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Abstract
Vascular	endothelial	cells	are	covered	with	glycocalyx	comprising	heparan	sulfate,	hy-
aluronan,	chondroitin	sulfate,	and	associated	proteins.	Glomerular	endothelial	glyco-
calyx	is	involved	in	protecting	against	induction	of	proteinuria	and	structural	damage,	
but	the	specific	components	in	glycocalyx	that	represent	therapeutic	targets	remain	
unclear.	Anti-	vascular	endothelial	growth	factor	(VEGF)	therapy	is	associated	with	
an	increased	risk	of	glomerular	endothelial	injury.	This	study	investigated	whether	
hyaluronan	could	provide	a	therapeutic	target	to	protect	against	proteinuria.	We	con-
ducted	ex	vivo	and	in	vivo	experiments	to	explore	the	effects	of	degrading	glomerular	
hyaluronan	by	administering	hyaluronidase	and	of	supplementation	with	hyaluro-
nan.	We	investigated	hyaluronan	expression	using	biotin-	labeled	hyaluronan-	binding	
protein	(HABP)	in	human	kidney	specimens	or	serum	hyaluronan	in	endothelial	in-
juries	under	inhibition	of	VEGF	signaling.	We	directly	demonstrated	hyaluronan	in	
glomerular	endothelial	layers	using	HABP	staining.	Ex	vivo	and	in	vivo	experiments	
showed	the	development	of	proteinuria	after	digestion	of	hyaluronan	in	glomerular	
capillaries.	 Supplementation	 with	 hyaluronan	 after	 hyaluronidase	 treatment	 sup-
pressed	proteinuria.	Mice	in	the	in	vivo	study	developed	albuminuria	after	intraperito-
neal	injection	of	hyaluronidase	with	decreased	glomerular	hyaluronan	and	increased	
serum	hyaluronan.	In	human	kidneys	with	endothelial	cell	dysfunction	and	proteinu-
ria	due	to	inhibition	of	VEGF,	glomerular	expression	of	hyaluronan	was	reduced	even	
in	normal-	appearing	glomeruli.	Serum	hyaluronan	levels	were	elevated	in	patients	
with	pre-	eclampsia	with	VEGF	signaling	inhibition.	Our	data	suggest	that	hyaluronan	
itself	plays	crucial	roles	in	preventing	proteinuria	and	preserving	the	integrity	of	en-
dothelial	cells.	Hyaluronan	could	provide	a	therapeutic	target	for	preventing	glomeru-
lar	endothelial	glycocalyx	damage,	including	VEGF	signaling	inhibition.
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1 	 | 	 INTRODUCTION

The	 glomerular	 filtration	 barrier	 consists	 of	 three	 lay-
ers:	 podocytes;	 the	 glomerular	 basement	 membrane;	
and	endothelial	cells.	Podocyte	injury	is	now	widely	rec-
ognized	 as	 a	 major	 cause	 of	 proteinuria	 (Brinkkoetter	
et	 al.,	 2013;	 Fissell	 &	 Miner,	 2018),	 but	 the	 roles	 of	
glomerular	 endothelial	 cells	 in	 proteinuria	 are	 not	 yet	
completely	 understood.	 Glomerular	 diseases	 with	 en-
dothelial	 injuries	 such	 as	 thrombotic	 microangiopathy	
(TMA)	 have	 been	 increasing.	 One	 reason	 is	 the	 wide	
use	of	agents	targeting	the	vascular	endothelial	growth	
factor	 (VEGF)	 signaling	 pathway	 in	 patients	 with	 can-
cer	(Estrada	et	al.,	2019;	Katsuno	et	al.,	2020).	However,	
treatment	 strategy	 against	 TMA	 has	 not	 been	 fully	 es-
tablished	(Brocklebank	et	al.,	2018).	Even	though	these	
agents	 are	 effective	 against	 cancer,	 treatment	 is	 often	
discontinued	 once	 proteinuria	 develops.	 Identification	
of	 mechanisms	 for	 reducing	 the	 nephrotoxicity	 of	
VEGF-	inhibiting	drugs	is	thus	needed.

Vascular	 endothelial	 cells	 are	 covered	 by	 glycocalyx,	
a	 bioactive	 gel-	like	 layer	 composed	 of	 heparan	 sulfate,	
hyaluronan,	chondroitin	 sulfate,	and	associated	proteins	
(Butler	et	al.,	2020;	Cosgun	et	al.,	2020;	Dane	et	al.,	2015;	
Jourde-	Chiche	 et	 al.,	 2019).	 Endothelial	 glycocalyx	 re-
portedly	 plays	 a	 role	 in	 maintaining	 a	 negative	 charge,	
regulating	 coagulation,	 and	 constituting	 a	 macromolec-
ular	 sieve	 to	 control	 microvascular	 permeability	 (Henry	
&	Duling,	1999;	Jourde-	Chiche	et	al.,	2019;	Onions	et	al.,	
2019;	 Rabelink	 &	 De	 Zeeuw,	 2015;	 Singh	 et	 al.,	 2007).	
The	glomerular	endothelial	glycocalyx	has	recently	been	
considered	to	play	a	role	in	protecting	against	the	devel-
opment	of	proteinuria	and	 structural	damage.	However,	
the	 effects	 of	 hyaluronidase,	 as	 the	 main	 hyaluronan-	
degrading	 enzyme,	 on	 proteinuria	 are	 controversial	 and	
those	components	of	glycocalyx	that	represent	therapeutic	
targets	remain	unclear	(Dane	et	al.,	2013;	Desideri	et	al.,	
2018;	Jeansson	&	Haraldsson,	2003).	In	addition,	supple-
mentation	 with	 hyaluronan	 and	 glycosaminoglycan	 was	
reportedly	required	to	reconstitute	hyaluronan	after	hyal-
uronidase	 treatment,	while	hyaluronan	alone	was	 insuf-
ficient	(Henry	&	Duling,	1999;	Potter	&	Damiano,	2008).	
Those	results	were	judged	by	estimating	the	thickness	of	
glycocalyx	using	methods	with	different	sizes	of	dextran	
or	 microparticle	 (Desideri	 et	 al.,	 2018;	 Henry	 &	 Duling,	
1999;	 Jeansson	 &	 Haraldsson,	 2003;	 Potter	 &	 Damiano,	
2008;	Vink	&	Duling,	1996).	One	reason	why	results	in	gly-
cocalyx	have	been	controversial	has	been	the	difficulty	of	
visualizing	glomerular	hyaluronan.	In	addition,	degrada-
tion	of	hyaluronan	after	enzyme	treatment	was	not	evalu-
ated	in	previous	studies	(Dane	et	al.,	2013;	Desideri	et	al.,	
2018;	 Henry	 &	 Duling,	 1999;	 Jeansson	 &	 Haraldsson,	
2003,	2006).

