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onsumption of Saturated Fat
mpairs the Anti-Inflammatory Properties of
igh-Density Lipoproteins and Endothelial Function
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OBJECTIVES The purpose of this study was to investigate the influence of dietary fatty acids on the
anti-inflammatory properties of high-density lipoproteins (HDL) and vascular function.

BACKGROUND The effect of dietary fatty acids on atherogenesis remains uncertain.
METHODS Fourteen adults consumed an isocaloric meal containing either a polyunsaturated or a

saturated fat on 2 occasions. The effects of post-prandial HDL on endothelial cell expression
of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) were determined. Flow-mediated dilation (FMD) and microvascular reactivity
were assessed before and 3 and 6 h after the meal.

RESULTS Plasma triglycerides, insulin, and nonesterified fatty acids rose after the meals. The HDL
collected 6 h after the saturated meal were less effective than HDL isolated from fasting
plasma in terms of their ability to inhibit expression of ICAM-1 and VCAM-1, whereas
HDL collected 6 h after the polyunsaturated meal had an inhibitory activity that was greater
than that of HDL collected from fasting plasma (p � 0.004 and p � 0.01 for comparison of
effect of meals on ICAM-1 and VCAM-1, respectively). Post-hyperemic microvascular flow
significantly increased at 3 h after the polyunsaturated meal by 45 � 14% and by 21 � 11%
after the saturated meal. The FMD decreased 3 h after the saturated meal by 2.2 � 0.9% (p �
0.05 compared with baseline) and by 0.9 � 1% after the polyunsaturated meal.

CONCLUSIONS Consumption of a saturated fat reduces the anti-inflammatory potential of HDL and impairs
arterial endothelial function. In contrast, the anti-inflammatory activity of HDL improves
after consumption of polyunsaturated fat. These findings highlight novel mechanisms by
which different dietary fatty acids may influence key atherogenic processes. (J Am Coll

ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.04.080
Cardiol 2006;48:715–20) © 2006 by the American College of Cardiology Foundation
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atty acid composition has a profound impact on the
nfluence that dietary fat exerts on cardiovascular risk.
opulation (1) and animal (2) studies have reported that
onsumption of saturated fat promotes atherosclerosis,
hereas polyunsaturated and monounsaturated fats are po-

entially protective.
In addition to influencing the atherogenicity of the lipid

rofile (3), it has been suggested that fatty acids may directly
nfluence pathologic events in the artery that promote
theroma formation (4). A pivotal target for modulation is
he endothelium. Endothelial dysfunction is a key early
vent in atherogenesis and occurs early in populations
onsuming a Western diet (5). It is therefore important to
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efine the effect that different dietary fats have on endothe-
ial biology.

The aim of this study was to define the effect of consuming
single high-fat meal, differing in fatty acid composition, on

he ability of high-density lipoproteins (HDLs) to inhibit
he expression of proinflammatory adhesion molecules by
ndothelial cells and on large and small vessel function.

ETHODS

xperimental protocol. The study was approved by the
thics committee of the Central Sydney Area Health
ervice. Subjects, aged 18 to 40 years, without cardiovascu-

ar risk factors or established cardiovascular disease, pro-
ided written informed consent and attended after an
vernight fast on 2 occasions, separated by 1 month.
ubjects consumed 1 of 2 isocaloric meals comprising a slice
f carrot cake and a milkshake containing 1 g of fat/kg of
ody weight. The first meal contained safflower oil (fatty
cid composition: 75% polyunsaturated, 13.6% monounsat-
rated, and 8.8% saturated fat). The second meal contained
oconut oil (fatty acid composition: 89.6% saturated fat,
.8% monounsaturated, and 1.9% polyunsaturated fat). The
rder of meals ingested was determined by random allocation

nd was blinded to the investigators. Female subjects attended
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T1-2

