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Low HDL-cholesterol (HDL-C) concentrations are a typical trait of the dyslipidemia associated with
chronic kidney disease (CKD). In this condition, plasma HDLs are characterized by alterations in structure
and function, and these particles can lose their atheroprotective functions, e.g., the ability to promote
cholesterol efflux from peripheral cells, anti-oxidant and anti-inflammatory proprieties and they can
even become dysfunctional, i.e., exactly damaging. The reduction in plasma HDL-C levels appears to be
the only lipid alteration clearly linked to the progression of renal disease in CKD patients. The association
between the HDL system and CKD development and progression is also supported by the presence of
genetic kidney alterations linked to HDL metabolism, including mutations in the APOA1, APOE, APOL and
LCAT genes. Among these, renal disease associated with LCAT deficiency is well characterized and lipid
abnormalities detected in LCAT deficiency carriers mirror the ones observed in CKD patients, being
present also in acquired LCAT deficiency. This review summarizes the major alterations in HDL structure
and function in CKD and how genetic alterations in HDL metabolism can be linked to kidney dysfunction.
Finally, the possibility of targeting the HDL system as possible strategy to slow CKD progression is
reviewed.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiovascular disease (CVD) is the leading cause of death in
chronic kidney disease (CKD) patients and represents one of the
major adverse outcomes in this clinical population [1]. Data from
the US Renal Data System (USRDS) 2020 revealed that the preva-
lence of CVD increases with the progression of CKD, doubling in
advanced CKD compared to patients without CKD [1]. A metanal-
ysis of 21 general population cohorts (over 100,000 participants)
demonstrated that lower estimated glomerular filtration rate
(eGFR) and higher urine albumin creatinine ratio (UACR) were
independently associated with higher CVD mortality, after adjust-
ing for potential confounders such as diabetes and hypertension
[2]. The spectrum of CVDs associated with CKD includes athero-
sclerotic CVD (ischemic heart disease, stroke and peripheral artery
disease), ventricular hypertrophy, heart failure, as well as non-
atherosclerotic CVD [3]. Increased CV risk in these patients is
multifactorial, including both traditional (e.g., dyslipidemia and
hypertension), and specific risk factors related to kidney function,
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such as endothelial dysfunction, increased activity of
renineangiotensin system and hyperphosphatemia [4]. Among the
major pathophysiological mechanisms linking CKD to CVD, alter-
ations in lipid profile are shared risk factors [5,6].

Reduced HDL-cholesterol (HDL-C) concentrations are a typical
trait of CKD dyslipidemia [5]. Quantitative and qualitative alter-
ations of plasma lipids and lipoproteins are detected in patients
with renal disorders, in particular CKD and end stage renal disease
(ESRD). Beyond the reduction in HDL-C levels, renal disease in-
fluences HDL composition affecting their functions.

HDLs are a highly heterogeneous class of lipoproteins, varying in
size, shape and protein/lipid composition. This heterogeneity is
consequent of the complexity of their metabolism and intercon-
version within the plasma compartment, where different HDL
subclasses on the basis of their density, size, shape and protein/lipid
composition may be identified [7]. Small discoidal HDLs, called
preb-HDLs, are mainly generated by the lipidation of the main
protein component, apolipoprotein A-I (apoA-I), through the
interaction with the ATP-binding cassette transporter A1 (ABCA1)
[8]. These particles are good acceptors of additional cholesterol
from ABCA1 and become substrates of lecithin:cholesterol acyl-
transferase (LCAT), responsible for cholesterol esterification in the
plasma compartment, which lead to the maturation of nascent
discoidal HDLs into spherical particles with a core of cholesteryl
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esters (CE) [9]. Subsequently, the cholesteryl ester transfer protein
(CETP) promotes the interchange of CE and triglycerides (TG) be-
tween HDLs and apoB-containing lipoproteins, thus modifying the
lipid core of HDLs and generating larger and less dense particles.
Finally, the action of the endothelial lipase (EL) and the phospho-
lipid transfer protein (PLTP) leads to the hydrolysis of TG and
phospholipids (PL), generating again small lipid poor particles [10].
The major site of apoA-I and small HDL particle disposition is the
kidney. Indeed, HDLs can be removed from the circulation by
glomerular filtration, as their size allows crossing of the glomerular
barrier [11]. In proximal tubules, apoA-I is entirely reabsorbed by
the action of the cubilin e megalin complex. Specifically, cubilin, a
multiligand receptor expressed in apical membranes of kidney
tissue, binds apoA-I with high affinity and mediates endocytosis
[12]. Lipid and apolipoprotein composition of HDLs affects their
surface charge and apoA-I conformation, influencing their plasma
clearance; in fact, small, discoidal and positively charged HDL
particles are filtered more quickly than mature HDLs [13].