The	present	study	investigated	the	roles	of	glomerular	
hyaluronan	in	the	development	of	proteinuria	using	tech-
niques	for	in	situ	visualization	of	glomerular	hyaluronan	
and	measurement	of	degraded	hyaluronan.	To	exclude	the	
influence	of	inflammatory	cells,	mediators,	and	metabolic	
influences,	we	conducted	both	ex	vivo	and	in	vivo	exper-
iments.	 Finally,	 we	 investigated	 the	 expression	 of	 hyal-
uronan	in	human	kidney	diseases	under	VEGF	signaling	
inhibition,	including	the	TMA	due	to	anti-	VEGF	therapy	
and	pre-	eclampsia.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals

Male	 inbred	 Lewis	 rats	 (LEW/SsN	 Slc)	 at	 10  weeks	 of	
age	and	300–	350 g	of	body	weight	and	8-	week-	old	male	
C57BL/6JJmsSlc	 mice	 (Japan	 SLC)	 were	 used	 for	 iso-
lated	kidney	perfusion	experiments	and	in	vivo	experi-
ments,	 respectively.	 Animals	 were	 housed	 in	 stainless	
steel	cages	at	an	animal	housing	facility,	and	fed	a	stand-
ard	 diet	 including	 water	 ad	 libitum.	 The	 Institutional	
Animal	 Care	 and	 Usage	 Committee	 of	 Aichi	 Medical	
University	(Nagakute,	Japan)	approved	the	protocol	for	
these	animal	investigations	(approval	numbers	2017–	85	
and	2019–	76).

2.2	 |	 Ex vivo kidney experiments 
with the isolated perfusion rat 
kidney system

Animal	 experimental	 protocols	 are	 shown	 in	 Figure	 S1	
(all	Supplemental	Materials	are	available	at	https://figsh	
are.com/s/a44f9	0ca4e	8cf12	2bde9).	 In	 rats	 anesthetized	
with	0.5 mg/kg	of	pentobarbital,	the	right	ureter	was	can-
nulated	with	a	polyethylene	tube	(PE-	10,	outer	diameter	
0.61 mm,	inner	diameter	0.28 mm;	Becton,	Dickinson	and	
Company),	 and	 a	 24-	gauge	 indwelling	 needle	 was	 posi-
tioned	 in	 the	 renal	 artery.	 Extracted	 right	 kidneys	 were	
connected	to	the	isolated	perfusion	rat	kidney	(IPRK)	sys-
tem,	 as	 previously	 described	 (Chang	 et	 al.,	 2013;	 Figure	
S2).	 The	 renal	 artery	 was	 perfused	 at	 37℃	 with	 Krebs–	
Henseleit	 buffer	 containing	 4%	 bovine	 serum	 albumin	
(BSA)	 (FUJIFILM	 Wako	 Pure	 Chemical	 Corporation),	
saturated	with	carbogen	(95%	O2,	5%	CO2)	(Chang	et	al.,	
2013).	 Final	 concentrations	 of	 perfusate	 were	 113  mM	
NaCl,	 4.3  mM	 KCl,	 2.5  mM	 CaCl2,	 0.8  mM	 MgCl2,	
25.5  mM	 NaHCO3,	 0.5  mM	 NaH2PO4,	 5.6  mM	 glucose,	
and	 0.9  mM	 nitroprusside	 (Merck).	 The	 perfusate	 was	
sterilized	through	a	0.45-	μm	filter	(Sarstedt	AG	&	Co.	KG)	
before	perfusion.	Perfusion	pressure	was	held	constant	at	
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90–	110  mmHg.	 The	 renal	 ureter	 was	 accessed	 for	 urine	
collection,	 and	 renal	 vein	 effluent	 was	 drained	 without	
return	to	the	IPRK	system	(Figure	S2).	To	account	for	dis-
charging	 blood	 component	 and	 rewarming,	 all	 kidneys	
were	pre-	perfused	with	IPRK	for	5 min	just	before	perfu-
sion.	To	assess	the	effects	of	hyaluronidase,	kidneys	were	
administered	with	a	bolus	of	bovine	testis	hyaluronidase	
(H3506;	Sigma-	Aldrich)	at	a	dose	of	15 × 103	U/kg	for	deg-
radation	of	glomerular	hyaluronan,	and	perfused	samples	
were	collected	and	kidneys	were	harvested	(Figure	S1a).	
Doses	of	hyaluronidase	were	determined	as	previously	de-
scribed	(Dane	et	al.,	2013;	Jeansson	&	Haraldsson,	2003).	
After	5 min	of	pre-	perfusion	and	treatment	with	or	with-
out	a	bolus	of	hyaluronidase,	urine	and	perfusate	coming	
out	of	the	kidney	by	IPRK	were	sampled	every	10 min	up	
to	30 min.	Total	urine	production	and	perfusion	rate	were	
measured	 throughout	 perfusion.	 At	 the	 termination	 of	
perfusion,	kidneys	were	sampled	for	histological	evalua-
tion	 (Figures	 S1b-	1,	 Figure	 S2).	 In	 addition,	 hyaluronan	
from	Streptococcus equi	(mol.	wt.	70,000–	120,000;	Sigma-	
Aldrich)	 was	 administered	 at	 a	 dose	 of	 0.4  mg/ml	 after	
hyaluronidase	 treatment	 to	 reconstitute	 the	 glomerular	
hyaluronan.	In	addition,	hyaluronan	and	chondroitin	sul-
fate	 from	shark	cartilage	 (Sigma-	Aldrich)	were	adminis-
tered	at	a	dose	of	0.4 mg/ml	(1:1 mixture	of	each	reagent)	
after	hyaluronidase	treatment	(Figure	S1b-	3,	Figure	S4).