F1
ithin 7 days from the commencement of menstruation to
ontrol for the effect of hormonal variation during the men-
trual cycle on vascular function. Venous blood was collected
nd assessments of venous plethysmography followed by bra-
hial artery reactivity were performed in the fasting state and 3
nd 6 h after the meal.
haracterization of HDL. The HDL (1.063 � density
1.21 g/ml) were isolated from plasma by sequential

ltracentrifugation and dialyzed against endotoxin-free
hosphate-buffered solution (6). Cholesterol, triglyceride,
hospholipid (7), and protein (8) composition of HDL was
etermined by enzymatic assay. Apolipoprotein A-I
apoA-I) composition was determined immunoturbido-
etrically using a sheep antihuman apoA-I antibody (9).
he HDL size was determined by nondenaturating poly-

crylamide gel electrophoresis. Surface charge of HDL was
etermined by agarose gel electrophoresis.
etermination of cell surface adhesion molecule expres-

ion by endothelial cells. Human umbilical vein endothe-
ial cells were isolated (10) and incubated with HDL
amples at a concentration of 2, 4, or 8 �mol/l apoA-I in
edia containing 10% heat-inactivated serum for 16 h at

7°C in 5% CO2. Cells were incubated for a further 5 h in
he basal or stimulated state following the addition of tumor
ecrosis factor-alpha (0.2 ng/ml). The cell surface expres-
ion of adhesion molecules was assessed with an enzyme-
inked immunosorbent assay technique (11). Cellular viabil-
ty was determined to be greater than 95% by trypan blue
xclusion.
ffect on vascular reactivity. Forearm blood flow in the

eft forearm was determined by venous occlusion strain
auge plethysmography (Hokanson, Bellevue, Washington)
s previously described (12). Post-ischemic volume was
etermined as the area under the flow versus time curve for
he first 115 s after release of suprasystolic pressure.

Brachial artery reactivity was assessed by measuring end-
iastolic vessel diameter from B-mode ultrasound images
sing an ATL HDL 5000 machine (Philips, Bothell,

ashington) as previously described (13). Brachial artery
iameter was measured at rest, during reactive hyperemia,
nd after administration of 400 �g sublingual glyceryl
rinitrate. Vessel diameter after reactive hyperemia and
dministration of sublingual nitrate was expressed as the
ercentage relative to the average resting diameter.
lasma analyses. Plasma was stored at �80°C until ana-

yzed. Plasma concentrations of cholesterol, triglyceride,
DL-cholesterol and nonesterified fatty acids were de-

Abbreviations and Acronyms
apoA-I � apolipoprotein A-I
FMD � flow-mediated dilation
HDL � high-density lipoprotein
ICAM-1 � intercellular adhesion molecule 1
VCAM-1 � vascular cell adhesion molecule 1
ermined by enzymatic assays. The HDL-cholesterol was m
etermined following precipitation of apoB containing
ipoproteins with polyethylene glycol. Low-density li-
oprotein cholesterol was calculated using the Friedewald
quation. Plasma insulin levels were determined by a
icroparticle enzyme immunometric assay (MEIMA)

Abbott, Tokyo, Japan).
ata analysis. All results are expressed as mean � SEM.

tatistical comparisons were performed using a generalized
inear model for repeated measures using the mixed model
rocedure in SAS (SAS Institute, Cary, North Carolina).
his model determined whether the meal type had an effect
n outcome. Meal type and time of measurement were used
s fixed effects and an interaction between the two was
ested. Comparisons are presented for differences between
ime points, meals and for the meal-time point interaction.
o ensure that sequence or carry-over effects did not

onfound the cross-over studies, subjects were divided into
groups based on sequence of meal ingested (polyunsatu-

ated then saturated or saturated then polyunsaturated
roups). Given the small group sizes and long interval
etween meals, order effect was unlikely to be a confounding
actor. Group was added to the analyses as an independent
ariable. There were no group � meal, group � time, or
roup � meal � time interactions. Given that the tests for
rder effects were not significant, the simplified models
ithout order terms are reported throughout the manu-

cript. A value of p � 0.05 was determined to be statistically
ignificant.

