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Abstract

Although reducing low-density lipoprotein-cholesterol (LDL-C) levels with lipid-lowering agents
(statins) decreases cardiovascular disease (CVD) risk, a substantial residual risk (up to 70% of
baseline) remains after treatment in most patient populations. High-density lipoprotein (HDL) is a
potential contributor to residual risk, and low HDL-cholesterol (HDL-C) is an established risk
factor for CVD. However, in contrast to conventional lipid-lowering therapies, recent studies show
that pharmacologic increases in HDL-C levels do not bring about clinical benefits. These
observations have given rise to the concept of dysfunctional HDL where increases in serum HDL-
C may not be beneficial because HDL loss of function is not corrected by or even intensified by
the therapy. Chronic kidney disease (CKD) increases CVD risk, and patients whose CKD
progresses to end-stage renal disease (ESRD) requiring dialysis are at the highest CVD risk of any
patient type studied. The ESRD population is also unique in its lack of significant benefit from
standard lipid-lowering interventions. Recent studies indicate that HDL-C levels do not predict
CVD in the CKD population. Moreover, CKD profoundly alters metabolism and composition of
HDL particles and impairs their protective effects on functions such as cellular cholesterol efflux,
endothelial protection, and control of inflammation and oxidation. Thus, CKD-induced
perturbations in HDL may contribute to the excess CVD in CKD patients. Understanding the
mechanisms of vascular protection in renal disease can present new therapeutic targets for
intervention in this population.
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Introduction

Whereas low-density lipoprotein (LDL) continues to provide evidence of its value as a
cardiovascular disease (CVD) risk marker and therapeutic target for CVD benefits,
increasing knowledge of high-density lipoprotein (HDL) is casting doubts about its role in
CVD risk prediction with reservations arising from recent natural randomization studies and
absence of clinical trial support for its role as a therapeutic target. However, in view of the
recognition establishing that HDL performs multiple important functions from extracting
cellular cholesterol to toning-down inflammation and oxidation, it is possible that the key in
utilizing it as risk marker or therapeutic target is not in determining levels of HDL
cholesterol (HDL-C) but rather in assessing its functionality. Raising HDL-C levels may be
appropriate when HDL is functional but not when HDL is dysfunctional. The difficulty is
identifying HDL that is functional and developing interventions that increase its
functionality. Renal disease has been known to affect HDL levels, but more recent evidence
suggests that its strongest effect is in influencing HDL composition and affecting its
functions.

CVD in Renal Patients

Chronic kidney disease (CKD) is an independent risk factor for CVD. The American
College of Cardiology/American Heart Association (ACC/AHA) and the National Kidney
Foundation (NKF) recommend that CKD be considered equivalent to pre-existing coronary
artery disease (CAD) as risk predictor (1,2). Using a large population-based study, Go et al.
first documented that a decline in the glomerular filtration rate (GFR) is the main
independent risk factor for CV events including hospitalization secondary to peripheral
artery disease (PAD), CAD, congestive heart failure (CHF), or stroke (3). Similar
conclusions were drawn from a systematic review encompassing ~1.4 million adults
showing that a gradual fall of GFR is associated with an increased risk of death, and that
individuals with lowest baseline GFR are at the highest risk of all-cause mortality (4). CKD
not only increases CVD prevalence but also conveys poorer prognosis after CV events.
Compared to non-CKD patients whose in-hospital mortality is ~2%, individuals with modest
reduction in GFR (50-75 mL/min) have 6% mortality, those with GFR 35-50 mL/min have
14% mortality, those with GFR of <35 mL/min have 21% mortality, and those requiring
dialysis have a 30% mortality rate (5). Other studies confirm the dramatically decreased
survival of CKD patients following acute myocardial events, estimating that the risk of
sudden cardiac death is increased by 11% for every 10 mL/min decline in GFR (6). In
individuals with established ESRD, only half are expected to survive an acute CV event
(4,7). Compared to age-adjusted CVD mortality in the non-CKD population, this estimate is
15-30 times higher, a discrepancy that increases among younger CKD cohorts (8).
Importantly, although prevention of progressive deterioration in kidney function has been
the primary concern in CKD, it is now clear that acute cardiovascular events and death are
more common than CKD progression to ESRD. In a study of ~30,000 CKD patients, the 5-
year CVD mortality rate was 19.5%, 24.3%, and 45.7% in those with CKD stages 2, 3, or 4,
respectively, compared with a much lower risk of progressing to ESRD (1.1%, 1.3%, and
19.9%, respectively) (9). This is significant because early CKD now affects some 10-16%
of the population worldwide, a figure that is projected to rise (10,11).
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Recent studies underscore that cardiovascular mortality in CKD is due to many causes
including myocardial dysfunction, valvular disease, and arrhythmias; however,
atherosclerotic CAD is significantly higher in CKD patients than in the general population
(12,13). Even early kidney disease has been linked to early signs of atherosclerosis including
subendothelial lipid deposition, upregulation of adhesion molecules, recruitment of
monocytes, conversion of macrophages to foam cells, and elastolysis (14,15). The
prevalence as well as the progression of atherosclerotic disease is increased in the CKD
population. Thus, CKD patients with an initially normal angiography develop myocardial
infarction (MI) more frequently than non-CKD subjects (5.2 vs. 0.7%), whereas >50% of
ESRD patients on dialysis develop significant new coronary stenosis (>50%) over a period
of 30 months (16). Approximately 10-20% of CAD deaths in dialysis patients are due to
acute MI, with a third occurring in the first year of dialysis treatment (17,18). Overall,
atherosclerotic CAD is a significant cause of morbidity and mortality over the entire
spectrum of CKD, and GFR <60 mL/min is as good at predicting future cardiac events as are
previous history of MI, diabetes, angiographic evidence of obstructive CAD, and a positive
stress test (16). This is a challenging circumstance because the presentation of acute CVD
event in advanced CKD patients is often atypical, carries a poor prognosis, and is
constrained by limited therapeutic options.

