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Unraveling	the	mechanisms	controlling	remnant	lipoprotein	clearance	is	
important,	as	these	lipoproteins	are	highly	atherogenic.	The	most	critical	
molecule	in	this	process	is	apoE,	which	mediates	high-affinity	binding	of	
remnant	lipoproteins	to	members	of	the	LDL	receptor	(LDLR)	family	and	
cell-surface	heparan	sulfate	proteoglycans	(HSPGs),	which	have	been	shown	
to	play	major	independent	as	well	as	cooperative	roles	in	remnant	lipopro-
tein	clearance.	While	all	the	players	may	have	been	identified,	our	under-
standing	of	how	they	interact	and	function	together	continues	to	evolve.	In	
this	issue	of	the	JCI,	MacArthur	et	al.	(see	the	related	article	beginning	on	
page	153)	demonstrated	that	HSPGs	under	normal	physiological	conditions	
are	critically	important	in	the	clearance	of	remnant	lipoproteins,	indepen-
dent	of	LDLR	family	members.	The	complexity	of	VLDL	and	chylomicron	
remnant	clearance	was	exemplified	by	the	studies	of	Jones	et	al.,	also	in	this	
issue	(see	the	related	article	beginning	on	page	165).	Despite	defective	clear-
ance	of	LDL	in	mice	with	a	deficiency	in	the	adaptor	protein	controlling	
internalization	of	the	LDLR,	called	autosomal	recessive	hypercholesterol-
emia	(ARH),	remnant	lipoprotein	clearance	was	not	grossly	abnormal.	A	
likely	explanation	is	that	the	abnormal	LDLRs	bind	the	remnants	and	then	
transfer	them	to	another	acceptor	for	internalization.	While	the	studies	
clearly	demonstrate	that	the	LDLR-related	protein	1	is	not	involved	and	sug-
gest	a	role	for	an	additional	unidentified	receptor,	it	remains	a	possibility	
that	HSPGs	are	responsible	for	remnant	uptake	by	hepatocytes	in	the	pres-
ence	of	defective	LDLR	internalization.

Remnant lipoproteins from  
the liver and intestine
Remnant lipoproteins are cholesterol-rich 
particles that are generated during circula-
tion by lipolytic processing of liver-synthe-
sized VLDL and intestine-synthesized chy-
lomicrons (1, 2). Remnants are extremely 
atherogenic lipoproteins (3, 4). Lipopro-
tein lipase (LPL) on endothelial cell sur-
faces in capillaries and, to a lesser extent, 
hepatic lipase (HL) in the liver hydrolyze 
the  triglycerides  of  these  particles  and 
generate  remnants  that  under  normal 

circumstances are rapidly and efficiently 
cleared  from  the  blood  by  hepatocytes, 
where they are catabolized. Lipoproteins  
(density < 1.006) induced by cholesterol 
feeding in animals or occurring in patients 
with type III hyperlipoproteinemia (HLP, 
a genetic disorder characterized by rem-
nant  lipoprotein  accumulation  in  the 
blood), called β-VLDL, are a mixture of 
both VLDL and chylomicron remnants, 
and their accumulation results in impair-
ment of remnant clearance (1, 2, 4). The 
major components of remnants, includ-
ing β-VLDL, are apoB100, apoB48, apoE, 
and the apoCs. ApoE is the critical ligand 
responsible for remnant lipoprotein clear-
ance (1, 5). LPL and HL may also serve as 
ligands under some circumstances (6–9).

Role of apoE in remnant  
binding and uptake
Some of the first evidence defining a criti-
cal  role  for  apoE  in  remnant  clearance 

involved i.v.  infusion of apoE in choles-
terol-fed rabbits and the demonstration 
of accelerated clearance of β-VLDL rem-
nants from the blood and their uptake by 
the liver (10). In transgenic mice and rab-
bits, overexpression of apoE accelerated 
remnant clearance (11–13). Furthermore, 
apoE was localized to the sinusoids in the 
space of Disse, and after infusion of rem-
nant lipoproteins, apoE disappeared from 
the sinusoids and appeared in hepatocytes 
(14). ApoE-knockout mice have markedly 
defective remnant  lipoprotein clearance 
(15, 16). Clearly, LPL and HL do not sub-
stitute for apoE in remnant clearance.

Compelling proof of apoE’s role as a crit-
ical ligand for remnant lipoproteins came 
from understanding type III HLP (2, 4).  
Type  III  HLP  is  associated  with  genetic 
mutations  in  apoE.  The  most  common 
apoE  variant  [apoE2(R158C)]  acts  as  a 
susceptibility factor that requires a second 
hit (obesity, hypothyroidism, menopause, 
etc.) to induce remnant lipoprotein accu-
mulation  (2,  4).  The  majority  of  apoE2 
homozygotes actually have normal or even 
low plasma lipid levels and no significant 
impairment  of  remnant  clearance.  This 
apoE variant is also defective in binding to 
the LDL receptor (LDLR), the LDLR-relat-
ed protein (LRP), and heparan sulfate pro-
teoglycans (HSPGs). A transgenic animal 
model expressing this apoE variant can be 
induced to develop type III HLP (17).