2.3	 |	 In vivo kidney experiments in mice

Mice	 were	 intraperitoneally	 injected	 with	 2  ml	 of	
saline	 containing	 hyaluronidase	 (Sigma-	Aldrich)	
(Hyaluronidase	group).	Control	mice	were	 injected	with	
2 ml	of	saline	alone	(Control).	Two	hours	after	injection,	
mice	 were	 killed,	 and	 blood,	 urine,	 and	 kidney	 tissues	
were	harvested	for	subsequent	analyses	of	histochemistry	
and	electron	microscopy	(EM),	and	measurements	of	cre-
atinine,	albumin,	and	hyaluronan	(Figure	S1c).

2.4	 |	 Expression of hyaluronan in human 
kidney diseases

Expression	 of	 hyaluronan-	binding	 protein	 (HABP)	 was	
studied	using	human	kidney	biopsy	samples	obtained	at	
Aichi	 Medical	 University	 Hospital	 (Nagakute,	 Japan)	 or	
Nagoya	University	Hospital	(Nagoya,	Japan)	for	diagnostic	
evaluation.	Serum	samples	were	taken	from	patients	with	
pre-	eclampsia	and	normal	pregnancy	 in	 the	Department	
of	Obstetrics	and	Gynecology	in	Aichi	Medical	University	
Hospital.	 Human	 studies	 were	 approved	 by	 the	 ethics	
committees	 for	 human	 research	 at	 both	 hospitals	 (ap-
proval	 numbers:	 2017-	M045,	 -	M049,	 2020–	017,	 and	

2010–	1135–	5).	 All	 patients	 provided	 informed	 consent	
before	 participation	 in	 this	 study.	 Kidney	 biopsy	 sam-
ples	included	protocol	biopsy	at	2–	3 months	after	kidney	
transplantation	 (Control,	n = 6),	 immunoglobulin	A	ne-
phropathy	(IgAN)	(n = 5),	and	drug-	induced	TMA	(n = 5).	
Histological	diagnosis	was	conducted	by	light	microscopy,	
immunofluorescence	microscopy,	and	EM.

2.5	 |	 Histochemistry

Part	of	the	kidney	tissue	was	fixed	in	Maskedform	(Japan	
Tanner),	 a	 commercially	 available	 formalin	 fixative,	 and	
embedded	 in	 paraffin	 using	 standard	 techniques.	 Four-	
micrometer-	thick	sections	were	stained	with	hematoxylin	
and	eosin	(HE),	periodic	acid–	Schiff	(PAS),	silver	methena-
mine,	and	Masson's	trichrome	(MT)	for	routine	pathological	
evaluation.	Another	part	of	the	kidney	tissues	was	embed-
ded	 in	 optimal	 cutting	 temperature	 compound	 (Sakura	
Finetek)	and	frozen	in	liquid	nitrogen.	The	remainder	was	
fixed	with	glutaraldehyde	for	EM,	as	described	previously	
(Kinashi	et	al.,	2013;	Sun	et	al.,	2019;	Suzuki	et	al.,	2012).	
Reagents	for	histochemistry	are	shown	precisely	in	Table	
S1.	Glomerular	hyaluronan	expression	was	visualized	on	
paraffin-	embedded	sections	using	biotin-	labeled	recombi-
nant	human	HABP	(Hokudo,	Sapporo,	Japan).	Detection	
of	glycosyl	residues	of	(GlcNAc)2-	4	in	glomerular	capillary	
walls	 by	 tomato-	derived	 Lycopersicon esculentum	 lectin	
(LEA)	was	conducted	on	paraffin	sections	as	a	marker	of	
endothelial	cells	(Dane	et	al.,	2013,	2015;	Robertson	et	al.,	
2014).	Immunostaining	for	laminin	and	synaptopodin	was	
performed	 on	 paraffin-	embedded	 tissues.	 Sections	 were	
deparaffinized,	 rehydrated,	 and	 incubated	 in	 3%	 hydro-
gen	 peroxide	 in	 methanol	 to	 block	 endogenous	 peroxide	
for	30 min.	Antigen	retrieval	 for	 laminin	and	synaptopo-
din	was	performed	using	HISTOFINE	Protease	 (Nichirei	
Bioscience)	 for	 60  min	 or	 citrate	 acid	 solution	 (pH	 6.0,	
Immuno	 Active	 IA-	6500;	 Matsunami	 Glass)	 at	 90℃	 for	
30 min,	respectively.	Sections	were	incubated	with	10%	nor-
mal	goat	serum	(Nippon	Bio-	Supply	Center)	in	phosphate-	
buffered	 saline	 for	 30  min	 to	 block	 nonspecific	 binding.	
Sections	 were	 subsequently	 incubated	 with	 rabbit	 anti-	
laminin	 or	 mouse	 anti-	synaptopodin	 antibodies	 followed	
by	a	conjugate	of	polyclonal	goat	anti-	mouse	or	anti-	rabbit	
IgG	antibody	and	horseradish	peroxidase-	labeled	polymer	
as	 a	 secondary	 reagent.	 Enzyme	 activity	 was	 finally	 de-
tected	 using	 3,3-	diaminobenzidine	 (Nichirei	 Bioscience).	
For	 heparin	 sulfate	 staining,	 4-	μm-	thick	 frozen	 sections	
were	 cut	 with	 a	 cryostat,	 air-	dried,	 and	 fixed	 in	 acetone	
at	room	temperature	for	10 min.	Sections	were	then	incu-
bated	with	mouse	anti-	heparan	sulfate	(10E4)	antibody	for	
60 min,	followed	by	FITC-	conjugated	goat-	anti	mouse	IgM	
antibody.	Fluorescence	imaging	was	observed	using	BX51	
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(Olympus)	or	confocal	microscopy	(LSM	710;	Carl	Zeiss),	
and	 recorded	 using	 ZEN2	 Image	 software	 (Carl	 Zeiss).	
Glomerular	 expressions	 of	 HABP,	 LEA,	 heparan	 sulfate,	
and	synaptopodin	were	scored	in	at	least	10 glomeruli	per	
tissue	in	animals	or	4 glomeruli	 in	human	tissues	by	the	
extent	of	staining:	3,	normal	expression	(positive	staining	
in	all	capillary	walls);	2,	mild	damage	(≤25%	loss	of	capil-
lary	wall);	1,	moderate	damage	(26%–	75%	loss	of	capillary	
wall);	 or	 0,	 severe	 damage	 (>75%	 loss	 of	 capillary	 wall).	
Average	scores	were	calculated	and	the	result	was	defined	
as	 the	expression	score.	EM	was	conducted	 to	assess	 the	
glomerular	endothelial	cell	fenestration	density,	fenestral	
diameter,	and	podocyte	foot	process	width	in	mice	kidney,	
as	 reported	previously	 (Oltean	et	al.,	2015;	Onions	et	al.,	
2019;	Pisarek-	Horowitz	et	al.,	2020).	Two	glomeruli	from	
each	mouse	were	randomly	examined.

