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Abstract

Inflammation is a major contributor to the development of atherosclerotic plaque, yet the

involvement of liver and visceral adipose tissue inflammatory status in atherosclerotic lesion

development has yet to be fully elucidated. We hypothesized that an atherogenic diet would

increase inflammatory response and lipid accumulation in the liver and gonadal adipose tissue

(GAT) and would correlate with systemic inflammation and aortic lesion formation in low-density

lipoprotein (LDL) receptor null (LDLr−/−) mice. For 32 weeks, LDLr −/− mice (n = 10/group)

were fed either an atherogenic (high saturated fat and cholesterol) or control (low fat and

cholesterol) diet. Hepatic and GAT lipid content and expression of inflammatory factors were

measured using standard procedures. Compared with the control diet, the atherogenic diet

significantly increased hepatic triglyceride and total cholesterol (TC), primarily esterified

cholesterol, and GAT triglyceride content. These changes were accompanied by increased

expression of acyl-CoA synthetase long-chain family member 5, CD36, ATP-binding cassette,

subfamily A, member 1 and scavenger receptor B class 1, and they decreased the expression of

cytochrome P450, family 7 and subfamily a, polypeptide 1 in GAT. Aortic TC content was

positively associated with hepatic TC, triglyceride, and GAT triglyceride contents as well as

plasma interleukin 6 and monocyte chemoattractant protein-1 concentrations. Although when

compared with the control diet, the atherogenic diet increased hepatic tumor necrosis factor α
production, they were not associated with aortic TC content. These data suggest that the LDLr−/−

mice responded to the atherogenic diet by increasing lipid accumulation in the liver and GAT,

which may have increased inflammatory response. Aortic TC content was positively associated

with systemic inflammation but not hepatic and GAT inflammatory status.
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1. Introduction

Cardiovascular disease caused by atherosclerosis is the leading cause of death in the United

States and other developed countries [1]. Dietary fat type is an important variable related to

the disease progression [2], although the roles and underlying mechanisms of Western-type

diets (high in saturated fat and cholesterol) in the development of atherosclerosis and

cardiovascular disease are not completely known [3–5]. Visceral adipose tissue and liver

play an important role in lipid metabolism and inflammation [6,7]. In humans, excessive

hepatic fat and visceral adipose tissue mass are positively associated with intima-media

thickness of carotid arteries [8,9]. Excessive hepatic fat and visceral adipose tissue mass are

also positively associated with systemic inflammation [10,11]. It is not known whether lipid

content and inflammatory response in the liver and visceral adipose tissue, which are

induced by an atherogenic diet, influence atherosclerotic lesion formation.

Pathologically, atherosclerotic plaque consists of macrophage infiltration, smooth muscle

cell proliferation, lipid (primarily cholesterol) accumulation, and fibrous cap formation [12].

Historically, scientists have focused on improving blood lipid profiles to reduce aortic lesion

formation. More recently, a preponderance of evidence from clinical and experimental

studies suggests that inflammation plays a major role in the pathophysiology of

atherosclerosis [13]. Luminal narrowing results in compromised blood flow that can only be

partially compensated by vessel enlargement in an outward direction [12]. If inflammatory

conditions and dyslipidemia persist, the cholesterol core expands, which is accompanied by

an increased local inflammatory response [12]. Matrix metalloproteinases secreted by the

activated inflammatory cells degrade the extracellular matrix, whereas localized

inflammatory response inhibits the synthesis of new collagen [14]. These changes result in a

thin, unstable fibrous cap. When the thin fibrous cap ruptures, thrombus formation is

initiated. The thrombus can occlude blood flow and lead to death of the tissues fed by the

artery. When a coronary artery is occluded, myocardial infarction occurs [12,14].

Inflammation plays an important role in atherosclerotic lesion development [12]. The major

proinflammatory factors include interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α),

both of which can be released by adipose tissues [15]. Interleukin 6 is also released by

hepatocytes and immune cells. Plasma IL-6 concentrations have been used as an indicator of

humoral and cellular immune function [16,17]. Interleukin 6 can mediate the acute-phase

response and stimulate the synthesis of C-reactive protein [18,19]. Tumor necrosis factor α
is released from endothelial cells, smooth muscle cells, hepatocytes, adipocytes, and

immune cells and plays an important role in the inflammatory response cascade by

stimulating the synthesis of other cytokines [20,21]. Monocyte chemoattractant protein 1

(MCP-1) is a chemokine secreted by macrophages, activated endothelial cells, monocytes,

and dendritic cells. It promotes the recruitment of monocytes into the inflamed tissues,

which include the arterial wall, hepatic, and adipose tissues; increases the inflammatory

response in those tissues; and facilitates atherosclerotic lesion development [22].
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We have previously reported that, as compared with a control diet (low total and saturated

fat and cholesterol), an atherogenic diet (high total and saturated fat and cholesterol)

significantly increased plasma low-density lipoprotein cholesterol (LDL-C), TNF-α, IL-6,

and MCP-1 concentrations and macrophage deposition in the aortic wall in LDL receptor

null (LDLr−/−) mice [23]. These changes were associated with increased aortic lesion

formation [23]. Expanded visceral adipose tissue functions as an endocrine organ. Both

enlarged adipocytes and infiltrated macrophages promote inflammation resulting in an

increased release of inflammatory factors, including MCP-1, TNF-α, and IL-6 and free fatty

acids [11,15]. These factors activate inflammatory pathways in other tissues, particularly the

liver. Free fatty acids released from the visceral adipose tissue are taken up by liver and

other organs or tissues for energy production through β-oxidation; synthesis of complex

lipids, such as triglycerides, phospholipids, and cholesterol; and ketone body formation.

