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Atherosclerosis is a focal disease of the arterial wall that
leads to cardiovascular disease (CVD), the biggest cause of
morbidity and mortality in Western societies. Atheroscle-
rosis is a complex, chronic, progressive disease that affects
large and medium-sized arteries. Atherosclerotic lesions
are promoted by low-density lipoproteins and form from
accumulation of fatty substances, cholesterol, cellular waste
products, calcium, and fibrin in the inner lining of the ar-
terial wall. Lipoproteins are complexes of amphipathic
proteins with lipids at variable ratios, densities, and sizes.
Their role is to transport water-insoluble lipids in the blood.
Plasma lipoproteins have traditionally been grouped into five
major classes, based on their buoyant density: chylomicrons,
very low-density lipoproteins (VLDL), intermediate-density
lipoproteins (IDL), low-density lipoproteins (LDL), and
high-density lipoproteins (HDL). It is believed that athero-
genic lipoproteins, such as LDL and lipoprotein remnants,
that float in the VLDL IDL region, promote atherosclerosis,
and antiatherogenic lipoproteins, such as HDL, protect
from atherosclerosis. Despite many advances in cardiology,
atherosclerosis remains an important medical problem sug-
gesting that some steps in pathogenic mechanisms remain
unclear.

This special issue contains a series of reviews and
original research articles that seek to provide insight into
the role of lipids and lipoproteins in health and disease with
emphasis given on their implication in atherosclerosis. The
first review by H. Itabe et al. describes the in vivo dynamics
of oxidized LDL during atherosclerosis, and the second one

by O. Tehlivets discusses the link of homocysteine, dys-
regulated lipid metabolism, and atherosclerosis. Following
these reviews new data on the prediction and pathogenesis
of atherosclerosis are presented in four research papers. M.
Enomoto et al. investigate the issue of the best predictor of
subclinical atherosclerosis and provide suggestions that the
LDL-cholesterol/HDL-cholesterol ratio is a better predictor
of carotid intima-media thickness progression than HDL-
cholesterol or LDL-cholesterol alone. J.-B. Hansen et al.
suggest that the content of apoC-I per VLDL particle is
an important regulator of triglyceride metabolism in the
fasting and postprandial state and associated with carotid
atherosclerosis. M. Guha and O. Gursky show that human
plasma VLDL are destabilized by acidic pH. They pro-
pose that the acidic environment found in the advanced
atherosclerotic plaques could destabilize VLDL, enhancing
their fusion and coalescence into lipid droplets, such as the
droplets found in atherosclerotic plaques. J. Oestvang et al.
suggest that lysophosphatidylcholine and platelet activat-
ing factor stimulate arachidonic acid release by divergent
pathways in monocytes. Elucidation of monocyte lysoPC-
specific signaling mechanisms will aid in development of
novel strategies for atherosclerosis prevention, diagnosis, and
therapy. Then two papers (one review and one research
paper) deal with the association of lipid abnormalities with
common diseases and predisposition to CVD. M. Peppa
et al. discuss the observed dyslipidemia and increased risk
of coronary artery disease, cerebral ischemia, and angina
pectoris in older and possibly ischemic stroke in younger



2 Journal of Lipids

patients with overt or subclinical hyperthyroidism. P. M.
Rocha et al. provide data that reinforce the contribution of an
abdominal obesity phenotype associated with a diabetogenic
and atherothrombotic profile to liver lipotoxicity.

We hope that this collective special issue will help to
update and enrich current research on atherosclerosis and
CVD.

Angeliki Chroni
George Leondaritis

Helen Karlsson
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Abdominal obesity has been associated with liver fat storage. However, the relationships between other body composition depots
and metabolic syndrome features with hepatic fat are still unclear. We examined abdominal and thigh adipose tissue (AT)
compartments associations with liver fat in 140 overweight and obese premenopausal Caucasian women. Blood lipids and,
proinflammatory and atherothrombotic markers associations with hepatic fat were also analyzed. A larger visceral AT (VAT) was
related with liver fat (P < 0.05). Contrarily, thigh subfascial AT was inversely related to liver fat (P < 0.05). Increased fasting
insulin, triglycerides, PAI-1 concentrations, and a higher total-cholesterol/HDL-cholesterol ratio were also associated with hepatic
fat, even after adjustment for VAT (P < 0.05). Thigh subfascial adiposity was inversely associated with liver fat, suggesting a
potential preventive role against ectopic fat storage in overweight and obese women. These results reinforce the contribution of an
abdominal obesity phenotype associated with a diabetogenic and atherothrombotic profile to liver lipotoxicity.

1. Introduction

Obesity-related comorbidities seem to be more closely
related to body fat distribution (e.g., upper versus lower,
visceral versus subcutaneous, and truncal versus peripheral)
rather than the total amount per se [1]. Abdominal obesity
is a relevant predictor of a higher metabolic risk, assuming
that insulin resistance (IR) is the common link between
visceral adiposity and dyslipidemia [2–4], type 2 diabetes
mellitus (DM) [5, 6], liver fat storage [7], hypertension
[8], and other cardiovascular diseases (CVD) [8–10]. Two
major pathophysiological hypotheses have been proposed
to explain the dysmetabolic milieu observed in abdominal
obese individuals. It has been proposed that neuroendocrine
perturbations, mediated by hypothalamic-pituitary-adrenal
(HPA) axis stimulation, are responsible for IR and abdominal
obesity [11, 12]. Alterations in cortisol secretion, inhibition
of steroid and growth hormones production, and stimulation

of sympathetic nervous centers are some of the dysfunctions
which may precipitate metabolic disturbances [12]. Con-
versely, according to the “portal hypothesis,” the increased
lipolytic activity in visceral adipocytes leads to an augmented
release of free fatty acids (FFA) into portal circulation,
promoting liver fat storage that is accompanied by hepatic
metabolism disturbances and IR [6, 13, 14].

In this context, abdominal obesity has been associated
with ectopic fat storage, defined as fat accumulation outside
“classical” depots such as heart, skeletal muscle, pancreas,
and liver [15]. Liver fat is associated with obesity, increased
concentrations of plasma FFA, as well as with the IR
degree, both in obese and type 2 DM patients [14, 16, 17].
Furthermore, a lower liver-to-spleen ratio (LSR), a reliable
index of liver fat [18], has been independently associated
with visceral adiposity [7, 19, 20], hepatic IR [6, 17, 19, 21],
dyslipidemia, and several other metabolic syndrome features
[6, 7, 19, 22]. Additionally, hepatic steatosis has also been
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associated with IR and major CVD risk factors due to a
combination of abnormalities including increased liver FFA
influx and synthesis, decreased FFA oxidation, increased very
low-density lipoprotein (VLDL) particles secretion, and a
low-grade chronic proinflammatory state [21, 23].

Although evidence has highlighted the independent
contributions of both visceral adiposity and liver fat to an
increased metabolic risk in obese and type 2 DM patients, it
is not totally clear if liver fat is additionally associated with
other specific inflammatory and atherothrombotic markers
[6, 7, 19, 22]. On the other hand, despite the recognized
abdominal obesity relevance to ectopic fat storage, little is
known about the relationships of other fat compartments,
such as thigh AT, with liver fat, and consequently with
hepatic steatosis. In fact, only one study developed in type
2 DM patients has reported that thigh subfascial AT was
associated with both liver fat and IR [6] features. Therefore,
based on previously defined criteria [18], the current study
examined the independent associations of abdominal and
thigh AT compartments with hepatic fat in overweight and
obese premenopausal Caucasian women. Additionally, this
study investigated the associations of liver fat with metabolic,
proinflammatory, and atherothrombotic risk factors.

2. Materials and Methods
2.1. Subjects. Participants in this investigation were 140
premenopausal overweight and obese Caucasian women,
recruited from the Lisbon (Portugal) area by public
advertisements. Participants were part of a 2-year weight
management program, as described elsewhere [24]. Study
inclusion criteria were the following: subjects could not
be pregnant or trying to become pregnant, >24 years,
>24.9 kg/m2 body mass index (BMI), were not under any
medication that could affect weight, body composition or
liver metabolism, had no clinical or laboratory evidence of
liver or spleen disease, and had no history of cancer in the
last five years. Exclusion criteria were ongoing hormonal
medication, history of CVD, stroke, hypertension, type 2
DM, Cushing syndrome, hormonal dysfunction, resting and
exercise abnormal electrocardiograms, as well as the presence
of drinking habits. Subjects that were undertaking oral
medication to treat hypertriglyceridemia, hyperglycemia, or
hypercholesterolemia were also excluded. All subjects were
informed about the purpose, nature and study design before
giving their full written consent to participate. The study
protocol was performed according to the principles of the
Helsinki Declaration and was approved by The Human
Subjects Institutional Review Board of the Faculty of Human
Movement, Technical University of Lisbon.

2.2. Body Composition Assessments

2.2.1. Anthropometric Variables. Height was measured to
the nearest 0.1 cm with a stadiometer (Seca, Hamburg,
Germany). Body weight was measured to the nearest 0.01 kg
on a previous calibrated scale after removing shoes and heavy
clothing. Abdominal sagittal diameter (SD), waist circumfer-
ence (WC), and hip circumference (HC) measurements were
performed according to Lohman et al. [25] procedures. Both

WC and HC measurements were taken with a stiff fibreglass
tape to the closest 0.1 cm. All anthropometric variables were
measured by trained technicians and repeated 3 times, with
the mean value being used. BMI was calculated as weight
divided by height squared (kilograms per square meter), and
waist-to-hip ratio (WHR) was defined as the WC divided by
HC.

2.2.2. Dual Energy X-ray Absorptiometry (DXA). Trunk
fat mass (TFM), total body fat mass (TBFM), and total
body lean mass (TBLM) were measured by a pencil beam
mode DXA (QDR-1500 Hologic, Waltham, Mass, USA).
All measurements were made with volunteers in the supine
position with their arms separated from their trunk. The
same technician performed the all the scans and completed
the analysis according to the operator’s manual. The intraob-
server coefficient of variation (CV) for TBFM and TBLM
was 2.0% and 1.7%, respectively. A 0.5% technical error for
%TBFM was obtained as estimated in 2 repeated measures
performed on 10 subjects.

2.2.3. Measurement of Abdominal Adipose Tissue Distribution.
With the subjects supine and arms extended above their
head, a single cross-sectional CT (Somaton Plus; Siemens,
Sorheim, Germany) L4-L5 intervertebral space image was
acquired to measure abdominal AT compartments, as
described elsewhere [1]. All images were obtained using
120 kVp, 480 mA, and 512 × 512 matrix with a 48-cm field
of view. Total abdominal adipose tissue (TAAT), abdominal
subcutaneous adipose tissue (Ab SAT), superficial and deep
Ab SAT, and visceral AT (VAT) areas were measured. The
boundary between VAT and Ab SAT was defined using the
abdominal and oblique muscles in continuity with the deep
fascia of the paraspinal muscles and the anterior aspect
of the vertebral body [26]. The subcutaneous fascia was
used to differentiate Ab SAT into its superficial and deep
compartment [1].

2.2.4. Measurement of Thigh Adipose Tissue and Muscle
Distribution. Using the same scan parameters, contiguous 7-
mm-thick cross-sectional images of both legs were obtained
between the inferior ischial tuberosity and the superior
border of the patella. Total thigh adipose tissue (TTAT),
total thigh subcutaneous AT (TTSAT), thigh subfascial AT
(TTSFAT), and muscle tissue areas and attenuations were
measured. The tissues volumes (cubic centimetres) identified
in each image were calculated by multiplying the image
thickness (7 mm) by the tissue area (square centimetres).
Thigh AT volume (litters) was then converted to mass units
(kilograms) multiplying the volume by the assumed constant
of fat density (0.92 kg/L) [27]. Total thigh muscle mass
was also calculated multiplying its volume by the constant
density assumed for AT-free skeletal muscle (1.04 kg/L)
[27]. From the thigh scans performed, it was selected a
single slice located at the mid-point distance between both
anthropometric markers previously described to image mid-
thigh AT and muscle tissue distribution.

2.2.5. Measurement of Liver Fat. A 7-mm-thick crosssec-
tional image at T11-T12 intervertebral space was acquired
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to measure both liver and spleen CT attenuations, which
were determined by calculating the mean Hounsfield units
(HUs) of three regions of interest (ROI) (liver ROI had
∼120 mm2, located 2 in right lobe and 1 in left lobe;
spleen ROI had ∼75 mm2). As previously described [6], all
ROI were consistently selected in peripheral parenchyma
areas, away from artefacts, major blood vessels and other
areas of inhomogeneity. The ratio of mean liver to spleen
attenuation values, defined as liver-to-spleen ratio (LSR), has
been defined as reliable index of liver fat [18]. Fatty liver was
present when LSR < 1 [6].

2.2.6. Measurements Repeatability. The repeatability for
abdominal and thigh adipose and muscle tissue compart-
ments was calculated in 30 women chosen randomly from all
subjects. One technician performed the repeated analyses on
the same images, separated by 3 months. The intraobserver
coefficient of variation (CV) for VAT and TAAT was,
respectively, 0.9% and 0.7%. For Ab SAT, deep and superficial
Ab SAT, the intra-observer CV was, respectively, 0.8%, 2.8%,
and 3.1%. For mid-thigh muscle tissue, total mid-thigh AT
and subfascial AT (SFAT), the intra-observer CV was 0.1%,
0.4%, and 2.5%, respectively. Repeatability for liver and
spleen measurements was also examined; the CV found for
LSR was 2.2%.

2.2.7. Image Analysis. Based on image morphology, CT
data were analysed by specific software (Slice-O-matic,
Version 4.2, Tomovision, Montreal, Canada). A combination
of watershed techniques and edge detection filters was
employed. Standard HU ranges for adipose tissue (−190 to
−30 HU) and skeletal muscle (0 to +100 HU) were used to
compute the tissue segmentation [28]. It was also measured,
in both legs, the high-density (30 to 100 HU) and low-density
muscle areas (0 to 30 HU) [28]. Thigh fascia was used as
boundary to demarcate the subcutaneous from subfascial AT
[28].

2.3. Blood Analysis. After a 12-hour overnight fast, venous
blood samples were collected at antecubital vein. Samples
were centrifuged at 4◦C, and plasma was stored at −70◦C
until analysis. Measurement of triglycerides (TG), uric acid,
total cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-
C) was made by enzymatic colorimetric methods. Fast-
ing insulin was determined by electrochemiluminescence
immunoassay (ECLIA), glycemia was assessed by hexokinase
method and interleukin-6 (IL-6) was measured by chemi-
luminescence immunoassay. Tumor necrosis factor-alpha
(TNF-α) was measured using a high-sensitivity enzyme-
linked immunosorbent assay (ELISA) principle. Plasmino-
gen activator inhibitor-1 (PAI-1) was measured in iced
citrated plasma using the Coatest PAI method (enzyme
immunoassay—EIA), and fibrinogen concentrations were
measured by clotting time. Hemoglobin A1c (Hb A1c)
was determined by high-pressure liquid chromatography
(HPLC). Serum adiponectin and leptin concentrations as
well as urine cortisol were measured by radioimmunoassay
(RIA).

Microalbuminuria, C-reactive protein (CRP), apolipo-
protein A1 (apo A1), and apolipoprotein B100 (apo B100)
plasma concentrations were measured by high-sensitivity
particle-enhanced turbidimetric assay. Alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) were
determined by a kinetic method. Samples were measured in
duplicate, and the average of the two values was used in the
statistical analyses. All blood samples were taken during the
follicular stage of menses.

2.4. Blood Pressure. At the same day of body composition
measurements, systolic and diastolic blood pressures (BP)
were measured in seated position with a semiautomatic
oscillometric recorder (Dinamap, Critikon, Tampa, FL) after
a 5-minute rest period. A suitable cuff size was applied to
participant’s upper arm at the heart level, and the mean of
three measurements in each arm, separated by 1-minute time
lapse, was calculated. Previously to the baseline measure-
ments, all subjects were clinically evaluated by the program
physician who was responsible for the final (clinical) decision
related with the inclusion or exclusion of each subject in the
study sample. Regarding hypertension criteria, all subjects
included in our study were not hypertensive. However, at the
same day of body composition measurements, one subject
revealed a mean systolic blood pressure of 175 mmHg (DBP:
93 mmHg) while in another subject was measured a mean
diastolic blood pressure of 105 mmHg (SBP: 150 mmHg).
In order to confirm the nonhypertensive status previously
assigned, both subjects repeated the assessments in another
day of the same week, and the non-hypertensive status
was confirmed. For the study purposes, since all laboratory
measurements were specifically made at the same day, we
included both subjects in the study and in data analysis.

2.5. Premenopausal and Physical Activity Status. The study
physician, based on her menstrual history, determined the
premenopausal status of each study volunteer; the pre-
menopausal stage was considered if women reported regular
menstrual cycles. Daily physical activity status was assessed
by proportional actigraphy which measure the time spent
in different daily activities based on the number of counts
per minute (Computer Science and Applications, Model
AM7164, FL, USA).

2.6. Drinking Habits. The amount of alcohol intake was
determined using a questionnaire containing information on
the daily alcohol intake of various alcoholic beverages. One
alcoholic unit corresponded to a glass of wine, a can of beer,
or a measure of spirits, and contains 12-13 g of ethanol.

2.7. Statistical Analyses. Unless otherwise is indicated, data
are presented as means ± SD. Control for normality and
homoscedasticity of study variables was conducted. When
necessary, log transformations were used to normalize dis-
tributions. Multiple linear regressions, adjusted for age and
BMI, were performed to study the independent associations
of liver-to-spleen ratio with major metabolic syndrome fea-
tures, and inflammatory and atherothrombotic disturbances.
Adjusting for the same variables, independent relations of
LSR with anthropometric markers, abdominal and thigh
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adipose and muscle tissue compartments were also studied.
Additional multiple linear regressions, adjusted for age, fat
mass, and VAT, were performed to study the associations
between LSR and all the metabolic syndrome profile markers.

In order to facilitate the comparisons of the results
obtained in the multiple linear regression models, standard-
ized beta coefficients were presented. To determine how
much the independent variables were linearly related to
one another, the multicolinearity was studied by statistic
tolerance (1-R2), being the stability of the regression model
disturbed by multicolinearity if tolerance was inferior to 0.1.
Statistical significance was set at P < 0.05. Statistical analyses
were performed using the SPSS version 13.0 for Windows
(SPSS, Chicago, Ill, USA).

3. Results

Most subjects were obese. Both body weight and BMI
revealed a wide range of variation (mean ± sd: 78.1 ± 1.0 kg,
range: 59.1–107.8 kg; 30.4 ± 0.3 kg/m2, 25.1–45.2 kg/m2,
resp.). The sample age varied between 25 and 49 years
(38.3 ± 0.5 yrs). At baseline, very few subjects included
small amounts of physical activity in their daily routine.
In fact, the majority of the study subjects included were
sedentary, since 94.4% of the daily time was spent in activities
with intensities under 100 counts per minute (data not
shown). Subject’s anthropometric and body composition
characteristics are presented in Table 1. Similarly to BMI,
both abdominal and thigh AT compartments revealed a wide
variation. An increased WC was observed in 43.9% of the
subjects [29]. VAT was the minor constituent of abdominal
AT area (23.6%). Superficial and deep Ab SAT areas were
similar, comprising each one, approximately, half of total
Ab SAT depot. While TTAT mass represented 57.9% of total
thigh mass, LDM was the smallest compartment (19.8%) of
mid-thigh muscle area. The fatty liver prevalence observed in
our sample of overweight and obese premenopausal women
was 2.9%.

Metabolic syndrome features are presented in Table 2.
According to the Adult Treatment Panel (ATP) III criteria
[29], hypertriglyceridemia was found in 22.3% of the
subjects, and hypertension assumed a 21.4% prevalence rate.
In our sample, lower HDL-C concentrations were found in
44.5% of the subjects, and 9.3% of the women met the ATP
III criteria for metabolic syndrome. However, only 0.7% of
the study subjects revealed hyperglycemia.

Age was not associated with LSR (β = 0.118, P > 0.05).
On the contrary, both weight and BMI were inversely asso-
ciated with LSR, even when adjusting for age (β = −0.235,
P < 0.01; β = −0.225, P < 0.01, resp.). The results of
simultaneously entering each anthropometric and body
composition marker to predict LSR, adjusting for age
and BMI, are shown in Table 3. Higher SD values were
independently associated with a lower LSR representing an
increased liver fat storage. Similar associations were observed
when using liver attenuation as the dependent variable.
Despite not significant, WHR, as well as total body and trunk
fat mass revealed an inverse association trend with liver fat.

Table 1: Subjects anthropometric data, body composition data
(DXA), fat and muscle distribution data (CT), and liver and spleen
variables.

Mean ± SD Range

Anthropometric data

WC, cm 87.2 ± 0.8 71.1–123.4

Waist-to-hip ratio 0.78 ± 0.01 0.64–0.99

Sagittal diameter, cm 20.5 ± 0.2 16.3–31.0

Fat mass

TFM, kg 18.0 ± 0.4 9.4–32.3

TBFM, kg 36.1 ± 0.7 23.5–60.3

TBLM, kg 41.2 ± 4.62 29.7–55.6

Abdominal adipose tissue

TAAT, cm2 470.9 ± 12.1 211.9–910.8

VAT, cm2 111.3 ± 4.3 24.9–266.8

Ab SAT, cm2 353.6 ± 9.1 145.0–633.4

Superficial, cm2 192.2 ± 5.0 90.6–384.2

Deep, cm2 161.8 ± 5.4 54.7–344.9

Thigh compartments

Thigh AT, cm2 270.7 ± 6.9 132.9–509.1

Thigh SAT, cm2 261.6 ± 6.8 129.4–501.6

Thigh SFAT, cm2 3.5 ± 0.2 1.0–11.9

Muscle, cm2 234.3 ± 2.6 176.3–324.7

Muscle Attenuation, HU 44.0 ± 0.3 33.4–51.7

HDM, cm2 189.3 ± 2.3 145.7–264.4

LDM, cm2 32.8 ± 0.9 15.7–80.0

TTAT, kg 8.4 ± 2.1 4.0–14.8

TTSAT, kg 7.9 ± 2.1 3.8–14.0

TTSFAT, kg 0.6 ± 0.2 0.3–1.5

TTMT, kg 6.1 ± 0.9 4.4–10.3

Liver and spleen variables

Liver attenuation, HU 59.8 ± 0.8 −5.6–71.0

Spleen attenuation, HU 46.4 ± 0.4 34.0–57.5

LSR 1.30 ± 0.02 −0.11–1.82

Values are means ± SD. WC, waist circumference; TFM, trunk fat mass;
TBFM, total body fat mass; TBLM, total body lean mass; TAAT, total
abdominal adipose tissue; VAT, visceral adipose tissue; Ab, abdominal;
SAT, subcutaneous adipose tissue; Thigh SAT, mid-thigh subcutaneous
adipose tissue; SFAT, subfascial mid-thigh adipose tissue; HU, Hounsfield
units; HDM, mid-thigh high-density muscle; LDM, mid-thigh low-density
muscle; TTAT, total thigh adipose tissue; TTSAT, total thigh subcutaneous
adipose tissue; TTSFAT, total thigh subfascial adipose tissue; TTMT, total
thigh muscular tissue; HU, Hounsfield units; LSR, liver-to-spleen ratio.

In further analysis, after adjusting for HC, a larger WC was
related with a lower LSR (β = −0.203, P < 0.05).

In Table 4 are presented the independent associations
of abdominal AT depots and thigh body composition
compartments with LSR, after adjustment for age and BMI.
Higher VAT areas were associated with a lower LSR. On the
contrary, a higher thigh SFAT area was related with a higher
LSR. These associations remained significant when using
liver attenuation as a dependent variable and adjusting for
the same confounders. Furthermore, thigh SFAT remained
positively associated with LSR, independently of WC (β =
0.166, P < 0.05).
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Table 2: Metabolic syndrome characteristics of the study popula-
tion (n = 140).

Mean ± SD Range

Glucose homeostasis

Fasting insulin, μIU/mL 8.2 ± 0.3 2.40–17.9

Fasting glycaemia, mg/dL 89.5 ± 0.7 73.0–113.0

Hb A1c, % 4.9 ± 0.4 4.0–7.0

Lipid profile

TC, mg/dL 194.7 ± 3.9 101.0–307.0

HDL-C, mg/dL 54.1 ± 1.1 29.0–91.0

LDL-C, mg/dL 123.5 ± 3.6 45.0–255.0

TC/HDL-C ratio 3.7 ± 1.1 2.0–9.6

LDL-C/HDL-C ratio 2.4 ± 0.1 0.9–6.1

Apo A1/Apo B100 ratio 1.7 ± 0.1 0.8–3.3

Triglycerides, mg/dL 101.5 ± 4.9 32.0–329.0

Blood pressure

Systolic, mm Hg 120.7 ± 1.4 90.0–175.0

Diastolic, mm Hg 75.8 ± 0.9 50.0–101.0

Liver enzymes

ALT, IU/L 18.2 ± 0.5 9.0–43.0

AST, IU/L 16.2 ± 0.6 5.0–44.0

Inflammation

hs-CRP, mg/dL 0.45 ± 0.03 0.03–1.14

Cytokines

IL-6, pg/mL 10.3 ± 0.6 0.8–31.5

TNF-α, pg/mL 3.8 ± 0.2 0.9–14.1

Hypercoagulation

PAI-1, ng/mL 21.2 ± 2.0 1.0–100.0

Fibrinogen, mg/dL 369.4 ± 6.5 201.0–552.0

Adipokines

Leptin, ng/mL 32.9 ± 43.3 0.9–167.4

Adiponectin, ng/mL 9.2 ± 6.4 2.9–41.0

Urine

Uric acid, mg/dL 4.4 ± 1.0 2.40–8.50

Microalbuminuria, μg/min 2.7 ± 0.7 0.5–89.8

Cortisol, μg/day 41.0 ± 1.7 6.0–105.0

Values are means ± SD. Hb A1c, hemoglobin A(1c); TC, total choles-
terol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; Apo A1, apolipoprotein A1; Apo B, apolipoprotein
B100; ALT, alanine aminotransferase; AST, aspartate aminotransferase; hs-
CRP, high-sensitive C-reactive protein; IL-6, interleukin-6; TNF-α, tumor
necrosis factor-alpha; PAI-1, plasminogen activator inhibitor-1.

Independent associations of metabolic syndrome fea-
tures, inflammatory and atherothrombotic risk factors with
liver fat, adjusting for age and BMI, are presented in Table 5.
Higher fasting insulin, TG, liver transaminases, PAI-1, and
uric acid concentrations, as well as higher TC/HDL-C and
LDL-C/HDL-C ratios were associated with a lower LSR.
When adjusted for VAT, these health risk factors remained
significantly related with LSR (P < 0.05). The explained
variance for each metabolic risk factor studied to LSR varied
between 3.6% and 24.8%, showing higher values for liver
transaminases, TC/HDL-C ratio, and fasting insulin. When
adjusting for age and BMI and using liver attenuation as

Table 3: Independent contributions (standardized beta coeffi-
cients) of anthropometric and body composition variables to liver-
to-spleen ratio, adjusted for age and BMI.

Liver-to-spleen ratio
Percentage of variance

explained∗∗ (%)

WC, cm −0.229 7.7#

HC, cm 0.125 7.0#

WHR −0.145 7.9#

SD, cm −0.383∗ 10.1#

TFM, kg −0.221 7.4#

TBFM, kg −0.111 6.5#

TBLM, kg −0.077 6.7#

All variables were entered in the regression models as continuous variables.
Age did not present any independent association with the anthropometric
studied variables.
∗∗ Variance explained by age, BMI, and the studied variable.
# Independent associations of BMI, P < 0.01.
∗P < 0.05.
†P < 0.01.
‡P < 0.001.

Table 4: Independent contributions (standardized beta coeffi-
cients) of abdominal adipose tissue depots and thigh body compo-
sition compartments to liver-to-spleen ratio, adjusted for age and
BMI.

Liver-to-spleen ratio
Percentage of variance

explained∗∗ (%)

TAAT, cm2 −0.234 8.4

Ab SAT, cm2 −0.136 6.8

Superficial, cm2 0.014 6.3

Deep, cm2 −0.133 7.3

VAT, cm2 −0.241∗ 9.2

Mid-thigh AT, cm2 0.148 7.1

Mid-thigh SAT, cm2 0.129 7.1

Mid-thigh SFAT, cm2 0.295† 12.5

Muscle, cm2 0.005 6.2

HDM, cm2 −0.036 6.4

LDM, cm2 0.145 7.3

All variables were entered in the regression models as continuous variables.
While BMI revealed independent associations with all body composition
variables (P < 0.01), age did not present any independent relation with the
studied variables.
∗∗ Variance explained by age, BMI, and the studied variable.
∗P < 0.05.
†P < 0.01.

dependent variable, similar associations to those described
earlier were found, except for fasting insulin and uric acid
(P > 0.05).

4. Discussion

Our primary findings were that, in a sample of overweight
and obese premenopausal women, a higher thigh SFAT area
was associated with a higher LSR, representing a lower liver
fat storage, independently of age and BMI. Additionally,
we found that for a given WC, increased thigh SFAT areas
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Table 5: Independent contributions (standardized beta coefficients) of metabolic syndrome components to liver-to-spleen ratio, adjusted
for age and BMI.