Traditional and Nontraditional Risk Factors and Residual Cardiovascular Risk

Traditional CVD risk factors described in the Framingham study (19) include dyslipidemia,
diabetes mellitus, hypertension, smoking, older age, male gender, physical inactivity and
family history of premature CVVD. All these risk factors are common in CKD. However, it is
not known the extent to which each factor adds to the incidence of CVD in CKD patients.
For example, elevated levels of LDL-C, the primary driver of CVD in the general
population, are not consistently present in CKD. Indeed, the degree and pattern of
dyslipidemia are not uniform across CKD stages and are heavily influenced by the degree of
renal dysfunction, the underlying etiology, and whether nephrotic syndrome is present
(Table 1). For example, nephrotic patients are characterized by dramatically increased total
and LDL-C, high triglycerides and normal or decreased HDL-C. Non-nephrotic CKD
patients typically have normal or increased total and LDL-C, high triglycerides and
decreased HDL-C. Patients whose C KD has advanced to ESRD on hemodialysis have
normal or decreased total and LDL-C, high triglyceride and decreased HDL-C, whereas
ESRD patients on peritoneal dialysis have increased total and LDL-C, very high
triglycerides and decreased HDL-C (20,21). The paradoxical divergence between LDL-C
levels and CVD becomes particularly apparent as renal dysfunction progresses to ESRD
(22-24). Other risk factors relevant in the general population such as hypertension and
increased BMI also lose their prognostic value in the setting of advancing CKD (23,25).
Such observations have prompted a search for nontraditional risk factors specific to CKD.
The CKD-associated risks now include malnutrition, low albumin, inflammation, high
oxidative stress, anemia, elevated homocysteine, and dysregulated calcium/phosphorus
metabolism. Although there is experimental and clinical support for each of these
possibilities, none of the factors have been definitively proven as causal in the accelerated
CVD occurring in the CKD population.
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Assessments that included statistical adjustment for traditional and nontraditional risk
factors have led to the very important recognition that CKD itself is a powerful independent
predictor of future coronary events, CVD, and total mortality. A large-scale meta-analysis of
>1 million participants encompassing the general population as well as high-risk and chronic
disease populations emphasize the concept that CKD increases the relative risk of mortality
in individuals with or without hypertension (11) and with or without diabetes (26). A
separate study compared CAD rates in individuals with diabetes vs. those with CKD (27).
The incidence of myocardial infarction was similar in diabetics and in non-diabetics with
CKD stages 1-4. Individuals with more advanced CKD, especially those with more severe
proteinuria, had markedly heightened cardiovascular risk compared with diabetics without
CKD. Together these studies emphasize that in addition to the traditional and nontraditional
risk factors, CKD itself is a powerful independent risk factor for future coronary events and
mortality. The data also illustrate the importance of adding information on renal function to
CV risk prediction tools. It is worth noting that the Framingham 10-year risk prediction
formula heavily underestimates risk in CKD patients (28).