Triglycerides are stored in the hepatocytes or assembled into very LDL particles and

secreted into the bloodstream. When hepatic triglyceride synthesis exceeds rates of

oxidation and secretion, it results in the development of nonalcoholic fatty liver disease [24].

Excess accumulation of hepatic triglyceride promotes the release of inflammatory factors,

which further increase systemic inflammation. Gonadal adipose tissue (GAT) is the major

visceral fat depot in mice [25]. Liver and GAT play an important role in regulating lipid

metabolism and inflammation, which may partially contribute to atherosclerotic lesion

progression.

The aim of this study was to assess the effect of liver and GAT on systemic inflammation

and atherosclerotic lesion formation. We hypothesized that the atherogenic diet would

increase inflammatory response and lipid accumulation in the liver and GAT, which would

correlate with systemic inflammation and aortic lesion formation in LDLr−/− mice. The

LDLr−/− mouse was used because this is one of the commonly used atherosclerosis animal

models. To test the hypothesis, the primary objectives were to measure the messenger RNA

(mRNA) expression levels and protein concentrations of TNF-α, IL-6, and MCP-1 in the

liver and GAT and to determine their relationship to aortic cholesterol content as a measure

of atherosclerosis. We also measured the lipid content in the liver and GAT to determine

their relationship to aortic cholesterol content and mRNA expression levels of lipid

metabolism genes in the liver and GAT to investigate the underlying mechanisms.

2. Methods and materials

2.1. Animals and diets

Twenty male, 8-week-old LDLr−/− mice (Jackson Laboratory, Bar Harbor, ME, USA),

initially weighing 20.2 ± 2.8 g, were placed in individual cages in a windowless room that

was maintained at 22 to 24°C, 45% relative humidity, and with a daily 10/14 light/dark

cycle (light period from 0600 to 1600 hours).

After 1 week of acclimation, the mice were randomly assigned to 1 of 2 groups based on

their body weight. For 32 weeks, one group of mice (n = 10) was fed a control diet (4%

butter fat, wt/wt, 9% energy; 0.02% cholesterol, wt/wt), and the other group of mice (n = 10)

was fed an atherogenic diet (20% butterfat, wt/wt, 38% energy; 0.2% cholesterol, wt/wt).

Mice were provided water and diets ad libitum. During the 32-week feeding period, body
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weight and food intake were monitored weekly. The atherogenic diet was previously shown

to induce atherosclerotic lesion formation in LDLr−/− mice [26]. The atherogenic diet was

modified from Harlan Teklad atherogenic diet TD.88137, as previously described [23].

After fasting for 16 to 18 hours, the mice were anesthetized with CO2 and euthanized by

exsanguination. Serum and plasma were obtained by blood centrifugation at 1100 × g at 4°C

for 25 minutes. Liver and GATs were snap-frozen into liquid nitrogen and stored at −80°C

until analysis. The animal protocol was approved by the Animal Care and Use Committee of

the Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University and

was in accordance with guidelines provided by the National Institutes of Health Guide for

the Care and Use of Laboratory Animals.

2.2. Serum lipid profile, plasma concentrations of inflammatory factors, and
atherosclerotic lesion quantification

Serum triglyceride, total cholesterol (TC), and high-density lipoprotein cholesterol (HDL-C)

concentrations were measured using an Olympus AU400 analyzer with enzymatic reagents

(Olympus America, Melville, NY, USA) and reported as previously described [23,27]. Non–

HDL-C was calculated as the difference between TC and HDL-C. Plasma TNF-α, IL-6, and

MCP-1 concentrations were measured using Quantikine enzyme-linked immunosorbent

assay kits (R&D Systems, Minneapolis, MN, USA) [27], and aortic TC was quantified using

a gas chromatography system, both as previously described [27]. These data, addressing a

different experimental question, have been previously published [23].

2.3. Liver and GAT fatty acid profiles

After the addition of heptadecanoic acid (C17:0) as an internal standard, tissue lipids

(approximately 50 mg) were extracted overnight from homogenized liver and gonadal

adipose tissue samples using 6 mL of chloroform/methanol/BHT(2:1:100, v/v/w), after

addition of heptadecanoic acid (C17:0) as an internal standard [28]. The protein precipitate

was removed by centrifugation (2500g, 5 mins, 4°C). Then 1.5mL of 0.88% potassium

chloride was added to the supernantent, shaken vigorously and the layers were allowed to

settle for 5 minutes. The upper layer was discarded and 1ml of distilled water:methanol (1:1

v/v) was added, the tube was shaken again and the layers allowed to settle for 15 minutes.

The lower layer was transferred into a clean tube and evaporated to dryness under nitrogen.

