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ABSTRACT.	 Ehlers-Danlos	syndrome	(EDS)	is	a	group	of	disorders	caused	by	abnormalities	that	are	identified	in	the	extracellular	matrix.	
Transforming	growth	factor-β1	(TGF-β1)	plays	a	crucial	role	in	formation	of	the	extracellular	matrix.	It	has	been	reported	that	the	loss	
of function of zinc transporter ZRT/IRT-like protein 13 (ZIP13) causes the spondylocheiro dysplastic form of EDS (SCD-EDS: OMIM 
612350),	in	which	dysregulation	of	the	TGF-β1	signaling	pathway	is	observed,	although	the	relationship	between	the	dermis	abnormalities	
and	peripheral	TGF-β1	level	has	been	unclear.	We	investigated	the	characteristics	of	the	dermis	of	the	Zip13-knockout (KO) mouse, an 
animal model for SCD-EDS. Both the ratio of dermatan sulfate (DS) in glycosaminoglycan (GAG) components and the amount of collagen 
were	decreased,	and	there	were	very	few	collagen	fibrils	with	diameters	of	more	than	150	nm	in	Zip13-KO	mice	dermis.	We	also	found	
that	the	TGF-β1	level	was	significantly	higher	in	Zip13-KO	mice	serum.	These	results	suggest	that	collagen	synthesis	and	collagen	fibril	
fusion might be impaired in Zip13-KO mice and that the possible decrease of decorin level by reduction of the DS ratio probably caused 
an	increase	of	free	TGF-β1	in	Zip13-KO mice. In conclusion, skin fragility due to defective ZIP13 protein may be attributable to impaired 
extracellular	matrix	synthesis	accompanied	by	abnormal	peripheral	TGF-β	homeostasis.
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Ehlers-Danlos syndrome (EDS) is an inherited disorder of 
connective tissue characterized by skin hyperelasticity, skin 
fragility (easy rupture), articular hypermobility and vascular 
fragility	 [7].	 Types	 of	 EDS	 are	 classified	 according	 to	 its	
causes, including molecular abnormality of collagen, defec-
tive	fibronectin,	lack	of	type	I	procollagen	N-proteinase	activ-
ity and lack of dermatan sulfate caused by aplasia of the core 
protein of decorin [5, 7, 19]. Compared with normal skin, the 
major morphological and biochemical characteristics of EDS 
skin	are	higher	 levels	of	matrix	substrates,	 thicker	collagen	
fibers,	less	density	of	fiber	bundles	in	the	reticular	layer	and	
less	uniformity	of	fiber	orientations.	It	was	reported	that	the	
thickness of the reticular layer in EDS patients was only about 
one third of that in normal subjects [10]. Such characteristics 
are	responsible	for	the	large	polydispersity	index,	which	in-
dicates	the	degree	of	distribution	of	fine	collagen	fibers	[6].
Transforming	growth	 factor-β1	 (TGF-β1)	 is	 the	primary	

member	 of	 the	 TGF-β	 family	 [17].	 TGF-β1	 functions	 to	
increase	components	of	the	extracellular	matrix	not	only	by	
promoting the production of collagens and proteoglycans 
but also by inhibiting the production of various proteases 
[13].	 TGF-β1	 is	 inactive	 when	 combined	 with	 decorin,	 a	
proteoglycan	in	the	extracellular	matrix,	and	it	becomes	ac-
tive	only	when	it	separates	from	decorin	[3].	TGF-β1	binds	
to its receptor component, and SMAD transcription factors 
are subsequently phosphorylated by the activated receptors. 
SMAD proteins then move into the nucleus and promote 
transcription of target genes leading to the synthesis and 
accumulation	 of	 the	 extracellular	 matrix	 [14,	 16].	Marfan	
syndrome is one of the genetic diseases in which systemic 
fragility of connective tissues occurs as a result of genetic 
mutations,	including	mutations	in	fibrillin-1	and	TGF-β	re-
ceptor 2 genes [11, 18].

Slc39a13/ZIP13 is a member of the Slc39/ZIP zinc trans-
porter family [8] localized mainly in the Golgi apparatus of 
osteoblasts,	chondrocytes,	odontoblasts	and	fibroblasts.	It	is	
involved in the transport of zinc from the Golgi apparatus 
to the cytoplasm and controls the nuclear shift of SMAD 
proteins	in	TGF-β1	and	bone	morphogenetic	protein	(BMP)	
signaling pathways [1, 2, 9, 17]. Loss of ZIP13 function 
causes perturbations of these pathways, and thus, there is 
little	synthesis	of	the	extracellular	matrix.	This	assumption	
is strongly supported by the results of a study on a defect 
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of a gene that regulates dematan sulfate proteoglycan in 
cattle with a variant form of EDS in which glycosamino-
glycan (GAG) consisted almost solely of hyaluronic acid 
[19]. Zip13-knockout (KO) mice, an animal model for the 
spondylocheiro dysplasic form of EDS (SCD-EDS: OMIM 
612350), show skeletal and connective tissue disorder [9].