ESULTS

linical and biochemical characteristics. Fourteen healthy
ubjects (mean age 29.5 � 2.3 years, mean body mass index
3.6 � 0.8 kg/m2, 8 males) participated. Both meals were
ollowed by an increase in plasma levels of triglyceride and
nsulin at 3 h and nonesterified fatty acid levels at 6 h
Table 1). The chemical composition (Table 2), particle
ize, and electrophoretic mobility of isolated HDL did not
hange following consumption of either meal.
ffect on adhesion molecule expression. The presence of
DL collected after a saturated fat meal was accompanied

y a higher level of expression of intercellular adhesion
olecule-1 (ICAM-1) and vascular cell adhesion molecule-1

VCAM-1) in the activated cells compared with HDL from
he fasting state. In contrast, HDL collected after the polyun-
aturated fat meal was accompanied by a significantly lower
evel of expression of ICAM-1 and VCAM-1 (apparent at

DL apoA-I concentrations of 2, 4, and 8 �mol/l). The
ytokine-induced expression of ICAM-1 and VCAM-1
as higher than when the cells were incubated in the
resence of HDL collected 6 h after the saturated compared
ith the polyunsaturated fat meal (Fig. 1).
ffect on vascular reactivity. Post-hyperemic forearm blood
ow increased 3 h after consumption of the polyunsaturated
at by 45 � 14% and by 21 � 11% after the saturated fat

eal (Table 3). Flow-mediated dilation (FMD) decreased T3
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T4
t 3 h following consumption of the saturated meal (p �
.05 compared with pre-meal) but not 3 h after the
olyunsaturated meal (p � NS compared with the fasting
tate), although the difference in post-prandial change in
MD between the meals just failed to meet the conven-

ional criteria for statistical significance. The FMD at 6 h
fter both meals did not significantly differ compared with
he fasted state (Table 4), There was no significant change
n the vessel size, estimated flow within the brachial artery,
nd glyceryl trinitrate response following both meals.

ISCUSSION

his study demonstrates that the fatty acid composition of
single high-fat meal modifies the ability of HDL to

rotect the endothelium and vascular reactivity in healthy
ubjects. Consuming a polyunsaturated fat enhanced, and a
aturated fat meal reduced, the anti-inflammatory properties
f HDL. A nonsignificant trend toward impairment of
ndothelium-dependent vascular reactivity in conduit arter-
es was also demonstrated after the saturated fat meal. These
ndings highlight potential mechanisms by which dietary
atty acids might influence atherogenesis.

able 1. Biochemical Parameters at Baseline and After a Meal C

Baseline 3 h 6 h

C (mmol/l)
Polyunsaturated 4.55 � 0.12 4.79 � 0.23 4.94 � 0.2
Saturated 4.37 � 0.23 4.43 � 0.28 4.46 � 0.2

DL-C (mmol/l)
Polyunsaturated 2.43 � 0.23 2.60 � 0.30 2.69 � 0.3
Saturated 2.21 � 0.23 2.35 � 0.30 2.36 � 0.2
DL-C (mmol/l)
Polyunsaturated 1.70 � 0.20 1.74 � 0.20 1.90 � 0.2
Saturated 1.70 � 0.20 1.59 � 0.19 1.64 � 0.2

riglyceride (mmol/l)
Polyunsaturated 0.95 � 0.08 1.47 � 0.3 1.08 � 0.1
Saturated 1.01 � 0.12 1.32 � 0.23 1.18 � 0.1

nsulin (pmol/l)
Polyunsaturated 28.8 � 4.9 51.2 � 11.3 32.8 � 8.4
Saturated 32.1 � 4.5 46.0 � 7.5 35.2 � 7.6
EFA (�mol/l)
Polyunsaturated 366.1 � 52.6 362.5 � 82.4 473.6 � 70.
Saturated 353.0 � 50.4 376.3 � 75.6 627.0 � 24.

esults expressed as mean � SEM.
HDL-C � high-density lipoprotein cholesterol; LDL-C � low-density lipoprot

Table 2. High-Density Lipoprotein Compositi
Containing a Polyunsaturated or a Saturated F

