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Abstract
Objective—Chronic systemic inflammation accompanies obesity and predicts development of
cardiovascular disease. Dietary cholesterol has been shown to increase inflammation and
atherosclerosis in LDL receptor-deficient (LDLR-/-) mice. This study was undertaken to determine
whether dietary cholesterol and obesity have additive effects on inflammation and atherosclerosis.

Methods and Results—LDLR-/- mice were fed chow, high fat, high carbohydrate (diabetogenic)
diet without (DD) or with added cholesterol (DDC) for 24 weeks. Effects on adipose tissue,
inflammatory markers and atherosclerosis were studied. Despite similar weight gain between DD
and DDC groups, addition of dietary cholesterol increased insulin resistance relative to DD.
Adipocyte hypertrophy, macrophage accumulation and local inflammation were observed in intra-
abdominal adipose tissue in DD and DDC, but were significantly higher in the DDC group.
Circulating levels of the inflammatory protein serum amyloid A (SAA) were 4.4-fold higher in DD
animals and 15-fold higher in DDC animals than controls, suggesting chronic systemic inflammation.
Hepatic SAA mRNA levels were similarly elevated. Atherosclerosis was increased in the DD-fed
animals and further increased in the DDC group.

Conclusions—Obesity-induced macrophage accumulation in adipose tissue is exacerbated by
dietary cholesterol. These local inflammatory changes in adipose tissue are associated with insulin
resistance, systemic inflammation and increased atherosclerosis in this mouse model.
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Chronic systemic inflammation, evidenced as modest, low-grade increases in circulating levels
of the inflammatory molecules C-reactive protein (CRP) and serum amyloid A (SAA), is a key
feature of the obese state1–3, particularly in visceral obesity4, 5. Adipocyte hypertrophy
accompanying obesity is associated with macrophage accumulation in adipose tissue in human
subjects6, 7. These macrophages produce cytokines, which cause insulin resistance and signal
the liver to produce inflammatory molecules such as CRP and SAA as part of a chronic
inflammatory response8. Similar changes occur in obese mice6, 9, a species in which SAA
functions as the main inflammatory molecule, since CRP levels are not regulated by
inflammation10.
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While dietary cholesterol has long been thought to increase atherosclerosis risk in humans11,
the mechanism by which this occurs is unclear. Plasma cholesterol levels only increase slightly
in response to cholesterol feeding in humans12, compared to levels occurring in several animal
species13–15. Therefore, dietary cholesterol has been postulated to have a lipid-independent
effect on atherosclerosis and cardiovascular disease16. We previously demonstrated that the
addition of a small amount (0.15%) of dietary cholesterol to a Western diet resulted in increased
circulating SAA and increased atherosclerosis in LDL receptor-deficient mice (LDLR-/-),
independent of an effect on plasma lipids and lipoproteins17. Since increased SAA levels
signify a chronic inflammatory state in mice, these findings suggested that inflammation
induced by dietary cholesterol might contribute to atherogenesis in this mouse model.

The present study was undertaken to determine whether dietary cholesterol has an additive role
in inducing inflammation, insulin resistance and atherosclerosis in the setting of diet-induced
obesity. To this end, we chose to induce obesity by feeding a diabetogenic diet rich in saturated
fat and refined carbohydrate. This diet has previously been shown to cause obesity,
hyperglycemia and increased atherosclerosis in LDLR-/- mice18. This strain is particularly
susceptible to obesity-associated changes induced by the diabetogenic diet, since similar
changes were not observed in apo E-deficient mice fed this diet19. We added 0.15% cholesterol
to the diabetogenic diet as in our previous study of LDLR-/- mice17.

Our observations indicate that the addition of cholesterol to a diabetogenic diet leads to a
striking increase in macrophage accumulation in intra-abdominal adipose tissue, evidence of
increased insulin resistance and chronic systemic inflammation, and increased atherosclerosis
in this mouse model.