The samples were saponified by adding 2ml of 0.5N methanolic sodium hydroxide and

incubating at 95°C for 15 minutes, and then were methylated by adding 2ml of 14% boron

trifluoride-methanol and incubating at 95°C for 1 hour (2). The supernatant containing the

fatty acid methyl esters (FAME’s) was dried down under nitrogen, resuspended in 100ul of

hexane, transferred into amber GC vials and stored at −20°C until the time of analysis.

The liver and gonadal adipose tissue FAMEs were analyzed using an Autosystem XL gas

chromatograph (Perkin Elmer, Boston, MA) equipped with a 30m × 0.25mm i.d (film

thickness 0.25μm) capillary column (HP INNOWAX, Agilent Technologies, DE). Injector

and flame ionization detector temperatures were 250° and 260°C, respectively. Helium was

used as the carrier gas (2mL/min) and the split ratio was 2:1. The oven temperature was

programmed at 80°C, held for 2 minutes and then increased to 160°C at a rate of 10°C/

minute. After 5 minutes, the temperature was increased to 222°C at a rate of 2°C/minute,
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held for 5 minutes. The final temperature was 252°C, held for 5 minutes. Peaks of interest

were identified by comparison with authentic fatty acid standards (Nu-Chek Prep, Inc. MN)

and expressed as molar percentage (mol %) proportions of fatty acids relative to the internal

standard [28,29].

2.4. Liver and GAT lipid content

Using a chloroform/methanol mixture (2:1, vol/vol), lipids were extracted from

approximately 50 mg of frozen tissue. After drying the lipids using nitrogen gas, they were

dissolved into deionized water that contained 2% triton X-100. TC, free cholesterol (FC),

and triglyceride concentrations were measured using Wako assay kits (Wako Chemicals,

Richmond, VA, USA). Esterified cholesterol (EC) was calculated as the difference between

TC and FC. The tissue pellet was digested by 1 N NaOH, and total protein was measured

using a bicinchoninic acid kit (Pierce Ins, Rockford, IL, USA). Lipid content was expressed

as milligrams per milligram of protein.

2.5. Liver histologic scoring

Liver histologic scoring was performed at the Department of Pathology at Texas Tech

University Health Sciences Center. Frozen liver tissue was fixed overnight in a 10% neutral-

buffered formalin. The sections were submitted in plastic cassettes for routine histology

processing and embedding. Sections were cut at 4-μm thickness, stained by hematoxylin and

eosin, dehydrated, and coverslipped. Photographs were taken using a DP72 digital camera

(Olympus). Images were processed using the DP2-BSW package (Olympus), under standard

settings without further adjustment. Samples were scored using a semiquantitative scale 0 to

3 (0, no macrovesicular change; 1, mild macrovesicular change; 2, moderate macrovesicular

change; 3, severe macrovesicular change) as graded in blinded fashion by a pathologist

(B.M.) after examination of 10 randomly chosen 4× and 10× fields. Scores were recorded on

an Excel spreadsheet.

2.6. RNA extraction and real-time polymerase chain reaction

RNA was extracted from hepatic and GAT using an RNeasy minikit (Qiagen, Valencia, CA,

USA). Complementary DNA was synthesized from RNA using SuperScript II reverse

transcriptase, according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).

Primers for acyl-CoA synthetase long-chain family member 5 (ACSL5); stearoyl-coenzyme

A desaturase 1; cytochrome P450, family 7, subfamily a, polypeptide 1 (CYP7α1); fatty

acid–binding protein 5 (FABP5); scavenger receptor type A 1; sterol regulatory element

binding transcription factor 1; fatty acid synthase (FASN); 3-hydroxy-3-methylglutaryl-

coenzyme A reductase (HMGCR); acetyl-coenzyme A carboxylase α (ACACA); scavenger

receptor class B, member 1 (SR-B1); ATP-binding cassette, subfamily A, member 1

(ABCA1); CD36; CD68; F4/80; IL-6; MCP-1; TNF-α, and β-actin (Table 1) were designed

using Primer Express version 2.0 (Applied Biosystems, Foster City, CA, USA). β-Actin was

used as an endogenous control. Primer amplification efficiency and specificity were verified

for each set of primers. Complementary DNA levels of the genes of interest were measured

using power SYBR green master mix on real-time polymerase chain reaction 7300 (Applied

Biosystems). The reaction condition was 95°C for 10 minutes, 40 cycles of 95°C for 15
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seconds, and 60°C for 1 minute, with 1 cycle of dissociation stage. Messenger RNA fold

change was calculated using the 2(−delta delta C(T)) method [30].

2.7. Concentrations of inflammatory factors in the liver and GAT

About 30 mg of tissue was homogenized in 1× phosphate-buffered saline containing

proteinase inhibitors. After centrifugation at 2000 × g at 4°C for 25 minutes, the upper lipid

layer was removed and the clear supernatant was transferred into a new tube. Tumor

necrosis factor α, IL-6, and MCP-1 concentrations were measured using DueSet enzyme-

linked immunosorbent assay kits (R&D Systems). The delipidated tissue pellets were

digested using 1 N NaOH, and total protein was measured using a bicinchoninic acid kit

(Pierce Ins). Concentrations of tissue inflammatory factors were expressed as nanograms per

milligram of protein.

