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ABSTRACT

Dietary SFA and cholesterol are major targets for reducing plasma total and LDL cholesterol as a strategy to decrease cardiovascular disease risk.

However, many studies show that excess adiposity attenuates the expected lipid and lipoprotein response to a plasma cholesterol–lowering diet.

Diets low in SFA and cholesterol are less effective in improving the lipid profile in obese individuals and in patients with metabolic syndrome. In

contrast, lean persons are more responsive to reductions in dietary SFA and cholesterol. Multiple mechanisms likely contribute to the altered

plasma lipid responses to dietary changes in individuals with excess adiposity. The greater rate of hepatic cholesterol synthesis in obese

individuals suppresses the expression of hepatic LDL receptors (LDLR), thereby reducing hepatic LDL uptake. Insulin resistance develops as a

result of adipose-tissue induced inflammation, causing significant changes in enzymes necessary for normal lipid metabolism. In addition, the

LDLR-mediated uptake in obesity is attenuated by alterations in neuroendocrine regulation of hormonal secretions (e.g. growth hormone,

thyroid hormone, and cortisol) as well as the unique gut microbiota, the latter of which appears to affect lipid absorption. Reducing adipose

tissue mass, especially from the abdominal region, is an effective strategy to improve the lipid response to dietary interventions by reducing

inflammation, enhancing insulin sensitivity, and improving LDLR binding. Thus, normalizing adipose tissue mass is an important goal for

maximizing the diet response to a plasma cholesterol–lowering diet. Adv. Nutr. 2: 261–274, 2011.

Introduction
Cardiovascular disease (CVD2) remains a major global
health problem. Dietary modifications that lower athero-
genic lipids and lipoproteins are effective in the prevention
and treatment of CVD. Because of individual variability in
the plasma lipid response to changes in dietary SFA and cho-
lesterol, there is keen interest in unraveling the underlying
biological mechanisms that account for these differences.
Obesity, type II diabetes, and metabolic syndrome (MetS)
increase CVD risk. In fact, MetS increases the risk of

developing CVD byw2-fold (1). MetS typically is character-
ized by any 3 of the following 5 risk factors: increased waist
circumference (>102 cm for men, >88 cm for women), el-
evated TG ($1.69 mmol/L), decreased HDL cholesterol
(HDL-C) (<1.03mmol/L formen, < 1.29mmol/L for women),
elevated blood pressure ($130/$85 mm Hg), and glucose
($6.10 mmol/L) (1). Obesity (BMI > 30 kg/m2), which pre-
sents with dyslipidemia and elevated cholesterol levels (2,3),
plays a major role in the development of MetS, which in-
creases the risk of type II diabetes (4). In most developed
countries, the prevalence of MetS is between 20 and 30%
of the adult population and likely will follow a parallel in-
crease with the projected future rise in obesity (5). Because
of the exploding obesity epidemic, research efforts have es-
calated to better understand all aspects of the pathophysiol-
ogy, including how obesity affects lipid and lipoprotein
metabolism.

Numerous factors affect variability in lipid response to
diet. Genetics plays a role in the lipid response to dietary
fat and cholesterol (6,7). A strong environmental factor that
affects diet response is obesity. Excess adiposity appreciably
affects lipid metabolism and inflammation. Release of
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proinflammatory markers by adipocytes (adipokines) leads
to insulin resistance (8,9). There is a significant link between
obesity and insulin resistance, a predominant characteristic
of MetS. Greater cholesterol synthesis and lower cholesterol
absorption can arise as a consequence of insulin resistance,
often causing a diminished plasma lipid response to diet
(10). Dietary interventions are effective for improving the
lipid and lipoprotein profile. Replacing SFA with MUFA,
PUFA, and/or carbohydrate (CHO) reduces LDL cholesterol
(LDL-C) (11,12). A mechanism by which replacing SFAwith
PUFA lowers LDL-C is via an increase in LDL receptor
(LDLR)-mediated uptake of LDL-C from circulation (13,14).
LDLR-mediated uptake, however, is impaired by obesity.
Consequently, obese individuals are less responsive to die-
tary interventions aimed at improving the lipid/lipoprotein
profile. A greater understanding of the factors that diminish
lipid uptake in obese individuals likely will increase our un-
derstanding of why they have a blunted lipid response to di-
etary interventions.

The purpose of this review is to summarize the evidence
and discuss the possible mechanisms that contribute to the
blunted lipid response to dietary change that is associated
with obesity. This review will discuss the effects of dietary
SFA and cholesterol on changes in plasma lipids and lipo-
proteins and the effect of adiposity on these responses.

Current state of knowledge
Obesity causes a blunted lipid response to dietary
SFA and cholesterol
A number of clinical studies have reported an inverse rela-
tionship between BMI and the lipid response to dietary
SFA and cholesterol (Table 1) (9,15–25). The lipid and lip-
oprotein response is greater in lean individuals compared
to obese. Early intervention studies assessed lipid response
to SFA and cholesterol by the removal or addition of eggs
in the diet (18,22,23). Bronsgeest-Schoute et al. (18) recruited
participants who typically consumed at least 1 egg/d; for
3 wk they were not allowed to consume any egg products.
The experimental diet contained ~264 mg/d cholesterol,
which was less than the 742 mg/d cholesterol prior to egg re-
moval. A small but significant decrease in total cholesterol
(TC) was reported (20.16 6 0.40 mmol/L; P < 0.05) with
an inverse correlation (r = 20.321; P < 0.05) between
BMI and the reduction in TC. When participants were clas-
sified on the basis of BMI, only those who were not obese
had a reduction in TC (20.23 6 0.43 mmol/L; P < 0.01).
Katan and Beynen (23) reported a similar response when
participants consumed egg yolks after a low-cholesterol diet.
The TC response was inversely related to BMI (r = 20.50;
P < 0.01), habitual cholesterol consumption (r = 20.62;
P < 0.01), and rate of cholesterol synthesis (r = 20.40; P <
0.05). Therefore, participants with a lower body weight,
lower cholesterol consumption, and low absolute choles-
terol synthesis rate demonstrated the greatest response to
dietary cholesterol.

