with
low-grade systematic inflammation. Lipids and non-lipid risk factors contribute to the
development of atherosclerosis. The imbalance of intracellular cholesterol, caused by a
greater cholesterol import than export, contributes to formation of the atherosclerotic
plaque. Needless-to-say, the hypocholesterolemic effect following walnut intake would
be of benefit to the cholesterol burden in the atherosclerotic plaque. The in vitro models
tested herein, despite being isolated systems, provided unique opportunities to explore the
effects of walnuts and their components on cholesterol efflux and reverse cholesterol
transport (RCT). These events contribute to the transport of excessive cholesterol out of
cells, and as a result benefit atherosclerosis regression.
Cholesterol efflux is a process of delivering excessive cholesterol across the
cytoplasmic membrane in macrophage-derived foam cells. It also is an initial step of
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RCT, which is a series of steps that transport peripheral cholesterol back to the liver for
bile acid synthesis. Interventions targeting lipoproteins and enzymatic activities at
various steps in the RCT pathways have been sought for both the prevention and
treatment of atherosclerosis. ALA, the n-3 fatty acid in walnuts, significantly increased
cholesterol efflux. This effect was consistent with some other studies in which PUFA or
PUFA-rich diets increased cholesterol efflux in vitro or ex vivo. However, other studies
reported that PUFA impaired cholesterol efflux by decreasing membrane ABC
transporters. In my research, when different walnut components were examined, walnut
oil was the only fraction that elicited a significant effect on cholesterol efflux. This is
consistent with the effect of ALA alone and the fact that the nut oil is enriched in this
fatty acid relative to the other parts of the walnut. Another interesting finding was that an
elevated inflammatory state adversely affected gene expression, as well as cholesterol
efflux. Serum samples from individuals with high baseline CRP did not elicit the
beneficial effect of walnut oil on cholesterol efflux and gene expression, compared with
samples from subjects with low CRP.
Although epidemiologic studies have reported a beneficial association of walnut
intake and reduced risk of CVD, the association can not translated as a cause-and-effect
relationship when evaluating CVD risk. Our studies clearly showed that walnuts and
their components decrease intracellular cholesterol storage and increase cholesterol efflux
in foam cells. This provides direct evidence that walnuts could be beneficial for
atherosclerosis regression by decreasing the local cholesterol burden in the
atherosclerotic plaque. This appears to provide one explanation for a cause-and-effect
relationship between walnut intake and reduced CVD events in human studies.
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ROLES OF SCD1 IN CHOLESTEROL METABOLISM
SCD1 is a rate-limiting enzyme during the synthesis of monounsaturated fatty acids,
which are preferentially incorporated into the TG molecule. SCD1 has been proposed to
be a drug target for obesity and other aspects of metabolic syndrome. Numerous studies
have been performed in liver and adipose tissue studying SCD1 regulation because of its
high expression in these TG storage sites. Little is known about its role in the
macrophage-derived foam cells. A wide variety of metabolic pathways are modified in
the process of foam cell development and accumulation of cholesteryl ester, but whether
SCD1 is involved has not been determined.
SCD1 was decreased by ALA treatment in a dose-dependent manner at both the
mRNA and protein levels. SCD1 expression also was decreased by different walnut
components in vitro and ex vivo. Manipulating SCD1 by siRNA and overexpression
clearly showed a role of SCD1 in cholesterol storage. When SCD1 was overexpressed,
intracellular cholesterol (total, free, ester) increased, along with a significant decrease in
cholesterol efflux. When SCD1 was decreased by siRNA, intracellular cholesterol was
decreased, accompanied by an increase in cholesterol efflux. The changes are not only
consistent with the established role of SCD1 in lipid synthesis but broaden the
understanding of role this enzyme plays in foam cells and atherosclerotic plaques, which
could be the basis for novel drug therapy interventions for CVD.

