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Abstract

Patients with chronic kidney disease (CKD) have a substantial risk of developing coronary artery 

disease. Traditional cardiovascular disease (CVD) risk factors such as hypertension and 

hyperlipidemia do not adequately explain the high prevalence of CVD in CKD. Both CVD and 

CKD are inflammatory states and inflammation adversely impacts lipid balance. Dyslipidemia in 

CKD is characterized by elevated triglycerides and high density lipoprotein that is both decreased 

and dysfunctional. This dysfunctional high density lipoprotein becomes pro-inflammatory and 

loses its atheroprotective ability to promote cholesterol efflux from cells, including lipid-

overloaded macrophages in the arterial wall. Elevated triglycerides result primarily from defective 

clearance. The weak association between low density lipoprotein cholesterol level and coronary 

risk in CKD has led to controversy over the usefulness of statin therapy. This review examines 

disrupted cholesterol transport in CKD, presenting both clinical and pre-clinical evidence of the 

impact of the uremic environment on vascular lipid accumulation. Preventative and treatment 

strategies are explored.
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Chronic kidney disease (CKD) impacts approximately 10–13% of the general population. 

CKD accelerates development of atherosclerosis and increases risk of cardiovascular disease 

(CVD) (1, 2). CVD is the primary cause of morbidity and mortality in these patients. Most 

patients with CKD die of cardiovascular events before reaching end stage renal disease 

(ESRD) (3). Cardiovascular damage starts early in the progression of kidney disease. Even 

mildly decreased glomerular filtration rate (GFR) or moderately increased albuminuria 
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(microalbuminuria) may be independent predictors for CVD or stroke (4, 5). Incidence and 

severity of CVD increase as GFR declines (6). While Framingham risk factors including 

hypertension, hypercholesterolemia, and diabetes mellitus (DM), are common in CKD 

patients (Fig. 1), they do not fully account for the magnitude of CVD risk in CKD (7–9). 

Exhaustive interventions to improve risk profile, such as controlling levels of low-density 

lipoprotein (LDL) -cholesterol or C-reactive protein (CRP), fail to improve cardiovascular 

outcomes

Nontraditional risk factors probably help to promote development of atherosclerosis in the 

presence of decreased kidney function (10, 11) (Fig. 1). These include inflammation, uremic 

toxins, oxidative stress, carbamylation, nitric oxide (NO) depletion, hyperhomocystinemia, 

and altered metabolism of lipids, calcium and phosphate (12, 13). Endothelial dysfunction is 

a common feature of CKD that occurs early and is a predictor of CVD (14, 15).

Pathology studies have demonstrated that coronary atherosclerosis and calcification are 

more frequent and advanced in CKD patients compared with non-CKD patients (16, 17). 

Soft tissue mineralization in the form of arterial calcification is a marker of atherosclerosis 

and a strong predictor of cardiovascular events (18). A recent imaging study comparing non-

culprit coronary atherosclerotic plaques from CKD and non-CKD patients in the 

Massachusetts General Hospital Optical Coherence Tomography Registry showed more 

prevalent calcification and cholesterol crystals in plaques of CKD patients (19). Cholesterol 

crystals trigger inflammation and destabilize plaque. Greater severity of atherosclerosis in 

CKD patients may be associated with impaired lipid and calcium phosphate metabolism.

Atherosclerosis is thought to be accelerated in CKD due to accumulation of atherogenic 

oxidation-prone lipoproteins and small dense LDL particles, along with high density 

lipoprotein (HDL) paucity and qualitative dysfunction, oxidative stress and inflammation. 

This review will consider the multiple lipid-related mechanisms that contribute to 

cardiovascular risk in CKD beyond serum cholesterol levels.

The Lipid Profile in CKD and its Relationship with CVD

Dyslipidemia is common in CKD. Epidemiological studies have shown that the incidence of 

CKD is associated with increased plasma triglycerides and very low density lipoprotein 

(VLDL) cholesterol as well as decreased HDL cholesterol (20, 21). Intermediate-density 

lipoproteins and chylomicron remnants may accumulate. Total and LDL cholesterol levels 

are often within normal limits or somewhat reduced (22). LDL cholesterol levels are less 

predictive of cardiovascular risk in CKD, especially in those with lower GFR. Despite this, 

the benefit of lipid lowering in this population has been demonstrated (23, 24). While total 

cholesterol in the general population is linked to the risk of developing and dying from 

CVD, data from the CKD population have been less clear. In fact, a ‘reverse epidemiology 

phenomenon’ has been found in dialysis patients, with lower cholesterol levels associated 

with higher mortality rates, possibly reflecting the profound malnutrition and inflammatory 

status present in this population (25). While these findings with advanced kidney disease 

and ESRD collectively suggest alterations in the atherogenic mechanisms compared with the 

general population, the discussion here will focus on patients with non-dialysis-dependent 
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CKD, as the underlying processes may not be identical in dialysis patients compared to 

earlier stages of kidney disease.