Dietary fat modifications designed to improve lipid and
lipoprotein levels also appear to be less effective in obese

individuals (15,16,19,24,26). Many clinical studies have re-
ported a TC- and LDL-C–lowering effect of diets low in
SFA and cholesterol and high in unsaturated fat provided
by a variety of nuts. Based on these studies, an intake of
1–2 oz/d (w28–57 g/d) of nuts was reported to reduce
LDL-C by 2–19% (27,28). However, a recent pooled analysis
of intervention studies found that the lipid-lowering effects
of nut consumption were greatest among participants with
low BMI (26). In agreement with this analysis, Mukud-
dem-Petersen et al. (29) reported no lipid/lipoprotein effects
of a weight maintenance diet that contained either walnuts
or cashews in obese individuals. This indicates that the ben-
efits of nut consumption are less when body weight is
elevated.

Cole et al. (15) evaluated the effects of a low-fat, low-
cholesterol diet in accordance with recommendations of
the AHA Phase 3 diet (15% protein, 65% CHO, <20% fat,
<200 mg cholesterol, and PUFA:SFA ratio > 1) on the lipid
profile of moderately hypercholesterolemic premenopausal
women. After 5 mo, the low-fat diet reduced TC and LDL-C
from baseline by w7 and 11%, respectively (P < 0.05). TG
levels increased by 20–30% over the first month and re-
mained increased for the entire 5 mo period, whereas
HDL-C levels decreased by 12% after 2 mo and 5% after
5 mo (P < 0.05). When individuals were classified according
to BMI, the TC, LDL-C, and HDL-C levels decreased in the
lean group (BMI < 24 kg/m2), whereas in the obese group
(BMI > 30 kg/m2) the decrease in LDL-C was slightly less
(w10 vs. 12% in the lean group). Although obese women
had an attenuated cholesterol-lowering response, BMI was
correlated with change in VLDL-C (r = 0.596; P = 0.007)
and TG levels (r = 0.535; P = 0.018) following the dietary in-
tervention, demonstrating that obese women had a greater
TG-raising response to a low-fat, low-cholesterol diet com-
pared to lean women. Thus, not all individuals respond sim-
ilarly to particular diet interventions; rather, it may be more
appropriate to make diet recommendations on a person-
to-person basis to account for individual variability and
obesity-related complications. A crossover study by Hannah
et al. (16) reported similar results using a low-fat diet with
different proportions of SFA, MUFA, and PUFA. Baseline
BMI and cholesterol levels were similar among men and
women with moderately elevated cholesterol levels (LDL-C,
3.37–4.91 mmol/L); however, in women there was a rela-
tionship between BMI and the LDL-C–lowering effect (r =
20.35; P < 0.01) but not for men (r = 20.03; P = 0.50).
A plausible explanation may be the greater amount of
body fat (30.7 6 8.1% vs. 21.5 6 7.7%, respectively) and
the distribution of central fat in women compared to men
(16). Because a larger percentage of women are obese com-
pared to men (35.5 vs. 32.2%, respectively), they may be
more predisposed for altered lipid metabolism (30).

Denke et al. (19) conducted a 2-period crossover trial to
determine if individual differences in lipid response were a
familial trait. Families followed two 5-wk dietary periods,
one with margarine (cholesterol-lowering diet) and the
other with butter (cholesterol-raising diet), and received
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an individualized diet prescription for portion sizes and fre-
quency of consumption of study foods. LDL-C was lower in
the margarine group in adults (20.41 mmol/L; P < 0.001)
and children (20.29 mmol/L; P < 0.001) compared to but-
ter. Dietary responsiveness was determined by the LDL-C
levels on the margarine diet minus the LDL-C levels on
the butter diet. Although obese participants had higher base-
line LDL-C levels, they had less of a LDL-C–lowering re-
sponse compared to those with a BMI < 21 kg/m2 (20.23 6
0.44 vs. 20.34 6 0.44 mmol/L, respectively). Predictive
models demonstrated that for every 1-kg/m2 increase in
BMI, LDL-C increased by 0.02 6 0.006 mmol/L in children
(P = 0.008) and in adults (P = 0.01). Therefore, the body
weight of both children and adults predicted their lipid
response to the test diets. Mixed linear models used to es-
timate the variance explained by family membership (shared
genes and environment) indicated that family membership
accounted for 19% of the variance in percent LDL-C change
(P = 0.007) when adults and children were included in the
same model. When considered separately, family member-
ship explained 40% of the variability in percent LDL-C
change (P = 0.002). This demonstrates that responsiveness
to a cholesterol-lowering diet is a shared trait among fami-
lies; whether these traits are habitual or heritable requires
further study (19). However, it is clear that body weight
may be a predictor of dietary responsiveness.

Inflammation decreases benefits of
diet interventions
Inflammation, a common complication of obesity, affects
the lipid response to dietary modifications (20,31,32). Ele-
vated acute-phase C-reactive protein (CRP), a sensitive
marker of systemic inflammation, is associated with higher
BMI (33). Erlinger et al. (31) conducted an ancillary study
to the Dietary Approaches to Stop Hypertension (DASH)
trial to test whether CRP levels influence the cholesterol-
lowering effects of a low-fat/low-cholesterol diet. Partici-
pants (the majority were overweight or obese African Amer-
ican women) with elevated blood pressure (systolic, 120–159
mm Hg and diastolic, 80–95 mm Hg) and relatively normal
lipid levels (TC < 6.73 mmol/L) were randomly assigned to
either the control (37% fat: 16% SFA, 13% MUFA, 8%
PUFA) or DASH diet (27% fat: 6% SFA, 13% MUFA, 8%
PUFA) for 12 wk. Individuals were divided into 2 groups
based on CRP levels. Participants with baseline CRP levels
below the median (<2.37 mg/L) significantly reduced TC
by 9.8% (P < 0.0001) and LDL-C by 11.8% (P < 0.0001) fol-
lowing the DASH diet; however, participants with elevated
CRP levels (>2.37 mg/L) experienced small, nonsignificant
reductions in TC and LDL-C (3%; P $ 0.10). The DASH
diet had no significant effect on TG in participants with
low baseline CRP, whereas participants with high baseline
CRP levels reported a significant increase in TG following
the DASH diet (19.8%; P < 0.0001). This study demon-
strates that higher CRP levels independent of weight status
increased TG, with no significant improvements in TC

and LDL-C, suggesting that inflammation attenuates the
benefits of a healthy dietary intervention.