2.6	 |	 Protein assay

The	concentrations	of	hyaluronan	in	perfusate	and	serum	
samples	 were	 measured	 using	 a	 hyaluronan	 enzyme-	
linked	 immunosorbent	assay	 (ELISA)	kit	 (PG	Research)	
according	 to	 the	 instructions	 from	 the	 manufacturer.	
Proteinuria	was	measured	by	BCA	assay	(Thermo	Fisher	
Scientific).	Mice	albuminuria	and	creatinine	were	deter-
mined	by	mouse	urinary	albumin	assay	kit	or	creatinine	
ELISA	 kit	 (Wako	 Pure	 Chemical).	 The	 ELISA	 kits	 used	
are	listed	in	Table	S1.

2.7	 |	 Statistical analyses

SPSS	 version	 25.0  software	 (IBM)	 was	 used	 for	 statis-
tical	 analyses.	 Continuous	 variables	 are	 expressed	 as	
mean  ±  standard	 deviation	 or	 median	 (interquartile	
range),	 as	 appropriate,	 and	 categorical	 variables	 are	 ex-
pressed	 as	 number	 (proportion).	 Differences	 between	
variables	across	samples	were	assessed	by	t-	test,	Wilcoxon	
rank-	sum	 test,	 one-	way	 analysis	 of	 variance	 (ANOVA),	
or	 Kruskal–	Wallis	 test.	 Post	 hoc	 testing	 after	 one-	way	
ANOVA	or	Kruskal–	Wallis	 testing	was	performed	using	
Tukey's	or	Dunn's	multiple	comparison	tests,	respectively.	
Significance	was	defined	at	the	level	of	p < 0.05.

3 	 | 	 RESULTS

3.1	 |	 Ex vivo rat experiments with the 
isolated perfusion rat kidney system

We	 first	 investigated	 the	 effects	 of	 hyaluronidase	 on	 the	
degradation	of	glomerular	hyaluronan	in	isolated	perfused	

kidney	(Figure	S1a).	We	measured	hyaluronan	levels	in	per-
fusate	before	and	 just	after	kidney	perfusion.	Hyaluronan	
levels	 were	 significantly	 increased	 after	 perfusion	 in	 the	
hyaluronidase-	treated	 group,	 but	 no	 difference	 was	 evi-
dent	before	and	after	kidney	perfusion	in	the	control	group	
(Figure	1a).	Glomerular	hyaluronan	expression	as	assessed	
by	staining	for	HABP	was	lost	after	perfusion	with	hyalu-
ronidase	 (Figure	 1b).	 In	 contrast,	 expression	 of	 laminin,	
a	 main	 component	 of	 basement	 membrane,	 was	 similar	
in	both	groups	 (Figure	1b).	 In	 the	medulla,	 expression	of	
hyaluronan	was	prominent	in	control	kidney,	but	was	di-
minished	after	hyaluronidase	perfusion,	although	not	com-
pletely	 absent	 (Figure	 1b,c).	 These	 findings	 indicate	 that	
hyaluronidase	treatment	successfully	degraded	hyaluronan	
on	the	luminal	surface	of	glomerular	endothelial	cells.

Next,	we	analyzed	the	effects	of	urinary	protein	excre-
tion	after	degradation	of	glomerular	hyaluronan	by	hyalu-
ronidase	(Figure	S1b).	No	differences	in	average	flow	rates	
of	 perfusate	 from	 renal	 artery	 to	 vein	 or	 total	 urine	 vol-
umes	during	perfusion	were	found	between	groups	(Figure	
2a,b).	However,	the	mean	amount	of	urine	protein,	which	
mainly	consisted	of	BSA,	was	significantly	increased	in	the	
hyaluronidase-	treated	 group	 compared	 with	 the	 control	
group	(Figure	2c).	Urinary	protein	excretion	rates	did	not	
differ	during	perfusion	(10,	20,	and	30 min)	in	each	group	
(Figure	2d).	As	a	next	step,	we	supplemented	hyaluronan	
with	 or	 without	 chondroitin	 sulfate	 after	 hyaluronidase	
administration	 to	 reconstitute	 glomerular	 hyaluronan.	
Notably,	proteinuria	was	dramatically	reduced	in	the	kid-
neys	treated	with	supplemental	hyaluronan	or	hyaluronan	
and	chondroitin	sulfate	(Figure	2c,d).

