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ABSTRACT
Background Dyslipidemia is an important risk factor in CKD. The liver clears triglyceride-rich lipoproteins
(TRL) via LDL receptor (LDLR), LDLR-related protein-1 (LRP-1), and heparan sulfate proteoglycans (HSPGs),
mostly syndecan-1. HSPGs also facilitate LDLR degradation by proprotein convertase subtilisin/kexin type
9 (PCSK9). Progressive renal failure affects the structure and activity of hepatic lipoprotein receptors,
PCSK9, and plasma cholesterol.

MethodsUninephrectomy- and aging-inducedCKD in normotensiveWistar rats and hypertensiveMunich-
Wistar-Frömter (MWF) rats.

Results Compared with 22-week-old sex- and strain-matched rats, 48-week-old uninephrectomized
Wistar-CKD andMWF-CKD rats showed proteinuria, increased plasma creatinine, and hypercholesterolemia
(all P,0.05), which weremost apparent in hypertensiveMWF-CKD rats. Hepatic PCSK9 expression increased
in both CKD groups (P,0.05), with unusual sinusoidal localization, which was not seen in 22-week-old rats.
Heparan sulfate (HS) disaccharide analysis, stainingwith anti-HSmAbs, andmRNAexpression of HS polymer-
ase exostosin-1 (Ext-1), revealed elongated HS chains in both CKD groups. Solid-phase competition assays
showed that the PCSK9 interaction with heparin-albumin (HS-proteoglycan analogue) was critically depen-
dent on polysaccharide chain length. VLDL binding to HS from CKD livers was reduced (P,0.05). Proteinuria
and plasma creatinine strongly associated with plasma cholesterol, PCSK9, and HS changes.

ConclusionsProgressiveCKD induces hepatic HSelongation, leading to increased interactionwith PCSK9.
This might reduce hepatic lipoprotein uptake and thereby induce dyslipidemia in CKD. Therefore, PCSK9/
HS may be a novel target to control dyslipidemia.

JASN 32: , 2021. doi: https://doi.org/10.1681/ASN.2020091376

Hypertension and dyslipidemia are imperative risk
factors for cardiovascular disease (CVD) and
CKD.1–4 Dyslipidemia—associated with elevated
total cholesterol (TC), LDL cholesterol (LDLc),
lipoprotein-a, plasma triglycerides (TGs), and re-
duced HDL cholesterol (HDLc) levels—is impli-
cated to increase the incidence of CVD in CKD.1,3

CVD-related death is the primary cause of mortal-
ity in patients with CKD and is highly prevalent in
all age groups and in all stages of CKD.3,5–7 There-
fore, the American Heart Association and the Na-
tional Kidney Foundation categorized patients with

renal disease as having a very high risk for develop-
ing CVD.1,8
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The severity of dyslipidemia in CKDdepends on the level of
kidney function and proteinuria.1,2,9,10 The pathophysiology
behind dyslipidemia in CKD involves reduced hepatic lipase,
lipoprotein lipase, and lecithin-cholesterol acyltransferase,
along with increased 3-hydroxy-3-methyl-glutaryl-CoA re-
ductase and angiopoietin-like protein-4.9,11 Recently, hepatic
loss of syndecan-1 and increased LDL-receptor (LDLR) deg-
radation induced by proprotein convertase subtilisin/kexin
type 9 (PCSK9) have been shown to increase cholesterol
levels.12–15 The loss of hepatic syndecan-1 was found to be
strongly, positively associated with increased TGs, suggesting
hepatic syndecan-1 shedding could hamper lipoprotein up-
take by the liver and could thus contribute to dyslipidemia.16

The liver is the primary organ for lipoprotein uptake and
clearance via LDLRs, LDLR-related protein-1 (LRP-1), and
heparan sulfate (HS) proteoglycan (HSPG). Lipoproteins
bound to these receptors are endocytosed for lysosomal hy-
drolysis, whereas receptors are recycled back to the
membrane.17–22 Changes in the structure of the HS polysac-
charide side chains (chain length and/or degree of sulfation)
highly affects the functionality of HSPG,23–28 and such
changes have previously been reported in renal HSPGs in var-
ious CKD models and in cases of high dietary salt
intake.24,25,29,30

In the liver, syndecan-1/HS acts as a lipoprotein receptor,
independent of LDLR and LRP-1.17,31–33 Recently, Gustafsen
et al.34 showed hepatic HSPGs at the surface of hepatocytes act
as liver-specific coreceptors for PCSK9. Via their HS chains,
these HSPGs present PCSK9 to the LDLR. PCSK9 then binds
to the EGF-like A domain of LDLR and becomes internalized
into hepatocytes together with LDLR, where it directs the
LDLR for lysosomal degradation.22,35,36 In animal models of
CKD, marked elevation of plasma PCSK9 has been observed
with a reduction in hepatic LDLR expression and increase in
plasma LDLc levels,37–39 whereas PCSK9 knockout improved
dyslipidemia.37 These studies suggest an important role of
PCSK9 in CKD-related dyslipidemia.

Recent studies in patients with CKD have reported a
50%–60% increase in plasma PCSK9 levels.40–44 Longitudinal
human studies showed a decrease in plasma PCSK9 levels in
patients with nephrotic syndrome after effective treatment of
the disorder,37 suggesting PCSK9-mediated LDLR degrada-
tion is increased in patients with CKD, which hampers the
normal lipoprotein clearance.

In this study, we investigated the effects of CKD on hepatic
lipoprotein receptors, including HSPG, and the interaction of
HSPGwith PCSK9using twomodels ofCKD: (1) normotensive,
aged Wistar rats with uninephrectomy; and (2) hypertensive
Munich-Wistar-Frömter (MWF) rats with uninephrectomy.
We observed progressive loss of renal function induces he-
patic HS elongation, leading to increased interaction with
PCSK9. These changes might cause dyslipidemia by reducing
hepatic lipoprotein clearance. Our study reveals potential
novel targets for future treatment strategies in CKD-related
dyslipidemia.