Perhaps more important than any quantitative change in cholesterol is the alteration in 

lipoprotein structure. The lipoproteins found in CKD patients are disproportionately 

modified, with LDL that is enriched in triglycerides and an increased proportion of small-

dense LDL (Table 1). LDL is comprised of a heterogeneous range of particles with variable 

atherogenic potency. LDL particles vary in size, buoyant density and structure. Small dense 

LDL is believed to be markedly pro-atherogenic and this is attributed to its ability to 

infiltrate the vessel wall and its increased susceptibility to oxidative modification (26–30). 

Small dense LDL is able to breach the endothelial monolayer and bind to proteoglycans of 

the extracellular matrix in the arterial intima (31). The small dense LDL particles then 

remain trapped in the intima where they can be oxidized by NADPH (reduced nicotinamide 

adenine dinucleotide phosphate) oxidases or myeloperoxidase (MPO) or via nonenzymatic 

oxidation. Studies link small dense LDL to CVD risk even with normal total LDL (32, 33). 

Shoji et al (34) demonstrated that small dense LDL is a clinically relevant marker of carotid 

atherosclerosis useful in atherosclerotic risk assessment. Accumulation of small dense LDL 

particles has been observed in CKD patients (35, 36).

High triglycerides is one of the most common lipid abnormalities in CKD patients (37). The 

ratio of triglyceride to cholesterol is also increased in both LDL and HDL particles in these 

patients. Increased serum triglyceride levels indicate the presence of increased chylomicron 

remnants, which can penetrate vascular endothelium and lead to atherosclerosis. Normally, 

triglyceride-rich VLDL released from the liver is converted to intermediate density 

lipoprotein by lipoprotein lipase (LPL)-catalyzed hydrolysis of the lipids. In CKD, there is 

an upsurge in triglyceride-rich lipoproteins such as VLDL because of decreased levels of 

endothelium-bound LPL and mounting levels of apolipoprotein (Apo)-CIII, a competitive 

inhibitor of the activity of LPL (38). LPL anchors to the capillary endothelial surface and 

catalyzes the hydrolysis of triglycerides and phospholipids within VLDL and chylomicrons 

(39). CKD leads to downregulation of LPL and the VLDL receptor in adipose tissue, 

skeletal muscle and cardiac muscle (22). When the VLDL receptor is reduced in adipocytes 

and myocytes, they are less able to clear VLDL and its transformation into intermediate-

density lipoprotein and LDL is limited. Remnant lipoproteins (intermediate-density 

lipoprotein and VLDL) are the primary plasma carriers of cholesterol for delivery to all 

tissues and their accumulation has been shown to promote atherosclerosis progression (40).

Lipoprotein(a) (Lp(a)) is a modified LDL which has a highly glycosylated Apo(a) linked to 

ApoB100 by a disulfide bridge. Elevated levels of small isoforms of Lp(a) are considered a 

risk factor for CVD and elevated Lp(a) concentrations are resistant to lipid lowering drugs. 

Lp(a), which may have atherothrombotic properties (41), accumulates in the vascular wall in 

human atherosclerotic lesions. Serum Lp(a) is increased in persons with kidney failure, 

possibly because the kidney degrades Lp(a) (42,43). Upon restoration of kidney function by 

transplantation, Lp(a) levels decrease (44).

Cholesterol levels amongst patients with CKD may not have the same relationship with 

CVD as holds in the general population. Applying guideline based LDL cholesterol targets 
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may be less useful in the CKD population. Despite this, convincing cardiovascular event risk 

reduction benefits of statins have been demonstrated in the non-dialysis-dependent CKD 

population though the benefits are dampened compared to the general population and appear 

more uncertain with more advanced stages of CKD (45, 46). In a data analysis of the 

Modification of Diet in Renal Disease (MDRD) Study, a multicenter randomized clinical 

trial with mainly stage 3 and 4 CKD patients, hyperlipidemia was found not to be 

independently associated with all-cause mortality, CVD mortality or CKD progression (47). 