A variant in which arginine at residue 142 
is replaced by a cysteine [apoE(R142C)] has 
a dominant mode of type III HLP trans-
mission with marked remnant lipoprotein 
accumulation and premature atheroscle-
rosis  (a second hit  is not required)  (18). 
Expression of  this variant  in  transgenic 
mice causes remnant accumulation (19). 
This  variant  is  defective  in  binding  to 
LDLR, LRP, and HSPGs (2, 20).

However, critical information learned 
from studies of these apoE variants not 
only  supports  the  importance  of  apoE 
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in remnant clearance but also provides 
insights into the critical receptors involved 
in remnant clearance. ApoE2 is markedly 
defective  in  binding  to  LDLRs  (<1%  or 
2% of normal apoE3 activity). However, 
apoE2 is characterized by a substantial 
capacity  to  bind  to  HSPGs  (50%–70%  
of apoE3 activity) (20). This was one of 
the observations suggesting that HSPGs 
were  involved,  directly  as  a  receptor  or 
indirectly  in  complex  with  LRP,  in  the 
binding and uptake of remnants (20, 21). 
Remnants accumulate and type III HLP 
develops  in  apoE2  homozygotes  only 
when the HSPG pathway is overwhelmed 

by processes that increase remnant pro-
duction or decrease clearance, secondary 
to a second hit (2, 4).

Interestingly,  the  importance  of  the 
HSPG pathway in remnant clearance is also 
supported by data reported in studies of the 
role of the dominant variants of apoE that 
cause type III HLP, such as apoE(R142C), 
apoE(R145C),  apoE(K146Q),  and  apoE 
Leiden (no second hit required) (2, 4, 20). 
The dominant variants are markedly defec-
tive in HSPG binding (<5% of apoE3 activ-
ity),  but  their  LDLR-binding  activity  is 
25%–45% that of normal apoE3 (20). Defec-
tive binding of apoE variants to HSPGs in 

the dominant forms of type III HLP is the 
only  factor consistently associated with 
remnant lipoprotein accumulation in these 
patients or in model systems. Even though 
these variants are able to bind LDLR with 
avidity, the impaired HSPG binding results 
in impaired remnant clearance and hyper-
lipidemia. Clearly HSPGs play a  critical 
independent role in remnant clearance.

Multiple steps involved in remnant 
uptake by hepatocytes
We have envisioned that HSPGs in the space 
of Disse bring all the participants in remnant 
clearance together (Figure 1). The first step 

Figure 1
Remnant lipoprotein uptake is mediated by LDLR, HSPGs, and LRP. HSPGs are abundant in the matrix of the space of Disse and on the surface 
of hepatocytes. Sulfate groups (SO4) on HSPGs interact with apoE, LPL, and HL. ApoE and possibly LPL and HL serve as ligands mediating 
sequestration, binding, and uptake of the remnants. Defective apoE, which occurs in type III HLP, displays variable defective binding to the LDLR 
and HSPGs compared with normal apoE. The LDLR, HSPGs, and the HSPG/LRP complex serve as receptors or coreceptors mediating remnant 
lipoprotein uptake (i–iii). E, apoE. Modified from the Journal of Lipid Research (1).
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is sequestration. The remnants are captured by 
interaction with HSPGs, the binding being 
mediated primarily through apoE (1, 4, 5). 
LPL and HL may continue their lipolytic pro-
cessing, preparing the particles for uptake by 
hepatocytes and assisting in binding the par-
ticles to HSPGs (1, 7). ApoE synthesized and 
secreted by the liver serves as a reservoir for 
mediating binding and uptake. ApoE gener-
ated locally in the liver functions better than 
peripherally produced apoE in mediating 
remnant clearance (22). Internalization of the 
remnants involves several players.

Remnant lipoprotein uptake by 
LDLR, LRP, and HSPGs
For many years  it has been known that 
the absence of normal LDLR activity leads 

to accumulation of LDL, but not of rem-
nants (23, 24). While it has been clearly 
established that LDLR is involved in rem-
nant clearance under normal physiologi-
cal  circumstances,  there  is  significant 
LDLR-independent clearance, accounting 
for as much as 25%–50% of the hepatic 
remnant uptake (14) and suggesting that 
an  additional  mechanism  (a  remnant 
receptor) exists in the liver.

