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Cholesterol-induced inflammation and macrophage accumulation in 
adipose tissue is reduced by a low carbohydrate diet in guinea pigs
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BACKGROUND/OBJECTIVES: The main objective of this study was to evaluate the effects of a high cholesterol (HC) dietary 
challenge on cholesterol tissue accumulation, inflammation, adipocyte differentiation, and macrophage infiltration in guinea 
pigs. A second objective was to assess whether macronutrient manipulation would reverse these metabolic alterations.
MATERIALS/METHODS: Male Hartley guinea pigs (10/group) were assigned to either low cholesterol (LC) (0.04g/100g) or high 
cholesterol (HC) (0.25g/100g) diets for six weeks. For the second experiment, 20 guinea pigs were fed the HC diet for six 
weeks and then assigned to either a low carbohydrate (CHO) diet (L-CHO) (10% energy from CHO) or a high CHO diet (H-CHO) 
(54% CHO) for an additional six weeks.
RESULTS: Higher concentrations of total (P < 0.005) and free (P < 0.05) cholesterol were observed in both adipose tissue and 
aortas of guinea pigs fed the HC compared to those in the LC group. In addition, higher concentrations of pro-inflammatory 
cytokines in the adipose tissue (P < 0.005) and lower concentrations of anti-inflammatory interleukin (IL)-10 were observed 
in the HC group (P < 0.05) compared to the LC group. Of particular interest, adipocytes in the HC group were smaller in 
size (P < 0.05) and showed increased macrophage infiltration compared to the LC group. When compared to the H-CHO group, 
lower concentrations of cholesterol in both adipose and aortas as well as lower concentrations of inflammatory cytokines 
in adipose tissue were observed in the L-CHO group (P < 0.05). In addition, guinea pigs fed the L-CHO exhibited larger adipose 
cells and lower macrophage infiltration compared to the H-CHO group. 
CONCLUSIONS: The results of this study strongly suggest that HC induces metabolic dysregulation associated with inflammation 
in adipose tissue and that L-CHO is more effective than H-CHO in attenuating these detrimental effects.
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INTRODUCTION3)

Cross-talk between metabolic organs can be utilized as a 
means for identification of the complex pathology of chronic 
inflammatory diseases [1]. Adipose tissue has a dynamic and 
important role in the development of several metabolic-related 
diseases, including type 2 diabetes, atherosclerosis, and coronary 
heart disease (CHD) [2,3].

In humans as well as in other animal species, adipose tissue 
is the main site for triglyceride and cholesterol storage [4]. 
Studies have shown that excessive cholesterol accumulation can 
be toxic to several tissues, including heart, aorta, and liver 
[1,2,5,6]. However, scant attention has been devoted to the 
effects of excessive cholesterol accumulation in adipose tissue. 
Recent studies in LDL receptor knock-out mice (LDLR -/-) have 
shown that excess cholesterol accumulation in epididymal adipose 
tissue induces insulin resistance, impairs adipocyte differen-
tiation and maturation, induces secretion of pro-inflammatory 
cytokines, and stimulates macrophage (Mø) recruitment [2]. In 

vitro studies using 3T3 cells have shown that cholesterol 
overload in adipocytes can induce endoplasmic reticulum (ER) 
stress and trigger the unfolded protein response, leading to 
activation of both c-Jun N-terminal kinases and IκB kinase, 
proteins that are mediators of inflammatory cytokine production. 
Release of cytokines, such as tumor necrosis factor (TNF)-α, 
results in infiltration of neutrophils, Mø, T-cells, and other immune 
cells [7]. In addition to these effects, cholesterol accumulation 
in adipose-derived stromal cells leads to impairment of 
adipocyte development and function [8].

Dietary interventions using low carbohydrate (L-CHO) diets 
have been shown to reduce serum triglycerides (TG) and 
increase HDL cholesterol (HDL-C).They also promote weight loss 
and exert beneficial effects on several chronic inflammatory 
diseases, including atherosclerosis, diabetes, hypertension, and 
dyslipidemia [9-13].

Guinea pigs have several similarities to humans in regard to 
lipoprotein and cholesterol metabolism and have been shown 
to be a good model for study of diet-induced atherosclerosis 
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Ingredient
LC HC L-CHO H-CHO

g/100 g % Energy g/100 g % Energy g/100 g % Energy g/100 g % Energy

Soy protein 22.3 23 22.2 23 33 30 22.5 15

Starch/Sucrose 40.6 42 40.6 42 11 10 54.2 55

Fat1) 15.1 33 15.1 33 30 60 8 30

Cellulose 10 10 10 10

Guar gum 2.5 2.5 2.5 2.5

Mineral mix2) 8.2 8.2 8.2 8.2

Vitamin mix2) 1.1 1.1 1.1 1.1

Cholesterol (mg) 0.04 0.25 0.04 0.04

1) The fat mix was a mixture of 1:1.5:0.5 saturated: monounsaturated: polyunsaturated fatty acids.
2) Mineral and vitamin mixes were formulated to meet the National Research Council requirements for guinea pigs.