Observational studies, clinical trials and meta-analyses have clearly shown that lowering
LDL-C by HMG-CoA reductase inhibitors (statins) reduces CVD. Nonetheless, despite the
widespread use of statin therapy, alone or in combination with other agents, the potential for
sizable additional reduction in residual risk exists. Even aggressive statin therapy that
achieves LDL-C <70 mg/dL leaves a considerable residual risk (29—-31). The major statin
trials have reported relative risk reductions between 25 and 45%, which means a residual
risk of 55-75% (Figure 1) (32). A meta-analysis of 38 studies that included >37,000 CKD
patients not on dialysis found that statin therapy reduced major cardiovascular events (33).
Compared to placebo, statins significantly decrease death and cardiovascular events by
~20%, thus leaving an ~80% residual risk. By contrast, CKD patients who progress to
ESRD requiring dialysis are uniquely resistant to the risk-reduction power of statins. The 4D
study (Die Deutsche Diabetes Dialyse) of diabetics on maintenance hemodialysis reported a
nonsignificant 8% reduction in cardiovascular death, nonfatal MI and stroke (34). The
AURORA study (A Study to Evaluate the Use of Rosuvastatin in Subjects on Regular
Hemodialysis: An Assessment of Survival and Cardiovascular Events) reported a
nonsignificant 4% reduction in the primary outcome of cardiovascular death, nonfatal
myocardial infarction or nonfatal stroke or all-cause mortality (35). The SHARP study, the
only randomized placebo-controlled analysis of lipid-lowering therapy (simvastatin and
ezetimibe) in a CKD population (1/3 of subjects on dialysis) revealed a significant 17%
reduction in major atherosclerotic events among treated subjects vs. controls (22). However,
no benefits were observed among those with ESRD requiring dialysis, despite robust
reductions in LDL-C levels. Thus, patients with ESRD on dialysis show limited
responsiveness to lipid-lowering therapy, which suggests a role of additional factors in the
residual risk of these patients. Contributors to residual risk include insulin resistance, pro-
coagulable state, elevated triglycerides, preponderance of atherogenic LDL, accumulation of
remnant particles, and low HDL-C levels.
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Role of HDL in Residual Cardiovascular Risk

A function of HDL accepted to be of benefit to vascular health is the ability to extract
cellular cholesterol and facilitate reverse cholesterol transport (RCT), a multi-step, multi-
organ process that shuttles excess tissue cholesterol to the liver for excretion in bile (36,37).
Modulation of the first step in RCT, namely, cholesterol efflux, can affect atherosclerotic
plaque burden and composition (37-40). In animals, macrophage cholesterol efflux is
inversely correlated with the extent of atherosclerosis. In humans, the capacity of HDL to
promote cholesterol efflux from cultured macrophage-derived foam cells has been shown to
predict subclinical atherosclerosis and CAD in a non-CKD population (39). Further support
to regard cholesterol efflux capacity as a new biomarker of cardiovascular risk came from a
recent study describing a large, multiethnic cohort without a history of cardiovascular
disease followed for 9.4 years (40). This study showed that increasing cholesterol efflux
capacity (highest vs. lowest quartile) inversely correlates with atherosclerotic cardiovascular
disease rates even after adjustment of HDL-C level and HDL particle concentration.
Furthermore, CVD risk prediction was significantly improved by adding cholesterol efflux
capacity to traditional risk factors. These studies suggest that HDL-C levels do not predict
HDL function. This is noteworthy because genome-wide association studies have failed to
prove that genetic factors increasing HDL-C levels are associated with CAD rates (41).
Further, genetic variations in the HDL metabolic pathway that decrease or increase the
concentration of HDL-C do not influence CV risk in a way that confirms the inverse
relationship seen in observational studies. For example, low HDL-C levels due to mutation
in apoA-1, i.e., apoAlwilanos IS NOt associated with increased atherosclerosis; by contrast,
high HDL-C levels due to CETP mutations are not associated with decreased atherosclerosis
(42-44). Finally, the disappointing clinical trials showing that significantly raised HDL-C
levels do not provide vascular protection (inhibition of proatherogenic cholesteryl ester
transfer protein (CETP) inhibitor torcetrapib in ILLUMINATE and dalcetrapib in dal-
OUTCOMES as well as niacin treatment in AIM-HIGH) further underscore that, in
isolation, levels of HDL-C may be insufficient as a marker of anti-atherogenic effects or
therapeutic target (45-47). Instead, the studies suggest that various circumstances and
disease states such as CKD impart important qualitative and functional differences not
reflected in HDL-C.

