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Abstract

Pulmonary hypertension (PH) in sickle cell disease (SCD) is an emerging and important clinical
problem. In a single-institution adult cohort of 365 patients, we investigated lipid and lipoprotein
levels and their relationship to markers of intravascular hemolysis, vascular dysfunction and PH.
In agreement with prior studies, we confirm significantly decreased plasma levels of total
cholesterol, high-density lipoprotein-cholesterol (HDL-C), and low-density lipoprotein-cholesterol
(LDL-C) in SCD vs. ethnically-matched healthy controls. Several cholesterol parameters correlate
significantly with markers of anemia, but not endothelial activation or PH. More importantly,
serum triglyceride levels are significantly elevated in SCD compared to controls. Elevated
triglyceride levels correlate significantly with markers of hemolysis (lactate dehydrogenase and
arginase; both p<0.0005), endothelial activation (soluble E-selectin, p<0.0001; soluble P-selectin,
p=0.02; soluble vascular cell adhesion molecule-1, p=0.01), inflammation (leukocyte count,
p=0.0004; erythrocyte sedimentation rate, p=0.02) and PH (amino-terminal brain natriuretic
peptide, p=0.002; prevalence of elevated tricuspid regurgitant velocity (TRV), p<0.001). In a
multivariate analysis, triglyceride levels correlate independently with elevated TRV (p=0.002).
Finally, forearm blood flow studies in adult patients with SCD demonstrate a significant
association between increased triglyceride/HDL-C ratio and endothelial dysfunction (p<0.05).
These results characterize elevated plasma triglyceride levels as a potential risk factor for PH in
SCD.
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Introduction

Sickle cell disease (SCD) is a hemoglobinopathy characterized by red cell rigidity,
compromised perfusion and tissue infarction. Chronic hemolysis, another pathological
feature of SCD drawing increased attention, gives rise to diminished bioavailability of nitric
oxide (NO), oxidant stress and endothelial activation(Aslan, et al 2001, Kato, et al 2006,
Kaul, et al 2000, Nath, et al 2000, Reiter, et al 2002). It is now appreciated that certain
complications of SCD may derive from progressive hemolysis-associated vasculopathy,
including pulmonary hypertension (PH), cutaneous leg ulceration, priapism, and possibly
stroke(Kato, et al 2007).

In recent years, PH, a proliferative vascular disease of the lung, has been recognized as a
major complication and independent correlate with death among adults with SCD.
Pulmonary artery (PA) systolic pressure (PASP) can be estimated by Doppler
echocardiography, utilizing the tricuspid regurgitant velocity (TRV). A TRV of 2.5-2.9 m/s
is at least two standard deviations above the mean and is considered representative of
borderline or mildly elevated PASP, whereas a TRV 3.0 m/s of higher, approximately three
standard deviations above the mean, represents significantly elevated PASP, often meeting
criteria for pulmonary arterial hypertension. Increased TRV is estimated to be present in
approximately one-third of adults with SCD and is associated with early mortality(Ataga, et
al 2006, Gladwin, et al 2004). In the more severe cases, increased TRV is associated with
histopathologic changes such as plexogenic changes and hyperplasia of the pulmonary
arterial intima and media(Adedeji, et al 2001, Graham, et al 2007, Haque, et al 2002, Manci,
et al 2003). These histopathological changes are very similar to those seen in the arterial
wall thickening of atherosclerosis. Indeed, PH and atherosclerosis share several overlapping
pathophysiologic features, including vascular smooth muscle proliferation, decreased NO
bioavailability, oxidant stress, endothelial dysfunction, endothelial activation, increased
levels of endogenous NOS inhibitors, platelet activation, in situ thrombosis, and accelerated
renal insufficiency(Kato and Gladwin 2008).

Atherosclerosis is characterized by increased accumulation of cholesterol in arterial wall
macrophages and is exacerbated by oxidant stress. PH in SCD is also characterized by
oxidant stress caused by intravascular hemolysis, but atheromas are not typically present in
SCD patients. This might be due to low levels of plasma total cholesterol (TC) and low-
density lipoprotein cholesterol (LDL-C) in SCD patients(Buchowski, et al 2007, el-Hazmi,
et al 1987, el-Hazmi, et al 1995, Marzouki and Khoja 2003, Sasaki, et al 1983, Shores, et al
2003, Stone, et al 1990, Westerman 1975). Thus, the vasculopathy of PH in SCD does not
seem attributable to increased TC or LDL-C levels. Intriguingly, however, there have been
scattered positive reports of low HDL-C(Sasaki, et al 1983, Stone, et al 1990) and increased
triglyceride(Buchowski, et al 2007, Kato, et al 2005, Morris, et al 2005)in SCD patients —
features widely recognized in the general population as important contributory factors in
cardiovascular disease. Investigation of potential roles for low HDL and high triglyceride
levels in the development of PH in SCD therefore is of interest.

