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Increased levels of small dense low-density lipoprotein
cholesterol associated with hemorheological
abnormalities in untreated, early-stage essential
hypertensives

Masaki Takiwaki1, Fumihiro Tomoda2, Tsutomu Koike2, Tomohiko Taki2, Hiroshi Inoue2, Mika Kigawa3,
Isaso Kitajima1 and Yoshinori Uji4

Among subfractions of low-density lipoprotein cholesterol (LDL-C), small dense LDL-C (SdLDL-C) has been highlighted as the

most atherogenic lipoprotein cholesterol. The present study aimed to compare the relationship of SdLDL-C with blood viscosity,

a surrogate marker for cardiovascular disease, with that of other lipid fractions with blood viscosity in essential hypertensives

(EHTs). In 128 untreated, early-stage EHTs, blood viscosity was measured with a falling-ball microviscometer, and serum levels

of lipid fractions were determined. Blood and plasma viscosity was significantly higher in 49 patients with dyslipidemia (fasting

serum level of LDL-C 4140mgdl�1, triglyceride 4150mgdl�1 or high-density lipoprotein cholesterol (HDL-C)o40mgdl�1)

compared with 79 patients without dyslipidemia, although hematocrit and RBC rigidity index ‘k’ did not differ between the two

groups. Together, SdLDL-C, LDL-C, triglyceride and large LDL-C were positively correlated with blood viscosity, but for HDL-C,

the correlation was negative. After adjusting for non-lipid variables that correlated with blood viscosity (that is, the age, body

mass index, resting diastolic blood pressure, sex, hematocrit, plasma viscosity and homeostasis model of assessment of insulin

resistance), SdLDL-C was most strongly associated with blood viscosity among the lipid fractions. These data suggest that

SdLDL-C could strongly increase blood viscosity in EHTs.
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INTRODUCTION

Increased blood viscosity can elevate peripheral viscous resistance,
reduce blood flow and enhance shear stress in the cardiovascular
system, as shown by the Poiseuille equation.1,2 Therefore, increased
blood viscosity could have an important role in the pathogenesis of
hypertension and other cardiovascular diseases. Indeed, blood
viscosity and its determinants (that is, hematocrit, plasma
fibrinogen, and erythrocyte aggregability and deformability) are
altered in hypertension,3,4 and hemorheological abnormalities are
correlated with the severity of hypertension or hypertensive
cardiovascular complications.5–7

It is well known that in hypertensive patients, metabolic disorders,
such as dyslipidemia, metabolic syndrome and diabetes mellitus, are
often clustered, thereby accelerating the development of cardio-
vascular complications, including atherosclerosis.8–12 Because
abnormalities in lipid or glucose metabolism affect hemorheological
parameters,13–16 metabolic disorders, such as dyslipidemia, can

contribute to the genesis of atherosclerosis by their effects on
hemorheological properties, in addition to their direct influences on
the vascular wall. However, it has not been determined how blood
rheology is modulated in essential hypertensives (EHTs) when
complicated with dyslipidemia.
Serum total cholesterol distributes among three major lipoprotein

classes (that is, low-density lipoprotein (LDL), very low-density
lipoprotein and high-density lipoprotein (HDL)). LDL is also
separated by density into two different subfractions (that is, LDL
pattern A, including large buoyant LDL, and intermediate density
LDL and LDL pattern B, including small dense LDL (SdLDL)).17

Recently, several clinical studies have shown that SdLDL-cholesterol
(SdLDL-C) had the highly atherogenic potential compared with other
lipoprotein cholesterols.17–20 However, no study has investigated
whether the influences of lipids on blood viscosity could differ
among the subfractions of lipoprotein cholesterol, including
SdLDL-C, in EHTs.
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In the present study, therefore, blood viscosity was compared
between early-stage EHTs complicated with and without dyslipidemia.
The associations of lipid fractions, particularly SdLDL-C with
hemorheological parameters, were also investigated.