HDL-C and Risk of CVD and Mortality in CKD

The inverse correlation between reduced HDL-C and increased risk of CVD has not been a
consistent finding in cohorts of CKD patients. The multiethnic study of atherosclerosis
(MESA) study did find that the association between lower HDL-C and carotid intima-media
thickness (CIMT) become stronger with lower eGFR (48). HDL-C has also been reported to
predict incident MI in hemodialysis patients without history of CVD (49) and was associated
with enhanced mortality in short-term outcome in CKD patients with metabolic syndrome
(50). By contrast, other recent studies have found no association between HDL-C and
cardiovascular or all-cause mortality in maintenance hemodialysis patients (51,52). A post
hoc analysis of the German Diabetes Dialysis study found no association between HDL-C
and a composite outcome of cardiac death, M, stroke, and all-cause mortality (53). This
study also found that levels of ApoA-I and ApoC-I111 were not associated with outcomes.
Similarly, a very large study involving >33,000 maintenance hemodialysis patients found
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that although the majority of patients had low HDL-C, a U-shaped association best
characterized the relationship of HDL-C levels and cardiovascular and all-cause mortality
(54). Patients with HDL-C <30 mg/dL or >60 mg/dL had a significant increase in
cardiovascular and all-cause mortality, whereas those with HDL-C between 30 and 60
mg/dL had the highest survival.

Low HDL-C levels also do not predict mortality risk or severity of CAD in patients with
moderate CKD. A cohort of >3000 participants, most of whom had preexisting CAD,
referred for coronary angiography were followed for a median of 9.9 years. Among those
with normal eGFR, an inverse relationship between HDL-C or Apo-Al level and
cardiovascular mortality was found (55). However, even modest reductions in eGFR (60-89
mL/min) eliminated the association between HDL-C and CVD. Similar to the findings in
dialysis populations (53), in individuals with more advanced renal impairment (<60 mL/
min) higher HDL-C levels showed a tendency to predict increased, rather than reduced, risk
of CVD. It is most interesting that such a paradoxical relationship between high HDL-C and
increased CVD and mortality has also been observed in other high-risk populations
including patients with rheumatoid arthritis, non-ST-elevation MI, or CAD (56-59). The
implication of these findings is that in circumstances that adversely affect the composition or
functionality of HDL particles, increasing HDL-C levels may be detrimental. Complexity of
HDL particles is increasingly recognized to reflect changes in the structure, composition and
biochemical characteristics of its components.

CKD Modulates HDL-C: Biogenesis, Maturation, and Catabolism

Low levels of HDL-C characteristic of CKD reflect the effects of impaired kidney function
on the synthesis, assembly, maturation and catabolism of HDL components (20,60-65).
Biogenesis of HDL begins with hepatic and intestinal production of ApoA-I. Paralleling
HDL-C, plasma levels of ApoA-I are decreased in humans and animal models of CKD
(66,67). Intestinal biogenesis contributes ~30% of plasma ApoA-1, but whether CKD affects
this process is currently unknown. Also unsettled is if CKD affects hepatic production of
ApoA-I. Experimental models and in vitro studies have reported impairment in hepatic
synthesis and secretion of ApoA-I through mechanisms that include reduced mRNA stability
(67-70). However, metabolic turnover studies in human subjects with CKD find increased
ApoA-I catabolism without a change in the production rate (71-75).

Assembly and maturation of HDL particles starts with the lipidation of nascent, lipid-poor
pre-B discs. ApoA-I interaction with the ATP-binding cassette transporter A1 (ABCAL)
forms nascent pre-p-HDL, which then interacts with lecithin-cholesterol acyltransferase
(LCAT), an essential step in esterification of free cholesterol on the surface of HDL and
formation of cholesteryl ester-rich spherical HDL. This critical step is a very rapid process
and explains why most HDLs in plasma are spherical and not discoidal. CKD impairs
lipidation of ApoA-I and maturation of HDL (76). CKD decreases ABCA1 (77,78), which
compromises lipidation of ApoA-I. Clinical and experimental studies show that CKD
reduces circulating LCAT levels and activity, and downregulates hepatic LCAT gene
expression (79-82). Reduced LCAT expression and activity also affects HDL maturation
and increases degradation of HDL via hepatic endocytic receptor, beta chain of ATP
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synthase, diverting the mature HDL away form SRBI-dependent selective HDL uptake (83).
Interestingly, reduced expression of SRBI and upregulation of endocytic HDL receptors was
observed in livers of mice with nephrotic syndrome, predicting increased catabolism and
diminished recycling of ApoA-I (67,84). Triglyceride enrichment of HDL characteristic in
CKOD reflects impairment in the activities of enzymes such as hepatic lipase and endothelial
lipase resulting from downregulation of the enzymes, genes and presence of lipase inhibitors
in plasma (84,85). Triglyceride enrichment of HDL increases its susceptibility to binding to
the hepatic endocytic receptors and intracellular degradation. Maturation of HDL continues
in the circulation and involves acquisition of triglycerides from apoB-containing
lipoproteins (VLDL, IDL, LDL) in exchange for cholesteryl ester, processes mediated by
cholesteryl ester transfer protein (CETP) and phospholipid transfer protein (PLTP). It
remains unsettled whether levels of CETP are altered in CKD patients (86-88). However, a
recent comparison of ESRD maintained on hemo- or peritoneal dialysis found PLTP activity
to be almost double the levels observed in normal controls (89). The increased PLTP activity
correlated with a reduction in serum phospholipids, apoA-I, apoA-I11, increase in apoC-11 and
apoC-111 and inversely correlated with paraoxonase activity of HDL, suggesting that PLTP
has an important role in remodeling HDL composition in this setting.