In this study, 840 adults aged 18–70, mean arterial pressure<125mmHg and elevated 

creatinine (1.4~7.0mg/dL in men and 1.2~7.0mg/dL in women) were enrolled. Patients with 

insulin dependent DM, prior kidney transplantation, known renal artery stenosis, Class III or 

IV New York Heart Assocation congestive heart failure, and those with frequent 

hospitalizations were excluded. A majority of patients (95%) did not have DM. Mean 

concentrations of HDL and non-HDL cholesterol were 40±14 and 177±45 mg/dL, 

respectively, and median triglyceride level was 140 mg/dL, with an interquartile range of 

115 mg/dL. Statins were used in 4% of the cohort, and 9% of the total were on a cholesterol-

lowering regimen. During the median 10 year follow-up, no association between any of the 

lipid variables and all-cause mortality was found in unadjusted or adjusted analyses. In an 

analysis of the data in which HDL cholesterol, non-HDL cholesterol, and log-transformed 

triglycerides were continuous variables, no association with all-cause mortality or CVD 

mortality was found. In another study by Shlipak, involving an elderly cohort (mean age 

75±6) with mild to moderate CKD (mean 50 ± 10 [SD] mL/min), hyperlipidemia was again 

found not to be associated with CVD mortality over the average follow-up of 8.6 years (48).

Nephrotic syndrome, characterized by proteinuria of 3.5 g/d, anasarca and 

hypoalbuminemia, is associated with lipid derangements. A pattern of elevated LDL, Apo-B 

and triglyceride levels is frequently observed due to a combination of increased hepatic 

lipoprotein synthesis and reduced catabolism. Reduced clearance as well as overproduction 

of Apo-B has been demonstrated in nephrotic syndrome. Experiments performed in 

puromycin-induced nephrotic rats indicate upregulated activity of HMG-CoA (3-hydroxy-3-

methylglutaryl-coenzyme A) reductase (Table 1), the rate-limiting enzyme in cholesterol 

biosynthesis, which leads to increased LDL production. In this animal model, acquired LDL 

receptor deficiency and lack of LDL clearance by hepatic cholesterol 7α-hydroxylase 

combined with enhanced LDL production increases systemic LDL level (49, 50). In 

addition, acyl coenzyme A:cholesterol acyltransferase 2 (ACAT-2), which facilitates the 

formation of cholesterol esters in hepatic and intestinal cells, is upregulated. Elevated 

ACAT-2 levels contribute to overproduction of Apo-B-containing lipoproteins, including 

LDL (51). Thus, nephrotic rats exhibit a 3- to 4-fold increase in liver tissue ACAT-2 mRNA 

and protein expression and enzymatic activity, corresponding to a significant reduction of 

free cholesterol in hepatic tissue (52).

CKD is associated with an alteration in the HDL fraction (49). Thus, reduction in the level 

of cardio-protective HDL2 and an increase in lipid-poor HDL3 is noted in CKD (53–55). 

Derangements in the ratio of cardio-protective, lipid-rich HDL2 to lipid-poor HDL3 may 

limit the HDL-mediated clearance of cholesterol from extrahepatic tissues. This unbalanced 

HDL ratio may be a consequence of severe proteinuria with urinary loss of lecithin-

cholesterol acyltransferase (LCAT), a critical enzyme in HDL maturation (53, 56).
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It has been postulated by Chawla and others (47) that the atherogenic effects of 

hyperlipidemia are diluted by the presence of other competing CVD risk factors or that CKD 

itself may lead to cardiac disease mortality from cardiomyopathy, small vessel coronary 

disease and arteriosclerosis rather than the typical large vessel coronary artery disease 

associated with hyperlipidemia. Additional observations of worsened cardiovascular death 

risk without clear association to cholesterol may be explained by the increased role of 

inflammation and the altered role of adenosine triphosphate binding cassette (ABC) 

transporters with advanced CKD (21).

The concurrent presence of the metabolic syndrome amplifies the inflammatory state at 

various stages of CKD, as extrapolated from NHANES (National Health and Nutrition 

Examination Survey) III data (57). The accumulation of pro-inflammatory markers in the 

uremic milieu is further associated with inflammation-malnutrition syndrome characterized 

by oxidative stress, inflammatory reaction, elevated oxidized LDL and endothelial injury 

promoting atherosclerosis (58).

Impaired Reverse Cholesterol Transport

Reverse cholesterol transport is a process responsible for clearing excess cholesterol from 

the arterial wall and is therefore considered a crucial defense mechanism against 

atherosclerosis. Cellular cholesterol homeostasis is exquisitely maintained so that 

cholesterol inflow is balanced by cholesterol outflow. Influx of oxidized lipids and 

lipoproteins occurs mainly though scavenger receptors. Cholesterol efflux occurs through 

multiple pathways. In reverse cholesterol transport, excess cholesterol is moved from 

peripheral cells, such as lipid-overloaded macrophages found in atherosclerotic plaque, to 

the plasma and finally to the liver for excretion into feces either as neutral sterols or after 

metabolic conversion into bile acids (59).