3.2	 |	 Pathological evaluation of 
perfused kidneys

We	investigated	pathological	changes	after	treatment	with	
hyaluronidase.	 We	 did	 not	 identify	 significant	 changes	
under	light	microscopy	with	PAS	staining	among	the	four	
groups	(Figure	3a).	Expression	of	glomerular	hyaluronan	
as	 assessed	 by	 HABP	 disappeared	 after	 hyaluronidase	
treatment,	but	was	successfully	reconstituted	in	glomeruli	
after	 supplementation	 with	 hyaluronan	 or	 hyaluronan	
with	chondroitin	sulfate.	Glomerular	expressions	of	LEA,	
laminin,	heparan	sulfate,	and	synaptopodin	as	a	marker	
of	podocytes	were	similar	between	groups.	In	addition,	no	
differences	could	be	detected	in	podocytes	and	endothelial	
cells	by	EM	(Figure	3a).	Using	semi-	quantitative	analyses,	
HABP	expression	was	significantly	suppressed	in	the	hya-
luronidase	treatment	group.	In	contrast,	no	significant	dif-
ferences	were	observed	in	glomerular	expression	of	LEA,	
laminin,	heparan	sulfate,	or	synaptopodin	among	the	four	
groups	(Figure	3b).
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3.3	 |	 In vivo mouse experiments with 
hyaluronidase

To	investigate	the	roles	of	hyaluronan	in	glomerular	en-
dothelial	 cells	 in	 vivo,	 we	 further	 studied	 the	 effects	 of	
proteinuria	by	 systemic	administration	of	hyaluronidase	
in	 mice	 (Figure	 S1c).	 HABP	 staining	 demonstrated	 that	
hyaluronan	 expression	 was	 decreased	 in	 glomeruli	 and	
tubules	 of	 the	 hyaluronidase-	treated	 group	 (Figure	 4a).	
Two	hours	after	hyaluronidase	injection,	urinary	albumin	
excretion,	which	was	considered	to	represent	glomerular	
proteinuria,	was	significantly	increased	in	association	with	
elevation	 of	 serum	 hyaluronan	 levels	 in	 hyaluronidase-	
treated	 mice	 compared	 with	 non-	treated	 control	 mice.	
No	 significant	 differences	 in	 serum	 creatinine	 levels	 or	

morphological	 structures	 of	 endothelial	 cells,	 including	
fenestral	 density,	 fenestral	 diameter,	 and	 foot	 process	
width,	were	identified	between	groups	(Figure	4b–	g).	The	
results	of	 in	vivo	experiments	were	thus	congruent	with	
those	of	ex	vivo	experiments.

3.4	 |	 Expression of HABP in human 
glomerular diseases due to VEGF 
signaling inhibition

We	further	 investigated	the	expression	of	hyaluronan	 in	
human	kidney	tissues	with	endothelial	injuries.	We	chose	
drug-	induced	 glomerular	 endothelial	 damage,	 in	 which	
VEGF	 signaling	 was	 suppressed.	 The	 characteristics	 of	

F I G U R E  1  Effects	of	hyaluronidase	in	isolated	rat	kidney.	The	right	renal	artery	is	cannulated	and	perfused	with	perfusate	for	5 min	
to	wash	out	blood	and	to	provide	an	equilibration	period.	Perfused	kidneys	are	then	treated	with	bolus	administration	of	hyaluronidase	
(n = 15).	Control	kidneys	are	administered	only	perfusate	without	hyaluronidase	(n = 11)	(Figures	S1a,	Figure	S2a).	(a)	Hyaluronan	levels	in	
perfusate	are	increased	only	after	administration	with	hyaluronidase.	(b)	Hyaluronan	expression	in	glomeruli	as	evaluated	by	hyaluronan-	
binding	protein	(HABP)	is	lost	after	hyaluronidase	administration.	Expression	of	laminin,	one	of	the	main	components	of	the	glomerular	
basement	membrane,	is	similarly	observed	in	both	groups.	(c)	Expression	of	hyaluronan	in	control	and	kidney	perfused	with	hyaluronidase.	
Expression	of	hyaluronan	is	prominent	in	the	medulla	in	control	kidney.	After	hyaluronidase	perfusion,	hyaluronan	expression	is	lost	in	the	
glomerular	capillaries	and	partly	disappears	in	the	non-	vascular	area.	n.s.,	not	significant.	Scale	bars = 20 μm
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patients	 are	 shown	 in	 Table	 1	 and	 Figure	 S3b.	 Three	 of	
the	 five	 patients	 showing	 drug-	induced	 TMA	 with	 pro-
teinuria	were	treated	with	tyrosine	kinase	inhibitors,	and	
the	remaining	two	patients	were	treated	with	monoclonal	
antibodies	against	VEGF	or	VEGF	receptor.	HABP	stain-
ing	 was	 significantly	 reduced	 in	 drug-	induced	 TMA	 in-
duced	by	VEGF	inhibition	compared	to	control	and	IgAN	
with	 mild	 mesangial	 proliferation	 (Figure	 5a,b;	 Figure	
S3).	 Importantly,	 in	 drug-	induced	 TMA,	 HABP	 staining	
was	decreased	or	even	lost	in	glomeruli	with	mild	abnor-
malities	or	normal-	appearing	structures	on	PAS	staining	
(Figure	5aJ-	l).	 In	patients	with	pre-	eclampsia,	known	 to	
be	associated	with	VEGF	suppression	and	inflammation,	
serum	 hyaluronan	 concentration	 was	 significantly	 in-
creased	when	compared	with	healthy	women	and	normal	
pregnant	group	(Figure	5c,	Table	S2).

