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Abstract

The strong inverse relationship between low levels of high density lipoproteins (HDLs) and 

atherosclerotic cardiovascular disease (CVD) led to the designation of HDL as the “good” 

cholesterol. The atheroprotection is thought to reflect HDL’s capacity to efflux cholesterol from 

macrophages, followed by interaction with other lipoproteins in the plasma, processing by the liver 

and excretion into bile. However, pharmacologic increases in HDL-C levels have not led to 

expected clinical benefits, giving rise to the concept of dysfunctional HDL, in which increases in 

serum HDL-C are not beneficial due to lost or altered HDL functions and transition to “bad” HDL. 

It is now understood that the cholesterol in HDL, measured by HDL-C, is neither a marker nor the 

mediator of HDL function, including cholesterol efflux capacity. It is also understood that besides 

cholesterol efflux, HDL functionality encompasses many other potentially beneficial functions, 

including antioxidant, anti-inflammatory, antithrombotic, anti-apoptotic, vascular protective effects 

that may be critical protective pathways for various cells, including those in the kidney 

parenchyma. This review highlights advances in our understanding of the role kidneys play in 

HDL metabolism, including the effects on levels, composition, and functionality of HDL particles, 

particularly the main HDL protein, apolipoprotein AI (apoAI). We suggest that normal 

apoAI/HDL in the glomerular filtrate provides beneficial effects, including lymphangiogenesis, 

that promote resorption of renal interstitial fluid and biological particles. In contrast, dysfunctional 

apoAI/HDL activates detrimental pathways in tubular epithelial cells and lymphatics that lead to 

interstitial accumulation of fluid and harmful particles that promote progressive kidney damage.
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Introduction

Decades of epidemiological and observational studies have documented an inverse 

relationship between low levels of HDL-cholesterol (HDL-C) and increased risk of 

cardiovascular disease (CVD) [1]. The strong association provided the framework for 
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labeling HDL as the “good cholesterol” and generated substantial interest in developing 

treatment strategies for CVD. Recently, however, randomized controlled trials of HDL-C 

raising therapies, including nicotinic acid, fenofibrate and inhibitors of cholesterol ester 

transfer protein (CETP), have not shown reduction in cardiovascular event rates [2–5]. 

Moreover, in Mendelian randomization studies, several polymorphisms and rare mutations 

were associated with levels of HDL-C, but did not track with CVD risk [6]. Although 

disappointing, these results have given way to the concept that cholesterol in HDL, which is 

measured by HDL-C, is neither a marker nor mediator of HDL function. Instead, particle 

number, composition, and HDL functionality are considered better predictors of CVD risk 

[7]. These HDL characteristics reflect hepatic metabolism and remodeling occurring in the 

circulation. The kidneys have not been regarded as important regulators of lipid and 

lipoprotein metabolism because the glomerular filtration barrier prevents passage of all but 

the smallest size molecules. However, HDL is not synthesized as an intact particle, but is 

assembled and remodeled from its constituent lipids, apolipoproteins and enzymes. 

Metabolism of HDL also does not proceed by removal of the holoparticle, and instead 

represents metabolism of its individual components. There is increasing evidence that 

chronic kidney disease (CKD) affects HDL level, particle number, composition and 

functionality, and participates in the conversion of normal “good” HDL with beneficial 

functions into dysfunctional “bad HDL” that not only promotes CVD, but also initiates/

propagates CKD. How kidneys regulate HDL and how HDL affects kidney function in 

children has not been studied although there is little evidence of major differences in the 

biological consequences of “good” and “bad” HDL between adults versus children.

The most recognized function of HDL is atheroprotection, although recent discoveries have 

revealed a wide range of biological actions that reflect the complexity of its structure and 

composition. HDL is a heterogeneous and multimolecular complex of particles that includes 

proteins, lipids, phospholipids and small amphiphilic and lipophilic molecules, which 

interact with many different cells including hepatocytes, vascular endothelial cells, 

adipocytes, pancreatic cells, skeletal muscles and macrophages. HDL is well documented to 

have a number of beneficial biological actions that can influence many tissues and organs 

(Figure 1). HDL is critical in: 1) reverse cholesterol transport (RCT), a multi-step, multi-

organ process to remove excess cholesterol from peripheral cells, transport it in plasma for 

delivery to the liver where the cholesterol is processed for biliary excretion into the 

intestines. Modulation of the first step in RCT, cellular cholesterol efflux, has been shown to 

predict subclinical atherosclerosis, likelihood of coronary artery disease, and acute 

cardiovascular events in the general population [8–10]. 2) HDL lessens oxidant stress which 

is linked to the level and activity of constituent enzymes, including paraoxonase, glutathione 

peroxidase, lipoprotein-associated phospholipase A2 (Lp-PLA2) as well as other HDL 

components that bind and dispose of endotoxins and oxidized phospholipids, including 

apoAI and LCAT. 3) HDL lessens inflammation by reducing formation of oxidized lipids 

and lipoproteins, and by removing oxidized phospholipids and fatty acids from lipoproteins 

through hepatic uptake. HDL blunts adhesion between circulating monocytes and 

endothelial cells by suppressing activation of both cells. 4) HDL protects the endothelium 