METHODS

Subjects
The study design was approved by the Ethics Committee at the University of

Toyama. A total of 128 untreated EHTs (84 men, mean age 56±12 years) were

consecutively enrolled into the study after providing informed consent. Hyper-

tension was diagnosed based on a sitting diastolic blood pressure (measured

with a sphygmomanometer) of 490mmHg and/or a systolic blood pressure

4140mmHg on three separate occasions over a 4-week period.21 The patients

were considered to be in the early stage of hypertension because no patients

had either macroalbuminuria (that is, urinary albumin 4300mg per day),

impaired renal function (that is, creatinine clearance o60mlmin�1 per

1.73m2) or clinically evident cardiovascular diseases. Secondary hypertension,

diabetes mellitus and anemia were also absent in all subjects. Among the 44

female patients, 31 (70%) were postmenopausal, and none were undergoing

hormone replacement therapy. Dyslipidemia was diagnosed based on the

criteria of the Japanese Atherosclerosis Society22 if one or more of the following

three elements was present: fasting serum level of LDL-cholesterol (LDL-C)

4140mgdl�1, triglyceride 4150mgdl�1 and HDL-cholesterol (HDL-C)

o40mgdl�1.

Study protocol
Blood viscosity and plasma viscosity were determined at the outpatient clinic in

the morning. Patients were instructed not to consume food, alcohol and

caffeine and not to smoke cigarettes within the 12-h period before blood

samplings. A venous catheter was inserted into the antecubital vein, and after

30min of rest in the supine position, the blood pressure and pulse were

measured. Thereafter, venous blood was collected gently without vein occlusion.

Blood samples for measurements of blood viscosity and plasma viscosity were

collected in tubes containing potassium EDTA as an anticoagulant. Blood

samples were also used to analyze parameters affecting hemorheology,11,23–28

including lipid parameters, as well as hematocrit, biochemical indices for

glucose metabolism, high-sensitive C-reactive protein as a marker of

inflammation and plasma fibrinogen. Subsequently, 24-h urine collection was

used to measure creatinine clearance and urinary albumin excretion.

Blood viscosity and plasma viscosity were determined using a falling-ball

microviscometer (AMVn-200, Anton Paar, Graz, Austria).7,11 This instrument

comprises a glass capillary tube (0.16mm internal diameter) containing a 0.15-

mm diameter metallic ball. Fluid viscosity is determined by the falling time of

the ball in the tube filled with blood or plasma inclined at 701 at 20 1C.7,11 In

this setting, fluid viscosity is measured at a high shear rate between 2500 and

3000 s�1, which allows the measurement of blood viscosity in a completely

disaggregated structure. Theoretically, in such a situation, blood viscosity

mainly depends on three parameters: hematocrit, RBC deformability and

plasma viscosity.29 RBC rigidity (that is, the index for RBC deformability) was

evaluated using RBC rigidity index ‘k’ calculated according to the Quemada

equation.30

As for the lipid parameter measurements, serum total cholesterol and

triglyceride levels were determined using enzymatic methods. LDL-C and

HDL-C levels were directly measured using a homogenous method with the

assay kits provided by Denka Seiken (Tokyo, Japan). SdLDL-C level was

measured using the precipitation method of Ito et al.,31 with the BM6070

clinical automated analyzer (JEOL, Tokyo, Japan). This method consists

of two steps: removing apolipoprotein B-containing SdLDL-free lipo-

proteins from the blood samples by precipitation with heparin and

magnesium, followed by measuring LDL-C with the homogenous method.

Large LDL-C and non-HDL-C levels were determined by calculating LDL-C

minus SdLDL-C and total cholesterol minus HDL-C, respectively. Other

biochemical parameters, including serum insulin, blood glucose and plasma

levels of high-sensitive C-reactive protein and fibrinogen, were measured

using conventional laboratory techniques. Insulin resistance was estimated

according to the homeostasis model of assessment of insulin resistance

(HOMA-IR) calculated as fasting glucose (mgdl�1)� fasting plasma insulin

(mIUml�1)/405.