Similarly, Hilpert et al. (32) reported that individuals
with high CRP levels were less responsive to a low-SFA,
high-fiber diet with or without soy. Moderately hypercholes-
terolemic participants (TC > 5.27 mmol/L, LDL-C > 50th
percentile, and TG < 90th percentile) were randomly as-
signed to a Step I diet with 25 g/d of soy protein or 25 g/d
of milk protein for 6 wk in a crossover design. Only partic-
ipants with low CRP (<3.5 mg/L) had decreases LDL-C
(23.5%; P < 0.01) and the LDL-C:HDL-C ratio (24.8%;
P < 0.01) compared to the run-in diet, independent of soy
or milk consumption (P < 0.01). In contrast, participants
with high CRP (>3.5 mg/L) had an increase in LDL-C
(4.8%; P < 0.01) and the LDL-C:HDL-C ratio (5.2%; P <
0.01). The authors concluded that whereas consumption
of a Step I diet would be beneficial for individuals with
CRP levels < 3.5 mg/L, it also may not be effective for indi-
viduals with elevated CRP levels (32). Therefore, increased
inflammation as evident by elevated CRP appears to blunt
and quite possibly aggravate the lipid response to dietary
modifications.

Insulin resistance diminishes lipid response
independent of body weight
Adiposity-associated inflammation is closely linked to the
development of insulin resistance (34). Clinical studies
have demonstrated an association between insulin resistance
and decreased lipid response to dietary SFA and cholesterol
(Table 1) (9,20,35). Knopp et al. (20) evaluated the lipid re-
sponse, particularly LDL-C change, to various amounts of
egg yolks in a double-blind crossover study. Participants
were randomized to insulin-sensitive, insulin-resistant, or
obese insulin-resistant (BMI $ 27.5 kg/m2) groups and in-
structed to consume 0, 2, or 4 eggs/d or an equivalent egg
substitute during three 1-mo intervention periods. The con-
sumption of 4 eggs/d increased LDL-C from baseline in
insulin-sensitive (7.8%; P < 0.001) and insulin-resistant par-
ticipants (3.3%; P < 0.05) but not in obese insulin-resistant
participants (2.4%; P > 0.05). A similar trend was reported
for HDL-C changes; 4 eggs/d increased HDL-C from base-
line in insulin-sensitive (8.8%; P < 0.001), insulin-resistant
(5.2%; P < 0.001), and obese insulin-resistant participants
(3.6%; P < 0.01). This study demonstrates that obese indi-
viduals are less responsive to dietary SFA and cholesterol
but also that insulin resistance decreases the lipid response,
independent of body weight.

Lefevre et al. (9) conducted a double-blind, crossover
study to examine the effect of adiposity and insulin resis-
tance on the lipid response to traditional Step I and Step
II diets. In a randomized, crossover study, healthy male par-
ticipants were fed 3 diets that varied in fat content for 6 wk
each: an average American diet (AAD) consisting of 38% of
energy as fat (14% SFA), Step I Diet (30% fat, 9% SFA), and
the Step II diet (25% fat, 6% SFA). The Step I and Step II
diets lowered LDL-C by 6.8 and 11.7% (P < 0.05) compared
to the AAD; however, they also lowered HDL-C by 7.5 and
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11.2% (P < 0.05) and increased TG by 14.3 and 16.2%, re-
spectively (P < 0.05). BMI was correlated with the change in
LDL-C when comparing the changes from the AAD to the
Step II diet (r = 0.22; P = 0.04). Similarly, fasting insulin
levels and the change in LDL-C were correlated (r = 0.26;
P = 0.01). This demonstrates that elevated BMI and insulin
levels decrease the lipid response to a lower fat diet that is
low in SFA. The authors concluded that insulin resistance
and elevated insulin levels, along with increased adiposity,
diminish LDL-C reduction, increase TG levels, and ulti-
mately increase the TC:HDL-C ratio in response to reduc-
tions in fat, SFA, and cholesterol (9).

Weight reduction improves insulin sensitivity and
LDL uptake
Weight reduction is a standard intervention for obese and/or
insulin-resistant individuals. By decreasing adiposity, obese
individuals can lower inflammation and improve insulin
sensitivity. Losing weight would be expected to contribute
to a normalization of lipid metabolism. Numerous studies
have reported beneficial effects of weight reduction on the
postprandial lipid response in overweight individuals (36–
39). However, obese and insulin-resistant participants may
require more aggressive dietary interventions to alter the
lipid response, specifically, a greater weight reduction. An
improvement in lipid absorption would be expected follow-
ing weight loss and/or an improvement in insulin sensitivity.
Simonen et al. (38) evaluated cholesterol and lipoprotein
metabolism in obese type II diabetics following weight re-
duction and whether changes could be maintained during
a prolonged follow-up period. Participants were randomized
to either a very low-energy diet or a low-energy diet for 3 mo
followed by a 21-mo weight maintenance period (energy
balance was zero) individually tailored by a registered dieti-
tian. After 2 y, body weight decreased by 6.0 6 1.0 kg (P <
0.01) with a 6% reduction in BMI (P < 0.05). Cholesterol
absorption efficiency increased by 28% (P < 0.05) and the
proportion of plant sterols in serum increased by 20–31%
(P < 0.05), although cholesterol synthesis (the difference be-
tween fecal steroids of cholesterol origin and dietary choles-
terol) did not significantly change. Also, the TG content of
serum, VLDL, LDL, and HDL was reduced by 13–24%
(P < 0.05) and blood glucose was reduced by 14% (P <
0.05), with a nonsignificant decrease in serum insulin.
Therefore, the authors concluded that weight reduction
tended to normalize cholesterol metabolism in addition to
improving glucose metabolism, demonstrating that insulin
resistance and cholesterol absorption efficiency are interre-
lated (38). These results suggest that weight reduction im-
proves insulin sensitivity and LDLR binding, which would
be expected to enhance the lipid response to dietary changes
by increasing clearance of remnant-like particles (RLP).