METHODS
Animals and diet

Eight week old male LDLR-/- mice bred onto a C57BL/6 background were placed on one of
three diets for 24 weeks: a diabetogenic diet high in fat and carbohydrate (DD; BioServ
No.F1850, Frenchtown, NJ); diabetogenic diet with 0.15% w/w total cholesterol (DDC;
BioServ No.F4997) or standard rodent chow diet (Ch) providing 4% calories as fat. The
diabetogenic diet provides 35.5% calories as fat and 36.6% as carbohydrate (Supplemental
Table I). Animals were housed in cages with microisolator filter tops, maintained on a 12-hour
light/dark cycle in a temperature-controlled room and given free access to food and water. At
sacrifice, harvested tissues were snap-frozen at −70°C and/or fixed with 10% neutral-buffered
formalin and embedded in paraffin wax. All experimental procedures were undertaken with
approval from the Institutional Animal Care and Use Committee of the University of
Washington.

Analytical procedures
After 24 weeks of diet-feeding, mice were fasted for 4 h before drawing blood on the day of
sacrifice. Plasma insulin was assayed using a commercially available kit (Linco Research Inc.,
St. Charles, MO). Triglycerides and cholesterol were assayed in plasma and fast-phase liquid
chromatography (FPLC) fractions using colorimetric assay kits. Levels of lipoproteins were
analyzed by FPLC as described previously. Circulating SAA levels were measured by enzyme-
linked immunosorbent assay (ELISA) in plasma and in FPLC fractions from individual mice,
as described previously17. This assay measures SAA isoforms 1 and 2, derived from the liver.
Insulin sensitivity was assessed using the homeostasis model assessment of insulin resistance
(HOMA-IR), calculated using the formula, blood glucose (mmol/L) x insulin concentration
(mIU/L) / 22.520. Glucose tolerance testing was performed after a 4h fast by intraperitoneal
injection of 20% glucose (1.5 mg/g body weight); blood was drawn from the retro-orbital
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plexus at 0, 30, 60, and 120 minutes for blood glucose measurements using a glucometer (One
Touch Ultra, Lifescan Inc., CA).

Immunohistochemistry
Single-label immunohistochemistry was performed on adipose tissues and aortic sinuses using
procedures described previously in detail21. Macrophages were detected using a rat monoclonal
antibody against Mac2 (titer 1:2500, Cedarlane Laboratories, Ontario, Canada). SAA was
detected using a rabbit polyclonal antiserum raised against recombinant human SAA1 (titer
1:500, kind gift of Dr. Frederick de Beer, University of Kentucky, Lexington, KY). Nova Red
(Vector Laboratories, Burlingame, CA) was used as the peroxidase substrate to yield a red-
brown reaction product; cell nuclei were identified by counterstaining with hematoxylin. Area
quantification for Mac2 and SAA was performed on digital images of immunostained tissues
using image analysis software (Image Pro; Media Cybernetics, Silver Springs, MD). Area
quantification for proteoglycans was performed on digital images of tissues stained with
Movat’s histochemical stain (collagen stains yellow, elastin stains black, proteoglycans stain
blue, fibrin stains bright red, cells stain light red). Two sections per mouse were analyzed.
Adipocyte cross-sectional area was measured by computer image analysis using a modification
of techniques described previously22.

Real-time quantitative reverse transcription-PCR
Total RNA was isolated from whole adipose tissue (n= 7–8 per group) and liver (n=7 per group)
using Tri reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol, and
reverse transcribed to cDNA. Quantitative real time RT-PCR was performed using the
Stratagene MX3000P instrument and the TaqMan Universal PCR Master Mix reagent kit,
according to standard protocols. Primer and probe sequences for GAPDH, adiponectin, and
F4/80 are as follows: GAPDH, forward primer, 5'AGCCTCGTCCCGTAGACAAA3'; reverse
primer, 5'ACCAGGCGCCCAATACG3'; probe,
HEX-5'AAATCCGTTCACACCGACCTTCACCA3'-BHQ1; adiponectin, forward primer,
5'GGAGAGAAAGGAGATGCAGGT3'; reverse primer, 5'CTTTCCTGCCAGGGGTTC3';
probe, Cy5-5'AGGAGCTGAAGGGCCACGGG3'-BHQ2; F4/80, forward primer
5’GGAGGACTTCTCCAAGCCTATT3’; reverse primer
5’GGCCTCTCAGACTTCTGCTTT3’; probe
Rox-5’ATACCCTCCAGCAGCACATCCAG3’-BHQ2. SAA1/2 (hepatic isoforms); SAA3
(extra-hepatic isoform); SAA4 (constitutive isoform), MCP-1, TNFα primers and a FAM probe
were obtained from Applied Biosystems (Assay-on-Demand). Assays were performed in
triplicate and results are expressed as relative gene expression normalized to GAPDH mRNA
levels.