The kidney is a major site of HDL homeostasis (72). In animals, between 30 and 70% of
injected lipid-free ApoA-I is cleared by the kidney (90-92). ApoA-I and small HDL 3 are
filtered by the glomerular capillaries and taken up by the cubilin-megalin-amnionless
complex in the proximal tubule (93-96). Cubilin deficiency and proximal tubular re-
absorption failure due to Fanconi syndrome both increase urinary excretion of ApoA-I
(73,94). Patients with Fanconi syndrome also show increased urinary loss of ApoA-IV, but
not of ApoA-Il, which is associated with larger cholesterol-rich HDL particles (73). These
findings suggest that the glomerular filter is critical in preventing loss of all but the largest
HDL particles. Thus, disorders that impede lipidation and maturation of ApoA-1 or
conditions that encourage its dissociation from the mature spherical HDL, permit it to get
across the glomerular filter, which then exposes the particles to uptake and catabolism in the
proximal tubules. Supporting this concept are experimental studies showing that inactivation
of Abcal increases plasma removal and renal degradation of lipid-free ApoA-1 (97,98).
Patients with Tangier’s disease due to ABCA1 gene mutations have renal hypercatabolism of
HDL, which results in low plasma Apo-Al and HDL (99,100). Individuals with LCAT
deficiency have impaired maturation of pre-f-HDL, but their low levels of HDL also reflect
increased renal catabolism of the immature, small HDL particles (97,101). Cubilin-deficient
mice have reduced proximal tubule uptake and increased urinary loss of aloumin and ApoA-
I, with significant decrease in plasma levels of albumin, ApoA-I and HDL3, but not of the
larger, mature HDL2 (102). Together these observations support the novel concept that
kidney processes including glomerular filtration and tubular reabsorption can influence
ApoA-I levels and HDL subclass distribution.

Importantly, disruption in the glomerular filtration barrier by common renal disorders such
as diabetic nephropathy, focal and segmental glomerulosclerosis, or tubular injury could
permit filtration of greater quantity and greater variety of HDL particles. Indeed, patients
with moderate glomerular impairment have increased fractional catabolic rate of ApoA-I
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and small HDL3 (71,72). Patients with proteinuria but without diabetes show a shift in HDL
size distribution towards large particles consistent with selective renal loss of small HDL
particles (103). Even in the absence of reduced GFR, proteinuria causes lipid abnormalities
including reduced levels of HDL-C (104-108). For example, animal studies show that even
modest proteinuria decreases ApoA-1V and increases ApoA-11 and ApoC-IIl levels in HDL,
whereas more severe proteinuria causes HDL enrichment in oxidation products such as
epoxides and diols, which can profoundly affect HDL functionality (107,109). These
considerations are relevant because proteinuria is a strong risk factor for CVD and mortality
(110-114). The predictive power of proteinuria remains strong for microalbuminuria,
primary or secondary renal disease, and presence or absence of GFR changes
(10,21,110,115). The link between proteinuria and CVD is commonly attributed to
endothelial injury, but proteinuria also signals changes in renal metabolism of ApoA-I
affecting levels, composition, and function of HDL particles. It is likely that HDL is affected
differently in different stages of CKD. This concept is illustrated in Figure 2. For example,
mild CKD with proteinuria may increase renal catabolism and urinary loss of ApoA-I and
small HDL particles, whereas advanced CKD may mostly trigger extra-renal effects of
increased hepatic uptake and catabolism of HDL.

CKD Alters HDL Composition

There is no a specific footprint for HDL of patients with CKD. The HDL proteome of
dialysis patients has reduced levels of ApoA-1, ApoA-Il, ApoM, and higher levels of SAAL,
ApoC-I1l, ApoC-IlI, ApoA-IV, albumin, lipoprotein-associated phospholipase A2 (Lp-
PLAZ2), surfactant protein B (SP-B), and a-1-microglobulin/bikunin precursor (116-119).
Levels of SP-B, SAAL and pigment epithelium-derived factor progressively increased in
HDL of patients whose CKD progresses from moderate to severe to ESRD (116). A study of
HDL from kidney transplant patients with reduced (eGFR >40 mL/min) or poor renal
function (eGFR <30 mL/min) and patients on hemodialysis revealed that HDL protein
distribution of transplanted patients with preserved renal function was similar to controls,
whereas that of transplanted patients with poor renal function was similar to that of
hemodialysis patients (120). These results suggest that alterations in the protein cargo of
HDL are linked to kidney function. Alterations in the HDL lipidome have also been
documented in CKD patients and include increased triglycerides and lysophospholipids and
decreased phospholipids and cholesterol (117).