James et al. (37) demonstrated that a weight loss of 10 kg
in obese, insulin-resistant males improved insulin sensitivity
as assessed by a lower homeostatic model assessment
(HOMA) score. The HOMA score is the product of fasting
insulin and fasting glucose divided by 22.50 (40). It typically

is used to estimate an individual’s state of insulin resistance
and b-cell function. BMI and HOMA score were positively
correlated (r = 0.567; P < 0.01), signifying the association
between obesity and insulin resistance. The 10-kg weight
loss also increased LDLR binding by 27.5% (P < 0.05). Al-
though no significant change in cholesterol synthesis was re-
ported, weight loss was correlated with decreases in TC and
LDL-C (r = 0.635, P < 0.05; r = 0.738, P < 0.01). In addition,
no change in postprandial TG response was observed fol-
lowing weight loss. The authors concluded that a greater
change in LDLR binding would be required to alter chylomi-
cron metabolism and in effect improve clearance of hepatic
lipoproteins (37). Similarly, a greater improvement in insu-
lin sensitivity may be necessary to significantly reduce cho-
lesterol synthesis (37). Volek et al. (39) found that obese
women who lost a modest amount of weight on either a
low-CHO diet (22.96 6 1.45 kg) or a low-fat diet (21.06
6 2.07 kg) significantly improved the AUC for TG following
a fat-rich meal (229 and 225%, respectively). Insulin sen-
sitivity only improved after the low-CHO diet; however,
fasting insulin levels in both diets were lower than the
post-weight loss amount reported by James et al. (37.4 6
16.1 pmol/L for low CHO and 50.5 6 33.9 pmol/L for
low fat vs. 56.25 6 6.94 pmol/L). This may explain why
Volek et al. (39) observed an improved postprandial lipid
response following small weight reductions regardless of
whether the participant was following a low-CHO or low-
fat diet.

Dallongeville et al. (36) conducted a similar intervention
study to assess the lipid response to a high-fat or high-CHO
meal before and after weight loss. Obese women followed an
energy-restricted diet (800 kcal/d) for 7 wk and reduced
their body weight by ~10% (P < 0.0001) with a concomitant
decrease in TG (P = 0.0102), TC (P < 0.0001), LDL-C (P =
0.0003), and HDL-C (P = 0.0009). Postprandial reduction in
the AUC for insulin was correlated with BMI (r = 0.50; P =
0.045). Weight loss was associated with lower postprandial
TG (P < 0.0003), TC (P < 0.0001), and HDL-C (P <
0.002) following both high-fat and high-CHO meals. Even
after adjusting for baseline values, postprandial TG re-
mained significantly lower after both meals, suggesting
that weight loss can improve the postprandial TG response
beyond simply decreasing baseline lipid levels (36). It can
be assumed that weight loss enhances insulin sensitivity in
part by decreasing adipose tissue-induced inflammation.
RLP-cholesterol concentrations were lower after the test
meals, but the response did not differ from the pre-weight
loss values. Therefore, a 10% reduction in body weight
was insufficient to improve the RLP-cholesterol clearance
following a high-fat or high-CHO meal (36). Considering
the participants were still obese following weight reduction
(BMI, 33.5 6 4.6 kg/m2), additional weight loss would be
expected to further improve insulin sensitivity and poten-
tially augment RLP-cholesterol and chylomicron clearance.

Considering that adipocyte function seems to differ de-
pending on the anatomical location of the tissue depot, mea-
suring the distribution of adipose tissue may help predict
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how an obese individual will respond to weight loss and/or
dietary interventions Abdominal adiposity is strongly asso-
ciated with insulin resistance, hence the use of waist circum-
ference to help identify MetS, because abdominal obesity is
highly correlated with metabolic risk factors (41). Collec-
tively, abdominal adiposity appears to be positively associ-
ated with an abnormal postprandial lipid response (35,42).
Thus, a reduction in adipose tissue from the abdominal re-
gion would be expected to result in greater lipid responsive-
ness to dietary modifications. Any decrease in body fat,
especially adipose tissue from the abdominal region, likely
would enhance insulin sensitivity and lead to considerable
improvements in the postprandial lipid response to dietary
SFA and cholesterol.

Potential mechanisms altering lipid metabolism
Cholesterol synthesis impairs LDL uptake. Dietary choles-
terol enters the pool of cholesterol that is transported to the
liver, where it can suppress synthesis of LDLR, causing an in-
crease in the conversion of VLDL remnants to LDL and a de-
crease in cholesterol clearance from the plasma, thereby
increasing LDL-C levels (43). Regulation of this by the sterol
regulatory element binding protein (SREBP) was first intro-
duced by Brown and Goldstein (44). SREBP regulate tran-
scription of several genes involved in the metabolism and
absorption of cholesterol and lipids, determining LDLR ac-
tivity based on the cholesterol needs of the membranes.
When cellular cholesterol levels are low, SREBP are cleaved
and translocated to the nucleus to activate transcription of
the LDLR gene as well as genes encoding for HMG-CoA re-
ductase, the rate-limiting enzyme in cholesterol synthesis.
This causes an increase in cholesterol uptake and synthesis
to meet membrane cholesterol requirements. In contrast,
influx of dietary cholesterol suppresses synthesis of LDLR
by preventing SREBP cleavage, reducing cholesterol uptake
by the cells, in addition to suppressing cholesterol synthesis
by inhibiting enzymes responsible for cholesterol produc-
tion, specifically HMG-CoA reductase. However, higher
rates of cholesterol synthesis in obese individuals generate
increased amounts of circulating cholesterol, suppressing
synthesis of LDLR and increasing LDL-C levels as a result
of decreased clearance (23,45). Thus, due to the large
amount of cholesterol already present from greater choles-
terol synthesis, the increased dietary cholesterol would
have little to no effect on the already suppressed LDLR. In-
creased hepatic cholesterol also generates oxysterols, the ox-
ygenated derivatives of cholesterol. Oxysterols are important
intermediates or end products in cholesterol excretion as
well as modulators of other biological processes. The addi-
tion of oxygen to cholesterol decreases the half-life and pro-
motes the degradation and excretion of oxysterols, which
traverse lipophilic membranes and the blood-brain barrier
much faster than cholesterol (46). Furthermore, oxysterols
act as ligands for liver X receptors (LXR) to stimulate reverse
cholesterol transport (RCT) and bile acid synthesis in order
to prevent cholesterol overload in the cell (47). Bile acids are
synthesized from cholesterol in the liver and secreted into

the intestine to facilitate lipid absorption where they are re-
absorbed and transported back to the liver. Activating cho-
lesterol 7a hydroxylase (CYP7A1), the rate-limiting enzyme
of bile acid synthesis, increases the conversion of cholesterol
to bile acids and stimulates biliary cholesterol excretion.
However, regulation of CYP7A1 is species specific. In
rodents, LXR activation induces CYP7A1, yet in humans
LXR activation has little effect and may actually repress
CYP7A1 (48). This could explain in part human susceptibil-
ity to diet-induced hypercholesterolemia. However, LXR in-
hibition of CYP7A1 may actually be a physiologic adaptation
to limit bile acid formation and emulsification of dietary
lipids, thereby reducing intestinal cholesterol absorption
(48). Rudel et al. (49) demonstrated that monkeys fed a
high-fat, high-cholesterol diet lowered CYP7A1 mRNA
levels, decreased bile acid production, and reduced intestinal
cholesterol absorption. Therefore, increased dietary and en-
dogenous cholesterol associated with obesity may lower
intestinal cholesterol absorption by inhibiting bile acid syn-
thesis and excretion via LXR activation. Clinical studies are
needed though to determine the effects of high-fat and high-
cholesterol diets on cholesterol absorption and regulation of
bile acid pool size. In addition, LXR activation also stimu-
lates lipogenesis by inducing SREBP-1c transcription, which
can lead to hypertriglyceridemia (50). Therefore, further ev-
idence is necessary to understand the various effects of LXR
activation in obese individuals.