through inhibition of monocyte chemotaxis, adhesion molecule expression, enhanced nitric 

oxide and prostacyclin production. HDL supports repair, migration and proliferation of 
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endothelial cells that promotes angiogenesis while decreasing apoptosis. HDL also increases 

the number of circulating endothelial progenitor cells. 5) HDL has antithrombotic activities 

by reducing platelet aggregation, augmenting urokinase-dependent fibrinolysis as well as 

suppressing adhesion molecules on endothelial cells. 6) HDL detoxifies extracellular 

biohazards by inactivating hazardous molecules directly on its surface including bacterial 

lipopolysaccharides and xenobiotics. 7) HDL improves metabolic dysfunctions by 

stimulating synthesis and secretion of insulin by pancreatic β cells, as well as stimulation of 

glucose uptake and turnover in skeletal muscle, liver and adipose tissue.

This review will highlight the concept of a significant kidney role in the homeostasis of the 

HDL particle, specifically focusing on apolipoprotein AI (apoAI), the main protein in HDL, 

and its effects on podocytes, tubules and renal lymphatics. The discussion is divided into 

three sections: HDL Changes in CKD, Kidney Regulation of HDL Metabolism, and Kidneys 

as Targets of CKD-modified HDL.

HDL changes in CKD

CKD affects HDL levels—CKD causes abnormalities in lipids and lipoproteins, the 

extent and character of which depend on the degree of kidney impairment, underlying 

etiology, and whether proteinuria, especially nephrotic syndrome, is present. These 

dyslipidemias have recently been summarized in several excellent reviews [11, 12]. 

Classically, CKDrelated dyslipidemia is characterized by hypertriglyceridemia and 

depressed levels of circulating HDL-C. HDL-C reflects reduced synthesis, increased 

degradation, and abnormal clearance of HDL. Notably, unlike the general population, the 

link between low HDL-C and acute CVD events and mortality in CKD is unsettled [13–20]. 

This discrepancy is clearly illustrated by a large study of >33,000 patients on maintenance 

hemodialysis: patients with HDL-C <30 mg/dl, as well as those with HDL-C >60 mg/dl had 

a significantly increased risk of total and cardiovascular mortality [14]. The implication of 

these findings is that conditions that affect HDL composition/functionality, or therapeutic 

interventions to increase HDL-C levels, may be detrimental.

CKD affects HDL functionality

Cholesterol efflux capacity.: CKD degrades many beneficial functions of HDL (Figure 1). 

HDL cellular cholesterol efflux capacity (CEC), a central process in reverse cholesterol 

transport is impaired across the spectrum of CKD [21–23]. Monocytes of CKD patients have 

altered expression of lipoprotein receptors and transporters, including increased CD36, 

CD68 and reduced ABCA1, together with preferential accumulation of lipids compared to 

monocytes of control subjects [24, 25]. Only a few studies have described HDL functionality 

in children with CKD. Shroff et al. first showed that children with CKD have depressed CEC 

that becomes worse with progressive reduction in renal function [26]. The study also 

revealed that 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).
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Although many studies report reduced CEC in CKD, the precise relationship between CEC 

and kidney function is complicated. Thus, renal transplantation and recovery of renal 

function (eGFR ~50 ml/min) may improve endothelial and vascular function, however, CEC 

remains depressed [27]. Even after stratification of recipients into those with good versus 

poor graft function, CEC remained profoundly depressed in both transplant groups and was 

not different compared to patients on hemodialysis. These data suggest that CEC may 

represent a more severe or advanced disruption of normal HDL functionality, or that 

reduction in CEC requires long-standing disease and/or comorbidities, and may be 

especially recalcitrant to therapeutic interventions. It is therefore notable that children with 

CKD or end-stage renal disease (ESRD) requiring dialysis who did not have long-standing 

comorbidities or risk factors characteristic of adults with CKD (diabetes, obesity, pre-

existing CVD), have HDL that is consistently shown to have profound impairment in anti-

inflammatory, anti-oxidative and endothelial protection functions, but not consistent 

impairment of CEC [26, 28–30]. In a separate cohort of children with CKD, those with 

depressed CEC were older and already had demonstrable vasculopathy (abnormal aortic 

pulse wave velocity and increased carotid intima-media thickness), compared to those with 

normal CEC [26, 28]. This idea that depressed CEC reflects established atherosclerotic 

vasculopathy, is supported by observations that while reduced CEC is associated with 

prevalent coronary artery disease in adults with CKD, increased, rather than decreased, CEC 

was associated with risk of future myocardial infarction, stroke or death [31].

Anti-inflammation, antioxidation and endothelial protection.: HDL from CKD patients 

has defective anti-inflammatory function, antioxidant capacity, and is less effective in 

supporting the endothelium, including endothelial cell survival and repair [26, 28, 29]. HDL 

of CKD patients is also less effective in restoring endothelial cell proliferation following 

TNF-α stimulation, results that complement observations that uremic serum impairs 

endothelial cell proliferation [32]. Anti-inflammatory and antiapoptotic actions of HDL are 

more defective in patients on hemodialysis than those on peritoneal dialysis [33]. 