METHODS

Animals and Treatments
Male MWF rats (n514) were obtained from Harlan (Indian-
apolis, IN), and male Wistar rats (n513) were obtained from
Harlan (Melderslo, TheNetherlands). TheMWF rat is amodel
for CKD, which is induced by progressive hypertension.45 All
animals received care in compliance with the Principles of
Laboratory Animal Care (National Institutes of Health publi-
cation number 86-23, revised 1985), the University of Gro-
ningen guidelines for animal husbandry, and the Dutch law on
experimental care, and experiments were approved by the
ethical committee on animal experiments at the University
of Groningen. All rats underwent unilateral nephrectomy at
22 weeks. Uninephrectomy accelerates the development of
CKD due to glomerular hyperfiltration. Uninephrectomy in
normal Wistar rats also causes CKD upon aging; however, the
CKD is less severe compared with theMWF rat, because of the
absence of hypertension. Proteinuria and BP (tail-cuff
method) were assessed at 24 and 25 weeks (Wistar-baseline
and MWF-baseline), and the mean of those two measure-
ments was taken as the baseline value. Blood was drawn for
baseline measurements at 25 weeks of age. At 26 weeks after
the unilateral nephrectomy (i.e., the age of 48 weeks; Wistar-
CKD and MWF-CKD) proteinuria and BP were measured
again and the rats were euthanized. A young Wistar control
group was euthanized at 22 weeks of age (Wistar-22W; n56)
without any intervention. Plasma and livers were obtained and
cryopreserved for serologic, molecular, and histologic
analysis.

Urine and Plasma Analysis
Creatinine in plasma and urine was measured using an enzy-
matic ultraviolet (UV) assay (Roche Modular P; Roche, Man-
nheim, Germany). The total protein in urine was determined
using the turbidimetric assay (Roche Modular P). PCSK9 lev-
els in the plasma of Wistar-22W, MWF-baseline, and MWF-
CKD were determined using the rat PCSK9 ELISA kit
(SEK80005; Sino Biologic Inc., Wayne, PA). No plasma from

Significance Statement

Hypertension and elevated levels of LDL cholesterol (LDLc) are vital
risk factors for cardiovascular disease (CVD) in patients with CKD.
Although statins indisputably reduce plasma cholesterol levels,
not all patients with renal disease benefit from them, making
CVD the leading cause of CKD-related mortality. CKD induces
hyperelongation of hepatic heparan sulfate (HS) chains from HS
proteoglycans (HSPG), thereby increasing the HSPG–proprotein
convertase subtilisin kexin type-9 (PCSK9) interaction. These
changes associate with elevated LDLc levels, without affecting
LDL-receptor expression. This study, using rat models, discloses a
novel mechanism behind hypercholesterolemia in CKD with
prospects for future investigation of the HSPG-PCSK9 interaction
and development of novel heparin-related glycomimetics target-
ing interruption of HSPG-PCSK9 binding.
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Wistar-CKDwere available for this analysis.Methods and pro-
cedures were followed according to the those provided in the
data sheet of the manufacturer.

Lipid Measurements
TC levels were measured with a colorimetric assay (11489232;
Roche) with Cholesterol Standard FS (DiaSys Diagnostic Sys-
tems, Holzheim, Germany) as reference. TG levels were mea-
sured using the Trig/GB kit (Roche) with Roche Precimat
Glycerol standard (Roche) as reference.

Fast-Performance Liquid Chromatography
Plasma samples from the young Wistar-22W control group,
MWF-baseline, and MWF-CKD rats were individually frac-
tionated for VLDL cholesterol (VLDLc), LDLc, and HDLc by
fast-performance liquid chromatography (FPLC) for lipopro-
tein profiling as previously described,46 with minor modifica-
tions. No plasma from Wistar-CKD rats was available for this
analysis. In brief, the system contained a PU-980 ternary
pump with an LG-980-02 linear degasser and a UV-975 UV/
VIS detector (Jasco). EDTA plasma was diluted 1:1 with Tris-
buffered saline (TBS), and 300 ml sample/buffer mixture was
loaded onto a Superose 6 HR 10/300 column (GE Healthcare,
Life Sciences Division, Chicago, IL) for lipoprotein separation
at a flow rate of 0.5 ml/min.

RNA Isolation, cDNA Synthesis, and Quantitative
RT-PCR
Total RNA was isolated from liver tissues of young Wistar
control rats, Wistar-CKD rats, and MWF-CKD rats using
the RNeasy Mini Kit (Favorgen Biotech Corp.). The concen-
tration and purity of RNA was determined using Nanodrop.
RNA (1 mg) was reverse transcribed to cDNA using Quanti-
Tect Reverse Transcription Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Endogenous
Gapdh was used as a housekeeping gene along with the tran-
scripts for the following genes: Pcsk9, Ldlr, Lrp-1, Syndecan-1,
and Ext1. Primers were purchased from Sigma-Aldrich (St
Louis, MO), except for Syndecan-1 and Ldlr, which were
from Qiagen (QuantiTect Primer Assay; Qiagen on-demand
primers). Primer sequences are provided in Supplemental
Table 1. The cycle procedure was as follows: 10 minutes at
95°C, followed by 40 repeats of a 15-second denaturation
step at 95°C, a 15-second extension and annealing step at
60°C, and then a final 5-second extension step at 72°C. Real-
time PCR was performed by CFX384 Touch Real-Time PCR
(Bio-Rad, Hercules, CA) with SYBR Green I dye (Bioline,
Dublin, Ireland) according to the manufacturer’s instruc-
tions. Fluorescent data were converted to cycle threshold
(CT) values. Relative mRNA levels were calculated as 2 to
the power of2DCT, in which DCT is the CT gene of interest
minus the CT housekeeping gene. We tested the melt curves
and efficiency of the PCR reaction. Negative controls were
included using the samples without cDNA (PCR-grade wa-
ter and mRNA sample mix in which no reverse transcriptase

was added while making cDNA). Measurements were per-
formed in triplicate.

Immunofluorescence Staining
Details on Immunofluorescence procedures are given in Ta-
ble 1. Liver stainings by immunofluorescence were evaluated
using the Leica DM4000B equipped with the DFC345FX cam-
era and LAS software package. For quantification, we obtained
six to ten random pictures per section at a magnification of
2003, with standardizedmagnification, exposure, and thresh-
old settings, using the Mac Biophotonics ImageJ program (US
National Institutes of Health, Bethesda, MD). Data are ex-
pressed as percentage positive surface area. No primary anti-
bodies were added in the negative control sections; double
staining protocols were controlled by cross-checking the ab-
sence of binding of conjugates with the other primary
antibody.

VLDL Binding Assay
Liver cryosections were fixed in acetone, followed by incuba-
tion with DiI-labeled human VLDL (Kalen Biomedical LLC,
Germantown, MD) for 2 hours. HS specificity of this in situ
binding assay has been shown by the lack of VLDL binding
after heparitinase treatment of the sections.16 Washing steps
were performed in TBS. We performed fluorescence micros-
copy using the Leica DM4000B equipped with the DFC345FX
camera, using the LAS software package. For quantification,
we obtained six to ten pictures per section at amagnification of
2003. This quantification was performed using the Mac Bio-
photonics ImageJ program, and scored as mean percentage
positive area per field.