Liver-to-spleen
ratio

Percentage of variance
explained∗∗ (%)

Glucose homeostasis

Fasting insulin, μIU/mL −0.218∗ 10.1

Fasting glycemia, mg/dL −0.069 6.6

Hb A1c, % 0.001 6.2

Lipid profile

TC, mg/dL −0.067 6.5

HDL-C, mg/dL 0.107 7.2

LDL-C, mg/dL −0.021 6.2

TC/HDL-C ratio −0.284‡ 13.1

LDL-C/HDL-C ratio −0.181∗ 9.0

Apo A1/Apo B100 ratio 0.067 6.5

Triglycerides, mg/dL −0.257† 11.9

Blood pressure

Systolic, mmHg 0.047 6.6

Diastolic, mmHg 0.177∗ 9.4

Liver enzymes

ALT, IU/L −0.437‡ 24.8

AST, IU/L −0.346‡ 17.8

Inflammation

hs-CRP, mg/dL −0.006 3.6

Cytokines

IL-6, pg/mL −0.054 6.1

TNF-α, pg/mL 0.013 6.1

Hypercoagulation

PAI-1, ng/mL −0.208∗ 9.7

Fibrinogen, mg/dL −0.011 6.3

Adipokines

Leptin, ng/mL −0.085 6.8

Adiponectin, ng/mL 0.041 6.4

Urine

Uric acid, mg/dL −0.178∗ 8.9

Microalbuminuria, μg/min 0.071 6.7

Cortisol, μg/day −0.096 7.1

All variables were entered in the regression models as continuous variables. While age did not present any independent relation to the studied variables, BMI
revealed an independent association with all metabolic syndrome features (P < 0.01).
∗∗ Variance explained by age, BMI and the studied variable.
∗P < 0.05.
†P < 0.01.
‡P < 0.001.

were also significantly related with higher LSR values. To
our knowledge, these associations between thigh SFAT and
both LSR and liver attenuation are novel observations that
may suggest an indirect preventive role of this thigh AT
depot against ectopic liver fat storage, and therefore, against
hepatic steatosis, in overweight or obese premenopausal
women without type 2 DM. It has been suggested that
femoral-gluteal AT compartments may function as a “sink”
for circulating FFA [30]. When compared with visceral
adipocytes, these thigh adipocytes are less sensitive to

stimulated lipolysis and reveal a relatively higher lipoprotein
lipase activity, important in FFA uptake from the circulation
[31]. These metabolic characteristics may prevent liver li-
potoxicity and counteract the inevitable physiologic cascade
observed in abdominal obese subjects, responsible for IR and
other secondary metabolic disturbances, such as a multiple
proinflammatory cytokine response. In this context, several
studies have been reporting that peripheral fat mass (PFM),
measured by DXA (unable to differentiate the different
thigh adipose tissue compartments), is an independent
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predictor of a lower cardiovascular risk [32, 33]. This
potential protective role of PFM in metabolic disturbances
and atherogenicity may be, in part, explained by adiponectin
insulin sensitizing effects [34]. In fact, it has been suggested
that specifically the thigh subcutaneous AT, a major con-
tributor for the circulating adiponectin, could mediate these
counteracting effects [35]. Although little is known regarding
the necessity of making a clear distinction between the
metabolic activity and role of the femoral subcutaneous and
subfascial fat depots, it was already assumed that subfascial
thigh fat, representing the intermuscular (within muscle
fibbers) fat deposition [6], is characterized by a different
lipolysis rate and cytokine secretory profile, compared to
subcutaneous femoral fat [1, 35].

In our study developed in overweight and obese pre-
menopausal women, beside the associations found sug-
gesting that thigh subfascial AT may confer a metabolic
protection against detrimental ectopic fat storage in the
liver, although not significant, a similar trend was observed
between both total thigh AT mass and subcutaneous AT and
LSR. In this context, the metabolic differences previously
described between both thigh adipose tissue compartments
might underlie different mechanisms that could interfere
with the relations found in this study.

Other studies conducted with type 2 DM patients have
also reported that thigh SFAT is associated with hepatic
fat [6] and IR [6, 28]. Indeed, in a recent study developed
with 83 type 2 DM patients, it was observed that fatty liver
was inversely related with femoral subfascial AT and with
visceral adiposity [6], independently of the effects of VAT
and BMI. More than interpreting these results as an evidence
suggesting a causative role of thigh SFAT to fatty liver
pathogenesis, the authors have proposed that SFAT together
with fatty liver are special adiposity depots related with IR
pathogenicity in type 2 DM. These results obtained in type
2 DM patients contrast with our observations in overweight
and obese premenopausal Caucasian women, suggesting that
this body composition area warrants more research in order
to clarify the possible underlying mechanisms. However, one
possible explanation for the differences found between both
studies might be related with the fact that the unfavourable
metabolic profile normally present in type 2 DM patients
contrasts with a relative healthy metabolic pattern found
in our sample of overweight and obese premenopausal
women (only 9.3% of the women met the ATP III criteria
for metabolic syndrome).

The role of abdominal obesity on ectopic liver fat storage
and the concomitant metabolic abnormalities was already
addressed [6, 7, 36, 37]. In a study with 144 patients with
hepatic steatosis, clinically characterized by hepatocyte fat
infiltration and often described as fatty liver, BMI was the
unique independent predictor of the steatosis degree [38].
Another two studies have also reported that, both in obese
patients [39] and in living liver donors [40], BMI was
associated with the steatosis severity. In our study with
overweight and obese premenopausal Caucasian women, we
found that, independently of age, a higher weight, BMI
and sagittal diameter (but not WC) were associated with a
lower LSR. Despite the nonsignificant association verified

between LSR and WC when adjusting for age and BMI, in
fact, WC has been described as a better predictor of VAT
rather than SD. One explanation for this observation may be
related with the measurement procedures, which may vary
according to the method used; when WC is measured by
Lohman et al. [25] procedures, it is selected the narrowest
circumference in abdominal area—procedure adopted in
out study. Contrarily, according to the National Health and
Nutrition Examination Survey-NHANES III guidelines, WC
is measured immediately above the iliac crests increasing
the absolute mean values registered. In our study, despite
the nonassociation verified between LSR and WC when
adjusting for age and BMI, there is a trend that could
be significant if adopted another measurement procedure.
The observation made in our study that, for a given WC,
increased thigh SFAT areas were also significantly related
with a higher LSR seems to reinforce the importance of
taking into account the WC in this analysis. In addition,
another reason to justify the inclusion of WC in these
statistical analysis procedures is related with the fact that WC
seems to be clinically easer to measure rather than SD and
VAT (usually implying specific equipment and more complex
procedures).

On the other hand, in a study with 221 chronic hepatitis
C patients [41], VAT, rather than BMI, was a significant
predictor of hepatic steatosis. In fact, abdominal obesity
markers, such as WC [17, 20], WHR [20, 42], VAT [4, 7],
VAT/TAAT ratio [4, 7], and Ab SAT [20] have been markedly
associated with liver fat. In our study, after adjustment for
HC, a larger WC was related with liver fat storage. Additional
adjustments for age, BMI, and thigh SFAT revealed that a
higher VAT area was independently associated with a lower
LSR (β = −0.250, P < 0.05), emphasizing the abdominal
obesity phenotype relevance to liver lipotoxicity [15] even in
a sample of overweight and obese premenopausal women.
This obesity phenotype relevance, additionally corroborated
in our sample by the fact that when adjusting for age,
BMI, and VAT the thigh SFAT did not remain significantly
related with LSR (β = 0.053, P > 0.05), was, in fact, already
suggested in a previous study with type 2 DM patients [6]
and in other recent study reporting that surgical VAT removal
could reverse hepatic IR [43]. The link between abdominal
adiposity and liver fat storage may be explained by the fact
that FFA are more easily mobilized from visceral AT rather
than Ab SAT depots, draining directly into the liver via
portal circulation [44]. The increased FFA liver influx may
induce hepatic steatosis that might be responsible for other
metabolic disturbances, such as increased liver FFA and TG-
rich lipoproteins synthesis, adipocyte proliferation failure,
and insufficient hepatocyte FFA oxidation [15, 19, 45]. In
addition, liver lipotoxicity may be accompanied by a low
chronic inflammatory state, which can promote a future
progression to nonalcoholic steatohepatitis (NASH) [45].
Despite evidence has been demonstrating the VAT-derived
FFA contribution to these pathophysiologic cascade, a recent
overview have also highlighted the role of FFA released
from abdominal subcutaneous adipocytes into systemic
circulation to these hepatic disturbances [46]. In this context,
the results of our study with premenopausal overweight and
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obese women are consistent with some emerging observa-
tions [7], suggesting that liver fat is strongly associated with
abdominal obesity and can also independently reflect an
unfavourable metabolic syndrome profile.

Indeed, we observed that higher insulin, TG, liver
transaminases, PAI-1, and uric acid concentrations were
independently associated with a lower LSR. Furthermore,
higher TC/HDL-C and LDL-C/HDL-C ratios were also
related with lower LSR values. These metabolic markers
remained significantly associated with liver fat, indepen-
dently of VAT (data not shown). Despite some evidence
have been proposing that hepatic fat storage is normally
preceded by VAT accumulation, our results are consistent
with other observations reporting that liver fat remains
associated with metabolic syndrome features independently
of total and visceral adiposity [22, 47]. In this sense, these
results suggest that hyperinsulinemia, hypertriglyceridemia
and hypercholesterolemia are relevant to the metabolic
cascade that mediates liver disturbances in overweight and
obese premenopausal women. Other studies developed with
both insulin-sensitive and insulin-resistant subjects have also
reported that liver fat was associated with IR markers [7]
and TG concentrations [5, 7]. Another study developed
with type 2 DM patients reported that the presence of
fatty liver was associated with a higher degree of IR and
dyslipidemia [6]. Hepatic steatosis has also been associated
with dyslipidemia, hyperinsulinemia, and IR not only in
obese subjects but also in lean subjects without glucose
intolerance [21]. Although the role of diabetes in hepatic
steatosis and in its progression to NASH still remains
unclear [45], the NHANES-III reported that simple IR
features, such as fasting insulin, Hb A1c, and C-peptide
concentrations, as well as abdominal obesity markers were
independently associated with ALT concentrations, the most
sensitive indicator of liver cell integrity. In fact, increased liver
transaminases concentrations are associated with obesity
severity and can also predict the liver injury degree [39, 48].
On the other hand, it is noteworthy that hyperinsulinemia
seems to play a key role in FFA metabolism and may
inhibit hepatocyte mitochondrial beta-oxidation, which can
additionally contribute to liver lipotoxicity. The inverse
associations of both PAI-1 and uric acid with LSR observed
in our study emphasize the ectopic liver fat storage relevance
to inflammatory and atherothrombotic metabolic syndrome
disturbances in overweight and obese premenopausal Cau-
casian women.

Despite several studies have been demonstrating that
metabolic disturbances are associated with ectopic liver fat
storage, including ours, Després et al. [49] have suggested
that it might be the lack of or a dysfunctional subcutaneous
adipose tissue that may be responsible for the increase in
ectopic fat deposition in the liver, heart, skeletal muscle and
pancreas which further increase the cardiovascular disease
and type 2 DM risk, rather than the inverse way. In order
to address this hypothesis, we investigate in our sample of
overweight and obese women the independent contribution
of LSR to each one of the metabolic syndrome markers
studied. Similarly to results previously reported, LSR was
associated with fasting insulin (β = −0.173, P < 0.001),

triglycerides (β = −0.205, P < 0.05), TC/HDL-C (β =
−0.212, P < 0.01), and LDL-C/HDL-C (β = −0.469, P <
0.05) ratios, and with both ALT (β = −0.354, P < 0.05)
and AST concentrations after adjustment for age, total fat
mass, and VAT. The explained variance of LSR to each
metabolic risk factor studied varied between 15.5% and
29.2%, showing higher values for TC/HDL-C and LDL-
C/HDL-C ratios, liver transaminases, and fasting insulin,
respectively. Despite the independent associations verified
between LSR and both PAI-1 (β =−0.232, P < 0.01) and uric
acid (β = −0.200, P < 0.05) concentrations when controlled
for age and BMI, they did not remain significant in this new
treatment. The similarity of the independent associations
verified between LSR, and each one of the metabolic
syndrome markers studied in our sample suggests that a
biological continuum may underlie the relations making
hard to discriminate a cause-consequence interpretation.

The role of some adipocytokines, such as leptin and TNF-
α in hepatic steatosis has also been increasingly studied.
Recent studies have reported that leptin can mediate lean
body tissues protection against lipotoxic damage [50], being
also relevant in lipogenesis blocking, and in muscle insulin-
sensitization and fatty acid oxidation enhancement [50].
However, hyperleptinemia, commonly present in visceral
obese patients, may aggravate IR and promote liver fat
storage. On the other hand, inflammatory cytokines, such
as TNF-α and IL-6, often overexpressed in obese patients
or overweight subjects with type 2 DM, have also been
associated with liver fat and NASH pathogenesis [45]. Con-
trarily to the observed in a previous study with type 2 DM
patients [6], in our study with premenopausal overweight
and obese women, both LSR and liver attenuation were
not associated with leptin, IL-6, TNF-α, and with any
other specific inflammatory and thrombotic risk factors
studied. Similar results were obtained when we analysed
the independent contribution of LSR to both metabolic
markers, after adjusted for age, total fat mass, and VAT
(data not shown). These results maybe be explained by
relatively “healthy” metabolic profile found in our sample
when compared to the unfavourable profile usually found in
type 2 DM patients.

The CT abdominal and thigh adipose and muscle tissue
assessments, as well as the broad list of metabolic features
measured and the considerable sample size (n = 140) are
some of the strengths of this study. Additionally, participants
were counseled to refrain from exercise at least 48 hours
prior to blood sampling, avoiding metabolic acute exercise
interferences. However, there are limitations in our study that
warrant mention. First, it is noteworthy that liver attenuation
obtained by CT cannot quantify absolute liver fat because
attenuation of each voxel is a function of its lipid, lean tissue,
and water composition. Therefore, variations in each one
of the components may change the resultant attenuation,
adding difficulties in data interpretation. Second, despite
careful attention in ensuring bloods samples were taken
during the follicular stage of menses, we did not control
the diet prior blood sampling. Since lipid levels of liver and
muscle can present slightly acute differences depending on
diet, this issue may also slightly influence CT attenuations.
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Third, the low prevalence of women (2.9%) presenting
a fatty liver found (as defined by a LSR < 1) in our
study is also an important issue to consider since the
observations made in our study with overweight and obese
premenopausal women can not be extrapolated for obese
or diabetic patients presenting a dysmetabolic milieu totally
different from relatively healthy metabolic subjects. Finally, it
is well established that men and women (before menopause)
present different body composition patterns. Adipose tissue
accumulation in overweight and obese men tends to be
concentrated in the abdominal area whereas women tend
to accumulate fat in gluteal-femoral area. It is also known
that these different adipose tissue depots present different
metabolic characteristics that might be responsible for the
body composition differences observed. In this sense, in our
study with overweight and obese premenopausal women,
the associations observed cannot be extrapolated for male
subjects, especially those related with the possible preventive
role of thigh SFAT to liver lipotoxicity since several metabolic
characteristics present in female gluteal-femoral adipocytes
seem to be reduced in male adipocytes.

In summary, contrarily to previous observations made
in obese type 2 DM patients, thigh subfascial adiposity
was independent and inversely associated with liver fat in
overweight and obese women, suggesting that this thigh AT
compartment may play a preventive role against detrimental
liver ectopic fat storage. Conversely, our results emphasize
the contribution of a higher BMI and visceral AT, especially
if associated with hyperinsulinemia, dyslipidemia, and an
inflammatory and atherothrombotic profile to the metabolic
cascade that dialectically interacts with liver lipotoxicity in
overweight and obese premenopausal Caucasian women.
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Oxidized low-density lipoproteins (LDLs) play an important role during the development of atherosclerosis characterized by
intimal inflammation and macrophage accumulation. A key component of LDL is lysophosphatidylcholine (lysoPC). LysoPC
is a strong proinflammatory mediator, and its mechanism is uncertain, but it has been suggested to be mediated via the platelet
activating factor (PAF) receptor. Here, we report that PAF triggers a pertussis toxin- (PTX-) sensitive intracellular signaling pathway
leading to sequential activation of sPLA2, PLD, cPLA2, and AA release in human-derived monocytes. In contrast, lysoPC initiates
two signaling pathways, one sequentially activating PLD and cPLA2, and a second parallel PTX-sensitive pathway activating cPLA2

with concomitant activation of sPLA2, all leading to AA release. In conclusion, lysoPC and PAF stimulate AA release by divergent
pathways suggesting involvement of independent receptors. Elucidation of monocyte lysoPC-specific signaling mechanisms will
aid in the development of novel strategies for atherosclerosis prevention, diagnosis, and therapy.

1. Introduction

Lysophosphatidylcholine (lysoPC) is found at elevated levels
in atherosclerotic lesions [1] and has been postulated to be an
important causal agent in inflammation and atherosclerosis.
It is a prominent phospholipid component of oxidized low-
density lipoproteins (oxLDL), and we have earlier shown that
secretory phospholipase A2- (sPLA2-) modified LDL [2] and
lysoPC alone [3] can induce proinflammatory activation of
human-derived monocytes by increased release of arachi-
donic acid (AA). LysoPC may be responsible for various
cellular processes such as regulation of monocyte adhesion
molecule expression [4], chemoattractant properties [5], and
monocyte proinflammatory cytokine secretion [6]. Some of
the intracellular signaling events initiated by lysoPC are the
activation of phospholipase D (PLD) [7, 8] and stimula-
tion of p38 and p42/44 mitogen-activated protein kinases
(MAPKs) through Gi/Go proteins [9]. Nevertheless, the sig-

naling mechanisms regulating specific cellular processes of
lysoPC are not completely understood.

It has been argued that lysoPC triggers cellular signaling
through G-protein-coupled receptors. To our knowledge,
three different receptors have been suggested as lysoPC re-
sponsive receptors. First, evidence was presented showing
that lysoPC initiates intracellular signaling through the plate-
let-activating factor (PAF) receptor [6, 8, 10], and it was hy-
pothesized that both lysoPC and PAF-induced common sig-
naling pathways through the PAF receptor. Later, two new
G-protein-coupled receptors specific to lysoPC, G2A and
GPR4, were described [11, 12]. However, the data show-
ing direct binding of lysoPC to these receptors have been re-
tracted due to their irreproducibility [13]. In spite of this,
there is still evidence of a functional relationship between
lysoPC and the G2A receptor [14–17]. In addition, lysoPC
has been reported to activate Gαs-proteins and induce apop-
tosis through the G2A receptor in primary lymphocytes [17],
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which indicates that the G2A receptor is a Gαs-receptor.
Hence, there is still uncertainty if and how lysoPC induces in-
tracellular signaling.

PAF plays important roles in inflammation-mediating
cell-cell interactions in models of acute and chronic inflam-
mation in virtually all organs and induces cellular responses
through the G-protein-coupled PAF receptor [18]. Com-
pared to lysoPC, the intracellular signaling of PAF has been
extensively studied, and PAF is known to activate both PLD
and p38 MAPK through its receptor [19–22]. Additionally,
a protein kinase C-dependent PAF-induced pathway that
releases AA has been suggested [23]. PAF-induced cPLA2

activity is inhibited by pertussis toxin (PTX), suggesting Gαi-
protein involvement [24].

Enzymes that can mediate AA release are the PLA2

enzymes that hydrolyze fatty acids from the sn-2 position
in membrane phospholipids. This results in the generation
of biologically active lipids, such as free fatty acids and
lysophospholipids, all of which regulate inflammation. PLA2

enzymes comprise a large family that is diverse in structure,
biological function, mechanism, localization, and regulation,
and the isoenzymes are classified thereby [25]. cPLA2 is pref-
erentially arachidonyl selective and requires submicromolar
amounts of Ca2+ for activity [26, 27]. In a variety of cell
types, phosphorylation and activation of cPLA2 is brought
about by MAPK [28–30]. Extracellular PLA2, also referred
to as sPLA2, is secreted by cells in response to inflammatory
stimuli, and is thought to augment the inflammatory proc-
ess by catalyzing the production of lipid mediators. sPLA2

has been associated with many physiological and pathophy-
siological processes such as rheumatoid arthritis, sepsis, pso-
riasis, and atherosclerosis [31–33].

In order to examine if lysoPC intracellular signaling is
induced by an independent G-protein-coupled receptor, we
compared lysoPC- and PAF-induced intracellular signaling
components leading to AA release. Our results suggest that
PAF triggers a PTX-sensitive pathway leading to sequential
activation of sPLA2, PLD, and cPLA2 and AA release. In
contrast, lysoPC initiates two pathways, where one sequen-
tially activates PLD and cPLA2, and a second PTX-sensitive
pathway that activates cPLA2 with the simultaneous acti-
vation of sPLA2, all leading to AA release initiated from
independent receptors. In conclusion, our results suggest
that lysoPC indeed induces AA release via different signaling
pathways compared to PAF. This supports the hypothesis of
divergent signalling pathways for the two lipids based on
their binding to unique receptors.

2. Materials and Methods

2.1. Materials. RPMI 1640, gentamicin, lysoPC C:16, 2-
butanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-difenyl tetrazoli-
um bromide (MTT), PTX, Triton-X100, EDTA, EGTA,
PMSF, and fatty acid-free bovine serum albumin (BSA)
were purchased from Sigma Chemical Co. (St. Louis, USA).
Fetal calf serum was obtained from Integro b.v. (Holland)
and WEB2170 from Boehringer Ingelheim (Germany).
[3H]AA and [14C]-L-3 phosphatidylcholine, 1 stearoyl-2-
arachidonyl were purchased from NEN (Boston, USA) and

methyl[14C]choline from Amersham LIFE SCIENCE (Buck-
inghamshire, England). Biologically active PAF C:16 and
methyl arachidonyl fluorophosphonate (MAFP) were pur-
chased from Cayman Chemical (USA). NaOH, methanol,
HCl, NaCl, NH4OH, 1-butanol, aluminium sheets silica
gel 60 TLC plates, and chloroform were purchased from
Merck (Darmstadt, Germany). L-glutamine was obtained
from Gibco BRL (Life Technologies, Grand Island, NY, USA).
Leupeptin and pepstatin were obtained from Roche Diag-
nostics GmbH (Mannheim, Germany) and Bio-Rad reagent
was from Bio-Rad Laboratories (Hercules, USA). Group IIA
sPLA2 inhibitor, SB203347, was generously donated by James
Winkler, Smith Kline Beecham (Pharmaceuticals, Pa, USA).

2.2. Cell Culture. THP-1 cells were maintained in suspension
for passage and growth in RPMI 1640 containing 10%
(v/v) fetal calf serum, 3 mg/mL glutamine, and 0.1 mg/mL
gentamicin. The cells were grown with an initial density of
2 × 105 cells/mL and subcultured 2 times a week to ensure
continuous logarithmic growth in a humidified 5% v/v CO2

atmosphere. The THP-1 monocytes were when indicated
differentiated with 160 nM PMA for 24 h. Differentiation
from monocytes to macrophages was monitored by changes
in morphology and adherent capacity. The THP-1 cell line
was bought from ATCC and regularly checked for mycoplas-
ma contamination.

2.3. Measurement of Extracellular [3H] AA Release. THP-1
cells at 3 × 105 cells/well were labeled with [3H]AA (0,3 μCi/
mL) and starved in 0.5% v/v FCS RPMI 1640 for 16 h as
previously described [33]. Extracellular release of total [3H]
was measured by scintillation counting after stimulation with
lysoPC or PAF for indicated concentrations and time periods
in RPMI 1640 containing 1 mg/mL BSA. In experiments
using antagonists and inhibitors, WEB2170 was incubated
for 15 min, alcohols and MAFP for 30 min, SB203347 for
1 h, and PTX for 2 h prior to stimulation. Results are given
as released [3H]AA in the supernatant relative to [3H]AA
incorporated in the cells and are normalized to show fold
induction of treated relative to untreated cells. In experi-
ments with inhibitors, results are shown as percent inhibi-
tion of lysoPC of PAF-induced cells. Results shown are repre-
sentative of three independent experiments.

2.4. RNA Isolation. Total cellular RNA was isolated by TRIzol
extraction according to the manufacturer’s instructions
(Gibco BRL, Life Technologies Inc., Grand Island, NY,
USA). Briefly, cells were lysed and homogenized using Trizol
reagent. Chloroform was added before centrifuging for phase
separation. The aqueous phase with RNA was transferred
to a new tube, and RNA was precipitated by mixing the
aqueous phase with isopropyl alcohol. RNA was pelleted by
centrifuging and washed with ethanol before it was air-dried
and suspended in DEPC-treated water. RNA concentration
was determined by spectrophotometry at A260.

2.5. RT-PCR Detection of Different PLD Isoforms. Total RNA
was reverse-transcribed and amplified by PCR as previously
described [3]. Conditions for RT-PCR were hPLD1a and
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hPLD1b, 94◦C for 30 sec, 60◦C for 1 min, and 72◦C for
1 min for 27 cycles and for hPLD2, 94◦C for 1 min, 56◦C
for 1.5 min and 72◦C for 2 min for 30 cycles. hPLD1a and
hPLD1b are transcript variants of the same gene and prim-
ers were designed to distinguish the two transcript vari-
ants, which results in products of 638 bp (hPLD1a) and
533 bp (hPLD1b) [34]. Primers used for amplification were
synthesized as follows: hPLD1a and hPLD1b fwd 5′-TGG-
GCTCACCATGAGAA-3′ (nucleotides 1475–1491) and rew
5′-GTCATGCCAGGGCATCCGGGG-3′ (nucleotides 2133–
2113) and hPLD2 fwd 5′-TCCATCCAGGCCATTCTGCAC-
3′ (nucleotides 2802–2778) and rew 5′-CTATGTCCACAT-
TTCTAGGGGGAT-3′ (nucleotides 2802–2778). All PCR
reactions were performed with water as the negative control
both for the RT reaction and PCR reaction (not shown).

2.6. PLD Choline Assay. THP-1 cells were starved in RPMI
1640 supplemented with 1 mg/mL BSA and [14C]choline
(0.6 μCi/mL) for 40 h with a cell density of 6.75 × 105 cells/
well. The cells were stimulated with lysoPC (40 μM, 2 min) or
PAF (40 μM, 2 min) in RPMI 1640 with 1 mg/mL BSA. Prein-
cubations with inhibitors were conducted under same condi-
tions as for AA-release. To extract aqueous phase metabolites
the medium was centrifuged to remove cells before ice-cold
chloroform/methanol (1 : 2, v/v) was added. To the medium-
chloroform/methanol solution, ice-cold chloroform and wa-
ter was added to a final ratio of methanol/chloroform/water
(2 : 2 : 1, v/v/v). The solution was mixed well and centrifuged
(500 g, 5 min) to separate the organic phase from the water
phase. The upper aqueous phase was evaporated to dryness
in a vacuum dryer overnight and resolved in water/ethanol
(1 : 1, v/v). Free choline was separated from phospho-
choline by TLC on aluminum silica gel 60 sheet developed
with 0.9% w/v NaCl/methanol/NH4OH (50 : 50 : 5,v/v/v).
Released choline in the medium was measured by Phospho-
Imager. 1 M NaOH were added to the cells and the radioac-
tivity was measured by liquid scintillation counting to deter-
mine total radioactivity in cells. Results are expressed as re-
leased choline in the medium relative to total radioactivity
and are normalized to show fold induction of treated relative
to untreated cells. In experiments with inhibitors, results are
shown as percent inhibition of lysoPC or PAF-induced cells.
Percent inhibition is calculated with data retracted from the
background noise. Results given are representative of three
independent experiments.

2.7. cPLA2 In Vitro Assay. cPLA2 activity was measured as
described previously [35]. In brief, THP-1 cells were seeded
(2 × 106 cells/well) and starved (0,5% v/v FCS, 18 h) before
stimulation with lysoPC (40 μM, 10 min) or PAF (40 μM,
5 min). Preincubations with inhibitors were done under the
same conditions as for AA-release. The cells were lysed in
lysis buffer and protein concentrations were measured by
BioRad protein reagent. 100 μg lysate was incubated with
[14C]-L-3 phosphatidylcholine, 1 steroyl-2-arachidonyl-mi-
celles (100 μM) at 37◦ centigrade for 30 min before lipid
extraction by the Bligh and Dyer method [36]. Free AA was
separated from other phospholipids by TLC on aluminum
silica gel 60 sheets developed with ethyl acetate/isooctane/

acetic acid/water (55/75/8/100, v/v/v/v). The amount of
produced AA was detected by Phosphor-Imager and the
cPLA2 activity was expressed as a percentage relative to total
amount of phospholipids. In experiments with inhibitors,
results are shown as percent inhibition of lysoPC or PAF-
induced cells. Percent inhibition is calculated with data
retracted from the background noise. Results shown are
representative of three independent experiments.

2.8. MTT Cytotoxicity Assay. LysoPC and different chemical
inhibitors were tested for cytotoxicity by MTT assay as
previously described [37]. The MTT assay reflects the
mitochondrial dehydrogenase activity, and the absorbance at
580 nm was used as an index of cell viability.

2.9. Statistics. The data are shown as means ± SD of separate
experiments each containing 3 parallels (arachidonate and
PLD assay) or 2 parallels (cPLA2 assay). For the arachidonate
and PLD assay, the data of three independent experiments
were compared with the Kruskal-Wallis test for random
samples, and those at P < 0.05 were considered significant.
Each set of experiments was repeated three times.

3. Results

3.1. LysoPC and PAF Stimulate [3H]AA Release in THP-1
Cells. We have earlier shown that lysoPC stimulates [3H]AA
and [14C]OA release in the human-derived monocytic cell
line, THP-1, mediated both by sPLA2 and cPLA2 [3]. In
order to achieve a more detailed understanding of the mech-
anism of the lysoPC-induced pathway and, additionally, to
distinguish it from pathways induced by other lysolipid
analogues, we tested analogues such as lysophosphatidic acid,
sphingosylphosphorylcholine (conc. ranging from 20 to
100 μM and stimulation time varying from 10 to 120 min,
results not shown), and PAF for their ability to trigger AA
release. Among the analogues tested, only PAF could induce
significant AA release (Figure 1). PAF-stimulated [3H]AA
release in a dose- and time-dependent manner with a
maximal release after five minutes (Figure 1(a)) at an optimal
concentration of 35 μM PAF (Figure 1(b)). Comparatively,
lysoPC stimulated AA release with a maximum after ten
minutes at an optimal concentration of 40 μM [3]. Hence, we
observed that PAF elicits AA release with slightly more rapid
kinetics compared to lysoPC.

It is difficult to define PAF’s “physiological concentra-
tion”, but the optimal concentrations of PAF and lysoPC were
selected based on the criteria that the cells were viable, as
measured by MTT assay [38–40]. To enhance the sensitivity
of the AA assay, fatty acid-free BSA was added to the
media. Hence, the final concentrations of free lipid in the
stimulation media were less than the actual concentration
used [41]. By stimulating THP-1 monocytes with 40 μM
lysoPC for 10 min or 35 μM PAF for 5 min, we did get a fold
increase in AA release between 3 to 12.

In order to determine which PLA2 enzymes contribute
to AA release, different PLA2 inhibitors were applied. The
sPLA2 inhibitor, SB203347, reduced PAF-stimulated AA
release by 80% v/v (Figure 1(c)), while the cPLA2/iPLA2
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Figure 1: PAF and [3H]AA release in human monocytes. Prelabeled THP-1 cells were stimulated with PAF, and [3H]AA release was measured
by liquid scintillation counting. (a) The time course of PAF- (35 μM) mediated [3H]AA. (b) PAF stimulation for 5 min mediates [3H]AA
release in a dose-dependent matter. (c) Shows inhibition of PAF-induced [3H]AA by the sPLA2 inhibitor SB203347 (10 μM) and the cPLA2

inhibitor MAFP (10 μM). The PAF concentration used is 35 μM. Data are expressed as means ± SD of triplicate determinations within
separate experiments. Asterisks indicate that values are statistically different from PAF-treated cells (∗).

inhibitor, MAFP, reduced AA release by 60% v/v
(Figure 1(c)). Consequently, our results suggest that PAF
stimulate cPLA2 or iPLA2 activity; hence, the cPLA2 activity
assay is used later in this study to further assess cPLA2

activation. Our results suggest that PAF-stimulated AA re-
lease is mediated by sPLA2 and cPLA2 or iPLA2 in THP-1
cells, similar to the lysoPC-triggered response.