4 	 | 	 DISCUSSION

Glycocalyx	 is	 damaged	 and	 degraded	 in	 a	 variety	 of	 con-
ditions,	 including	sepsis	 (Aldecoa	et	al.,	2020;	 Iba	&	Levy,	

2019;	Jourde-	Chiche	et	al.,	2019;	Song	et	al.,	2018),	renal	fail-
ure	(Dane	et	al.,	2014;	Jourde-	Chiche	et	al.,	2019;	Pletinck	
et	 al.,	 2013),	diabetes	 (Aldecoa	et	 al.,	 2020;	Bogdani	et	 al.,	
2014;	 Butler	 et	 al.,	 2020;	 Dogné	 &	 Flamion,	 2020;	 Jourde-	
Chiche	et	al.,	2019;	Onions	et	al.,	2019;	Van	Den	Berg	et	al.,	
2019),	and	acute	respiratory	distress	syndrome	(Butler	et	al.,	
2020;	Liu	et	al.,	2018;	Schmidt	et	al.,	2012).	Such	degrada-
tion	may	lead	to	protein	leakage	and	tissue	edema	(Cosgun	
et	al.,	2020;	Dogné	&	Flamion,	2020).	This	study	showed	that	
glomerular	 hyaluronan	 plays	 a	 crucial	 role	 in	 preventing	
leakage	of	proteinuria	through	glomerular	endothelial	cells	
(Figure	6).	First,	we	conducted	ex	vivo	studies	to	identify	the	
direct	effects	of	hyaluronan	in	glycocalyx,	to	exclude	the	in-
fluences	 of	 circulating	 mediators	 and	 metabolic	 disorders,	
because	 glycocalyx	 is	 degraded	 by	 inflammatory	 diseases	
and	hyperglycemic	conditions	(Aldecoa	et	al.,	2020;	Bogdani	
et	al.,	2014;	Dane	et	al.,	2014;	Diebel	et	al.,	2019;	Dogné	&	
Flamion,	 2020;	 Iba	 &	 Levy,	 2019;	 Jourde-	Chiche	 et	 al.,	
2019;	 Liu	 et	 al.,	 2018;	 Pletinck	 et	 al.,	 2013;	 Schmidt	 et	 al.,	
2012;	Song	et	al.,	2018;	Van	Den	Berg	et	al.,	2019)	(Figures	
1	 and	 2).	 We	 established	 ex	 vivo	 experiments	 (Figure	 2)	
that	 showed	 similar	 experimental	 conditions	 in	 venous	

F I G U R E  2  Effects	of	
supplementation	with	hyaluronan	after	
hyaluronidase	digestion	in	ex	vivo.	(a)	
Average	flow	speeds	of	perfusate	from	
renal	artery	to	renal	vein.	(b)	Total	urine	
volumes	during	perfusion.	(c)	Total	
urinary	protein	during	perfusion.	(d)	
Urinary	protein	every	10 min	during	
perfusion.	Proteinuria	is	significantly	
increased	in	the	hyaluronidase-	treated	
group	(c).	Proteinuria	is	suppressed	
after	supplementation	with	hyaluronan	
alone	or	hyaluronan	and	chondroitin	
sulfate	(c,	d).	CS,	chondroitin	sulfate;	HA,	
hyaluronan;	Hya,	hyaluronidase;	n.s.,	not	
significant
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flow	rates	and	urine	volumes	among	groups	(Chang	et	al.,	
2013).	 We	 detected	 increased	 hyaluronan	 in	 the	 perfusate	
(Figure	1A)	or	serum	(Figure	4E)	after	hyaluronidase	treat-
ment,	suggesting	that	glomerular	hyaluronan	was	degraded	
and	serum	levels	of	hyaluronan	can	provide	a	biomarker	for	
the	destruction	of	endothelial	glycocalyx	as	reported	under	
septic	conditions	(Yagmur	et	al.,	2012).	In	previous	studies,	
the	presence	or	loss	of	glycocalyx	was	judged	by	the	thick-
ness	 measured	 using	 sophisticated	 techniques	 (Desideri	
et	al.,	2018;	Henry	&	Duling,	1999;	Jeansson	&	Haraldsson,	
2003;	Potter	&	Damiano,	2008;	Vink	&	Duling,	1996).	The	
present	 study	 successfully	 demonstrated	 the	 presence	 of	
hyaluronan	in	the	glomerular	endothelial	surface	layers	by	
detection	 of	 biotin-	labeled	 HABP	 using	 Maskedform	 fixed	
paraffin-	embedded	 sections.	 In	 a	 recent	 report,	 fixation	
was	found	to	alter	the	ability	to	detect	hyaluronan	in	tissue	

microstructures	(Rowley	et	al.,	2020).	The	procedures	in	our	
experiments	 enabled	 visualization	 of	 the	 presence	 of	 hya-
luronan	in	glomeruli.	Proteinuria	developed	in	the	ex	vivo	
system	after	digestion	of	hyaluronan	in	the	glomerular	capil-
laries	(Figures	2	and	3).	Furthermore,	supplementation	with	
hyaluronan	successfully	suppressed	proteinuria	(Figure	2),	
suggesting	hyaluronan	as	a	plausible	therapeutic	target.	We	
provided	 supplementation	 with	 a	 mixture	 of	 hyaluronan	
and	chondroitin	 sulfate	after	hyaluronidase	 treatment,	be-
cause	previous	studies	have	suggested	that	hyaluronan	alone	
cannot	reconstitute	hyaluronan	in	an	assessment	of	 thick-
ness	of	the	glycocalyx	layer	(Henry	&	Duling,	1999;	Potter	
&	Damiano,	2008).	Addition	of	exogenous	hyaluronan	alone	
reportedly	failed	to	be	incorporated	into	the	glycocalyx	un-
less	another	glycosaminoglycan	is	present	(Henry	&	Duling,	
1999;	Potter	&	Damiano,	2008).	In	the	present	in	vivo	study,	