Dot‐Blot Assay
Proteins were isolated from liver cryosections of Wistar-22W
rats (n56), Wistar-CKD rats (n513), and MWF-CKD rats
(n511) using radioimmunoprecipitation buffer with protease
inhibitors (sc-24948; Santa Cruz Biotechnology, Dallas, TX).
Tissue was lysed on ice, resuspended, and undissolved mate-
rial was spun down.We determined the protein concentration
using the Pierce BCA Protein Assay Kit (product number
23227; Thermo Scientific, Waltham, MA). The polyvinylidene
difluoride (PVDF) membrane was activated using methanol.
We blotted 100 ml of 1.25 mg/ml of protein on an activated
PVDF membrane using a Bio‐Dot (Bio‐Rad, Hercules, CA)
device. After blotting, the membrane was dried, incubated
with methanol for 1 minute, and washed three times with
demineralized water. Thereafter, the membrane was blocked
for endogenous peroxidase activity with 3% hydrogen perox-
ide in water for 10 minutes, followed by overnight blocking
with 5% skimmed milk in TBS with approximately 0.05%
Tween 20. Themembrane was incubated for 1 hour with anti–
syndecan‐1 N18 antibody (sc7100; Santa Cruz Biotechnol-
ogy), followed by rabbit anti‐goat IgG–horseradish peroxidase
(HRP) (Dako, Glostrup, Denmark) secondary antibody. De-
tection and quantification were performed using the Western
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Lightning Ultra (NEL112001EA; PerkinElmer, Waltham,
MA). Data are expressed as fold increase compared with the
control group. As a positive control, we spotted recombinant
syndecan‐1 on themembrane.Wells without any spotted sam-
ple, but incubated with anti–syndecan‐1 andHRP‐labeled sec-
ondary antibody, served as negative control.

Western Blotting
For Western blotting, liver homogenates from Wistar-22W
rats (n56), Wistar-CKD rats (n54), and MWF-CKD rats
(n55) were obtained using nonidet P-40 buffer (0.1% nonidet
P-40, 0.4 M sodium chloride [NaCl], 10 mM Tris–hydrogen
chloride [pH 8.0], 1 mM EDTA) supplemented with protease
and phosphatase inhibitors (Roche). We determined the pro-
tein concentration using the Bradford assay (Bio-Rad). Pro-
tein (30 mg) was separated by SDS-PAGE and transferred to
Amersham Hybond-P PVDF Transfer Membrane (RPN303F;
GE Healthcare). The transfer membrane was activated with
methanol beforehand. Membranes were blocked in 5% milk

in TBS with 0.01% Tween 20 (MilliporeSigma, Burlington,
MA) and incubated with rabbit polyclonal anti‐LDLR (1:300
in PBS with 1% BSA; Pab8804; Abnova, Taipei City, Taiwan),
rabbit mAb anti–LRP-1 (1:7500 in PBS with 1% BSA; 92544;
Abcam, Cambridge, United Kingdom), and rabbit anti-mouse
PCSK9 (1:300 in PBS with 1% BSA; 552C; kindly provided by
Jayson D. Horton, University of Texas Southwestern Medical
Center, Dallas, TX) antibodies. Detection and quantification
were performed using the Western Lightning Ultra (NE-
L112001EA; PerkinElmer). Proteins were visualized using a
ChemiDoc XRS1 System using Image Lab software version
5.2.1 (both from Bio-Rad). Data are expressed as fold increase
compared with the Wistar-22W control group.

Extraction and Purification of HS from Liver Samples
We collected approximately 30 mg frozen liver tissue from
each rat. Five liver samples per group were pooled, resulting
in three pooled samples (Wistar-22W, Wistar-CKD,
and MWF-CKD). Extraction and purification of HS was

Table 1. Immunofluorescence staining protocolsa

Target Antibodies Conjugates Visualization

Syndecan-1 Goat polyclonal anti–syndecan-1 (1:25 in
PBSwith 1%BSA; N‐18, SC 7100; Santa
Cruz Biotechnology)

Rabbit anti-goat Ig HRP and goat anti-
rabbit Ig-HRP (both 1:100 in PBS with
1% BSA; DAKO Diagnostics)

Tetramethylrhodamine system (1:50;
PerkinElmer LAS Inc.)

LDLR Rabbit polyclonal anti-LDLR (1:300 in PBS
with 1% BSA; Pab8804; Abnova)

Goat anti-rabbit Ig-HRP (1:100 in PBS
with 1% BSA; DAKO)

Tetramethylrhodamine system (1:50;
PerkinElmer LAS Inc.)

LRP1 Rabbit mAb anti–LRP-1 (1:7500 in PBS
with 1% BSA; 92544; Abcam)

Goat anti-rabbit Ig-HRP (1:100 in PBS
with 1% BSA; DAKO Diagnostics)

Tetramethylrhodamine system (1:50;
PerkinElmer LAS Inc.)

PCSK9b Rabbit anti-mouse PCSK9 (1:300 in PBS
with 1% BSA; 552C kindly provided by
Jayson D. Horton, University of Texas
Southwestern Medical Center, Dallas,
TX)

Goat anti-rabbit Ig-HRP (1:100 in PBS
with 1% BSA; DAKO Diagnostics)

Tetramethylrhodamine system (1:50;
PerkinElmer LAS Inc.)

Heparan
sulfate
motif: 10E4c

Mouse anti-HS mAb biotinylated 10E4
(1:50 in PBSwith 1%BSA;AMSBiotech,
Abingdon, United Kingdom)

Streptavidine FITC (1:200 in PBSwith 1%
BSA; Invitrogen)

Streptavidine FITC (1:200; Invitrogen)

Heparan
sulfate
motif:
3G10c#

Mouse anti-HS mAb 3G10 (1:1600 in PBS
with 1% BSA; AMS Biotech)

Goat anti-mouse IgG2b-HRP (1:100 in
PBS with 1% BSA; Southern Biotech,
Birmingham, AL)

Tetramethylrhodamine system (1:50;
PerkinElmer LAS Inc.)

LYVE1 Sheep anti-rat (1:300 in PBS with 1% BSA;
R&D Systems, Minneapolis, MN)

Donkey anti-sheep Alexa 488 (1:100 in
PBS with 1% BSA; A11015; Invitrogen)

Tetramethylrhodamine system (1:50;
PerkinElmer LAS Inc.)