Our group has recently shown that besides decreased NO bioavailability, factors associated
with PH in SCD include altered apolipoprotein levels and other features shared with
atherosclerosis(Hebbel, et al 2004, Kato and Gladwin 2008, Morris, et al 2005, Yuditskaya,
et al 2009). Proteomics analysis in a small cohort of 56 patients with and without pulmonary
hypertension identified lower apoA-I and suggested higher apoA-Il and serum amyloid A
levels in SCD patients with PH(Yuditskaya, et al 2009). Furthermore, in a physiological test
of endothelial function, patients with lower apoA-I had a blunted vasodilatory response to
infusion of the endothelium-dependent vasodilator acetylcholine(Yuditskaya, et al 2009).
Patients with SCD have 3-fold higher levels than healthy controls of the endogenous NO
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synthase inhibitor asymmetric dimethylarginine, particularly in those patients with elevated
TRV/(Kato, et al 2009, Landburg, et al 2008). Additionally, triglyceride levels have also
been suggested to be elevated in patients with increased endothelial activation(Kato, et al
2005) and increased plasma arginase levels(Morris, et al 2005), which in turn were linked to
increased pulmonary pressures.

These findings and the therapeutic potential to modulate serum lipids with several
commonly used drugs prompted us to investigate in greater detail the serum lipid profile in
patients with SCD and possible relationship to vasculopathic complications such as PH. In
this study, we present our findings on the status of lipid and lipoprotein levels in a large
adult sickle cell cohort at the National Institutes of Health. We confirm decreased serum
levels of total cholesterol, LDL-C and HDL-C and increased serum levels of triglycerides in
SCD patients, compared to ethnically-matched healthy controls. Decreased total cholesterol,
LDL-C and HDL-C were significantly associated with severity of anemia, whereas
increased triglyceride levels were associated with hemolysis, vascular dysfunction, and
increased prevalence of pulmonary hypertension.

Materials and Methods

Patient/Cohort Characteristics

The National Heart Lung and Blood Institute’s Institutional Review Board approved this
protocol (ClinicalTrials.gov identifier NCT00011648). All subjects provided written
informed consent. Patients at least 18 years of age with all genotypes of SCD were eligible.
Patients with SCD were recruited to participate in the study while they were in steady state,
defined as a normal baseline status without acute pain requiring hospitalization. Our patient
cohort consisted of 365 patients with SCD (Supplemental Table 1). Nucleotide sequence for
the B-globin gene was available for 328 patients, of whom 76% harbor the homozygous SS
or the Sp0-thalassemia mutations, and 24% with either hemoglobin SC or Sp*-thalassemia
double heterozygosity. The characteristics of the cohort were as follows: 56.7% are female
and 43.3% are male, ranging in age from 27-45 years with a median age of 33. Thirty-nine
percent of the patients were on hydroxycarbamide. 39 African-American control subjects
with age and sex distributions similar to those of the patients were also enrolled. All
participants were screened prospectively for pulmonary hypertension by echocardiography,
measuring the tricuspid regurgitant velocity (TRV) as previously described(Gladwin, et al
2004). Laboratory evaluations were performed in the Clinical Center Department of
Laboratory Medicine at the National Institutes of Health by standard clinical laboratory
assays, including standard complete blood counts, amino terminal brain natriuretic peptide
(NT-proBNP), serum chemistry and lipid panels, including triglycerides, total cholesterol,
high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol. Glomerular
filtration rate was estimated by the abbreviated Modification of Diet in Renal Disease Study
(MDRD) equation. Lipid levels were similarly measured at the time patients were enrolled
into a forearm blood flow plethysmography study. The patients and the study have been
previously described (ClinicalTrials.gov identifier NCT00009581)(Gladwin, et al 2003).