Data analysis
The data are presented as the mean±s.d. Comparisons were made between

EHTs with and without dyslipidemia using the Student’s t-test for continuous

variables and the w2-test for categorical variables. Pearson’s correlation was

used for the univariate analyses. Multivariate correlation was also tested by

multiple regression analysis. A P-value o0.05 was considered to be statistically

significant.

RESULTS

Clinical characteristics
Dyslipidemia was present in 49 patients (38%). No significant
differences were observed in age, gender, prevalence of familial
clustering of hypertension and menopause and proportion of smokers
between the EHTs with and without dyslipidemia (Table 1). Although
body weight was greater in the EHTs with dyslipidemia than in the
EHTs without dyslipidemia, height and body mass index did not
differ between the two groups. The resting diastolic blood pressure
and pulse rate were higher in the EHTs with dyslipidemia than in the
EHTs without dyslipidemia, although the clinic blood pressure and
pulse rate did not differ between the two groups. Although there were
no differences in the blood glucose levels between the two groups, the
HOMA-IR values were higher in the EHTs with dyslipidemia
compared with the EHTs without dyslipidemia. In addition, the
high-sensitive C-reactive protein and plasma fibrinogen levels did not

Table 1 Comparisons of clinical characteristics between essential

hypertensives with and without dyslipidemia

Dyslipidemia

Variables (�) (þ ) P-value

Number 79 49

Age (years) 57±11 56±14 0.637

Sex (male/female) 47/32 37/12 0.064

Menopause in female patients 21 (66) 10(83) 0.252

Family history of hypertension 44 (56) 30(61) 0.538

Current smoker 12 (15) 11 (23) 0.298

Height (cm) 162±9 165±11 0.077

Body weight (kg) 64±12 70±16 0.027

Body mass index (kgm�2) 24.4±3.8 25.5±4.4 0.145

Clinic SBP (mm Hg) 155±19 152±22 0.356

Clinic DBP (mmHg) 92±12 93±17 0.763

Clinic PR (beatsmin�1) 68±12 71±11 0.125

Resting SBP (mm Hg) 139±19 145±19 0.116

Resting DBP (mm Hg) 82±10 86±12 0.010

Resting PR (beatsmin�1) 60±9 64±9 0.045

Fasting blood glucose (mg dl�1) 97±15 98±17 0.629

HOMA-IR 1.28±1.19 1.93±2.30 0.043

High-sensitive C-reactive

protein (mg dl�1)

0.128±0.299 0.108±0.198 0.671

Plasma fibrinogen (mg dl�1) 249±55 246±49 0.727

Urinary albumin excretion (mg per day) 26±48 30±34 0.634

Creatinine clearance (ml min�1 per

1.73 m2)

121±34 106±31 0.011

Abbreviations: DBP, diastolic blood pressure; HOMA-IR, homeostasis model assessment index
of insulin resistance; PR, pulse rate; SBP, systolic blood pressure.
Values are mean±s.d. or number (%) of patients. Dyslipidemia was defined by having one or
more of the three elements including fasting serum level of low-density lipoprotein cholesterol
4140mgdl�1, triglyceride 4150 mgdl�1 and high-density lipoprotein cholesterol
o40mgdl�1.
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differ between the two groups. Although the urinary albumin
excretion levels did not differ between the two groups, the creatinine
clearance was lower in the EHTs with dyslipidemia than in the EHTs
without dyslipidemia.

Lipids and hemorheological variables
Because of the study design, the levels of total cholesterol, non-HDL-
C, LDL-C and triglycerides were higher in EHTs with dyslipidemia

than in EHTs without dyslipidemia, although the HDL-C level was
lower in EHTs with dyslipidemia than in EHTs without dyslipidemia
(Table 2). Similarly, SdLDL-C and large LDL-C levels and the ratio of
SdLDL-C to LDL-C were significantly greater in the EHTs with
dyslipidemia compared with EHTs without dyslipidemia.
Blood and plasma viscosity was significantly higher in the EHTs

with dyslipidemia than in the EHTs without dyslipidemia, although
hematocrit and RBC rigidity index ‘k’ did not differ between the two
groups.