LYVE1-3G10 Sheep anti-rat (1:300 in PBS with 1% BSA;
R&D Systems) and mouse anti-HS mAb
3G10 (1:1600 in PBS with 1%BSA; AMS
Biotech)

Donkey anti-sheep Alexa 488 (1:100 in
PBS with 1% BSA; A11015; Invitrogen)
and goat anti-mouse IgG2b-HRP
(1:100 in PBS with 1% BSA; Southern
Biotech)

Tetramethylrhodamine system (1:50;
PerkinElmer LAS Inc.)

3G10-PCSK9b Mouse anti-HS mAb 3G10 (1:1600 in PBS
with 1% BSA; AMS Biotech) and rabbit
anti-mouse PCSK9 (1:300 in PBS with
1% BSA; 552C)

Goat anti-mouse IgG2b (1:100 in PBS
with 1% BSA; Southern Biotech) and
goat anti-rabbit Ig-HRP (1:100 in PBS
with 1% BSA; DAKO Diagnostics)

Streptavidine FITC (1:200 in PBS with 1%
BSA; Invitrogen) and
tetramethylrhodamine system (1:50;
PerkinElmer LAS Inc.)

aNo primary antibodies were used in negative controls. In double staining protocols, cross contamination controls were also added. Liver staining was quantified in
5-10 randomly taken photomicrographs using standardized settings at 2003magnification by using Mac Biophotonics ImageJ program (Rasband, W.S., ImageJ,
U.S. National Institute of Health, Bethesda, MD). Data are expressed as % positive surface area.
bDescribed in the work by: Rashid et al.
cAnti-Hs mAb 10E4 recognizes an epitope characterized by mixed N-acetylated/N-sulfated disaccharide units. Intensity of staining is reduced by hypersulfation.
Anti-HS mAb 3G10 recognizes HS stubs after heparitinase digestion and stains all HS chains.
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performed as described previously.24 Briefly, hepatic tissues
were resuspended in 50 mM TBS, 2 mM EDTA, and 6 M
urea, and mechanically disrupted with a Potter grinder. After
recovery of the supernatant, the pellet was washed again in
50mMTBS, 2mMEDTA, and 6Murea and centrifuged. Both
supernatants were pooled and dialyzed against 25 mM Tris,
and 5 mM EDTA, pH 7.8. Proteins were then degraded by
pronase digestion (2 mg/ml of pronase, final concentration,
incubation for 24 hours at 37°C), precipitated by addition of
ice-cold TCA (5% vol/vol final concentration), and incubated
at 4°C for 1 hour. The samples were centrifuged, and the pel-
lets were treated againwith TCA. Supernatants from both TCA
treatments were collected, pooled, and supplemented with
diethyl ether (50% vol/vol final concentration). After shaking,
we discarded the organic upper phase and repeated the diethyl
ether washing four times. The pH from the recovered aqueous
phase was then adjusted to 7 by addition of 1 M sodium car-
bonate, and residual diethyl ether was eliminated by leaving
the samples overnight in a low-pressure environment. The
samples were then applied to a DEAE Sephacel column
(2 ml), equilibrated in 20 mM phosphate, pH 6.5. After ex-
tensive washing with 20 mM phosphate, 0.3 M NaCl, pH 6.5,
glycosaminoglycan (GAG) chains were step eluted with
20 mM phosphate, 1 M NaCl, pH 6.5. Recovered samples
were desalted over a PD-10 column, lyophilized, and stored
at 220°C before analysis.

HS Disaccharide Analysis
Disaccharide analysis of HS was performed by reverse-phase,
ion-pair high-performance liquid chromatography (HPLC).
Samples were dissolved in 100 mM sodium acetate, 0.5 mM
calcium chloride, pH 7.1, and HS was exhaustively digested
into disaccharides by incubation with heparinase I (10 mU;
Grampian Enzymes, Orkney, United Kingdom) overnight at
30°C, followed by a second incubation with heparinase II and
heparinase III (10 mU each; Grampian Enzymes) for 24 hours
at 37°C. Compositional analysis was performed by reverse-
phase, ion-pair HPLC, as described previously.24,47 Samples
were applied to a Luna 5 mm C18 reverse-phase column
(4.63150 mm; Phenomenex), equilibrated at 0.5 ml/minute
in 1.2 mM tetra-N-butylammonium hydrogen sulfate and
8.5% acetonitrile, and then resolved using an NaCl gradient
(0–8 mM in 10 minutes, 8–30 mM in 1 minute, 30–56 mM in
11.5 minutes, 56–106 mM in 1.5 minutes, and 106 mM for
6 minutes) calibrated with disaccharide standards (Iduron,
Alderley Edge, United Kingdom). We achieved on-line postcol-
umn disaccharide derivatization by adding 2-cyanoacetamide
(0.25%) in sodium hydroxide (0.5%) at a flow rate of
0.16 ml/min, followed by fluorescence detection (excitation,
346 nm; emission, 410 nm). Disaccharide isolation and anal-
ysis of each pool was performed twice.

PCSK9 ELISA Competition Assay
We used ELISA to evaluate whether different heparins com-
pete with the binding of PCSK9 to heparin-albumin. For this

purpose, MaxiSorp 96-well, flat-bottomed microtiter plates
(U96; VWR International, Amsterdam, The Netherlands)
were coated overnight in PBS with 1 mg/ml heparin-
albumin (HSPG analogue). Heparin-albumin was from
Sigma-Aldrich. According to the data sheet, this artificial
proteoglycan comprised 4.8 mol heparin per mole of albu-
min, yielding a protein content of about 55%. After washing
in PBS, wells were blocked with 5% BSA in PBS for 1 hour. In
separate microtubes, 4 mg/ml recombinant PCSK9 (PC9-
H5223; ACROBiosystems, Newark, DE) was prepared. A di-
lution range of unfractionated heparin (15 kDa; Sigma,
Zwijndrecht, The Netherlands) and two different low-mo-
lecular-mass variants of heparin, Enoxaparin (Clexane
[Rhone-Poulenc Rorer], Paris, France; a low-molecular-
mass heparin with molecular mass of approximately 4500
Da) and sulodexide (Alfa Wassermann SpA, Bologna, Italy;
composed of 80% fast-moving heparin with molecular mass
of approximately 7500 Da and 20% dermatan sulfate), were
also prepared in separate Eppendorf tubes. Equal parts of
human recombinant PCSK9 with equal parts of heparins
(separately for each heparin) were added to the wells and
incubated for 1.5 hours. The final concentration of PCSK9
(2 mg/ml) was chosen to achieve an ELISA signal of around
1.5–2.0 OD. The wells were washed again, and rabbit poly-
clonal anti-human PCSK9 antibody (1:2000 in PBS with 1%
BSA; 125251; Abcam) was added for 1 hour. After washing,
HRP-labeled goat anti-rabbit Ig (1:1000; DAKO) was added
and incubated for 1 hour. The substrate reaction was
achieved using 3,39,5,59-tetramethylbenzidine substrate
(Sigma) for 10 minutes in the dark, and the reaction was
stopped by adding 1.5 N sulfuric acid. Absorbance was mea-
sured at 450 nm in a microplate reader. All incubations
were performed at room temperature at a volume of
100 ml per well. Results are expressed as percentage inhibi-
tion: (12ELISA signal with inhibitor/ELISA signal without
inhibitor)3100%.