2.8. Statistical analyses

SPSS software (version 18.0; SPSS Inc, Chicago, IL, USA) was used for all statistical

analyses. Bivariate relationships were determined using the Pearson correlations.

Independent Student t test was performed to compare the 2 group’s means. Differences were

considered significant at P < .05. Untransformed data are presented in text, figures, and

tables as means ± SEM.

3. Results

3.1. Body weight and food intake

Mice fed the control diet had slightly lower body weight than did mice fed the atherogenic

diet; but differences were small and did not reach statistical significance (Fig. 1A). Mice fed

the control diet had significantly higher daily food intakes compared with mice fed the

atherogenic diet (Fig. 1B). Although the control diet had lower energy density than the

atherogenic diet, the average energy intake was 23.89 ± 0.81 and 17.78 ± 0.77 kcal/d in

mice fed the control and atherogenic diets, respectively.

3.2. Liver and GAT lipid content

Relative to the control diet, the atherogenic diet promoted hepatic lipid accumulation.

Specifically, hepatic TC, EC, and triglyceride content were 4-fold higher in the atherogenic

compared with the control diet group (Table 2). These changes were consistent with the

hepatic histologic data. The livers in the atherogenic diet group had a mean steatosis score of

2.2 ± 0.4, which was 3-fold higher than the score of the livers in the control diet group (0.7

± 0.2, P < .05; Fig. 2A). Histologic sections confirmed the absence of steatosis in the livers

isolated from the mice fed the control diet and the presence of moderate steatosis in the

livers isolated from mice fed the atherogenic diet (Fig. 2B and C). Gonadal adipose tissue

triglyceride and TC content was higher in mice fed the atherogenic diet compared with the

control diet, although only the difference in triglyceride content was statistically significant

(Table 2).
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3.3. Gene expression and protein concentrations in the liver and GAT

3.3.1. Scavenger receptors and lipid metabolism genes—In GAT but not the liver,

the atherogenic diet compared with the control diet resulted in more than a 3-fold higher

ABCA1, CD36, and SR-B1 mRNA expression (all P < .05; Fig. 3). Likewise, the

atherogenic diet also significantly increased mRNA expression of ACSL5 and decreased

mRNA expression of CYP7α1 in GAT but not liver (Fig. 4). The atherogenic diet did not

change the mRNA expression of ACACA, FABP5, FASN, HMGCR, and SERBF1 in both

the liver and GAT.

3.3.2. Inflammatory factors—Although mRNA expression of IL-6, MCP-1, TNF-α, and

macrophage biomarkers (CD68 and F4/80) was higher in livers from mice fed the

atherogenic diet compared with the control diet, the differences were not significant (Fig.

5A). Hepatic TNF-α protein concentrations were 2-fold higher in livers isolated from mice

fed the atherogenic diet compared with the control diet (Fig. 5B). Although the atherogenic

diet fed mice had significantly higher GAT IL-6 and MCP-1 mRNA expression (Fig. 5C)

compared with control diet fed mice, there was no significant difference in GAT protein

content of these inflammatory factors between the 2 groups (Fig. 5D).

3.4. Relationship between aortic TC accumulation and concentrations of lipid and
inflammatory factors in blood and tissues

Aortic TC content was significantly, positively correlated with serum TC and non–HDL-C

concentrations, hepatic TC and triglyceride content, GAT triglyceride content, and plasma

IL-6 and MCP-1 concentrations (Table 3). Plasma IL-6 concentrations were positively

correlated with aortic TC content in GAT (r = 0.613, P = .059). Plasma MCP-1 and TNF-α
concentrations were not correlated with their concentrations in the liver or GAT.

3.5. Fatty acid composition of liver and GAT lipids

The proportion of total saturated fatty acids (SFAs) and monounsaturated fatty acids

(MUFAs) was similar in the liver and GAT between the 2 diet groups. Gonadal adipose

tissue had higher levels of MUFA and lower levels of polyunsaturated fatty acids (PUFAs)

than the liver (Tables 4 and 5). Oleic acid was the most abundant MUFA in both the liver

and GAT, accounting for more than 68% of MUFA. The liver and GAT isolated from the

atherogenic diet group had lower molar percentage of total n-6 PUFA and higher molar

percentage of total n-3 PUFA (Tables 4 and 5). Linoleic acid was the most abundant n-6

PUFA in both the liver and GAT, accounting for more than 50% of n-6 PUFA. α-Linolenic

acid was the most abundant n-3 PUFA in GAT, accounting for more than 50% of n-3 PUFA.

Docosahexaenoic acid was the most abundant n-3 PUFA in the liver, accounting for more

than 69% of n-3 PUFA.