HDLs are involved in different atheroprotective mechanisms,
including their central role in reverse cholesterol transport (RCT) in
which they act as extracellular acceptors of cholesterol from cells,
thus mediating cholesterol efflux capacity, the first step of this
process. Cholesterol within HDL is then esterified by LCAT and
migrates to the HDL core, thus maintaining the cholesterol gradient
between HDL surface and cell membranes. Thereafter, CE can be
routed to the liver by two different pathways for elimination
through the bile. The first pathway is mediated by the interaction of
HDL with hepatic SR-BI and the selective uptake of CE from HDL
without particle internalization. The second one is an indirect
pathway, with CE transferred from HDL to apoB-containing lipo-
proteins by the action of CETP; CE are then delivered to the liver by
apoB-containing particles through the interaction with their re-
ceptors. It has been estimated that in humans, the indirect pathway
mediated by CETP is responsible for the hepatic uptake of 70% CE,
while the direct interaction of HDL with SR-BI for the remaining
30% [14]. Besides this major activity, HDLs contribute to athero-
protection by exerting antioxidant and anti-inflammatory actions
and preventing and correcting several features of the endothelial
dysfunction typical of the atherosclerotic process [15].

This review addresses the current knowledge on the three as-
pects: (i) how CKD affects HDL structure, composition, and func-
tionality; (ii) how genetic and acquired HDL defects affect renal
function; and (iii) how targeting the HDL system can benefit renal
disease.

2. HDL structure and function in chronic kidney disease

The link between plasma HDLs and the kidney is bidirectional.
On one side, CKD affects plasma HDL-C levels, HDL structure and
subclass distribution, as well as HDL functionality; on the other end,
inherited HDL disorders can lead to kidney dysfunction.

2.1. Structural changes

During CKD, both ABCA1 and LCAT are reduced, thus resulting in
poor lipidation of apoA-I and in an impaired HDL maturation pro-
cess. This leads to an alteration of HDL subclass distribution, with
the accumulation of preb-HDLs, as a consequence of reduced LCAT
activity and selective reduction of particles containing both apoA-I
and apoA-II (LpA-I:A-II). With the progression of the disease, a
reduction of the particles containing only apoA-I (LpA-I) is also
observed [5,16]. Besides alterations in HDL subclass distribution,
HDL protein and lipid content are modified in CKD. HDLs become
enriched in TG and depleted of PL, consistent with reduced activity
of hepatic lipase and enhanced activity of PLTP [17,18]. Also the HDL
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proteome is markedly modified: apoA-I, apoA-II, apoM levels are
reduced, whereas particles are enriched in serum amyloid A (SAA),
apoC-II, apoC-III, apoA-IV, albumin, lipoprotein-associated phos-
pholipase A2 (Lp-PLA2),surfactant protein B (SPeB), and a-1-
microglobulin/bikunin precursor [19]. Furthermore, a significant
reduction in HDL-associated antioxidant paroxonase (PON-1) ac-
tivity is described in patients with stable mild to moderate CKD
[20].

Several post-translational modifications occur in the HDL of CKD
patients, among these carbamylation and glycation are implicated
in alterations of HDL functionality. The reactive oxygen/nitrogen
species increase myeloperoxidase (MPO) levels, resulting in
increased apolipoprotein carbamylation induced by urea-derived
cyanate, generally elevated in patients with CKD [21]. Hyper-
glycaemia in ESRD patients generates highly reactive a-oxoalde-
hydes that covalently modify plasma proteins, including apoA-I,
resulting in alterations of the conformation of specific domains of
apoA-I crucial for LCAT activation, consequently to the ability of
glycated apoA-I to activate LCAT is reduced [22]. Moreover, the
progressive decline in renal function increases reactive lipid per-
oxidation with a consequent raise of plasma levels of malondial-
dehyde (MDA) able to modify and cross-link specific residues in
apoA-I [23]. Some of the structural modifications observed in
HDLs are implicated in the impairment of fundamental HDL func-
tions. Themain structural and functional alterations of HDLs in CKD
are summarized in Fig. 1.