Protein Phospholipid

Polyunsaturated
Baseline 50.5 � 1.9 27.9 � 1.6
3 h 50.2 � 1.7 29.2 � 1
6 h 51.8 � 1.3 27.1 � 1.1

Saturated
Baseline 53.1 � 1.4 26.6 � 1.6
3 h 51.3 � 1.6 27.7 � 1.4
6 h 49.4 � 1.1 29.9 � 1
Results expressed as percentage of total molar mass (mean � SEM
It is well documented that HDL possess anti-inflammatory
roperties. Native (10) and reconstituted (14) forms inhibit in
itro expression of adhesion molecules by cytokine-stimulated
ndothelial cells. The degree of saturation of the fatty acid in
he sn-2 position of the phosphatidylcholine had a marked
nfluence on the ability of reconstituted HDL to inhibit
CAM-1 expression by activated endothelial cells (15).
his observation paralleled the effect of fatty acids on

dhesion molecule expression by activated endothelial cells
16) and raised the possibility that variations in the phos-
holipid composition of HDL may have contributed to the
bserved wide variation in inhibitory activity of HDL isolated
rom different human subjects (17).

The current study indicates that dietary fat composition
as a substantial influence on the anti-inflammatory poten-
ial of HDL isolated from post-prandial human plasma. It
ay contribute to the finding that the systemic level of

oluble adhesion molecules varies with the consumption of
ifferent fatty acids (18). The mechanism of the effect is
ncertain, although it may be the result of minor changes in
he phospholipid composition of the HDL. The composi-
ion of phospholipids in chylomicrons is influenced by the

ning a Polyunsaturated or a Saturated Fat

p Value Comparison
Between Time Points

p Value Comparison
Between Meals

Meal-Time Point
Interaction

0.92 0.003 0.48

0.17 0.04 0.94

0.34 0.19 0.70

0.004 0.22 0.46

0.0002 0.52 0.95

�0.0001 0.18 0.07

lesterol; NEFA � nonesterified fatty acid; TC � total cholesterol.

t Baseline and After Consumption of a Meal

Triglyceride
Cholesterol

Ester
Unesterified
Cholesterol

2.2 � 0.3 16.2 � 1 3.3 � 0.3
2.4 � 0.4 15.1 � 0.8 3.2 � 0.2
2.5 � 0.3 15.5 � 0.7 3.2 � 0.2

2.6 � 0.3 14.5 � 0.8 3.3 � 0.3
2.1 � 0.3 16.2 � 1.2 2.7 � 0.2
2.2 � 0.3 15.5 � 1 3.1 � 0.2
ontai
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omposition of consumed fat, and phospholipids are trans-
erred from chylomicrons to HDL (19). Therefore, it would
ot be surprising if there were changes in the HDL
hospholipid composition after the meal.
In a complementary finding, the present study also

emonstrated that altering the fatty acid composition of a
eal had a potential influence on vascular function in large

essels. Consuming a saturated fat was associated with a
ignificant post-prandial impairment of vascular reactivity,
hereas no such change was observed after eating the

socaloric polyunsaturated meal. There was a trend toward a
reater post-prandial impairment seen after the consump-
ion of the saturated compared with the polyunsaturated fat.

similar finding has been reported in some (20,21), but not
ll (12), studies that have investigated the effect of consum-
ng a fatty meal on endothelial function. Vogel et al. (22)
ave reported that consumption of a meal high in mono-
nsaturated but not polyunsaturated fats was associated with
reduction in FMD during the post-prandial period in

ealthy volunteers. In contrast, Raitakari et al. (12) found
hat a high-fat meal resulted in an increase in resting flow
nd post-ischemic hyperemia in the microvasculature, with-
ut any changes in FMD. The reason for such discrepancies
s uncertain but may be related, in part, to a lack of
tandardization of the ingested meal and protocol used to
ssess vascular function.