Table 1. Dietary composition of (LC), high-cholesterol (HC), Low Carbohydrate (L-CHO), and High Carbohydrate diets (H-CHO)

Fig. 1. Experimental Design: Panel A: 20 guinea pigs were fed either low 
cholesterol (LC) (0.04 g/100 g cholesterol) or high cholesterol (HC) (0.25 g/100 
g dietary cholesterol] diets for six weeks. Panel B. 20 guinea pigs were fed 0.25 
g/100 g of cholesterol for six weeks and then switched to a low carbohydrate 
(L-CHO) or high carbohydrate (H-CHO] diet for an additional six weeks.

[10,11,14]. In this study, we sought 1) to examine the effects 
of a dietary cholesterol challenge on characteristics of adipose 
tissue, aortas, and hearts of guinea pigs and 2) to determine 
the extent to which low (L-CHO) or high carbohydrate (H-CHO) 
diets could reverse detrimental effects generated by excessive 
cholesterol intake. We hypothesized that high cholesterol would 
induce cholesterol accumulation, inflammation, macrophage 
infiltration, and atherosclerosis in adipose tissue and that L-CHO 
diets would be more efficient than H-CHO diets in attenuating 
these deleterious effects.

MATERIALS AND METHODS

Animals and Diets
Guinea pigs weighing between 200-250 g were housed in 

pairs in a metal cage in a light cycle room (light from 07:00- 
19:00 h) with free access to water. Food consumption was 
monitored every other day, and guinea pigs were weighed 
weekly to ensure appropriate food consumption. In the first 
experiment, 20 male guinea pigs were randomly assigned to 
one of two dietary treatments: low cholesterol (LC) (0.04 g/100 
g) (n = 10) or high cholesterol (HC) (0.25 g/100 g) (n = 10) for 
six weeks. This amount of cholesterol is equivalent to 1800 mg/d 
for humans and it has been shown to induce hepatic cholesterol 
accumulation and hypercholesterolemia in guinea pigs [10,11]. 
In the second experiment, 20 guinea pigs were fed HC for six 
weeks and then randomly assigned to one of two dietary 
treatments for an additional six weeks, either a L-CHO diet 
containing 0.04 g/100 g of cholesterol and the following energy 
distribution: 60% fat, 10% CHO and 30% protein, or a H-CHO 
diet with the same concentration of dietary cholesterol and the 
following energy distribution: 30% fat, 55% CHO, and 15% 
protein diet. Vitamins and minerals were adjusted to meet 
requirements for guinea pigs [10]. Details on composition of 
the diets are shown in Table 1. Diets were prepared and pelleted 
by Research Diets Inc. (New Brunswick, NJ). At the end of the 
12 weeks, guinea pigs were sacrificed after a 12-hour fast. Blood, 
aortas, hearts, and epididymal adipose tissue were harvested 
and stored at -80° C for further analysis. Diet assignment is 
illustrated in Fig. 1. Animal experiments were performed in 
accordance with U.S. Public Health Service/U.S. Department of 
Agriculture guidelines. Experimental protocols were approved 
by the IACUC at the University of Connecticut. Protocol number 

was A11-023.

Fasting plasma lipids
Plasma HDL-C, total cholesterol (TC), LDL-C, and TG were 

analyzed using the Cobas c111 analyzer (Roche Diagnostics, 
Indianapolis, IN). This instrument uses direct enzymatic methods 
with photometric detection for calculation of plasma lipid 
concentrations (Roche Diagnostics, Indianapolis, IN).

Cholesterol accumulation in aorta and adipose tissue 
Aortic (~0.5 g) and adipose tissue (~1 g) aliquots were homo-

genized and added to 15 ml of chloroform-methanol 2:1 (v/v). 
These aliquots were extracted with an additional 10 mL of the 
same solution and mixed. The extracts were filtered through 
Whatman paper no.1 for removal of denatured protein. TC and 
free cholesterol (FC) were measured using enzymatic kits (Wako 
Chemicals USA, Inc., Richmond, VA] according to Carr et al. [15]. 
The esterified cholesterol fraction was calculated by subtracting 
free from total cholesterol [15]. 