Interestingly, although direct activation of ABCA1 by liver X receptor agonist improved 

CEC to HDL from subjects with moderate-severe CKD, the intervention actually increased 

the pro-inflammatory effects of the HDL through activation of TLRs and ERK1/2 pathways 

[34]. Another study showed that while both angiotensin converting enzyme inhibitors 

(ACEI) and angiotensin receptor antagonists (ARB) stabilized HDL cholesterol acceptor 

function and sustained cellular anti-oxidative effects, they did not improve anti-

inflammatory effects [34]. Indeed, ACEI-treatment instead amplified the HDL inflammatory 

response. It is therefore of particular interest that IL-1 blockade improved HDL functionality 

in patients with pre-dialysis CKD as well as individuals on maintenance hemodialysis [35]. 

Specifically, the therapeutic intervention improved HDL anti-inflammatory, anti-oxidative 

functions and reduced cellular expression of the Nod-like receptor protein (NLRP3) 

component of the inflammasome, a cytosolic multiprotein complex controlled by interleukin 

1β. The therapy did not affect CEC. Several studies in children with CKD have reported 

abnormal anti-oxidative, anti-inflammatory and endothelial protective effects of HDL. HDL 

from children with CKD and ESRD caused a significantly amplified inflammatory cytokine 

response and greater chemotactic response in cultured macrophages compared to HDL from 

children with normal kidney function [28]. HDL from CKD and ESRD children was less 
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effective than HDL from normal children in the ability to suppress endothelial activation or 

endothelial adhesion of monocytes. Another study showed that compared to HDL from 

healthy children, HDL from children with CKD strongly inhibited endothelial cell 

production of nitric oxide, promoted superoxide production, and increased vascular cell 

adhesion molecule-1 expression, effects that correlated with CKD grade, with the most 

profound changes induced by HDL from patients on dialysis [26]. A separate study of HDL 

from adults and children with stage 24 CKD, indicated that the underlying mechanisms for 

endothelial cell stimulation of reactive oxygen species and inhibition of NO bioavailability 

involves symmetric dimethylarginine (SDMA), see below [26, 29]. It is interesting that, 

unlike the effects on CEC [26], renal transplantation led to a partial recovery in these HDL 

dysfunctions. Together these studies underscore that CKD-induced abnormalities in HDL 

functionalities are not synchronized and that a particular therapeutic modality may have 

variable effects on specific HDL actions.

CKD-related HDL dysfunction in CVD and CKD—Unlike findings in the general 

population and high-risk individuals, where cellular cholesterol efflux is a strong predictor 

of acute cardiovascular events [8–10], efflux has not been found to predict cardiovascular 

outcome in the CKD population [36–38]. Interestingly, a study of 495 kidney transplant 

recipients with a median follow-up of 7 years found that although efflux capacity did not 

predict cardiovascular and total mortality, high efflux capacity at baseline was linked to a 

lower risk for graft failure, independent of apoA-I, HDL-C and creatinine clearance [7]. 

Both the negative association between CEC and cardiovascular consequences as well as the 

positive association between CEC and graft survival are surprising, and raise several issues 

regarding the utility of CEC in CVD and CKD. First, CVD, especially in advanced stages of 

renal failure, may be different from the atherosclerotic coronary artery disease in the general 

population. There is ample evidence that cardiac fibrosis, hypertrophy, heart failure and 

arrhythmia are important causes of CVD in the CKD setting. Therefore, CEC may not be a 

suitable parameter to predict acute cardiovascular events in this population, and anti-

inflammatory, anti-oxidant and antithrombotic activities may be useful alternative or additive 

parameters. In particular, systemic inflammation and oxidant stress prevail at all stages of 

CKD and are key mechanisms underlying many adverse consequences of CKD, including 

CVD. A prospective study observed that high levels of oxidized HDL are associated with 

increased CIMT, while the combination of high ox-HDL and high interleukin-6 predicts not 

only a greater increase in carotid intima-media thickness, but also an increased risk for CVD 

events and CVD-related mortality in maintenance hemodialysis patients [39]. Secondly, 

considering that HDL and its major apoproteins are metabolized in the kidney, HDL may 

directly modulate different types of renal resident cells, which express its transporters and 

receptors and thus directly contribute to parenchymal damage through mechanisms distinct 

from those in extra-renal cells and tissues (see below).

CKD effects on HDL composition—Biochemical and mass spectrometry analyses have 

documented a number of changes in the protein and lipid moieties of HDL particles isolated 

from CKD patients, including reduced levels of apoAI, apoAII, apoM, paraoxonase and 

higher levels of serum amyloid A (SAA), apoCII, apoCIII, apoAIV, albumin, lipoprotein-

associated phospholipase A2 (Lp-PLA2), surfactant protein B (SP-B), and α−1-
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microglobulin/bikunin precursor (Figure 1) [21, 40–42]. A recent study reporting results of 

targeted mass spectrometry of HDL particles in over 500 patients with CKD stages I-V, 

revealed that eGFR >60 ml/min/1.73m2 showed differences to those individuals with eGFR 