3.2. LysoPC and PAF Stimulate PLD Activity by Independent
Mechanisms. It has been shown that lysoPC [8] and PAF [19]
stimulate PLD activity in mouse peritoneal macrophages.
PLD is a widely expressed enzyme, of which there are three

mammalian isoforms, PLD1a, PLD1b, and PLD2 [42]; all
three isoenzymes are expressed in human monocytes [43]. To
our knowledge, the expression of PLD isoenzymes in THP-1
cells has not been analyzed. To assess which PLD enzymes
were expressed, the PLD mRNA expression pattern was ana-
lyzed by RT-PCR. We did indeed find expression of PLD1a
and PLD2 in both undifferentiated and differentiated THP-1
cells, while PLD1b was faintly expressed in undifferentiated
cells and clearly upregulated in differentiated THP-1 cells
(Figure 2). Since we use undifferentiated THP-1 cells in this
study, any PLD activity we measure would be due mainly to
PLD1a and/or PLD2.
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Figure 2: Expression of PLD isoforms in THP-1 cells. RT-PCR
with primers specific for different PLD isoforms (PLD1a 638 bp,
PLD1b 533 bp, and PLD2 710 bp) was performed on total RNA
isolated from undifferentiated THP-1, THP-1 cells differentiated for
72 h and 120 h (lanes 2,3, and 4, resp.; lane 1 is the positive con-
trol). Band intensities were calculated using BioRad image analysis
software and fold induction of PLD mRNAs (normalized to b-actin)
relative to undifferentiated cells is shown in the lower panel.

In order to determine if PLD is involved in lysoPC- and
PAF-stimulated AA release in human-derived monocytes,
[3H]AA prelabeled THP-1 cells were preincubated with the
primary alcohols 1-butanol and ethanol and with the sec-
ondary alcohol 2-butanol. The primary alcohols, but not the
secondary alcohol 2-butanol, will attenuate signaling medi-
ated by PLD, as they compete with water to be the hydroxyl
donor in the hydrolysis of phospholipids by PLD. [3H]AA
release in response to lysoPC and PAF stimulation was par-
tially inhibited by the two primary alcohols, 1-butanol and
ethanol (Figure 3) although ethanol was less effective in
inhibiting [3H]AA release by PAF than by lysoPC. As expect-
ed, the secondary alcohol, 2-butanol, did not inhibit [3H]AA
release (Figure 3) because of its inability to be a hydroxyl
donor. This suggests that the enzymatic product of PLD ac-
tivity, phosphatidic acid (PA), regulates lysoPC- and/or PAF-
stimulated AA release in THP-1 cells.

To further assess if PLD is activated by lysoPC or PAF,
PLD activity was analyzed by cellular release of [14C]choline.
Both lysoPC and PAF significantly increased [14C]choline
release, which is an indication of PLD activity (Figure 4(a)).
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Figure 3: LysoPC- and PAF-mediated [3H]AA release is inhibited
by different alcohols. Prelabeled THP-1 cells were preincubated
with different alcohols 30 min before challenge with lysoPC (40 μM,
10 min) or PAF (35 μM, 5 min). [3H]AA release in the medium
was measured by liquid scintillation counting. Data are expressed
as means ± SD of triplicate determinations within separate experi-
ments. Asterisks indicate that values are statistically different from
PAF- or lysoPC-treated cells (∗).

Optimal release was at 40 μM after 2 minutes for both lysoPC
and PAF. This suggests that both lysoPC and PAF stimulate
PLD activity.

PAF receptor is a G-protein coupled receptor and lysoPC
is also believed to mediate intracellular signaling through
G-protein-coupled receptors. To determine if different G-
protein coupled receptors were involved in PLD activation,
we applied different inhibitors to the cells before stimulation
of PLD activity. The PAF antagonist WEB2170 (10 μM)
inhibited [14C]choline release in response to lysoPC by 80%
(Figure 4(b)) and in response to PAF by 90% (Figure 4(c)).
The PAF receptor is regulated by Gαi-proteins [24]. The
Gαi-protein inhibitor PTX inhibited lysoPC-induced PLD
activation by about 30% (Figure 4(b)) and PAF-induced
PLD activation by 70% (Figure 4(c)), suggesting that a Gαi-
protein is more central in the PAF-initiated stimulation of
PLD compared to lysoPC.

Since sPLA2 involvement in the lysoPC and PAF signaling
pathway is already suggested, we wanted to examine if sPLA2

mediates PLD activity. In order to determine if sPLA2 ac-
tivates PLD, the specific sPLA2 inhibitor SB203347 was ap-
plied in the PLD experiment. SB203347 inhibited PAF-in-
duced PLD activation by almost 100% (Figure 4(c)), while
lysoPC-induced PLD activation was inhibited only by 30%
(Figure 4(b)). This suggests that the PAF-induced pathway
requires sPLA2 for activation of PLD, while in the lysoPC
pathway, sPLA2 contributes poorly to PLD activation, which
is in accordance with a study in HEK293 cells [44]. Addi-
tionally, involvement of Gαi-proteins is more prominent in
PAF-stimulated PLD activation compared to lysoPC-stimu-
lated activation. Taken together, this suggests that divergent
intracellular signaling pathways are initiated by lysoPC and
PAF.
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Figure 4: LysoPC and PAF stimulate PLD activity. (a) [14C]choline prelabeled THP-1 cells were stimulated with lysoPC or PAF for two
minutes, and [14C]choline released in the medium was measured after TLC separation. (b) and (c) [14C]choline prelabeled THP-1 cells were
preincubated with WEB2170, SB203347, or PTX before (b) lysoPC or (c) PAF challenge. Data are expressed as means ± SD of triplicate
determinations within separate experiments. Asterisks indicate that values are statistically different from PAF- or lysoPC-treated cells (∗).

3.3. cPLA2 Activity Is Distinctively Stimulated in Response to
LysoPC and PAF. We have earlier shown that lysoPC stimu-
lates cPLA2 activity in human-derived monocytes [3] and
that cPLA2 is involved in PAF-mediated AA release by inhibi-
tion with MAFP (Figure 1(c)). We examined cPLA2 activa-
tion in an in vitro assay, and our results showed that cPLA2

activity was significantly induced by both lysoPC and PAF
(Figure 5(a)). LysoPC-induced responses are inhibited by
PAF-receptor antagonists [6, 8, 10], and it has been argued
that lysoPC might act through the PAF receptor. To investi-
gate if lysoPC-stimulated cPLA2 activity is induced by PAF
receptor, we applied the antagonist WEB2170 to the cells
prior to analysis of cPLA2 activity. LysoPC- and PAF-stimu-
lated cPLA2 activity was inhibited by WEB2170 by 40%

(Figure 5(b)) and 95% (Figure 5(c)), respectively. This indi-
cates that lysoPC acts partly through PAF receptor and partly
thought another unidentified receptor.

Both lysoPC and PAF are reported to activate PLD in
mouse peritoneal macrophages [8, 45]. In Figure 4(a), we
show that PLD is activated in human-derived monocytes
by lysoPC or PAF. To analyze if PLD was involved in the
pathway activating cPLA2, we applied 1-butanol to the cells
before analysis of cPLA2 activity. As shown by the cPLA2 in
vitro activity assay, LysoPC- or PAF-induced cPLA2 activity
was indeed inhibited by 1-butanol (0.25% v/v) by 70%
(Figure 5(a)) and 95% (Figure 5(b)), which strongly suggests
that PLD is involved in cPLA2 activation although at a
significantly higher degree in response to PAF compared to
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Figure 5: cPLA2 activity is differentially regulated by lysoPC and PAF. (a) cPLA2 enzyme assays were done on cell lysates treated with
lysoPC or PAF. (b) and (c) cPLA2 activity was determined in lysates from THP-1 monocytes treated with different chemical inhibitors before
stimulation with (b) lysoPC or (c) PAF. Data are expressed as means ± SD of duplicate determinations within separate experiments. Data
shown are one representative of three independent experiments.

lysoPC stimulation. Again this suggests distinct signaling for
PAF and lysoPC.

We previously reported that sPLA2 contributes to
lysoPC-mediated AA release [3], and above, we have shown
for the first time that sPLA2 also can contribute to PAF-
mediated AA release (Figure 1(c)). To analyze if sPLA2 regu-
lates lysoPC- or PAF-induced cPLA2 activity, we applied the
sPLA2 inhibitor SB203347. SB203347 inhibited PAF-stimu-
lated cPLA2 activity by 95% (Figure 5(c)), while lysoPC-in-
duced stimulation was dramatically less sensitive to the in-

hibitor (15% reduction, Figure 5(b)). These results indicate
that PAF-mediated cPLA2 activation is regulated by sPLA2;
however, lysoPC-mediated cPLA2 activity is poorly regulated
by sPLA2.

LysoPC has been reported to mediate signaling pathways
through Gαs-proteins [17]. In this study, we have used PTX,
which is a Gαi-protein inhibitor, in order to examine if Gαi-
proteins are involved in any of the pathways. PTX inhibited
potently both lysoPC-(Figure 5(b)) and PAF-(Figure 5(c))
induced cPLA2 activation by 100% and 68%, respectively,



8 Journal of Lipids

0

20

40

60

80

100

0 5 10 15

[3
H

]A
A

re
le

as
e

lysoPC

WEB2170 (μM)

∗

∗
∗

(%
in

du
ce

d
ce

lls
))

(l
ys

oP
C

-

(a)

40

60

80

100

WEB2170 (μM)

∗
∗

[3
H

]A
A

re
le

as
e

PAF

0 2 4 6 8 10

(P
A

F-
in

du
ce

d
ce

lls
(%

))

(b)

Figure 6: LysoPC-mediated [3H]AA release is inhibited by the PAF-receptor antagonist WEB2170. Prelabeled THP-1 cells were preincubated
with WEB2170, stimulated with (a) lysoPC (40 μM, 10 min.) or (b) PAF (35 μM, 5 min) and [3H]AA release in the medium was measured by
liquid scintillation counting. Data are expressed as means ± SD of triplicate determinations within separate experiments. Asterisks indicate
that values are statistically different from PAF- or lysoPC-treated cells (∗).

suggesting that cPLA2 activity induced by lysoPC is regulated
through Gαi-proteins and to a lesser extent in the PAF-ini-
tiated pathway.

3.4. LysoPC and PAF-Stimulated [3H]AA Release Is Partly
Blocked by the PAF Receptor Antagonist WEB2170. It has been
reported that lysoPC may stimulate cells via the PAF receptor
[6, 8, 10]. We compared the ability of the PAF receptor
antagonist WEB2170 to inhibit AA release by lysoPC and
PAF. WEB2170 inhibited both lysoPC- and PAF-stimulated
[3H]AA release by 40% (Figures 6(a) and 6(b)) at 10 μM
WEB2170, suggesting that lysoPC acts partly through PAF
receptor and partly through another unidentified receptor.
This is similar to what is observed in HL-60 cells [46],
regarding lysoPC and PAF’s ability to initiate independent
signaling mechanisms.

4. Discussion

Taken together, our results suggest that lysoPC and PAF differ
in the way they stimulate PLD and cPLA2 activation. PAF
stimulates PLD and cPLA2 activity in a sequential manner
mediated by sPLA2. In contrast, lysoPC sPLA2-induced AA
release appears to be in a very low extent dependent of PLD.
Moreover, cPLA2 is to a large extent regulated by Gαi-proteins
in the lysoPC pathway but to a lesser degree in the PAF
pathway (as shown in Figure 7).

PLD is reported to be activated in response to lysoPC
and PAF [10–12, 47]; however, PLD has, to our knowledge,
not been shown to be involved in lysoPC- or PAF-induced
AA release. We have shown here that there is an important
relationship between PLD, cPLA2, and consequently AA re-
lease. In addition, there is a striking difference upstream

of PLD in the two pathways leading to AA release, where
sPLA2 mediates PLD activation in response to PAF but partly
in response to lysoPC. These results suggest two divergent
pathways for lysoPC and PAF that earlier have been argued
to share common signaling pathways.

Several possible mechanisms have been suggested in the
literature about how PLD may affect AA release. Firstly, PLD
may activate MAPK cascade that may contribute to phos-
phorylation of cPLA2 and consequently activation of the en-
zyme [28, 48]. We are currently investigating if p38 may be
an intermediate step between PLD and lysoPC induced AA
release. Secondly, PLD generates PA, which may be a sub-
strate for PLA2 enzymes [49]. Third, sequential activation
of PLD and phosphatidate phosphohydrolase results in DAG
accumulation. This facilitates the interaction of cPLA2 with
its substrate [50]. Thus, our results indicate that PLD is not
only important in generation of the key mediator PA but
also in activation of other enzymes such as cPLA2. Taken
together, PLD seems to be important in order to differentiate
between the lysoPC- and PAF-induced intracellular signaling
pathways.

Previously, both lysoPC and PAF have been shown to
release AA in human-derived monocytes [3, 45]. Interest-
ingly, our results suggest that the AA release is a result of
two independent pathways, one initiated by PAF and a differ-
ent pathway initiated by lysoPC. This novelty underscores
lysoPC and PAF’s ability to initiate and contribute to inflam-
mation through the activation of PLA2 enzymes and the
consequent release of AA, which is a precursor for the proin-
flammatory hormones, the eicosanoids. Moreover, the two
distinct pathways triggered by the two lipids suggest that AA
release can be regulated by divergent pathways, mediating
similar proinflammatory response.
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Figure 7: Proposed main molecular mechanisms of intracellular signaling mediated by (a) PAF receptor and (b) unidentified lysoPC-
sensitive receptor. The figure shows enzymes in bold/italic and inhibitors in small letters with the sign “–|”.

PAF-stimulated AA release has in cell systems other
than monocytes been shown to be inhibited by the Gαi-
protein inhibitor, PTX, indicating that Gαi-proteins are
involved in PLA2 activation [51]. It is known that lysoPC can
mediate cellular responses through several G-proteins ([17]
and references herein). In our study, the PAF-mediated AA
releasing pathway was clearly regulated by a Gαi-protein. In
contrast, Gαi-proteins were important for cPLA2 activation
but not as much in regulating PLD activity in response to
lysoPC. Thus, indicating a third pathway for AA release by
lysoPC. Hence, our results suggest that the PAF pathway
and in part the lysoPC pathway is triggered by Gαi-protein
coupled receptors.

It is well known that PAF induces intracellular signaling
through the G-protein coupled PAF receptor and that it is
inhibited by different PAF antagonists such as WEB2170
[52]. In addition, it is reported that lysoPC-induced respons-
es may be inhibited by PAF-receptor antagonists [6, 8, 10],
and previous authors suggest that this indicates cellular
lysoPC-induced responses via the PAF receptor. We show
here that both lysoPC- and PAF-stimulated cellular responses
were inhibited by the PAF receptor antagonist, WEB2170 al-
though the intracellular signaling pathways inhibited clearly
were different. The literature opens for the existence of
structurally related receptors effectuating lysoPC- or PAF-
stimulated responses, and further studies will be necessary
to identify a specific receptor for lysoPC. Hence, our results
strongly suggest that lysoPC and PAF stimulate independent
signaling pathways leading to AA release are partly triggered
by independent receptors, but we are uncertain as to the
identity of the exact receptor responsible for the major
lysoPC-induced intracellular signaling.

In this study we come closer to resolving some of the
molecular mechanisms regulating AA release in response to
lysoPC in human-derived monocytes by comparing it to

that of its analogue PAF. In conclusion, our results suggest
separate pathways leading to AA release stimulated by PAF
compared to lysoPC (Figure 7). PAF triggers a PTX sensitive
pathway by sequentially activating sPLA2, PLD, and cPLA2,
while lysoPC triggers one pathway by sequentially activating
PLD and cPLA2, a second PTX sensitive pathway activating
cPLA2 and third pathway activating sPLA2. More detailed
understanding of intracellular signaling mechanisms will
allow for greater specificity in the design of future therapeutic
strategies.
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Homocysteine (Hcy) has been recognized for the past five decades as a risk factor for atherosclerosis. However, the role of Hcy in
the pathological changes associated with atherosclerosis as well as the pathological mechanisms triggered by Hcy accumulation is
poorly understood. Due to the reversal of the physiological direction of the reaction catalyzed by S-adenosyl-L-homocysteine
hydrolase Hcy accumulation leads to the synthesis of S-adenosyl-L-homocysteine (AdoHcy). AdoHcy is a strong product
inhibitor of S-adenosyl-L-methionine (AdoMet)-dependent methyltransferases, and to date more than 50 AdoMet-dependent
methyltransferases that methylate a broad spectrum of cellular compounds including nucleic acids, proteins and lipids have been
identified. Phospholipid methylation is the major consumer of AdoMet, both in mammals and in yeast. AdoHcy accumulation
induced either by Hcy supplementation or due to S-adenosyl-L-homocysteine hydrolase deficiency results in inhibition of
phospholipid methylation in yeast. Moreover, yeast cells accumulating AdoHcy also massively accumulate triacylglycerols (TAG).
Similarly, Hcy supplementation was shown to lead to increased TAG and sterol synthesis as well as to the induction of the
unfolded protein response (UPR) in mammalian cells. In this review a model of deregulation of lipid metabolism in response
to accumulation of AdoHcy in Hcy-associated pathology is proposed.

1. Introduction

The first indication that sulfur amino acid metabolism is
linked to atherosclerosis came from observations in 1953
demonstrating that pathogenic cholesterol concentrations
and experimental atherogenesis in monkeys can be inhibited
by dietary methionine [1]. Since the early 60s elevated Hcy
levels in blood (hyperhomocysteinemia) caused by different
deficiencies of sulfur amino acid metabolism were reported
to be associated with vascular disease and, in particular,
with atherosclerotic plaque formation [2, 3]. Today, Hcy is
recognized by many studies as a strong, independent and
causal risk factor for atherosclerosis [4–8], although there
is still controversy on the underlying metabolic connections
[9]. In addition to its association with vascular diseases,
Hcy is also linked to neurological disorders [10], aging [11],
and all-cause mortality [12]. Understanding the pathological

mechanisms triggered by Hcy is, therefore, essential for
understanding its role in several disease states.

Numerous mechanisms have been proposed that explain
pathological changes associated with elevated Hcy levels
(reviewed in [3]). Several of them, for example, protein
homocysteinylation and oxidative stress, are directly trig-
gered by Hcy. However, not Hcy, but rather AdoHcy, an
immediate precursor of Hcy (Figure 1), emerged as a more
sensitive indicator of cardiovascular disease during the last
decade [13, 14]. Supporting the potentially pathogenic role
of AdoHcy, studies in yeast showed that indeed AdoHcy
is more toxic than Hcy to cells that are deficient in Hcy
catabolism [15].

AdoHcy is synthesized as a universal byproduct of
AdoMet-dependent methyltransferase reactions (Figure 1).
It is a strong competitive inhibitor of many AdoMet-
dependent methyltransferases [16] and, therefore, has to
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Figure 1: Role of AdoHcy and Hcy in AdoMet-dependent methy-
lation in yeast and mammals. The enzymes involved in yeast and
mammalian metabolism are shown in grey circles. AdoMet: S-ade-
nosyl-L-methionine; AdoHcy: S-adenosyl-L-homocysteine; Hcy:
homocysteine; Met: methionine; CTT: cystathionine; in yeast:
Sah1: S-adenosyl-L-homocysteine hydrolase; Sam1 and Sam2: S-
adenosyl-L-methionine synthetases; Met6: methionine synthase;
Str4: cystathionine β-synthase; Str1: cystathionine γ-lyase; Gsh1:
γ-glutamylcysteine synthetase; in mammals: AHCY: S-adenosyl-
L-homocysteine hydrolase; MAT: methionine adenosyltransferase;
MFMT: 5-methyltetrahydrofolate homocysteine methyltransferase;
BHMT: betaine homocysteine methyltransferase; CBS: cystathio-
nine β-synthase; CTH: cystathionine γ-lyase; GSH: glutathione
synthase.

be removed to sustain these reactions. The only eukary-
otic enzyme capable of AdoHcy catabolism, S-adenosyl-L-
homocysteine hydrolase (Sah1 in yeast, AHCY in mammals),
catalyzes the reversible hydrolysis of AdoHcy to Hcy and
adenosine. The equilibrium of S-adenosyl-L-homocysteine
hydrolase-catalyzed reaction lies far in the direction of
synthesis, and both Hcy and adenosine have to be quickly
metabolized in order to drive the net hydrolysis of AdoHcy
[17]. Therefore, accumulation of hydrolytic products of the
S-adenosyl-L-homocysteine hydrolase-catalyzed reaction, in
particular Hcy, results in AdoHcy synthesis and accumula-
tion showing that AdoHcy is not only the precursor, but also
the product of Hcy metabolism in vivo [18–20].

Changes at the epigenetic level are the most exten-
sively studied consequences of methylation deficiency [21–
24]. However, phospholipid methylation that requires three
sequential AdoMet-dependent methylation steps to syn-
thesize one molecule of phosphatidylcholine (PC) from
phosphatidylethanolamine (PE), the predominant way for
PC synthesis in yeast, in particular, in the absence of choline
and ethanolamine in the culture medium, is the major
consumer of AdoMet. Phospholipid methylation is also

the major consumer of AdoMet in mice, since the loss of
phosphatidylethanolamine N-methyltransferase (PEMT) in
PEMT−/− knockout mice leads to a 50% decrease in plasma
Hcy levels [25]. Reexamination of methylation metabolism
in humans also revealed that phospholipid methylation, but
not creatine synthesis, as was assumed previously, accounts
for the major part of AdoMet being utilized in the human
body [26].

While PE methylation is the predominant way to synthe-
size phospholipids in yeast, phospholipid synthesis by the de
novo methylation pathway is primarily present in the liver
in mammals, where it constitutes 30% of PC production
and account for estimated 10 μmol and 1,65 mmol PEMT-
derived PC secreted into bile per day in mice and humans,
respectively [26, 27]. However, other mammalian tissues
and cells are also capable of phospholipid methylation
including brain, skeletal muscle, adipose tissues, fibroblasts,
arterial smooth muscle cells, endothelial cells, macrophages,
and erythrocytes [28–37]. The evolutionary conservation
of phospholipid methylation suggests its essential role in
some specific functions in different cell types. For instance,
phospholipid methylation is enhanced in hypertrophied
myocardium, correlates with the level of β-adrenergic recep-
tors [38, 39] and is stimulated by isoproterenol, a potent car-
diac stimulant [40]. In contrast, phospholipid methylation is
inhibited by quinidine, an antiarrhythmic drug that causes
repression of myocardial contractility [41]. Phospholipid
methylation was also observed in microsome preparations
from aorta [42, 43] and was suggested to affect membrane
fluidity and function of membrane calcium channels in aorta
[42, 43] as well as in heart [40]. Moreover, phospholipid
methylation appears to be coupled to Ca2+ influx and
von Willebrand factor release in endothelial cells [35]. In
accordance, it was shown that increased methylation of phos-
pholipids is required for an influx of Ca2+ and subsequent
release of histamine in mast cells [44]. Furthermore, Ca2+

influx was correlated with the release of arachidonic acid in
rabbit neutrophils and human fibroblasts, which also appears
to require phospholipid methylation [32, 45]. Requirement
of phospholipid methylation for polyunsaturated fatty acid
metabolism was also observed in the brain [46]. It was
reported that developing, remyelinating, and diabetic brain
exhibits increased synthesis of PC by the de novo methylation
pathway in comparison with normal adult brain [47, 48].
Phospholipid methylation was shown to be linked to diabetes
[49–51] and neurological disorders [52, 53] also in other
studies.

PEMT mRNA and protein levels increase substantially in
differentiating adipocytes [30]. It was shown very recently
that phospholipid methylation is required for lipid droplet
formation and stability in 3T3-L1 adipocytes, and high-fat
challenge induces PEMT expression in adipose tissue [54].
Moreover, PEMT and the CDP-choline pathway for PC syn-
thesis are both required for the secretion of very-low-density
lipoproteins [55–57]. While cells lacking the rate-limiting
enzyme of the CDP-choline pathway, CTP:phosphocholine
cytidylyltransferase, do not survive [57], deficiency of
phospholipid methylation in PEMT−/− mice under choline
deprivation results in development of hepatic steatosis
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followed by steatohepatitis and hyperacute liver failure [58]
and is lethal within 5 days [59]. Moreover, deficiency in
phospholipid methylation, but not in the synthesis of PC
by the CDP-choline pathway, protects from diet-induced
obesity in mice due to increased energy utilization suggesting
that PEMT plays a role in whole energy metabolism and
is linked to insulin signaling [60]. Finally, an isoform
of phosphatidylethanolamine N-methyltransferase, PEMT2,
appears to be involved in the control of hepatocyte cell
division, since its inactivation is associated with several types
of liver cell proliferation including tumorigenesis [61]. Vice
versa, rat hepatoma cell growth is suppressed by PEMT2
expression [62].

Sensitivity of phospholipid methylation to AdoHcy accu-
mulation [16, 18, 63] as well as numerous correlations
reported for phospholipid methylation pathway suggests that
interference with this reaction in Hcy-associated pathology
may lead to widespread defects, what indeed seems to
be the case. In particular, elevated Hcy levels were found
to trigger deregulation of lipid metabolism in yeast and
mammalian cells [18, 64]. A mechanism of deregulation of
lipid metabolism and lipid-associated cellular functions in
hyperhomocysteinemia mediated by AdoHcy accumulation
and subsequent inhibition of phospholipid methylation is
proposed in this paper.

2. Role of Homocysteine in
the Methylation Cycle

Homocysteine is a sulfur-containing amino acid, which does
not occur in proteins, but is found at the intersection
of methylation and transsulfuration metabolism (Figure 1,
reviewed in [65]). Hcy is formed during methionine
metabolism by S-adenosyl-L-homocysteine hydrolase that
catalyzes the reversible hydrolysis of AdoHcy to Hcy and
adenosine. To be kept in the methylation cycle, Hcy has
to be remethylated to methionine, which can be further
activated to AdoMet and used by over 50 AdoMet-dependent
methyltransferases that release AdoHcy as a by-product after
the methyl transfer reaction. The ratio of AdoMet to AdoHcy,
that is, the ratio of the substrate versus the specific inhibitor
of AdoMet-dependent methyltransferases, is indicative of the
cellular methylation potential [66].

In addition to its remethylation to methionine, Hcy can
be subjected to transsulfuration leading to the synthesis of
cysteine, which is also a precursor of glutathione, an essen-
tial cellular defense molecule in oxidative stress response
[65]. This pathway irreversibly withdraws Hcy from the
methylation cycle. An alternative way for Hcy metabolism
is the reversal of the reaction catalyzed by S-adenosyl-L-
homocysteine hydrolase. This occurs upon accumulation of
the hydrolytic products of the reaction, in particular Hcy, and
leads to AdoHcy synthesis and accumulation [19, 67–69].
Thus, elevated Hcy levels via accumulation of AdoHcy lead
to the disruption of the methylation cycle and, potentially, to
methylation deficiency.

Deficiency in cystathionine β-synthase (CBS), the first
and rate-limiting enzyme of the transsulfuration pathway

(Figure 1), is the major cause of severe hyperhomocysteine-
mia followed by genetic defects of folate and cobalamin
metabolism that is involved in Hcy remethylation [65]. These
pathological conditions lead to the plasma Hcy levels of more
than 100 μmol/L [65] and are rare in comparison with mild
hyperhomocysteinemia that is caused by dietary deficiencies
of the vitamin cofactors required for Hcy catabolism - folic
acid, vitamins B6 and B12, and characterized by the plasma
Hcy levels of 15–25 μmol/L [70]. Vitamin B6 is required
for the activity of CBS. Folic acid and vitamin B6 are
required for the activity of methionine synthase catalyzing
5-methyltetrahydrofolate-dependent remethylation of Hcy
to methionine (Figure 1). While vitamin supplementation
appeared to be a straightforward strategy to reduce/prevent
cardiovascular events, this possibility was studied in several
large trials. However, it was observed that vitamins, while
capable of lowering elevated plasma Hcy levels, do not
reduce the rates of vascular events [71]. Several potential
mechanisms that might explain this result by offsetting the
positive effect of Hcy-lowering therapy were subsequently
proposed. These include promotion of cell proliferation by
folic acid through its role in the synthesis of thymidine,
increase of the methylation potential leading to changes in
gene expression, and increase in the levels of asymmetric
dimethylarginine that inhibit the activity of nitric oxide
synthase [71]. An additional possibility is that, not Hcy,
but rather a related metabolite could be a trigger of some
pathological changes associated with elevated Hcy levels.
Possibly explaining the failure of Hcy-lowering vitamins
to reduce vascular events, it was recently reported that
supplementation with B-vitamins including folate does not
efficiently lower plasma AdoHcy levels [72], presumably due
to elevation of AdoMet-dependent methylation.

3. AdoHcy-Triggered Deregulation of
Lipid Metabolism in Yeast

In yeast, the synthesis of PC from PE by the de novo phospho-
lipid methylation pathway is particularly sensitive to AdoHcy
accumulation [18, 63]. Both inhibition of S-adenosyl-L-
homocysteine hydrolase and Hcy supplementation results
in AdoHcy accumulation and inhibition of phospholipid
methylation in yeast [18]. However, not only phospholipid
methylation, but also a methylation-independent branch of
lipid metabolism, namely, TAG synthesis, is affected by Ado-
Hcy accumulation in yeast: yeast cells deficient in AdoHcy
catabolism or supplemented with Hcy massively accumulate
TAG [18]. Supporting the causal role of impaired phospho-
lipid methylation in the deregulation of TAG metabolism
in response to AdoHcy accumulation, it was found that
yeast mutants that are deficient in the enzymatic activities
required for methylation of PE to PC, cho2 and opi3, also
accumulate TAG [18]. TAG is known to play an important
role in buffering excess fatty acids [73]. Therefore, TAG
accumulation under these conditions suggests accumulation
of fatty acids and their redirection from phospholipid to TAG
synthesis in methylation deficiency in yeast.