Adipose tissue–induced inflammation. Excess adipose tis-
sue results in inflammation that leads to insulin resistance
(Fig. 1). The increase in adipocyte size and ensuing expan-
sion of adipose tissue mass increases FFA release into the cir-
culation and decreases oxygen delivery to the cells (8). This
leads to an increase in cellular stress, adipocyte death, and
expression of inflammatory genes, enhancing the activation
of the proinflammatory c-Jun N-terminal kinase 1 (JNK1)
and inhibitor of kappaB kinase (IKK)/NF-kB pathways
(51,52). Macrophages accumulate in the adipose tissue
and remodel the tissue (8). Additional proinflammatory
cytokines (TNFa and IL-6) and chemokines are released,
which can initiate the JNK1 and IKK/NF-kB pathways in
nearby adipocytes, causing further macrophage recruitment
to local sites of injury, or circulate to the liver and initiate a
similar process. Adipocytes also secrete a variety of adipo-
kines, many of which affect insulin sensitivity. For instance,
leptin and adiponectin have been shown to promote insulin
sensitivity, whereas resistin and retinol-binding protein 4 in-
terfere with insulin action and diminish insulin sensitivity
(8,53,54). Shi et al. (55) observed that adipose tissue and
macrophages exposed to fatty acids also can trigger the re-
lease of proinflammatory cytokines through Toll-like recep-
tors (TLR), specifically TLR4. Specific nod-like receptors
also are important for upregulating transcription of proin-
flammatory genes via NF-kB andMAPK by sensing intracel-
lular microbial components (56). However, Vandanmagsar
et al. (57) recently found that the nod-like receptor, pyrin
domain-containing-3 (Nlrp3) inflammasome are involved
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in the recognition of nonmicrobial “danger signals” that
cause caspase-1 activation and the secretion of proinflam-
matory cytokines, particularly IL-1b and IL-18. Expression
of Nlrp3 mRNA in abdominal subcutaneous adipose tissue
of 10 obese men with type II diabetes was examined to de-
termine the effects of a 1-y weight loss intervention ($7% of
initial body weight) through decreased caloric intake and in-
creased physical activity. Following weight loss, relative
Nlrp3 mRNA expression in adipose tissue decreased from
5.9 6 2.4 to 3.0 6 0.8 (P < 0.05), coupled with lower glyce-
mia and improved insulin sensitivity (57). The authors con-
cluded that the expression of Nlrp3 inflammasome senses
obesity-associated danger signals, thereby inducing inflam-
mation and the subsequent downstream effects on insulin
signaling (57).

Eventually, an inflammatory environment in insulin tar-
get cells, specifically adipocytes and hepatocytes, causes
localized insulin resistance due to stimulation of adipocyte
lipolysis and complications associated with the inflammatory
response, including reduced adiponectin, increased resistin,
and increased hepatic glucose production (8). Activation
of JNK1 and IKKB reduces the effects of insulin on glucose
uptake by phosphorylation of insulin receptor substrate,
thereby diminishing downstream insulin signaling (58).
The proinflammatory cytokine TNFa can contribute inde-
pendently to insulin resistance by reducing insulin receptor
expression, insulin receptor substrate and GLUT4 gene ex-
pression, adiponectin, hormone sensitive lipase, and insulin-
mediated glucose uptake (59,60). CRP is synthesized and
secreted by the liver in response to proinflammatory cyto-
kines, specifically IL-6 (33). Not surprisingly, TNFa, IL-6,
and CRP typically are elevated in insulin-resistant states
(33,61–63). Food intake can stimulate the production of
TNFa and IL-6, leading to an increase in CRP levels, but
food ingestion also can stimulate production of satiety fac-
tors (CCK and leptin) and incretins responsible for aug-
menting insulin sensitivity. PUFA are capable of binding
to PPARg, a ligand-activated transcription factor highly ex-
pressed in adipose tissue, which when activated can squelch

the NF-kB pathway and inhibit cytokine production (64). In
addition, important resolution metabolites (resolvins and
protectins) are synthesized from EPA+DHA and act as potent
antiinflammatory and immunoregulatory agents. Therefore,
the reduction in CVD risk reported when SFA is replaced
with PUFA may be due in part to inhibition of proinflam-
matory cytokine production. Insulin secretion can stimulate
the synthesis of long-chain PUFA (LCPUFA), which would
be expected to enhance insulin action and reduce oxidative
stress by suppressing the synthesis of TNFa and IL-6. How-
ever, SFA, trans-fatty acids, and hyperglycemia interfere with
LCPUFA synthesis [both (n-6) and (n-3) fatty acid path-
ways], thereby inhibiting the control of LCPUFA on
TNFa and IL-6 as well as impairing the nutrient-sensing
system responsible for enhancing insulin sensitivity (65).
LCPUFA-CoA activates neural pathways that regulate
plasma glucose levels by producing counter-regulatory re-
sponses, including brain-derived neurotrophic factor, in
the hypothalamus and the intestine to reduce food intake
and increase insulin sensitivity (65). The increase in lipid
availability is sensed by the hypothalamus, thereby regulat-
ing glucose production in response (66). Prolonged fat con-
sumption can diminish this regulatory system by increasing
the amount of circulating FFA (66,67). Sustained elevation
of FFA hinders the feedback regulation from the hypothala-
mus to the liver, pancreas, and gut (65). Skeletal muscle of-
ten develops insulin resistance as a result of enhanced fatty
acid flux from cytokine-stimulated adipocyte lipolysis
(8). In an obese individual, lipid also can accumulate in
the muscle and liver independent of adipocyte lipolysis,
initiating a proinflammatory state and the development
of insulin resistance. Inflammation has been demonstrated
to impair RCT at various steps in the pathway, conserving
cholesterol stores in the body and preventing cholesterol
flux through liver to bile and feces (68). The inhibition
of RCT likely contributes to insulin resistance and MetS,
negatively altering the lipid profile and potentially acceler-
ating the development of CVD. The assortment of con-
nections between inflammation and insulin resistance

Figure 1 Excess adipose tissue leads
to insulin resistance. Weight gain and
excess nutrition increase adipose
tissue and adipocyte size. Decreased
oxygen delivery and elevated stress
occur within the adipocytes,
resulting in cell death, initiation of
the inflammatory response, and
recruitment of macrophages to the
site of injury. Exposure to fatty acids
can initiate the inflammatory process
as well via TLR4 on adipocytes and
macrophages. Release of
proinflammatory cytokines further
activates the inflammatory process in
nearby adipocytes, resulting in

localized insulin resistance. Proinflammatory cytokines, adipokines, and fatty acids also enter systemic circulation, causing insulin
resistance in both liver and muscle.