Relationships between lipid parameters and hemorheological
variables
Figure 1 depicts the univariate correlations of lipid parameters with
blood viscosity in all patients. SdLDL-C, LDL-C, triglycerides, non-
HDL-C and large LDL-C positively correlated with blood viscosity
(r¼ 0.380, 0.332, 0.291, 0.215 and 0.200; Po0.001, Po0.001,
Po0.001, P¼ 0.015 and P¼ 0.023, respectively). Conversely, HDL-
C negatively correlated with blood viscosity (r¼ �0.289; Po0.001).
Total cholesterol did not correlate significantly with blood viscosity.
Blood viscosity was influenced by non-lipid parameters in the

present study, as follows. Together, age, body mass index and resting
diastolic blood pressure were associated with blood viscosity
(r¼ �0.178, 0.340 and 0.257; P¼ 0.045, Po0.001 and P¼ 0.004,
respectively). Blood viscosity was also higher in male patients
compared with female patients (4.32±0.49 vs. 3.82±0.34mPa s,
Po0.001). In addition, hematocrit, plasma viscosity and HOMA-IR
correlated positively with blood viscosity (r¼ 0.775, 0.235 and 0.275;
Po0.001, P¼ 0.008 and P¼ 0.002, respectively), although either
plasma fibrinogen or high-sensitive C-reactive protein was not
associated with blood viscosity (r¼ 0.047 or 0.142; not significant
for each).

Table 2 Comparisons of lipid profiles, hemorheological variables,

RBC rigidity index ‘k’ and hematocrit between essential

hypertensives with and without dyslipidemia

Dyslipidemia

Variables (�) (þ ) P-value

TC (mgdl�1) 185±27 211±57 o0.001

HDL-C (mg dl�1) 60±15 47±13 o0.001

Non-HDL-C (mg dl�1) 125±30 165±53 o0.001

LDL-C (mg dl�1) 81±27 117±42 o0.001

SdLDL-C (mgdl�1) 25±12 49±25 o0.001

SdLDL-C/LDL-C (%) 30±7 41±12 o0.001

Large LDL-C (mg dl�1) 56±18 68±26 0.002

TG (mg dl�1) 78±27 149±69 o0.001

Blood viscosity (mPa s) 4.05±0.45 4.31±0.55 0.004

Plasma viscosity (mPa s) 1.73±0.08 1.76±0.10 0.035

RBC rigidity index ‘k’ 1.78±0.09 1.79±0.12 0.824

Hematocrit (%) 38.8±3.4 40.1±4.5 0.057

Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; RBC, red blood cell; SdLDL-C, small dense low-density lipoprotein cholesterol;
TC, total cholesterol; TG, triglyceride.
Values are mean±s.d.
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Figure 1 Univariate correlations of SdLDL-C and other lipid fractions with blood viscosity in EHTs. Pearson’s correlation coefficients (r) and

P-values are given. BV, blood viscosity; EHTs, essential hypertensives; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein

cholesterol; SdLDL-C, small dense low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride.
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As shown in Figure 2, SdLDL-C, LDL-C and total cholesterol
revealed an independent and positive correlation with blood
viscosity after multiple adjustments using the above mentioned
seven confounding variables. Particularly, SdLDL-C was most
strongly associated with blood viscosity, as indicated by the
adjusted standard regression coefficient (b-value) being 0.147 for
SdLDL-C, 0.134 for LDL-C and 0.112 for total cholesterol.
Conversely, triglyceride, large LDL-C, non-HDL-C and HDL-C
did not show any significant associations with blood viscosity in
the multiple regression models.
The univariate correlations between SdLDL-C and the determi-

nants for blood viscosity were also evaluated in all the patients.
SdLDL-C was positively correlated with hematocrit and RBC rigidity
index ‘k’ (r¼ 0.261 and 0.161; P¼ 0.003 and 0.073, respectively),
although the latter relationship had marginal significance. Contrarily,
SdLDL-C was not associated with plasma viscosity.
Although triglyceride correlated significantly with plasma viscosity

in the univariate analysis, all other lipid parameters did not correlate
with plasma viscosity. Both plasma fibrinogen and high-sensitive
C-reactive protein were also positively associated with plasma
viscosity (r¼ 0.530 and 0.465; Po0.001 for each one).