4. Discussion

This study is an extension of previously published research [23] in which we demonstrated

that the atherogenic diet when compared with the control diet resulted in higher plasma

inflammatory factor concentrations, increased serum non–HDL-C (1011.9 ± 46.7 mg/dL vs

541.6 ± 45.6 mg/dL) and ratio of TC to HDL-C (20.8 ± 1.8 vs 13.1 ± 1.0), slightly increased
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serum TG (230.4 mg/dL ± 38.4 vs 186.1 ± 24.6 mg/dL) concentrations, and increased

macrophage deposition in the aortic wall and had greater aortic TC accumulation (408.3 ±

34.3 vs 74.9 ± 7.9). Body weight gain was similar between the 2 diet groups, which resulted

from significant difference in food intake. In the present study, we focused on changes in the

liver and visceral adipose tissue because they are the major organs in regulating blood lipid

profiles and systemic inflammation. In addition, their relationship to atherosclerotic lesion

development is not completely understood. Consistent with prior reports [31,32], we

documented that the atherogenic diet dramatically increased hepatic triglyceride and

cholesterol content as well as GAT triglyceride content, which correlated with aortic TC

content. We further demonstrated that systemic inflammation but not hepatic or GAT

inflammation was directly correlated with atherosclerotic TC accumulation.

Liver fat, especially in the obese state, is positively correlated with visceral adipose tissue

mass [33]. The “portal hypothesis” suggests that increased lipolysis in enlarged visceral

adipose tissue elevates circulating free fatty acid concentrations and increases the flux of

free fatty acids into the liver, resulting in increased hepatic fat content [34]. The atherogenic

diet induced the development of hepatic steatosis, which has been shown to be associated

with increased risk of cardiovascular disease and atherogenic lipid profile [35]. Hepatic

steatosis has also been shown to be significantly associated with marked carotid

atherosclerosis [36]. In the current study, hepatic TC and triglyceride content positively

correlated with aortic TC content in LDLr−/− mice. In addition, diet-induced hepatic

steatosis was positively correlated with atherosclerotic lesion formation. It has been

suggested that hepatic steatosis is associated with atherosclerotic lesion development via the

following possible mechanisms: endothelial dysfunction, dyslipidemia, inflammation and

oxidative stress, and postprandial hyperlipidemia [35]. In this study, mice fed with the

atherogenic diet had about a 4-fold higher hepatic TC and triglyceride content and a 3-fold

higher GAT triglyceride content than did mice in the control group. The magnitude of

increased triglyceride content in our study was similar in the liver and GAT, which is

consistent with the portal hypothesis.

The fatty acid composition of liver and GAT lipids in mice for SFA and MUFA was similar

among the 2 groups, and the liver lipid PUFA composition was similar among the 2 diet

groups. The control diet showed a 1.8-fold higher mol% of total PUFA than the atherogenic

diet in GAT. Because the mice fed the atherogenic diet had higher TG content in both liver

and GAT by 3-fold, the absolute amounts of SFA, MUFA, and PUFA were higher in the

liver and GAT from mice fed the atherogenic diet compared with the control diet.

To further understand the mechanism(s) that may be responsible for increased lipid content

in the liver and GAT, we assessed mRNA expression of scavenger receptors and critical

genes involved in lipid metabolism. For the first time, we demonstrated that an atherogenic

diet significantly increased the expression of ABCA1, CD36, and SR-B1 in GAT. CD36 is

highly expressed in adipose tissues, myocardial and skeletal muscle, and macrophages, and

it has been shown to facilitate modified LDL and fatty acid uptake by those tissues [37], as

well as induce adipocyte differentiation and adipogenesis [38]. In the current study, the

increased expression of GAT CD36 induced by the atherogenic diet might be a
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compensatory mechanism to allow adipocytes to take up more systemic fatty acids and

transform them into triglycerides for storage.

SR-B1 mediates the selective efflux of cellular cholesterol to HDL, and ABCA1 promotes

FC and phospholipid efflux from cells to HDL [39]. Adipose tissue is a major site of

cholesterol storage. ABCA1 and SR-B1 play an important role in cholesterol homeostasis in

adipose tissue and HDL biogenesis and modulation [39,40]. We demonstrated that the

atherogenic diet increased the expression of ABCA1 and SR-B1 in GAT, which might

partially contribute to the slightly increased serum HDL-C concentrations reported in our

previous publication [27], and similar GAT cholesterol content in control and atherogenic

diet groups. Given these data, the finding that the expression of CD36, ABCA1, and SR-B1

in GAT is increased by the atherogenic diet may provide useful information to help

understand the mechanism mediating the effect of dietary lipid on atherosclerotic lesion

formation.

CYP7α1 is a key enzyme for bile acid synthesis. The most important regulator for CYP7α1

expression is cellular cholesterol levels. Increased cellular cholesterol accumulation can

result in the higher expression of CYP7α1 [41]. Higher hepatic cholesterol content in the

atherogenic diet group may partially contribute to the 2-fold higher expression of CYP7α1

in the liver. The role of CYP7α1 in visceral adipose tissue is unknown. More studies are

required to investigate the function and regulation of CYP7α1 in visceral adipose tissue.

ACSL5 belongs to the long-chain fatty acyl-CoA synthetase family. It can convert long-

chain fatty acids to fatty acyl-CoA, which can be used for β-oxidation of fatty acids or be

incorporated into triglycerides, EC, and phospholipids in the liver and adipose tissues

[42,43]. Few studies have investigated the role of ASCL5 in visceral adipose tissues. The

atherogenic diet increased the flux of fatty acids into GAT, which may stimulate the

expression of ACSL5, thus resulting in greater triglyceride formation and storage in GAT.