Adiposity and the lipid response 267



continues to expand; however, a detailed description is be-
yond the focus of this review. The key point is that excess
adipose tissue and nutrient intake causes an increase in in-
flammation, which leads to the development of insulin re-
sistance and the ensuing decrease in lipid response to
changes in dietary SFA and cholesterol.

Insulin resistance promotes lipid synthesis and excretion.
Cholesterol synthesis typically is greater than cholesterol ab-
sorption in an insulin-resistant state. Postprandial hyperin-
sulinemia results in defective clearance of endogenous and
exogenous TG-rich lipoproteins (35). Insulin normally en-
hances LDLR activity, but in the presence of insulin resis-
tance, LDLR activity is blunted and LDL binding declines,
resulting in impaired receptor-mediated LDL-C removal
and decreased chylomicron remnant clearance (69). The de-
crease in LDL-C uptake leads to an increase in endogenous
cholesterol production, perhaps by the stimulation of LXRa.
Hyperinsulinemia has been shown to stimulate LXRa (70),
which is known to regulate lipogenesis and cholesterol ex-
cretion (70). However, it is possible that decreased choles-
terol absorption is secondary to increased cholesterol
synthesis. Both states are related to insulin resistance; there-
fore, concurrent changes in both cholesterol absorption and
synthesis make it difficult to determine which state is af-
fected primarily by insulin resistance. Greater cholesterol
production likely would lead to a further decline in LDLR
activity and, consequently, a resistance to reductions in
LDL-C that are associated with dietary fat and cholesterol
modifications (9).

Disruption of insulin signaling and stimulation of the
LXRa pathway increases the expression of intestinal ATP-
binding cassette (ABC) transporters, specifically ABCG5
and ABCG8 (71,72). ABCG5 and ABCG8 regulate the secre-
tion of cholesterol and sterols from intestinal enterocytes
into the intestinal lumen and from hepatocytes into the
biliary space (73). Therefore, upregulation of ABCG5 and
ABCG8 promotes biliary cholesterol secretion and decreased
cholesterol absorption, which leads to the increase in hepatic
cholesterol synthesis (74). High-cholesterol and high-fat
diets also have been shown to increase the mRNA of
ABCG5 and ABCG8 (75,76). In addition, single nucleotide
polymorphisms in the ABCG5 and ABCG8 genes can alter
cholesterol metabolism and various lipid responses
(77,78). Thus, ABCG5 and ABCG8 are important factors
to consider in regulating endogenous cholesterol homeosta-
sis. Hyperinsulinemia enhances expression of the ABCG5
and ABCG8 genes, stimulating cholesterol excretion and de-
creasing cholesterol absorption. However, proinflammatory
cytokines, IL-6 and TNFa, as well as insulin, have been
shown to inhibit CYP7A1 gene transcription, thereby de-
creasing bile acid synthesis as an adaptive response to protect
hepatocytes from injury (79,80). Evidence suggests that
these cell-signaling pathways crosstalk to regulate bile acid
synthesis to maintain hepatic bile acid homeostasis (80).
Bile acid sequestrants, common drugs used to treat hyper-
cholesterolemia, work by binding to bile acids in the intestine

and preventing them from being reabsorbed into the circu-
lation. This decrease in bile acids stimulates CYP7A1 to syn-
thesize more bile acids from cholesterol, resulting in lower
plasma cholesterol levels.

In contrast, Niemann-Pick C1 Like 1 (NPC1L1) protein
regulates cholesterol influx into intestinal enterocytes (81).
NPC1L1 is expressed in the liver as well, although its func-
tions there are less well understood. Variations in the
NPC1L1 gene can affect lipid responses to dietary modifica-
tions (77,82). Diets high in cholesterol downregulate the ex-
pression of NPC1L1 and reduce cholesterol absorption (83).
This is consistent with the SREBP pathway. Recent evidence
suggests that NPC1L1 may affect transcription factors re-
sponsible for regulating insulin sensitivity and lipid metab-
olism (84). Several studies have shown that inhibition of
NPC1L1 in rats significantly reduces cholesterol uptake,
lowers weight gain, and decreases insulin resistance (85–
87). Although lower lipid levels have been associated with
NPC1L1 inhibition in humans, the effects on insulin sensi-
tivity have yet to be elucidated. It certainly is possible though
that increased adiposity and insulin resistance alters lipid
metabolism by decreasing NPC1L1 gene expression. The
cholesterol-lowering drug Zetia (Merck and Schering-
Plough) (ezetimibe) works by inhibiting NPC1L1, thereby
decreasing intestinal cholesterol absorption and possibly di-
etary fat as well (85). Adipose tissue lipoprotein lipase (LPL)
also can become resistant to the effects of insulin, thereby
amplifying postprandial hypertriglyceridemia through de-
creased TG clearance (88). Elevated VLDL due to dimin-
ished LPL activity would decrease HDL-C through the
action of cholesterol ester transfer protein (CETP). CETP
regulates the transport of cholesterol esters from HDL and
LDL to VLDL in exchange for TG; when VLDL concentra-
tions are high, as often is the case with insulin resistance,
HDL and LDL molecules become TG rich (Fig. 2). Hepatic
lipase hydrolyzes the TG and phospholipids of HDL and
LDL, resulting in smaller lipid-depleted particles. Due to
the very small size, surface apoA-1 of the HDL particle
can be filtered and degraded in the kidney, leading to a re-
duction in HDL-C. Small LDL particles, too large for renal
clearance, have a lower affinity for LDLR and longer half-
life compared to large LDL particles; thus, they remain in
circulation for a longer duration (89,90). Evidence suggests
that small LDL particles are more susceptible to oxidative
stress, can more effectively penetrate the arterial wall, and
have increased binding to arterial proteoglycans (89,90).
Therefore, decreased HDL-C in combination with increased
small LDL particles associated with the decline in LPL activ-
ity could potentially alter normal lipid metabolism and sig-
nificantly augment CVD risk. These lipoprotein changes in
addition to increased cholesterol synthesis and decreased
cholesterol absorption all relate to insulin resistance initiated
by adipose tissue-induced inflammation.