Another observation as well supports accumulation
of fatty acids under these conditions. In addition to
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TAG metabolism, transcriptional regulation of phospholipid
biosynthesis is also affected in yeast mutants deficient in
AdoHcy catabolism. Impaired phospholipid methylation in
Sah1-depleted cells unable to hydrolyze AdoHcy or in cho2
and opi3 mutants leads to upregulation of genes, which have
an inositol-sensitive upstream regulatory sequence (UASINO)
in their promoter regions, indicating accumulation of the
phospholipid precursor, phosphatidic acid, in the ER [18].
ACC1 encoding acetyl-CoA carboxylase, the first and rate-
limiting enzyme of fatty acid biosynthesis, is also a subject
to UASINO-mediated regulation, suggesting upregulation of
the de novo fatty acid biosynthesis in response to AdoHcy
accumulation. Moreover, Sah1 depletion also affects sterol
synthesis in yeast, leading to 4-fold elevated squalene levels
and suggesting accumulation of early precursors of ergosterol
biosynthesis under these conditions (Tehlivets, Kohlwein,
unpublished). Taken together, inhibition of phospholipid
methylation induced by AdoHcy accumulation appears to
lead to upregulation of fatty acid, TAG, and sterol biosyn-
thetic pathways in yeast.

4. Phospholipid Methylation and
Homocysteine: Impact on Lipid
Metabolism in Mammals

AdoHcy inhibits phosphatidylethanolamine N-methyltran-
sferase in vitro and in vivo also in mammals [28, 37, 74].
Similarly as in yeast, deficiency of phospholipid methylation
in PEMT−/− knockout mice leads to a rapid decrease of the
hepatic PC/PE ratio and accumulation of TAG in the liver,
in the absence of choline supplementation [75]. However,
TAG accumulation in the livers of these animals appears
to be at least in part due to decreased TAG secretion from
hepatocytes [55].

Elevated levels of Hcy are as well linked to deregulation
of lipid metabolism in mammals. CBS−/− knockout mice
exhibit severe hyperhomocysteinemia and accumulate Ado-
Hcy in all tissues tested [68, 69]. These mutant animals
show elevated TAG and nonesterified fatty acid levels in
the liver and serum and develop hepatic steatosis [76, 77].
Another genetic disorder that results in moderately elevated
Hcy levels, methylenetetrahydrofolate reductase (MTHFR)
deficiency, leads to fatty liver development as well as to
neuropathology and aortic lipid deposition in mouse models
[78, 79]. Dietary-induced hyperhomocysteinemia in mice
also causes fatty liver, further supporting the role of Hcy
in deregulation of lipid metabolism in mammals [64]. In
these mice as well as in the CBS−/− knockout mice lipid
accumulates in liver rather than in serum [64, 76].

Preferable accumulation of lipids in the liver and,
possibly, other tissues in hyperhomocysteinemia suggests
that other mechanisms than those associated with elevation
of circulating lipids are responsible for the development
of cardiovascular disease under these conditions. Indeed,
conventional risk factors including hypercholesterolemia
accounts only for approximately 50% of all cases of cardio-
vascular disease, while 40% of patiens diagnosed with prema-
ture coronary artery disease, peripheral vascular disease or

venous thrombosis exhibit hyperhomocysteinemia [80]. In
accordance, unlike typical lipid-rich atherosclerotic plagues,
vascular lesions associated with hyperhomocysteinemia are
lipid-poor, fibrous plaques [81, 82], greatly outnumbering
fatty atherosclerotic lesions [80].

In animal models of hyperhomocysteinemia atheroscle-
rotic lesions are rare. They are found only in the MTHFR−/−

knockout mice that exhibit aortic lipid accumulation rem-
iniscent of early atherosclerotic lesions [2, 78, 83], however,
not in, for example, CBS−/− knockout mice. This discrepancy
might be due to disruption of two different Hcy utilizing
pathways in these animals. While 5-methyltetrahydrofolate-
dependent Hcy remethylation occurs in all mammalian cells,
transsulfuration of Hcy occurs primarily in the liver and
kidney [65]. Thus, impairment of 5-methyltetrahydrofolate-
dependent Hcy remethylation in MTHFR−/− knockout mice
may differently affect Hcy metabolism in comparison to the
deficiency in the first step of Hcy transsulfuration in CBS−/−

knockout mice. The observation that dietary (methionine
or Hcy supplementation) or genetically (CBS gene deletion)
induced hyperhomocysteinemia in apoE-deficient (apoE−/−)
mice leads to development of larger and more advanced
atherosclerotic lesions clearly demonstrates a causal rela-
tionship between elevated Hcy levels and atherosclerosis
[83]. In contrast, lack of PEMT was shown to reduce
significantly plasma VLDL and to attenuate atherosclerosis
in both PEMT−/−/Ldlr−/− mice deficient in PEMT and LDL
receptors as well as in PEMT−/−/ApoE−/− mice [84, 85].

5. Role of the Unfolded Protein Response in
Hyperhomocysteinemia and Atherosclerosis

Elevated Hcy levels induce endoplasmic reticulum (ER)
stress and activate the unfolded protein response (UPR) in
a variety of mammalian cells. These include cultured human
hepatocytes, vascular endothelial and aortic smooth muscle
cells as well as liver cells of the CBS−/− knockout mice [64,
86–88]. Furthermore, elevated Hcy levels lead to activation
of the sterol regulatory element-binding proteins (SREBPs),
which function to activate genes encoding enzymes in
cholesterol, fatty acid, and TAG metabolism and uptake, both
in cultured mammalian cell lines as well as in the livers of
the CBS−/− knockout mice [64, 86]. ER stress appears to
play a direct role in the activation of TAG and cholesterol
biosynthesis, since overexpression of the ER chaperone
GRP78/BiP was reported to inhibit Hcy-induced SREBP-1
gene expression in mammalian cell cultures [64] as well as
in mice [89] and lead to reduction of the hepatic steatosis
in leptin-deficient (ob/ob) mice [89]. SREBP-1 overcomes
translation inhibition induced by UPR through an internal
ribosome entry site (IRS), similarly to GRP78 [90].

Confirming the causal role of Hcy in UPR induction
and deregulation of lipid metabolism, a decrease of elevated
plasma Hcy levels is accompanied by a decrease in hepatic
lipids and ER stress response [91]. A strong correlation
between lipid metabolism, ER stress response and elevated
Hcy levels is also evident form a literature mining approach
[92]. Further demonstration of close relationship between
ER stress and Hcy metabolism came from the observation
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that MTHFR involved in Hcy remethylation is induced in
response to ER stress [93]. Evolutionary conservation of
the relationship between Hcy and UPR is shown by the
induction of ER stress and activation of UPR in response to
Hcy supplementation in yeast [94]. Finally, demonstrating its
pathophysiological role, ER stress was shown to be strongly
associated with accelerated atherosclerosis in hyperhomocys-
teinemic apoE-deficient mice [95], liver diseases [96] as well
as hyperglycemia-induced atherosclerosis [97].

6. Deregulation of Fatty Acid Metabolism in
Response to AdoHcy Accumulation

The UPR, as a conserved cellular stress response pathway,
is aimed at restoring normal ER and secretory function as
well as membrane trafficking upon impaired protein folding
in the ER. The de novo methylation and the CDP-choline
phospholipid biosynthetic pathways produce phospholipid
species with distinct fatty acyl chain composition in yeast:
the de novo phospholipid methylation pathway produces
more unsaturated phospholipids [98, 99]. Similarly, the
PEMT-generated PC pool in mammals is also enriched in
unsaturated fatty acids [100, 101]. Supporting the role of
PEMT in metabolism of unsaturated fatty acids PEM−/−

knockout mice were reported to accumulate more satu-
rated PC molecular species in the liver compared with
the control littermates [60] and to exhibit dramatically
reduced concentrations of polyunsaturated fatty acids in the
plasma and in hepatic PC, independently of choline status
[102]. Thus, beyond its role as a compensatory pathway for
PC biosynthesis under conditions of choline deprivation,
phospholipid methylation plays a crucial role in unsaturated
fatty acid metabolism both in yeast and in mammals. The
observation that deficiency of phospholipid methylation in
cho2 and opi3 yeast mutants is synthetically lethal in the
absence of a functional UPR [103] suggests an essential
requirement of UPR in response to impaired phospholipid
methylation. Thus, Hcy accumulation, which was shown
to lead to AdoHcy-mediated inhibition of phospholipid
methylation in yeast, may lead to accumulation of saturated
fatty acids in membrane phospholipids—a potential patho-
logical mechanism that might be shared by both yeast and
mammals.

Indeed, accumulation of saturated fatty acids in mem-
brane phospholipids interferes with ER structure and
integrity, induces ER stress and leads to cell death in
mammalian cell cultures [104, 105]. Accordingly, decreased
membrane phospholipid desaturation due to stearoyl-CoA
desaturase 1 knockdown induces UPR in HeLa cells [106].
Vice versa, overexpression of stearoyl-CoA desaturase attenu-
ates palmitate-induced ER stress and protects from lipoapop-
tosis [107–109]. Treatment with the molecular chaperone 4-
phenyl butyrate, which is capable of stabilization of protein
conformation, improvement of ER folding capacity and
facilitation of protein trafficking, leads to abolishment of
UPR induction in yeast subjected to lipid-induced ER stress
[105]. This finding suggests that accumulation of saturated
fatty acids in membrane phospholipids first leads to changes
in the membrane environment followed by induction of

ER stress and accumulation of misfolded protein(s) that, in
turn, activate UPR [105]. Potential mechanisms involved in
saturated fatty acid-induced UPR include depletion of ER
Ca2+ stores leading to decreased ER chaperone activity and
protein misfolding, as well as interference with ER-to-Golgi
trafficking [110]. Recently, proteomic studies showed that
carboxypeptidase E, a key enzyme involved in processing
[111] and sorting of insulin [112], is involved in induction
of ER stress in β-cells in response to palmitate treatment
[113]. Degradation of carboxypeptidase E in palmitate-
induced ER stress is mediated by palmitate metabolism and
Ca2+ flux [113]. Alternatively, changes of the ER membrane
environment may directly activate ER sensors IRE1, ATF6,
and PERK or modulate the binding of the ER sensors to the
ER chaperone GRP78 causing its dissociation and activation
of UPR pathways.

Supporting the hypothesis that Hcy interferes with phos-
pholipid acyl chain composition it was observed in humans
that elevated plasma AdoHcy levels are negatively correlated
with both PC content and the level of polyunsaturated fatty
acids in PC, but not in PE, in red blood cells in Alzheimer’s
patients [114]. Elevated plasma Hcy levels were also shown
to be associated with a decrease in polyunsaturated (docosa-
hexaenoic) fatty acids in the plasma of healthy humans [115]
and in the plasma and erythrocytes of cystic fibrosis patients;
these individuals exhibit increased Hcy and AdoHcy levels as
well as altered PE and PC metabolism [116].

Taken together, deficiency of phospholipid methyla-
tion caused by AdoHcy accumulation in Hcy-associated
pathology appears to lead to an increase in saturated PC
molecular species in ER membranes followed by ER stress,
protein misfolding, induction of UPR, and activation of lipid
metabolism (Figure 2). Upregulation of lipid biosynthesis,
which apparently should serve to compensate for suboptimal
composition of membrane lipids, leads, however, to accu-
mulation of fatty acids, TAG and sterols in the absence of
functional phospholipid methylation. In addition to a role
in formation of a specific pool of PC molecular species,
phospholipid methylation is crucial for maintenance of a
distinct PC/PE ratio important for cell integrity when dietary
choline-supply is blunted. Decrease of the PC/PE ratio was
reported to result in increased cell permeability of hepato-
cytes from PEMT−/− mice fed choline deficient diet leading
to liver damage [75]. Similarly, decrease of PC or increase in
PE was shown to lead to cell damage and/or death in several
other mammalian cell types [117–119]. Finally, observation
of different outcomes in hyperhomocysteinemic apoE−/−

mice and both in PEMT−/−/Ldlr−/− and PEMT−/−/ApoE−/−

mice suggests mechanisms besides inhibition of phospho-
lipid methylation, for example, AdoHcy-dependent modu-
lation of gene expression that may also contribute to the
development of Hcy-dependent atherosclerosis.

7. Concluding Remarks

The metabolism of homocysteine, consequences of its accu-
mulation as well as associated AdoHcy-triggered inhibition
of AdoMet-dependent methylation are complex. In this
paper a novel mechanism of Hcy-triggered deregulation
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Figure 2: A model of activation of UPR and upregulation of
fatty acid, TAG, and sterol biosynthesis in response to inhi-
bition of phospholipid methylation in hyperhomocysteinemia.
Elevated Hcy levels via AdoHcy accumulation and inhibition
of phospholipid methylation lead to accumulation of saturated
PC molecular species in ER membranes followed by ER stress,
UPR activation, and upregulation of fatty acid, TAG, and sterol
biosynthesis. The enzymes involved in yeast and mammalian
metabolism are shown in grey circles (see Figure 1). PE: phos-
phatidylethanolamine; PC: phosphatidylcholine; PEMT: phos-
phatidylethanolamine N-methyltransferase in mammals; Cho2 and
Opi3: phosphatidylethanolamine N-methyltransferases in yeast.

of lipid metabolism and UPR induction that is mediated
through an AdoHcy-dependent inhibition of phospholipid
methylation and based on experimental evidence derived
from both yeast and mammalian systems is proposed. The
observations made in yeast and mammals are summarized
in Table 1.

S-adenosyl-L-homocysteine hydrolase is recognized since
many years as a target for antiviral drug design [120].
Inhibitors that block AdoHcy hydrolysis are efficient against
many types of viruses including Ebola and show other effects
of pharmacological importance [120–122]. However, they
are associated with high cytotoxicity due to interference

Table 1: Experimental evidence on deregulation of lipid
metabolism and UPR induction under elevated homocysteine
levels in yeast and mammals∗.

Experimental evidence Yeast Mammals

AdoHcy is formed in vivo in
response to elevated Hcy levels

+ +

AdoHcy is more toxic than Hcy
to cells deficient in Hcy
catabolism

+

AdoHcy represents a better
marker of cardiovascular risk
than Hcy

+

Phospholipid methylation is
quantitatively the major
consumer of AdoMet

+ +

Phospholipid methylation is
inhibited in response to Hcy
supplementation

+

Phospholipid methylation is
inhibited by AdoHcy

+ +

TAG is accumulating in response
to Hcy supplementation

+ +

TAG is accumulating in response
to deficiency in AdoHcy
hydrolysis

+

TAG is accumulating in response
to deficiency in phospholipid
methylation

+ +

UPR is inducted in response to
Hcy supplementation

+ +

The de novo phospholipid
methylation pathway produces
phospholipids enriched in
unsaturated fatty acids

+ +

ER stress is inducted by
accumulation of saturated fatty
acids in membrane
phospholipids

+ +

Hcy/AdoHcy levels are inversely
correlated to the levels of
unsaturated fatty acids

+

∗
The absence of a plus sign in some columns implies lack of data or

nonapplicability.

with central metabolic pathways [121, 122]. While using
these inhibitors to study the effects of AdoHcy accumu-
lation appears to be straightforward, ability of some of
nucleoside inhibitors of S-adenosyl-L-homocysteine hydro-
lase to undergo metabolic phosphorylation to nucleotides
may account for a part of their biological activities [121,
122]. Inhibitors that would be able to block selectively
homocysteine and adenosine conversion to AdoHcy are
not available. However, based on current understanding of
regulation of homocysteine and methionine metabolism (i)
selective blockage of AdoHcy synthesis from homocysteine
and adenosine that will relieve not only inhibition of
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phospholipid methylation but also many other AdoMet-
dependent methyltransferase reactions, combined with (ii)
vitamin B6 supplementation in order to accelerate homo-
cystein catabolism by transsulfuration pathway, may serve as
a way to reduce AdoHcy in hyperhomocysteinemia without
elevation of AdoMet.

Many questions in the model presented in this paper
are still unanswered. Is AdoHcy-mediated accumulation
of saturated fatty acids in membrane lipids indeed the
way by which elevated Hcy levels induce ER stress? What
role do specific lipid precursors have in regulation of
lipid metabolism in UPR? What is the impact of AdoHcy
accumulation on other methylation reactions unrelated to
lipid metabolism? What is the role of deficient phospholipid
methylation in homocysteine-associated pathology beyond
deregulation of fatty acid, TAG, sterol metabolism, and
UPR induction? Elucidation of the molecular mechanisms
triggered by elevated Hcy levels will undoubtfully improve
our understanding of its pathological role in numerous
diseases.
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Dyslipidemia is a common finding in patients with thyroid disease, explained by the adverse effects of thyroid hormones in almost
all steps of lipid metabolism. Not only overt but also subclinical hypo- and hyperthyroidism, through different mechanisms,
are associated with lipid alterations, mainly concerning total and LDL cholesterol and less often HDL cholesterol, triglycerides,
lipoprotein (a), apolipoprotein A1, and apolipoprotein B. In addition to quantitative, qualitative alterations of lipids have been
also reported, including atherogenic and oxidized LDL and HDL particles. In thyroid disease, dyslipidemia coexists with various
metabolic abnormalities and induce insulin resistance and oxidative stress via a vice-vicious cycle. The above associations in
combination with the thyroid hormone induced hemodynamic alterations, might explain the increased risk of coronary artery
disease, cerebral ischemia risk, and angina pectoris in older, and possibly ischemic stroke in younger patients with overt or
subclinical hyperthyroidism.

1. Introduction

Thyroid disease, namely hypothyroidism and hyperthyroid-
ism, constitutes the most common endocrine abnormality
in recent years, diagnosed either in subclinical or clinical
form. According to the 6-year duration NHANES III Study,
the prevalence of hypothyroidism was 4.6% (0.3% clinical
and 4.3% subclinical) and of hyperthyroidism 1.3% (0.5%
clinical and 0.7% subclinical), in population aged at least 12
years, showing an age and sex dependence [1].

Thyroid disease is associated with various metabolic ab-
normalities, due to the effects of thyroid hormones on nearly
all major metabolic pathways. Thyroid hormones regulate
the basal energy expenditure through their effect on protein,
carbohydrate, and lipid metabolism. This might be a direct
effect or an indirect effect by modification of other regulatory
hormones such as insulin or catecholamines [2]. Dyslipi-
demia is a common metabolic abnormality in patients with
thyroid disease, either in the overt or subclinical forms of the

disease, and constitutes the end result of the effect of thyroid
hormones in all aspects of lipid metabolism leading to var-
ious quantitative and/or qualitative changes of triglycerides,
phospholipids, cholesterol, and other lipoproteins [3].

In thyroid disease, dyslipidemia and the coexisting met-
abolic abnormalities, in combination with the thyroid hor-
mone-induced hemodynamic alterations, explain the high
risk for cardiovascular disease [4–7].

2. Effects of Thyroid Hormones on
Lipid Metabolism

Thyroid hormones influence all aspects of lipid metabolism
including synthesis, mobilization, and degradation [3]. Thy-
roid hormones stimulate cholesterol synthesis by inducing
3-hydroxy-3-methyl-glutaryl coenzyme A reductase in the
liver [8]. Thyroid hormones affect lipoprotein lipase activity
and thus, the hydrolysis of triglycerides into very-low,
density lipoprotein (VLDL) and chylomicrons into fatty
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Table 1: Changes in enzyme activities, transfer proteins, and recep-
tors involved in lipid metabolism induced by thyroid hormones.

Enzymes, transfer proteins, and liver
receptors

Thyroid hormone effect

3-hydroxy-3-methyl-glutaryl coenzyme
A reductase

↑

Adipose lipoprotein lipase
Usually normal (may be
↓ in hypothyroidism)

Hepatic lipase ↑
Cholesteryl ester transfer protein ↑
ATP-binding cassette transporter A1 ↓
Acetyl-CoA carboxylase 1 ↑
Carnitine palmitoyltransferase Ia ↑
7alpha-hydroxylase ↓
LDL receptor ↑

acids and glycerol [3]. In hypothyroidism, lipoprotein lipase
activity in the adipose tissue has been found normal or
decreased, in addition to decreased hepatic lipase activity
resulting in normal or high levels of triglycerides [9–11].
In hyperthyroidism, although lipoprotein lipase activity is
usually normal [10, 12], an increased liver fatty acid synthesis
and oxidation is observed due to enhanced acetyl-CoA car-
boxylase 1 and carnitine palmitoyltransferase Ia expression
leading to increased VLDL biosynthesis [13, 14]. Thyroid
hormones affect cholesteryl ester transfer protein and hepatic
lipase activity, which are increased in hyperthyroidism and
decreased in hypothyroidism, with consequent changes not
only in total high-density lipoprotein (HDL) but also in HDL
subfraction levels [12, 15]. Furthermore, thyroid hormones,
by binding to the thyroid hormone receptor, inhibit through
a competitive action the liver X-receptor-mediated ATP-
binding cassette transporter A1 gene expression, resulting
in decreased HDL levels in patients with hyperthyroidism
and increased in hypothyroidism [14, 16]. Experimental
evidence suggests that thyroid hormones might also affect
cholesterol-7alpha-hydroxylase in liver [17, 18]. Thyroid
hormones, especially triiodothyronine (T3), induce low-
density lipoprotein (LDL) receptor gene expression in the
liver, enhancing LDL clearance and explaining the decreased
or increased LDL levels observed in hyperthyroidism and
hypothyroidism, respectively [3]. Thyroid receptors seem to
mediate the effects of thyroid hormones on lipid metabolism,
and more specifically alpha 1 receptors control the lipogen-
esis in white adipose tissue, and β receptors regulate the ac-
tivity of lipogenic and lipolytic enzymes in the liver [3, 14].
The changes induced by thyroid hormones in enzyme ac-
tivities, transfer proteins, and liver receptors involved in lipid
metabolism are summarized in Table 1.

Dyslipidemia is also due to the coexisting metabolic ab-
normalities in thyroid disease including oxidative stress and
insulin resistance, which induce further or aggravate the
existed dyslipidemia, via a vice-vicious cycle [19–28].

The lipid abnormalities observed in thyroid disorders are
presented in Table 2.

3. Lipid Abnormalities in Hypothyroidism

Dyslipidemia is a common finding in patients with clinical
hypothyroidism, consisting of high levels of total and LDL
cholesterol [3, 28–30]. Data regarding triglycerides, lipopro-
tein (a) (Lp(a)), HDL, apolipoprotein B (apoB), and apol-
ipoprotein A1 (apoA1) components are scarce, reporting ei-
ther higher or similar to euthyroid subjects levels [3, 22, 28–
34] (Table 2). Qualitative changes of various lipid compo-
nents have also been reported in clinical hypothyroidism,
such as the enhanced LDL oxidation, reflected on the in-
creased levels of markers of lipid peroxidation, such as MDA
and thiobarbituric acid-reactive substances [19–24, 35].

The observed abnormalities in total and LDL cholesterol
are associated with the changes in the thyroid hormone levels
in hypothyroidism, as they are significantly improved after
thyroxine replacement treatment [29, 30, 36–40]. However,
triglycerides, apoB, apoA1, Lp(a) levels, and qualitative
abnormalities might be normalized or remained unchanged
after treatment, suggesting a more complex cause of dyslipi-
demia in hypothyroidism [29, 31, 36–43].

Subclinical hypothyroidism is also associated with lipid
abnormalities, including mainly increased total and LDL
cholesterol in most [3, 28–30, 44–53], but not all [54–57],
studies. In contrast, HDL, triglycerides, Lp(a), apoB, and
apoA1 levels did not exhibit any difference between patients
with subclinical hypothyroidism and controls in the majority
[29, 44–57], but not all [33, 44–48, 50, 55, 58–61], studies.
Rondeau et al. found that TSH was negatively correlated with
HDL-C in euthyroid overweight or obese postmenopausal
women [62]. A quite recent study showed that transfer of
triglycerides to HDL and phospholipids was lower in patients
with subclinical hypothyroidism than that in controls while
transfer of free and esterified cholesterol to HDL, HDL par-
ticle size, and paraoxonase 1 activity did not exhibit any dif-
ference [63] (Table 2).

Regarding the effects of treatment of subclinical hypothy-
roidism, the majority of studies suggest a normalization of
total and LDL cholesterol levels after thyroxine substitution
therapy [28, 30, 40–43, 48, 49, 52, 53, 64–67]. However,
there are few trials where LDL did not significantly fall after
treatment [29, 46, 51], especially if the pretreatment TSH
levels were less than 10 mIU/L [49, 68]. Triglycerides, HDL,
apoA1, apoB, and Lp(a) levels are less influenced by thy-
roxine treatment in the majority of studies in subclinical
hypothyroidism [28–30, 38, 43–49, 52, 53, 58, 65, 66]. How-
ever, few studies exist that showed improved HDL, apoA1,
apoB, and/or Lp(a) levels after treatment of subclinical
hypothyroidism [46–48, 51, 52, 58, 61, 67]. A quite recent
study showed that the reduced transfer of triglycerides to
HDL and phospholipids in subclinical hypothyroidism was
fully reversed by achievement of euthyroidism [69].

4. Lipid Abnormalities in Hyperthyroidism

Most of the existing studies support lower total and LDL cho-
lesterol levels in patients with hyperthyroidism [3, 32, 39, 68–
73], while only a few data support no change [21]. Lower
triglycerides, HDL, apoA1, apoB, and Lp(a) levels have been
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Table 2: Lipid abnormalities in clinical and subclinical thyroid disorders.

Clinical hypothyroidism
Subclinical
hypothyroidism

Clinical hyperthyroidism
Subclinical
hyperthyroidism

Total cholesterol Increased Increased or unaltered
Decreased
(rarely unaltered)

Decreased or unaltered

LDL Increased
Increased
(rarely unaltered)

Decreased
(rarely unaltered)

Decreased or unaltered

HDL Unaltered or increased
Unaltered
(rarely decreased)

Unaltered or decreased
Unaltered?
(a few data exist)

Lipoprotein (a) Unaltered or increased
Unaltered
(rarely increased)

Decreased?
(a few data exist)

Unaltered?
(a few data exist)

Triglycerides Unaltered or increased
Unaltered
(rarely increased)

Unaltered
(rarely decreased)

Unaltered?
(a few data exist)

Apolipoprotein B Unaltered or increased Unaltered or increased
Decreased?
(a few data exist)

Unaltered?
(a few data exist)

Apolipoprotein A1 Unaltered or increased Unaltered (usually) Unaltered or decreased
Unaltered?
(a few data exist)

found in patients with hyperthyroidism compared with eu-
thyroid controls, which is questionable by other reports [21–
23, 32, 68–72] (Table 2).

In hyperthyroidism, qualitative lipid changes, includ-
ing increased levels of oxidized LDL, higher contents of
thiobarbituric acid-reactive substances and dienes in LDL,
low paraoxonase activity in HDL particles, and lower LDL
content in antioxidant vitamin E and β-carotene have been
found [21, 23, 24, 35].

The impact of treatment of hyperthyroidism on the lipid
levels is not clear. Treatment with antithyroid drugs has been
associated with elevated total and LDL cholesterol levels in
some but not all studies [12, 21, 22, 68, 74–76]. Triglycerides
are not affected by antithyroid treatment [21, 42, 70, 74, 76].
HDL, apoB, apoA1, Lp(a) levels have been found increased
or unchanged after treatment [21, 22, 31, 42, 70–76].

The issue of lipid abnormalities in patients with sub-
clinical hyperthyroidism has not been fully addressed. The
existing data support normal levels of total LDL and HDL
cholesterol, triglycerides, Lp(a), apoA1 and apoB while lower
total and LDL cholesterol hav also e been reported [77, 78].

5. Thyroid Disease and Cardiovascular Risk

Most of the existing data supporting that thyroid disease is
associated with increased cardiovascular risk which is mainly
attributed to hemodynamic alterations as well as to a high
risk of atherosclerosis [4–7].

5.1. Thyroid Disorders and Hemodynamic Changes. In hypo-
thyroidism, the main functional cardiovascular disturbances
involve decreased heart rate, elevated peripheral vascular re-
sistance, increased diastolic blood pressure and cardiac aft-
erload, reduced blood volume and cardiac preload, and di-
minished cardiac output. Impaired left ventricular systolic
contractility at least during exercise and delayed left ven-
tricular diastolic relaxation at rest and during exercise are
common in both overt and subclinical hypothyroidism. Hy-

pothyroidism is also associated with diastolic heart failure in
the elderly [4, 7].

In hyperthyroidism, hemodynamic changes result mainly
from increased β1-adrenergic activity. Increased triiodothy-
ronine levels exert positive inotropic and chronotropic ef-
fects, leading to enhanced heart rate and systolic contrac-
tility and, consequently, increased cardiac output. Increased
triiodothyronine stimulates sarcoplasmic reticulum Ca-
ATPase, leading to systolic and diastolic dysfunction. More-
over, triiodothyronine reduces peripheral vascular resistance,
causing a decrease in diastolic blood pressure and cardiac
afterload, which further raises cardiac output. Decreased vas-
cular resistance accounts for activation of renin-angiotensin-
aldosterone system, which increases blood volume and car-
diac preload, augmenting cardiac output even more [5, 7].
Biondi et al. found that even patients with subclinical hy-
perthyroidism had significantly higher average heart rate,
enhanced systolic function, impaired diastolic function with
prolonged isovolumic relaxation time, and increased left
ventricular mass compared with euthyroid subjects [79].

5.2. Thyroid Disease and Atherosclerosis. As mentioned
above, thyroid disease is related to the development of dy-
slipidemia which is a well-known atherogenic factor. Dyslipi-
demia induces insulin resistance oxidative stress, via a vice-
vicious cycle [19–24, 35]. Insulin resistance, hypertension,
inflammation, oxidative stress, and coagulation deficits are
also promoted by thyroid disease, independently of dyslipi-
demia [4–7]. The above associations support a multifactorial
origin of atherosclerosis in thyroid disease, with dyslipidemia
playing an important role [4–7].

Overt hypothyroidism has been associated with diastolic
hypertension [4, 6, 7, 80, 81] and hyperhomocysteinemia
[82–85]. Increased levels of high-sensitivity C-reactive pro-
tein and coagulation deficits have been reported in pa-
tients with hypothyroidism [83, 86–88]. Higher levels of
homeostasis model assessment and lower levels of Matsuda
indexes, suggesting insulin resistance, have been found in
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patients with overt hypothyroidism compared with euthy-
roid subjects in some [25, 26, 89, 90] but not all [91, 92]
studies. Impaired intracellular glucose catabolism and
GLUT4 translocation, decreased glycogen synthesis and glu-
cose oxidation, and altered blood flow, have been proposed
as underlying mechanisms [25, 26, 90, 93, 94]. Increased
intima-media thickness of the common carotid artery has
been reported in some studies in patients with overt hy-
pothyroidism [53, 95, 96]. A higher frequency and/or se-
verity of coronary heart disease [4, 97, 98] and an increased
ischemic stroke risk [99] have been reported in patients with
overt hypothyroidism.