igure 1. Expression of intercellular adhesion molecule-1 (ICAM-1) (A
mbilical vein endothelial cells after incubation with high-density lipoprote
aturated (gray bars) fat. Cells were incubated with HDL at an apolipop
xpression in the presence of HDL isolated from fasting blood (solid bars

significant meal-time period interaction was found for both ICAM-1 (

able 3. Plethysmography Parameters at Baseline and After a M

Baseline 3 h 6 h

BFrest (ml/min/100 ml)
Polyunsaturated 1.4 � 0.2 2.0 � 0.2 1.7 � 0.
Saturated 1.5 � 0.1 1.8 � 0.2 1.5 � 0.

eak flow (ml/min/100 ml)
Polyunsaturated 19.7 � 0.8 19.9 � 1.3 19.1 � 1.
Saturated 20.6 � 1.1 19.9 � 1.7 19.8 � 1.

otal hyperemia (ml/100 ml)
Polyunsaturated 10.9 � 1.1 15.6 � 2.1 12.2 � 1.
Saturated 13.6 � 1.9 15.5 � 2.3 13.0 � 1.
esults expressed as mean � SEM.
FBF � forearm blood flow.
Similarly, variable relationships have been reported be-
ween longer-term consumption of dietary fats and endo-
helial function in subjects with or without vascular risk
actors (23–25). It has been recently reported that adoption
f a saturated fat-enriched diet over a 3-week period was
ssociated with an impairment of FMD and elevation of
lasma levels of P-selectin (26) in healthy young adults.
In contrast, consumption of polyunsaturated fats was

ssociated with an increase in microvascular blood flow.
his supports reports that demonstrated an increase in
icrovascular reactivity, which correlated with the postpran-

ial rise in circulating insulin levels (12). Post-ischemic hyper-
mia is not thought to be a predominantly endothelium-
ependent phenomenon. Rather, it indicates the maximum
unctional vasodilator capacity of tissue and is likely to result
rom the interaction of a number of factors, including pros-
aglandins, lactic acid, pH, adenosine, carbon dioxide,
otassium, and nitric oxide (27,28). Thus it is likely that the
omplex influence of dietary fatty acids on the vasculature is
ikely to be mediated by a multitude of factors in addition to
itric oxide.
It is unclear whether altering dietary fat composition

nfluences other functions of HDL. Our current results were
btained in a modest cohort of normal subjects, and
xtrapolation to subjects with atherosclerosis or with risk
actors should be made with caution. Although the differ-

vascular cell adhesion molecule-1 (VCAM-1) (B) by activated human
DL) isolated after a meal enriched with a polyunsaturated (open bars) or

n A-I concentration of 8 �mol/l. Results are expressed as percentage of
an � SEM). For difference between the meals: *p � 0.007; **p � 0.005.
.01) and VCAM-1 (p � 0.04).

ontaining a Polyunsaturated or a Saturated Fat

p Value Comparison
Between Time Points

p Value Comparison
Between Meals

Meal-Time Point
Interaction

0.001 0.32 0.17

0.73 0.47 0.84

0.02 0.26 0.49
) and
in (H
rotei
) (me
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2
1

2
2

4
9



e
b
“
t
s
a
e
d
a
i

t
i
m
o

A
T
W

R
D
e
n

R

1

1

1

1

1

1

1

1

1

1

2

2

2

T

F

V

F

T

R

719JACC Vol. 48, No. 4, 2006 Nicholls et al.
August 15, 2006:715–20 Dietary Fat and Endothelial Function
nces in FMD, arterial diameter, and flow at baseline
etween the groups were nonsignificant, it is possible that
regression to the mean” may have contributed to some of
he FMD reduction observed after consumption of the
aturated fat (although all analyses were “blinded” to meal
ssignment and timing). Although the meals had different
ffects on hyperemia in conduit and resistance vessels, the
irection of the meal-related changes was similar in large
nd small vessel studies, with a trend toward a greater
ncrease in flow after consumption of polyunsaturated fats.

In summary, the present study raises the possibility that
he differential effects of dietary fats on the anti-
nflammatory potential of HDL and endothelial function

ay contribute to the apparent benefits of polyunsaturated
ver saturated diets observed in the epidemiologic literature.
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