F I G U R E  3  Pathological	evaluation	of	rat	kidneys	after	perfused	with	IPRK	system	(ex	vivo).	(A)	Renal	tissues	after	isolated	perfused	
kidney	system	are	shown.	Tissues	are	stained	for	periodic	acid–	Schiff	(PAS),	hyaluronan-	binding	protein	(HABP),	tomato-	derived	
Lycopersicon esculentum	lectin	(LEA),	laminin,	heparan	sulfate	(HS),	and	synaptopodin.	Electronic	microscopic	(EM)	findings	are	shown.	
Scale	bars	except	EM = 20 μm,	Scale	bars	in	EM = 2.0 μm.	(B)	Expression	score	of	HABP,	LEA,	laminin,	heparin	sulfate,	and	synaptopodin	
in	rat	kidneys	after	perfusion	with	the	IPRK	system	(ex	vivo).	By	semi-	quantitative	analyses,	HABP	expression	is	significantly	decreased	in	
the	hyaluronidase	treatment	group	(a).	No	significant	differences	are	observed	in	glomerular	expression	scores	for	LEA,	laminin,	heparan	
sulfate,	and	synaptopodin	among	groups	(b-	e).	n.s.,	not	significant
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F I G U R E  4  In	vivo	mouse	
experiments	with	hyaluronidase.	(a)	
Pathology	(PAS,	HABP	stain,	and	EM)	
of	mouse	kidney	2 h	after	injection	with	
or	without	hyaluronidase.	Control	mice	
are	injected	with	saline	alone.	Scale	bars	
in	PAS	and	HABP	stain = 20 μm,	Scale	
bars	in	EM = 200 nm.	(b-	g)	Fenestral	
density,	fenestral	diameter,	foot	process	
width,	hyaluronan	concentrations	in	
serum,	serum	creatinine	concentration,	
and	albuminuria	with	and	without	
hyaluronidase	administration.	
Intraperitoneal	injection	with	
hyaluronidase	(Hya,	Hyaluronidase	
group)	increased	albuminuria	(f)	
associated	with	loss	of	glomerular	
hyaluronan	expression	(a)	and	increase	
in	serum	hyaluronan	levels	(e).	No	
differences	are	evident	in	fenestral	density	
(b),	fenestral	diameter	(c),	and	foot	
process	width	(d).	n.s.,	not	significant
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T A B L E  1 	 Renal	biopsy	cases	evaluated	for	the	expression	of	HABP	Renal	biopsy	cases	include	five	cases	of	IgAN,	five	cases	of	drug-	
induced	TMA,	and	six	cases	of	control	kidney	specimens	taken	2–	3 months	after	renal	transplantation

Control IgAN Drug- induced TMA

p valuen 6 5 5

Sex,	Men,	n	(%) 4	(67) 3	(60) 4	(80) 0.368

Age,	year 53.3 ± 11.4 34.6 ± 10.3 70.8 ± 4.82* 0.001

Daily	urine	protein,	g/day 0.19 ± 0.06 0.59 ± 0.27 6.9 ± 4.48* 0.001

Serum	creatinine,	mg/dl 1.25 ± 0.17 0.76 ± 0.28* 1.19 ± 0.12 0.004

eGFR,	ml/min/1.73 m2 45.2 ± 4.96 92.7 ± 25.9* 45.0 ± 4.26 <0.001

Data	are	presented	as	number	(percentage)	or	mean ± SD.	SD,	standard	deviation.
*Significant	difference	compared	with	control,	at	a	significance	level	of	p < 0.05.
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mice	 successfully	 developed	 albuminuria	 after	 intraperi-
toneal	injection	with	hyaluronidase	associated	with	loss	of	
glomerular	hyaluronan	(Figure	4).	These	 findings	 indicate	
that	hyaluronan	contributes	to	preventing	proteinuria	from	
leakage	and	preserving	the	integrity	of	endothelial	cells.

Several	 antitumor	 therapeutics	 targeting	 the	 angio-
genic	VEGF	signaling	pathway	have	been	widely	applied	

for	 a	 variety	 of	 cancers	 (Estrada	 et	 al.,	 2019).	 Anti-	
VEGF–	VEGFR2	 drugs	 are	 well	 known	 to	 cause	 TMA	
in	 association	 with	 proteinuria,	 as	 so-	called	 anti-	VEGF	
therapy-	induced	 “glomerular	 microangiopathy”	 (Pfister	
et	al.,	2018),	and	in	some	cases	dialysis	therapies	are	re-
quired	(Vigneau	et	al.,	2014).	In	our	pathological	analyses,	
HABP	staining	was	decreased	in	these	conditions	even	in	

F I G U R E  5  Expression	of	HABP	
and	serum	hyaluronan	concentrations	
in	human	diseases	due	to	inhibition	of	
VEGF–	VEGFR2	signaling.	(A)	Expression	
of	HABP	in	human	kidney	diseases	
due	to	inhibition	of	VEGF–	VEGFR2	
signaling	by	anticancer	therapy.	a,	b,	
c:	Control	kidney	tissues	taken	at	2	or	
3 months	after	kidney	transplantation	
as	protocol	biopsies	(Cont),	d,	e,	f:	IgA	
nephropathy	with	mild	proteinuria	
(IgAN),	and	g	to	l:	Drug-	induced	TMA	
(TMA).	a,	d,	g,	j:	PAS	staining,	b,	e,	h.	
k:	HABP	staining,	and	c,	f,	i,	l:	LEA	
staining.	Hyaluronan	assessed	by	HABP	
expression	is	detected	in	glomeruli	in	
control	and	IgA	nephropathy	with	mild	
mesangial	proliferation.	In	contrast,	in	
glomeruli	with	endothelial	cell	damage	
of	patients	with	anti-	VEGF–	VEGFR2	
inhibition	by	anti-	VEGF	monoclonal	
antibody	or	tyrosine	kinase	inhibitors,	
HABP	expression	is	lost	even	in	glomeruli	
with	mild	injury	to	normal-	appearing	
structures	(j,	k).	Scale	bars = 20 μm.	
(B)	Expression	score	of	HABP.	HABP	
expression	score	is	significantly	decreased	
in	the	drug-	induced	TMA	group.	(C)	
Serum	concentrations	of	hyaluronan	in	
patients	with	pre-	eclampsia.	Serum 	
levels	of	hyaluronan	in	patients	with		
pre-	eclampsia	are	significantly	higher	
than	those	in	women	of	the	same	
age group	and	pregnant	women	without	
	pre-	eclampsia.	n.s.,	not	significant