Statistical Analyses
Analyses were performed using GraphPad version 5
(GraphPad software). One way ANOVA (Kruskal–Wallis
test) was used to compare Wistar-22W, Wistar-CKD, and
MWF-CKD rats. When significant differences were ob-
served between the means, the Dunn multiple comparison
test was as used as post-test to identify which specific
means were significant from the others. Data are given as
mean6SEM. The paired t test was used to compare clinical
characteristics between the groups for normally distrib-
uted data. The Wilcoxon, matched-pairs, signed-rank
test was used to compare clinical characteristics between
the groups for non-normally distributed data. Nonpara-
metric Spearman correlation was used to analyze the asso-
ciation between parameters. For all experiments, a P value
of ,0.05 was considered statistically significant. The cal-
culation of the P value takes into account the number of
comparisons made.
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RESULTS

Clinical Parameters in Rat Models for CKD
CKD was induced by uninephrectomy followed by aging in
normal, healthy, male Wistar and male MWF rats. Clinical
parameters were assessed at baseline (25 weeks) and at the
end of the study (48 weeks), which are presented in Table 2.
Wistar-CKD and MWF-CKD rats showed an increase in body
weight due to normal aging. No changes were observed in the
mean arterial pressure (MAP) of Wistar-CKD compared with
Wistar-baseline rats, whereas MWF-CKD rats showed in-
crease in MAP at 48 weeks as compared with MWF-baseline
rats. Wistar-baseline andMWF-baseline rats did not show dif-
ferences in MAP. Plasma creatinine was increased in Wistar-
CKD and MWF-CKD rats compared with their respective
baseline values. Similarly, Wistar-CKD rats showed increased
proteinuria compared with Wistar-baseline rats due to aging
and unilateral nephrectomy. MWF-baseline rats were protei-
nuric, which was further raised significantly upon unineph-
rectomy and aging at 48 weeks. Nonfasted plasma TGs seemed
to increase in Wistar-CKD rats upon aging and nephrectomy;
however, this did not reach statistical significance. MWF an-
imals showed increased plasma TGs at baseline and these re-
mained high upon aging. Both Wistar-CKD and MWF-CKD
rats had significant increases in plasma cholesterol compared
with their baseline values. By combining all four groups (Wis-
tar-baseline, Wistar-CKD, MWF-baseline, and MWF-CKD)
both plasma creatinine and proteinuria correlated with TC
values (r50.57; 95% CI, 0.34 to 0.73; P#0.0001; and
r50.73; 95% CI, 0.57 to 0.84; P#0.0001; respectively). More-
over, both plasma creatinine and proteinuria were positively
correlated with TC values when only Wistar-baseline (25
weeks) andWistar-CKD (48 weeks) measurements were taken
into account (r50.64; 95% CI, 0.33 to 0.83; P50.0004; and
r50.51; 95% CI, 0.14 to 0.76; P50.007; respectively). Also,
both plasma creatinine and proteinuria positively correlated
with TC values when only MWF-baseline and MWF-CKD
measurements were taken into account (r50.84; 95% CI,
0.67 to 0.92; P#0.0001; and r50.61; 95% CI, 0.28 to 0.81;

P50.001; respectively), indicating loss of renal function in-
duces hypercholesterolemia in both CKD rat models.

Plasma Lipid Profiling
To get more insight into cholesterol profiles, we separated
plasma lipoproteins in young Wistar-22W, MWF-baseline, and
MWF-CKD rats by FPLC. Plasma samples ofWistar-baseline and
Wistar-CKD rats were lost and could not be measured. No sig-
nificant differences were found in VLDLc, LDLc, andHDLc levels
when compared between Wistar-22W and MWF-baseline rats.
VLDLc, LDLc, and non-HDLc (VLDLc and LDLc) were found
tobe significantly increased inMWF-CKDcomparedwithMWF-
baseline rats (Figure 1), which might indicate an increased
amount of remnant lipoproteins, likely due to impaired hepatic
clearance. Association analyses revealed VLDLc associated (bor-
derline) with proteinuria (r50.45; 95% CI, 20.02 to 0.76;
P50.05), and LDLc and non-HDLc associated with proteinuria
and plasma creatinine (for LDLc, r50.51; 95% CI, 0.06 to 0.79;
P50.03; and r50.67; 95%CI, 0.3 to 0.87; P50.002; and for non-
HDLc, r50.49; 95% CI, 0.03 to 0.78; P50.03; and r50.66; 95%
CI, 0.29 to 0.86; P50.002; respectively).

Expression of Hepatic Lipoprotein Receptors
We next investigated the expression of major hepatic lipopro-
tein receptors (LDLR, LRP-1, and syndecan-1) by quantitative
RT-PCR, immunofluorescence staining, and Western blotting
or dot blotting (Supplemental Figure 1). mRNA analyses of
Ldlr and Syndecan-1 showed no changes in Wistar-CKD and
MWF-CKD rats, whereas Lrp-1 was significantly upregulated
in Wistar-CKD and MWF-CKD rats compared with Wistar-
22W rats. Immunofluorescence staining of livers for LDLR,
LRP-1, and syndecan-1 showed a sinusoidal staining pattern
for basal hepatocyte expression, without any change in inten-
sity or distribution of all three groups. Similarly, Western blot-
ting showed no significant changes in total LDLR protein, but
significant upregulation of LRP-1 total protein inWistar-CKD
and MWF-CKD rats. Syndecan-1 was analyzed by dot blot,
because the presence of HS chains hampered proper electro-
phoresis migration and transfer in Western blotting, and this