Statistical Methods

Characteristics of study participants are presented as median and interquartile range (IQR)
or percentage of participants with a given characteristic (Supplemental Table 1).
Comparisons of mean lipid panels (triglycerides, cholesterol, high density lipoprotein, and
low density lipoprotein levels) were made using analysis of variance (ANOVA) between
healthy African-American controls and subjects with sickle cell disease grouped by
phenotype of similar clinical severity (SC, Sp*-thalassemia or SS, SB°-thalassemia). Mean
levels of lipid panel variables were also compared by TRV grouped into 3 levels (<2.5, 2.5-
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2.9, and > 3.0 m/sec) among all sickle cell phenotypes combined. The Cohran-Armitage
Chi-Square test for trend was used to examine trends in the prevalence of moderately and
highly elevated TRV by quartile of triglyceride level. Bivariate correlations were assessed
using the Spearman rank correlation coefficient.

Logistic regression models were used to investigate the associations between a variety of
factors, both lipid variables and other characteristics, with TRV. Two separate models were
developed to generate odds ratio estimates of risk for subjects with moderate and high TRV
(22.5 m/s) and subjects with only high TRV (= 3 m/s). For continuous variables, odds ratios
are given for the 751" relative to the 25t percentile. Assessment of significance was by
likelihood ratio test for the overall model and by ratio of coefficient to estimated standard
error for the individual predictors. Cox proportional hazards regression was used to examine
associations of lipid variables with mortality. All analyses were performed using SAS
(version 9.1) or Stata (version 9).

Serum lipid and lipoprotein levels in SCD compared to healthy controls

To characterize serum lipid levels in patients with SCD and to explore potential
relationships between anemia, hemolysis, vascular disease and dysregulated lipids, we
measured serum TC, HDL-C, LDL-C and triglyceride levels in the following three groups
with varying degrees of sickle-cell anemia: a) 39 healthy African-American adult control
subjects with absence of sickle-cell anemia; b) 78 adults with mild SCD (SC, SB*); and c)
250 adults with severe SCD (SS or SB9) (Fig. 1). All SCD patients were at steady state. TC,
HDL-C and LDL-C levels varied inversely with the severity of the phenotype (Fig. 1A-C):
non-anemic controls had highest levels, mildly anemic SC and SB* patients had intermediate
levels, and severely anemic SS and SBO patients had the lowest levels of total cholesterol,
HDL-C and LDL-C (Fig. 1A-C). In contrast, triglyceride levels were highly elevated in
SCD compared to healthy controls, and correlated with SCD phenotype (Fig. 1D). These
data establish a relationship between serum lipid levels and SCD severity.

Patients with the most severe forms of SCD (SS or SB%) phenotypes have the most severe
hemolytic anemia, with highest prevalence of vascular disease and pulmonary
hypertension(Taylor, et al 2008). Because they also have the most extreme disturbance in
serum lipid levels, we explored the relationship between lipid parameters, anemia,
hemolysis and pulmonary hypertension in greater detail.

Decreased serum cholesterol subclasses correlate with severity of anemia

We first investigated the relationship between cholesterol and anemia. The results in table 1
demonstrate that serum cholesterol (total cholesterol, HDL-C and LDL-C) inversely
correlates with hematocrit and hemoglobin in patients with SCD of all phenotypes,
indicating that increased cholesterol is associated with less severe anemia and decreased
cholesterol is associated with more severe anemia. Consistently, TC, HDL-C and LDL-C all
inversely correlated with absolute reticulocyte count and total bilirubin in patients with SCD
of all phenotypes (Table 1). Consistent with the results in Fig. 1A—C, Table 1 thus indicates
that serum cholesterol (TC, HDL-C and LDL-C) correlates inversely with severity of
anemia.

The level of hemolysis in SCD and other diseases is linked to the development of increased
oxidative stress and vascular dysfunction. To determine whether decreased cholesterol levels
are associated with increased hemolysis as well as increased severity of anemia, two
biomarkers for hemolysis, LDH and arginase, were measured in patients with SCD of all
phenotypes. HDL-C levels did show a significant negative association with LDH, but not
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with arginase. TC and LDL-C did not have significant associations with LDH or arginase. In
general, TC and LDL-C appear to correlate more closely to red cell mass than to severity of
hemolysis.

Consistent with the hemolysis results, serum cholesterol parameters also did not closely
correlate with markers of vascular dysfunction. None of the cholesterol parameters (total
cholesterol, HDL-C or LDL-C) showed any significant association to any of the markers for
endothelial activation (SE-selectin, sP-selectin, s-ICAM-1 or sVCAM-1) (Table 1).
Cholesterol levels were inconsistently associated with markers of inflammation (ESR but
not WBC count for TC and LDL; WBC count but not ESR for HDL) (Table 1). Cholesterol
levels correlated positively with age but did not correlate with the liver disease marker,
serum ALT levels (Table 1).