Posttranslational modifications of HDL proteins and lipids by reactive oxygen/nitrogen
species or the resulting reactive carbonyls can profoundly affect its function (76,121-125).
CKD increases reactive oxygen/nitrogen species and increases myeloperoxidase (MPQ)
levels and activity, which affects HDL composition and alters functions such as ABCA1-
mediated cholesterol efflux, activation of LCAT, and endothelial cell survival (76,126-128).
MPO-catalyzed lipoprotein carbamylation involves formation of cyanate (a product of urea)
and e-carbamyl-lysine homocitrulline (HCit) (129,130). Levels of serum HCit and
carbamylated albumin predict mortality in ESRD-HD patients (131,132). Carbamylated
HDL was increased in atherosclerotic plaques of CKD patients (129). Protein carbamylation
generated by peroxidase-catalyzed oxidation of thiocyanate also predicts CV risk in
nonuremic individuals (129,133). Exposure of human coronary artery endothelial cells to
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cyanate promotes protein carbamylation to levels observed in uremic patients, reduces
expression of endothelial nitric oxide synthase, and increases tissue factor and plasminogen
activator inhibitor-1 expression in aortic tissue (134). Posttranslational modification by
glycation is another mechanism potentially causing dysfunctional HDL in CKD, especially
in individuals with CKD and diabetes, by reducing the ability of LCAT to esterify
cholesterol and decreasing PON1 levels (101,135-140). It must be noted that HDL
modifications in CKD may be subtle and detection of oxidized species not easy to
accomplish when using the entire HDL compartment rather than specific HDL subfractions
(141). Indeed, Weichhart et al. failed to detect increased oxidation of ApoA-I in CKD
patients compared with healthy controls (116).

CKD Alters Multiple HDL Functions

Cholesterol efflux—CKD impairs extraction of cellular lipids by HDL. In patients with
ESRD on hemodialysis, HDL had a dramatically reduced ability to accept cholesterol from
lipid-loaded macrophages (142). Interestingly, HDL from ESRD-HD diabetics showed
profound efflux impairment compared with HDL from diabetics without kidney disease. The
fact that this effect was not modified by statin use is consistent with the concept that statins
do not influence efflux and provide no benefit against CVD events in dialysis patients even
in the face of robust LDL-C reduction (22,34,35). Similarly impaired capacity of HDL to
promote efflux has been reported in other cohorts of dialysis patients (117,120,143).

Human monocyte THP-1 cells treated with a liver X receptor (LXR) agonist that increased
expression of ABCA1L, and ATP-binding cassette G1 (ABCG1) significantly increased
cholesterol efflux to control HDL (142). Significantly, LXR-activation of macrophage
ABCA1/G1 also increased cholesterol efflux to HDL from ESRD-HD patients. This is
interesting because uremic serum added to cultured coronary artery endothelial cells
dramatically reduced expression of ABCA1 (77), and uninephrectomy in mice aggravates
atherosclerosis by impairing ABCAL expression and cholesterol efflux (144).

The scenario may be different in subjects with more moderate renal disease. ApoB-depleted
serum from adults with stage 3 CKD had similar ABCA1-mediated cholesterol efflux but
reduced SR-BI-mediated efflux than controls (145). By contrast, preliminary studies have
reported significantly reduced efflux to HDL from stages 3-4 CKD patients (146). Children
with stages 2-5 CKD showed a progressive reduction in cholesterol efflux capacity of apoB-
depleted serum (143). Interestingly, HDL-mediated endothelial dysfunction correlated with
degree of renal impairment and with levels of circulating markers of vascular dysfunction
(urate, angiopoietin-2, IL-6), endothelial dysfunction (nitric oxide production, superoxide
production, vascular cell adhesion molecule-1 expression), and with clinical measures of
arterial disease (aortic pulse wave velocity, carotid intima-media thickness) (143). Although
renal transplantation and recovery of renal function (eGFR ~50 mL/min) improved markers
of endothelial and vascular function improved, cholesterol efflux capacity remained
depressed. Similarly, adults whose kidney function was restored by transplantation did not
correct the impairment in the capacity of HDL for cholesterol acceptor (120). Even after
stratification into transplant recipients with good graft function and poor graft function, the
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cholesterol acceptor capacity remained profoundly depressed in both groups and was not
different than in ESRD patients on hemodialysis.