Adipose inflammatory cytokine concentrations
Epididymal adipose tissue was homogenized for measure-

ment of concentrations of cytokines TNF-α, Interleukin (IL)-10, 
IL-2, IL-10, monocyte chemotactic protein-1 (MCP-1), and granul-
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Parameter LC HC P Value

Body Weight (g) 639 ± 52 555 ± 53 .002

Epididymal tissue (g) 10.1 ± 3.7 7.0 ± 3.8 0.086

Food Intake (g/d) 22.8 ± 0.6 18.0 ± 0.1 0.048

TC (mmol/L) 1.24 ± o.12 7.32 ± 0.96 0.0001

LDL-C (mmol/L) 0.82 ± 0.15 5.17 ± 0.75 0.0003

HDL-C (mmol/L) 0.12 ± 0.02 1.85 ± 0.31 0.0003

TG (mmol/L) 0.65 ± 0.11 0.69 ± 0.07 0.75

1) Values are presented as mean ± SD for n = 10 guinea pigs per group

Table 2. Body weight and epidydimal adipose tissue weight and plasma total
cholesterol (TC), LDL cholesterol (LDL-C), HDL-cholesterol (HDL-C), and trigly-
cerides (TG) of guinea pigs fed low cholesterol (LC) and high cholesterol (HC) 
diets1)

HC LC P value

Adipose (μmol/)

TC 17.8 ± 1.3 14.7 ± 1.1 0.001

FC 6.7 ± 0.3 5.4 ± 1.5 0.04

EC 11.1 ± 1.3 9.3 ± 2.1 0.08

Aorta (μmol/g)

TC 10.3 ± 4.4 10.8 ± 1.3 0.84

FC 6.7 ± 0.8 8.0 ± 1.8 0.09

EC 4.9 ± 1.8 3.1 ± 1.5 0.03

Adipose Cytokines (pg/mg)

TNF-α 18.1 ± 0.9 15.1 ± 1.1 0.001

MCP-1 64.9 ± 1.6 60.9 ± 2.7 0.001

GM-CSF 79.1 ± 1.9 75.2 ± 1.2 0.001

IL-2 23.7 ± 1.8 24.3 ± 2.6 0.560

IL-10 39.5 ± 3.2 45.1 ± 4.4 0.005

1) Values are presented as mean ± SEM, n = 10 guinea pigs per group

Table 3. Total Cholesterol (TC), free cholesterol (FC), esterified cholesterol (EC),
inflammatory cytokines, tumor necrosis-alpha (TNF-α), monocyte chemoattractant
protein-1 (MPC-1), granulocyte, macrophage colony stimulating factor (GM-CSF),
interleukin-2 (IL-2), and anti-inflammatory cytokine interleukin-10 (IL-10) 
concentration in adipose tissue and aortas of guinea pigs fed either high 
cholesterol (HC) or low cholesterol (LC) diets1)

ocyte macrophage colony-stimulating factor (GM-CSF) using 
Luminex technology (Luminex 200 System, Austin, TX) with the 
MILLIPLEX MAP Mouse Cytokine Immunoassay kit (Millipore 
corporation, Charles, MO, USA), as previously described [16].

Arterial morphology
For atherosclerosis evaluation, hearts were immersed in 

formalin, and paraffin sections of 3-5 μm were sliced for 
preparation. The slides were stained with hematoxylin and eosin 
and evaluated via light microscopy as previously reported [14]. 

Macrophage accumulation in adipose tissue
Single-label immunohistochemistry was performed in the 

adipose tissue. Methodology is described in detail elsewhere 
[16]. Macrophages were detected using a mouse monoclonal 
antibody Mac 387 designed for guinea pigs. In addition, cross 
sectional areas of adipocytes were measured using image 
analysis software (Image Pro; Media Cybernetics). 

Statistical analysis
A non-paired Student’s t test was used to evaluate effects 

of cholesterol challenge on heart and adipose lipids, inflam-
matory cytokines, and number of macrophages per mm2 
between the LC and HC groups. Similarly, a non-paired 
Student’s t test was used to evaluate the same parameters in 
comparing the L-CHO with the H-CHO group. P < 0.05 was 
considered significant. 

RESULTS

Comparisons between HC and LC groups

Fasting plasma lipids, Body Weight and Organ Weight 
Guinea pigs fed the HC diet gained less weight at the end 

of the dietary treatment (Table 2), which was associated with 
lower food intake (Table 2). Higher plasma LDL cholesterol was 
observed in guinea pigs fed the HC compared to those fed 
the LC diets (P < 0.0001) (Table 2). There were no differences 
in plasma TG or HDL-C (P > 0.05) (Table 2).