Reverse cholesterol transport begins with cholesterol export from macrophages to serum 

lipoproteins, which serve as extracellular cholesterol acceptors. Cholesterol removal from 

macrophages can proceed via the ABC transporters ABCA1 and ABCG1, the scavenger 

receptor (SR)B1 and through passive aqueous diffusion (60). ABCA1 promotes the efflux of 

cholesterol and phospholipid from macrophages to lipid-poor Apo-AI, the major protein 

component of HDL. Apo-AI takes up the transported cholesterol and phospholipids to form 

nascent HDL (Fig. 2) (61). The critical role of ABCA1 is apparent in Tangier disease, a 

severe HDL deficiency disorder caused by mutations in ABCA1. Tangier disease is 

characterized by rapid turnover of plasma Apo-AI, accumulation of cholesterol esters in 

many tissues, and prevalent atherosclerosis (62). Alternatively, cholesterol can be effluxed 

by ABCG1 with more mature spherical HDL particles serving as acceptor molecules (Fig. 

2). ABCA1 and ABCG1 show additive activity in promoting macrophage reverse 

cholesterol transport in vivo (63, 64). SRB1 is bidirectional and transfers cholesterol both to 

and from extracellular HDL/Apo-AI to cells. It may be less critical than ABCA1 in the 

macrophage (65).

The plasma enzyme LCAT is activated by Apo-AI on nascent HDL to form cholesteryl ester 

from free cholesterol, prompting maturation from discoidal to spherical HDL. Esterification 
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of cholesterol by LCAT is a key step in reverse cholesterol transport (54). Cholesteryl ester 

transfer protein (CETP) mediates transfer of cholesterol ester from HDL to triglyceride rich 

lipoproteins (Fig. 2). Low CETP activity leads to higher HDL and may be cardioprotective 

(66, 67).

CKD adversely impacts reverse cholesterol transport at multiple levels. Cultured human 

coronary arterial endothelial cells exposed for 48 hours to 20% plasma from CKD patients 

exhibit decreased ABCA1 and ABCG1 expression versus controls (68). Plasma Apo-AI and 

HDL cholesterol content are significantly reduced in CKD likely due to impaired synthesis 

of Apo-AI by the liver and low LCAT activity (69). Patients with decreased kidney function 

frequently have LCAT deficiency, and the enzyme that is present shows reduced activity 

(53–55). Further contributing to low HDL in CKD is increased activity of CETP (56). HDL 

is reduced in CKD independent of confounders such as body mass index and diabetes (70). 

Low HDL in CKD was found to be associated with an increase in intermediate monocytes, a 

type of monocyte with poor cholesterol efflux capacity, low ABCA1 and elevated cytokine 

production. Higher levels of intermediate monocytes predict cardiovascular events in 

subjects at elevated cardiovascular risk (71).

HDL in CKD: Loss of Cardioprotective Properties

Under normal circumstances, circulating HDL acts to protect against atherosclerosis through 

reverse cholesterol transport. It also has anti-inflammatory and anti-coagulant properties 

(72). Further, HDL behaves as an anti-oxidant by removing oxidant molecules from the 

arterial wall, thus limiting oxidative modification of LDL and reducing exposure of 

macrophages to oxidized lipids (73). Elevated HDL is generally believed to protect from 

atherosclerosis (74). However, drugs or genetic polymorphisms that increase HDL fail to 

decrease cardiovascular events and it is now recognized that the relationship between HDL 

and atherosclerosis is complex (74, 75). HDL quality may be a more accurate indicator of 

cardiovascular risk than plasma concentration (76), and improperly functioning HDL may 

not be atheroprotective (77).

CKD is a pathological state associated with inflammation that alters the biological activity 

of HDL particles (12) (Fig. 3). HDL particle composition in individuals with CKD is 

abnormal, with depletion of large buoyant HDL and relative enrichment of small dense HDL 

(78, 79). In CKD, anti-oxidative and anti-inflammatory functions of HDL are impaired, 

possibly due to reduced activity of HDL-associated enzymes, such as paraoxonase 1 

(PON1), nitric oxide (NO) synthase (NOS) and LCAT (80, 81). These dysfunctional HDL 

particles promote phospholipid oxidation, accumulation of serum amyloid A and CRP, and 

induce cytokine production by monocytes and myeloid dendritic cells in patients with CKD 

(82, 83). Displacement of Apo-AI in HDL by serum amyloid leads to lower circulating Apo-

AI levels due to an increase in the fast catabolism of free Apo-AI by the kidney.