Table 2. Clinical characteristics of Wistar-baseline (25 weeks n513), Wistar-CKD (48 weeks, n514), MWF-baseline (25 weeks,
n513), and MWF-CKD (48 weeks, n514) rats

Parameters
Wistar-

Baseline (25
weeks)

Wistar End Point;
Wistar-CKD
(48 Weeks)

P Value
MWF-

Baseline (25
weeks)

MWF End Point;
MWF-CKD
(48 weeks)

P Value
P Value (Wistar-
baseline versus
MWF-baseline)

Body weight (g) 45369 567613 ,0.0001 365620 454614 ,0.0001 ,0.005
Systolic BP (mm Hg) 14364 15163 NS 14167 19469 0.005 NS
Diastolic BP (mm Hg) 10264 10663 NS 10865 14369 0.01 NS
Mean BP (mm Hg) 11564 12163 NS 12662 16069 0.003 NS
Proteinuria (mg/24 h) 963 57620 0.0002 6067 10367 0.002 ,0.0001
Plasma creatinine
(mmol/L)

2063 4261 ,0.0001 1761 118625 0.0005 NS

TGs (mmol/L) 1.3160.12 1.7660.34 NS 1.6660.24 1.6460.17 NS NS
TC (mmol/L) 2.3460.13 3.5960.41 0.002 2.7160.11 3.8360.19 0.008 NS

Data are presented as mean6SEM. NS represents nonsignificant differences between the groups.
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also showed no changes between the groups. Altogether, hepatic
lipoprotein receptors were not reduced by mild (Wistar-CKD)
or more severe (MWF-CKD) progressive renal failure.

Changes in Hepatic PCSK9 Expression Is Associated
with Renal Function Loss and TC
Plasma PCSK9 was not significantly different in MWF-
CKD compared with MWF-baseline and Wistar-22W

rats (Figure 2A), although half of the CKD rats in both
groups show plasma PCSK9 levels above control values.
Univariate correlation analysis suggested plasma PCSK9
correlated with non-HDLc (r50.46; 95% CI, 20.02 to
0.77; P50.05); however, this did not reach statistical
significance.

No significant differences were observed in Pcsk9 mRNA
expression and total protein expression in Wistar-CKD and

F
ol

d 
ch

an
ge

 V
LD

Lc

*

8

6

4

2

0

W
ist

ar
-2

2W

M
W

F-b
as

eli
ne

M
W

F-C
KD

B

**

F
ol

d 
ch

an
ge

 H
D

Lc

8

6

4

2

0

W
ist

ar
-2

2W

M
W

F-b
as

eli
ne

M
W

F-C
KD

D

***
**

F
ol

d 
ch

an
ge

 V
LD

Lc

8

6

4

2

0

W
ist

ar
-2

2W

M
W

F-b
as

eli
ne

M
W

F-C
KD

C

***

**

F
ol

d 
ch

an
ge

 n
on

-H
D

Lc

8

6

4

2

0

W
ist

ar
-2

2W

M
W

F-b
as

eli
ne

M
W

F-C
KD

E

C
ho

le
st

er
ol

 s
ig

na
l (

uV
)

VLDL

LDL
HDL

Wistar-22W

MWF-baseline

MWF-CKD

1.5×105A

1.0×105

5.0×104

0

20 30 40 50 60

Time (min)

Figure 1. Cholesterol profiling by FPLC in Wistar-22W (n56), MWF-baseline (25 weeks, n514), and MWF-CKD (48 weeks, n514) rats.
(A) FPLC profiles for plasma cholesterol for Wistar-22W, MWF-baseline, and MWF-CKD rats. The dark lines indicate the mean; the light
shades indicate SEM. (B) Fold increase in VLDLc, (C) in LDLc, (D) in HDLc, and (E) in non-HDLc. Non-HDLc was calculated as the sum of
VLDLc and LDLc. Data shown as mean6SEM. *P,0.05, **P,0.005, ***P,0.0001.

www.jasn.org BASIC RESEARCH

JASN 32: 1371–1388, 2021 PCSK9 Changes in CKD Dyslipidemia    1377



MWF-CKD rats compared with Wistar-22W rats, although
increasing tendencies were observed (Figure 2, B–D). How-
ever, PCSK9 protein surface expression, measured by immu-
nofluorescence staining, was significantly upregulated in both
Wistar-CKD and MWF-CKD rats as compared with Wistar-
22W rats (Figure 2, E and F). Interestingly, the distribution of
PCSK9 protein in the livers of Wistar-CKD and MWF-CKD
rats was strikingly different fromWistar-22Wrats (Figure 2E).

In Wistar-22Wrats, PCSK9 staining was uniform and weak in
a cytoplasmic pattern, whereas PCSK9 was increased and es-
pecially accumulated in the sinusoids in both CKD groups.We
found positive correlations of PCSK9 staining (thus represent-
ing the degree of accumulation in the sinusoids) with plasma
creatinine (r50.53; 95% CI, 0.07 to 0.8; P50.02) (Figure 2G),
LDLc (r50.75; 95% CI, 0.24 to 0.93; P50.009), and non-
HDLc (r50.75; 95% CI, 0.24 to 0.93; P50.009). These data
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might suggest sinusoidal PCSK9 hampers lipoprotein clear-
ance, but without affecting LDLR protein expression.

Profiling of HS GAG Side Chains
Because both PCSK9 and lipoproteins are functional li-
gands of HS, we evaluated structural changes in hepatic HS
by immunofluorescence staining using monoclonal anti-HS
antibodies, by HS disaccharide analysis, and bymRNA expres-
sion of Ext1 (the major enzyme for HS polymerization). As

reported in previous studies, anti-HS mAb-10E4 binds to HS
domains containing mixed N-acetylated andN-sulfated disac-
charide units.48 The binding of anti-HS mAb-10E4 weakens
with both an increase (hypersulfation) and decrease (hyposul-
fation) in sulfation of HS. Anti-HSmAb-10E4 was found to be
expressed in the sinusoids of the liver, most likely the basal cell
membranes of the hepatocytes facing the sinusoids, in all three
groups. This staining pattern resembled syndecan-1 protein
expression, suggesting anti-HS mAb-10E4 recognized the HS
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chains of syndecan-1. We observed no differences in the ex-
pression of 10E4 in between Wistar-22W rats and both CKD
groups (Figure 3, A and C).