Atherosclerosis quantification
The extent of atherosclerosis was measured using the en face technique as described
previously19. Aortic root analysis on paraffin-embedded sections of the heart were analyzed
for atherosclerotic lesion size, as described previously17.

Statistical analyses
Data are expressed as means±SD unless noted otherwise. Mean values were compared using
ANOVA with Bonferroni post hoc testing for parametric data using GraphPad Prism program
(Version 3.03, GraphPad Software, Inc., San Diego, CA). Data not normally distributed were
analyzed using the Kruskal-Wallis test with Dunn’s post test. p<0.05 was considered
statistically significant. Multiple regression analysis was performed using the GraphPad InStat
program (Version 3.05, GraphPad Software Inc., San Diego, CA).
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RESULTS
Obesity, insulin resistance and hyperlipidemia are increased in LDLR-/- mice fed a
diabetogenic diet, and worsened in the presence of added cholesterol

LDLR-/- mice fed a diabetogenic diet (DD) showed marked increases in weight over 24 weeks
compared to chow fed controls (DD, 52.5±0.9g vs chow, 30±0.6g, p<0.01, Fig. 1A), as has
been shown previously18. Addition of cholesterol to the diabetogenic diet (DDC) resulted in
a similar weight gain (52.3±0.9g, p<0.01 vs chow), but was not significantly different compared
to DD-fed animals. Fasting glucose was higher in the DD and DDC groups compared to chow-
fed animals (p<0.001), but did not differ between the obese groups (Fig. 1B). Assessment of
glucose homeostasis revealed that animals in both DD and DDC groups developed equal and
significant glucose intolerance compared to chow diet fed controls (data not shown). Animals
in both DD and DDC groups demonstrated hyperinsulinemia (Fig. 1C). However, plasma
insulin levels were significantly higher in the DDC group (p<0.05), suggesting that these
animals were the most insulin resistant. The calculated HOMA-IR index of the DD group was
significantly higher than that of chow fed animals (p<0.001) (Fig 1D). The HOMA-IR value
was highest in the DDC group (p<0.001 vs chow and p<0.05 vs DD), suggesting that this group
was the most insulin resistant.

Hypertriglyceridemia and hypercholesterolemia developed in both groups of diabetogenic diet
fed animals compared to chow-fed controls (Fig. 2A and B). Triglyceride levels were higher
compared to chow-fed animals (p<0.001), but were not significantly different between the DD
or DDC groups (Fig 2A). However, there was a small but statistically significant increase in
plasma cholesterol in the DDC group compared to the DD-fed animals (p<0.05, Fig 2B). In
addition, lipoprotein profiles of animals in the DDC group revealed lower HDL cholesterol
and higher VLDL cholesterol levels compared to the DD group (Fig 2C).

Intra-abdominal adipose tissue characteristics are altered in LDLR-/- mice by the addition of
cholesterol to the diabetogenic diet