Pulmonary hypertension is known to correlate with hemolysis and vascular dysfunction. The
absence of correlations between serum cholesterol parameters and hemolysis and vascular
dysfunction would predict absence of correlations between serum cholesterol parameters
and markers for pulmonary hypertension. Indeed, TC, HDL-C and LDL-C levels did not
correlate with levels of the PH marker NT-pro BNP (Table 1). These cholesterol parameters
were also not significantly associated with TRV, although TC showed an interesting trend
(147 mg/dl +/— 45.8 for patients with highly elevated pulmonary pressure (n=57), vs. 134 +/
— 33.0 mg/dl for patients with mildly elevated pulmonary pressure (n=94) and 136 +/— 34.8
for patients with normal pulmonary pressure (n=194)) that did not reach significance
(p=0.07, ANOVA F test of difference in means between TRV groups). The results were
qualitatively similar after adjusting for gender or hydroxycarbamide (hot shown).

The combined results firmly establish that TC and LDL-C levels are associated with severity
of anemia but not quite so significantly with hemolysis or vascular dysfunction. HDL-C
levels are also associated with severity of anemia and, while negatively associated with

LDH levels, does not show significant associations with arginase or markers of vascular
dysfunction. Consistent with this lack of evidence for vascular dysfunction, serum TC,
HDL-C and LDL-C were not associated with NT-proBNP or TRV. Thus, decreased serum
cholesterol parameters, while associated with severity of anemia, are not significantly
associated with PH.

Serum triglyceride levels correlate with hemolysis and endothelial activation

Serum triglyceride levels correlate significantly with markers of hemolytic severity,
including decreased total hemoglobin and hematocrit, and increased LDH and arginase
(Table 1). Serum triglyceride levels also correlate positively with other known markers of
endothelial activation, including sE-selectin, sP-selectin, and sSVCAM-1, as well as
inflammatory markers such as WBC count and ESR (Table 1). Proline, a downstream
product of arginine metabolism by arginase release with a potential role in fibrosis (for a
recent review, see reference (Morris 2007)) is also significantly correlated with triglyceride
levels (R=0.41; p<0.0001, n=213). Triglyceride levels correlated positively with age but did
not correlate with levels of ALT (Table 1). In sickle cell patients, body mass index (BMI)
was a weak but statistically significant predictor of triglyceride levels, with a Spearman r
value of 0.15 (p = 0.002). In addition, SCD patients with blood glucose levels above the
normal range (i.e., 116 mg/dL or higher) have significantly higher triglyceride levels
compared to SCD patients with normal glucose levels (median triglyceride levels 145 vs.
104.5 mg/dL, p = 0.004, Mann-Whitney). Triglyceride levels did not differ significantly
between patients that did or did not receive hydroxycarbamide; consistently, adjusting for
hydroxycarbamide use did not alter serum triglyceride effects in statistical analyses. The
combined data indicate a positive association between serum triglyceride levels and markers
of hemolysis and vascular dysfunction.
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Serum triglyceride levels independently correlate with markers of pulmonary hypertension

Serum levels of NT-proBNP, a biomarker for pulmonary hypertension, were measured in
sickle-cell patients of all phenotypes (Table 1). Serum triglyceride levels and NT-proBNP
showed a significant positive association (Table 1). To directly test for correlations between
pulmonary hypertension and serum triglyceride levels, TRV levels for SCD patients of all
phenotypes were measured and stratified into three groups according to estimated
pulmonary pressures: normal (TRV < 2.5 m/sec), mildly elevated (TRV 2.5 - 2.9 m/sec), or
highly elevated (TRV = 3.0 m/sec). Serum triglyceride levels were determined for each
group. Serum triglyceride levels and TRV showed a significant positive association, as
shown in Fig. 2A (p<0.001).

In addition, the prevalence of high TRV was increased in quartiles of patients with the
highest triglyceride levels. In Fig. 2B, triglyceride levels of SCD patients of all phenotypes
were stratified into quartiles, and the percentage of patients with highly elevated TRV (3.0
m/s or higher) in each quartile was calculated. Consistent with Fig. 2A, Fig. 2B
demonstrates a higher prevalence of PH in patients with higher serum triglyceride levels in
this analysis (P = .0008, 2 test for trend). The combined data demonstrate a significant
correlation between triglycerides and markers of pulmonary hypertension.