<15 in terms of four HDL proteins: higher retinol binding protein 4, higher apoC-III, lower 

apolipoprotein L1, and lower vitronectin [43]. One of the most consistent alterations 

observed in the HDL proteome of CKD patients is increased SAA. Among the 49 proteins 

altered in HDL of ESRD patients, only SAA levels inversely correlated with its anti-

inflammatory potency [40]. Similarly, dramatic enrichment with SAA in HDL of dialysis 

patients was associated with lower anti-inflammatory capacity, and linked this effect to 

activation of formylpeptide receptor 2 [42]. In normal subjects, SAA can displace both 

apoAI and PON1, thus explaining reduced anti-oxidative and anti-inflammatory activity of 

SAA-enriched HDL [40]. These potentially harmful effects are especially prominent when 

SAA constitutes >50% of total HDL protein. Interestingly, a post hoc analysis of the 4D 

study found that SAA enrichment of HDL was associated with risk of cardiovascular events, 

while HDL enrichment in SP-B associated with all-cause mortality [27]. In contrast, in pre-

dialysis patients, SAA, Lp-PLA2 and paraoxonase activity of HDL did not predict 

cardiovascular outcome [38].

As noted above, there is increasing evidence that HDL of CKD patients is also enriched in 

SDMA, the structural isomer of asymmetric dimethylarginine (ADMA), both of which are 

endogenous products of protein methylation linked to CVD risk and accumulate as kidney 

function decreases. HDL of patients with CKD show increased content of SDMA, and the 

SDMA-containing HDL interacts with endothelial TLR2 to enhance NADP– dependent 

production of ROS while inhibiting endothelial NO bioavailability [29]. In mice, SDMA in 

HDL caused hypertension and impaired re-endothelialization after carotid injury. A separate 

study in children with CKD reported that levels of HDL-associated SDMA inhibited NO 

synthesis, promoted superoxide production, increased expression of vascular cell adhesion 

molecule 1 in human aortic endothelial cells, and suppressed macrophage cholesterol efflux 

[26]. To date, most studies of CKD-related changes in HDL composition have focused on 

the HDL proteome. However, CKD also affects HDL lipidome, including increased 

triglycerides and lysophospholipids, and decreased phospholipids and cholesterol [21]. The 

significance of these lipidome changes remains to be determined.

In addition to compositional alteration of HDL, CKD causes post-translational modifications 

of HDL proteins and lipids by reactive oxygen/nitrogen species or the resulting reactive 

carbonyls, which is likely a very important mechanism regulating HDL functionality [44]. 

For example, CKD increases reactive oxygen/nitrogen species and increases 

myeloperoxidase (MPO) which alters ABCA1-mediated cholesterol efflux, activation of 

LCAT, and endothelial cell survival [45]. MPO-catalyzed lipoprotein carbamylation involves 

formation of cyanate (a product of urea) and ɛ-carbamyl-lysine homocitrulline (HCit) [46]. 

Serum HCit and carbamylated albumin predict mortality in dialysis patients [47]. Oxidative 

stress also increases reactive lipid aldehydes, including malondialdehyde [48], F2-

isoprostane (F2IsoP), and isolevuglandin (IsoLG). IsoLGs are particularly interesting 

because of their extremely rapid reaction with lysine residues of proteins and proclivity to 

crosslink and alter protein function. IsoLG is primarily associated with apoAI/HDL. F2-

IsoP/IsoLG-protein adducts are found to be significantly increased in plasma of CKD 
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subjects [49–51]. Our new data show that proteinuric patients and animal models have 

increased urinary F2-IsoP and IsoLG, and IsoL-Gmodified apoAI is more avidly 

accumulated by proximal tubules.

Overall, there is ample support for the concept that CKD alters the composition of HDL, 

however, no specific footprint exists for HDL in CKD, and there is no specific constituent 

that incontrovertibly predicts hard clinical end-points such as CVD and mortality. On the 

other hand, there is increasing support that HDL parameters may be linked to progressive 

CKD.

Kidney regulation of HDL metabolism

HDL biogenesis begins with hepatic, and to a lesser extent, intestinal synthesis of ApoAI. 

Once released into the circulation, assembly and maturation of HDL particles proceeds with 

lipidation of apoAI with cholesterol and phospholipids through interaction with the ABCA1 

transporter on various cells, including macrophages, adipocytes, skin fibroblasts and skeletal 

muscle cells to form nascent preβ-HDL. This is followed by a critical interaction with the 

enzyme, LCAT, and formation of cholesteryl ester-rich spherical HDL that circulates in the 

plasma. HDL acquires additional lipids from other circulating lipoproteins, including VLDL 

and LDL, and from circulating albumin. This remodeling is followed by HDL catabolism by 

plasma proteins and interaction with hepatic receptors that recycle its components. 

Scavenger receptor class BI (SRBI) binds cholesterol ester-rich HDL2 particles, which 

undergo hydrolysis by hepatic lipase that detaches apoAI, returning it back into the 

circulation. The hepatic catabolism is the primary pathway of clearance of HDL-associated 

lipids, while endocytic receptors in the liver degrade HDL-associated apolipoproteins. 