Herz and associates (25, 26) identified 
an additional member of the LDLR fam-
ily, LRP1, as a major  remnant  receptor 
candidate. Whereas inactivation of LDLR 
in mice results in an increase in LDL and 
remnant levels, inactivation of LRP1 does 
not affect lipoprotein clearance, suggest-
ing that in the presence of LDLR, LRP1 

has little or no physiological function in 
remnant clearance. When both receptors 
are  inactivated,  there  is a  further accu-
mulation of  remnants,  suggesting  that 
LRP1 may serve as a backup system in the 
absence of LDLRs.

HSPG  is  the  other  major  participant 
responsible for remnant clearance (1, 7, 8, 
20, 21, 27–30). The critical role of HSPGs 
in lipoprotein uptake was established by 
our group (1, 21, 27) as well as by Williams 
and Fuki (7). The importance of HSPGs 
in remnant binding and uptake was dem-
onstrated  by  treating  a  variety  of  cells 
with  heparinase.  Heparinase  treatment 
decreased remnant binding and uptake by 
80%–90% in fibroblasts, familial hypercho-
lesterolemia (FH) fibroblasts, and HepG2 

Figure 2
Under normal conditions in which the ARH is functional, the LDLR-dependent internalization of remnants by hepatocytes occurs. However, when 
the ARH is defective or absent, the remnants may bind to the LDLR but then are transferred to other cell-surface molecules for internalization. 
The acceptor may be HSPG or an additional unknown receptor (represented here as receptor X).
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hepatocytes (21). The critical in vivo role 
for HSPGs was shown by i.v. infusion of 
heparinase  into  the  portal  vein  of  mice 
to release [35S]HSPG (which reduced the 
amount of HSPGs by 80%). The clearance 
of  apoE-enriched  remnant  lipoproteins 
was markedly reduced (28).

Previously,  we  suggested  that  HSPGs 
may form a complex with LRP to initiate 
remnant internalization by hepatocytes 
(1,  21,  27).  More  recently,  Wilsie  and 
Orlando (31) coimmunoprecipitated the 
LRP  and  HSPG  complex.  Interestingly, 
their  data  suggest  that  LRP  modulates 
the availability of VLDL-binding sites on 
HSPGs and that less binding and uptake 
of VLDL occur when the complex exists. 
This requires further study.

In this issue of the JCI, MacArthur et al. 
(32) have convincingly established that 
HSPGs serve not only as the LDLR-inde-
pendent mechanism for remnant uptake, 
but may also play a role in LDL clearance. 
By  inactivating  GlcNAc  N-deacetylase/ 
N-sulfotransferase 1 (Ndst1) in hepatocytes 
using the Cre-loxP system, these authors 
reduced  sulfation  of  liver  HSPGs  by 
approximately  50%.  This  resulted  in 
impaired  clearance  of  both  VLDL  and 
chylomicron remnants in the presence of 
LDLR and suggested that HSPGs repre-
sent the major LDLR-independent rem-
nant receptor in the liver.

Interestingly and  importantly,  in con-
trast to LDLR knockout alone, the deletion 
of both NDST1 and LDLR resulted in an 
even more significant elevation of the levels 
of VLDL and intestinally derived (vitamin 
A–labeled) remnants and a marked delay 
in remnant clearance (<25% cleared in 12 
hours). These data demonstrate that LDLR 
and HSPGs are both involved in remnant 
clearance.  Furthermore,  the  deletion  of 
both LDLR and NDST1 resulted in high-
er LDL levels than the deletion of LDLR 
alone. This shows that HSPG participates 
in LDL clearance in the absence or possibly 
during downregulation of LDLRs. As illus-
trated in Figure 1, HSPGs appear to play 
a critical role  in both LDL and remnant 
clearance, possibly sequestering (trapping) 
both classes of lipoproteins and then par-
ticipating in handing off (transferring) the 
lipoproteins to LDLR or acting as receptors 
directly internalizing the lipoproteins. It 
has been clearly demonstrated that HSPGs 
can act as receptors for various ligands in 
other systems (33, 34).

An  additional  level  of  complexity  in 
remnant clearance comes from the stud-

ies by Jones et al. (35), also in this issue 
of  the  JCI.  These  authors  suggest  that 
the LDLR itself, under conditions where 
internalization is impaired, can transfer 
remnants  to an additional  receptor  for 
uptake by the liver. Although Jones et al. 
clearly demonstrate that the LRP is not 
involved  and  suggest  that  HSPGs  may 
not be  involved, we would suggest that 
HSPGs have not been fully ruled out as 
the additional  receptor  responsible  for 
remnant uptake.