Overall, in response to increased blood triglyceride and non–HDL-C concentrations induced

by the atherogenic diet, some key genes involved in fatty acid uptake and triglyceride

formation were up-regulated in GAT.

Given the preponderance of evidence from clinical and experimental studies that suggest

that inflammation plays a major role in the pathophysiology of atherosclerotic lesion

formation [13], we tested whether adipose and hepatic inflammation correlated with

systemic inflammation and formation of atherosclerotic lesions. Epidemiologic studies have

shown a positive association between the Western-type diet and plasma concentrations of

MCP-1, IL-6, and TNF-α [44–46]. Furthermore, our previous study demonstrated that the

atherogenic diet when compared with the control diet, resulted in significantly higher

systemic concentrations of MCP-1, IL-6, and TNF-α in LDLr−/− mice [23]. Expanded

visceral adipose tissue and fatty liver, because it occurs in obesity, recruit more immune

cells, especially macrophages, and produce more inflammatory factors [6,47].

We rejected part of our hypothesis because we found that only systemic inflammation, not

hepatic or GAT inflammation, was directly correlated with atherosclerotic TC accumulation.

A high-fat diet was previously shown to increase hepatic TNF-α content [48]. In the current
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study, TNF-α was 2-fold higher in the livers isolated from mice fed the atherogenic diet

relative to the control diet. The expression of CD68 and F4/80, the phenotype markers for

macrophages, was more than 2-fold higher in the livers isolated from mice fed the

atherogenic diet relative to the control diet. These data indicate that increased macrophage

infiltration into liver may represent a major contributor to the elevated TNF-α production in

the liver induced by the atherogenic diet. It is currently not known whether, or to what

extent, the elevated plasma TNF-α could be attributed to the liver source. Although the

primary source of TNF-α is macrophages, it can also be produced by hepatocytes,

endothelial cells, adipocytes, and T cells [49–51]. The atherogenic diet significantly

increased the mRNA levels of MCP-1 in GAT, but MCP-1 protein levels were similar

between the 2 diet groups, which may be caused by posttranscriptional modification. The

atherogenic diet dramatically increased IL-6 and MCP-1 concentrations in plasma but not in

the liver and GAT, thus suggesting that the liver and GAT are not major contributors to

blood IL-6 and MCP-1. Vascular cells and blood cells, including activated endothelial cells,

monocytes, and dendritic cells, can produce IL-6 and MCP-1, and they may contribute to

increased systemic inflammatory response and atherosclerotic lesion development, although

the involvement of the other organs/tissues cannot be ruled out.

Some limitations are present in this study. First, this is a long-term feeding study; the effect

of short-term feeding on atherosclerotic cholesterol content, tissue lipid content, and

inflammation need to be investigated in a separate study. Second, we measured serum lipid

profile and plasma concentrations of TNF-α, IL-6, and MCP-1, which were previously

published to address a different experimental question [23]. Owing to the limited amount of

blood collected from each mouse, we could not measure blood free fatty acids, glucose and

insulin concentrations, liver function parameters, and liver injury biomarkers such as blood

albumin, bilirubin, aspartate, and aminotransferase/alanine aminotransferase. Third,

although GAT is not the major adipose tissue in humans, GAT is the major visceral adipose

tissue in rodents. Owing to its abundance, easy collection, and no lymph contamination,

GAT has been widely used in rodent obesity and inflammation studies [52]. Finally, we

perfused mouse hearts with saline for 1 minute before we collected aortas, livers and GAT.

The perfusion could result in inaccurate liver and GAT weight. Therefore, we only reported

lipid content in the liver and GAT with a unit of milligrams per milligram of tissue protein.

In conclusion, our results suggest that systemic inflammation but not hepatic and GAT

inflammatory status positively correlated with atherosclerotic lesion formation. In addition,

the atherogenic diet, compared with the control diet, increased lipid accumulation in the

liver and GAT, which was significantly associated with more atherosclerotic lesion

formation in LDLr−/− mice.
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Abbreviations

ABCA1 ATP-binding cassette, subfamily A, member 1

ACACA acetyl-coenzyme A carboxylase α

ACSL5 acyl-CoA synthetase long-chain family member 5

CYP7α1 cytochrome P450, family 7, subfamily a, polypeptide 1

EC esterified cholesterol

FABP5 fatty acid–binding protein 5

FASN fatty acid synthase

FC free cholesterol

GAT gonadal adipose tissue

HDL-C high-density lipoprotein cholesterol

HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A reductase

IL-6 interleukin 6

LDL-C low-density lipoprotein cholesterol

LDLr−/− low-density lipoprotein receptor null

MCP-1 monocyte chemoattractant protein 1

MUFA monounsaturated fatty acids

PUFA polyunsaturated fatty acids

SFA saturated fatty acids

SR-B1 scavenger receptor class B, member 1

TC Total cholesterol

TG triglyceride

TNF-α tumor necrosis factor α
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Fig. 1.
Body weight (A) and daily food intake (B) of LDLr−/− mice during the 32-week feeding period. Data are presented as means ±