Neuroendocrine regulation of lipid uptake
Lipid metabolism also is regulated by the neuroendocrine
system. The brain influences the metabolic response to
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food intake by altering hormonal regulation. In addition, the
vagus nerve allows for crosstalk between adipose tissue and
the liver. Multiple studies have shown that obese individuals
exhibit different ingestive behaviors than lean individuals
(91,92); therefore, it is possible that unique neural connec-
tions also influence lipid metabolism. For example, neu-
ron-specific disruption of the insulin receptor gene has
been shown to cause insulin resistance as well as increase
body fat and plasma leptin levels in mice, with no effect
on brain development (93). This section highlights a few
of the many hormones that likely have a role in the impaired
LDL-C uptake associated with obesity.

Growth hormone. Growth hormone (GH) stimulates LDLR
expression and increases clearance of plasma LDL-C (94,95).
Rudling et al. (96) demonstrated that GH was responsible for
resistance to hypercholesterolemia in cholesterol-fed rats. The
presence of GH maintained hepatic LDLR resistance to the
suppressive action of dietary cholesterol in rats, suggesting
that decreased GH secretion would increase sensitivity to di-
etary cholesterol, thereby causing increased plasma LDL-C
levels. In addition, administration of GH to aging rats re-
stored bile acid synthesis to levels observed in younger rats
(97). It is possible that the age-dependent decline in GH con-
tributes to the increase in lipid levels associated with aging as
well as obesity. Compared to normal weight individuals, those
who are obese have lower GH production, decreased GH se-
cretion, and a shorter GH half-life (98). Therefore, it would

be expected that obese individuals also have decreased
LDLR expression and less lipid clearance.

GH also is important for the expression of hepatic estro-
gen receptors. Estrogen has a stimulatory effect on the ex-
pression of LDLR; thus, higher lipid levels associated with
postmenopausal women may be attributed in part to the re-
duction in estrogen (99). Elevated estrogen levels upregulate
expression of NPC1L1, in addition to ABCG5 and ABCG8,
via the intestinal estrogen receptor-a pathway (100). Al-
though expression of ABCG5 and ABCG8 increases, the
net effect appears to favor the influx of cholesterol into
the enterocyte. This supports the theory that cholesterol ab-
sorption efficiency is determined by the net effect between
influx and efflux. There is some evidence that estrogen stim-
ulates HMG-CoA reductase, the rate-limiting step in choles-
terol synthesis (100,101). As a result, cholesterol production
increases with a concomitant increase in the excretion rate of
biliary cholesterol, thereby augmenting endogenous choles-
terol from bile into the intestine for absorption by the enter-
ocyte (100). Collectively, the biological effects of estrogen on
lipid metabolism suggest that women would respond differ-
ently than men. If estrogen stimulates LDLR expression, it
would be hypothesized that women respond greater to die-
tary modifications based on the enhanced lipid absorption.
Men with gallstone disease reported a greater plasma clear-
ance of LDL-C when treated with estrogen, indicating that
estrogen stimulated LDLR expression (101). However, Han-
nah et al. (16) observed that BMI was inversely correlated

Figure 2 Lipid metabolism and transport. Dietary fat and cholesterol are transported as chylomicrons through the lymphatic system.
LPL hydrolyze TG in chylomicrons, releasing glycerol and FFA. Cholesterol and TG in the liver get packaged and transported as VLDL.
Lecithin-cholesterol acyltransferase (LCAT) esterifies free cholesterol (C), forming the core of newly synthesized HDL molecules. CETP
transfers TG to HDL in exchange for cholesterol ester (CE), whereas LPL hydrolyzes TG in VLDL, resulting in dense LDL molecules taken
up by extrahepatic tissues and/or liver. Lipid-rich HDL gets taken back up by the liver in a process known as RCT. Cholesterol can also
be used to synthesize bile acids and/or get excreted. ACAT, acyl-CoA:cholesterol acyltransferase; HL, hepatic lipase.
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with lipid response in women, but not men. Therefore, ad-
ditional mechanisms may be altering the neuroendocrine
regulation of lipid metabolism.

Thyroid hormones. The relationship between obesity and
thyroid hormones (TH) is controversial. Hypothyroidism
often is associated with weight gain, whereas hyperthyroid-
ism is connected with weight loss. Although it is logical to
conclude that a decrease in TH is associated with obesity,
based on greater body weight and elevated lipid levels, this
may not be the case. Thyroid-stimulating hormone (TSH),
also known as thyrotropin, regulates the thyroid gland secre-
tion of thyroxine (T4), and triiodothyronine (T3). T3 is the
primary TH acting on tissues. In the liver and peripheral tis-
sues, 5-deiodinase converts T4 to T3, but during lower
energy intake, 5-deiodinase is inhibited. This leads to a de-
crease in metabolic rate and a greater opportunity for weight
gain. A positive correlation between TSH and BMI has been
demonstrated in several studies (102–104). The increase in
TSH is likely an adaptation to avoid storing energy as fat. El-
evated TH levels result in a greater metabolic rate, but in a
fasting state, TH levels decrease with a parallel reduction
in metabolic rate. Thus, reducing caloric intake may not
be sufficient to treat obesity. Weight loss has been shown
to normalize TH levels, indicating that elevated TSH and
T3 may be a consequence rather than a cause of obesity
(105). TSH also has been related to insulin resistance, yet
considering both are affected by adiposity, it is difficult to es-
tablish any casual relationship (105). Therefore, the associa-
tion between TH and obesity is not entirely understood.