Adipose and aorta cholesterol concentration
No significant differences in epididymal adipose tissue weight 

were observed between the HC and the LC groups (Table 2). 
Despite no differences in aorta total or free cholesterol concen-
tration between the LC and HC groups, the HC group showed 
significantly greater accumulation of esterified cholesterol, a 
known feature of early atherosclerosis (Table 3). However, there 
was no presence of atherosclerotic lesions in either the LC or 
HC groups, indicating that six weeks was not enough time for 
development of atherosclerosis in guinea pigs (data not shown).

Cytokine Evaluation
Higher protein concentrations of pro-inflammatory cytokines 

TNF-α, MCP-1, and GM-CSF were observed in adipose tissue of 
guinea pigs in the HC group, when compared with the LC group 
(Table 3). Accordingly, lower levels of the anti-inflammatory 
cytokine IL-10 were observed in the HC group.

Adipose Evaluation
Macrophage detection with mac387 revealed remarkably 

greater infiltration in adipose tissue in the HC group than in 
LC-fed guinea pigs (Fig. 2, panel A). Guinea pigs fed the HC 
diet had three times more macrophage infiltration than those 
in the LC group. Of particular interest, changes in adipocyte 
morphology were observed between LC and HC groups (Fig. 
2, panel B). Adipocyte size was smaller in the cholesterol 
challenge animals compared with the LC group (2155 ± 229 μm2 
vs 1090 ± 123 μm2, P < 0.05) (Fig. 2, panel C)

Comparisons between L-CHO and H-CHO Groups
There were no significant differences in body weight; 707 ±

134 g vs 748 ± 91 g for L-CHO and H-CHO groups, respectively 
(Table 4). However, and possibly associated with the high caloric 
content in the LC diet, guinea pigs fed LC consumed 20.5 ±
1.0 g/d compared to 25.5 ± 0.8 g/d consumed by guinea pigs 

fed the LC diet (P < 0.01) (Table 4).

Fasting Plasma lipids 
No significant differences in plasma total LDL-C or TG were 
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(A)

(B)

  

(C)

Fig. 2. Panel A: Epididymal Adipose tissue cross-sections from low and high 
cholesterol groups. Panel B: Macrophage infiltration, arrows indicate the 
presence of macrophages detected using the Mac-387. Panel C: Macrophage 
concentration in the adipose tissue expressed as fold increase. LC (n = 10) HC 
(n = 10), * indicates P < 0.05.

H-CHO L-CHO P value

Adipose (μmol/g)

TC 14.7 ± 2.8 11.35 ± 2.7 0.04

FC 3.9 ± 1.6 4.4 ± 1.3 0.52

EC 10.8 ± 3.4 7.2 ± 2.1 0.02

Aorta (μmol/g)

TC 14.9 ± 2.3 11.4 ± 1.0 0.001

FC 10.1 ± 1.8 3.4 ± 1.7 0.001

EC 5.7 ± 2.6 7.1 ± 1.2 0.11

Adipose Cytokines (pg/mg)

TNF-α 20.3 ± 1.9 16.0 ± 2.3 0.001

MCP-1 69.9 ± 1.8 61.0 ± 1.6 0.001

GM-CSF 74.5 ± 4.1 74.3 ± 3.2 0.153

IL-2 24.9 ± 2.8 21.1 ± 1.5 0.002

IL-10 45.4 ± 11.4 47.4 ± 14.1 0.743

1) Values are presented as mean ± SEM, n = 10 guinea pigs 

Table 5. Total Cholesterol (TC), free cholesterol (FC), esterified cholesterol (EC)
and inflammatory cytokines, tumor necrosis-alpha (TNF-α), monocyte chemoa-
ttractant protein-1 (MPC-1), granulocyte, macrophage colony stimulating factor
(GM-CSF), interleukin-2 (IL-2) and anti-inflammatory cytokine interleukin-10 
(IL-10)) concentrations in adipose tissue and aortas of guinea pigs fed either high
carbohydrate (H-CHO) or low carbohydrate (L-CHO) diets1)

(A)

(B)

  

(C)

Fig. 3. Panel A: Epididymal Adipose tissue cross-sections from low and high 
carbohydrate groups. Panel B: Macrophage infiltration, arrows indicate the 
presence of macrophages detected using the Mac-387 antibody. Panel C: 
Macrophage size expressed in μm2. L-CHO (n = 10) H-CHO (n = 10), * indicates 
P < 0.05