2.2. Functional alterations

2.2.1. Cholesterol efflux capacity
CKD affects RCT at different levels including the HDL ability to

promote cell cholesterol efflux and HDLmaturation. Several studies
have highlighted the impaired capacity of HDL from uremic pa-
tients, especially patients under dialytic treatments, to promote cell
cholesterol efflux [24e27] and impairment is likely related to
changes in lipid and protein composition. Changes in the PL and TG
content of HDL are shown to correlate with impairment in cell
cholesterol efflux, in particular the depletion of PL associated to the
reduced content of apoA-I and apoA-II, due to increased content of
SAA, is linked to impaired cholesterol efflux capability [24]. Also,
post-translational modifications are implicated in this process.
Indeed the myeloperoxidase binding to apoA-I inhibits the ABCA1-
dependent cholesterol efflux activity of the modified lipoprotein
[28]. Furthermore, a recent study has shown that monocytes from
CKD patients display a lower expression of ABCA1 and, conse-
quently, the ABCA1-mediated cholesterol efflux is impaired [29],
confirming that ABCA1 and ABCG1 are down-regulated also in
endothelial cells exposed to uremic plasma [30]. On the contrary,
the impairment in efflux capacity is not observed in children with
CKD and ESRD that show only a non-significant trend for reduced
efflux [31].

2.2.2. Vasodilatory activity
The presence of CKD abolishes the vasoprotective properties of

HDLs and drives the transformation of HDLs into harmful particles
able to inhibit endothelial NO production [32]. Addressing the
mechanism of the impaired vasoprotective properties of HDLs only
in the presence of CKD is a complex task. However the direct effect
of renal disease on HDL-mediated NO production was also evident
in a study carried out in children with CKD, thus allowing the
exclusion of confounding factors due to the presence of concomi-
tant diseases in adults such as diabetes, coronary artery disease and
smoking [33].HDL loses its endothelial protective properties even
in early CKD, with a graded change with the degree of renal
impairment, the most profound changes occurring in dialysis



Fig. 1. Summary of the main changes in HDL subclasses (A) and structural and compositional changes (B) in chronic kidney disease.
ApoA-I, apolipoprotein A-I; apoA-II, apolipoprotein A-II; apoM, apolipoprotein M; apoA-IV, apolipoprotein A-IV; apoC-II, apolipoprotein C-II; apoC-III, apolipoprotein C-III; LCAT,
lecithin:cholesterol acyltransferase. Lp-PLA2, lipoprotein-associated phospholipase A2; PL, phospholipids; PON-1, paraoxonase-1; SAA, serum amyloid A; SP-B, surfactant protein B;
TG, triglycerides.
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patients, partly recovered after transplantation [33]. The structural
alterations that change the HDL physiological ability to promote NO
production can be multifaceted: HDLs from CKD patients are
enriched in symmetric dimethylarginine (SDMA), an isomer of
asymmetric dimethylarginine (ADMA), an endogenous endothelial
nitric oxide synthase (eNOS) inhibitor [32]; moreover, in uremic
patients the increased level of cyanate, promoting protein carba-
mylation, reduces the eNOS expression [34]. Furthermore, the
depletion of LpA-I particles in patients under dialytic treatment [5]
can contribute to the impaired activation of eNOS, since this specific
HDL subclass is particularly efficient in promoting NO production
[35].
2.2.3. Anti-inflammatory activity
HDLs from ESRD patients show impaired anti-inflammatory

capacities, indeed the ability to inhibit the expression of
interleukin-1 b (IL-1-b), interleukin-6 (IL-6), and tumor necrosis
factor-a (TNF-a) is significantly reduced in macrophage incubated
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with these particles compared to control HDL. It may thus enhance
the recruitment of monocytes into the subendothelial space [25].
According with the studies carried out in adults, also HDLs from
childrenwith CKD and ESRD show an impaired ability to inhibit the
macrophage expression of IL-1b, TNF-a and MCP-1 [31]. Moreover,
HDLs fromboth adults and childrenwith CKD and ESRD are not able
to reduce MCP-1-induced chemotaxis [25,31].