One of the potential pathways of converting an antiatherogenic HDL into its atherogenic 

forms in CKD and other pro-inflammatory conditions involves myeloperoxidase (MPO), an 

enzyme expressed by macrophages in the human artery wall (84). Modification of HDL 

causes specific loss of cholesterol acceptor activity, interferes with endothelial NOS activity, 

Reiss et al. Page 6

Am J Kidney Dis. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and impairs the ability of HDL to activate LCAT and the major HDL-associated anti-

inflammatory enzyme paraoxonase 1 (PON1) (80) (Fig. 2, 3).

PON1 activity is an essential mechanism by which HDL inhibits LDL oxidation. An 

increasing body of evidence suggests that PON1, an esterase associated with Apo-AI and 

clusterin in HDL, offers protection against oxidation of LDL (82, 85). PON1 also enhances 

cholesterol efflux from macrophages by forming lysophosphatidylcholine through lactonase 

activity on phospholipids which, in turn, promotes HDL binding mediated by ABCA1 (86).

Amongst the variables affecting the cellular handling of cholesterol and its accumulation in 

cells, HDL plays an important role in cholesterol efflux (87, 88). Given that the 

accumulation of cholesterol in cells is a factor which promotes atherogenesis, the ability of 

HDL to facilitate the efflux of cholesterol from cells may be able to modulate the risk of 

cardiovascular events. Recent work by Rohatgi et al provides strong evidence that this may 

be the case (88). In a study of patients from the Dallas Heart Study the authors used a 

method to measure the efflux of cholesterol labeled with the fluorescent marker boron 

dipyrromethene difluoride and determined hazard ratios of cardiovascular events according 

to the quartile of cholesterol efflux capacity. This approach correlated moderately with a 

radiolabeled cholesterol methodology. They found an inverse association between 

cholesterol efflux capacity and cardiovascular events, with 67% fewer cardiovascular events 

in the highest versus lowest quartile of cholesterol efflux capacity (88). These findings 

suggest that measurement of cholesterol efflux might be a useful clinical tool to improve 

assessment of cardiovascular risk. This may have important applicability to patients with 

CKD who have dysfunctional HDL. For example, Yamamoto et al have shown that the HDL 

from patients receiving maintenance hemodialysis has a markedly reduced ability to mediate 

cholesterol efflux from macrophages compared to HDL from healthy controls with matching 

clinical and demographic characteristics (89). It should be noted that the assays in these two 

studies utilized murine and human macrophage cell lines, respectively, and there may be 

differences between macrophage behavior in these experimental settings and the behavior of 

macrophages in vivo. Nevertheless, these findings suggest that reduced cholesterol efflux 

from macrophages mediated by abnormal HDL may, at least in part, be responsible for the 

increased cardiovascular event rate in patients with kidney disease and that cholesterol 

efflux assays may be useful as biomarkers for CVD.

HDL normally promotes repair of endothelium and increases bioavailability of NO by 

activating endothelial NOS (90). However, HDL from CKD patients loses its vasoprotective 

properties and may have adverse effects on vascular endothelium by inhibiting NO 

production (Fig. 2, 3), promoting superoxide production, and increasing vascular cell 

adhesion molecule 1 (VCAM-1) expression (91, 92). Abnormal HDL may contribute to the 

high levels of VCAM-1 found in patients with CKD and reduced GFR (93, 94).

Uremic Toxins

Indoxyl sulfate, a uremic toxin derived from dietary protein via metabolism by intestinal 

bacteria, accumulates in the serum of CKD patients due to decreased kidney clearance. 

Indoxyl sulfate is a powerful inducer of free radicals that lead to oxidative stress (95). It is a 
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nephrotoxin involved in the progression of CVD in CKD (96). Indoxyl sulfate affects 

endothelial function by upregulating adhesion molecules such as VCAM-1 and inhibiting 

endothelial cell proliferation (97, 98). It also stimulates vascular smooth muscle cell 

proliferation (99–101) (Fig. 4).

Malondialdehyde, a byproduct of peroxidation of polyunsaturated fats, is a widely used 

measure of reactive oxygen species (ROS) status and its level is raised in CKD (102) (Fig. 

2). Malondialdehyde-modified LDL, which is believed to be an indicator of the overall level 

of oxidized LDL, is a marker of coronary artery disease severity (103).