Parameter L-CHO H-CHO P Value

Body Weight (g) 707 ± 134 748 ± 92 0.448

Epididymal tissue (g) 8.1 ± 4.01 9.5 ± 2.5 0.334

Food Intake (g/d) 20 ± 1 22 ± 5 0.42

TC (mg/dL) 3.29 ± 0.62 1.88 ± 0.23 0.059

LDL-C (mg/dL) 2.16 ± 0.44 1.21 ± 0.17 0.072

HDL-C (mg/dL) 0.77 ± 0.15 0.38 ± 0.08 0.044*

TG (mg/dL) 0.81 ± 0.11 0.64 ± 0.12 0.28

1) Values are presented as mean ± SD for n = 10 guinea pigs per group

Table 4. Body weight and epididymal adipose tissue weight and plasma total 
cholesterol (TC), LDL cholesterol (LDL-C), HDL-cholesterol, and triglycerides (TG) of
guinea pigs fed low carbohydrate (L-CHO) and high carbohydrate (H-CHO) diets1)

observed between the L-CHO and the H-CHO groups. The only 
significant difference was that higher HDL-C was observed in 
the L-CHO group. Values were: 0.77 ± 0.15 vs 0.39 ± 0.08 mmo/L 
(P < 0.05) (Table 4).

Adipose and Aorta Cholesterol Concentrations
When compared with the L-CHO guinea pigs, the H-CHO 

group showed higher TC concentrations in the adipose tissue 
and higher FC and TC concentrations in the aorta (Table 5) while 
the CE was lower in the L-CHO group (P < 0.05). 

Cytokine Evaluation
After the cholesterol challenge, animals following the L-CHO 

diet showed lower concentration of pro-inflammatory cytokines 
TNF-α, MCP-1, and IL-2 in adipose tissue (P < 0.05) when 
compared with the H-CHO group (Table 5).

Adipose evaluation
We observed increased macrophage infiltration indicated by 

the amount of macrophages detected with the mac387 antibody 
in guinea pigs following the H-CHO vs. animals following the 
L-CHO (Fig. 3, panel A). Concentration of macrophages was 
2.29-fold higher in the H-CHO group than in the L-CHO group 
(Fig. 3, panel B). The adipocyte size was also lower in the H-CHO 
group when compared to guinea pigs following the L-CHO diet 
(1857 ± 217 μm2 vs 2857 ± 257 μm2 (P < 0.05). (Fig. 3, panel C).
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DISCUSSION

Guinea pigs are a well-established model for study of chronic 
inflammatory diseases. Previous studies have shown that the 
use of a cholesterol challenge can induce atherosclerosis, and 
hepatic cholesterol accumulation [10,17,18]. The aim of this 
study was to determine the effects of cholesterol accumulation 
in adipose tissue and to evaluate the metabolic effects of L-CHO 
diets in this animal model after development of cholesterol- 
induced inflammation. We found that dietary cholesterol 
challenge in guinea pigs triggers adipose tissue inflammation 
and dysfunction. In addition, we observed that the use of a 
low carbohydrate diet reduced adipose inflammation and 
promoted development of larger, more responsive adipocytes.