REGULATION OF SCD1 VIA FXR PATHWAY
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Different nuclear receptors (NR) serve as “sensors” of nutrients in macrophages as
discussed in the Introduction. It is of particular interest to investigate whether the
reduction of SCD1 was through the action of these NRs that are present in macrophages.
ALA, as an exogenous ligand, as well as other nutrients in tree nuts, could possibly
interact with different NR ligand binding domains to regulate gene expression.
SCD1 expression is under a variety of regulatory control mechanisms. The
transcription factor SREBP1c regulates SCD1 through a sterol response element (SRE)
and a LXR-response element (LXRE) in the SCD1 proximal promoter region. LXR
activation increases the transcription of SCD1 by enhanced binding of SREBP1c to DNA
in liver cells. Since ALA decreases SCD1 expression, this observation rules out the
possibility that LXR activity is responsible for this n-3 fatty acid effect, despite LXR
activation is associated with an increase in cholesterol efflux through an up-regulated
ABCA1 pathway. Examination of high-affinity synthetic NR agonists demonstrated that
LXR and RXR agonists increased SCD1 expression in macrophages, which is consistent
with the literature. Interestingly, a potent FXR agonist significantly decreased SCD1
expression. Reporter assays showed that ALA significantly interacted with FXR-LBD
resulting in a dose-dependent activation. FXR activation appeared to compete with the
binding of LXR to LXRE in the promoter region of SREBP1c and SCD1, thus inhibiting
transcription of these genes.
FXR function and regulation has long been studied as it relates to bile salt
synthesis, excretion, and re-absorption due to its central role in bile acid metabolism in
liver and intestine. Although the role of FXR in macrophages and atherosclerosis has not
been studied extensively, another significant contribution of the present studies is that
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FXR may be a new drug target for atherosclerosis regression. Besides regulatory roles in
lipoprotein metabolism, modulation of FXR activity could affect atherosclerosis
progression. Based on the findings of our research, we hypothesized a model
demonstrating how SCD1 was regulated by exogenous ALA in macrophage-derived
foam cells (Fig. 7-1). After the import of oxLDL, release of oxysterols from oxLDL
would activate LXR and SREBP1c activities, resulting in an increased expression of
SCD1. SCD1 would convert SFA to MUFA and increase storage of cholesteryl ester. In
the presence of ALA, FXR activity was significantly activated, leading to increased
expression of its target gene SHP. SHP interferes with the activity of LXR and its
activation by oxysterols, which, in turn, decreases the activity of SREBP1c. This would
decrease SCD1 expression and activity, and change the ratio of SFA to MUFA, leading to
a re-distribution of fatty acids in the cholesterol rich region in the cytoplasmic membrane.
In the presence of lipid acceptors, cholesterol would be transported out of the cells.
In conclusion, my thesis research proposed and answered the hypothesis that tree
nuts, especially ALA-rich walnuts, would be beneficial to atherosclerotic regression
through inhibition of the lipogenic process. Multiple approaches have proved that this
effect is mediated by down-regulation of the lipogenic enzyme SCD1 in foam cells, and a
FXR dependent pathway is responsible for this action. Thus, nutrition and drug
intervention targets for SCD1 and FXR would contribute to reducing cardiovascular risk.
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Figure. 7-1. Mechanisms of ALA regulation on SCD1 expression in macrophagederived foam cells.

Ox-LDL

ALA
FXR

oxysterols

×

SHP

SREBP1c

CE

Ch

Ch

MUFA

SFA

148

SCD1

APPENDIX I
Effects of different walnut components on inflammatory biomarker expressions in
RAW264.7 macrophage-derived foam cells.
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APPENDIX II
Effects of human serum rich in different walnut components on inflammatory biomarker
expressions in THP-1 macrophage-derived foam cells.
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APPENDIX III
Effects of different tree nut lipid extracts on nuclear receptor activation.
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APPENDIX IV
Effects of different tree nuts on FXR target gene expressions in HepG2 cells.
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