Early clinical evidence reported an inverse correlation be-
tween plasma cholesterol levels and TH (106). TH has been
shown to upregulate the gene expression of LDLR via a TH
responsive element on the LDLR gene and stimulates en-
zymes involved in lipid metabolism in part by activating
SREBP (107–109). Shin and Osborne (109) hypothesized
that as TH levels fall, SREBP-2 levels decrease and there is
a resulting decrease in LDLR mRNA. Therefore, the decline
in SREBP-2 resulting from less TH can cause a reduction in
LDL-C uptake by the liver, leading to higher plasma lipid
levels. TH also stimulates cholesterol synthesis by inducing
HMG-CoA reductase activity (108), although overall LDL-
C levels tend to decrease due to the increase in LDLR activity
and cholesterol excretion in bile. In addition, CETP, LPL,
and hepatic lipase are all stimulated by TH, resulting in a de-
crease in HDL-C. Therefore, lower TH levels associated with
hypothyroidism would be expected to cause an increase in
plasma lipid levels, specifically LDL-C, and decrease the lipid
response to changes in dietary SFA and cholesterol. Clearly,
more research is needed to understand how hormones reg-
ulate lipid metabolism and how variations in hormone se-
cretion induced by an increase in adiposity affect the
response of plasma lipids to dietary SFA and cholesterol.

Glucocorticoids. Abnormalities in glucocorticoid signaling
may contribute to the altered lipid metabolism observed in
MetS and obesity. Glucocorticoids are produced in response

to stress, providing potent antiinflammatory actions that
can suppress TNFa synthesis; however, glucocorticoids
also have been shown to impair glucose utilization and clear-
ance, thereby inducing hyperglycemia and eventual insulin
resistance (110). Glucocorticoids bind the glucocorticoid re-
ceptor (GR), translocating the GR complex to the nucleus
and activating transcription of antiinflammatory genes via
glucocorticoid response elements. GR can then bind to sev-
eral other different transcription factors, such as NF-kB, and
decrease gene transcription (110). A number of studies have
shown that obese individuals have lower central GR response
to circulating glucocorticoids, indicating less sensitivity to
glucocorticoid negative feedback regulation (111,112). This
suggests that excess adipose tissue can cause opposing down-
stream events that closely interact during the inflammatory
process and formation of insulin resistance.

Cortisol is the principal glucocorticoid in the body. Cor-
tisol acts as an antagonist to insulin. The resulting increase
in plasma glucose can induce insulin resistance (113), hence
the reported association of glucose intolerance with abnor-
mal cortisol actions, independent of obesity (114). Elevated
cortisol levels also depress TSH secretion, which would in-
hibit the conversion of T4 to T3, leading to a reduction in
LDL-C uptake by the liver (115). Obese individuals may
have greater cortisol secretion due to adipose tissue-induced
inflammatory stress; however, it is unclear whether in-
creased cortisol secretion is a cause or consequence of obe-
sity. Collectively, abnormal cortisol secretion associated with
excess body fat would be expected to decrease lipid uptake
by impairing insulin action, thereby leading to increased
plasma lipid levels.

Gut microbiota
Recent evidence suggests that gut microbiota (microorgan-
isms living in the gastrointestinal tract), which differ be-
tween obese and lean individuals, play a pivotal role in
metabolism and may explain in part why certain individuals
are more prone to obesity (116). Firmicutes is the predom-
inant bacteria in the gut of obese humans. Firmicutes break
down hard-to-digest polysaccharides, allowing for enhanced
digestion and absorption, thereby increasing energy absorp-
tion (65). However, following weight loss, the amount of
Firmicutes becomes similar to that of lean individuals
(117). These changes in gut microbiota may influence the al-
terations in lipid metabolism associated with obesity.

Gut microbiota have been shown to regulate plasma
lipids by contributing to bile acid metabolism. Primary
bile acids synthesized in the liver can be metabolized into
secondary bile acids by intestinal bacteria through the pro-
cess of deconjugation and dehydroxylation. Excessive bile
acid production associated with obesity likely would lead
to a greater amount of secondary bile acids. Some evidence
suggests that elevated secondary bile acids can cause DNA
damage and contribute to a wide range of disease states
from MetS to cancer (118). Further studies are needed
though to better understand the effects of primary and sec-
ondary bile acids on lipid metabolism and how changes in
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gut microbiota may affect the composition of the bile acid
pool.

Although less understood, certain components of the
outer membrane of Gram-negative bacteria in the intestine,
such as LPS, could trigger inflammatory responses, causing
the development of insulin resistance and the ensuing de-
crease in lipid response. Creely et al. (119) discovered that
individuals with type II diabetes had 76% more circulating
LPS than healthy lean participants. LPS activated the innate
immune pathway and stimulated the secretion of proinflam-
matory cytokines, likely explaining the presence of insulin
resistance in the type II diabetics. High-fat and/or high-
energy diets also may increase plasma LPS in humans.
Cani et al. (120) found that mice fed high-energy diets for
4 wk significantly increased the amount of LPS-containing
microbiota in the gut. In addition, higher fat intake led to
greater amounts of LPS in plasma. This suggests that fat
may be more efficient than CHO in transporting LPS
from the gut into circulation (121). Enhanced LPS absorp-
tion by high-fat intake can stimulate the secretion of
TNFa and IL-6, resulting in low-grade systemic inflamma-
tion (121). Therefore, gut microbiota could have an active
role in the promotion and/or inhibition of inflammation
and thus a profound effect on lipid metabolism. Research
in this area continues to gain more attention with the discov-
ery of new symbiotic functions for a variety of intestinal mi-
crobes. Clinical studies are needed to determine the activity
of intestinal bacteria and the effects of diet and obesity on
altering gut microbiota and the immune system.

Conclusions
A cholesterol-lowering diet favorably modifies plasma lipids
and lipoproteins; however, the responses typically are
blunted by excess adipose tissue and complications associ-
ated with obesity, including insulin resistance. Substitution
of MUFA and PUFA for SFA and/or CHO decreases LDL-C,
a response that is blunted in overweight/obese individuals
and in response to insulin resistance and inflammation.
There is a pressing need to better understand the mecha-
nisms by which adiposity alters normal lipid metabolism.
Although several explanations have been proposed, it is un-
clear what the mechanisms are that explain the decreased re-
sponse to diet observed in obesity. Several complications of
obesity regulate lipid metabolism either by increasing syn-
thesis or decreasing absorption of lipids. This clearly is the
case with insulin resistance resulting from adipose tissue-
induced inflammation, leading to changes in enzyme activ-
ity, especially HMG-CoA reductase and LPL, needed for
normal lipid metabolism. Additional factors, including
specific hormone changes and gut microbiota, also hinder
the lipid response to changes in dietary SFA and choles-
terol. In contrast, a reduction in adipose tissue mass en-
hances LDLR binding by decreasing inflammation and
augmenting insulin sensitivity. Consequently, weight loss
is recommended for overweight/obese individuals to realize
the maximal benefits of dietary interventions low in SFA
and cholesterol.
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