Cholesterol accumulation differentially impacts various cell 
types. In hepatocytes, cholesterol accumulation leads to depletion 
of mitochondria antioxidants such as glutathione, which 
sensitizes hepatocytes to TNF signaling, leading to increased 
apoptosis and accelerated nonalcoholic steatohepatitis (NASH) 
[5]. Several other consequences of cholesterol accumulation in 
the plasma membrane have been observed in the brain and 
other cell types such as immune cells [8,19]. Cholesterol challenge 
diets have been previously shown to increase levels of 
circulating oxidized LDL (Ox-LDL) [12,17]. This pro-atherogenic 
lipoprotein is internalized by scavenger receptor B1 (SR-B1) and 
LDL related protein 1 (LRP-1) in Mø and smooth muscle cells 
leading to cell dysfunction and release of pro-inflammatory 
cytokines and chemo-attractants and finally the formation of 
foam cells, the hallmark of atherosclerosis [20]. Since adipocytes 
express high levels of LRP-1 and SR-B1, it is likely that ox-LDL 
is avidly taken up by these cells leading to effects similar to 
those found in vascular smooth muscle cells (VSMC) and Mø 
[3,21]. In this study we observed that cholesterol accumulation 
in adipose tissue increased macrophage infiltration and was 
followed by elevated levels of inflammatory cytokines TNF-α, 
MCP-1, and GMF-CSF. There was also a significant reduction in 
the anti-inflammatory cytokine, IL-10 in adipose tissue from 
HC-fed guinea pigs. In addition, we observed less developed 
adipocytes, indicated by the decreased size compared with the 
LC group. These observations are in accordance with findings 
of a recent study using mouse adipose-derived stromal cells 
where it was observed that cholesterol accumulation led to 
decreased gene and protein expression of sterol regulatory 
binding-element protein 1 (SREBP-1) and peroxisome proliferator- 
activated receptor γ2 (PPAR-γ2), resulting in adipocyte dysfunc-
tion and blunted cell development [8]. Expression of SREBP-1 
has been shown to directly modulate the expression of the 
PPARγ gene at the transcription level [22,23]. PPARγ is directly 
involved in the transcription of several lipogenic genes that are 
crucial in adipocyte development [24,25]. Dysfunctional adipo-
cytes have been shown to be more receptive to TNF-α signaling 
and subsequent apoptosis, which may lead to macrophage 
infiltration and secretion of inflammatory cytokines, which can 
then result in a pro-inflammatory feedback loop [2]. Studies 
using LDL-/- mice reported similar results, where a dietary 
cholesterol challenge along with a diabetogenic diet induced 
increased macrophage infiltration in adipose and aortic tissue 
leading to development of atherosclerosis along with increased 

levels of systemic inflammation markers serum amyloid A and 
C-reactive protein [2]. Thus, our results suggest that a dietary 
cholesterol challenge also leads to arrest of adipocyte develop-
ment and induces macrophage infiltration and inflammation in 
adipose tissue in guinea pigs, which allows for testing dietary 
interventions that can reverse these conditions.

Reverse cholesterol transport is a complex mechanism where 
HDL brings cholesterol from peripheral tissues to the liver to 
be secreted in the form of bile [26]. L-CHO diets have been 
shown to increase levels of circulating HDL-C [10-12,18]. 
Cholesterol in adipose tissue is actively removed by nascent 
and mature HDL by different mechanisms involving ABCA-1 and 
SR-B1 receptors [27]. According to recent studies in LDL-/- mice, 
cholesterol exchange in adipose tissue accounts for at least 15% 
of the HDL-cholesterol pool [28]. In this study we observed 
decreased levels of cholesterol accumulation in cholesterol- 
challenged animals following a L-CHO diet when compared to 
the challenged group, which followed a H-CHO diet. These 
results could in part be attributed to the increased HDL-C 
concentrations observed in the L-CHO group. In addition, 
guinea pigs following L-CHO diets showed decreased levels of 
inflammatory cytokines MCP-1, TNF-α, and IL-2, decreased 
macrophage infiltration, and increased adipocyte size. As 
discussed above, the increased cholesterol accumulation 
triggers adipocyte dysfunction, which develops into an adipose 
tissue pro-inflammatory state characterized by macrophage 
infiltration and higher pro-inflammatory cytokine levels as seen 
in the H-CHO group. In addition, previous studies have demon-
strated that H-CHO diets increase levels of ox-LDL [10-12]. 
Another possibility on how H-CHO induces inflammation in this 
tissue relies on the association of circulating glucose with 
several proteins and lipoproteins. This association can result in 
irreversible advanced glycated end-products (AGEs). These 
products actively associate with circulating LDL changing the 
structure and facilitating the oxidation of this lipoprotein [29]. 
Adipocytes and macrophages within adipose tissue can actively 
uptake ox-LDL since SR-B1 is ubiquitously expressed in both 
cells [27]. Several studies have proven the pro-inflammatory 
effects of ox-LDL tissue accumulation [30-32] and this is likely 
to be a contributing factor in the increased adipose tissue 
inflammation observed in H-CHO animals when compared with 
the L-CHO group. We also observed that adipose cholesterol 
was decreased in the L-CHO group. 

Finally, another factor contributing to the cholesterol decrease 
seen in adipose tissue of the L-CHO group is that guinea pigs 
were probably in a state of ketosis due to the very minimum 
levels of CHO (10% of energy) in their diet. Thus,it is possible 
that a greater portion of acetyl-CoA derived from fat oxidation 
was diverted to formation of ketone bodies as opposed to 
cytoplasmic cholesterol synthesis [34]. 