Subclinical hypothyroidism has been also associated with
diastolic hypertension in most but not all studies [48, 60,
89, 100–103]. A few but not all studies have reported hy-
perhomocysteinemia [48, 83, 104–108], higher but also
normal levels of high-sensitivity C-reactive protein [56, 57,
83, 104, 107, 109–111], and possible coagulation deficits
[86, 87] in patients with subclinical hypothyroidism. Higher
levels of homeostasis model assessment and lower levels of
Matsuda indexes, suggesting insulin resistance, have been
found in patients with subclinical hypothyroidism in some
but not all studies [25, 26, 89, 104, 111]. Increased intima-
media thickness of the common carotid artery has been
found in some studies in subclinical hypothyroidism [45,
53]. In the Whickham Survey, an association was found be-
tween incident coronary heart disease and related mortality
in patients with subclinical hypothyroidism over the 20 yrs
of followup, which was attenuated after levothyroxine treat-
ment [112]. In support of this, 3 meta-analyses suggested
that subclinical hypothyroidism is associated with a sig-
nificant risk of coronary heart disease and cardiovascular
mortality [113–115]. Another meta-analysis by Razvi et al.
showed that the incidence and prevalence of coronary heart
disease and the risk of cardiovascular mortality were higher
in subclinical hypothyroidism, in patients younger than 65
years old and more prevalent in women [116]. Subclinical
hypothyroidism has been associated with cerebral ischemia
[117]. Although Jeong et al. in a study of 382 patients with
ischemic stroke found no difference in the prevalence of
subclinical hypothyroidism (4,5%) compared to the general
population, low-normal free T4 levels in euthyroid patients
were independently associated with a higher percentage of
ischemic stroke [118]. In addition, it has been demonstrated
that patients with subclinical hypothyroidism (especially
those with TSH ≥ 10 μU/mL) and acute ischemic stroke
exhibited a better level of consciousness, a milder neuro-
logical deficit at presentation, and more favorable outcomes
on the 30th and 90th day compared with euthyroid patients
[119, 120]. However, Rodondi et al. found no association
between subclinical hypothyroidism and risk for stroke
[121].

On the other hand, clinical hyperthyroidism has been as-
sociated with systolic hypertension, increased pulse pressure,
and possibly hyperhomocysteinemia [6, 7, 122, 123] Addi-
tionally, patients with overt hyperthyroidism have a hyper-
coagulable state and an increased risk of thrombosis [86].
Higher levels of homeostasis model assessment and lower
levels of Matsuda indexes have been reported, suggesting

insulin resistance. [25, 27, 71, 91–93] Decreased fractional
postprandial glucose uptake in adipose tissue, increased fast-
ing lipolysis, increased interleukin 6, and tumour necrosis
factor alpha may be associated to its development [25, 93,
124, 125]. Angina pectoris is a frequent disorder, especially
in older patients with hyperthyroidism and underlying car-
diac disease, and is due to increased heart rate and con-
tractility and high myocardial oxygen demand [5]. Some
cases of patients with hyperthyroidism due to Graves’ dis-
ease presenting with coronary artery spasm have been re-
ported [126–128]. Hyperthyroidism has been associated with
a higher risk for ischemic stroke among young adults during
a 5-year followup which was probably associated with atrial
fibrillation (AF), hypercoagulability and rarely antiphospho-
lipid antibody syndrome [129–132].

Subclinical hyperthyroidism has been also associated
with hypertension in some but not all studies [102, 103, 133].
Higher HOMA, lower Matsuda indexes [27], and increased
carotid intima thickness [134] have been found in patients
with subclinical hyperthyroidism. However, the association
of subclinical hyperthyroidism with coronary heart disease
risk and cardiovascular mortality is still unclear. Ochs et al.
found a possible association, while the meta-analysis by
Singh et al. found no significant association [113, 115]. Jeong
et al. in a study of 382 patients with ischemic stroke found no
difference in the prevalence of subclinical hyperthyroidism
(1,6%) compared to the general population [118].

6. Conclusion

Thyroid hormones regulate the expression of enzymes in-
volved in all steps of lipid metabolism leading to the de-
velopment of qualitative and quantitative changes of lipids,
in thyroid disease. Dyslipidemia coexists with other met-
abolic abnormalities, including, hypertension, insulin resis-
tance, and oxidative stress, all of them being risk factors
for cardiovascular disease. In addition, dyslipidemia induces
insulin resistance and oxidative stress, via a vice-vicious cycle.
The existing data support that there is an increased car-
diovascular morbidity in patients with thyroid disease and
possibly mortality which is in part mediated by the dyslipi-
demia or the dyslipidemia-induced metabolic abnormalities.
However, more studies need to be done, especially prospec-
tive, to elucidate the real significance of dyslipidemia or other
metabolic changes to CVD morbidity and mortality in clin-
ical and, even more, in subclinical thyroid disease.
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Background. Experimental studies in animals suggest that apolipoprotein (apo) C-I is an important regulator of triglycerides in
fasting and postprandial conditions and associated with carotid atherosclerosis. Methods. A cross-sectional study was conducted
with 81 subjects, aged 56–80 years recruited from a population health survey. The participants underwent a fat tolerance test (1 g
fat per Kg body weight) and carotid atherosclerosis was determined by ultrasound examination. VLDL particles, Sf 20–400, were
isolated and their lipid composition and apoC-I content determined. Results. The carotid plaque area increased linearly with the
number of apoC-I molecules per VLDL particles (P = 0.048) under fasting conditions. Fasting triglycerides increased across tertiles
of apoC-I per VLDL particle in analyses adjusted for apoC-II and -C-III, apoE genotype and traditional cardiovascular risk factors
(P = 0.011). The relation between apoC-I in VLDL and serum triglycerides was conveyed by triglyceride enrichment of VLDL
particles (P for trend <0.001. The amount of apoC-I molecules per VLDL was correlated with the total (r = 0.41, P < 0.0001) and
incremental (r = 0.35, P < 0.001) area under the postprandial triglyceride curve. Conclusions. Our findings support the concept
that the content of apoC-I per VLDL particle is an important regulator of triglyceride metabolism in the fasting and postprandial
state and associated with carotid athrosclerosis.

1. Introduction

Growing evidence, based on genetically engineered mice
models and a polymorphism in the promoter region of
apoC-I in humans (HpaI) associated with increased expres-
sion of apoC-I transcription, supports the concept that
apoC-I plays a pivotal role for regulation of triglycerides
in fasting and postprandial conditions. The presence of the
apoC-I gene is shown to increase fasting and postprandial
triglycerides compared to apoC-deficient mice independent
of the apoE gene status [1] and the apoC-III gene status
[2]. Likewise, overexpression of the human apoC-I gene in
mice (APOC1) promotes elevated triglyceride levels, mostly

attributed to increased levels of very-low-density lipopro-
teins (VLDLs) [3, 4]. Furthermore, the presence of the
HpaI polymorphism in humans is associated with increased
triglyceride levels [5, 6]. Experimental studies have shown
that ApoC-I modulates lipid metabolism by increasing
the production rate of hepatic VLDLs [1], inhibition of
lipoprotein lipase activity [1, 7, 8], interference with the
apoE-mediated uptake of VLDLs [5, 9], and inhibition of
cholesteryl ester transfer protein (CETP) [10, 11].

ApoC-I is primarily expressed in the liver [12] and secret-
ed into plasma as a 6.6 kDa protein where 60–70% is associat-
ed with high-density lipoprotein (HDL) and 30–40% associ-
ated with VLDL under fasting conditions [13]. Total plasma
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levels of apoC-I are increased in patients with hypertriglyc-
eridemia [13, 14] and decreased in patients with Tangier’s
disease [15]. During postprandial elevation of triglyceride-
rich lipoproteins (TRLs), apoC-I is transferred from HDL to
VLDL (Svedberg flotation (Sf) 20–400) [16] without affect-
ing total plasma levels of apoC-I [17].

Data from clinical studies suggest that the content of
apoC-I molecules per VLDL particle in the fasting [18] and
postprandial state [19, 20] is a novel risk factor for athero-
sclerosis and coronary artery diseases (CAD). VLDL particles
are enriched with apoC-I in patients with CAD [19], in
healthy individuals with increased intima-media thickness
(IMT) [21] and are an independent predictor for IMT [20]
and the size of carotid atherosclerotic plaques [18]. However,
the impact of phenotypic expression of apoC-I in VLDLs on
lipid metabolism under fasting and postprandial conditions
is not known. To address this question, we determined
the content of apoC-I per VLDL molecule and related
them to serum lipids and LPL activity in the fasting and
postprandial conditions among subjects with and without
carotid atherosclerosis recruited from a general population.

2. Materials and Methods

2.1. Study Participants. The participants of the study were
recruited from a population health study (the fifth survey of
the Tromsø study in 2001), which included ultrasound exam-
ination of the right carotid artery. Persons aged 56–80 years
old were eligible for the plaque group of the present study
if they had at least one plaque with a thickness of ≥2.5 mm
in the carotid bifurcation or internal carotid artery, and for
the plaque-free group if they had no plaques in the carotid
arteries. Persons who responded positive to our invitation
letter were invited to a screening visit. At the screening
visit, a complete medical history, physical examination,
and blood samples were taken with special emphasis on
exclusion criteria. Exclusion criteria were any of the following
conditions; regular use of lipid-lowering drugs (HMG-CoA
reductase inhibitors, resins, or nicotinic acid derivates) or
oral anticoagulants, cancer, or other serious life-threatening
medical conditions, hypothyroidism, renal, hepatic, or psy-
chiatric disease, and current abuse of alcohol or drugs.

A detailed interview on the occurrence of cerebrovascular
and cardiovascular events, defined as prior or present tran-
sient ischemic attacks (TIAs), stroke, amaurosis fugax, an-
gina pectoris, myocardial infarction, peripheral vascular
disease, and diabetes, and smoking habits and drugs was
obtained. Hypertension was defined as usage of antihyper-
tensive medication or systolic pressure above 160 mmHg
and/or diastolic pressure above 95 mmHg. Diabetes was self-
reported or defined as fasting plasma glucose ≥7.0 mmol/L
or non-fasting ≥11.1 mmol/L at two occasions. Height and
weight were measured with the participants in light clothing
without shoes; body mass index (BMI) was calculated as
weight per height squared (kg/m2). Blood pressure was
recorded in seated position by the use of an automatic device
(Dinamap Vital Signs Monitor). Three recordings were made
at 1-minute intervals, and the mean of the last two values is

used in this report. Eligible persons were invited to a second
visit, where ultrasound examination of both carotid arteries
was performed, and the participants were subjected to a
fat tolerance test. Eight of the eligible subjects had diabetes
mellitus type II. None of these had medical treatment, but
received advice on dietary restrictions only. Informed written
consent was obtained from the participants, and the regional
committee for medical research ethics approved the study.
The study was performed at the Clinical Research Unit at the
University Hospital of North Norway.

2.2. Ultrasound Examination. At the population health
screening, high-resolution B-mode and color Doppler/
pulsed-wave Doppler ultrasonography of the right carotid
artery was performed as described previously [22, 23].
Assessment of plaque size and morphology was made in all
plaques present in the near and far walls of the common
carotid, the bifurcation, and the internal carotid arteries on
both sides (12 locations). All examinations and measure-
ments of all plaques were recorded on videotapes. Stored
B-mode images were subsequently transferred to a personal
computer and digitized into frames of 768× 576 pixels of 256
grey levels each (0 = black and 256 = white) with the use of a
commercially available video grabber card (meteor II/Matrox
Intellicam). Measurements of plaque area were made with
the use of the Adobe Photoshop image-processing program
(version 7.0.1), by tracing the perimeter of each plaque.

2.3. Fat Tolerance Test. A fat-tolerance test was conducted
using a test meal prepared from standard porridge cream
containing 70% of calories from fat of which 66% saturated
fat, 32% monounsaturated fat, and 2% polyunsaturated fat.
The test meals were served with two teaspoons of sugar,
cinnamon, and two glasses (150 mL each) of sugar-free
juice. The test meals were freshly prepared each morning.
A weight-adjusted meal (1 gram fat per kg body weight)
was served at 8:00 a.m. and consumed over a 15-min period.
The participants were allowed to drink 350 mL calorie-free
beverages and eat an apple during the following 8 hrs.

2.4. Blood Collection, Isolation of Triglyceride-Rich Lipopro-
teins and Storage. Blood was drawn from an antecubital
vein in the morning at 7:45 a.m, after 12 hours overnight
fasting and 48 hrs refrain of exhaustive physical exercise and
alcohol consumption, and then, 2, 4, 6, and 8 hours after
the meal, using a 19-gauge needle in a vacutainer system
with minimal stasis. Serum was prepared by clotting whole
blood in a glass tube at room temperature for 1 hour and
then centrifuged at 2000 g for 15 minutes at 22◦C. Aliquots
of 1 mL were transferred into sterile cryovials (Greiner
labortechnik, Nürtringen, Germany), flushed with nitrogen,
and frozen at −70◦C until further analysis.

VLDL was isolated by preparative ultracentrifugation in
the fasting state and four hrs after ingestion of the standard
high-fat meal (postprandial state). First, chylomicrons (CM)
were removed from plasma by over layering 8 mL EDTA
plasma with 5 mL of NaCl solution (density 1.006 kg/L NaCl
solution with 0.02% sodium azide and 0.01% EDTA) in
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a cellulose nitrate tube (Beckman Instruments Inc., Calif,
USA) and centrifuged in a Beckman SW40Ti swinging-
bucket rotor at 20.000 rpm for 1 hr at 4◦C. The CM, with Sf
rates >400, was removed by aspiration. Second, plasma
samples were relayered with 5 mL 1.006 kg/L NaCl solution
and subjected to centrifugation at 40.000 rpm for 20 hrs
at 20◦C. VLDL, with Sf 20–400, was carefully removed
by aspiration from the top of the tube. ApoB-48 was
measured in random samples and revealed that the VLDL
fractions contained substantially less than 10% apoB-48
mass compared to total apoB mass in both the fasting and
postprandial states, implying that 5–15% of apoC-I within
the VLDL fraction can be due to remaining chylomicron
remnants [21]. VLDL fractions were divided into three
aliquots in cryovials, flushed with nitrogen, and frozen at
−70◦C until further analysis.

2.5. Serum Lipids and Apolipoproteins Measurements. Serum
lipids were analyzed on a Cobas Mira S (Roche Diagnostics, F.
Hoffmann-La Roche Ltd., Basel, Switzerland) with reagents
from ABX Diagnostics (Montpellier, France). Total choles-
terol (CHOD-PAP) and triglycerides (GPO-PAP) were mea-
sured with enzymatic colorimetric methods. Low-density
lipoprotein (LDL) and high-density lipoprotein cholesterol
were measured by selective inhibition colorimetric assays
(LDL cholesterol direct and HDL cholesterol direct, respec-
tively, ABX Diagnostics). Serum apolipoprotein A-I (apoA-I)
and apolipoprotein B (apoB) were analyzed by turbidimetry
on Cobas Mira S with reagents from ABX Diagnostics. Serum
apolipoprotein E (apoE) was measured by an enzyme-linked
immunosorbent assay, Apo-Tek ApoE (PerImmune Inc.,
Rockville, Md, USA), and genotyping of apoE was performed
according to Hixson and Vernier [24] with slight modifi-
cations. An enzymatic immunoassay was used to measure
apoC-I in isolated VLDL fractions [25]. Apolipoprotein CII
in serum was analyzed by turbidimetry with reagents from
Kamiy Biomed Comp (Seattle, WA, USA). ApoC-I in serum
(AssayMax Human Apolipoprotein C-I ELISA kit), and
apoC-III (AssayMax Human Apolipoprotein C-III ELISA
kit) in serum, and isolated VLDL fractions were measured
by commercial available immunoassays according to the
manufacturer’s descriptions (Assaypro LLC, St. Charles, MO,
USA).

2.6. Lipoprotein Lipase Measurements. Eight hours after in-
gestion of the test meal, blood was drawn into vacutainers
(Becton Dickinson, Meylan, Cedex, France) containing
heparin as anticoagulant, and the heparinized blood was
immediately placed on ice. Unfractionated heparin was
given as a bolus injection (100 IU/kg bodyweight) on the
contralateral arm to mobilize LPL from the endothelial
surface into the circulation. A second blood sample was
obtained exactly 15 minutes after heparin administration
and immediately placed on ice. Heparinized plasma was
recovered within 30 minutes by centrifugation (2000×g for
10 min) at 4◦C, divided into aliquots of 1.0 mL in cryovials,
flushed with nitrogen, and frozen at −70◦C until further
analysis. LPL activity was determined as previously described

[26, 27]. In short, 185 μL sonicated emulsion of 3H-oleic
acid-labelled triolein in 10% Intralipid (Fresenius Kabi) was
used as substrate and incubated with 15 μL heparinized
plasma samples. Plasma samples were preincubated for
2 hrs on ice with 0.5 vol goat antibodies to hepatic lipase
(HL) to suppress HL activity. LPL activity was expressed as
mU/mL corresponding to nmol of fatty acid released per
minute at 25◦C [28]. LPL mass was measured in postheparin
plasma with a commercial ELISA kit (MARKIT-M LPL
ELISA, Dainippon Sumitomo Pharma Co., Ltd., Osaka,
Japan) according to manufacturer’s instructions. Preheparin
plasma samples had the following values for the total study
population: LPL activity 0.97 ± 0.37 mU/mL, LPL mass
83.6 ± 36.9 ng/mL, and specific activity 0.02 ± 0.02 mU/ng.
Postheparin plasma samples had the following values for the
total study population: LPL activity 138.4 ± 43.1 mU/mL,
LPL mass 729.1 ± 293.7 ng/mL, and specific activity 0.20 ±
0.06 mU/ng.

2.7. Calculations and Statistics. The number of apoC-I per
VLDL particle and apoC-III per VLDL particle were calcu-
lated by dividing apolipoprotein concentrations in density
fraction Sf 20–400 by their respective molecular mass (apoB-
100 = 549 kD, apoC-I = 6.6 kD, and apoC-III = 8.8 kD). The
fraction molarity of apoC-I/apoC-III was then divided by
the corresponding molarity of apoB. Continuous variables
were tested for normal distribution, and logarithmically
transformed in statistical analyses if not normally dis-
tributed. Differences in continuous variables from fasting to
postprandial conditions were analyzed by paired t-test. The
number of apoC-I particles per VLDL was divided in tertiles,
and significance of linear trends across tertiles was tested by
linear regression. Pearson’s correlation coefficients were used
to examine correlations between continuous variables. All
analyses were performed using SPSS (SPSS Inc., Chicago, Ill,
USA) for windows software, version 16.0. Two-sided P values
(<0.05) were considered statistically significant. Results are
expressed as means ± 1 SD unless otherwise stated.

3. Results

Plasma VLDL particles, Sf 20–400, were isolated from all
study participants by preparative ultracentrifugation before
(fasting condition) and 4 hrs after (postprandial condition)
intake of a standard high-fat meal and analyzed for triglyc-
erides, total cholesterol, and apolipoproteins B, C-I, and C-
III.

Characteristics, traditional cardiovascular risk factors,
the presence of carotid plaques, diabetes mellitus and car-
diovascular diseases, and regular use of major cardiovascular
drugs across tertiles of the number of apoC-I per VLDL
particle under fasting conditions are shown in Table 1.
Fasting triglycerides increased significantly across tertiles of
apoC-I per VLDL particle in unadjusted analysis (P = 0.01)
and after adjustment for age, gender, BMI, apoC-II, apoC-
III, and apoE genotype (P = 0.012). Further adjustments
for cardiovascular risk factors such as smoking, blood pres-
sure, and serum lipids and apolipoproteins did not affect
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Table 1: Characteristics of study participants. Characteristics of subjects included in the study across tertiles of apoC-I molecules per VLDL
particles (n = 81) under fasting conditions. Values are means ± 1 SD or percentage with number in brackets.

Variables
ApoC-I per VLDL

P for trend
T1 T2 T3

Apo-CI per VLDL 3.5± 1.1 6.2± 0.9 12.8± 3.1

Men (%) 56 (15) 56 (15) 56 (15) 1.00

Age (yrs) 68.1± 5.5 69.3± 6.7 70.4± 6.6 0.19

Smoking (%) 19 (5) 22 (6) 22 (6) 0.68

Body mass index (kg/m2) 26.8± 3.9 26.1± 3.8 26.7± 3.9 0.93

Systolic blood pressure (mmHg) 127± 17 130± 17 132± 20 0.30

Diastolic blood pressure (mmHg) 74± 9 75± 11 73± 9 0.91

Total cholesterol (mmol/L) 6.27± 1.22 5.68± 1.63 6.26± 0.98 0.98

HDL cholesterol (mmol/L) 1.87± 0.53 1.76± 0.44 1.67± 0.46 0.13

LDL cholesterol (mmol/L) 3.89± 0.91 4.02± 1.11 3.97± 0.85 0.76

Triglycerides (mmol/L) 0.90± 0.36 1.25± 0.67 1.35± 0.77 0.01

Apolipoprotein A1 (g/L) 1.45± 0.27 1.42± 0.23 1.40± 0.22 0.47

Apolipoprotein B (g/L) 1.06± 0.20 1.07± 0.23 1.11± 0.18 0.44

Apolipoprotein C-I (mg/L) 206.7± 59.0 205.5± 65.9 215.7± 76.1 0.66

Apolipoprotein C-II (mg/L) 34.4± 10.5 40.1± 15.3 44.8± 19.1 0.015

Apolipoprotein C-III (mg/L) 107.2± 40.6 109.2± 39.7 130.8± 45.4 0.12

Apolipoprotein E (mg/L) 42.1± 12.5 40.4± 15.0 46.1± 17.4 0.34

Hypertension (%) 33 (9) 30 (8) 56 (15) 0.16

Diabetes (%) 4 (1) 19 (5) 7 (2) 0.65

Coronary artery disease (%) 19 (5) 4 (1) 30 (8) 0.29

Cerebrovascular events (%) 11 (3) 0 (0) 7 (2) 0.58

Antihypertensive drugs (%) 15 (4) 4 (1) 22 (6) 0.37

Platelet inhibitors (%) 15 (4) 11 (3) 19 (5) 0.62

Omega-3 FA supplementation (%) 52 (14) 44 (12) 56 (15) 0.79

Carotid plaques (%) 30 (8) 63 (17) 63 (17) 0.016

Plaque area (mm2) 4.0± 2.4 4.4± 2.7 8.8± 4.3 0.048

the relationship. Total serum levels of apolipoprotein C-II
(P = 0.015) and apoC-III (P = 0.12) increased with apoC-I
enrichment of VLDL particles. Neither other cardiovascular
risk factors such as age, gender, smoking, BMI, blood
pressure, serum lipids and apolipoproteins, hypertension
and diabetes mellitus, nor cardiovascular diseases and drugs
were associated with tertiles of apoC-I per VLDL particle.
The distribution of apoE genotypes in our study population
was 58% with the E3/3 isoform, 30% E3/4, 10% E2/3, 1%
E4/4, 1% E2/4, and none had the E2/2 isoform.

The proportion of subjects with carotid plaques (P =
0.016) and total carotid plaque area (P = 0.048) increased
significantly with the number of apoC-I per VLDL particle
(Table 1). These trends remained significant after adjustment
for age, gender, BMI, apoC-II, apoC-III, and apoE genotype
(P = 0.011 and P = 0.043 for proportion of carotid plaques
and plaque area, resp.). Further adjustments for cardiovascu-
lar risk factors as smoking, blood pressure, and serum lipids
and apolipoproteins did not affect the relationship.

The composition of VLDL particles with increasing en-
richment of apoC-I per VLDL particle under fasting condi-
tions are shown in Table 2. Even though no association was
found between the amount of VLDL particles, assessed by

the concentration of apoB within the VLDL fraction and
their enrichment with apoC-I, linear regression analysis
showed a marked increase in the content of triglycerides
(P < 0.001) and modest increase in the content of cholesterol
(P < 0.001) in VLDL particles with increasing enrichment of
apoC-I. The relation between VLDL content of apoC-I and
triglycerides remained significant even after adjustment for
age, BMI, the content of apoC-III per VLDL particle, and
apoE genotype (Table 2).

We wanted to further investigate if the increased content
of triglycerides in VLDL particles enriched with apoC-I
was associated with less efficient hydrolysis promoted by
LPL. The functional pool of LPL is anchored to heparan
sulphate proteoglycans (HSPGs) at the endothelial surface,
and only trace amounts are available in the circulation
[29]. Unfractionated heparin has higher affinity for LPL
than heparan sulphate, and heparin infusion will, therefore,
displace LPL from the endothelial surface into the circulation
[27]. Measurement of functional activity and mass of LPL in
postheparin plasma is therefore assumed to reflect the func-
tion and bioavailability, respectively, of LPL at the endothelial
surface [27]. Simple correlation analysis revealed an inverse
correlation between the amount of apoC-I molecules per
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Table 2: Composition of VLDL particles. Composition of VLDL particles across tertiles of the number of apoC-I per VLDL particle isolated
under fasting conditions and 4 hrs after intake of a standard high-fat meal (Postprandial conditions) (n = 81). Values are means ± 1 SD.

Fasting conditions (0 hrs)
ApoC-I per VLDL

P for trend
T1 T2 T3

Apo-CI per VLDL 3.5± 1.1 6.2± 0.9 12.8± 3.1

ApoB (mg/L) 43.7± 19.2 47.3± 25.8 43.6± 23.9 0.98

Triglycerides (μmol/mg apoB in VLDL)

Crude analysis 6.8± 2.7 11.9± 5.2 15.7± 8.1 <0.001

Adjusted model∗ 6.9± 2.7 11.5± 4.7 16.3± 7.9 <0.001

Total cholesterol (μmol/mg apoB in VLDL)

Crude 4.9± 0.8 5.8± 1.3 6.8± 2.4 <0.001

Ajusted model∗ 4.8± 0.8 5.7± 1.3 7.0± 2.3 <0.001

Postprandial conditions (4 hrs)
ApoC-I per VLDL

P for trend
T1 T2 T3

Apo-CI per VLDL 5.3± 1.8 10.5± 1.5 22.6± 5.3

ApoB (mg/L) 45.9± 23.7 52.0± 28.5 44.3± 20.2 0.81

Triglycerides (μmol/mg apoB in VLDL)

Crude analysis 13.6± 7.9 20.7± 9.8 28.1± 13.0 <0.001

Adjusted model∗ 13.1± 9.8 19.8± 8.0 29.2± 14.3 0.007

Total cholesterol (μmol/mg apoB in VLDL)

Crude analysis 5.5± 1.5 7.3± 2.1 7.6± 2.4 <0.001

Ajusted model∗ 5.4± 1.5 7.4± 2.2 7.7± 2.4 0.001
∗model adjusted for age, body mass index, apoE genotype and the number of apoC-III per VLDL particle.

VLDL particle and postheparin LPL activity (r = −0.31, P =
0.006) which remained significant after adjustment for the
amount of apoC-III per VLDL particle (r = −0.27, P =
0.024) but no significant association to LPL mass (r = −0.05,
P = 0.65). Postheparin LPL activity decreased significantly
across tertiles of VLDL particles enriched with apoC-I (P =
0.01) from 152.8±47.4 mU/mL in T1 to 122.6±40.7 mU/mL
in T3 under fasting conditions, whereas LPL mass was
unaffected by the apoC-I enrichment of VLDL particles
(Figure 1). The relation remained significant even after
adjustment for age, BMI, the content of apoC-III per VLDL,
and apoE genotype (P = 0.013).

The number of apoC-I per VLDL particle increased
from 7.5 ± 4.9 under fasting conditions to 12.8 ± 6.8 under
postprandial conditions (4 hrs after intake of a standard
high-fat meal) (P < 0.0001), and simple correlation analysis
revealed strong associations between the two variables (r =
0.61, P < 0.0001) (Figure 2). As seen under fasting condi-
tions, linear regression analysis showed a marked increase
in the content of triglycerides (P < 0.001) and modest
increase in the content of cholesterol (P < 0.001) in
VLDL particles with increasing enrichment of apoC-I in the
postprandial state (Table 2). The relation between the VLDL
content of apoC-I and triglycerides in the postprandial state
remained significant even after adjustment for age, BMI, the
content of apoC-III per VLDL particle, and apoE genotype
(Table 2). Even though the number of VLDL particles
did not increase in the postprandial state, their content
of triglycerides and cholesterol increased from fasting to
postprandial conditions across tertiles of apoC-I enrichment
(Table 2).
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Figure 1: Line graph showing postheparin LPL activity and LPL
mass across tertiles of the number of apoC-I per VLDL particle in
the fasting state. Groups (T1–T3) were defined by their respective
tertiles of the number of apoC-I per VLDL particle. Tertiles of the
number of apoC-I per VLDL particle in the fasting state were as
follows (mean, range): T1 (3.5, 0.5–5.0), T2 (6.2, 5.1–8.1), and T3
(12.8, 8.2–27.2). Values are means ± SEM.

To investigate if enrichment of VLDL particles with
apoC-I affected postprandial lipemia, serum triglycerides
were measured before and every second hour for 8 hrs after a
fat tolerance test and correlated to the number of apoC-I per
VLDL particle isolated in the postprandial state (4 hrs after
ingestion of the meal). The amount of apoC-I molecules per
VLDL was correlated with the total (r = 0.41, P < 0.0001)
and incremental (r = 0.35, P < 0.001) area under the curve
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Figure 2: Dot plots showing the number of apoC-I per VLDL particle for each participant under fasting and postprandial conditions (a),
and the relation between the number of apoC-I per VLDL particle under fasting and postprandial conditions (b).
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Figure 3: Line graphs showing serum concentrations of triglycerides (Tg) over time in groups after intake of a standard high-fat meal (a)
and changes in area under the curve (AUC) for serum triglycerides in the postprandial state (0–8 hrs) across tertiles of the number of apoC-I
per VLDL particle in the postprandial state (b). Groups (T1–T3) were defined by their respective tertiles of the number of apoC-I per VLDL
particle in the postprandial state. Tertiles of the number of apoC-I per VLDL particle in the postprandial state were as follows (mean, range):
T1 (5.3, 1.1–7.9), T2 (10.5, 8.1–13.0), and T3 (22.6, 13.7–40.3). Values are means ± SEM. Linear trend analyses were adjusted for age, BMI,
the content of apoC-III per VLDL particle, and APOE genotyping.