Since the relationship between EDS pathogenesis and pe-
ripheral	TGF-β1	levels	has	not	yet	been	clarified,	Zip13-KO 
mice were used in this study to clarify the relationship between 
plasma	TGF-β1	levels	and	clinical	conditions	of	SCD-EDS.

MATERIALS AND METHODS

Animals and experimental design: Mice were weaned at 
4 weeks of age, and 3 mice were used for each genotype 
group:	wild-type	 (WT)	 group	 and	Zip13-KO (KO) group. 
All	 animals	were	 sacrificed	 at	 8	weeks	 of	 age	 for	 the	 ex-
periments. Skin samples were taken from the pre-scapular 
and dorsal regions used for generally ultrastructural inves-
tigation of skin [15] immediately after euthanasia, and the 
samples were processed for light and electron microscopic 
investigation or were frozen and prepared for GAG analysis.
The	 animal	 experiments	 were	 approved	 by	 the	 Ethics	

Committee of Rakuno Gakuen University.

Morphological analysis: Light microscopy.
Samples	were	fixed	in	Bouin’s	fixative	for	24	hr	at	room	

temperature.	After	 dehydration	 through	 ethanol	 and	 xylol	
series,	samples	were	embedded	in	paraffin.	Eight-µm-thick 
sections were cut in the epidermal-dermal direction and then 
dewaxed	 and	 stained	with	 hematoxylin	 and	 eosin.	Dermal	
thickness was measured at 5 points from 8 areas in each 
sample (120 points/24 areas/3 mice/group), and the number 
of cells per 0.01 mm2 was counted.

Transmission electron microscopy (TEM).
Samples	 (0.5	 ×	 0.5	 ×	 0.5	mm)	were	 fixed	 in	 3.0%	 glu-

taraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 hr at 
room	temperature.	The	samples	were	then	post-fixed	in	1.0%	
osmium	tetroxide	in	0.1	M	phosphate	buffer	for	1	hr	at	room	
temperature. Thereafter, samples were washed with distilled 
water, dehydrated in graded ethanol series and embedded 
in Quetol 812 (Nissin EM, Tokyo, Japan). Sections of ap-
proximately	 60	 nm	 in	 thickness	 were	 cut	 with	 a	 Reichert	
Supernova system (Leica, Vienna, Austria) equipped with a 
diamond knife. Sections were mounted on a copper grid and 
consecutively	stained	with	0.2%	tannic	acid	+	10%	ethanol	in	
water	for	15	min,	1.0%	uranyl	acetate	for	5	min	and	1.0%	lead	
citrate for 10 sec. A TEM (JEM-1220; JEOL, Tokyo, Japan) at 
an accelerating voltage of 80 kV was used for the investiga-
tion.	Five	hundred	fibrils	randomly	selected	from	bottom	of	
dermal layer in photographs of each skin sample were mea-
sured by Image J, and the average value was obtained.

Biochemical analysis: Analysis of amino acid.
After the addition of 6N HCl, skin samples were punched 

using a trephine with a diameter of 5 mm and treated in a 
heat block at 110°C for 24 hr. The solvent was evaporated in 

Evaporator. The remaining amino acid was dissolved in 0.02 
M	HCl.	The	solution	obtained	from	the	filtration	was	ana-
lyzed for amino acid contents. The amount of collagen per 
unit	area	was	calculated	from	the	amount	of	hydroxyproline.

Analysis of GAG.
Frozen samples were cut into small blocks on ice. After de-

hydration and degreasing by stirring in acetone 3 times for 30 
min each time at room temperature and then in diethyl ether 
3 times for 30 min each time at room temperature, dry weight 
of the samples was determined. Removal of GAG from pro-
teoglycan core proteins was performed by stirring samples in 
20 volumes of 0.5 N NaOH at 4°C for 15 hr. Neutralization 
was performed in 1 N HCl with a similar condition. Proteins 
in	the	mixture	were	denatured	by	heating	at	100°C	for	10	min.	
The	pH	of	the	mixture	was	adjusted	to	8.0	with	1	M	Tris-HCl	
buffer	(pH	7.8),	and	the	mixture	was	digested	with	1	mg/ml 
pronase (actinase E; Seikagaku Kougyo, Tokyo, Japan) at 
50°C	for	24	hr.	Trichloroacetic	acid	was	then	added	to	a	final	
concentration	of	10%.	After	incubating	for	1	hr,	the	mixture	
was centrifuged at 1,600 × g for 15 min in order to remove 
the precipitated proteins, and the supernatant was dialyzed 
against distilled water at 4°C for 3 days. The dialyzed sample 
was freeze-dried and subjected to two-dimensional electro-
phoresis on a cellulose acetate membrane. GAG was stained 
with	 a	 solution	 containing	 0.1%	 alcian	 blue	 8GX	 (Merck,	
Darmstadt,	 Germany)	 and	 0.1%	 acetic	 acid.	 GAG	 content	
was	quantified	by	an	assay	for	hexosamine.	Hyaluronic	acid,	
dermatan sulfate, heparin and chondroitin-6-sulphate (Naca-
lai Tesque, Kyoto, Japan) were used as GAG standards.