The results of this study confirm that excessive dietary choles-
terol induces cholesterol accumulation in adipose tissue, 
promotes adipose tissue inflammation, and increases macrop-
hage recruitment. We also observed that HC increases esterified 
cholesterol in aorta, which is a known marker for atherosclerotic 
lesion formation. In addition, we found that L-CHO diets are 
more effective than H-CHO diets in attenuating these detrimental 
effects, which confirms beneficial effects reported for humans 
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(Reviewed in 18). This study provides insight into the role of 
tissue cholesterol accumulation in triggering diseases such as 
type 2 diabetes and CHD, generated through chronic low grade 
systemic inflammation. In addition, this study helps to clarify 
the effect of macrophage infiltration in adipose tissue on 
systemic low grade inflammation. Given these findings, L-CHO 
diets may be a therapeutic option against vascular and adipose 
tissue dysfunction accompanied by systemic low grade 
inflammation. 

REFERENCE

1. Subramanian S, Chait A. The effect of dietary cholesterol on 
macrophage accumulation in adipose tissue: implications for systemic 
inflammation and atherosclerosis. Curr Opin Lipidol 2009;20:39-44.

2. Subramanian S, Han CY, Chiba T, McMillen TS, Wang SA, Haw A 
3rd, Kirk EA, O'Brien KD, Chait A. Dietary cholesterol worsens 
adipose tissue macrophage accumulation and atherosclerosis in 
obese LDL receptor-deficient mice. Arterioscler Thromb Vasc Biol 
2008;28:685-91.

3. McGillicuddy FC, Reilly MP, Rader DJ. Adipose modulation of 
high-density lipoprotein cholesterol: implications for obesity, high- 
density lipoprotein metabolism, and cardiovascular disease. Circula-
tion 2011;124:1602-5.

4. Krause BR, Hartman AD. Adipose tissue and cholesterol metabolism. 
J Lipid Res 1984;25:97-110.

5. Marí M, Caballero F, Colell A, Morales A, Caballeria J, Fernandez 
A, Enrich C, Fernandez-Checa JC, García-Ruiz C. Mitochondrial free 
cholesterol loading sensitizes to TNF- and Fas-mediated steatohe-
patitis. Cell Metab 2006;4:185-98.

6. Schwabe RF, Maher JJ. Lipids in liver disease: looking beyond 
steatosis. Gastroenterology 2012;142:8-11.

7. Hotamisligil GS. Inflammation and metabolic disorders. Nature 
2006;444:860-7.

8. Li H, Li H, Guo H, Liu F. Cholesterol suppresses adipocytic 
differentiation of mouse adipose-derived stromal cells via PPARga-
mma2 signaling. Steroids 2013;78:454-61.

9. Boling CL, Westman EC, Yancy WS Jr. Carbohydrate-restricted diets 
for obesity and related diseases: an update. Curr Atheroscler Rep 
2009;11:462-9.

10. Leite JO, DeOgburn R, Ratliff J, Su R, Smyth JA, Volek JS, McGrane 
MM, Dardik A, Fernandez ML. Low-carbohydrate diets reduce lipid 
accumulation and arterial inflammation in guinea pigs fed a 
high-cholesterol diet. Atherosclerosis 2010;209:442-8.

11. Sharman MJ, Fernandez ML, Zern TL, Torres-Gonzalez M, Kraemer 
WJ, Volek JS. Replacing dietary carbohydrate with protein and fat 
decreases the concentrations of small LDL and the inflammatory 
response induced by atherogenic diets in the guinea pig. J Nutr 
Biochem 2008;19:732-8.

12. Torres-Gonzalez M, Volek JS, Leite JO, Fraser H, Luz Fernandez M. 
Carbohydrate restriction reduces lipids and inflammation and 
prevents atherosclerosis in Guinea pigs. J Atheroscler Thromb 
2008;15:235-43.

13. Wylie-Rosett J, Davis NJ. Low-carbohydrate diets: an update on 
current research. Curr Diab Rep 2009;9:396-404.

14. Kim JE, Clark RM, Park Y, Lee J, Fernandez ML. Lutein decreases 
oxidative stress and inflammation in liver and eyes of guinea pigs 
fed a hypercholesterolemic diet. Nutr Res Pract 2012;6:113-9.

15. Carr TP, Andresen CJ, Rudel LL. Enzymatic determination of 
triglyceride, free cholesterol, and total cholesterol in tissue lipid 
extracts. Clin Biochem 1993;26:39-42.

16. Kim JE, Leite JO, DeOgburn R, Smyth JA, Clark RM, Fernandez ML. 
A lutein-enriched diet prevents cholesterol accumulation and 
decreases oxidized LDL and inflammatory cytokines in the aorta 
of guinea pigs. J Nutr 2011;141:1458-63.