To determine changes in adipose tissue morphology and gene expression that occur with
obesity and cholesterol feeding, epididymal (intra-abdominal) and inguinal (subcutaneous)
adipose tissues harvested at the time of sacrifice were studied. Since macrophages in adipose
tissue have been implicated in the pathogenesis of obesity-induced insulin resistance, we used
immunohistochemistry to identify the presence of macrophages within adipose tissue. Staining
with an antibody to macrophage Mac2 showed that the diabetogenic diets induced a significant
increase in macrophages in epididymal adipose tissue (Fig. 3A&C). Areas stained for
macrophages were significantly greater in the DDC tissue compared to chow-fed animals and
the DD animals (p<0.001 and p<0.05 respectively, Figure 3C). Proteoglycan staining in this
tissue was significantly increased in the DD and DDC groups (p<0.05 and p<0.01 vs chow,
data not shown). Epididymal adipose tissue revealed similar adipocyte hypertrophy in both
DD and DDC groups relative to controls (Fig. 3D). Adipocyte hypertrophy was also observed
in the inguinal fat pads in DD and DDC groups (p<0.01, Fig 3E) but no evidence of macrophage
infiltration or increased proteoglycan by immunostaining was noted in any of the groups (Fig.
3B). With real time RT-PCR, epididymal adipose tissue showed significantly decreased levels
of adiponectin mRNA in both obese animal groups (Fig. 4A) compared to controls. mRNA
levels of the macrophage marker F4/80 were increased in both DD and DDC groups (p<0.05
and p<0.001 respectively), with significantly higher levels in the DDC compared to the DD
animals (p<0.05, Fig. 4B) confirming increased adipose tissue macrophages. mRNA levels of
the marker for macrophage alternative activation, CD11c, were also significantly greater in the
DDC (p,0.01 vs chow and p<0.05 vs DD; Supplemental data Figure I). There were no
significant differences in inguinal fat adiponectin or F4/80 mRNA levels among the three
groups (Fig. 4F&G).
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Local inflammation is present in intra-abdominal adipose tissue in LDLR-/- mice fed a
diabetogenic diet without or with cholesterol

Cytokines secreted by adipose tissue macrophages can induce a local inflammatory response.
Therefore we studied the extent of local adipose tissue inflammation by measuring expression
of genes involved in inflammation by real time quantitative RT-PCR. Although TNFα mRNA
levels were significantly increased in epididymal adipose tissue in both obese animal groups
compared to controls (p<0.05, Fig. 4C), levels were significantly higher in the DDC animals
(p<0.05). SAA3, the extrahepatic isoform of SAA produced by adipocytes and macrophages
in mice, is a locally synthesized inflammatory molecule with chemoattractant properties23,
24. SAA3 gene expression was significantly increased in the DDC group (p<0.05, Fig. 4D)
compared to DD. A similar pattern was also noted for the chemoattractant gene, MCP-1 (Fig.
4E). Inguinal adipose tissue showed no evidence of altered TNFα production (Fig 4H), but
there was evidence of significantly elevated SAA3 in the DDC group (Fig. 4I), and of MCP-1
mRNA levels in both DD and DDC animals (Fig. 4J). Since expression levels of SAA3
suggested local inflammation in the adipose tissue depots, we performed immunohistochemical
analysis for SAA within epididymal and inguinal fat depots (data not shown). In the epididymal
fat pad, stained areas for SAA were 3-fold higher in the DD animals (p<0.05) and 9-fold greater
in the DDC group (p<0.01) compared to chow-fed controls. SAA-stained areas were
significantly higher in the DDC compared to DD group (p<0.05). Inguinal adipose tissue did
not show increased SAA staining, this being in contrast to SAA3 mRNA expression (Fig 4I).
These findings could reflect rapid tissue degradation of SAA3, lack of translation of mRNA
in inguinal adipose tissue, or lack of retention of SAA3 by proteoglycans, which were not
detected in inguinal fat. Overall, however, these results suggest inflammatory changes
occurring mainly at the level of the epididymal adipose tissue in these mice.

Chronic systemic inflammation, manifested as increased SAA levels in diabetogenic diet-
fed animals, is worsened by the addition of dietary cholesterol

We assessed the presence of chronic systemic inflammation by measuring circulating SAA
levels after 24 weeks on the diets. In mice, SAA functions as a key molecule that increases in
inflammation23. The circulating, inducible isoforms of SAA include SAA 1 and 2, are highly
homologous and are derived from the liver. Measured SAA levels were significantly higher
than controls (1.4±0.6 µg/mL) in the DD (6.2±0.6 µg/mL, p<0.05) and DDC (20.7±5.7 µg/
mL, p<0.001) groups; in addition, SAA levels in the DDC group were significantly higher than
in the DD-fed animals (p<0.05, Fig. 5A). These levels, although elevated, are low compared
to those attained during acute injury or inflammation23, and suggest a state of chronic,
inflammation in both groups of obese mice. Circulating SAA levels correlated with insulin
levels (r2 = 0.43, p=0.001), suggesting that greater insulin resistance is associated with higher
levels of SAA. Hepatic mRNA expression of SAA was also increased significantly in the DDC
animals (p<0.001 vs chow and p<0.01 vs DD, Fig. 5B). Hepatic expression of the constitutive
form of SAA i.e. SAA4, did not change in any of the groups (data not shown).