SEM. Independent Student t test was conducted to compare the mean body weight or daily food intake between the control and

atherogenic groups. *P < .05; **P < .01.
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Fig. 2.
Hepatic steatosis scores and images. Hepatic steatosis score (A), representative histologic image of normal liver without

steatosis (B) in the control diet group, and image of moderate steatosis (C) in the atherogenic diet group. B and C (hematoxylin

and eosin, ×10 objective), taken from representative sections of the liver isolated from the control and atherogenic groups. Data

are presented as means ± SEM. *P < .05.
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Fig. 3.
The mRNA levels of scavenger receptors in the liver (A) and GAT (B) isolated from LDLr−/− mice at the end of the 32-week

feeding period. Data are presented as means ± SEM. Independent Student t test was conducted to compare the mean mRNA

levels of each scavenger receptor between the control and atherogenic groups. *P < .05; **P < .01.
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Fig. 4.
The mRNA levels of lipid metabolism genes in the liver (A) and GAT (B) isolated from LDLr−/− mice at the end of the 32-

week feeding period. Data are presented as means ± SEM. Independent Student t test was conducted to compare the mean

mRNA levels of each scavenger receptor between the control and atherogenic groups. **P < .01.
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Fig. 5.
The mRNA (A) and protein levels (B) of inflammatory factors in the liver; the mRNA (C) and protein levels (D) of

inflammatory factors in GAT. Data are presented as means ± SEM. Independent Student t test was conducted to compare the

mean inflammatory factor concentrations between the control and atherogenic groups. *P < .05.
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Table 1

Mouse oligonucleotide sequences of primers

Gene name NCBI genbank Forward primer Reverse primer

SRA AF203781 TCTACAGCAAAGCAACAGGAGG TCCACGTGCGCTTGTTCTT

SR-B1 NM_016741 TGGAACGGACTCAGCAAGATC AATTCCAGCGAGGA TTCGG

CD36 NM_007643 ATTAATGGCACAGACGCAGC CCGAACACAGCGTAGATAGACC

ABCA1 NM_013454 CCTGCTAAAATACCGGCAAGG GTAACCCGTTCCCAACTGGTTT

ACACA NM_133360 TGGTTTGGCCTTTCACATGAG GCTGGAGAAGCCACAGTGAAAT

HMGCR NM_008255 CATCATCCTGACGATAACGCG AGGCCAGCAATACCCAGAATG

FASN NM_007988 AGTTGCCCGAGTCAGAGAACCT CATAGAGCCCAGCCTTCCATCT

SREBF1 NM_011480 TTGAGGATAGCCAGGTCAAAGC GGATTGCAGGTCAGACACAGAA

ACSL5 NM_027976 AAGACGATCATCCTCATGGACC CCTATATTCTCCGCATCATGCA

SCD1 NM_009127 AAGCTCTACACCTGCCTCTTCG GCCTTGTAAGTTCTGTGGCTCC

CYP7α1 NM_007824 CGAAGGCATTTGGACACAGA TCCGTGGTATTTCCATCACTTG

FABP5 NM_010634 AACTGAGACGGTCTGCACCTTC CACTCCACGATCATCTTCCCAT

TNF-α NM_013693 TGTAGCCCACGTCGTAGCAAA GCTGGCACCACTAGTTGGTTGT

MCP-1 NM_011333 TCTCTCTTCCTCCACCACCATG GCGTTAACTGCATCTGGCTGA

IL-6 NM_031168 GGATACCACTCCCAACAGACCT GCCATTGCACAACTCTTTTCTC

CD68 NM_009853 TGCGGCTCCCTGTGTGT TCTTCCTCTGTTCCTTGGGCTAT

F4/80 NM_010130 CCAGCACATCCAGCCAAAG ACATCAGTGTTCCAGGAGACACA

β-Actin NM_007393 CTTTTCCAGCCTTCCTTCTTGG CAGCACTGTGTTGGCATAGAGG

NCBI, national center for biotechnology information; SCD1, stearoyl-coenzyme A desaturase 1; SREBF1, sterol regulatory element binding
transcription factor 1.
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Table 2

Liver and GAT lipid content a

Lipids (mg/mg protein) Control Atherogenic

Liver

 TG 0.5 ± 0.1 1.6 ± 0.2 ***

 TC 0.10 ± 0.02 0.40 ± 0.03 ***

 FC 0.03 ± 0.01 0.06 ± 0.01 **

 EC 0.06 ± 0.01 0.35 ± 0.03 ***

GAT

 TG 576.34 ± 40.40 1584.44 ± 157.03 ***

 TC 5.26 ± 2.74 7.13 ± 2.03

a
Values are means ± SEM of untransformed data. Independent Student t test was conducted to compare the mean tissue lipid content between the

control and atherogenic groups.