Post-translational modifications have a primary role in altering
the anti-inflammatory activity of HDL of CKD patients. MPO-
modified HDLs increase the expression of the cell adhesion mole-
cule VCAM-1 [36], and the enrichment in SDMA leads to the acti-
vation of endothelial TLR-2 via TLR-1- and TLR-6-coreceptor-
independent alternative pathways impairing endothelial repair and
enhancing endothelial pro-inflammatory activation [32]. Further-
more, evidence in rabbits show that glycated apoA-I is not able to
prevent both endothelial adhesion molecule expression and infil-
tration of neutrophils into the inflamed carotid arteries [37]. Also,
the proteome composition of HDLs from uremic patients can be
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implicated in the impaired anti-inflammatory activity, mainly
because of alterations in protein composition, such as the enrich-
ment in SAA raising the production of IL-12, IL-10, TNF-a, and IL-6
from human monocytes [26].

2.2.4. Anti-oxidative activity
Oxidative stress is directly involved in the pathogenesis and

progression of renal disease, and structural characteristics in CKD,
loss of renal energy, and uremia result in an imbalance between
free radical production and antioxidant defenses. In physiological
conditions, HDL acts as an antioxidant defense and HDL-associated
antioxidant enzymes such as PON-1 and glutathione peroxidase
attenuate oxidative stress and inflammation by production of
oxidized LDL and hydroperoxides. HDLs from CKD patients lose
their ability to prevent LDL oxidation and show reduced levels of
PON-1, LCAT, glutathione peroxidase and apoA-I [38e40]. Glyca-
tion, especially in patients with CKD and diabetes, may affect the
HDL anti-oxidant activity [19]. In additionmyeloperoxidase binding
to apoA-I facilitates the selective targeting of apoA-I for site-specific
chlorination and nitration by MPO-generated reactive oxidants
[41]. Besides the reduction in PON-1 concentrations also PON ary-
lesterase activity is decreased in CKD patients [20].

3. HDL and CKD progression in the general population

The alterations in the HDL system described above worsen the
progression of CKD [42]. Reduction of HDL-C concentrations is the
only lipid alteration associated with the progression of renal dis-
ease in hemodialysis patients [5] as well as in mild-to-moderate
CKD patients, resulting in earlier entry into a dialysis program or
in doubling of the plasma creatinine levels, independent of the
classical risk factors such as diabetes and hypertension [43]. These
findings are supported by the results of a large cohort of 2 million
American veterans with a median follow-up of 9 years, in which
individuals with HDL-C concentrations <30 mg/dL showed a 10%e
20% higher risk for CKD and/or progression of CKD compared to
subjects with HDL-C levels �40 mg/dL with a U-shaped relation-
ship between HDL-C levels and incidence of CKD [44]. This and
other studies noted a paradoxical association between elevated
HDL-C levels and cardiovascular events or mortality in patients
undergoing hemodialysis with chronic inflammation [45,46].The
negative effects of high HDL-C levels on CKD progression can be
partly explained by structural and functional alterations paradoxi-
cally exerting damaging effects, leading to adverse outcomes,
including the deterioration of kidney function [47,48].

However, the relationship between HDL-C and CKD progression
is not always observed; in the CRIC study carried out in 3939 CKD
patients, HDL-C levels were not independently associated with the
composite endpoint of ESRD or a 50% reduction in eGFR [49]. It is
also important to underline that the epidemiologic studies on HDL-
C levels and CKD progression cannot establish causality or conse-
quentiality [50].

Overall, preclinical and clinical evidence support the association
between HDL-C levels and CKD progression. However, this rela-
tionship leaves some open questions and controversial aspects that
need to be further investigated.

4. HDL and CKD in the presence of genetic HDL defects

The association between altered lipid metabolism and CKD
development and progression is supported by the presence of
kidney alterations in genetic defects linked to HDL metabolism,
such as in familial LCAT deficiency (FLD) [51].

Mutations in genes coding for key structural HDL proteins (i.e.,
APOA1, APOE and APOL) or HDL-related enzymes (i.e., LCAT) can
12
cause diseases characterized by renal disorders.
The major HDL protein component is represented by apoA-I.