Under physiological conditions, SAA is predominantly associated with HDL23. However, we
have shown previously that SAA may be associated with other lipoprotein particles in LDLR-/-
mice fed high fat diets17. Therefore, we performed FPLC and analyzed fractions for the
presence of SAA on other lipoproteins. In LDLR-/- mice fed both diabetogenic diets, SAA was
found on very low density/intermediate density lipoproteins (VLDL/IDL) and LDL in addition
to HDL (Fig. 5C). The lipoprotein distribution suggested that mice fed DDC had more VLDL
particles (Fig 5C, bottom panel), whereas the DD-fed animals had more LDL particles (Fig
5C, middle panel). The lipoprotein distribution of SAA was similar with both diabetogenic
diets. However, since the DDC group had more non-HDL particles and higher SAA levels,
they likely had more SAA in non-HDL particles than the DD animals.
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Atherosclerosis is increased in the presence of diet-induced obesity, insulin resistance and
elevated SAA levels, and worsened by dietary cholesterol

We next assessed atherosclerosis and found that mice fed the diabetogenic diets for 24 weeks
had significantly increased atherosclerotic lesion area by en face analysis as compared to chow-
fed controls (p<0.05). There was a significant increase in atherosclerotic area in the DDC group
compared to control (p<0.001) and DD animals (p<0.05, Fig. 6A). Similarly, maximal cross-
sectional area of lesions in the aortic sinus was significantly greater in mice fed the DDC diet
compared to either DD or chow fed groups (Fig. 6B). Immunohistochemistry of aortic root
lesions showed significantly increased macrophage (Mac2 antibody stained) areas within
lesions in the DDC group (p<0.001 vs chow and P<0.05 vs DD, Fig. 6C). This staining pattern
is similar to that seen in the epididymal adipose tissue where the greatest Mac2 staining was
noted in the DDC adipose tissue (Fig 3A&C). Staining with anti-SAA antibody revealed
increased SAA immunostaining in the DDC group compared to chow (p<0.001) and DD
(p<0.05) (Fig. 6D).

To further study the contribution of variables such as plasma cholesterol, insulin and SAA to
atherosclerosis in these two groups of animals, we performed a multiple regression analysis.
While cholesterol (p=0.36) and insulin levels (p=0.074) did not predict the development of
atherosclerosis, logSAA (p<0.002) was a predictor of atherosclerotic lesion areas in the obese
animal groups, suggesting the slight increase in cholesterol levels noted in the DDC animals
compared to the DD group did not play a major role in the increased atherosclerosis in this
setting. Lipoproteins also did not contribute to atherosclerosis in this regression model.

DISCUSSION
Obesity is associated with increased insulin resistance25, 26, and a predisposition to diabetes
and cardiovascular disease in humans27. Obesity also is associated with chronic, low-grade,
systemic inflammation in both mice9 and humans28. Our study confirmed that consumption of
diabetogenic diets (high in both fat and carbohydrates) led to obesity, insulin resistance, low-
grade inflammation, and accelerated atherosclerosis in LDLR-/- mice.

We previously reported that the addition of a small amount of cholesterol to a Western-type
diet was associated with chronic systemic inflammation, as evidenced by a modest increase in
circulating levels of the inflammatory protein, SAA, and increased atherosclerosis17.
Therefore, we questioned whether dietary cholesterol would further increase inflammation and
atherosclerosis in an obese, insulin resistant mouse model. While addition of cholesterol to the
diabetogenic diet increased systemic inflammation beyond that seen with the diabetogenic diet
alone, we were surprised to find markedly increased inflammatory changes in adipose tissue.
The addition of dietary cholesterol led to the accumulation of significantly more macrophages
in epididymal adipose tissue, despite both obese groups gaining an equivalent amount of
weight. Increased F4/80 mRNA provides additional evidence for macrophage accumulation,
and increased TNFα and SAA3 mRNA suggests more local inflammation. Interestingly, the
inflammatory changes were limited to epididymal (intra-abdominal) adipose tissue and were
not observed in inguinal (subcutaneous) fat, despite increased inguinal fat mRNA levels of
MCP-1 and SAA3, both known chemotactic factors24, 29.