Although kidneys are not featured in the classic overview of HDL homeostasis, kidney 

participation in HDL homeostasis occurs through: i) filtration and reabsorption of HDL and 

its components; ii) regulation of extrarenal metabolism of HDL (Figure 2).

Filtration and reabsorption of HDL and its components—In the normal kidney, the 

glomerular capillary filtration barrier prevents passage of molecules >60–100kD. All mature 

spherical HDL subclasses (HDL3, HDL2) exceed this mass, but HDL components such as 

apoAI (28kD), apoAIV (46kD) and enzymes such as LCAT (67kD), easily cross the 

filtration barrier. Discoidal pre-β HDL (60–85kD) is similar in size to albumin (66.5kD) and 

is therefore predicted to cross the normal glomerular filtration barrier. In animals, 30–70% 

of injected radiolabeled human apoA-I is cleared by the kidneys [52]. In humans, early 

stages of renal injury and GFR impairment are associated with elevated urinary apoAIV and 

LCAT, which have been proposed as markers of CKD [53–55]. Similar to apoAI, apoAIV 

levels are affected by glomerular filtration and tubular handling. As GFR falls, increasing 

plasma apoAIV likely reflects reduced renal clearance although more avid tubular 

reabsorption and/or reduced tubular catabolism may be additional contributing factors. It is 

also possible that decresing kidney function may stimulate compensatory synthesis of 

apoAIV in the gut. Tubular dysfunction (with or without reduced GFR) further disrupts 

apoAIV homeostasis because of the additional defect of urinary loss. Indeed, more urinary 

apoAIV was detected in patients with Dent’s disease, an inherited protein reabsorption 

defect of the proximal tubular system, supporting the concept that apoAIV is reabsorbed by 

Zhong et al. Page 7

Pediatr Nephrol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proximal tubular cells [56]. Importantly, like apoAI, tubular handling of apoAIV does not 

necessarily match tubular handling of albumin as urinary apoAIV does not parallel 

albuminuria, at least in the general population [57]. These observations underscore the 

possibility that filtered apolipoproteins are handled by pathways distinct from those involved 

in reclaiming filtered albumin. Proteinuria per se can reduce HDL levels. Type 1 diabetics 

show lower levels of plasma HDL and HDL3 that independently associate with albuminuria, 

even after adjusting for glycemic control and other risk factors. Proteinuric patients have a 

shift in HDL particle size distribution toward the larger particles which are less likely to 

cross the filtration barrier [58].

Tubular epithelial cells express receptors (cubilin/megalin) and transporters (ABCA1 and 

SRBI) for apolipoproteins and HDL. Cubilin deficiency and proximal tubular reabsorption 

failure due to Fanconi syndrome increase urinary excretion of apoAI [18]. Cubilin-deficient 

mice have reduced proximal tubule uptake and increased urinary loss of apoAI as well as 

albumin, attended by significant decrease in plasma levels of apoAI and HDL3 along with 

hypoalbuminemia [59]. The larger, more mature HDL2 subclass was not detected in the 

urine, and plasma level of HDL2 was not reduced compared to mice with intact renal 

cubilin. These results add to the concept that uptake, endocytosis and lysosomal degradation 

of apoA-metabolic pathways in the proximal tubule are linked mechanisms that can salvage 

and return at least some of the filtered apoAI/HDL back into the circulation. Our recent 

studies add additional insights into tubular handling of apoAI. We generated two tubular 

injury models: diphtheria toxin (DT) transgenic mouse, which expresses the human DT 

receptor in proximal tubular epithelial cells and in which DT injection causes acute tubular 

injury, and the folic acid injury model, where injected folic acid forms crystals in the distal 

nephron with distal tubular necrosis. Compared to baseline, mice with DT-induced proximal 

tubular injury had increased urinary KIM-1, a proximal tubular marker of acute kidney 

injury, that was accompanied by doubling in urinary excretion of apoAI. By contrast, folic 

acid injury caused only subtle changes in KIM-1 and urinary apoAI. In DT mice, proximal 

tubule expression of cubilin was reduced and apoAI localized to the apical side.

Several issues concerning renal handling of apoAI/HDL remain unresolved. One issue 

concerns the pathway (endocytosis, transcytosis and degradation) by which apoAI/HDL is 

handled by tubular epithelial cells and whether a specific pathway is linked to a particular 

receptor or transporter. Another issue concerns whether renal salvage or metabolism of 

normal “good” and modified “bad” apoAI proceeds through the same or different pathways. 

In preliminary studies, we found that modified apoAI increases uptake by tubular epithelial 

cells compared to normal apoAI, a result that raises the possibility that potentially harmful 

lipoproteins/HDL are more avidly taken up and deposited into the renal interstitium, 

possibly potentiating renal injury.