17. Torres-Gonzalez M, Shrestha S, Sharman M, Freake HC, Volek JS, 
Fernandez ML. Carbohydrate restriction alters hepatic cholesterol 
metabolism in guinea pigs fed a hypercholesterolemic diet. J Nutr 
2007;137:2219-23.

18. Volek JS, Fernandez ML, Feinman RD, Phinney SD. Dietary 
carbohydrate restriction induces a unique metabolic state positively 
affecting atherogenic dyslipidemia, fatty acid partitioning, and 
metabolic syndrome. Prog Lipid Res 2008;47:307-18.

19. Račková L. Cholesterol load of microglia: contribution of membrane 
architecture changes to neurotoxic power? Arch Biochem Biophys 
2013;537:91-103.

20. Terrand J, Bruban V, Zhou L, Gong W, El Asmar Z, May P, Zurhove 
K, Haffner P, Philippe C, Woldt E, Matz RL, Gracia C, Metzger D, 
Auwerx J, Herz J, Boucher P. LRP1 controls intracellular cholesterol 
storage and fatty acid synthesis through modulation of Wnt 
signaling. J Biol Chem 2009;284:381-8.

21. Hofmann SM, Zhou L, Perez-Tilve D, Greer T, Grant E, Wancata L, 
Thomas A, Pfluger PT, Basford JE, Gilham D, Herz J, Tschöp MH, 
Hui DY. Adipocyte LDL receptor-related protein-1 expression 
modulates postprandial lipid transport and glucose homeostasis in 
mice. J Clin Invest 2007;117:3271-82.

22. Shimano H, Horton JD, Hammer RE, Shimomura I, Brown MS, 
Goldstein JL. Overproduction of cholesterol and fatty acids causes 
massive liver enlargement in transgenic mice expressing truncated 
SREBP-1a. J Clin Invest 1996;98:1575-84.

23. Lowell BB. PPARgamma: an essential regulator of adipogenesis and 
modulator of fat cell function. Cell 1999;99:239-42.

24. Tontonoz P, Hu E, Spiegelman BM. Stimulation of adipogenesis in 
fibroblasts by PPAR gamma 2, a lipid-activated transcription factor. 
Cell 1994;79:1147-56.

25. Shimomura I, Bashmakov Y, Shimano H, Horton JD, Goldstein JL, 
Brown MS. Cholesterol feeding reduces nuclear forms of sterol 
regulatory element binding proteins in hamster liver. Proc Natl Acad 
Sci U S A 1997;94:12354-9.

26. Cucuianu M, Coca M, Hâncu N. Reverse cholesterol transport and 
atherosclerosis. A mini review. Rom J Intern Med 2007;45:17-27.

27. Zhang Y, McGillicuddy FC, Hinkle CC, O'Neill S, Glick JM, Rothblat 
GH, Reilly MP. Adipocyte modulation of high-density lipoprotein 
cholesterol. Circulation 2010;121:1347-55.

28. Chung S, Sawyer JK, Gebre AK, Maeda N, Parks JS. Adipose tissue 
ATP binding cassette transporter A1 contributes to high-density 
lipoprotein biogenesis in vivo. Circulation 2011;124:1663-72.

29. Aronson D, Rayfield EJ. How hyperglycemia promotes atheros-
clerosis: molecular mechanisms. Cardiovasc Diabetol 2002;1:1.

30. Bucala R, Makita Z, Koschinsky T, Cerami A, Vlassara H. Lipid 
advanced glycosylation: pathway for lipid oxidation in vivo. Proc 
Natl Acad Sci U S A 1993;90:6434-8.

31. Bucala R, Makita Z, Vega G, Grundy S, Koschinsky T, Cerami A, 
Vlassara H. Modification of low density lipoprotein by advanced 
glycation end products contributes to the dyslipidemia of diabetes 
and renal insufficiency. Proc Natl Acad Sci U S A 1994;91:9441-5.



David Aguilar et al. 631

32. Brownlee M, Cerami A, Vlassara H. Advanced glycosylation end 
products in tissue and the biochemical basis of diabetic compli-
cations. N Engl J Med 1988;318:1315-21.

33. Baranowski M. Biological role of liver X receptors. J Physiol 
Pharmacol 2008;59 Suppl 7:31-55.

34. Leite JO, DeOgburn R, Ratliff JC, Su R, Volek JS, McGrane MM, Dardik 
A, Fernandez ML. Low-carbohydrate diet disrupts the association 
between insulin resistance and weight gain. Metabolism 2009;58: 
1116-22.