More than 60 variants of the APOA1 gene have been reported,
but only half of them associate with lowHDL-C [52], and more than
20 have been associated with an hereditary form of amyloidosis
(OMIM #105200) [53]. The amyloidogenic effect is caused by single
amino acid substitutions that increase the propensity of the apoA-I
protein to form insoluble fibrils, mainly constituted by N-terminal
polypeptide fragments [54]. These fibrils deposit in different or-
gans, including the kidney as the primary target [55].Kidney apoA-I
fibril deposition can lead to tubulointerstitial nephritis initially
associated with mild renal dysfunction, and slowly progressing to
end-stage renal disease [55].

APOA2 gene mutations leading to similar hereditary amyloid-
osis have been also reported, although less frequently [56].

ApoE is a structural regulatory protein constituent of chylomi-
crons, VLDL, LDL and HDL and mutations in the APOE gene have
been associated with glomerulopathy (apoE2 homozygote glo-
merulopathy and lipoprotein glomerulopathy, LPG, OMIM#611771)
[57]. ApoE2 homozygote glomerulopathy is characterized by glo-
merulosclerosis with foam cells infiltration and found in homozy-
gous carriers of the apoE2 isoform [58]. LPG is characterized by
dilation of capillaries in the glomerulus in presence of lamellated
lipoprotein thrombi, due to abnormal lipoproteins composed of
instable and aggregation-prone apoE mutants [59]. The first iden-
tified mutations in the APOE gene responsible for LPG were
Arg25/Cys (apoEKyoto) and Arg145/Pro (apoESendai) [60,61]. LPG-
related proteinuria is sometimes mild but progresses to nephrotic
syndrome in most cases [62].

Common APOE polymorphisms can affect renal function in
several ways. For instance, a higher frequency of the ε2 allele and a
reduced frequency of the ε4 is found in patients with end-stage
renal disease [63] and other studies confirmed this observation
also in the general population [64] and in type 2 diabetics [65,66].
Lastly, APOE expression may be dysregulated at the glomerular
level in focal and segmental glomerulosclerosis, independent of the
APOE genotype [67].

Apolipoprotein L-I (apoL-I) is a key component of the trypa-
nolytic factor of human serum associated with HDLs [68], involved
in the defense against pathogens, specifically in the adaptation to
parasitic diseases. Two common risk alleles (G1 and G2) in the
APOL1 gene have been identified in individuals with sub-Saharan
African ancestry and found to be associated with an increased
risk of non-diabetic kidney disease, particularly focal segmental
glomerulosclerosis (OMIM #612551) and HIV-associated ne-
phropathy [69e71]. These variants presumably resulting from ge-
netic protection against sleeping sickness, being absent in non-
African populations, likely explain the higher prevalence of CKD
in African Americans [71,72]. A focal and segmental glomerulo-
sclerosis phenotype is associated to the above cited variants and
linked to increased APOL1 expression in glomeruli [73]. In the
Atherosclerosis Risk in Communities (ARIC) study, black partici-
pants carrying the APOL1 high-risk genotype had a significantly
higher incidence of kidney failure and a more rapid eGFR decline
compared to those carrying the low-risk allele [74].Since the role of
apoL-I in kidney development or function is not known, it is not
clear how it may be involved in CKD pathogenesis. Several mech-
anisms have been proposed. One of the hypotheses is that APOL1
risk variants may create pores in membranes of kidney cells, acting
as in trypanosomal organelles [75]. Expression of G1 or G2 is
associated with endolysosomal and mitochondrial dysfunction
[76], altered ion channel activity [77], induction of stress-activated
protein kinase p38 MAPK and JNK [78] and autophagy [79,80], all
contributing to renal damage.

LCAT is the enzyme responsible of cholesterol esterification in
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plasma, primarily in HDLs (a-activity) but also in apoB-containing
particles (b-activity). Loss-of-function mutations in the LCAT gene
are responsible for two syndromes: familial LCAT deficiency (FLD,
OMIM#245900) and fish-eye disease (FED, OMIM#136120), two
rare autosomal recessive disorders, characterized by extremely low
HDL-C levels and the presence of corneal opacity, i.e., the hallmark
of the diseases. FLD-causing mutations lead to complete LCAT
deficiency, since LCAT lacks botha and b activity, whereas FED-
causing mutations lead to partial LCAT deficiency, in which LCAT
retains its capacity to esterify cholesterol on apoB-containing li-
poproteins [81]. While FED mutations lead to a relatively more
benign phenotype [82], FLD carriers can develop proteinuria as
early as in the second decade of life [83] usually progressing to CKD
by the fourth decade of life [84]. Lipid and lipoprotein abnormal-
ities are present in FLD patients. Consistent with the lack of ester-
ification, plasma unesterified cholesterol is raised and the
unesterified to total cholesterol ratio is above 75%. Plasma HDLs do
not only shown reduced cholesterol content, but also altered size
and shape, with a preponderance of small discoidal pre-b HDL
particles, indicative of incomplete HDL maturation [35].