(AUC) of postprandial triglycerides, and the associations
remained significant even after adjustment for age, BMI,
the apoC-III molecules per VLDL, and apoE genotype
(data not shown). The total AUC for serum triglycerides
increased significantly with apoC-I enrichment of VLDL
particles (P for trend = 0.003 in analyses adjusted for age,
BMI, the content of apoC-III molecules per VLDL, and
apoE genotype) from 8.4 ± 3.6 mmol/L∗h in T1 to 13.0 ±
6.1 mmol/L∗h in T3 (Figure 3). Similarly, the incremental
AUC for serum triglycerides increased significantly with the
number of apoC-I per VLDL particles (P for trend =0.043
in analyses adjusted for age, BMI, the content of apoC-III

molecules per VLDL, and apoE genotype) from 2.9 ±
1.8 mmol/L∗h in T1 to 4.6±2.9 mmol/L∗h in T3 (Figure 3).
Postheparin LPL activity was inversely correlated with the
total (r = −0.34, P = 0.002) and incremental (r = −0.28,
P = 0.01) area under the postprandial triglyceride curve.

4. Discussion

Studies on humans [6, 30] and mice [3, 31] have shown that
increased expression of apoC-I promoted combined hyper-
lipidemia with the most pronounced enhancing effect on
plasma triglycerides. Subsequent mechanistic studies have
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shown that the impact of apoC-I on lipid metabolism was
mainly confined to VLDL metabolism [8]. Thus, it is per-
tinent to focus on the impact of phenotypic expression of
apoC-I in VLDLs on fasting triglycerides, postprandial
lipemia, and LPL activity in humans. We found that fasting
triglycerides increased linearly with apoC-I enrichment of
VLDLs independent of known regulators of triglycerides
such as apolipoproteins C-II, C-III, and E, apoE genotype,
and traditional cardiovascular risk factors, mainly due to
elevated content of triglycerides per VLDL particle. ApoC-I
enrichment of VLDLs was inversely associated with plasma
LPL activity, but not with LPL mass. Furthermore, the
amount of apoC-I per VLDL particle isolated in the post-
prandial phase was associated with the magnitude of the
postprandial lipemia assessed by total and incremental area
under the triglyceride curve during the postprandial phase.
The impact of apoC-I enrichment of VLDLs on triglyceride
metabolism is probably not reflecting a shift in size dis-
tribution of VLDLs towards larger particles since previous
studies have shown that VLDL particles of different sizes
(Sf 20–60 and Sf 60–400) had similar amounts of apoC-
I per VLDL particle [21]. Our findings provide evidence
that normal variations in the content of apoC-I per VLDL
particle had a substantial impact on the triglyceride meta-
bolism, at least partly mediated by inhibition of the LPL
activity.

In agreement with studies in humans [6] and mice [8,
31] with overexpression of the APOC1 gene, we found a
linear increase in serum triglycerides associated with apoC-I
enrichment of VLDLs. The apoC-I encoding gene (APOC1)
is part of the APOE/APOC1/APOC2 gene cluster [32], and
apoC-I has also been shown to mediate some other lipid
modifying effect by interfering with the apoE-mediated
uptake of VLDLs [5, 9]. Thus, it was particularly important
to investigate if the effect was independent of other impor-
tant modulators of triglycerides such as apolipoproteins C-
II and C-III [33, 34] and apoE genotype [35, 36]. The
linear relation between apoC-I enrichment of VLDLs and
fasting triglycerides remained significant after adjustment for
apoC-II and apoC-III, apoE genotype, and even after further
adjustments for traditional cardiovascular risk factors. This
indicates that the enrichment is specific for apoC-I.

The enhanced levels of fasting triglycerides with increas-
ing apoC-I content in VLDLs was associated with enrich-
ment of VLDL particles by triglycerides, also reflecting
increased particle size but no increased number of VLDL
particles (Table 2). Previous studies in mice [8] and humans
[6] with increased expression of apoC-I have also shown
increased content of triglycerides in VLDLs. The mechanism
beyond increased VLDL content of triglycerides may involve
either increased hepatic VLDL-triglyceride production or
an impaired lipolytic processing of VLDLs. Experimental
studies in mice have shown that overexpression of apoC-I
did not influence the hepatic VLDL-triglyceride production
[8, 37]. Conversely, overexpression of apoC-I prolonged
serum clearance of VLDL-like emulsion particles in vivo
attributed to inhibition of LPL activity by apoC-I [8]. Physi-
ological enrichment of VLDL-like TG emulsions with apoC-
I inhibited the LPL activity by 33% in vitro [8], and VLDL

isolated from apoC-1+/+ mice had a 28% decreased LPL-
induced lipolysis compared to VLDL isolated from apoC1−/−

mice [1]. Similarly, we observed an inverse relation between
apoC-I enrichment of VLDLs and LPL activity in which
LPL activity decreased by 20% from the lowest to the
highest tertile of apoC-I per VLDL particle. The relation
between apoC-I and LPL may be due to a direct effect on
the specific activity of LPL since LPL mass was unaltered
across tertiles of apoC-I enrichment of VLDL particles
(Figure 1). However, the molecular mechanism underlying
the association between LPL activity and apoC-I remains to
be elucidated.

The total and incremental area under the postprandial
triglyceride curve showed a linear increase with the amount
of apoC-I molecules per VLDL particle isolated under post-
prandial conditions. Similarly, presence of endogenous
apoC-I (APOC1+/+ APOE−/−) in mice has shown marked
elevation of postprandial triglyceride levels compared to
apoC-I deficiency (APOC1−/− APOE−/−) due to increased
hepatic production of VLDL-triglycerides and inhibited local
LPL activity in vivo [1]. However, no such associations were
established among middle-aged men with the apoE3/E3
genotype with VLDL particles isolated 3 and 6 hrs after inges-
tion of the test meal [20]. The apparent discrepancy between
the clinical studies may be due to differences in age, BMI,
apoE genotype, which are known to influence postprandial
lipemia [38, 39], and also the time for isolation of VLDL
during the postprandial phase.

In agreement with previous clinical studies [19, 20],
we found a significant association between cholesterol and
apoC-I enrichment within VLDL particles isolated both
under fasting and postprandial conditions. In contrast,
human apoC-I-expressing mice deficient of apoE did not
exhibit increased cholesterol levels within the VLDL particles
[8]. The molecular mechanism for the association between
cholesterol and apoC-I enrichment of VLDL particles in
humans and the apparent discrepancy between mice and
humans are unknown. However, mice do not express CETP
[40], and its function can therefore not contribute to the
phenotype of APOC1 mice. Even though apoC-I appears
to be a physiological relevant inhibitor of CETP, prolonged
exposure in the circulation of VLDL particles enriched with
apoC-I may facilitate CETP-mediated cholesterol exchange
with HDL, and thereby explaining the relation between
apoC-I and cholesterol enrichment in VLDLs.

The “response-to-retention” hypothesis of atheroscle-
rosis suggested that intimal deposition is proportional to
plasma levels of lipoproteins [41], and Zilversmit proposed
that atherosclerosis was, at least in part, a postprandial
disease due to accumulation of postprandial TRLs in the
circulation and thereby exposure to the vessel wall [42]. More
recent studies have shown efficient penetration and selective
retention of TRLs in sites of lesion formation [43]. Elevated
postprandial levels of TRLs have been associated with both
coronary [44] and carotid artery atherosclerosis [45]. Similar
to previous studies showing a relation between apoC-
I enrichment of VLDLs and early carotid atherosclerosis
[20, 21], we found a higher proportion of subjects with
carotid plaques and greater plaque area among those with
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highest apoC-I content in VLDL. The formation of a more
atherogenic composition with increased cholesterol content
of VLDL particles, impaired lipolysis and subsequent delayed
clearance rate of VLDLs, and elevated postprandial TRLs
associated with apoC-I enrichment of VLDLs may con-
tribute to the atherosclerotic process. Thus, we suggest that
these specific modification of the triglyceride metabolism
may contribute to the increased risk of atherosclerosis [18,
20, 21] and CAD [19] associated with apoC-I enrichment of
VLDLs.

In conclusion, the phenotypic expression of apoC-I per
VLDL particles is an important modulator of triglyceride
metabolism in the fasting and postprandial states indepen-
dent of apoC-III and traditional cardiovascular risk factors
and may thereby represent an underlying mechanism for the
association between the content of apoC-I per VLDL particle
and carotid atherosclerosis.
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High-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) are strong predictors of
atherosclerosis. Statin-induced changes in the ratio of LDL-C to HDL-C (LDL-C/HDL-C) predicted atherosclerosis progression
better than LDL-C or HDL-C alone. However, the best predictor of subclinical atherosclerosis remains unknown. Our objective was
to investigate this issue by measuring changes in carotid intima-media thickness (IMT). A total of 1,920 subjects received health
examinations in 1999, and were followed up in 2007. Changes in IMT (follow-up IMT/baseline IMT × 100) were measured by
ultrasonography. Our results showed that changes in IMT after eight years were significantly related to HDL-C (inversely, P < 0.05)
and to LDL-C/HDL-C ratio (P < 0.05). When the LDL-C/HDL-C ratios were divided into quartiles, analysis of covariance showed
that increases in the ratio were related to IMT progression (P < 0.05). This prospective study demonstrated the LDL-C/HDL-C
ratio is a better predictor of IMT progression than HDL-C or LDL-C alone.

1. Introduction

A low level of high-density lipoprotein cholesterol (HDL-C)
is a strong and independent predictor of cardiovascu-
lar disease [1–3]. Experimental studies have also shown
that increased levels of low-density lipoprotein cholesterol
(LDL-C) play a role in the development and progression of
atherosclerosis [3–5]. Moreover, previous studies reported
statin-induced changes in the ratio of LDL-C to HDL-C
(LDL-C/HDL-C ratio) predicted atherosclerosis progression
[6, 7]. It is, therefore, important to observe not only HDL-C
or LDL-C alone but also their ratio. However, it is not
known whether lipid levels alone or their ratio is more
useful clinically for predicting the progression of subclinical
atherosclerosis.

Elevated levels of LDL-C/HDL-C or apolipoprotein
(apo) B100/A-1 ratios were reported in patients with coronary

atherosclerosis [8–10]. It has been shown that a high LDL-
C/HDL-C ratio is a strong predictor of cardiovascular events
[6, 11]. However, whether a high LDL-C/HDL-C ratio is
a significant predictor of carotid atherosclerotic burden
remains unclear due to a lack of data from a large number
of subjects. Although several investigators [12, 13] reported
that LDL-C/HDL-C ratio is related to IMT or carotid plaque
in cross-sectional studies or in relation to baseline data
in childhood, no large-scale prospective studies have been
done to in adults to evaluate whether elevated levels of
the LDL-C/HDL-C ratio is a more significant predictor
of the progression of IMT than LDL-C or HDL-C alone.
Accordingly, we measured lipid profiles and employed high-
resolution ultrasonography to determine common carotid
IMT at baseline in 1,920 subjects of a community-based
cohort, and examined changes in IMT in a follow-up
examination 8 years later.
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2. Methods

2.1. Study Subjects. A periodic epidemiological survey was
performed in 1999 in a small farming community in
Japan (a cohort of the Seven Countries Study) on the
island of Kyushu. As reported previously, the demographic
backgrounds of the subjects in this area are similar to
those of the Japanese general population [14]. The subjects’
medical history, especially past history of cerebro-cardio
vascular diseases, was ascertained in detail by a team of
physicians. IMT was measured by means of high-resolution
carotid ultrasonography in 1,920 subjects (794 men and
1,126 women) over the age of 40 years. Common carotid
IMT was measured by duplex ultrasonography (SSA-380A,
Toshiba) with a 10-MHz transducer in the sitting position.
Longitudinal B-mode images at the diastolic phase of the
cardiac cycle were recorded. The images were magnified
and printed with a high-resolution line recorder (LSR-100A,
Toshiba). IMT was measured using fine slide calipers at three
levels of the lateral and medial walls one to three centimeters
proximal to the carotid bifurcation. These six combined
near- and far-wall measurements were averaged. In our
laboratory, interobserver and intraobserver variabilities of
IMT were 3.8% and 4.2%, respectively (n = 30).

Eight years later, we performed a follow-up examination.
IMT was measured in the same manner as in the original
examination. Investigators at re-examination were blinded to
the participants’ clinical characteristics and to their baseline
IMT values. Changes in IMT were calculated as the value of
follow-up IMT divided by baseline IMT, and were expressed
as a percentage. Of 1,920 subjects in the original study,
baseline lipid profiles were missing in 164 subjects, and
follow-up IMT could not be performed in 300 subjects (183
had died, 73 refused the re-examination, 37 were lost to
follow-up, and 7 had moved). In the end, complete data sets
were available from 1,456 subjects, for a follow-up rate of
75.8%.

Informed consent was obtained from all subjects. The
study was approved by the Kurume University Ethics Com-
mittee.

2.2. Study Protocol. The subjects’ medical history, alcohol
intake, and smoking habits were ascertained by a question-
naire. Alcohol intake and smoking habits were classified
as current habitual use or not. Height and weight were
measured, and body mass index (BMI) was calculated as
weight (kg) divided by the square of height (m2) as an index
of obesity. Waist circumference was measured at the level
of the umbilicus in the standing position. Blood pressure
(BP) was measured in the right arm twice with a mercury
sphygmomanometer after subjects had rested in a supine
position for more than 5 minutes. The second BP with the
fifth-phase diastolic pressure was used for analysis.

Blood was drawn from the antecubital vein for determi-
nations of glycosylated hemoglobin A1c (HbA1c), lipids pro-
files (total cholesterol, LDL-C, HDL-C, triglycerides (TG),
and remnant-like lipoprotein particle cholesterol (RLP-C),
and free fatty acid (FFA)) in the morning after 12-hour
fast. Fasting blood samples were centrifuged immediately

after collection. Serum total cholesterol, LDL-C, HDL-C,
TG, FFA, and creatinine were measured by enzymatic assay
method, and RLP-C was measured by an immunoseparation
technique using an immunoaffinity gel containing mono-
clonal antibodies to human apo B100 and apo A-1 [15]. Non-
HDL-C was calculated by subtracting HDL-C from total
cholesterol. Similarly, we evaluated ratios of proatherogenic
lipoprotein measurements, including total cholesterol to
HDL-C (TC/HDL-C), LDL-C to HDL-C (LDL-C/HDL-C),
TG to LDL-C (TG/LDL-C), and TG to HDL-C (TG/HDL-
C). HbA1c was measured by ion-exchange high-performance
liquid chromatography. All blood chemistry analyses were
performed at a commercial laboratory (The Kyodo Igaku
Laboratory, Fukuoka, Japan).

2.3. Statistical Analyses. Results were presented as mean ±
standard deviation (SD). Because of skewed distributions,
TG, RLP-C, and FFA were log-transformed before data anal-
yses; mean values, and upper and lower 95% confidence lim-
its, were exponentiated and presented as geometric mean ±
SD, where the SD was approximated as the difference
between the exponentiated confidence limits divided by
3.92, the value of SD in a 95% confidence interval for
normally distributed data. Sex, smoking habits, alcohol
intake, hypertensive medication, diabetic medication, and
hyperlipidemic medication were used as dummy variables.

In order to investigate factors responsible for changes
in IMT after 8 years, multiple linear regression analyses
were performed with age, sex, and baseline IMT. The
mean changes in IMT levels stratified by quartiles of LDL-
C/HDL-C ratio were compared using analysis of covariance
(ANCOVA) adjusted for age, sex, baseline IMT, and lipid
lowering medications. Since subjects with a greater IMT
at baseline may exhibit increased changes in IMT, further
analysis was performed using the subjects with an IMT less
than 1.1 mm at baseline. This subanalysis used the same
ANCOVA analysis as described above.

Statistical significance was defined as P < 0.05. All anal-
yses were performed with the use of the SAS system (SAS
Institute Inc., Software 9.2, Cary, NC, USA).

3. Results

Demographic data for the 1,920 subjects at baseline in 1999
are presented in Table 1. As is apparent from the table,
the enrolled subjects had almost normal mean values of
risk factors and other variables. Table 2 shows the results
of univariable analysis performed for correlates of IMT
using multiple linear regression analysis adjusted for age
and sex. At baseline, there were significant cross-sectional
relationships between IMT and systolic or diastolic BPs (P <
0.001), BMI (P < 0.001), waist circumference (P < 0.05),
total cholesterol (P < 0.05), HDL-C (P < 0.001; inversely),
LDL-C (P < 0.001), total/HDL-C ratio (P < 0.001), LDL-
C/HDL-C ratio (P < 0.001), TG/HDL-C ratio (P < 0.01),
RLP-C (P < 0.05), and HbA1c (P < 0.01). After adjusting for
age, sex, BMI, and smoking habits, multiple linear regression
analysis showed significant relationships between IMT and
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Table 1: Characteristics of subjects at baseline in 1999.

Men Women Total

N 794 1126 1920

Age, years 63.6± 11.0 62.1± 11.0 62.7± 11.0

Systolic blood pressure, mmHg 135.7± 21.6 131.7± 21.4 133.4± 21.6

Diastolic blood pressure, mmHg 81.0± 13.1∗ 76.9± 11.4 78.6± 12.3

Body mass index, kg/m2 23.2± 3.0 23.0± 3.2 23.1± 3.1

Waist, cm 81.6± 8.6 73.8± 8.4 77.0± 9.3

IMT, mm 0.75± 0.22∗∗ 0.67± 0.18 0.70± 0.20

Absolute difference of IMT, mm 0.03± 0.02 0.04± 0.01 0.04± 0.01

Total cholesterol, mg/dL 188.8± 32.8 207.4± 33.8 199.8± 34.6

HDL-C, mg/dL 51.6± 15.4 57.9± 14.3 55.8± 14.0

LDL-C, mg/dL 118.1± 31.2 128.5± 30.3 124.2± 31.0

Triglycerides†, mg/dL 105.6± 2.7∗∗ 82.8± 2.4 98.5± 2.6

Non-HDL-C, mg/dL 136.4± 33.2∗∗ 149.3± 33.8 144.0± 34.2

LDL-C/HDL-C ratio 2.4± 0.9∗∗ 2.3± 0.8 2.4± 0.8

Total cholesterol/HDL-C ratio 3.82± 1.14∗∗ 3.74± 0.99 3.77± 1.06

Triglycerides/HDL-C ratio† 2.07± 0.05∗∗ 1.64± 0.04 1.80± 0.05

Triglycerides/LDL-C ratio† 0.92± 0.02∗∗ 0.74± 0.02 0.81± 0.02

Free fatty acid†, mEq/L 0.51± 0.01 0.56± 0.01 0.53± 0.01

RLP-C†, mg/dL 3.52± 0.09 3.47± 0.09 3.49± 0.09

HbA1c, % 5.2± 0.8 5.2± 0.7 5.2± 0.8

Smoking, % 38.8 2.0 17.2

Alcohol intake, % 48.9 3.2 22.1

Hypertensive medication, % 20.5 19.0 19.6

Diabetic medication, % 3.9 2.6 3.1

Lipids lowering medication, % 2.4 6.4 4.7
∗P < 0.05, ∗∗P < 0.001, †Log-transformed values were used in analyses. IMT: intima-media thickness; HDL-C: high-density lipoprotein cholesterol; LDL-C:
low-density lipoprotein cholesterol; RLP-C: remnant-like particle cholesterol.

total cholesterol (P < 0.05), HDL-C (P < 0.001; inversely),
LDL-C (P < 0.001), LDL-C/HDL-C ratio (P < 0.0001),
TG/HDL-C ratio (P < 0.01), and RLP-C (P < 0.05).

In Table 3, multiple linear regression analysis revealed
that baseline systolic BP (P < 0.01), BMI (P < 0.05), waist
circumference (P < 0.01), HDL-C (P < 0.05; inversely),
TC/HDL-C ratio (P < 0.05), LDL-C/HDL-C ratio (P <
0.05), and TG/LDL-C ratio (P < 0.05; inversely) were
significant predictors of IMT progression after 8 years, after
adjustments for age, sex, and baseline IMT. LDL-C/HDL-C
ratio in particular was more closely associated with outcome
than any of the other individual proatherogenic lipoprotein
parameters.

Figure 1(a) shows mean changes in IMT levels stratified
by quartiles of LDL-C/HDL-C ratio, compared by ANCOVA
adjusted for age, sex, baseline IMT, and lipid lowering
medications. Increased LDL-C/HDL-C ratios were related to
IMT progression (P = 0.007 for trend). Further analysis was
performed using the subjects with an IMT less than 1.1 mm
at baseline (Figure 1(b)). This subanalysis also showed a
significant linear trend between LDL-C/HDL-C ratio and
IMT progression.

In analyses using the receiver operating characteristic
(ROC) curve, an LDL-C to HDL-C ratio of 2.3 (area under
curve 0.552) showed the strongest association with IMT
progression (80.3% sensitivity and 79.3% specificity, data not
shown).

4. Discussion

This is the first report of a general population or large-scale
epidemiological study focusing on the relationship between
LDL-C/HDL-C ratio and IMT progression.

4.1. Methodological Considerations. In this study, we eval-
uated changes in IMT by high-resolution carotid ultra-
sonography but did not measure plaques. It may have
been preferable to measure changes in plaques rather than
IMT. However, it is very difficult to accurately estimate the
changes in plaques because of their complex morphology.
In contrast, the evaluation of IMT is relatively simple and
accurate. Furthermore, IMT, as an indicator of subclinical
atherosclerosis, has been shown to be a strong risk factor
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Figure 1: Relationship between LDL-C/HDL-C ratio and changes in IMT. (a) Data from 1,456 subjects was analyzed by ANCOVA adjusted
for age, sex, baseline IMT, and lipids lowering medication. (b) Data from 1,349 subjects with less than 1.1 mm IMT at baseline was analyzed
by ANCOVA adjusted for age, sex, baseline IMT, and lipid lowering medications.

for cardiovascular events [16]. Measurement of IMT could
help to identify asymptomatic subjects with subclinical
atherosclerosis who would benefit from aggressive preventive
measures.

With regard to composite variables that include proath-
erogenic lipoprotein measurements, data for direct compar-
isons are limited to studies based on the general population
[17, 18]. In the present study, some of the ratios and
the single measurements such as LDL-C, HDL-C, and
RLP-C were included in study variables. Although other
population-based studies [17, 18] included antiatherogenic
lipoprotein fraction ratios such as apo B/A-I, their main
target endpoint was cardiovascular events. Our objective was
to determine the best predictor of progression of subclinical
atherosclerosis, and we used changes in IMT as a surrogate
marker for atherosclerosis. As shown in Figure 1(b), since
the subjects with thicker IMT tend to exhibit relatively large
changes in IMT, a further analysis was performed using the
subjects with less than 1.1 mm IMT at baseline. This type
of careful subanalysis may help us to better understand the
significance of changes in IMT.

4.2. Predictors for Progression of IMT. A significant associa-
tion between IMT and proatherogenic lipoprotein measure-
ments was shown in Table 2. Even in this cross-sectional
study, we found LDL-C/HDL-C ratio was the strongest
predictor. We observed the same result in our prospective
study, as shown in Table 3. Because age, male gender, and

baseline IMT are well-known significant factors for the pro-
gression of IMT, we adjusted for them to determine factors
for progression of IMT. However, the present study showed
that the absolute differences (0.03 mm versus 0.04 mm) and
the percent differences (104.0% versus 105.9%) between
the IMT at baseline and during follow-up period did not
differ significantly between the two genders. Therefore, we
performed an additional analysis using 1,349 subjects with
an IMT less than 1.1 mm at baseline (Figure 1(b)). The
results of our multiple linear regression analysis showed
that the LDL-C/HDL-C ratio was the strongest predictor
for IMT progression (β = 1.55453, P < 0.05). Although
one prospective study [19] reported the predictive utility of
LDL/HDL ratio for carotid IMT in subjects using childhood
levels, ours is the first large prospective study to confirm
this result in a community-based cohort without apparent
cerebro-cardiovascular diseases.

Our data may suggest that elevated LDL/HDL ratio is
not just a marker of atherosclerosis but may play a causal
role in the pathogenesis of human IMT progression. Another
interesting issue to be clarified is the cut-off values of LDL-
C/HDL-C for predicting IMT progression. One Japanese
investigator [20] has suggested the target index for regression
of atherosclerosis should be less than 2.0 for primary
prevention and less than 1.5 for secondary prevention. Based
on the ROC curves, the cut-off point was 2.3 in this study.
The detailed analysis stratified by LDL-C/HDL-C quartiles
(Figures 1(a) and 1(b)) may confirm this cut-off value.
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Table 2: Association between IMT and variables at baseline in
multiple linear regression analysis adjusted for age and sex.

Variables β Standard error Probability

Systolic blood pressure 0.00158 0.0002 <0.01

Diastolic blood pressure 0.00145 0.0003 <0.01

Body mass index 0.00444 0.0013 0.01

Waist 0.00119 0.0005 0.01

Total cholesterol 0.00028 0.0001 0.02

HDL-C −0.00127 0.0003 <0.01

LDL-C 0.00053 0.0001 <0.01

Triglycerides∗ 0.00006 0.0001 0.23

Non-HDL-C 0.00049 0.0001 <0.01

LDL-C/HDL-C ratio 0.02930 0.0048 <0.01

Total cholesterol/HDL-C
0.02083 0.0037 <0.01

ratio

Triglycerides/HDL-C ratio∗ 0.02034 0.0062 <0.01

Triglycerides/LDL-C ratio∗ 0.00237 0.0078 0.76

Free fatty acid 0.00313 0.0075 0.68

RLP-C 0.01832 0.0073 0.01

HbA1c 0.01688 0.0052 <0.01

Smoking 0.00632 0.0120 0.60

Alcohol intake −0.02119 0.0114 0.06
∗Log-transformed were used for triglycerides, triglyceride/HDL-C ratio,
triglyceride/LDL-C ratio, free fatty acid, and RLP-C concentration. HDL-
C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein
cholesterol; RLP-C: remnant-like particle cholesterol.

4.3. Study Limitations. This study had some limitations.
First, the lack of biochemical measurements and medication
data in the followup is a major limitation. Second, we did not
measure total plaque area. Third, we only examined subjects
older than 40 years old. It would be interesting to determine
whether LDL-C/HDL-C ratio is a predictor of progression of
IMT of the carotid artery in subjects younger than 40 years
of age. Fourth, several pharmacological interventions have
beneficial effects on prevention of the progression of IMT
[21, 22]. However, because we have no data on medications
taken after the baseline examination, we cannot comment
on the question of whether such interventions have any
beneficial effects on IMT progression. Further studies are
needed to address this issue.

In conclusion, to our knowledge, this is the first epi-
demiological report in a community cohort to show that
LDL-C/HDL-C ratio is a better predictor of carotid IMT
progression than HDL-C or LDL-C alone.
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Table 3: Relationship between 8-year changes in IMT and variables
in multiple linear regression analysis adjusted for age, sex, and
baseline IMT.

Variables β Standard error Probability

Systolic blood pressure 0.07764 0.0278 0.01

Diastolic blood pressure 0.01312 0.0464 0.78

Body mass index 0.39651 0.1681 0.02

Waist 0.16325 0.0627 0.01

Total cholesterol 0.01204 0.0155 0.44

HDL-C −0.08175 0.0380 0.03

LDL-C 0.03103 0.0175 0.08

Triglycerides∗ −0.00088 0.0060 0.88

Non-HDL-C 0.02595 0.0156 0.10

LDL-C/HDL-C ratio 1.55453 0.6466 0.02

Total cholesterol/HDL-C
1.06553 0.4974 0.03

ratio

Triglycerides/HDL-C ratio∗ 0.80106 0.7886 0.31

Triglycerides/LDL-C ratio∗ −1.32504 0.9724 0.03

Free fatty acid∗ 0.52784 1.0439 0.61

RLP-C∗ 0.23376 0.8359 0.75

HbA1c 0.55307 0.7430 0.46

Smoking −0.94243 1.6585 0.57

Alcohol intake −0.55662 1.5202 0.71
∗Log-transformed were used for triglycerides, triglyceride/HDL-C ratio,
triglyceride/LDL-C ratio, free fatty acid, and RLP-C concentration. HDL-
C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein
cholesterol; RLP-C: remnant-like particle cholesterol.
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Very low-density lipoproteins (VLDL) are precursors of low-density lipoproteins (LDL, or “bad cholesterol”). Factors affecting
structural integrity of VLDL are important for their metabolism. To assess the role of electrostatic interactions in VLDL stability,
we determined how solvent ionic conditions affect the heat-induced VLDL remodeling. This remodeling involves VLDL fusion,
rupture, and fission of apolipoprotein E-containing high-density lipoprotein-(HDL-) like particles similar to those formed during
VLDL-to-LDL maturation. Circular dichroism and turbidity show that increasing sodium salt concentration in millimolar range
reduces VLDL stability and its enthalpic component. Consequently, favorable electrostatic interactions stabilize VLDL. Reduction
in pH from 7.4 to 6.0 reduces VLDL stability, with further destabilization detected at pH < 6, which probably results from titration
of the N-terminal α-amino groups and free fatty acids. This destabilization is expected to facilitate endosomal degradation of
VLDL, promote their coalescence into lipid droplets in atherosclerotic plaques, and affect their potential use as drug carriers.

1. Introduction

Very low-density lipoproteins (VLDL) are the major plasma
carriers of fat (triacylglycerides, TG) and direct metabolic
precursors of low-density lipoproteins (LDL, or “bad choles-
terol”). Elevated plasma levels of TG are a hallmark of
the metabolic syndrome and a risk factor for atherosclero-
sis [1–6]. Human plasma VLDL are heterogeneous particles
(d∼35–100 nm) that contain a large apolar core com-
prised mainly of TG and cholesterol esters and polar surface
comprised of apolipoproteins (apos) and a phospholipid
monolayer (Figure 1). Each VLDL particle contains one copy
of the nonexchangeable (water-insoluble) apoB (550 kDa)
that comprises nearly one half of its total protein content
[5]; the other half is comprised of multiple copies of
the exchangeable proteins, apoE (32 kDa) and apoCs (6–
9 kD). During VLDL metabolism (recently reviewed in [6]),
core TG are enzymatically hydrolyzed to produce free fatty
acids that are used as an energy source by various tissues.
Upon TG hydrolysis, the lipoprotein core shrinks and the
excess surface material fissions in the form of small apoE-
containing particles that join the plasma pool of high-
density lipoproteins (HDL, or “good cholesterol”, d∼10 nm)

[7–9] (Figure 1). Eventually, VLDL are converted to LDL
(d∼22 nm) that contain one copy of apoB comprising >90%
of their total protein content.