These observations raise the possibility that cholesterol efflux capacity of HDL represents a
more severe or advanced disruption of normal HDL functionality, or requires more long-
standing disease and/or comorbidities. It is therefore notable that children with CKD or
ESRD requiring dialysis who do not have long-standing comorbidities or risk factors
characteristic of adults with CKD (diabetes, obesity, pre-existing CVD) have HDL that is
consistently revealed to have profound impairment in anti-inflammatory, anti-oxidative and
endothelial protection functions (143,147,148). By contrast, impairment in cholesterol efflux
capacity in not consistently observed. Thus, compared to children with no significant
reduction in cholesterol efflux capacity, the cohort with reduced cholesterol efflux was older
and already had demonstrable vasculopathy (abnormal aortic pulse wave velocity and
increased carotid intima-media thickness) (143,147). Although differences in cholesterol
efflux capacity in these studies could reflect different methodology for HDL isolation and
efflux measurement, it is also possible that reduced cholesterol efflux in the older cohort
reflects established CVD. In this connection, although reduced cholesterol efflux was
associated with prevalent CAD in adults with CKD, increased rather than decreased
cholesterol efflux was associated with risk of future Ml, stroke or death (149).

Anti-oxidant and anti-inflammatory effects—Anti-oxidant and anti-inflammatory
effects of HDL reflect the levels and activity of constituent HDL components that bind to
and dispose of endotoxins and oxidized phospholipids (52,119,150-152). The capacity of
HDL from CKD patients to prevent LDL oxidation is markedly diminished
(52,119,150,152). Compared to normal controls, HDL from CKD patients show decreased
levels of paraoxonase (30%), glutathione peroxidase (50%), LCAT (60%) and ApoA-I
(41%) (78). Even though proteomic analysis of uremic HDL did not show a significant
difference in PON1 (153), enzyme activity was about half of that observed in HDL of
controls (120). These observations complement an earlier study reporting that individuals
with low antioxidant activity of HDL had more co-morbidities and increased risk of
cardiovascular and all-cause mortalities than individuals with normal HDL (52). In a recent
prospective study of >400 dialysis patients, high levels of oxidized HDL were associated
with increased CIMT, whereas a combination of high ox-HDL and high IL-6 predicted
greater risk for CVD events and CVD-related mortality (154). PON and arylesterase activity
are low even in moderate CKD and appear to associate with rates of nonfatal myocardial
infarction, stroke, and death (155).

The antioxidant and anti-inflammatory activity of HDL may be linked. THP-1 macrophages
treated with HDL isolated from ESRD patients on dialysis showed significantly greater
inflammatory response with increased interleukin-1 3 (IL-1p), interleukin-6 (IL-6) and
tumor necrosis factor-a (TNF-a) production, compared with the response elicited by normal
HDL (142). Moreover, whereas HDL from control subjects reduced MCP-1-induced
migration of THP-1 macrophages, HDL from hemodialysis patients provided no
antichemotactic effect. Similarly, amplified cytokine response was noted in macrophages
exposed to HDL isolated from children with dialysis-requiring CKD (147). HDL from CKD
patients has defective anti-inflammatory function. Among the 49 proteins altered in HDL of
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ESRD patients, only SAA levels inversely correlated with its anti-inflammatory potency
(116). Similarly, dramatic enrichment with SAA in HDL of dialysis patients was associated
with lower anti-inflammatory capacity and linked this effect to activation of formyl-peptide
receptor 2 (119). In subjects with normal kidney function, SAA can displace both ApoA-I
and PONL1, thus explaining reduced anti-oxidative and anti-inflammatory activity (156).
Because CKD is a chronic inflammation state, SAA enrichment may become a marker of
HDL dysfunction. A post-hoc analysis of the 4D study showed that HDL enrichment in
SAA was associated with risk of cardiovascular events, whereas HDL enrichment in SP-B
was associated with all-cause mortality (120).

Several studies have reported that SAA-enriched HDL reduces cholesterol efflux capacity
(117,157,158) although there is no consensus in the literature (61,159,160). No correlation
was found between macrophage cholesterol efflux capacity and markers of systemic
inflammation such as high sensitivity CRP or between cholesterol efflux capacity of HDL
and inflammatory macrophage response elicited by HDL of patients with ESRD-HD (142).
Additionally, statin therapy abolished the difference in cytokine response between HDL of
ESRD patients and normal controls, whereas impaired efflux capacity of uremic HDL
persisted under statin treatment. Interestingly, ATF3, a transcriptional repressor linked to
inflammation and cellular stress responses, is a novel mechanism by which HDL may exert
anti-inflammatory effects that are independent of its cholesterol transport capacity (161).
HDL induces changes in ATF3 causing decreased transcription of cytokines such as IL-6,
IL-12B, and TNFa. Interestingly, although the anti-inflammatory properties of HDL were
lost in mice and cells lacking Atf3, no differences in cholesterol transport were observed.
Thus, it is possible that separate and distinct pathways affect HDL-mediated cholesterol
handling and inflammation control.