Inflammatory changes in epididymal adipose tissue were accompanied by insulin resistance,
as evidenced by increased plasma insulin levels and HOMA-IR values, greatest in the group
fed the diabetogenic diet with added cholesterol. This observation is consistent with the notion
that adipose tissue inflammation contributes to insulin resistance8.

Local inflammation in epididymal adipose tissue in obese mice was accompanied by increased
circulating levels of SAA, a marker of systemic inflammation, these changes being
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significantly greater in mice fed the diabetogenic diet with added cholesterol. Whether these
hepatic changes resulted from direct exposure of the liver to chylomicrons/chylomicron
remnants with increased cholesterol content, to adipose tissue-derived cytokines, or both, is
unknown. However, it seems likely that the hepatic inflammatory response is mediated by
adipose-tissue derived inflammatory cytokines for at least two reasons. First, cytokines such
as TNFα and interleukin-6 have been strongly implicated in the up-regulation of hepatic SAA
synthesis30. Second, the majority of hepatic blood flow derives from the portal circulation that
drains intra-abdominal adipose depots. Moreover, no detectable inflammatory response was
seen in subcutaneous adipose tissue, further implicating factors derived from intra-abdominal
fat as the source of the hepatic inflammatory response.

Atherosclerosis was increased in both groups of obese mice, more so in animals that received
added dietary cholesterol. Interestingly, macrophage staining in aortic sinus lesions also was
greatest in the DDC group, similar to observations in epididymal adipose tissue. Multiple
variable analysis of cholesterol, lipoproteins, insulin and SAA showed that only logSAA
significantly predicted atherosclerosis in this model, similar to a recent observation in
cholesterol-fed rabbits31. These findings suggest that low-grade inflammation, and
specifically, an increase in SAA levels, might play a causal role in atherogenesis. Moreover,
SAA immunostaining of aortic lesions also was greatest in the DDC group. As shown
previously17, some SAA was present on lipoproteins other than HDL, the lipoprotein on which
most SAA has been thought to be transported through plasma23. All SAA isoforms have
proteoglycan-binding domains23, and we previously have suggested that the presence of SAA
on lipoproteins (HDL and non-HDL) might facilitate their retention by vascular
proteoglycans21. The presence of SAA on HDL could render these lipoproteins pro-atherogenic
and SAA on VLDL or LDL might further increase the retention of these atherogenic
lipoproteins, thereby increasing their ability to promote atherogenesis.

Our multivariate analysis also suggests that the increased atherosclerosis in the DDC group
was not simply due to the slightly greater degree of hypercholesterolemia. However, there was
a marked redistribution of lipoproteins in the DDC animals with greater VLDL cholesterol
compared to the DD animals, which had greater LDL cholesterol. Therefore, the contribution
of this altered lipoprotein distribution to the increased atherosclerosis in the DDC group cannot
be eliminated.

Our findings are consistent with a “two–hit” hypothesis for the pathogenesis of inflammation
and atherosclerosis in this mouse model. First, weight gain resulting from consumption of a
“diabetogenic” diet leads to adipocyte expansion and macrophage accrual in adipose tissue,
which appears to be depot-specific and limited to intra-abdominal adipose tissue. Macrophage
accumulation in adipose tissue appears to be only in part related to the increased expression of
the chemokines such as MCP-129, 32 and extrahepatic SAA324, since macrophages were not
observed in subcutaneous fat despite increased expression of these chemokines. The lack of
detectable proteoglycan might explain the absence of SAA in subcutaneous adipose tissue,
since our previous work suggests that proteoglycans may be necessary for SAA binding to
tissue17, 21. The second “hit” appears to be associated with the addition of cholesterol to the
diabetogenic diet, although the mechanism by which dietary cholesterol leads to additional
macrophage infiltration into intra-abdominal adipose tissue is unclear at this time. One
possibility is that cholesterol, or perhaps oxysterols formed by oxidation of dietary
cholesterol33, are delivered to directly adipose tissue by chylomicrons or chylomicrons
remnants formed after lipolysis of chylomicron triglycerides by adipose tissue lipoprotein
lipase. This could be a potential source of adipose cytotoxicity, which has been postulated as
a cause of macrophage accumulation in adipose tissue34.
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Clinical implications of our study are particularly relevant to patients with familial
hypercholesterolemia, a condition in which mutations in the LDL receptor cause significant
hypercholesterolemia. In these patients, the accumulation of visceral fat has been shown to be
associated with higher insulin levels and an increased cardiovascular risk35, similar to findings
in our mouse model.