**
P < .01.

***
P < .001.
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Table 3

Correlations between aortic TC content and levels of lipid and inflammatory factors in tissues a

Aortic TC content (μg/mg of protein)

Pearson correlation P value (2-tailed)

Serum lipid concentrations (mg/dL)

 TG −0.074 .794

 TC 0.801 <.001

 Non–HDL-C 0.816 <.001

Liver lipid content (mg/mg protein)

 TG 0.900 <.001

 TC 0.962 <.001

GAT lipid content (mg/mg protein)

 TG 0.972 <.001

 TC 0.362 .247

Plasma inflammatory factors concentrations (pg/mL)

 IL-6 0.620 .018

 MCP-1 0.644 .010

 TNF-α 0.220 .471

a
Bivariate relationships were determined using the Pearson correlations.
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Table 4

Fatty acids profile in livers a

Fatty acid (mol%) Diet

Control Atherogenic

SFAs 35.04 ± 1.62 34.86 ± 2.37

 10:0 0.39 ± 0.20 0.04 ± 0.01

 12:0 0.08 ± 0.02 0.11 ± 0.02

 14:0 1.14 ± 0.17 1.55 ± 0.17

 16:0 26.74 ± 0.89 26.64 ± 1.05

 18:0 6.46 ± 0.68 6.22 ± 1.25

 20:0 0.12 ± 0.01 0.19 ± 0.02

 22:0 0.07 ± 0.01 0.06 ± 0.01

 24:0 0.03 ± 0.01 0.06 ± 0.02

MUFAs 45.91 ± 2.82 48.96 ± 3.66

 14:1 n-5 0.23 ± 0.06 0.21 ± 0.06

 16:1 n-7 5.97 ± 0.45 4.93 ± 0.51

 18:1 n-9 33.85 ± 2.58 38.40 ± 3.00

 18:1 n-7 4.73 ± 0.30 3.80 ± 0.19

 20:1 n-9 0.71 ± 0.11 0.77 ± 0.06

 22:1n-9 0.02 ± 0.01 0.07 ± 0.01 **

 24:1n-9 0.05 ± 0.01 0.11 ± 0.04

PUFAs 19.05 ± 1.86 16.18 ± 1.73

 n-6 PUFA 16.27 ± 1.40 11.01 ± 1.05 **

  18:2 8.12 ± 0.60 6.55 ± 0.34 *

  18:3 0.20 ± 0.03 0.11 ± 0.01 **

  20:2 0.48 ± 0.02 0.39 ± 0.05

  20:3 0.52 ± 0.05 0.58 ± 0.06

  20:4 6.26 ± 0.83 3.20 ± 0.64

  22:4 0.24 ± 0.03 0.11 ± 0.02 **

  22:5 0.41 ± 0.06 0.07 ± 0.01 ***

 n-3 PUFA 2.78 ± 0.49 5.18 ± 0.79 *

  18:3 0.04 ± 0.01 0.17 ± 0.02 ***

  20:5 0.07 ± 0.01 0.36 ± 0.05 ***

  22:5 0.47 ± 0.15 1.02 ± 0.31 *

  22:6 2.20 ± 0.36 3.62 ± 0.57

a
Values are means ± SEM of untransformed data. Independent Student t test was conducted to compare mol% of each fatty acid between the

control and atherogenic groups.

*
P < .05.

**
P < .01.
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***
P < .001.
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Table 5

Fatty acids profile in GAT a

Fatty acid (mol%) Diet

Control Atherogenic

SFAs 28.11 ± 0.96 30.12 ± 0.47

 10:0 0.07 ± 0.02 0.14 ± 0.03

 12:0 0.45 ± 0.02 1.20 ± 0.10 ***

 14:0 3.22 ± 0.17 6.52 ± 0.13 ***

 16:0 22.31 ± 0.68 20.08 ± 0.27 *

 18:0 1.93 ± 0.47 1.86 ± 0.09

 20:0 0.08 ± 0.01 0.05 ± 0.00 *

 22:0 0.06 ± 0.05 0.28 ± 0.27

MUFAs 62.06 ± 0.90 64.08 ± 0.40

 14:1 n-5 0.45 ± 0.03 0.90 ± 0.03 ***

 16:1 n-7 13.23 ± 0.57 12.04 ± 0.66

 18:1 n-9 42.57 ± 0.48 46.51 ± 0.48 **

 18:1 n-7 4.58 ± 0.24 3.37 ± 0.05 **

 20:1 n-9 0.79 ± 0.05 0.40 ± 0.03 ***

 22:1 n-9 0.05 ± 0.01 0.03 ± 0.00

PUFAs 9.83 ± 0.38 5.81 ± 0.10 ***

 n-6 PUFA 9.61 ± 0.37 5.28 ± 0.08 ***

  18:2 8.60 ± 0.31 4.97 ± 0.08 ***

  18:3 0.05 ± 0.01 0.07 ± 0.01 *

  20:2 0.23 ± 0.01 0.06 ± 0.00 ***

  20:3 0.13 ± 0.03 0.07 ± 0.01

  20:4 0.44 ± 0.23 0.10 ± 0.00

 n-3 PUFA 0.22 ± 0.02 0.53 ± 0.02 ***

  18:3 0.11 ± 0.01 0.32 ± 0.01 ***

  20:5 0.04 ± 0.01 0.09 ± 0.01 **

  22:5 0.01 ± 0.00 0.06 ± 0.00 ***

  22:6 0.05 ± 0.03 0.06 ± 0.0

a
Values are means ± SEM of untransformed data. Independent Student t test was conducted to compare mol% of each fatty acid between the

control and atherogenic groups.

*
P < .05.

**
P < .01.

***
P < .001.
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