Similar to LDL, VLDL uptake by the cells involves re-
ceptor-mediated whole-particle endocytosis. In contrast to
LDL that are degraded in the lysosomes, VLDL degrada-
tion is a complex process that starts in early endosomes
with dissociation of apoE together with a fraction of
phospholipids; apoE eventually gets recycled, while the
remaining apoB-containing particle undergoes lysosomal
degradation [10–12]. Such receptor-mediated uptake of the
apoB-containing lipoproteins downregulates cell cholesterol
biosynthesis and is antiatherogenic. Alternatively, LDL and
VLDL can bind to the arterial wall proteoglycans where
they get retained and modified by hydrolytic and oxidative
enzymes in the subendothelial space [13–15]. Such retention
of the apoB-containing lipoproteins is believed to be the
key initiating step in atherogenesis ([16] and references
therein). It leads to a cascade of proatherogenic responses,
including lipoprotein fusion into lipid droplets that are
found in atherosclerotic plaques [17–19]. Such droplets are
readily taken up by macrophages, which promotes formation
of foam cells and progression of atherosclerosis ([19] and
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Figure 1: Cartoon showing metabolic remodeling of VLDL. Intact VLDL contain a core of apolar lipids, mostly triacylglycerides (TG)
and some cholesterol esters (CE), surrounded by polar surface comprised mainly of phosphatidylcholines (PCs) and apolipoproteins.
Exchangeable proteins, apoE (32 kD) and apoCs (6–9 kD), are comprised of amphipathic α-helical repeats and are shown in cylinders; the
nonexchangeable apoB (550 kD) contains domains with predominantly α-helical or β-sheet structure. VLDL remodeling in vivo starts with
TG hydrolysis by lipoprotein lipase; this produces excess surface that dissociates in the form of apoE-containing particles that join the pool
of HDL [3, 4]. Similar particles are formed upon other VLDL perturbations such as heating [20]. Remodeling of VLDL eventually converts
them to LDL; each LDL contains one copy of apoB as its major protein. Dissociation of apoE and some lipids from the apoB-containing
particles also occurs during endosomal degradation of VLDL [10–12].

references therein). Our goal is to provide the energetic and
structural basis for understanding key determinants for
structural integrity of VLDL assembly and its remodeling
into large and small particles and lipid droplets.

Because of the experimental difficulties in analyzing
structural stability of large heterogeneous lipid-loaded par-
ticles, studies of VLDL stability have been limited to our
own work performed in 10 mM Na phosphate, pH 7.6 [20].
The results showed that thermal denaturation of VLDL is
a complex kinetically controlled transition with two kinetic
phases reflecting distinct morphologic transformations. The
first phase involves VLDL fusion and dissociation of small
spherical apoE-containing particles (d = 7–15 nm) whose
size, density, and biochemical composition closely resemble a
subclass of plasma HDL formed during metabolic remodel-
ing of VLDL (Figure 1). The second phase involves complete
lipoprotein disintegration and coalescence into lipid droplets
whose size and morphology resemble lipid droplets found in
atherosclerotioc plaques [17]. Hence, thermal denaturation
of VLDL mimics key aspects of their metabolic remodeling in
vivo and provides a useful model for elucidating the energetic
and structural basis for this remodeling [20].

As neutral lipids comprise over 80% of the total
VLDL mass, hydrophobic interactions are likely to domi-
nate VLDL stability. However, electrostatic interactions are
also likely to contribute, as suggested by the presence of
small amounts of anionic lipids in VLDL, mainly free
fatty acids and phosphatidylinositol, as well as by the
sequence properties of the class-A amphipathic α-helices
that form the major lipid surface-binding motif in the
exchangeable apolipoproteins and are also found in the
nonexchangeable apoB on VLDL [21]. Characteristic radial
distribution and high content of charged residues in class-A
helices (30–50% as compared to ∼15% in typical globular
proteins) facilitate formation of multiple salt bridges. These
and other electrostatic interactions, which are amplified by

the low dielectric at the lipid surface (ε∼10 as compared
to 80 in water), have been predicted [22] and observed
to significantly affect the stability of model and plasma
HDL [23–25]. Furthermore, charge-charge interactions are
central to many functional interactions of lipoproteins with
their metabolic partners, including VLDL interactions with
lipophilic plasma enzymes, cell receptors, and arterial wall
proteoglycans ([26–29] and references therein). Here, we
explore the role of electrostatic interactions in structural
stability and remodeling of human VLDL.

This paper reports the effects of solvent ionic conditions
(pH 5.7–8.2, 1–150 mM Na salt) on thermal denaturation
of human VLDL. The results reveal that (i) electrostatics
interactions provide a large favorable enthalpic contribution
to VLDL stability and (ii) reduction in pH from mildly basic
to mildly acidic destabilizes VLDL and accelerates their
remodeling. We propose a plausible explanation for these
effects and postulate that reduction in VLDL stability upon
reduction in pH, which occurs upon receptor-mediated
VLDL transfer from plasma (pH 7.4) to early endosomes
(pH∼6) [10–12] or upon VLDL retention in the arterial
wall and macrophage-induced acidification ([30] and refer-
ences therein), may have important implications for VLDL
metabolism.

2. Materials and Methods

2.1. VLDL Isolation and Characterization. Single-donor
human VLDL were isolated as described [20] from EDTA-
treated plasma of six healthy volunteer donors according
to regulations of the Institutional Review Board. Briefly,
VLDL were isolated by density gradient centrifugation in the
density range 0.94–1.006 g/mL [31]. Total VLDL migrated
as a single band on the agarose gel (Figure 2). Total human
VLDL are comprised of two main subclasses, VLDL1 (d =
60–100 nm) and VLDL2 (d = 35–60 nm), containing one
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Figure 2: Change from mildly basic to mildly acidic conditions does not affect the protein conformation or the net change on VLDL.
VLDL solutions in 10 mM Na phosphate buffer at pH 6.2 or 7.8 were analyzed by far-UV CD spectroscopy for the apolipoprotein secondary
structure (a) or by agarose gel electrophoresis for the net charge on the lipoprotein (b).

molecule of apoB per particle and numerous copies of apoE
and apoCs (greater in larger particles). To improve sample
homogeneity and to minimize light scattering in spectro-
scopic experiments, smaller VLDL2 particles were isolated
by an additional round of centrifugation at 40,000 rpm for
30 min as described [20] and were used for further studies.
The VLDL solution containing about 2 mg/mL protein was
dialyzed against standard buffer (10 mM Na phosphate,
0.25 mM EDTA, 0.02% NaN3, pH 7.6). This stock solution
was stored in the dark at 4◦C and was used in 2-3 weeks
during which we detected no change in VLDL charge by
agarose gel, no protein degradation by SDS PAGE, and no
changes in the protein conformation or particle stability by
CD spectroscopy. Even though plasma lipoproteins isolated
from different batches showed small batch-to-batch varia-
tions in stability reflecting small donor-specific variations in
lipoprotein composition, the overall tends reported in this
paper were similar for all VLDL batches explored. Therefore,
lipoprotein heterogeneity did not affect the key conclusions
of this study.

VLDL subjected to various thermal treatments were visu-
alized at 25◦C by negative staining electron microscopy (EM)
using a CM12 transmission electron microscope (Philips
Electron Optics) as described [20].

2.2. Solvent Conditions. Solvent ionic conditions explored in
our thermal denaturation studies ranged from 1 to 150 mM
Na salt, pH 5.7–8.2. At mildly acidic pH in ≥100 mM salt,
VLDL were destabilized to such an extent that their decom-
position and lipid phase separation occurred at ambient
temperatures; this limited our experimental analysis of the
pH effects to low-salt conditions. Similarly, at pH< 6.0 VLDL
destabilization was observed at ambient temperatures in

any salt concentration (including 150 mM NaCl), preventing
quantitative studies of VLDL stability at these low pH. Hence,
the results reported here are limited to pH ≥ 6.0. For pH
studies, VLDL stock solution was dialyzed against 10 mM Na
phosphate buffer varying in pH from 6.0 to 8.2. For studies of
the ionic strength effects, buffered solution of NaCl, Na2SO4

or Na phosphate at pH 7.6 was added to VLDL stock solution
to a final salt concentration ranging from 1 to 150 mM.

To test the effects of salts other than Na phosphate and to
avoid the effects of buffer saline, we attempted to use dilute
TRIS buffer at pH 7.7. The melting data progressively shifted
to lower temperatures upon increasing TRIS concentrations
in low millimolar range, indicating VLDL destabilization (see
Figure S1 in Supplementary Materials available online at
doi: 10.1155/2011/493720). Addition of salt caused further
destabilization (Figure S1), leading to rapid lipid phase
separation upon heating which precluded accurate analysis
of the VLDL stability. Similar destabilizing effect of TRIS at
low mM concentrations was observed in LDL, HDL, and in
apoA-I isolated from HDL (unpublished data), suggesting
strongly that TRIS interacts unfavorably with this and other
apolipoproteins. Therefore, in our structural stability studies
we used 10 mM Na phosphate buffer rather than TRIS.

2.3. Circular Dichroism (CD) and Turbidity. CD and turbid-
ity data were recorded using an AVIV spectropolarimeter
with thermoelectric temperature control as described [20].
Briefly, the CD data were recorded using VLDL solutions of
about 0.1 to 0.15 mg/mL protein concentrations in far-UV
(190–250 nm) or about 0.5 mg/mL protein in near-UV/vis
(250–500 nm). Since earlier we showed that changes in VLDL
concentration significantly affect the amplitude of the heat-
induced structural transition but not its apparent melting
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temperature Tm [20] (which implies that particle collision
does not provide a rate-limiting step in VLDL remodeling),
the key conclusions of our study do not depend on the
VLDL concentrations used. Far-UV CD spectra were nor-
malized to protein concentration (based on the total protein
concentration in mg/mL and assuming an average molecular
weight per residue of 113 Da) and expressed as molar residue
ellipticity, [Θ]. Quantitative secondary structural analysis
was not carried out because of distortions in the CD
spectra of large particles. Heat-induced changes in turbidity
were monitored by dynode voltage V in CD experiments
as described [20, 32], either at 220 nm or at 230 nm, together
with the CD data recorded at the same wavelength (220 nm
for secondary structure unfolding and 320 nm for repacking
of apolar lipids, described below). Turbidity data recorded at
either wavelength were qualitatively similar.

In the melting experiments, CD and turbidity data, Θ(T)
and V(T), were recorded simultaneously at 220 or 320 nm
during sample heating and cooling from 25 to 98◦C at a
constant rate of 11◦C/h. The apparent transition tempera-
tures Tm were determined from the peak positions in the first
derivative of the heating data, dV(T)/dT or dΘ(T)/dT;
the accuracy of this determination was 1◦C. Turbidity was
used to monitor heat-induced increase in the particle size
upon VLDL fusion and rupture, and CD was used to
monitor VLDL rupture and release of apolar core lipids that
coalesce into large lipid droplets. Earlier we showed that
such droplet formation, which was detected upon rupture
of all core-containing human lipoproteins, induces a large
negative CD peak centered at 320 nm [33]. The amplitude
of this peak increased with increasing the lipoprotein size,
HDL< LDL<VLDL, and the size of the resulting droplets.
This induced CD apparently results from the apolar lipids
such as TG, cholesterol esters, and carotenoids, upon their
escape from the lipoprotein core and repacking in lipid
droplets. In VLDL, this negative CD peak was so large that it
extended to far-UV and dominated the heat-induced changes
in Θ220(T) [20]. Therefore, in contrast to conventional use
of far-UV CD for monitoring protein unfolding, we use
Θ220(T) to monitor lipid repacking upon VLDL rupture and
formation of lipid droplets [20].

In kinetic temperature-jump (T-jump) experiments,
VLDL denaturation was triggered at t = 0 by rapid heating
from 25◦C to a higher constant temperature (70–95◦C). The
time course of VLDL fusion and rupture was monitored by
turbidity (dynode voltage), V(t). Data analysis was carried
out by using an Arrhenius model. Briefly, the kinetic data
recorded at each temperature were approximated with a
multiexponential decay function:

V(t) = A1 · exp(−k1t) + A2 · exp(−k2t) + · · · . (1)

Here, Ai is the amplitude, and ki is the temperature-
dependent rate constant of the ith kinetic phase. Since VLDL
denaturation is irreversible, the reaction rate equals the
denaturation rate. The rate constants ki(T) were determined
by fitting the V(t) data with the multi-exponentials, and the
Arrhenius activation energy (enthalpy) Ea for each kinetic
phase was determined from the slope of the Arrhenius plot,

RT ln ki(T) versus 1/T. Changes in the Gibbs free energy
of stability, δΔG∗ = RTδ[ln k(T)], were assessed from
the shifts in these plots. All experiments in this work were
repeated 3–6 times to ensure reproducibility.

3. Results

3.1. Effects of pH. VLDL structure and stability were analyzed
in 10 mM Na phosphate buffer varying in pH from 6.0
to 8.2. The results showed that such variations produced
no detectable changes in the secondary structural content
of VLDL proteins assessed by far-UV CD (Figure 2(a)), in
the aromatic packing in these proteins assessed by near-
UV CD (data not shown), or in the net charge on VLDL
assessed by agarose gel electrophoresis (Figure 2(b)). Also,
the size and morphology of intact VLDL remained invariant
in this pH range, as evident from the electron micrographs
recorded of VLDL under acidic (Figure 3(a)) or basic
conditions and ambient temperatures [20]. Furthermore,
EM data showed that the heat-induced remodeling of VLDL
proceeds via similar stages at various solvent ionic conditions
explored, such as pH 6.2 and pH 7.6 shown in Figure 3 and
in [20], respectively. This remodeling involves VLDL fusion,
rupture and fission of small apoE-containing HDL-like par-
ticles described before [20]. The results of the current work
revealed that the apparent temperatures of these structural
transitions are pH dependent. To test this pH dependence,
VLDL samples (0.1 mg/mL protein in 10 mM Na phosphate
buffer at pH 6.0–8.2) were heated at a constant rate of
11◦C/h, and CD and turbidity were measured simultaneously
at 320 nm to monitor VLDL rupture and lipid repacking
upon coalescence into droplets (by CD) and increase in the
particle size due to fusion and lipid droplet formation (by
turbidity). The results revealed that the reduction in pH from
pH 8.2 to 6.0 led to a low-temperature shift in the CD and
turbidity heating data by more than−10◦C (Figures 4(a) and
4(b)), indicating a large reduction in VLDL stability at acidic
pH.

This notion was further tested in kinetic T-jump experi-
ments. VLDL denaturation was triggered by a rapid heating
from 25◦C to higher constant temperatures, and its time
course was monitored by turbidity at 220 nm, V 220(t).
Figure 4(c) illustrates a subset of data recorded at pH 6.0–7.8
in T-jumps to 80◦C. These and other kinetic data recorded
in the range of pH 6.0–8.2 clearly show that reduction in pH
progressively accelerates VLDL denaturation and, hence, is
destabilizing.

Earlier, we carried out Arrhenius analysis of the T-jump
data recorded of VLDL 10 mM Na phosphate at pH 7.6 and
determined the activation energy (enthalpy) of denaturation
under these conditions, Ea = 53 ± 7 kcal/mol [20]. Similar
analysis at acidic pH was hampered by VLDL destabilization
that led to rapid lipoprotein rupture and lipid phase
separation, which manifested itself as a loss of spectroscopic
signal at advanced stages of heat denaturation (grey lines
in Figures 4(b) and 4(c)). This precluded accurate turbidity
measurements necessary to determine the denaturation rate
constants k(T) and thereby hampered quantitative analysis
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Figure 3: Negative stain electron microscopy of intact and heated human plasma VLDL. Buffer conditions are 10 mM Na phosphate, pH
6.2. Lipoproteins were intact (a) or heated at a constant rate of 11◦C/h to 70◦C (b) or 80◦C (c). Large black arrows indicate fused VLDL,
large white arrows indicate lipid droplets formed upon VLDL rupture (such rupture is accompanied by loss of lipoprotein morphology and
repacking of apolar core lipids indicated by near-UV CD), and small arrows point to small HDL-size particles whose detailed biophysical
and biochemical analysis was reported earlier [20].
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Figure 4: Effects of pH on VLDL stability. Thermal denaturation of VLDL in 10 mM Na phosphate buffer at pH 8.2–6.0 (selected pH values
are shown) was analyzed in the melting ((a) and (b)) and kinetic CD experiments (c). In the melting experiments, VLDL solutions were
heated at a rate of 11◦C/h. Changes in turbidity (a) and circular dichroism (b) were monitored at 320 nm for increase in the particle size upon
lipoprotein fusion and coalescence into droplets (a) and lipoprotein rupture and repacking of apolar lipids in droplets (b). In temperature-
jump experiments (c), VLDL heat denaturation was triggered at time t = 0 by a rapid increase in temperature from 25 to 80◦C, and the
denaturation time course was monitored by turbidity at 220 nm.

of VLDL stability at acidic pH. As a ballpark estimate of the
pH-induced reduction in VLDL stability, we compared the
T-jump data recorded at 80◦C in 10 mM Na phosphate at pH
7.4 or pH 6.0. VLDL denaturation proceeds at least 20 times
faster at pH 6.0 as compared to pH 7.4, kpH 7.4/kpH 6.0 ≥ 20.
Therefore, the reduction in pH from 7.4 to 6.0 corresponds
to a reduction in kinetic stability ΔG∗ by δΔG∗ = −RT ·
δ(ln k) = −RT · ln [kpH 7.4/kpH 6.0] ≥ −1.8 kcal/moL.

Qualitatively, reduction in VLDL stability at acidic pH
was confirmed by negative staining EM. Electron micro-
graphs consistently showed that the heat-induced remodel-
ing of VLDL proceeded via similar stages at different pH but
occurred faster at acidic as compared to basic conditions.
For example, at pH 6.2, VLDL heating at a rate of 11◦C/h
to 70◦C led to substantial particle fusion (Figure 3(b)), yet
similar heating at pH 7.6 caused no morphologic changes
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Figure 5: Effects of millimolar concentrations of Na phosphate on the structural stability of VLDL assessed in the melting experiments.
VLDL solutions containing 1–25 mM Na phosphate (as indicated) at pH 7.6 were heated at a constant rate of 11◦C/h. The turbidity (dynode
voltage) and CD melting data, V 320(T) and Θ320(T), were recorded simultaneously at 320 nm. (a) Turbidity was used to monitor increase
in the particle size due to fusion and coalescence into lipid droplets, and (b) CD was used to monitor repacking of apolar core lipids upon
VLDL rupture and coalescence into lipid droplets [20, 33]. (c) The apparent melting temperature Tm, which was determined from the peak
position in the 1st derivative of the turbidity melting data such as those in (a), is plotted as a function of Na phosphate concentration.
Data fitting with a monoexponential decay function (solid line, K = 0.05 mM−1) is characteristic of the ionic screening effect [34], with K
providing a measure of macromolecular sensitivity to ionic screening. A similar effect of salt was observed in human HDL [24].

in VLDL. Further heating to 80◦C led to formation of large
lipid droplets and small HDL-size particles at pH 6.2
(Figure 3(c)), yet at pH 7.6 only fused particles were observed
(similar to those in Figure 3(b)). Taken together, our EM,
CD, and turbidity data recorded in the melting and kinetic
experiments clearly showed that reduction in pH from
mildly basic to mildly acidic accelerates heat-induced VLDL
remodeling and, hence, destabilizes VLDL.

3.2. Effects of Salt. Effects of ionic strength on the struc-
tural stability of VLDL were first determined in dilute Na
phosphate buffer at pH 7.6. At this pH and room temper-
ature, changes in the salt concentration from 1 to 150 mM
Na2HPO4 or from 0 to 100 mM NaCl or Na2SO4 produced
no changes in VLDL morphology or in the protein con-
formation that could be detected by EM or by far- and
near-UV CD, respectively. Furthermore, EM data showed
that the products of the heat-induced structural transitions,
including VLDL fusion, rupture and fission of small HDL-
size particles, are similar under any solvent ionic conditions
explored. However, CD and turbidity data recorded in the
melting and kinetic experiments revealed large effects of salt
on the temperature range and the rate of VLDL denaturation.

First, the melting data were recorded from VLDL solu-
tions varying in Na phosphate concentration from 1 to
150 mM under otherwise identical conditions (0.1 mg/mL
protein, pH 7.6). The samples were heated from 25 to 98◦C at
a rate of 11◦C/h and CD, and turbidity melting data, Θ320(T)
and V320(T), were recorded simultaneously at 320 nm.
Selected data are presented in Figures 5(a) and 5(b). These
and other data clearly show that increasing Na phosphate

concentration from 1 to 25 mM progressively shifts VLDL
fusion and rupture to lower temperatures by up to −10◦C,
indicating salt-induced reduction in stability. These low-
temperature shifts were accompanied by a progressive in-
crease in the amplitude and the apparent cooperativity of
the transition (Figures 5(a) and 5(b)), suggesting formation
of larger lipid droplets in higher-salt solutions; such large
droplets were detected by electron microscopy at ≥25 mM
Na phosphate (data not shown). Moreover, heat-induced
VLDL rupture in solutions at ≥25 mM Na phosphate led to
a rapid lipid phase separation that was visible by eye. This
manifested itself as a signal loss, for example, reduction in
CD amplitude following VLDL rupture at high temperatures
(light grey line in Figure 5(b)), precluding accurate spec-
troscopic measurements in high-salt solutions at advanced
stages of VLDL denaturation.

The apparent temperature Tm of the heat denaturation
was determined from the peak position in the 1st derivative
of the turbidity data, dV(T)/dT. These data were recorded
in 1–100 mM Na phosphate at pH 7.6. Figure 5(c) shows
Tm plotted as function of salt concentration. This plot
illustrates a large reduction in Tm from 92 to 76◦C upon
increasing Na phosphate concentration from 1 to 100 mM.
The dominant effect of salt at these concentrations is ionic
screening. Furthermore, the plot of Tm versus salt con-
centration was well approximated by an exponential decay
function (solid line in Figure 5(c)), which is characteristic
of ionic screening by diffuse counterions [34, 35]. Thus, the
results in Figure 5(c) suggest strongly that the salt-induced
reduction in stability results from ionic screening of favorable
electrostatic interactions on VLDL surface.
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Figure 6: Kinetic analysis of the effects of Na phosphate on VLDL stability. Thermal denaturation of VLDL (0.1 mg/mL protein, 5–25 mM
Na phosphate as indicated, pH 7.6) was triggered in temperature-jumps from 25◦C to larger constant values of 70–95◦C. The time course
of denaturation was monitored by turbidity at 220 nm, V 220(t). (a) Representative data recorded in T-jumps to 85◦C; Na phosphate
concentrations are indicated. (b) Arrhenius analysis of the T-jump data recorded in 5 mM or in 25 mM Na phosphate. Solid lines show data
fitting by linear functions; the slopes of these functions correspond to the activation energy (enthalpy) Ea of VLDL denaturation. Linear
extrapolation of the Arrhenius plots to 37◦C suggests that VLDL stability decreases by about 3 kcal/mol upon increasing Na phosphate
concentration from 5 to 25 mM (double arrow).

Next, we tested whether the salt-induced decrease in the
water activity contributes to reduction in VLDL stability. The
hydrophobic effect of salt on macromolecular stability
usually becomes significant above 0.1 M salt [34, 35] and can
be mimicked by nonionic compounds such as sugars. To
test this effect, CD and turbidity melting data were recorded
from VLDL solutions containing 0.1 mg/mL protein, 10 mM
Na phosphate buffer at pH 7.6, and 0 or 10% sucrose. Such
sucrose solution has the water activity similar to that of
the physiological saline (∼150 mM NaCl). The melting data
recorded of VLDL in 0 and 10% sucrose under otherwise
identical conditions fully overlapped (not shown). Therefore,
at and below physiologic salt concentrations, salt-induced
changes in the water activity caused no detectable changes
in VLDL stability. Taken together, our results indicate that
the reduction in VLDL stability upon increasing salt concen-
tration results from ionic screening of favorable electrostatic
interactions.

The effect of salt on VLDL stability was further explored
in kinetic experiments. VLDL samples (0.1 mg/mL protein,
pH 7.6) containing 5–25 mM Na phosphate were subjected
to T-jumps from 25◦C to 70–98◦C. VLDL fusion and rupture
were monitored by turbidity at 220 nm, V 220(t). Figure 6(a)
illustrates selected T-jump data recorded at 85◦C. Compar-
ison of such data recorded at this and other temperatures
clearly shows that addition of salt accelerates VLDL fusion
and rupture and, hence, reduces VLDL stability. To quantify
this effect, we used Arrhenius analysis. The V 220(t) data
recorded in 5 to 25 mM Na2HPO4 were approximated by
exponential decay functions, the unfolding rates k(T) were
determined, and the Arrhenius plots, −RTln k(T) versus

1/T, were obtained. Monoexponential denaturation kinetic
was observed at ≥20 mM salt, while at 2–10 mM salt two
exponents were required to fit the V 220(t) data, suggesting
two distinct kinetic phases in VLDL denaturation. A similar
two-phase kinetics was observed in our earlier study of VLDL
stability in 10 mM Na phosphate, pH 7.6 [20]. In that study,
CD, turbidity, and EM data showed that the 1st phase
involves fusion of intact VLDL and fission of HDL-like
particles and the 2nd phase involves lipoprotein rupture and
release of apolar core lipids [20]; the Arrhenius plots for
these two phases were parallel with a slope corresponding
to the activation energy (enthalpy) Ea = 53 ± 7 kcal/mol.
In the current study, we used the 1st kinetic phase (i.e.,
fusion of intact VLDL and fission of HDL-size particles)
for comparison of the effect of salt on VLDL stability. The
results showed that increasing Na phosphate concentration
from 5 to 25 mM leads to a large decrease in the slope of
the Arrhenius plot which corresponds to a decrease in the
activation energy of VLDL denaturation, from Ea = 75 ±
15 kcal/mol in 5 mM Na2HPO4 to Ea = 48 ± 7 kcal/mol
in 25 mM Na2HPO4 (Figure 5(c)). Linear extrapolation of
the Arrhenius plots to 37◦C suggests that increasing Na
phosphate concentration from 5 to 25 mM leads to a
reduction in kinetic stability by about δΔG∗ (37◦C) = −3 ±
0.5 kcal/mol (Figure 6(b), double arrow). In summary, our
CD, turbidity, and EM data recorded in the melting and
kinetic experiments consistently show a large reduction in
VLDL stability upon increasing Na phosphate concentration.
The Arrhenius analysis demonstrates that this reduction
in stability is enthalpy driven (Figure 6(b)). The latter is
consistent with the enthalpy-driven ionic screening effect
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Figure 7: Effects of Na salts on thermal stability of VLDL. VLDL solutions (0.1 mg/mL protein concentration, 5 mM Na phosphate buffer,
pH 7.6) containing buffer alone (black) or together with 10 mM NaCl (grey) or Na2SO4 (light grey) were subjected to melting (a) or kinetic
experiments ((b) and (c)). The melting data were recorded by turbidity during sample heating at a constant rate of 11◦C/h (a). The kinetic
data were recorded in T-jumps from 25◦C to higher temperatures, such as 85◦C (b). Arrhenius analysis of the T-jump data shows that, similar
to Na phosphate (Figure 6(b)), increasing the NaCl or Na2SO4 concentration leads to a decrease in the slope of the Arrhenius plot, indicating
a decrease in the activation energy Ea. Linear extrapolation of the Arrhenius plots suggests that the kinetic stability of VLDL at 37◦C decreases
by about 2 kcal/mol upon addition of 10 mM NaCl and by about 2.5 kcal/moL upon addition of 10 mM Na2SO4 (double arrows).

of salt (which is indicated by melting data in Figure 5(c)),
as opposed to the entropy-driven salt effect on the water
activity.

To assess the effects of other Na salts on thermal denatu-
ration of VLDL, we used 10 mM NaCl or Na2SO4 in 5 mM
Na phosphate buffer at pH 7.6. TRIS buffer could not be
used in these studies because of its unfavorable interactions
with lipoproteins and apolipoproteins (see Section 2 and
Figure S1). Turbidity melting data recorded of VLDL at a
heating rate of 11◦C/h showed a large low-temperature shift
by about −15◦C in the presence of 10 mM NaCl and an
even larger shift in 10 mM Na2SO4, indicating reduction
in VLDL stability by these salts (Figure 7(a)). Furthermore,
kinetic data recorded by turbidity in T-jumps to 85◦C
(Figure 7(b)) or other temperatures showed faster VLDL
denaturation in 10 mM NaCl and, particularly, Na2SO4 as
compared to buffer alone. Quantitative analyses of the T-
jump data recorded in 0–10 mM NaCl or Na2SO4 were
performed, and the Arrhenius plots were extrapolated to
near-physiologic temperatures (solid lines in Figure 7(c)).
The results showed that, at 37◦C, VLDL stability changes by
about δΔG∗ (37◦C) =−2 kcal/mol in the presence of 10 mM
NaCl and by about−2.5 kcal/moL in 10 mM Na2SO4 (double
arrows in Figure 7(c)). A large enthalpic contribution to this
reduction in stability is evident from the large differences in
the slopes of the Arrhenius plots (Figure 7(c), black, gray,
and light-gray lines), which correspond to activation energies
Ea = 75 ± 12 kcal/mol in 5 mM Na phosphate buffer alone,
Ea = 60± 7 kcal/mol in buffered 10 mM NaCl solution, and
Ea = 50 ± 7 kcal/mol in buffered 10 mM Na2SO4 solution.
These effects are comparable to the destabilizing effect of Na
phosphate on VLDL (Figure 6). In summary, different Na

salts have similar but not identical destabilizing effects on
VLDL, suggesting the role of the anions in the electrostatic
screening. These effects are enthalpy driven and result from
ionic screening of favorable electrostatic interactions on
VLDL surface.

4. Discussion

4.1. Favorable Electrostatic Interactions Stabilize VLDL: Com-
parison with LDL and HDL. The results of our CD, turbidity,
and EM studies revealed that increase in Na salt concen-
tration from 10 to 100 mM and/or reduction in pH from
8.2 to 6.0 destabilize VLDL without changing the nature of
their thermal remodeling (Figures 3–5). Arrhenius analysis
of this remodeling shows that the salt-induced reduction in
VLDL stability is an enthalpic effect (Figures 6 and 7). This is
consistent with the ionic screening mechanism indicated by
the dependence of the apparent melting temperature Tm on
the salt concentration (Figure 5(c)); in fact, ionic screening
of electrostatic interactions within the lipoprotein is expected
and observed to reduce the enthalpy of lipoprotein remod-
eling. It is also consistent with the negligible effect of salt-
induced changes in the water activity on VLDL stability
evident from the absence of any effect of 10% glucose on
VLDL stability. We conclude that electrostatic interactions
help stabilize the VLDL assembly; hence, screening of these
interactions by the salt ions reduces VLDL stability.