0

1

2

3

0

200

400

600

800

1000

HABP

C
on

tro
l

Ig
A

N
D

ru
g-

in
du

ce
d 

TM
A

PAS(A)

(B)

LEA
a b c

d e f

g h i

j k l

HABP

PBA
H fo erocs noisserpxE Cont IgAN TMA Pre-

eclampsia
Non-

pregnant
Normal

pregnancy

Serum hyaluronan

S
er

um
 h

ya
lu

ro
na

n 
(n

g/
m

L)

(C)

n.s.
p<0.005

p<0.05 p<0.005 p<0.005
p<0.001



10 of 13 |   ASAI et al.

normal	appearing	to	mildly	injured	glomeruli,	suggesting	
that	shedding	of	hyaluronan	may	occur	from	a	relatively	
early	state	in	these	pathological	conditions.	Fortunately,	
renal	function	in	these	patients	was	preserved	after	stop-
ping	 anti-	VEGF	 therapy	 (Figure	 S3C).	 In	 pre-	eclampsia	
with	endothelial	dysfunctions,	another	condition	under	
VEGF	 signaling	 inhibition	 (Butler	 et	 al.,	 2020;	 Jourde-	
Chiche	et	al.,	2019;	Levine	et	al.,	2004;	Moghaddas	Sani	
et	 al.,	 2019)	 due	 to	 anti-	angiogenic	 factor,	 soluble	 fms-	
like	tyrosine	kinase	1	produced	by	diseased	placenta,	and	
inflammation,	 serum	 levels	 of	 hyaluronan	 were	 signifi-
cantly	increased	in	our	analyses	(Figure	5C),	supporting	
previous	 reports	 (Weissgerber	 et	 al.,	 2019;	 Ziganshina	
et	al.,	2020).	Our	findings	suggest	the	importance	of	hy-
aluronan	in	the	development	of	human	kidney	diseases	
with	endothelial	dysfunctions	due	to	inhibition	of	VEGF	
signaling.

Recently,	glycocalyx	has	been	reported	to	be	involved	
in	 cross	 talk	 between	 podocytes	 and	 glomerular	 endo-
thelial	cells	(Ebefors	et	al.,	2019;	Fu	et	al.,	2015;	Jourde-	
Chiche	et	al.,	2019).	Hyaluronan	in	glycocalyx	is	strongly	
suggested	 to	 play	 roles	 in	 the	 development	 of	 diabetic	
complications	 (Dogné	 &	 Flamion,	 2020;	 Rabelink	 &	 De	
Zeeuw,	2015;	Van	Den	Berg	et	al.,	2019).	Knockout	mice	

lacking	endothelial	hyaluronan	synthase	2	showed	a	loss	
of	glomerular	endothelial	hyaluronan	 leading	 to	mesan-
giolysis,	secondary	podocytes	injuries,	and	glomeruloscle-
rosis	 (Van	Den	Berg	et	al.,	2019).	Biopsy	specimen	 from	
patients	with	diabetic	nephropathy	showed	a	loss	of	glo-
merular	endothelial	hyaluronan	in	association	with	struc-
tural	 damage	 (Van	 Den	 Berg	 et	 al.,	 2019).	 On	 the	 other	
hand,	podocyte	activation	and	pathologic	cross	talk	with	
endothelial	cells	via	endothelin-	1	were	recently	reported	
to	 induce	dysfunction	and	 loss	of	endothelial	glycocalyx	
leading	 to	 albuminuria	 (Ebefors	 et	 al.,	 2019).	 Our	 data	
support	those	findings	and	suggest	that	loss	of	glomeru-
lar	 hyaluronan	 seems	 important	 in	 the	 development	 of	
glomerular	 diseases	 with	 endothelial	 injury	 by	 direct	 or	
podocyte–	endothelial	cross	talk.

In	 summary,	 vascular	 endothelial	 cells	 have	 several	
factors	 and	 functions	 for	 protecting	 against	 injury	 and	
dysfunction.	 Our	 data	 suggest	 that	 hyaluronan	 itself,	 as	
one	of	the	components	of	glycocalyx,	plays	a	crucial	role	
in	preventing	proteinuria	and	preserving	the	integrity	of	
endothelial	cells.	Hyaluronan	could	be	a	therapeutic	tar-
get	 for	 ameliorating	 glomerular	 endothelial	 glycocalyx	
damage,	 including	 under	 conditions	 of	 VEGF	 signaling	
inhibition	and	inflammation.

F I G U R E  6  Roles	of	hyaluronan	in	glomerular	diseases.	Surface	of	glomerular	endothelial	cells	is	covered	with	glycocalyx,	a	bioactive	
gel-	like	layer	composed	of	heparan	sulfate,	hyaluronan	(HA),	chondroitin	sulfate,	and	associated	proteins.	Hyaluronan	is	bounded	with	
CD44	in	lipid	membrane	layers.	After	digestion	with	hyaluronidase,	proteinuria	developed	in	ex	vivo	and	in	vivo	experiments	by	destruction	
of	hyaluronan	in	glomerular	endothelial	cells.	By	adding	hyaluronan	after	hyaluronidase,	proteinuria	is	reduced	in	association	with	
reconstitution	of	hyaluronan
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