Uremic conditions lead to an increase in carbamylated LDL, which is produced through 

post-translational modification of LDL by cyanate derived from urea or thiocyanate. 

Carbamylated LDL has atherogenic properties (104, 105), triggers ROS production, and 

causes endothelial dysfunction with impaired vascular relaxation (106, 107). It is cytotoxic 

to endothelium and induces adhesion molecules that attract monocytes while also promoting 

smooth muscle proliferation, all critical events in the atherogenic process (108, 109).

Treatment Approaches

Information on treatment and prevention of CVD in CKD is scarce, but studies indicate that 

CVD treatments that are effective in non-CKD patients may not improve outcome in CKD. 

Physicians should also be more cautious in using cardiac medications when kidney function 

is decreased and may need to adjust dosages (110).

Role of Lipid-Lowering Therapy

KDIGO (Kidney Disease: Improving Global Outcomes) strongly recommends statin therapy 

for all patients older than 50 years with CKD not treated with maintenance dialysis or 

kidney transplantation, and statin treatment in those younger than 50 years with 

atherosclerotic CVD risk above 10% over 10 years. Statins should not be initiated in patients 

on hemodialysis. KDIGO does not recommend using LDL as a determinant of need for 

treatment or as a treatment target (111, 112). However, benefits of statins in CKD remain a 

point of controversy. The Study of Heart and Renal Protection (SHARP), a randomized trial 

of 6247 patients with CKD of various stages and 3023 dialysis patients without a known 

history of myocardial infarction or coronary revascularization, evaluated therapy with 

simvastatin 20 mg daily plus ezetimibe 10 mg daily versus placebo. Over the median follow 

up 4.9 years, the study showed no significant difference between the two groups for 

coronary deaths, but the treatment group showed lower LDL and a significant 17% 

reduction in the risk of combined major atherosclerotic events, such as non-fatal myocardial 

infarction, ischemic stroke or coronary revascularization procedures. Overall mortality was 

unaffected (23, 24). The study was underpowered to detect the effects separately between 

dialysis and non-dialysis patients but a trend to reduced benefit of simvastatin/ezetimibe 

from Stage 3 successively to Stage 5 disease and ESRD was observed.

A meta-analysis of 50 studies compiled by Palmer et al showed that statins are effective as 

primary prevention in reducing cardiovascular events and death in adults with non-dialysis-

dependent CKD (45). Another meta-analysis encompassing 31 clinical trials supported the 
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benefit of statin therapy, demonstrating a 23% reduction in risk of cardiovascular events as 

well as a reduction in all-cause deaths, but this data also suggested similarly dampened 

benefit of statins with advancing CKD stages (113). In statin-treated CKD patients, a meta-

analysis of 50 trials concluded that statins significantly reduce lipid concentrations and 

cardiovascular outcomes in patients with non-dialysis-dependent CKD, but failed to improve 

all-cause mortality (114). Efflux capacity to HDL of ESRD patients, measured in cultured 

human macrophages, was not improved by statins (89).

Fibric acid derivatives (fibrates, such as fenofibrate and gemfibrozil) are used to reduce 

triglycerides and increase HDL in CKD patients (115). However, fibrates can elevate 

creatinine and increase risk for myopathy and rhabdomyolysis (116). KDIGO recommends 

against use of combination of statin and fibrates in CKD patients due to increased adverse 

events. Use of niacin to lower triglycerides and raise HDL can also be considered although 

its effectiveness in improving cardiovascular outcome has not been shown (117, 118).

Non-Lipid Lowering Effects of Statins and Novel Approaches to Reducing Inflammation 
and Oxidative Stress

As previously noted, the standard cholesterol profile does not correlate with overall 

mortality and cardiovascular mortality risk in advanced CKD patients, yet the data suggest 

that statins are associated with improved outcomes if ESRD has not been reached. While 

much of the statin effect may be related to the LDL reduction in the general population, it is 

conceivable that the pleiotropic effects of statins may play a greater role in CKD, especially 

related to their associated reduction in inflammatory markers, interleukin 6 and CRP. The 

observed trend of diminishing benefits with statin treatment with progressive advancement 

in CKD suggests the possibilities of modifications to the cholesterol structure and function, 

alteration of cholesterol transport balance and the predominance of other yet undefined 

series of competing risk factors with advancing CKD. The changes encountered in CKD 

may be on the basis of accumulating uremic toxins directly or the increase in systemic 

inflammation and appear to shift the pivotal point of treatment away from HMG-CoA 

reductase inhibition. Dietary and lifestyle interventions may represent another approach to 

reducing adverse outcomes in CKD (119). For example, following a high fiber diet (23 

grams per day) for six weeks was found to improve the lipid profile in CKD patients, 

leading to significantly decreased LDL, total cholesterol, and cholesterol-HDL ratio (120).