What groups form favorable electrostatic interactions in
VLDL? Since most lipoprotein charges are located on the
protein, the dominant effect is probably due to Coulombic
protein-protein interactions, such as the putative salt bridge
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networks in class-A apolipoprotein α-helices [22]. Even
though surface salt bridges are not necessarily stabilizing,
their optimized networks can confer high structural stability
to proteins [36–38] and, potentially, to lipoproteins [23, 24].
In addition, interactions between phospholipid head groups
and/or free fatty acids with the basic residues, which in
class-A helices are located at the polar-apolar interface in
close proximity to lipid [21, 22], may also be important.
The role of class-A α-helices is further supported by the
comparison of the ionic strength effects on the structural
stability of various classes of human lipoproteins. VLDL and
HDL show similar effects of salt and, hence, are stabilized
by favorable electrostatic interactions [24]. In contrast, LDL
stability shows only a small change upon increasing salt
concentration from 5 to 500 mM (Figure S2), suggesting
that the net effect of the electrostatic interactions on LDL
stability is much smaller than that in VLDL or HDL. As
HDL contain only exchangeable apolipoproteins, LDL only
the nonexchangeable apoB, and VLDL both exchangeable
and nonexchangeable apolipoproteins, we speculate that the
favorable electrostatic interactions observed in VLDL and
HDL result, in part, from the abundance of the exchangeable
apolipoproteins on the surface of these particles. High con-
tent of class-A α-helices in these proteins facilitates forma-
tion of extensive inter- and intrahelical salt bridge networks
on the surface of HDL and VLDL. Conformational flexibility
that is characteristic of the exchangeable apolipoproteins
(reviewed in [39]) may help optimize the geometry of such
salt bridge networks, while the low dielectric at the lipid-
water interface is expected to amplify their effect on the
lipoprotein stability.

4.2. Reduction in Stability at Mildly Acidic pH Is a Distinct
Property of VLDL. VLDL is the only human lipoprotein that
is destabilized upon lowering the pH from 8 to 6 (Figure 4).
In contrast, the stability of human HDL and LDL does
not significantly change in this pH range [24, 33]. To our
knowledge, the only lipoproteins reported to have pH-
dependent stability are binary complexes of human apoC-I,
the smallest human apolipoprotein of 6 kD, with dipalmitoyl
(16 : 0, 16 : 0) or distearoyl (18 : 0, 18 : 0) phosphatidylcholine
[40]. Such reconstituted lipoproteins contain approximately
15–20 protein molecules per particle. Similar to VLDL,
the stability of these apoC-I-containing complexes decreases
upon reduction in pH from 8 to 6, with the midpoint near
pH 7.2 [40]. In contrast, similar complexes containing apoA-
I, the major HDL protein of 28 kD, show no pH effects on
their stability [40]. We proposed that these effects result, in
part, from the titration of the N-terminal α-amino group.
Numerous copies of such amino groups are present on par-
ticles containing apoC-I [14–19], as opposed to 2–4 copies
of apoA-I per particle; hence, particles containing apoC-I
but not apoA-I show large changes in their stability upon
titration of these amino groups at near-neutral pH [40].
Since each VLDL particle contains multiple copies of the
exchangeable proteins on their surface (>20), we speculate
that protonation of the N-terminal α-amino groups in these
proteins contributes to the reduced VLDL stability at mildly

acidic pH. Compared to VLDL, HDL and LDL contain some
of the same proteins and lipids, yet they have only few
protein molecules per particle (2–6) and, hence, only few α-
amino groups. This may explain why only VLDL, but not
HDL or LDL, show significant pH-dependent changes in
their stability at near-neutral pH. Titration of multiple His
in apoB (that adopts different conformation on different-
size particles, such as LDL and VLDL) and apoE may also
contribute to the observed pH effects on VLDL stability.
Furthermore, compared to HDL and LDL, VLDL have higher
content of free fatty acids whose titration at near-neutral pH
is also expected to contribute to the observed pH effect on
VLDL stability.

4.3. Potential Physiologic Implications. Destabilization of
VLDL upon transfer from mildly basic to mildly acidic
conditions is particularly pronounced at pH < 6. In fact,
at pH 5.7, VLDL disintegration was observed at ambient
temperatures even in low-salt solutions (data not shown).
This may have important physiologic implications, since
such ionic conditions are encountered in vivo during VLDL
remodeling and catabolism. One example is the degradation
of VLDL and LDL via the whole-particle endocytosis, in
which the lipoproteins are first transferred from plasma
(pH 7.4) to early endosomes (pH = 5.5–6.0). In con-
trast to LDL that undergo lysosomal degradation, VLDL
degradation starts in the low-salt mildly acidic endosomal
environment and involves dissociation of the exchangeable
apolipoproteins such as apoE together with some lipid;
this process is essential for apoE recycling and biogenesis
of an important apoE-containing HDL fraction [10–12].
The remaining apoB-containing particles undergo lysosomal
degradation. Reduction in VLDL stability upon reduction in
pH from 7.4 to 6 reported here is expected to facilitate their
endosomal degradation, specifically, the dissociation of the
apoE-containing fraction from the apoB-containing particle
(Figure 1).

Another context in which a reduction in pH below neu-
trality may promote VLDL disintegration is atherosclerotic
plaques. According to the widely accepted “response to
retention hypothesis” of atherosclerosis ([14–16] and refer-
ences therein), retention of LDL and VLDL in the arterial
wall leads to their fusion and coalescence into small lipid
droplets which are digested by macrophages; this triggers a
cascade of proatherogenic and proinflammatory responses
and culminates in the formation of foam cells and early
atherosclerotic plaques. Such plaques contain lipoprotein-
derived lipid droplets similar to those formed upon the
heat-induced VLDL rupture (Figure 3(c)) [17, 18]. The
near-neutral extracellular pH in early plaques becomes
progressively acidic in more advanced plaques ([30] and ref-
erences therein). We propose that such acidic environment
destabilizes VLDL, enhancing their fusion and coalescence
into large lipid droplets, such as the droplets found in the
advanced atherosclerotic plaques.

Furthermore, potential use of lipoproteins as carriers of
lipophilic drugs depends critically on the structural stability
of the carrier in plasma and in the target cells, particularly,
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its pH sensitivity [41, 42]. Our stability studies of plasma
lipoproteins at pH 7.6 suggest that the lipoprotein stability
tends to decrease with increasing particle size, from HDL
to LDL to VLDL [20, 24, 33, 43]. Additional reduction in
stability of larger particles such as VLDL at mildly acidic pH
is one of the many factors to be considered when choosing
a lipoprotein-based carrier for delivery of diagnostic or
therapeutic agents to specific targets, such as the acidic
microenvironment of solid tumors [44].
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VLDL: Very low-density lipoprotein
LDL: Low-density lipoprotein
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Accumulating evidence indicates that oxidized low-density lipoprotein (OxLDL) is a useful marker for cardiovascular disease. The
uptake of OxLDL by scavenger receptors leads to the accumulation of cholesterol within the foam cells of atherosclerotic lesions.
OxLDL has many stimulatory effects on vascular cells, and the presence of OxLDL in circulating blood has been established.
According to the classical hypothesis, OxLDL accumulates in the atherosclerotic lesions over a long duration, leading to advanced
lesions. However, recent studies on time-course changes of OxLDL in vivo raised a possibility that OxLDL can be transferred
between the lesions and the circulation. In this paper, the in vivo dynamics of OxLDL are discussed.

1. The Background of OxLDL Hypothesis

In the last three decades, a large volume of studies have
established that oxidized low-density lipoprotein (OxLDL) is
a useful marker for cardiovascular diseases (CVDs) (see [1–
6]). The measurement of OxLDL correlates with the presence
of CVDs and indicates that OxLDL is a potential prognostic
marker for future health events. OxLDL is known to stimu-
late macrophages to induce foam cell formation and inflam-
matory responses. Although the pathological aspects of
OxLDL have been well studied, the formation, distribution,
and overall fate of OxLDL in vivo remain unclear.

The LDL receptor discovered by Goldstein and Brown
has central roles in the systemic and cellular metabolism of
cholesterol [7]. Cholesterol accumulates in atherosclerotic
lesions even in patients with familial hypercholesterolemia
having genetically impaired LDL receptor. This observation
raised the question of how lipid-laden foam cells are formed
without LDL receptor. They also suggested the importance of
recognition of modified LDL by specific receptors. By using
acetylated LDL as the model ligand, they demonstrated the
presence of new receptors that facilitate foam cell formation,
which were called scavenger receptors [8]. Scavenger receptor
type A (SR-A), the first scavenger receptor to be identified,
is responsible for the recognition and uptake of acetylated
LDL and OxLDL [9, 10], but SR-A is not the sole receptor for

modified LDL. More than 10 scavenger receptors have been
identified so far [11–13].

In 1984, Steinbrecher and his colleagues proposed that
oxidative modification promotes foam cell formation from
macrophages and that the oxidative modification of LDL can
be achieved through the interactions of LDL with endothelial
cells in vitro [14]. OxLDL induces a number of pro-
atherosclerotic effects, including endothelial activation and
smooth muscle proliferation [14–19]. Berliner et al. reported
that the oxidative modification of LDL through coculture
with endothelial cells had stimulatory effects on many types
of cells and that these effects are due to the oxidized
phospholipids generated in OxLDL [15]. The accumulation
of OxLDL in the foam cells in atherosclerotic lesions from
human coronary arteries, carotid arteries, and aortas of
Watanabe heritable hypercholesterolemic (WHHL) rabbits
has been demonstrated by immunohistochemical analysis
using anti-OxLDL monoclonal antibodies [20–23].

Since the clearance of OxLDL from the circulation is so
efficient [24], OxLDL was believed initially to be absent in
blood. Anti-OxLDL monoclonal antibodies were applied to
sensitive ELISA procedures to measure very small amounts
of OxLDL in circulating blood [25–28]. Several research
groups, including ours, have demonstrated that the plasma
OxLDL level in patients with CVDs is significantly higher
than the level measured in healthy subjects [21, 29–31].
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The ELISA procedures introduced by these groups were dif-
ferent so that the values of the OxLDL measurements cannot
be directly compared; however, they all reported an increase
in OxLDL levels in patients with acute myocardial infarction
(AMI), cerebral infarction, or those receiving hemodialysis.
These observations strongly suggest that circulating OxLDL
is involved in atherosclerosis. The details of the ELISA
procedures used and the clinical observations have been
summarized previously [4].

It is still unclear how and when LDL is being oxidized. It
has been long believed that LDL is modified in vessel wall and
subsequently accumulates in the tissue. However, Tsimikas
et al. showed that plasma OxLDL increases concomitant
with the regression of atherosclerotic lesions [32], suggesting
that OxLDL can be transferred between vessel wall and the
circulation.

Recently, the importance of the plasma OxLDL level as
a plausible predictive marker for secondary prevention has
been discussed [33–36]. To understand the role of OxLDL
in atherogenesis, it is important to clarify the behavior
of OxLDL in vivo during atherogenesis, particularly how
OxLDL is formed, how it moves around tissues, and how
it is metabolized. In this paper, we briefly review recent
advances regarding dynamics and kinetics of OxLDL in vivo
and suggest several possibilities for future research.

2. Temporal Changes in Plasma OxLDL Levels

We and others started to measure human plasma OxLDL
levels using sandwich ELISA procedures [25–27]. The com-
bination of two antibodies, one for oxidized phosphatidyl-
cholines (OxPC) and the other for human apolipoprotein B
(apoB), enables accurate and efficient detection of OxLDL;
as low as 1 ng/mL of OxLDL can be measured. In the last
15 years, many clinical studies were conducted using these
techniques. OxLDL levels increase in the plasma of patients
with several pathological conditions, including CVDs [21,
29, 30, 33], cerebral infarction [37], and hemodialysis for the
treatment of chronic renal failure [25, 28, 38]. This evidence
strongly suggests the involvement of in vivo OxLDL in
atherosclerosis and indicates that OxLDL levels may increase
in patients with symptoms of atherosclerosis. In addition,
recent studies demonstrated that temporal rises and falls in
plasma OxLDL levels occur under certain conditions.

Acute myocardial infarction (AMI) is caused by total
occlusion of a coronary artery following the rupture of
an atherosclerotic plaque and acute thrombosis. Ehara et
al. reported that the plasma OxLDL level in patients with
AMI increased by approximately 3.5 fold than in control
subjects [21]. However, this increase in the plasma OxLDL
level appeared to be a temporal change during followup
studies on the AMI patients. The increased plasma OxLDL
levels dropped to near the normal range by the time the
subjects were discharged from the hospital [33]. Similar
behavior of plasma OxLDL level was observed in patients
with cerebral infarction. The plasma OxLDL levels of these
patients increased for the first few days following onset of
the disease, then returned to normal range within 30 days
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Figure 1: Temporal changes in plasma OxLDL levels and athero-
genesis in apoE-KO mice. Male apoE-KO mice were maintained
on normal diet up to 40 weeks. The atherosclerotic lesion on the
aortic surface increased sharply after 20 weeks. Plasma OxLDL
levels increased at 20 weeks just before the lesions began growing.
The plasma OxLDL levels seem to decrease concomitantly with an
increase in the size of the lesion (cited from [41] with modification).

[37]. Similar temporal changes in plasma OxLDL levels
have been reported in patients with acute infarction of
the coronary arteries and after percutaneous transluminal
coronary angioplasty (PTCA) treatment [31, 39, 40]. AMI
is induced by spontaneous plaque rupture, and the plaque
can be further damaged by following PTCA treatment with a
balloon catheter and stent. Increased plasma OxLDL levels
after these acute events are partially due to the release of
OxLDL from the atherosclerotic plaques upon rupture [41].

The time-course behavior of OxLDL during the early
stages of atherogenesis was investigated. To utilize apolipo-
protein E knockout (apoE-KO) mice, a modified sandwich
ELISA procedure was used to determine the murine circulat-
ing OxLDL level [42]. ApoE-KO mice develop atherosclerotic
lesions even when fed normal diet. The lesion area was
less than 1% of the whole aortic surface at 10 weeks, but
it gradually increased after 20 weeks, and it grew up to
32% by 40 weeks of age (Figure 1). The OxLDL level was
0.006 ng/micro g LDL at 6 weeks, but it was elevated to
0.042 ng/micro g LDL at 20 weeks and then decreased by 60%
to 0.018 ng/micro g LDL at 28 weeks. This temporal rise in
OxLDL occurred before the size expansion of atherosclerotic
lesions in the aorta. This observation suggests that the
OxLDL is generated during atherogenesis in apoE-KO mice
in vivo. Reduction in the plasma OxLDL level coincided
with the increase in the development of the lesion and
accumulation of OxLDL in the atherosclerotic intima. One
possible explanation is that plasma OxLDL can transfer into
intimal lesions.



Journal of Lipids 3

Tsimikas et al. studied plasma OxLDL levels (OxPC/apoB
ratios) during the regression of atherosclerosis in adult cy-
nomolgus monkeys and New Zealand white rabbits using
anti-OxPC and anti-apoB monoclonal antibodies [32]. They
showed that OxLDL levels correlated inversely with changes
in the size of lesions. Plasma OxLDL levels decreased during
the progression of lesions under a high-fat diet and increased
during the regression of these lesions after the diet was
changed to normal. This observation also suggests that
OxLDL can be transferred between the intimal regions and
the circulation.

Atherosclerotic lesions can regress under certain condi-
tions, such as a low-fat diet regimen or treatment with a
lipid-lowering drug. In human studies, increases in plasma
OxLDL levels was reported in healthy volunteers fed a low-fat
diet [43]. After 37 healthy women took low-fat low-vegetable
diet for 5 weeks, OxPC/apoB ratio increased by 27%, while
total cholesterol did not change. In MIRACL study, patients
with unstable angina pectoris or AMI were treated with ator-
vastatin (80 mg/day) for 16 weeks. Such treatment decreased
total cholesterol and total apoB but increased OxLDL levels
by 9.5% [44]. These observations suggest the possibility that
OxLDL could translocate between atherosclerotic lesions and
circulation. The rupture of a plaque could cause the rapid
release of OxLDL into the circulation, but this may not be the
only way to transfer OxLDL from the lesions into circulation.
According to these recent studies, without tissue damage,
OxLDL may possibly be equilibrated between the plasma and
tissues (Figure 2).

In addition, trapping circulating OxLDL by injecting
anti-OxLDL antibodies or soluble form of the scavenger
receptor LOX-1 induced regression of atherosclerotic lesions
[45, 46]. Although that lipoprotein metabolism in rodents
may have some difference from that of humans, it is nice if
the regression therapies of atherosclerosis become available.

3. The Site of OxLDL Formation

One of the major issues regarding OxLDL is the site of
OxLDL formation in vivo. The most common way to prepare
OxLDL is to incubate isolated LDL fractions with micro-
molar concentrations of copper sulfate for 3–24 hours. The
copper ion induces lipid peroxidation chain reactions, and,
subsequently, the chemical modification of the apoB protein
side chains with reactive lipid peroxidation products, such as
4-hydroxynonenal (4-HNE), acrolein, and malondialdehyde
(MDA). The presence of adducts of these oxidized products
on apoB protein has also been immunologically confirmed in
atherosclerotic lesions [47–49]. Although concentrations of
metal ions are typically low in the plasma, including copper
ion, sufficient amounts of reducing compounds and proteins
exist in the plasma that can protect LDL from oxidation [47].
However, whether copper ion-induced LDL oxidation occurs
under physiological conditions remains unclear [41].

Cell culture-dependent modification of LDL has been
used to prepare “minimally modified LDL” (MM-LDL),
which is one form of oxidatively modified LDL [14, 15].
The chemical modification of MM-LDL is moderate judg-
ing by increases in thiobarbituric acid-reactive substances

(TBARSs) and mobility in agarose gel electrophoresis, so
that MM-LDL binds to LDL receptor rather than scavenger
receptors. However, MM-LDL showed strong inflammatory
effects on the cells in vessel wall tissues [15–17, 50]. MM-
LDL contains substantial amounts of OxPC, and OxPC
is believed to be partially responsible for these biological
effects [51–53]. Sandwich ELISA system that uses the anti-
OxPC monoclonal antibody binds as competently to MM-
LDL as to copper-induced OxLDL [54]. Circulating OxLDL
may be qualitatively similar to MM-LDL, since OxLDL can
escape clearance system by the scavenger receptors and is
immunologically positive to measurement (Figure 3).

Heinecke et al. reported that chlorotyrosine and nitro-
tyrosine, which are generated by the myeloperoxidase-
(MPO-) dependent modification of proteins, accumulate in
atherosclerotic lesions and in circulating LDL [55, 56]. MPO,
an enzyme that is secreted from macrophages and neu-
trophils, is involved in antibacterial host defense through
the generation of reactive oxygen species. MPO could
oxidize LDL particles, and the resulting OxLDL is taken
up by macrophages to form foam cells [57]. Since MPO
is able to modify LDL even in the presence of plasma in
vitro, MPO secreted by the macrophages and/or neutrophils
of atherosclerotic lesions could induce OxLDL formation.
According to this hypothesis, OxLDL is formed in inflam-
matory tissues rather than in the blood.

Wen and Leake reported an interesting possibility to form
OxLDL [58]. They incubated macrophages with aggregated
LDL to form foam cells. When the foam cells were cultured
for 7 days, 7-ketocholesterol and lipofuscin-like fluorescent
materials were formed in the intracellular vesicles of the
foam cells. Since oxidative changes were inhibited by antiox-
idants and by the lysosomotropic agent chloroquine, they
proposed that LDL can be oxidized within the lysosomes of
macrophages.

We recently found the presence of OxLDL in human
gingival crevicular fluid (GCF). Periodontitis, a major cause
of tooth loss in many countries, is a chronic infectious
disease that leads to the destruction of the connective tissue
attachments and alveolar bone. Recent studies have suggested
that a correlation between atherosclerosis and periodontal
disease exists [59, 60]. GCF is a plasma exudate from
the microcirculation of gingival tissue, which is located in
the tiny space between the gingiva and tooth, and GCF
secretion increases in patients with periodontal disease [61].
GCF contains several plasma proteins, including cytokines,
hormones, and protective proteins to bacterial infection [62–
64], but the protein profile of GCF is different from that
of peripheral plasma. Using paper points, up to 1 μL of
GCF samples can be easily collected without damaging the
tissue, and the lipoprotein and cytokine concentrations can
be investigated. We found that LDL was present in GCF. In
addition, OxLDL was present in GCF samples collected from
healthy subjects. Surprisingly, the OxLDL level in the GCF
samples was 14-fold higher than in the plasma OxLDL levels
obtained from the same subjects [65]. The study on the GCF
from the periodontal lesions is ongoing. We demonstrated
that OxLDL induces IL-8 production in Ca9-22 human
gingival epithelial cells in culture, suggesting that OxLDL in
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Figure 2: Possible in vivo behavior of OxLDL. (a) The temporal rise and fall of plasma OxLDL levels suggest that MM-LDL (OxLDL) may
be transferred between the vessel wall tissues and circulation in the early stages of atherogenesis. In this stage, circulating OxLDL is likely
to be MM-LDL, since heavily oxidized LDL is very rapidly cleared from the circulation. The tissues of the vessel wall could be the site of
LDL oxidation, but further study is needed to examine whether oxidation proceeds in apparently healthy vessel walls during the very early
stages. When the plasma OxLDL level decreases atherosclerotic lesions appear to develop. (b) In advanced stages, many macrophages and
foam cells are found in the atherosclerotic lesions. MM-LDL could be further modified to form OxLDL in the lesions. OxLDL is taken up
by macrophages, and processed in the lysosomes. Some of the OxLDL is completely degraded, and a part of OxLDL is relatively resistant to
proteolytic processing. Partially degraded OxLDL particles are observed in the lesions. (c) Upon plaque rupture, or when an atherosclerotic
plaque is injured by PTCA treatment, OxLDL and partially degraded OxLDL are rapidly released from the lesions into the circulation, which
causes a temporal rise of the plasma OxLDL level.

GCF could function as an inflammatory stimulant [66]. If
OxLDL in GCF is simply transferred from circulation, the
ratio of OxLDL to LDL (same as OxLDL levels) should be
the same as that in plasma. These results suggest that the
OxLDL in GCF could be formed in periodontal pockets or
local gingival tissues rather than simply being transferred
from the plasma. It is an interesting view point that OxLDL
could be generated in extra-arterial tissues.

4. The Possible Fate of OxLDL

Scavenger receptors are a set of receptors that bind to OxLDL
but not to native LDL particles. Macrophages and related
cells, such as Kupffer cells, express some of the scavenger
receptors, such as SR-A and CD36, but it is now apparent
that other types of cells such as endothelial cells also possess
other scavenger receptors [11–13]. Currently, scavenger
receptors are considered to be a set of pattern recognition

receptors that are expressed by the innate immune-defense
system against various pathogens [67, 68]. OxLDL and/or
the oxidized phospholipid components of OxLDL are also
recognized by Toll-like receptors 2 and 4 [69, 70], indicating
an overlap of the modification structures on OxLDL and
nonself patterns recognized by defense system. Scavenger
receptors recognize OxLDL particles, because their modified
structures are similar to pathogen-related epitopes thereafter,
OxLDL is removed from the milieu by endocytosis. This
process is a part of self-defense responses, however, it may
cause accumulation of massive amount of lipids inside
macrophages.

In vivo evidence of OxLDL accumulation in foam cells
was obtained by immunohistochemical analysis [20–23].
Using an anti-OxPC monoclonal antibody, OxPC accumu-
lation was clearly observed in the cytoplasmic space of foam-
cell macrophages in the aortic lesions of WHHL rabbits
[20] and atherosclerotic lesions in human coronary arteries
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Figure 3: Difference between OxLDL and MM-LDL. LDL is
thought to be modified in a stepwise manner during the generation
of OxLDL. In the initial phase of modification, the lipid compo-
nents (sky blue circle) react with oxidation reagents, resulting in
radical chain reactions that produce many types of lipid oxidation
products (red, brown, yellow, or dark blue circle). Then, the lipid
oxidation products react with the apoB protein (blue line) to
generate adducts and cross-links. Radicals can attack the apoB
protein directly, resulting in oxidative changes of amino acid
side chains and the cleavage of peptide bonds (orange-grey line).
MM-LDL may contain lipid oxidation products without extensive
protein modification, because it binds to LDL receptor rather than
scavenger receptors. As modification on the apoB protein proceeds,
its mobility in the agarose gel electrophoresis changes greatly, and it
loses the affinity to LDL receptor, and, in turn, it becomes a ligand
of scavenger receptors.

obtained from an autopsy specimen [21]. OxPC and apoB
strictly colocalized in the foamy macrophages of the lipid-
rich core of atherosclerotic lesions.

ApoB is a large protein with a molecular weight of appro-
ximately 500 kDa. During oxidative modification, aggrega-
tion of LDL with conjugated apoB is formed. However,
partially degraded apoB fragments were found in atheroscle-
rotic lesions. On examining the LDL fraction extracted from
lesions of the human carotid artery by Western blotting with
anti-apoB monoclonal antibody, the size of apoB proteins in
the LDL extract was 100–200 kDa [22] (Figure 2(b)). Partial
degradation of OxLDL in macrophages was observed using
macrophages in vitro, whereas acetylated LDL is completely
degraded in the macrophages [71, 72]. Cross-linking of apoB
protein formed in OxLDL may contribute to this resistance
to proteolysis. OxLDL is possibly processed by lysosomal
enzymes in foam cells. For future research, investigating
whether plasma OxLDL is partially degraded in patients
with AMI during the acute phase would be interesting.
Since the temporal rise and fall of plasma OxLDL levels
after plaque rupture are believed to be caused by release
from atherosclerotic lesions, such information would be an
important clue for elucidating the origin of OxLDL in the
circulation.

Another possibility that should be considered is whether
Lp(a) is a circulating OxLDL. A prospective clinical study
that examined the relationship between OxLDL and future
cardiovascular events showed a close overlap of plasma
OxLDL level and Lp(a) concentration [73]. The human LDL
fractions were further separated into subfractions by density,
and OxPC was found to be enriched with the subfractions
that contained Lp(a) [74]. Lp(a) is a unique LDL particle
in which apoB protein binds to another protein contain-
ing repeated kringle domains, apolipoprotein(a), through
a disulfide bond. Apolipoprotein(a) has some similarities
with plasminogen, but the physiological function of Lp(a) is
largely unknown.

The liver is the major organ responsible for OxLDL
metabolism. When radiolabeled OxLDL is injected into rats
via the femoral vain, most of the radioactivity is cleared
from circulation within 3 minutes, and more than 70% of
radioactivity goes to the liver [24]. OxLDL has been docu-
mented to accumulate in atherosclerotic lesions in the aorta
and coronary arteries of patients with CVDs; however, the
possible roles and pathological changes that occur in the liver
of patients with CVDs have not been studied in depth. The
proteolytic capabilities of liver cells may possibly be different
from those of the macrophages in the vessel wall.

Kupffer cells, the macrophage-like cells of the liver, ex-
press scavenger receptors, including SR-A. However, it was
surprising that the clearance rate of OxLDL from circulation
in SR-A knockout mice was similar to that in normal mice
[75]. This suggests that there might be alternative receptors
or systems for the uptake of OxLDL in liver cells. Recently, Li
et al. reported that both Kupffer cells and sinusoidal endothe-
lial cells in the liver endocytose OxLDL and MM-LDL, and
this process is mediated by the novel scavenger receptor
stabilin-2 [76]. Stabilins, specifically stabilin-1 and stabilin-
2, were initially found as receptors for hyarulonan [77, 78];
however, they were identical to FEEL-1 and FEEL-2, which
are reported to be endothelial scavenger receptors [79]. These
two stabilins are expressed in the sinusoidal endothelial cells
of the liver but show different ligand specificities. Stabilin-1
binds to the both mildly and highly oxidized forms of LDL,
while stablin-2 selectively binds to the highly oxidized LDL.
When nonparenchymal cells, which contain both sinusoidal
endothelial cells and Kupffer cells, were incubated with these
two forms of OxLDL, the uptake of mildly oxidized form
of LDL was observed only in endothelial cells, whereas both
cells were capable of taking up highly oxidized LDL. The co-
localization of OxLDL and stabilins has been demonstrated
by immunoelectronmicrography. These observations suggest
that endothelial cells might have a significant role in
the metabolism of circulating modified LDL. If MM-LDL
represents the circulating form of OxLDL, endothelial cells
may be an important site of accumulation, metabolism, and
further modification of MM-LDL (Figure 4).

Certain scavenger receptors, such as SR-A, CD36, and
LOX-1, have been extensively studied to determine their rela-
tionship to foam cell formation and atherogenesis. However,
other receptors for OxLDL may possess different tissue dis-
tributions and functions. Among scavenger receptors, SREC
and CL-P1 have been reported to be selectively expressed in
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Figure 4: Stabilins, novel endothelial scavenger receptors, could
have a role in the clearance of OxLDL in the liver and from circu-
lation. Heavily oxidized LDL is taken up by Kupffer cells, whereas
sinusoidal endothelial cells can take up both mildly and highly
oxidized form of LDL. The novel scavenger receptors stabilin-1 and
-2, which can bind to both types of OxLDL, could be involved in the
process of clearing OxLDL from the circulation in the liver.

endothelial cells [80, 81], but the physiological functions of
these special receptors have not been clarified. To elucidate
the clearance of OxLDL, studies on the contribution of
endothelial cells and the specialized receptors are required.

5. Conclusion

Recent studies have suggested the plasma OxLDL concentra-
tions may change under prepathological and postpatholog-
ical conditions. OxLDL may be transferred between tissues
and plasma and does not merely accumulate in the lesions
but is equilibrated between the tissues and circulation.
OxLDL can be formed in various sites in addition to the
tissue of the vessel wall. The liver is the major organ for the
clearance of OxLDL from circulation. However, many un-
knowns remain to be elucidated regarding the metabolic
fate of OxLDL in the liver. A recent study pointed out that
stabilins may have an important role in the recognition and
clearance of OxLDL and MM-LDL from circulation. The
receptors working in the liver may be different from those
of cells in vessel wall tissues. Further studies are needed to
understand the in vivo behavior of OxLDL and elucidate
the contributions of OxLDL and oxidative stress to the
mechanism of atherogenesis.
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