Regulation of extra-renal metabolism of HDL—Kidneys can also affect HDL 

metabolism by modulating extrarenal production/metabolism of HDL components, 

including in liver, plasma and gut. This effect is especially conspicuous in the presence of 

nephrotic-range proteinuria, which is characterized by greater urinary losses as well as 

greater renal catabolism of HDL particles, apolipoproteins and enzymes. Even in the 

absence of reduced GFR, proteinuria decreases HDL levels and alters its metabolism - a 
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subject which has been expertly reviewed elsewhere [11, 12]. Briefly, nephrotic syndrome: i) 

reduces levels of hepatic lipase (HL) that decreases extraction and hepatic uptake of HDL 

triglyceride and phospholipid cargo; ii) reduces the adapter molecule PDZ-containing kidney 

protein 1 (PDZK1), which destabilizes hepatocyte plasma membrane HDL docking receptor, 

SRBI, which in turn reduces hepatic uptake of HDL-cholesterol; iii) increases serum 

cholesterol ester transfer protein (CETP), which depletes cholesterol esters while increasing 

the triglyceride cargo of HDL, limiting the normal HDL maturation; iv) impairs HDL 

maturation because of increased renal tissue acyl-CoA cholesterol acyltransferase-1 

(ACAT-1). Increased cellular ACAT-1 limits cholesterol efflux by catalyzing esterification of 

intracellular free cholesterol involved in the transfer across the cell membrane. ACAT-1 

facilitates intracellular cholesterol retention by competing with intracellular cholesterol ester 

hydrolase. Thus, cellular ACAT-1, which is increased in CKD, is a major factor in limiting 

cholesterol efflux in macrophages, vascular and renal cells [12]; v) HDL maturation is 

further compromised by reduced level and activity of lecithin cholesteryl ester 

acyltransferase (LCAT) that reflects urinary losses. LCAT deficiency has been suggested to 

decrease plasma HDL in CKD stage 3 and 4 patients, although the study did not specifically 

address to what extent urinary loss contributed to the reduced plasma LCAT levels [55]. 

Overall, these proteinuria-driven abnormalities in plasma and liver enzymes, receptors and 

transporters impair normal HDL maturation and create particles susceptible to urinary loss 

as well as enhanced catabolism by the liver and kidneys. In addition to the aberrant hepatic/

kidney response, in preliminary studies we recently observed that nephrotic syndrome also 

compromises intestinal synthesis of apoAI. Since some 30% of apoAI is normally produced 

by the gut, nephrotic syndrome-induced decline in intestinal synthesis may contribute to the 

abnormal homeostasis of apoAI in this setting.

Kidney injury also alters the composition of HDL that can impact kidney cells. For example, 

mass spectrometry of HDL particles across CKD revealed that lower apolipoprotein L1 

(apoL1) may alter susceptibility to progressive CKD in AfricanAmericans [43]. Another 

component of HDL that may directly affect the kidneys is apolipoprotein IV, the third most 

abundant protein on the HDL particle; apoAIV is increased in CKD HDL [13, 53, 60]. 

Recent observational and GWAS studies support an association between levels of apoAIV 

and reduced eGFR [61, 62]. Importantly, CKD causes accumulation of toxins that can 

directly modify the structure and composition of apoAI/HDL. Indeed, modification of lipids 

and lipoproteins have recently been proposed as a new class of uremic toxins [63]. Thus, 

similar to the observations with the whole HDL particle, its component apolipoproteins, 

apoAI and apoAII, CKD may also degrade apoAIV that further impairs cellular binding, 

cholesterol efflux, anti-inflammatory, antioxidative, anti-apoptotic and cellular proliferative 

effects of the normal ApoAIV. This interesting possibility requires further investigation.

Kidneys as targets of CKD-modified HDL

Levels of apoAI/HDL and CKD—Although most studies have focused on the 

relationship between HDL and CVD, increasing evidence supports the concept that level, 

composition and function of HDL predict acute and progressive CKD. Epidemiologic 

studies have reported that low HDLC level is a significant risk factor for developing renal 

dysfunction in apparently healthy individuals [64]. Conversely, higher HDL cholesterol 
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concentration has been associated with lower incidence of AKI after cardiac surgery [65]. In 

people with existing CKD (stage 2–3), those with low HDL-C had worsening of kidney 

function and earlier entry into dialysis, independent of other risk factors, such as diabetes 

and hypertension, and portend poor prognosis [18, 66–68]. In diabetics, low HDL-C and 

high triglyceride levels independently predicted onset of diabetic nephropathy [69], while in 

type 2 diabetes, LDL/HDL ratio and low levels of apoAI/HDL particles were linked to the 

occurrence of diabetic nephropathy [70]. A recent retrospective longitudinal analysis of 

>10,000 subjects, found HDL-C/apoAI ratios as well as triglyceride and HDL-C levels 

independently predicted increased risk of CKD, suggesting that particle size of HDL and 

LDL contributes to the development of CKD [17, 18]. An observational study of the 

association between HDL-C and several CKD endpoints in almost 2 million male veterans 

followed for a median of 9 years, found HDL-C <30 mg/dl had 10–20% higher risk for CKD 

and/or progressive CKD compared to those with HDL-C >40 mg/dl [18]. In contrast, the 

recent Randomized Evaluation of the Effects of Anacetrapib through Lipid Modification 

(REVEAL) trial, specifically aiming to increase HDL-C, reported a higher frequency of low 

eGFR <60 ml/min/1.73m2 in the treatment group with higher levels of HDL-C [68]. A 

recent genetic study did not confirm the causal effect of HDL-C on kidney function, despite 

an association of some HDL-associated single-nucleotide polymorphisms with eGFR [71]. 