In addition, due to the excessive amount of unesterified
cholesterol an abnormal lipoprotein, called lipoprotein X (LpX),
may be present [82]. LpX is composed by more than a 60%of
phospholipids and 30% unesterified cholesterol [85]. LpX appears
as a multilamellar vesicle with bi or multilayer phospholipids by
electron microscopy size ranging from 30 to 70 nm in diameter
[85]. Renal disease is the main cause of mortality and morbidity in
FLD patients. Development and progression of renal damage in FLD
patients is unpredictable and variable, also within the same family
members, suggesting a role of genetics and environment on kidney
decline [86]. Kidney biopsies of FLD show peculiar histopathologic
changes, includingmesangial expansion, irregular thickening of the
glomerular capillary walls and increased mesangial cellularity [87].
In addition, unesterified cholesterol and phospholipids can deposit
in the glomeruli, inducing vacuolization of the basement mem-
brane and conferring a “foamy” appearance [87]. Alterations of
podocyte structure with fused endothelial processes can be
observed on electron microscopy [88], while immunofluorescence
microscopy reveals the presence of IgM deposit and C3 in the
capillary loops, mesangium and arteriolar walls [89,90].

Although the exact pathogenesis of renal disease in FLD is not
fully elucidated, a direct role of LpX has been demonstrated in a
mouse study. After intravenous administration of synthetic LpX,
Lcat-/-mice develop proteinuria and FLD renal histological hall-
marks [91].

In humans, LpX is found in the capillary loops of the glomerulus,
where it induces vascular and endothelial damage [90]. Some years
ago, in an observational study, it has been shown that plasma
unesterified cholesterol levels at diagnosis were able to predict the
rate of progression of any renal events (i.e., dialysis, kidney trans-
plantation or death for renal complications) in the larger cohort of
FLD carriers described so far [84]. Moreover, unesterified choles-
terol levels above the median were associated with lower event-
free survival [84]. Excess unesterified cholesterol in these patients
accumulates in LpX.

Lipoprotein remodeling with consequent reduction of plasma
LpX, operated by HDL mimetic administration, can lead to partial
amelioration of renal disease, and decreased lipid deposition in the
kidneys [92]. In addition, the absence of renal disease in FED sug-
gests that the residual LCAT activity is sufficient to prevent the
formation of a sufficient amount of LpX to induce renal damage
[81].

No cure is available so far for FLD patients. Available pharma-
cological approaches are meant to correct dyslipidemia and to
delay renal failure. Renal transplantation represents an option in
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case of end-stage renal disease; however, it does not correct the
enzymatic defect and renal disease can reoccur [92].

Recombinant human LCAT is currently in clinical development
[93,94]. Small molecule LCAT activators have been tested in vitro
and able to activate some mutant LCAT, but no further update is
available [95,96]. Very recently, the HDL mimetic CER-001 proved
its efficacy in reducing albuminuria and increasing podocyte in a
mouse model of FLD [97]. Pharmacological approaches will be
discussed further below.

5. Targeting HDL system to benefit renal disease

The presence of reduced plasma levels of HDL-C and impaired
HDL functionality in CKD suggest the potential efficacy of phar-
macological strategies acting on HDL metabolism to prevent and
revert CKD, both in primary and secondary renal diseases.

5.1. Preclinical studies

Animal studies demonstrate that targeting apoA-I/HDL can
ameliorate kidney injury; mice overexpressing apoA-I show indeed
lower serum creatinine following lipopolysaccharide-induced kid-
ney damage compared to control wild-type mice [98]. As a sup-
porting evidence, infusion of an apoA-I mimetic peptide improved
glomerular filtration rate, decreased tubular injury and tubu-
lointerstitial fibrosis [99,100].Additionally, studies have shown that
supplementation with an apoA-I mimetic peptide reduced pro-
teinuria, glomerular, and tubulointerstitial injury in proteinuric
apoE�/� mice [101].