Plasma concentration of TGF-β1.
Fresh blood samples were immediately placed in ice for 

10–60 min before being centrifuged in a refrigerated (4°C) 
centrifuge at 1,000 × g for 30 min for collection of plasma. 
The	plasma	samples	were	stored	at	−80°C.	A	TGF-β1	assay	
kit (Quantikine Mouse/Rat/Porcine/Canine; R & D Systems, 
Minneapolis, MN, U.S.A.) was used for the measurement.

Statistical analysis.
Student’s	t-test was used to compare differences among the 

means of thickness of the dermis, density of cells, amount of 
collagen	and	ratio	of	hydroxyproline	at	a	significant	level	of	
P=0.05.	Differences	in	median	diameters	of	collagen	fibrils	
and	plasma	concentration	of	TGF-β1	between	groups	were	
tested	by	the	Wilcoxon	rank	sum	test	at	P<0.05.

RESULTS

Morphological analysis: Light microscopy: The dermal 
layer	consists	of	cells	and	cellular	matrix.	The	major	matrix	
component	of	the	dermal	layer	is	collagen	fibrils.	Thickness	
of	the	dermal	layer	was	measurable.	The	thickness	in	the	WT	
group was 231.4 ± 22.1 µm, while that in the KO group was 
162.2 ± 22.5 µm (Fig. 1).	There	was	a	significant	difference	
between the thicknesses in the 2 groups (P<0.05). Densi-
ties	of	the	cellular	population	in	the	WT	group	(24.6	±	1.5	
cells/0.01 mm2) and KO group (31.0 ± 3.6 cells/0.01 mm2) 
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were	significantly	different	(Table	1).

Transmission electron microscopy.
The	 diameters	 of	 collagen	 fibrils	 in	 the	 2	 groups	 were	

clearly different (Fig. 2). The diameter range of collagen 
fibrils	in	the	WT	group	was	from	20	to	320	nm	with	a	me-
dian	of	89.4	nm.	There	was	no	collagen	fibril	with	a	diameter	
larger	than	200	nm	in	the	KO	group	(Fig.	2).	The	fibril	di-
ameters in the KO group were limited to 20–200 nm with a 
median of 81.4 nm (Table 1).

Biochemical analysis: Analysis of amino acid: The 
amount	of	collagen	in	the	WT	group	was	72.3	±	8.8	µg/mm2, 
and that in the KO group was 22.2 ± 2.3 µg/mm2. The ratio 
of	hydroxyproline	(residues/1,000	total	residues)	in	the	WT	
group was 95.7 ± 0.9, and that in the KO group was 84.0 ± 
2.5 (Table 1).

Analysis of GAG.
In	 the	WT	group,	 the	HA	 ratio	was	55.5%,	 and	 the	DS	

ratio	was	44.5%.	In	the	KO	group,	HA	was	63.2%,	and	DS	
was	36.8%	(Table	1).

Plasma concentration of TGF-β1.
The	 plasma	 concentration	 of	 TGF-β1	 in	 the	WT	 group	

was 1.45 ± 0.42 ng/ml, and that in the KO group was 2.74 ± 

1.35 ng/ml (Table 1).

DISCUSSION

Zip13-KO mice have been reported to have the following 
characteristics:	zinc	concentration	in	fibroblastic	cells	lack-
ing ZIP13 is increased in Golgi apparatus and decreased in 
the nucleus, nuclear transport of SMAD proteins is impaired, 
and	 expression	 level	 of	 type	 I	 collagen	 is	 decreased	 [9]	
(Fig. 3).	In	this	study,	we	clarified	the	biochemical	and	histo-
logical characteristics of amino acid that constitutes collagen 
and the composition of the dermal layer of Zip13-KO mice.