Endothelial support—HDL protects the vascular endothelium. Early studies showed that
HDL vasodilates precontracted aortic segments, an effect linked to activation of endothelial
nitric oxide synthase and production of nitric oxide (NO). HDL is also known to stimulate
endothelial cell proliferation, migration, adhesion molecule production, and cell survival and
repair (14,162-164). HDL of CKD patients has shown impairment in several of these
functions, as they are less effective in suppressing expression of vascular cell adhesion
molecules, have impaired ability to support endothelial cell survival and repair, and promote
rather than decrease monocyte adhesion to the endothelium (147,148). HDL of CKD
patients are also less effective in restoring endothelial cell proliferation following TNF-a
stimulus, results that are in line with observations that uremic serum impairs endothelial cell
proliferation (165,166).

HDL from adults and children with stages 2—4 CKD promote endothelial dysfunction by
stimulating generations of reactive oxygen species and inhibiting endothelial NO
bioavailability. The underlying mechanism appears to involve symmetric dimethylarginine
(SDMA), the structural isomer of asymmetric dimethylarginine (ADMA), endogenous
products of protein methylation that accumulate as kidney function decreases. Increased
levels of SDMA/ADMA have been linked to increased CVD risk (148). HDL of patients
with CKD show increased content in SDMA, and SDMA-containing HDL interact with
endothelial TLR2 leading to enhanced NADP-dependent ROS production and reduced
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endothelial NO bioavailability in vitro. In mice, SDMA in HDL causes hypertension and
impaired re-endothelialization after carotid injury. Notably, infusion of SDMA-enriched
HDL into TLR2-deficient mice does not cause hypertension, confirming a key role of
TLR-2 in mediating the effects of dysfunctional HDL. In a separate study, levels of HDL-
associated SDMA were inversely related to endothelial cell production of NO (143).
Further, HDL-induced endothelial NO production is progressively reduced in individuals
with stages 2-5 CKD, with the most profound changes in dialysis patients. Overall, these
observations suggest that SDMA accumulation on HDL may be the mechanism that links
endothelial dysfunction, hypertension, and atherosclerosis in CKD patients (167,168).

Conclusions

Many systemic diseases can influence HDL composition and function. CKD, particularly in
advanced stages, disrupts the ability of HDL to extract cellular cholesterol, control
inflammation and oxidation, and protect the endothelium, likely contributing to the
exaggerated rate of CVD in renal patients. The fact that dialysis patients are not protected by
statin therapy is compatible with the notion that an aberrant HDL disallows the CVD
benefits of drastic LDL reductions. Identifying the structural and functional characteristics
of the HDL of CKD patients may go a long way in developing therapeutic strategies based
more on reinstating proper HDL function than in doggedly increasing levels of HDL
cholesterol.
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Figure 1.
Relative risk reduction and residual cardiovascular risk in the general population and

patients with chronic kidney disease (CKD) or end-stage renal disease (ESRD) on
maintenance dialysis. (A color figure can be found in the online version of this article.)
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Figure2.

The kidney and high-density lipoprotein (HDL) metabolism.

(A) Under normal conditions,

ApoA-I and small HDL3 cross the glomerular filtration barrier and are taken up by the
cubilin-megalin complex to undergo catabolism, be reabsorbed and brought back into the
circulation, or be lost in the urine. (B) In proteinuric conditions, greater quantity of ApoA-I,
HDL3 as well as larger HDL particles such as HDL2 cross the glomerular filtration barrier.
(C) In CKD, as GFR falls, fewer HDL particles can be filtered and reduced HDL-C may
reflect increased catabolism in the liver. (A color figure can be found in the online version of

this article.)
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Lipid and apolipoprotein profile across CKD

Table 1

Pre-dialyssCKD Nephroticsyndrome Hemodialysis Peritoneal dialysis
Total cholesterol -1 ™~ -l 1+
LDL cholesterol —7T ™~ — 1T
Small dense LDL T T T 1
ApoB - ™ ) )
HDL 1 - 1 1
Triglyceride T T ™
Lp(a) ) ™ ) ™
ApoA-1 — -1 1 1

CKD, chronic kidney disease; LDL, low-density lipoprotein.
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