Our group has found that the dietary supplement resveratrol, found in some foods and herbal 

medicines with large consumption worldwide, improves lipid handling and impedes 

atherosclerotic processes in murine and cell culture models (121). Toklu and colleagues used 

a hypertensive rat model to show that resveratrol is cardioprotective through improvement 

of oxidant status and inhibition of lipid peroxidation (122). Resveratrol has a favorable 

safety record and is well-tolerated; it is also inexpensive and can be combined with other 

therapies without contraindication (123), and thus may merit evaluation as an adjunct 

treatment in CVD in the setting of decreased kidney function (124).
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Future Directions

The traditional cholesterol profile focuses on the systemic and hepatic metabolism of lipids. 

This traditional CVD risk profile is useful in the general population but in CKD it is 

conceivable that the effects of more localized atherosclerotic factors in arterial endothelial 

cells and intimal macrophages become predominant, negating the systemic circulatory 

levels. The levels of several genes, referred to here as the “cholesterol metabolic signature,” 

are pivotal in cholesterol movement and may influence the atherosclerotic burden, especially 

in CKD patients. Influx of cholesterol is regulated by the LDL receptor, scavenger receptors 

(CD36, SRA1, and SRB1), and the lectin-like oxidized LDL receptor (LOX-1). Efflux via 

reverse cholesterol transport is controlled by 27-hydroxylase, ABCA1, ABCG1, liver X 

receptor (LXR)-α/β. Animal models of CKD show upregulation of LXR mRNA and its gene 

products, but lipid accumulation is noted, further demonstrating the collective dysregulation. 

Murine models of decreased kidney function show decreased ABCA1 and impaired 

macrophage cholesterol efflux (122). Exploring the contribution of these cholesterol movers 

to abnormal lipid balance in CKD may lead to novel targeted approaches to prevention and 

treatment in this vulnerable population.

Conclusions

CKD is a worldwide public health issue and has been identified as a major risk factor for 

atherosclerotic CVD (125, 126). In the early stages of CKD patients are more likely to die of 

CVD than they are to eventually progress to ESRD (127). Thus, CKD can be defined as a 

pro-atherogenic state (128). The atheroma–promoting CKD milieu fosters dyslipidemia, 

impaired HDL function and disrupted reverse cholesterol transport. Factors contributing to 

this atherogenic environment include the presence of uremic toxins, persistent inflammation 

and oxidative stress.

In addition to its relationship to overt CVD, CKD may lead to clinically silent myocardial 

injury (129). Detection of subclinical CVD may lead to successful treatment and better 

outcome. At present, concerted medical management (including lifestyle modifications) 

remains the treatment approach of choice in CKD-related CVD. Novel approaches targeted 

to the CKD population to restore HDL quality, reduce oxidative damage and improve 

cholesterol handling require new initiatives.
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Figure 1. CKD and CVD risk factors and their interplay
Traditional risk factors are found in both the CKD and non-CKD population. Nontraditional 

risk factors may result from or be worsened by CKD and negatively impact the 

cardiovascular system in the CKD population.
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Figure 2. Reverse cholesterol transport in chronic kidney disease
CKD alters lipoprotein composition through multiple mechanisms, not all of which are 

understood. Loss of protein is thought to contribute, as is augmented production of ROS. 

Inflammation and ROS may lead to accumulation of modified LDL (mLDL), such as highly 

oxidized LDL (oxLDL) or carbamylated LDL (cLDL). Internalization of modified LDL in 

macrophages occurs via the major scavenger receptors (CD36, SRA-1, LOX1) and 

contributes to foam cell formation. The presence of mLDL enhances expression of the 

ABCG1 transporter. In CKD, an elevated level of ACAT-2 facilitates formation and 

domination of cholesterol esters. Removal of free cholesterol from macrophages proceeds 

via SR-B1, which contributes to HDL formation through both ABC transporters (ABC) A1 

and ABCG1. Cholesterol and phospholipids are eliminated through formation of nascent 

HDL from circulating Apo-AI. ABCA1 and ABCG1 show additive activity in promoting 

macrophage reverse cholesterol transport. Nascent HDL is generated when Apo-AI interacts 

with ABCA1. Uptake of free cholesterol and its conversion to cholesterol ester is mediated 

by LCAT and results in transformation of HDL3 to HDL2. In kidney disease, conversion of 