The histological dermal layer in the KO group was found 
to	be	 thinner	 than	 that	 in	 the	WT	group.	In	electron	micro-
scopic investigation, the dermal layer of 20-week-old mouse 
shows	collagen	fibrils	over	200-nm	in	diameter	[4].	The	ratio	
of	collagen	fibrils	with	diameters	of	more	than	150	nm	in	the	
KO group was small. The diminished amount of mature colla-
gen in Zip13-KO mice was likely due to the impaired nuclear 
transport	 of	 SMAD	 proteins	 in	 fibroblast	 lacking	 [9],	 sug-
gesting that possible suppression of collagen assembly could 
occur	by	decreased	signaling	of	TGF-β	in	the	KO	group.
TGF-β1	has	multiple	functions	affecting	pleiotropic	phe-

nomena,	exerting	inhibitory	effects	on	cell	proliferation	for	
example	[12].	The	larger	number	of	cells	per	unit	area	in	the	

Fig.	1.	 Light	microscopic	observation	of	the	H&E-stained	dermal	layer	from	WT	(a)	and	KO	(b)	mice.

Table	1.	 Morphometric	and	biochemical	analyses	of	dermal	layer	and	levels	of	TGF-β1	in	
plasma	from	WT	and	KO	mice

Analysis WT KO
Thickness of dermis (µm) 231.4 ± 22.1 162.2 ± 22.5*
Density of cells (cells/0.01 mm2) 24.6 ± 1.5 31.0 ± 3.6*
Median	diameter	of	collagen	fibrils	(nm) 89.4 81.4
Amount of collagen (µg/mm2) 72.3 ± 8.8 22.2 ± 2.3*
Ratio	of	hydroxyproline	(residues/1,000	total	residues) 95.7 ± 0.9 84.0 ± 2.5*
Ratio of GAG components

HA	(%) 55.5 63.2
DS	(%) 44.5 36.8

Plasma	concentration	of	TGF-β1	(ng/ml) 1.45 ± 0.42 2.74 ± 1.35*

Mean	±	SD,	*Significantly	different	(P<0.05).
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Fig.	2.	 Transmission	 electron	microscopic	 observation	 of	 collagen	fibrils	 from	WT	 (a)	 and	KO	 (b)	mice.	 It	
was	clearly	seen	that	collagen	fibrils	with	diameters	larger	than	200	nm	existed	only	in	WT	mice.	Histogram	
of	diameters	of	collagen	fibrils	from	WT	(c)	and	KO	(d)	mice.	The	diameters	of	fibrils	from	WT	mice	were	
distributed	from	20	to	320	nm,	while	those	of	fibrils	from	KO	mice	were	restricted	to	20–200	nm.

Fig.	3.	 Outline	of	relationship	between	TGF-β1	and	collagen	synthesis.	(a)	In	normal	fibroblast,	TGF-β1	binds	to	its	receptor	component,	and	
SMAD transcription factors are subsequently phosphorylated by the activated receptors. SMAD proteins then move into the nucleus and 
promote transcription of target genes leading to the synthesis of collagen. (b) Zip13-KO	fibroblasts	show	decreased	collagen	synthesis	most	
likely due to impaired nuclear transport of SMAD proteins, although Zip13-KO	mice	exhibit	higher	TGF-β1	levels	by	unknown	mechanisms.
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KO	group	than	in	the	WT	group	suggested	a	smaller	effect	of	
TGF-β1	in	the	KO	group.
The	diameter	of	collagen	fibrils	in	the	KO	group	was	found	

to	be	smaller	than	that	in	the	WT	group.	Large	collagen	fibrils	
are	formed	by	fibril	fusion	[20].	Fusion	of	collagen	fibrils	is	
probably regulated by decorin, a substance that is known to 
regulate	collagen	fibril	diameter	[20].	Decorin,	which	carries	
dermatan	sulfate	(DS)	as	a	GAG	chain,	expresses	its	inhibi-
tory	 effects	 through	 combining	with	 TGF-β1	 and	 sending	
negative	feedback	to	TGF-β1	[1].	The	amount	of	decorin	can	
be indirectly indicated by the proportion of DS in the GAG 
chain. Thus, decrease of decorin in the KO group was indi-
cated by a decrease in its proportion of DS compared with 
that	in	the	WT	group.	The	higher	concentration	of	TGF-β1	in	
the	blood	indicated	lower	negative	feedback	against	TGF-β1	
caused by the decrease of decorin.
In	 conclusion,	 lack	 of	 ZIP13	 in	 fibroblasts	 resulted	 in	

alteration	of	the	composition	of	the	extracellular	matrix	and	
decrease in the amount of collagen and diameter of colla-
gen	fibrils.	Decrease	of	decorin	 in	 the	extracellular	matrix,	
which	normally	increases	the	uncombined	TGF-β1	level	in	
blood, is thought to be the cause of these imbalances leading 
to skin fragility. Results of further investigations on culture 
of	fibroblasts	from	Zip13-KO mice will contribute to an un-
derstanding	of	the	relationship	between	plasma	TGF-β1	and	
collagen	fibrils.
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