Increased systolic blood pressure, decreased transferrin levels, a marker for iron overload,
and increased lactate dehydrogenase levels, a marker for hemolysis, in serum have
previously been shown to correlate with increased TRV among 195 SCD patients at the
National Institutes of Health(Gladwin, et al 2004). The results in Table 2 confirm that these
findings remain significant in the current expansion of the previously studied
cohort(Gladwin, et al 2004). To determine whether increased serum triglyceride levels are
also independently associated with elevated TRV, logistic regression analysis of moderate
TRV (= 2.5 m/sec) and high TRV (= 3.0 m/sec) levels among SCD patients of all
phenotypes was performed (Table 2). Triglyceride levels did in fact independently correlate
with TRV levels. The odds of a moderate elevation in TRV (= 2.5 m/sec) in the 75! vs. the
25t percentile for triglycerides increases by 1.47-fold (p=0.04) whereas the odds of highly
elevated TRV (>3.0 m/sec) increase by 2.05 fold (p=0.002) (Table 2). Thus, triglyceride
levels are an additional significant correlate of TRV, independent of systolic blood pressure,
low transferrin or increased lactate dehydrogenase.

Endothelial dysfunction and triglyceride/HDL-C ratio

Further biologic support of a link between elevated TG and endothelial dysfunction was
sought in 20 adult patients with HbSS who underwent forearm blood flow physiological
studies(Gladwin, et al 2003). Patients with HbSS with higher than median levels of TG did
not have significantly blunted mean responses to the endothelium-dependent vasodilator
acetylcholine (ACh) compared to patients with HbSS with lower than median levels of TG
(not shown).

The triglyceride/HDL-cholesterol (TG/HDL-C) ratio, which has been implicated in
endothelial dysfunction associated with insulin resistance(Reaven 2002), did, however,
associate with endothelial function (Fig. 3). Patients with HbSS with higher than median
TG/HDL-C ratios (TG/HDL-C > 2, n = 10) demonstrated remarkably blunted mean
responses to the endothelium-dependent vasodilator acetylcholine, but those with lower TG/
HDL-C values (TG/HDL-C <2, n = 10) had significantly better vasodilatory responses (P <.
001, two-way ANOVA,; Fig. 3A). In contrast, the two TG/HDL-C groups showed no
significant difference in the rate of blood flow increase in response to the endothelium-
independent vasodilator sodium nitroprusside (SNP; Figure 3B). This distinctive pattern of
diminished endothelial-dependent response with unaltered endothelial-independent response
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in HbSS patients with higher TG/HDL-C values is once again parallel to that seen in other
disorders of endothelial dysfunction, including atherosclerosis.

These findings prompted us to ask whether the serum TG/HDL-C ratio was a better
predictor of endothelial dysfunction and pulmonary hypertension than serum TG levels
alone. While the TG/HDL-C ratio is indeed a good marker for endothelial dysfunction
(Supplemental Table 2), it does not correlate better than TG alone with genotype, estimated
pulmonary pressure or prevalence of pulmonary hypertension (Supplementary Figures 1A-
C). Moreover, logistic regression analysis of moderate TRV (= 2.5 m/sec) and high TRV (=
3.0 m/sec) levels among SCD patients of all phenotypes indicated that the TG/HDL-C ratio
did not predict TRV levels independent of systolic blood pressure, transferrin, and lactate
dehydrogenase. Thus, the serum TG/HDL-C ratio was a better predictor of endothelial
dysfunction but was not a better predictor of pulmonary hypertension than serum TG levels
alone. The combined data indicate that whereas HDL levels do factor into forearm blood
flow response to acetylcholine and other markers of endothelial dysfunction, TG levels
appear to have greater predictive value in estimating increased risk of pulmonary
hypertension.

Discussion

Hypocholesterolemia and, to a lesser extent, hypertriglyceridemia have been documented in
SCD cohorts worldwide for over 40 years, yet the mechanistic basis and physiological
ramifications of these altered lipid levels have yet to be fully elucidated. Here we examine
serum levels of TC, HDL-C, LDL-C and triglyceride in a large cohort of SCD patients from
NIH and their relationships to severity of anemia, markers of hemolysis and vascular
dysfunction, and pulmonary hypertension. Cholesterol (TC, HDL-C and LDL-C) levels
decreased and triglyceride levels increased in relation to severity of anemia. While not true
for cholesterol levels, triglyceride levels show a strong correlation with markers of severity
of hemolysis, endothelial activation, and pulmonary hypertension. Logistic regression
analysis indicated that triglyceride levels are a significant correlate of TRV, independent of
systolic blood pressure, low transferrin or increased lactate dehydrogenase, all previously
reported correlates of PH in SCD.