Finally, the Study of Heart and Renal Protection (SHARP) trial not only found no benefit of 

lipid lowering treatment on progression of kidney disease, but the baseline HDL-C levels did 

not affect the negative observation [72].

In aggregate, and similar to the discussion of the relationship between HDL-C and CVD, it 

is clear that renal disease reduces levels of apoAI/HDL. However, since levels of apoAI/

HDL-C may not reflect the critical properties of the lipoproteins (particle number, 

composition, function), it is currently unclear if low apoAI/HDL constitutes an actual risk 

for CKD progression. On the other hand, since kidneys filter, reabsorb, catabolize and 

excrete components of HDL, it is possible that lipoprotein interaction with renal cells may 

provide beneficial effects or convey an injurious stimulus (abnormal structure, composition, 

cargo) to the renal parenchyma.

ApoAI/HDL interaction with kidney cells—ApoAI/HDL can interact with several renal 

cells, including glomerular endothelial cells, podocytes, mesangial, and proximal tubule 

epithelial cells. All these cells express lipoprotein transporters/receptors, but their response 

to injury is variable (Figure 3A). In vivo, mice with diabetic nephropathy showed intra-renal 

accumulation of lipids associated with a significant reduction in expression of transporters/

receptors. In vitro, hyperglycemia reduced the expression of all cholesterol transporters in 

mesangial and proximal tubule epithelial cells, together with reduced ability to mediate 

cholesterol efflux [73]. A different study showed podocytes exposed to sera from 

albuminuric diabetic patients have greater cholesterol loading than cells exposed to sera of 

diabetics without albuminuria, despite similar lipid profiles and duration of diabetes [74]. 

The increased lipid loading was not due to greater cholesterol uptake or synthesis, but 

impairment in cholesterol efflux linked to downregulation in ABCA1. Induction of 

cholesterol efflux with cyclodextrin in cultured podocytes and in diabetic mice preserved 

podocyte functions and lessened albuminuria. A different kidney response was seen in CKD 
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induced by 5/6 nephrectomy, a non-diabetic CKD model. Lipid accumulation in the remnant 

kidney model upregulated both ABCA1 and SRBI linked to upregulation of tubular 

reabsorption of filtered protein-bound lipids in the remnant kidney [73].

In our preliminary studies in proteinuric mice, we found increased expression of ABCA1, 

SRBI and cubilin in tubular epithelial cells accompanied by greater kidney uptake of filtered 

apoAI. Cultured tubular epithelial cells (TEC) exposed to apoAI modified by IsoLG further 

increased expression of ABCA1 and SRBI, and caused more avid tubular cell uptake of the 

modified apoAI compared to normal unmodified apoAI. These results are notable because 

albuminuric humans and mice have increased urinary levels of both apoAI and the reactive 

aldehyde which readily modifies apoAI, namely, IsoLG. Our in vitro data indicates that both 

normal and modified apoAI are taken up by TEC, although intriguingly, the modified apoAI 

is more avidly taken up and increases expression of lysosomal marker LAMP-1. Whether 

modified-apoAI activates lysosomal pathways for degradation of normal or modified apoAI 

is currently unknown. These findings fit well with data that oxidized HDL enhances cellular 

oxidative stress and transforms tubule epithelial cells to a more dysfunctional pro-

inflammatory phenotype with reduced migration but enhanced apoptosis [75]. SRBI and 

SRBII were shown to mediate interaction with SAA that increased pro-inflammatory 

signaling pathways in the kidney. Transgenic mice with pLiv-11-directed liver/kidney 

overexpression of hSR-BI or hSR-BII were used to show enhanced inflammation and tissue 

injury, suggesting an important role of the SRBI receptor family in SAA-induced 

inflammation and immune response [76]. Together, these results suggest the possibility that 

modified apoAI/HDL in the glomerular filtrate can regulate the phenotype and functionality 

of kidney cells.

In addition to regulating glomerular podocytes and tubular epithelial cells, our most recent 

studies reveal that apoAI/HDL can affect lymphatic endothelial cells (LECs) and lymphatic 

vessels, which are potent regulators of many biologic processes in health and disease. In 

many organs, immune cells, especially macrophages, stimulate lymphangiogenesis by 

producing VEGF-C and –D that activate VEGF receptor-3 via nuclear factor kappa-B and 

prospero-related homeobox 1 (Prox-1). In the kidney, tubular epithelial cells secrete VEGF-

C and load microRNA onto HDL, which can affect LECs. The crosstalk between TECs and 

LECs could be affected by “bad” apoAI/HDL prevailing in CKD (unpublished data, Figure 

3B). ApoAI has a direct effect on LECs. In preliminary in vivo studies, albuminuric kidney 

injury increases urinary apoAI and leads to a dramatically more dense and complex renal 

lymphatic network. Our data also reveal that LEC exposure to apoAI increases cell viability, 

lowers migration, and lessens production of reactive oxygen species. We show that the 

reabsorbed apoAI co-localizes with renal lymphatic vessels expressing SRBI. These results 

make the novel observations that apoAI can modulate lymphangiogenesis either as a direct 

effect on LECs, or indirectly by affecting TEC/LEC crosstalk, and that in the kidney the 

source for apoAI is the glomerular ultrafiltrate. Thus, urinary apoAI taken up into the renal 

interstitial space may be in a unique position to regulate the renal lymphatic network, which 

in turn can have profound physiologic and pathophysiologic consequences (Figure 3).