In summary, the addition of dietary cholesterol to an obesity-inducing diabetogenic diet results
in inflammatory changes beyond those seen with obesity alone. These changes appear to be
due, at least in part, to increased accumulation of macrophages in adipose tissue and may have
implications for the pathogenesis of insulin resistance, inflammation and atherosclerosis in
obese human subjects.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Metabolic effects of feeding LDLR-/- mice diabetogenic diets without or with added
cholesterol
(A) Weight gain, (B) Fasting plasma glucose, (C) Plasma insulin, (D) HOMA-IR levels in mice
fed chow (n=10, open bars), diabetogenic without (DD, n=15, hatched bars) or with added
cholesterol (DDC, n=15, solid bars) diets for 24 weeks. *p<0.01, **p< 0.001 vs chow, †p<0.05
vs DD. Values represent means±SD.
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Figure 2. Effect of feeding diabetogenic diets in LDLR-/- mice on lipids and lipoproteins
(A) Plasma triglyceride, (B) Plasma cholesterol, (C) Lipoprotein distribution after 24 weeks
of feeding diets. n=10 for chow, n=15 for DD and DDC groups. FPLC profiles shown in Figure
6. *p<0.05 vs chow, **p< 0.001 vs chow, †p<0.05 vs DD, #p <0.01 vs DD. Values represent
means±SD.
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Figure 3. Adipose tissue macrophage accumulation is limited to intra-abdominal depots in obese
LDLR-/- mice fed diabetogenic diets and is increased by addition of dietary cholesterol
(A) Epididymal adipose tissue stained with macrophage-specific antibody Mac2 (red), 200X
magnification, n=8–10 per group. (B) Inguinal adipose tissue stained for Mac2. (C)
Quantification of Mac2 staining. (D) Adipocyte size in epididymal adipose tissue. (E) Inguinal
adipose tissue adipocyte size. *p<0.05 vs chow, **p<0.001 vs chow, †p<0.05 vs DD. AT,
adipose tissue.
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Figure 4. Differential expression of genes in epididymal and inguinal adipose tissue depots with
addition of cholesterol to the diabetogenic diet
Top, epididymal adipose tissue expression of (A) adiponectin, (B) F4/80, (C) TNFα, (D) SAA3,
(E) MCP-1 mRNA. Bottom, inguinal adipose tissue mRNA expression of (F) adiponectin, (G)
F4/80, (H) TNFα, (I) SAA3, (J) MCP-1. Open bars, chow diet (n=7), hatched bars, DD (n=8)
and solid bars, DDC (n=8). *p<0.05 vs chow; **p<0.01 vs chow; †p<0.05 vs DD, #p=0.01 vs
DD. Values represent means±SD.
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Figure 5. Circulating SAA levels are increased in LDLR-/- mice fed the diabetogenic diet and
further increased with the addition of dietary cholesterol
(A) SAA levels (B) mRNA levels of hepatic isoforms SAA1/2, (C) Lipoprotein distribution
of SAA and cholesterol in chow (top), DD (middle) or DDC (bottom) groups. n=3–6 animals/
group. *p<0.05 vs chow, **p<0.001 vs chow, †p<0.05 vs chow and #p<0.01 vs DD. Values
represent means±SD.
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Figure 6. Aortic atherosclerosis is increased in obese, insulin resistant, chronically inflamed
LDLR-/- mice fed diabetogenic diets
(A) Aortic intimal and (B) sinus lesions. n=9–12 animals per group. (C) Mac2 staining of aortic
sinus lesions. (D) Immunostaining of aortic sinus lesions for SAA. *p<0.01, **p<0.001 both
vs chow, †p<0.05 vs DD.
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