Decreased TC and LDL-C in SCD has been documented in virtually every study that
examined lipids in SCD adults(el-Hazmi, et al 1987, el-Hazmi, et al 1995, Marzouki and
Khoja 2003, Sasaki, et al 1983, Shores, et al 2003, Stone, et al 1990, Westerman 1975),
with slightly more variable results in SCD children. Several studies have described increased
cholesterol content per RBC associated with decreased plasma or serum cholesterol in
SCD(Akinyanju and Akinyanju 1976, Marzouki and Khoja 2003, Muskiet and Muskiet
1984, Sasaki, et al 1983, Westerman, et al 1979). Although it might be hypothesized that
SCD hypocholesterolemia results from increased cholesterol utilization during the increased
erythropoiesis of SCD, cholesterol is largely conserved through the enterohepatic
circulation, at least in healthy individuals, and biogenesis of new RBC membranes would
likely use recycled cholesterol from the hemolyzed RBCs. Westerman demonstrated that
hypocholesterolemia was not due merely to increased RBC synthesis by showing that it is
present in both hemolytic and non-hemolytic anemia(Westerman 1975). Serum cholesterol
is proportional to the hematocrit, suggesting serum cholesterol may be in equilibrium with
the cholesterol reservoir of the total red cell mass(Westerman 1975). Consistent with such
equilibration, tritiated cholesterol incorporated into sickled erythrocytes is rapidly
exchanged with plasma lipoproteins(Ngogang, et al 1989). Thus, low plasma cholesterol
appears to be a consequence of anemia itself rather than increased RBC
production(Westerman 1975).
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Total cholesterol, in particular LDL-C, has a well-established role in atherosclerosis. The
low levels of LDL-C in SCD are consistent with the low levels of total cholesterol and the
virtual absence of atherosclerosis among SCD patients. Our results also clearly show a
decrease in HDL-C in SCD vs. controls. Decreased HDL-C in SCD has been documented in
some but not all previous studies(Sasaki, et al 1983, Stone, et al 1990). As in lipid studies
for other disorders in which HDL-C is variably low, potential reasons for inconsistencies
between studies include differences in age, diet, weight, smoking, gender, small sample
sizes, different ranges of disease severity, and other diseases and treatments(Choy and Sattar
2009, Gotto A 2003). Decreased HDL-C and apoA-1 is a known risk factor for endothelial
dysfunction in the general population and in SCD, a potential contributor in SCD to PH,
although the latter effect size might be small(Yuditskaya, et al 2009).

Our studies also convincingly show increased triglyceride levels in serum of SCD vs.
control subjects. Triglycerides have not been as widely studied as cholesterol in SCD, and
previous studies have given mixed results. Increased triglyceride have been reported in
several previous studies of SCD adults(Buchowski, et al 2007, Kato, et al 2005, Morris, et
al 2005); in addition, triglyceride levels were found to increase during crisis. However, two
studies did not find increased triglyceride levels in adult SCD patients(Shores, et al 2003).
In children, one study found increased triglyceride whereas another reported normal
triglyceride in SCD. Potential reasons for inconsistencies between studies are similar to
reasons for inconsistencies in HDL-C noted above. In addition, of all dietary lipids, plasma
triglyceride levels are the most dependent on fasting vs. nonfasting status of the subject at
the time blood is drawn, and in nonfasting subjects, the amount and type of fat or fatty acids
in the diet and time elapsed since the fats were consumed can strongly affect the blood
triglyceride levels.

Why is increased triglyceride but not cholesterol in serum associated with vascular
dysfunction and pulmonary hypertension? Studies in atherosclerosis have firmly established
that lipolysis of oxidized LDL in particular results in vascular dysfunction. Lipolysis of
triglycerides present in triglyceride-rich lipoproteins releases neutral and oxidized free fatty
acids that induce endothelial cell inflammation(Wang, et al 2009). Many oxidized fatty
acids are more damaging to the endothelium than their non-oxidized precursors; for
example, 13-hydroxy octadecadienoic acid (13-HODE) is a more potent inducer of ROS
activity in HAECs than linoleate, the nonoxidized precursor of 13-HODE(Wang, et al
2009). Lipolytic generation of arachadonic acid, eicosanoids, and inflammatory molecules
leading to vascular dysfunction is a well-established phenomenon(Boyanovsky and Webb
2009). Although LDL-C levels are decreased in SCD patients, LDL from SCD patients is
more susceptible to oxidation and cytotoxicity to endothelium(Belcher, et al 1999)and an
unfavorable plasma fatty acid composition has been associated with clinical severity of
SCD(Ren, et al 2006). Lipolysis of phospholipids in lipoproteins or cell membranes by
secretory phospholipase A, (SPLA,) family members releases similarly harmful fatty acids,
particularly in an oxidative environment(Boyanovsky and Webb 2009)and in fact selective
PLA, inhibitors are currently under development as potential therapeutic agents for
atherosclerotic cardiovascular disease(Rosenson 2009). Finally, SPLA, activity has been
linked to lung disease in SCD. sPLA, is elevated in acute chest syndrome of SCD and in
conjunction with fever preliminarily appears to be a good biomarker for diagnosis,
prediction and prevention of acute chest syndrome(Styles, et al 2000). The deleterious
effects of phospholipid hydrolysis on lung vasculature predicts similar deleterious effects of
triglyceride hydrolysis, particularly in the oxidatively stressed environment of SCD.