DISCUSSION

The major findings of the present study are as follows. First, blood
viscosity and plasma viscosity were higher in EHTs with dyslipidemia
than in those without dyslipidemia, a finding that is consistent
with previous studies in healthy subjects without cardiovascular
diseases.14–16,27,28 Second, SdLDL-C was most closely associated
with blood viscosity among all fractions of lipoprotein cholesterol
tested in the present study.

Associations of blood lipids with blood viscosity in EHTs
A number of studies demonstrated in healthy adults that serum levels
of total cholesterol, LDL-C and triglyceride correlated positively with
blood viscosity, although serum HDL-C did so negatively.1,14,28,32,33

In the present study, the similar univariate relationships between
blood lipids and blood viscosity were observed in untreated, early

stage EHTs. Because blood viscosity is affected by many variables
other than blood lipids, including plasma viscosity, hematocrit, sex,
body weight, blood pressure, blood sugar, insulin sensitivity,
inflammation and plasma fibrinogen,23–26 the influences of these
confounding factors on the relationships were removed by
multivariate analysis in the present study. Thus, lipid fractions
including SdLDL-C, LDL-C and total cholesterol emerged as
independent markers for increased blood viscosity in EHT.
Furthermore, SdLDL-C was the strongest marker for increased
blood viscosity among lipid fractions in EHTs, a finding that is
consistent with the influence of LDL-C on blood viscosity being
enhanced along with the reduction in LDL diameter in healthy
subjects.16

Concerning the relationship between blood lipids and plasma
viscosity, triglyceride correlated positively with plasma viscosity
despite no associations of the other lipids with plasma viscosity in
EHT. Conversely, Irace et al.34 reported that in healthy subjects
without hypertriglyceridemia, LDL-C correlated positively with
plasma viscosity, and HDL-C correlated negatively with plasma
viscosity, despite no relationship between triglyceride and plasma
viscosity. A large observational, long-term study from the WHO (that
is, MONICA project) also demonstrated a positive linear relationship
between total serum cholesterol and plasma viscosity, and
demonstrated a weak negative correlation between HDL-C and
plasma viscosity in 4022 residents.15 Thus, the relationships between
blood lipids and plasma viscosity might be affected by the
background of the studied populations, particularly the serum level
of triglyceride, because triglyceride-enriched lipoproteins (that is,
chylomicron and very low-density lipoprotein) can increase plasma
viscosity profoundly to mask the relationships between other lipids
and plasma viscosity.32,34

Possible mechanisms and clinical implications of the interaction
between blood lipids and blood viscosity in EHTs
Blood viscosity is determined mainly by RBC concentration,
aggregation and deformability and plasma viscosity.1,16 Blood
viscosity is also affected by plasma fibrinogen, which increases
plasma viscosity and aggregates erythrocytes. The influences of
these determinants of blood viscosity depend upon the existing
shear forces (that is, shear rates). In particular, for the high shear
rate adopted in the present study, RBC aggregation tends to be
broken up, and the effect of erythrocyte aggregation on blood
viscosity is negligible.16,23 Therefore, the mechanisms by which
blood lipids affect blood viscosity can be explained by the
association of blood lipids with hematocrit, RBC deformability
and plasma viscosity. In the present study, SdLDL-C correlated
positively with hematocrit and RBC rigidity index ‘k’, but not
with plasma viscosity. Therefore, SdLDL-C might influence
blood viscosity by modifying hemoconcentration and RBC
deformability in EHTs. Indeed, cell deformability is considered to
be determined by mechanical properties of cell membrane, such as
membrane fluidity, which can be influenced by membrane lipid
compositions or redox status.35,36 Therefore, dyslipidemia,
particularly increased SdLDL-C, might alter the exchange
between circulating and cell membrane lipids or induce oxidative
stress,37,38 thereby decreasing RBC deformability and increasing
blood viscosity. However, the reason for the association of SdLDL-
C with hematocrit cannot be deduced based on the present study.
Additional measurements of blood viscosity using low shear rate
(1–100 s�1) would also be needed to explore the influence of lipids
on RBC aggregation.1,16