The anti-HSmAb-3G10 reacts with HS neoepitopes contain-
ing unsaturated uronic acid residues onHS fragments generated
by digesting HSwith heparitinase I. Therefore, staining intensity
of anti-ΔHS reflects the number of heparitinase-digestible cleav-
age sites in HS.49 Intensity of 3G10 staining was significantly
increased in both CKDmodels compared with Wistar-22W
rats (Figure 3, B and D), indicating more heparitinase-
digestible cleavage sites. Interestingly, 3G10 expression
was positively associated with plasma creatinine (r50.52;
95% CI, 0.18 to 0.76; P50.004) and TC levels (r50.53; 95%
CI, 0.19 to 0.76; P50.003) (Figure 3, E and F).

In a double staining of anti-HS mAb-3G10 with sinusoidal
endothelial marker LYVE1, we demonstrate HS to be present on
the outer margins of the sinusoids, most likely the basolateral
membrane of the hepatocytes, where syndecan-1 is also localized
(Figure 4). These data indicate the proteinuric state changed the
structure of HS, but not its distribution, in hepatic tissues.

To investigate the structural changes in HS side chains in
detail, disaccharide analysis of hepatic HS was performed by
HPLC after exhaustive heparinase/heparitinase digestion. The
results did not highlight any gross changes in the disaccharide
composition of hepatic HS in both CKD groups compared
with Wistar-22W group (Figure 5A). However, the amount
of HS-derived uronic acid was found to be higher in both
CKD groups compared with Wistar-22W rats (Figure 5B),
in line with 3G10 immunofluorescence staining data
suggesting longer HS chains. Finally, we measured mRNA
transcript coding for Ext1, the major enzyme for HS polymer-
ization. Interestingly, EXT-1mRNA expressionwas significantly
increased in both CKD groups (Figure 5C). Altogether, un-
changed syndecan-1 and anti-HS mAb-10E4 staining, to-
gether with enhanced anti-ΔHS mAb-3G10 staining, in-
creased HS uronic acid content and increased Ext1
expression, strongly indicating a longer HS chain length in
the livers of CKD rats, without major changes in HS sulfation
patterns. In addition, Ext1 mRNA expression positively associ-
ated with plasma creatinine (r50.52; 95% CI, 0.06 to 0.8;
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Figure 4. Double staining of HS with sinusoidal endothelial marker LYVE1. Confocal immunofluorescence images of hepatic HS using
anti-HS mAb 3G10 with sinusoidal endothelial marker LYVE1. DAPI represents nuclear staining. Scale bars in photomicrographs
represent 50 mm. *P,0.05, **P,0.01. DAPI, 49,6-diamidino-2-phenylindole.
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P50.03), TC (r50.66; 95% CI, 0.27 to 0.87; P50.003)
(Figure 5D), and PCSK9 total protein (r50.84; 95% CI, 0.55
to 0.95; P50.0001) (Figure 5E) and PCSK9 mRNA levels
(r50.53; 95%CI, 0.08 to 0.8; P50.02), suggesting a relationship
between HS chain elongation and PCSK9 sinusoidal expression.

PCSK9 Interaction with Heparins Depends on Chain
Length
To investigate the eventual effect of HS chain length on the
binding with PCSK9, we performed a PCSK9 competition

experiment to immobilized heparin-albumin. Competition
was done using unfractionated heparin (15 kDa), Sulodexide
(7.5 kDa) and low-molecular-mass heparin (Enoxaparin; 4.5
kDa). We observed that decreasing heparin chain length from
15 to 7.5 and to 4.5 kDa decreased its ability to compete with
heparin-albumin for an interaction with PCSK9 (Figure 5F).
Thus, longer heparin (substitute for HS) chains bind PCSK9
with higher efficiency.

To investigate an association of PCSK9 with elongated HS
in vivo, we performed confocal immunofluorescence staining
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of PCSK9 and anti-HS mAb-3G10. As shown in Figure 6,
PCSK9 partially colocalizes to HS in the hepatic sinusoidal
regions. These observations were exclusively seen in both
CKD groups endowed with hyperelongated HS and not in
Wistar-22W rats lacking these hyperelongated modifications
(Figure 6).

Lipoprotein Binding Capacity Is Reduced in CKD
Conditions
Lastly, because the HS chains of syndecan-1 are crucially im-
portant in hepatic lipoprotein clearance, we evaluated the
binding capacity of DiI-labeled VLDL particles with liver sec-
tions from the Wistar-22W group and both CKD groups. In
the Wistar-22W group, binding was seen in a sinusoidal pat-
tern (Figure 7), comparable to the distribution of syndecan-1
and the HS mAbs 10E4 and 3G10 (Figure 3). Heparitinase
pretreatment of the sections abolished all DiI-VLDL binding,
demonstrating the HS-dependent binding of DiI-VLDL to the
liver sections (not shown). Importantly, the DiI-VLDL bind-
ing capacity of hepatic HS was reduced in Wistar-CKD and

MWF-CKD rats compared withWistar-22Wrats; this reached
significance in Wistar-CKD rats. In addition, VLDL binding
was negatively associated with LDLc (r520.5; 95% CI, 20.8
to 20.06; P50.03) and non-HDLc levels (r520.5; 95% CI,
20.79 to 20.04; P50.03), strongly suggesting that HS-
dependent lipoprotein binding and hepatic clearance is re-
duced as renal disease progresses.

DISCUSSION

The major findings of this study are the sinusoidal accumula-
tion of PCSK9 and production of hyperelongated HS chains in
both models of CKD. Furthermore, the interaction of PCSK9
with HS/heparin critically depends on the polysaccharide
chain length. Lipoprotein binding capacity of hepatic HSPGs
was reduced in both CKD groups, and associations with renal
functionwere observed with TC, PCSK9, andHS size changes.
Altogether, these data indicate a novel mechanism behind
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Figure 6. Confocal immunofluorescence double stainings of PCSK9 (red) with anti-HS mAb 3G10 (green). PCSK9 partly colocalizes
with HS at the hepatic sinusoids in Wistar-CKD and MWF-CKD rats, but this is absent in Wistar-22W rats. Scale bars represent 50 mm.
DAPI, 49,6-diamidino-2-phenylindole.
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hypercholesterolemia in progressive CKD, which involves
PCSK9 and elongated hepatic HS chains.

Our study shows, for the very first time, that CKD can
modify (elongate) hepatic HS chains, and that elongated
HS chains can bind to PCSK9 more effectively. Because
HSPGs facilitate PCSK9-mediated LDLR degradation, we
initially assumed that increased HS-PCSK9 interaction
would promote LDLR degradation in both CKD models
causing hypercholesterolemia. However, LDLR protein
levels remained unchanged. Interestingly, we found an ac-
cumulation of PCSK9 in the sinusoids, along with the pro-
duction of hyperelongated HS chains in both CKD models.
On the basis of these intriguing observations, we designed a
model suggesting a potential novel mechanism behind dys-
lipidemia in CKD.