Elevated triglycerides have been documented in autoimmune inflammatory diseases with
increased risk of vascular dysfunction and pulmonary hypertension, including systemic
lupus erythematosus, scleroderma, rheumatoid arthritis, and mixed connective tissue
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diseases(Choy and Sattar 2009, Galie, et al 2005). In fact, triglyceride concentration is a
stronger predictor of stroke than LDL-C or TC(Amarenco and Labreuche 2009). Even in
healthy control subjects, a high-fat meal induces oxidative stress and inflammation, resulting
in endothelial dysfunction and vasoconstriction(O’Keefe, et al 2008). Perhaps having high
levels of plasma triglycerides promotes vascular dysfunction, with the clinical outcome of
vasculopathy mainly in the coronary and cerebral arteries in the general population, and with
more targeting to the pulmonary vascular bed in SCD and autoimmune diseases. Using
forearm blood flow physiological studies, we demonstrated a link between endothelial
dysfunction and increased TG/HDL-C ratio, previously proposed as an index of vascular
dysfunction(Reaven 2002). The common factor in the above examples, regardless of
mechanism, is an increase in plasma triglyceride levels. The combined data indicate that
increased serum triglycerides and vascular dysfunction are linked not only to each other but
to pulmonary hypertension as well.

The mechanisms leading to hypocholesterolemia and hypertriglyceridemia in plasma or
serum of SCD patients are not completely understood. In normal individuals, triglyceride
levels are determined to a significant degree by body weight, diet and physical exercise, as
well as concurrent diabetes. While data on diet and physical exercise were not available for
our study population, these factors very likely impact body weight and triglyceride levels in
SCD patients. These findings indicate that standard risk factors for high triglycerides are
also relevant to SCD patients. Mechanisms of SCD-specific risk factors for elevated plasma
triglycerides are not as clear. RBCs do not have de novo lipid synthesis (Kuypers 2008). In
SCD the rate of triglyceride synthesis from glycerol is elevated up to 4-fold in sickled
reticulocytes (Lane, et al 1976), but SCD patients have defects in postabsorptive plasma
homeostasis of fatty acids (Buchowski, et al 2007). Lipoproteins and albumin in plasma can
contribute fatty acids to red blood cells for incorporation into membrane phospholipids
(Kuypers 2008), but RBC membranes are not triglyceride-rich and contributions of RBCs to
plasma triglyceride levels have not been described, to our knowledge. Interestingly, chronic
intermittent or stable hypoxia just by exposure to high altitudes, with no underlying disease,
is sufficient to increase triglyceride levels in healthy subjects (Siques, et al 2007). Thus, it is
possible that hypoxia in SCD may contribute at least partially to the observed increase in
serum triglyceride. Finally, there is a known link of low cholesterol and increased
triglycerides that occurs in any primate acute phase response, such as infection and
inflammation (Khovidhunkit, et al 2004). Perhaps because of their chronic hemolysis, SCD
patients have a low level of acute phase response, which is also consistent with the other
inflammatory markers. Further studies are required to elucidate the mechanisms leading to
hypocholesterolemia and hypertriglyceridemia in SCD.

Our past and current studies indicate that pulmonary hypertension is a disease of the
vasculature that shows many similarities with the vascular dysfunction that occurs in
coronary atherosclerosis (Kato and Gladwin 2008). The similarities and differences are:
They both have proliferative vascular smooth muscle cells — just in different vascular beds.
They both have an impaired nitric oxide axis, increased oxidant stress, and vascular
dysfunction. Most importantly, serum triglyceride levels, previously linked to vascular
dysfunction, are definitely shown to correlate with NT-proBNP and TRV and thus, with
pulmonary hypertension. Moreover, triglyceride levels are predictive of TRV independent of
systolic blood pressure, low transferrin or increased lactate dehydrogenase.