TG
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LDL-C
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Figure 2 Standardized regression coefficients (b-values) for multivariate

associations of SdLDL-cholesterol and other lipid fractions with blood
viscosity in EHTs. An adjustment was made using seven variables, including

age, sex difference, body mass index, resting diastolic blood pressure,

hematocrit, plasma viscosity and HOMA-IR. *Po0.05, **Po0.01. EHTs,

essential hypertensives; HDL-C, high-density lipoprotein cholesterol; HOMA-

IR, homeostasis model assessment index of insulin resistance; LDL-C, low-

density lipoprotein cholesterol; SdLDL-C, small dense low-density

lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride.
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As shown in some reports of healthy subjects,14,16,33 HDL-C
inversely correlated with blood viscosity, although LDL-C did
positively correlate with blood viscosity in EHTs. This opposite
influence of HDL-C and LDL-C on blood viscosity could lead to
opposite influences of these lipids on cardiovascular trees. Namely,
HDL-C may protect the cardiovascular system by antagonizing the
LDL-induced hemorheological changes likely associated with the
genesis of cardiovascular disease.
The causal relationship between elevated LDL-C and cardiovas-

cular diseases has been well established in previous cohort
studies.39,40 Recently, it has become apparent that the
cardiovascular risk potential of LDL-C differs with respect to its
size and density, and SdLDL-C is the most atherogenic subfraction
of LDL-C.41,42 Compared with large LDL-C, SdLDL-C has several
characteristics associated with the genesis of atherosclerosis,38,41,42

such as (1) lower affinity to the LDL receptors in the liver, leading
to reduced clearance and longer retention time in the circulation,
(2) easier penetration into arterial wall, (3) higher susceptibility to
oxidative modification and (4) induction of oxidative stress.
Indeed, SdLDL-C was elevated in patients with coronary
arterial disease.18 Furthermore, recent prospective cohort studies
in Western and non-Western populations (the Québec
Cardiovascular Study and the Suita Study) revealed that elevated
SdLDL-C was a powerful predictor of the onset of coronary artery
diseases compared with the other lipid fractions.19,20 The present
study demonstrated that the strong association between SdLDL-C
and blood viscosity could at least partially explain why SdLDL-C
presents the most powerful cardiovascular risk among all fractions
of lipoprotein cholesterol.

Study limitations
The present study has several limitations. First, a causal relation-
ship between dyslipidemia and increased blood viscosity was not
confirmed in the present study because of the observational
nature of the study. Long-term longitudinal studies are needed to
clarify this issue. Second, the present study did not include
normotensive subjects with and without dyslipidemia. These two
groups should have been included to draw a definite conclusion
concerning the additive effects of hypertension and dyslipidemia
on blood rheology. Third, therapeutic intervention against SdLDL-
C would be helpful to clarify the relationships between SdLDL-C
and blood viscosity. Actually, the influences of blood lipids on
hemorheological properties were attenuated along with a reduction
in the LDL-C level by lipid-lowering therapies.43–45 Finally, EHTs in
more advanced stages should be studied, as the subjects in the
present study were limited to EHTs without cardiovascular
complications.
Although limited for these reasons, the present study demon-

strated that increased SdLDL-C levels were associated with
increased blood viscosity in early-stage EHTs. Therapeutic inter-
ventions against SdLDL-C could normalize the hemorheological
disturbances, thereby preventing cardiovascular complications in
EHTs with dyslipidemia.
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