PCSK9 can self-associate to dimers andmultimers via their
catalytic domain in a concentration-, pH-, and temperature-
dependent manner, and also at concentrations close to that in
human plasma.50,51 Altogether, we hypothesize that PCSK9
homeostasis is affected by the structural changes taking place
on HS in CKD. As shown in Figure 8B, elongated HS chains
(via their trisulfated domains) provide a platform to effec-
tively bind several PCSK9 molecules at a time (via the
PCSK9 prodomain), increasing PCSK9 concentrations at the
HS site and facilitating PCSK9 dimerization (via their catalytic
domains). This results in the formation of complexes involv-
ingHSPG and PCSK9 dimers at the surface of hepatocytes. It is
well recognized that GAGs, especially HS through their sulfated
domains, efficiently bind to protein dimers/oligomers.52–54 Fur-
thermore,many studies have shownGAGs could actually induce

ligand oligomerization, with significant consequences for their
biologic activities.55–57

Therefore, we propose the PCSK9 dimer, attached at two
sulfated domains of HS, becomes efficiently attached or
immobilized with the HS side chain. Immobilization of
HSPG-bound ligands has been previously observed with basic
fibroblast growth factor.58–60 Because the HS binding domain
in PCSK9 differs from the LDLR binding domain,34,61 PCSK9
dimers attached to HS bind to a neighboring LDLR, forming
LDLR-PCSK9- HSPG (most likely syndecan-1) complexes.
Such complex formations have been previously reported for
other ligands.62–64 These complexes might either become
immobilized on the surface of hepatocytes or their internali-
zation might be very delayed. The hypothesis of complex
formation is further supported by the observation of PCSK9
positivity in liver cryosections, even after successful treatment
with heparitinase (Figure 6) or heparin competition (data not
shown). These data suggest endogenous PCSK9 bound to he-
patic HS remains attached to other membrane receptors, such
as LDLR.

These phenomena compromise the functionality of
HSPGs and LDLR and prevent lipoprotein clearance, causing
dyslipidemia in CKD. This might explain the absence of
PCSK9-mediated LDLR degradation and PCSK9 clusters in
the hepatic sinusoids in both CKD groups. In line with our
findings, Meyers et al.65 reported that proteoglycans secreted
from statin-exposed monkey aortic smooth muscle cells
showed longer HS chains with reduced LDL binding.66 Re-
duced HS binding to (V)LDL, in this case, could be due to
steric hindrance by the immobilized PCSK9 dimer.
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Significant upregulation of LRP-1 mRNA and protein
levels, without improvements in lipoprotein values, is an-
other intriguing finding from our study. The increase in
LRP-1 could be due to the effects of LDLc, as observed in
the study by Llorente-Cortés et al.67–69 However, no ben-
eficial effects on lipoprotein levels suggests a dysfunctional
LRP-1. Canuel et al.70 previously reported that PCSK9 can
also induce LRP-1 degradation, similarly to LDLR degra-
dation, however, only in the absence of LDLR. Therefore,
in our models of CKD where hepatic HSPGs are hypere-
longated, PCSK9-HSPG forms a complex with LDLR first.
When all LDLRs are complexed with PCSK9-HSPG, then
LRP-1-PCSK9-HSPG complexes are formed. This phe-
nomenon might make LRP-1 nonfunctional despite its sig-
nificant upregulation.

Clinical trials with the PCSK9 mAbs alirocumab and evo-
locumab, in both CKD and non-CKD populations, showed a
reduction in LDLc of 45%–60% and 60%–70% when used as
monotherapy or in combination with statins and ezetimibe,
respectively, along with a reduction in TG of 35%–45%.71–79

Similarly, treatment with small-interfering RNA against
PCSK9 (inclisiran) reduced LDLc levels by .50%.80 Such an
effective reduction in LDLc and TG is possible when the

complex formation of both LDLR and HSPG by PCSK9 is
prevented, which is in line with our model/hypothesis. Hep-
arinoids might be an economic alternative to expensive
PCSK9 inhibitors. Nevertheless, further studies are essential
to validate specificity, long-term use, and safety of heparin-
oids.81,82 Furthermore, serum PCSK9 has been reported to be
a key player in metabolic dyslipidemia (diabetes, metabolic
conditions, and in the obese population).83–87 Therefore,
blocking PCSK9, irrespective of changes in hepatic HSPG,
might be beneficial in these populations as well. The extent
of LDLcmodification inmetabolic conditions, however, needs
further investigation to understand if these populations are
equally benefited by blocking of PCSK9.

Although statins have proved unequivocally effective in
reducing plasma cholesterol levels, not all patients with re-
nal disorders benefit from them.3,9,88–90 Further, statins
have been recently reported to increase PCSK9 levels and
LDLR levels by suppression of IDOL (inducible degrader of
LDLR) in two independent studies.91,92 Our study suggests
the statin-insensitive population might have hyperelonga-
ted hepatic HPSGs. In such conditions, regardless of the
beneficial effects of statins, the complex formation between
HSPG, PCSK9, and LDLR makes both lipoprotein
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receptors nonfunctional. Targeting PCSK9 might also pro-
vide an additional benefit in the statin-insensitive popula-
tion by rescuing both HSPGs and LDLRs from lipoprotein
clearance.

In this study, we did not investigate the factor(s) modi-
fying hepatic HSPGs. TGF-b and angiotensin II, important
renal factors, are known to hyperelongate GAG chains in
vascular smooth muscle cells and human SV40-transformed
podocytes, respectively.66,93–95 Similarly, oxidative stress is
known to enhance total proteoglycan synthesis and GAG chain
elongation in vascular smooth muscle cells.66,96 Therefore, ef-
fects of these factors on hepatic HSPGs and molecules targeting
their reduction/inhibition need to be further studied, because
proteoglycan metabolism in vascular tissues is markedly differ-
ent from that in hepatic tissues.97,98 Further, inhibition of the
TGF-b signaling pathway requires vigilant consideration be-
cause it can disrupt normal physiologic functions.66,94

This study provides novel insight into the biologic mech-
anism of reduced hepatic lipoprotein clearance leading to hy-
percholesterolemia in CKD. It also reveals prospects for future
investigation on the HS-PCSK9 interaction and development
of novel heparin mimetics targeting modification of this HS-
PCSK9 interaction.
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