HDL3 to HDL2 is impaired because of LCAT deficiency. CETP mediates transfer of 

cholesterol ester from HDL to triglyceride rich lipoproteins - VLDL. In CKD, increased 

activity of CETP is detected, which contributes to low plasma HDL. In uremic patients on 

maintenance hemodialysis, cholesterol efflux capacity of HDL is markedly reduced when 

compared to HDL from healthy subjects. Moreover, anti-oxidative and antiinflammatory 
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functions of HDL are impaired due to reduced activity of PON1. HDL from CKD patients 

loses its vasoprotective properties, inhibiting NO production and increasing vascular cell 

adhesion Oxidative modifications of HDL limit the ability of HDL to bind to SR-B1 to 

unload esterified cholesterol to the liver.

Abbreviations: ABCA1 and G1, ATP-binding cassette sub-family A1 and G1 members; 

ACAT, acyl coenzyme A:cholesterol acyltransferase; apoA-I; apolipoprotein A-I; CETP, 

cholesteryl ester transfer protein;; HDL, high density lipoprotein; LCAT, lecithin cholesterol 

acyltransferase; LOX1, lectin-like oxidized LDL receptor 1; NO, nitric oxide; PON1, serum 

paraoxonase/arylesterase 1; ROS, reactive oxygen species; SRA1/B1, scavenger receptor 

class A member 1/class B member 1; VLDL, very low density lipoprotein.

Reiss et al. Page 20

Am J Kidney Dis. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Changes in HDL functions mediated by CKD
Small dense HDL particles dominate in individuals with CKD. Chronic pro-inflammatory 

conditions activate macrophages, releasing myeloperoxidase (MPO). MPO-derived oxidants 

modify HDL, which impairs the functioning of HDL-associated enzymes, such as 

paraoxonase 1 (PON1), nitric oxide (NO) synthase and lecithin cholesterol acyltransferase 

(LCAT). These enzymes are essential for anti-oxidative, anti-inflammatory and 

vasoprotective properties of unmodified HDL.
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Figure 4. CKD-mediated progression of atherosclerosis
Pro-inflammatory cytokines and uremic toxins are elevated in the serum of CKD patients. 

These substances directly modify LDL, and either directly or through modified LDL, 

activate inflammatory pathways. Enhanced uremic toxins and modified LDL – carbamylated 

or oxidized (cLDL or oxLDL), mediate the release of adhesion molecules and reactive 

oxygen species (ROS). Activation of pro-inflammatory signaling pathways leads to 

endothelial injury and dysfunction, vascular smooth muscle cell proliferation and CVD 

progression.
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Table 1

The Lipid Profile in CKD.

Type of lipid abnormality Implication in atherosclerotic CVD Reference

Presence of small-dense LDL Small dense LDL are highly susceptible to oxidative modification and serve as a 
marker of carotid atherosclerosis

[25–36]

Decreased levels of 
endothelium-bound LPL

Decreased clearance of remnant LDL: VLDLs are not converted to IDLs and LDLs 
and accumulate in the blood stream; this results in increased systemic LDL level and 
elevated cholesterol and triglyceride levels

[20, 21, 22, 35–
40]

Elevated level of Lp(a) Lp(a) accumulates in the vascular wall in atherosclerotic lesions and is resistant to 
lipid lowering drugs; an elevated level of Lp(a) is an independent risk factor for CVD

[41–44]

Upregulated activity of HMG-
CoA reductase and ACAT-2

Promotes accumulation of cholesterol esters in the fat droplets, reduced capacity to 
absorb cholesterol, and overproduction of Apo-B-containing lipoproteins (LDL, 
VLDL)

[49–52]

Reduction in activity of LCAT 
and PON1

Leads to accumulation of nascent preβ-HDL due to impaired maturation of HDL 
particles, conversion of lipid-rich HDL2 to lipid-poor HDL3, and limited HDL-
mediated clearance of cholesterol from extrahepatic tissues

[49–56, 80–82, 
85, 86]

Abbreviations: CKD, chronic kidney disease; CVD, cardiovascular disease; LDL, low-density lipoprotein; HDL, high-density lipoprotein; LPL, 
lipoprotein lipase; VLDL, very low density lipoprotein; IDL, intermediate density lipoprotein; Lp(a), Lipoprotein(a); HMG-CoA, 3-hydroxy-3-
methylglutaryl-coenzyme A; acylcoenzyme A:cholesterol acyltransferase-2; apoB, apolipoprotein B; LCAT, lecithin-cholesterol acyltransferase; 
PON1, paraoxonase 1.
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