In a mouse model of renal disease due to genetic LCAT defi-
ciency, treatment with the synthetic HDL, CER-001, limited albu-
minuria and podocyte dysfunction [90]. In the same mouse model,
treatment with recombinant human LCAT (rhLCAT) led to a
normalization of the lipid profile, including maturation of HDL,
elimination of LpX in plasma and kidneys, and markedly reduced
proteinuria [102]. In vitro studies support the evidence that sup-
plementation with rhLCAT restore HDL-antioxidant activity by
reducing the formation of ROS in cultured renal cells [103].

Targeting the HDL system by administration of fenofibrate, a
drug increasing plasma levels of HDL-C, showed cardiorenal pro-
tective effects. In a rat model of cardiac hypertrophy and ne-
phropathy treatment with fenofibrate can indeed attenuate cardiac
hypertrophy, and protect the kidneys, preventing morphological
alterations [104].

Taken together this data support the clinical development of
treatments targeting the HDL system to slow CKD progression.

5.2. Clinical studies

Most clinical studies on HDL-related drugs in CKD aimed to
reduce the atherosclerotic burden observed in CKD have not shown
any effect on renal disease progression. Approaches are in clinical
development for genetically-determine CKD and in the future can
be potentially apply to other renal disease.

CSL-112, a human plasma-derived apoA-I, was tested in post-
acute myocardial infarction (AMI) patients with the aim of
increasing cholesterol efflux capacity, which is substantially
impaired following AMI [105]. The phase 2 trial CSL112_2001
enrolled AMI patients with moderate chronic kidney disease (eGFR
<60 mL/min/1.73 m2) to evaluate the safety of infusions in this
subgroup [106]. Whether CSL112 protects from kidney injury in this
cohort deserves further study.

Hung and colleagues demonstrate in a post-hoc analysis that IL-
1 inhibition (canakinumab) improves HDL functionality in patients
with stage 3e5 CKD, including those in maintenance hemodialysis,



Fig. 2. Potential therapeutic approaches for CKD targeting HDL metabolism. ABCA1, ATP-binding cassette transporter A1; ABCG1, ATP-binding cassette transporter G1; apoA-I,
apolipoprotein A-I; CE, cholesteryl esters; CETP, cholesteryl ester transfer protein; LCAT, lecithin:cholesterol acyltransferase; SR-BI, scavenger receptor BI; TG, triglycerides.
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however whether these changes produced a delay in CKD pro-
gression is not proven [107].

A safe profile of a single infusion of rhLCAT was assessed by
Shamburek et al. in patients with stable coronary heart disease and
low HDL-C [94]. RhLCAT was next tested in a single FLD patient
where it corrected lipid abnormalities by esterifying the excess of
unesterified cholesterol, thus preventing LpX formation. Conse-
quently, renal function shows modest improvement during treat-
ment, despite the presence of an advanced disease. Interestingly,
anemia is also improved [93].

Recently, the HDL mimetic CER-001 has been tested through a
compassionate program in two FLD patients with a very progres-
sive renal disease [92,108]. CER-001 is a novel engineered nega-
tively charged HDL mimetic previously tested for atherosclerosis
regression by virtue of its capacity to mobilize cholesterol from
peripheral cells [109]. CER-001 normalizes the lipoprotein profile,
decreasing LpX in favour of normal-sized LDL [92] and ameliorates
or at least slows renal function decline by the reduction of neph-
rotoxic LpX deposition in the kidney and by removing LpX-induced
lipid deposit [92,108]. CER-001 has the potential to be tested in
more common kidney diseases characterized by kidney lipid
deposits.

The potential targets in HDL metabolism and pharmacological
approaches in clinical development are summarized in Fig. 2.
6. Conclusion

During CKD the reduction of HDL-C levels are followed through
significant alterations in HDL structure and function, which worsen
with the progression of renal impairment. The link between HDL
system and kidney is clearly emerged in general population as well
in genetic disorder of HDL system, which are characterized by
impairment in renal function. In familial LCAT deficiency, leading to
dramatic HDL defects and serious kidney disease, the LCAT enzyme,
crucial player in HDL metabolism, is reduced and plasma concen-
trations are associated with CKD progression. Targeting the HDL
14
system, including LCAT enzyme, can be a possible therapeutic
strategy to restore plasma HDL-C levels and functionality of HDL
particles, potentially slowing CKD progression.
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