The studies by Jones, Hobbs, and col-
leagues  (35)  build  beautifully  on  the 
observations by Hobbs, Cohen, and their 
associates (36–38) describing an adaptor 
protein associated with LDLR that is crit-
ically important for LDL internalization 
by cells, including hepatocytes. Mutations 
in the adaptor protein are responsible for 
autosomal recessive hypercholesterolemia 
(ARH) (36), a form of hypercholesterol-
emia that is less severe than classical FH 
and is more responsive to lipid-lowering 
drugs. Despite the fact that LDL clearance 
rates are similar in FH and ARH, plasma 
cholesterol levels are much lower in sub-
jects with ARH.

Jones et al. (35) undertook to define the 
metabolic basis for this difference using 
transgenic mice. Two possibilities for the 
lower  LDL  levels  with  ARH  mutations 
were considered: (a) increased VLDL rem-
nant clearance, resulting in reduction of 
the formation of the end product (LDL) of 
VLDL metabolism; or (b) decreased hepatic 
production of VLDL. The first postulate 
proved to be correct.

Transgenic  mice  in  which  the  ARH 
protein was inactivated (Arh–/– mice) had 
LDL clearance  rates  similar  to  those of 
Ldlr–/– mice, despite having lower choles-
terol  levels (35). On a high-sucrose diet 
that induces VLDL production, the cho-
lesterol levels in the Arh–/– mice were much 
lower than in the Ldlr–/– mice (301 versus 
1148 mg/dl); however, the triglyceride lev-
els were 2-fold higher in the Ldlr–/– mice 
than in the Arh–/– or WT mice. Whereas 
VLDL  production  rates  were  similar  in 
the Arh–/– and Ldlr–/– mice, the clearance 
of [125I]VLDL remnants was prolonged in 
Ldlr–/– mice (approximately 5-fold) com-
pared with that in Arh–/– mice. These data 
support the concept that the ARH adaptor 
protein, while essential for LDL uptake by 
LDLR, might not be required for VLDL 
and remnant uptake.

However, when Jones et al. (35) attempt-
ed to define the ARH protein–associated 

mechanism responsible for the differential 
handling of LDL, VLDL, and remnants by 
LDLR, they encountered the complexity 
of remnant lipoprotein metabolism in the 
liver. While Arh–/– cells expressed LDLRs 
on the surface of hepatocytes, they could 
not internalize LDL. However, remnants 
appeared to bind to LDLRs on Arh–/– cells, 
and then the remnants were taken up by 
the cells by a mechanism presumably inde-
pendent of LDLR internalization, i.e., the 
bound  remnants  appeared  to  be  trans-
ferred to another receptor for internaliza-
tion (Figure 2). After ruling out several pos-
sible explanations for this result, Jones et al. 
(35) asked whether the remnants might be 
handed off to LRP for internalization. Dele-
tion of LRP in Arh–/– mice did not alter the 
remnant clearance. Thus, the internaliza-
tion of the remnants by Arh–/– hepatocytes 
does not require LRP.

MacArthur  et  al.  suggest  (32)  that 
removal  of  cell-surface  HSPGs  by  hep-
arinase  treatment  of  primary  Arh–/– 
hepatocytes did not affect remnant inter-
nalization.  To  draw  a  firm  conclusion, 
however, regarding the role of HSPGs in 
remnant uptake may require additional 
studies, including the in vivo infusion of 
heparinase through the portal vein into 
the liver of the transgenic mice or cross-
ing Arh–/– mice with NdstIf/f-Cre+ mice to 
ascertain a role for HSPGs. However, if in 
fact this observation is confirmed, then 
there still may be an unidentified receptor 
to which the remnant particles are trans-
ferred for internalization (Figure 2).

Conclusion
The complexity of remnant lipoprotein 
metabolism results from several factors. 
As mammals evolved and consumed diets 
high in fat, physiological systems to han-
dle the remnants that were generated also 
evolved. For example, apoE occurs only in 
higher-order mammals, undoubtedly at 
least in part to function in the clearance of 
remnants. Remnants are the largest of the 
lipoprotein particles (typically 400–800 Å  
in  diameter),  and  they  must  enter  the 
space  of  Disse,  which  is  anything  but 
a  simple  space.  It  is  filled  with  HSPGs 
and  the  microvillus  projections  from 
hepatocytes extending into this matrix. 
Sequestration and capture of these large 
particles mediated by HSPGs is an essen-
tial first step that undoubtedly is occur-
ring while lipolytic processing proceeds. 
Then these particles must reach the hepa-
tocyte cell surface to bind to the receptors 
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that will internalize them. It is reasonable 
to envision that the large HSPGs free in 
the matrix	of the space of Disse and the 
HSPGs extending away from the cell sur-
face of hepatocytes play a prominent role 
in passing off the large remnant particles 
to LDLRs or other  receptors. Likewise, 
HSPGs serve to internalize the remnants 
directly. Future studies will continue to 
bring clarity to this process.
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