Normal apoAI/HDL protects against kidney injury—As with CVD, supplementation 

of normal apoAI or HDL may ameliorate kidney injuries. Normal HDL can significantly 
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reduce renal ischemia/reperfusion injury and severity of ischemic acute renal failure [77]. 

The mechanism for these protective effects involves reduction of the expression of adhesion 

molecules, resulting in reduction of polymorphonuclear leukocyte infiltration and oxidative 

stress [77, 78]. In a rat model of cecal ligation and puncture (CLP), apoAI mimetic, L-4F, 

improved glomerular filtration rate, decreased tubular injury and protected kidney function 

in an HDL-dependent manner [79]. Proteinuria, glomerular and tubulointerstitial injury in 

apoE−/− mice were ameliorated by the administration of apoA-1 mimetic peptide [80]. We 

also found that apoAI mimetic peptide protects podocyte differentiation, density, and 

improves proteinuric renal injury and proteinuria-driven atherosclerosis in the podocyte 

injury proteinuric model. These findings support the idea that normal apoAI and apoAI 

mimetics can be renoprotective. Recently, we also targeted modification of apoAI/HDL with 

pentylpyridoxamine (PPM), a reactive aldehyde scavenger which interacts with IsoLG 

nearly 2000-times faster than IsoLG reacts with lysine on apoAI. In vitro, IsoLGapoAI 

increased lymphatic endothelial cell viability and migration vs unmodified apoAI. This 

response was significantly abrogated by exposure to PPM. In vivo, proteinuric mice treated 

with PPM showed significantly reduced urinary excretion of IsoLG, reduction in 

albuminuria and decrease in urinary KIM-1, together with significant reduction in 

lymphangiogenesis.

Conclusion—While liver, skeletal muscle, adipose tissue and macrophages are considered 

to be the primary sites of lipoprotein metabolism, the kidney is increasingly recognized as 

having a significant role in the homeostasis of individual components of HDL, which in 

turn, affect level, composition and functionality of the HDL particles. The primary target of 

lipoproteins has also expanded beyond the cardiovascular system and now includes many 

different organs, including the kidneys. Kidneys as targets for lipoproteins may be especially 

prominent in renal injuries that are accompanied by proteinuria (taken as an indicator of 

disruption in the glomerular filtration barrier) that may permit escape of more and greater 

variety of lipoproteins into the urinary space. As in other tissues, interactions between the 

normal apoAI/HDL from the filtrate and kidney cells provides beneficial or protective 

effects. In contrast, appearance of modified apoAI/HDL in the filtrate (predicted by the CKD 

setting) enhances the tubular uptake of potentially harmful lipoproteins which activates 

tubular and interstitial cells, particularly lymphatic endothelial cells that may initiate and 

perpetuate damaging response in the kidneys.
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Figure 1. HDL changes in chronic kidney disease (CKD).
HDL in CKD becomes enriched in SAA, SDMA, apoCIII and apoAIV, while decreasing the 

content of apoAI and PON1. CKD degrades several potentially beneficial functionalities of 

HDL.

HDL, high density lipoprotein; TG, triglyceride; PON1, paraoxonase 1; apoAI, 

apolipoprotein AI; apoAII, apolipoprotein apoAII; apoAIV, apolipoprotein IV; apoCIII, 

apolipoprotein apoCIII; SAA, serum amyloid A; SDMA, symmetric dimethylarginine.
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Figure 2. Kidney regulation of HDL metabolism.
Kidneys can filter, reabsorb and lose HDL and its components. All these processes are 

activated when injury involves disruption of the glomerular filtration barrier; renal injury 

activates hepatic production and metabolism of HDL and its components; renal injury 

activates intestinal production of apoAI and loads cargo onto HDL modifying the particles.

apoAI, apolipoprotein AI; apoAIV, apolipoprotein IV; HDL, high density lipoprotein; LCAT, 

lecithin cholesteryl ester acyltransferase; PLTP, phospholipid transfer protein; HL, hepatic 

lipase; CETP, cholesterol ester transfer protein; SRBI, scavenger receptor BI.
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Figure 3. Kidneys as targets of HDL.
A. HDL and its components are filtered by glomeruli and can be lost in urine or reabsorbed 

by tubular epithelial cells, reclaimed by renal lymphatic vessels, transported in lymph for 

return to the circulation. B. TECs catabolism, transcytosis and modification of apoAI/HDL 

through their receptors and transporters. LECs can be directly influenced by apoAI or 

indirectly by TECs-secreted VEGF-C or modified HDL.

HDL, high density lipoprotein; LCAT, lecithin cholesteryl ester acyltransferase; apoAI, 

apolipoprotein AI; TEC, tubular epithelial cells; VEGF-C, vascular endothelial growth 

factor-C; LEC, lymphatic endothelial cells; SRBI, scavenger receptor BI.
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