Conclusions

To our knowledge, this constitutes the first evidence that hypertriglyceridemia in SCD is
correlated with markers of intravascular hemolysis, vascular dysfunction, and pulmonary
hypertension. Further study is needed to explore the mechanistic basis for these correlations;
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however, one possibility is that the fatty acids carried by triglycerides may become oxidized
in SCD patients with hemolytic oxidative stress and serve as signaling molecules, or
alternatively, hemolytic oxidative stress may coordinately regulate these pathways. Our
findings provide a link between plasma lipids, particularly triglyceride levels, and vascular
dysfunction in SCD. They support a model in which known risk factors in the general
population for atherosclerosis may often also be risk factors for pulmonary hypertension in
patients with SCD and suggest that lifestyle changes and lipid-lowering drug treatments
used for the prevention of cardiovascular disease should be investigated for their ability to
ameliorate the long-term vascular consequences of SCD.
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Fig. 1. Serum Lipid Levels in Sickle Cell Patients Compared with Healthy Controls

Serum lipid levels were determined in either healthy control subjects, patients with mild
forms of SCD (SC or Sp*-thalassemia) or patients with more severe forms of SCD (SS or
SpO-thalassemia). (A) Serum total cholesterol levels were determined for 39 control subjects
78 patients with SC or Sp*-thalassemia, or 249 patients with SS or Sp%-thalassemia. (B)
Serum HDL-cholesterol levels were determined for 39 control subjects, 78 patients with SC
or SB*-thalassemia, or 249 patients with SS or Sp0-thalassemia. (C) Serum LDL-cholesterol
levels were determined for 39 control subjects, 78 patients with SC or SB*-thalassemia, or
250 patients with SS or Sp0-thalassemia. (D) Serum triglyceride levels were determined for
32 control subjects, 77 patients with SC or Sp*-thalassemia, or 245 patients with SS or SpP-
thalassemia. Only those patients with genotypes determined by nucleotide sequencing
(n=328, total) were included in this analysis. p values were determined from ANOVA F test
of difference in means between sickle cell groups and controls.
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Fig. 2. Serum triglycerides and pulmonary hypertension

(A) Mean serum triglyceride levels were determined for sickle cell patients (all phenotypes)
with pulmonary pressures that were normal (TRV<2.5 m/sec), mildly elevated (2.5 < TRV <
2.9 m/sec) or highly elevated (TRV = 3 m/sec). Statistical significance was determined from
ANOVA F test of difference in means between TRV groups. (B) Prevalence of highly
elevated pulmonary pressures by triglyceride level among sickle cell patients. Patients were
divided into quartiles according to their serum triglyceride levels and the percentage of
patients in each quartile with highly elevated pulmonary pressure (TRV = 3 m/sec) was
determined. p-values were determined by Cohran-Armitage x? test for trend.
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Fig. 3. High TG/HDL-C ratio is a marker for endothelial dysfunction

Forearm blood flow was measured in 20 patients with SCD with venous occlusion
plethysmography following test doses of (A) acetylcholine (ACh) and (B) sodium
nitroprusside (SNP) infused into the brachial artery. (A) Patients with lower than median
TG/HDL-C values (median = 2.0) demonstrated dose-dependent vasodilation to ACh close
to previously published normal values (solid line). In sharp contrast, those with higher than
median TG/HDL-C values (dashed line) had markedly blunted responses, measured as
absolute blood flow (P < .05, 2-way ANOVA). (B) The absolute blood flow at baseline and
all doses of SNP did not differ by TG/HDL-C status.
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Logistic Regression Analyses of TRV> 2.5 m/sec or TRV> 3 m/sec among Sickle Cell Patients.

Table 2

TRV > 2.5 m/sec

TRV > 3 m/sec

Independent Variable OR (95% CI)l  PValue OR (95% CI)1 P Value
Systolic blood pressure  1.87 (1.3-2.7) 0.001 1.53 (1.0-2.4) 0.07
Transferrin 0.37(0.2-0.6)  <0.0001  0.29 (0.2-0.5)  <0.0001
Lactate dehydrogenase 2.04 (1.4-3.0) <0.0001 3.44(2.0-6.1) <0.0001
Triglycerides 1.47 (1.0-2.1) 0.04 2.05(1.3-3.2) 0.002

For continuous variables, odds ratio is given for the 75t relative to 25th percentile.

Br J Haematol. Author manuscript; available in PMC 2011 November 10.

Page 17



