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Abstracr. As a result of intraperitoneal injections in mice
of crude glycosaminoglycans obtained from the urine of
patients with systemic scleroderma, a fibrotic process simi-
lar to the initial changes of human scleroderma was fre-
quently observed, especially in the skin and esophagus when
the glycosaminoglycans contained a probable variant of
heparan sulfatc. Furthermore, the scleroderma-like change
was also observed, to some extent, in the ultrastructure of
collagen fibers and glycosaminoglycans of the skin.
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Systemic scleroderma (scleroderma) is a disease in
which abnormal fibrosis develops not only in the
skin but also in the connective tissue of the lungs,
heart, digestive organs and other sites. However,
the details of its etiology and patho-mechanism re-
main to be elucidated. Klemperer et al. (11) reported
in 1942 that this disease as well as SLE was de-
monstrated to be diffuse collagenosis, indicating
fibrinoid degeneration to be a characteristic mani-
festation of these diseases and attaching especially
great importance to the changes in ground sub-
stance. In this connection, changes in skin glycos-
aminoglycans (GAG) in scleroderma have been
studied by a few investigators (5, 15, 21). On the
other hand, increase in thin collagen fibrils and their
irregular arrangement were disclosed by electron
microscopy (1, 8, 12, 13, 17). It is a known fact
that collagen fibers and glycosaminoglycans mutu-
ally exert closely-related influence. The problem is
—which is the more primary change in the develop-
ment of scleroderma.

In recent studies, we conducted one-dimensional
cellulose acetate electrophoresis of GAG excreted
in the urine of patients with scleroderma to observe
the presence of carbazol reaction-positive GAG,
which were subjected to changes apparently con-
nected with the skin alteration of scleroderma (10).
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In view of the facts that the GAG showed a lower
mobility than did chondroitin sulfate, and were
only slightly digested by chondroitinase ABC or
testicular hyaluronidase, heparan sulfate-like GAG
might be considered. The GAG were obtained by
elution mainly with 0.5 M NaCl and 1.25 M NaCl
from a Dowex 1-X2 column. Especially GAG of
0.5 M NacCl fraction were mostly heparan sulfate-
like. Assuming that these GAG, related to skin
alterations of scleroderma, might have an infiuence
on the occurrence of pathological changes in sclero-
derma, urinary GAG from patients were adminis-
tered to mice, and the skin and visceral organs were
histologically examined and the skin also with elec-
tron microscope. This paper is the first report on
the series of experiments.

MATERIALS AND METHODS

Isolation of crude GAG from the urine was performed after
the method of DiFerrante & Rich (3): The urine from un-
treated patients was adjusted to pH 5.0, and 5% cetyltri-
mcthylammonium bromide (CTAB) was added to it in an
amount of 1 ml per 30 ml. Subsequently, before the proce-
dure, thimerosal was added to the urine in order to avoid
possible bacterial growth, although the experimental results
were ncarly the same in both types. Then, after allowing the
urine to stand in a refrigerator over 2 nights in order to
yield complete precipitation of the CTAB-GAG complex,
it was centrifuged at 3 000 rpm, and the precipitate was first
washed 3 limes with NaCl-saturated 96 % ethanol, thcn
washed and dried with ethanol and cthyl ether to obtain
crude GAG. Next, after confirming that all the electro-
phoretic patterns of GAG obtained from the urines of in-
dividual cascs were the samc. the samples were pooled. As
a result, crud2 GAG obtained from 52 | of the urinc col-
lected from 5 paticnts (25- 64 years of age, femalcs) (Sample
1) and from 43 | of the urine from 2 female patients (25 and
54 years of age) (Sample 2) were used for the experiments.
To the pooled GAG were added 10 volumes of 0.05 M Tris-
HC! buffer (pH 7.5) and 15 mg Pronase E per gram GAG
(from Kaken Kagaku, Tokyo) to carry out digestion at S0°C
for 24 hours. Then, after readjusting the pH, the same
quantity of Pronase E was further added to perform digestion
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Table 1. Urinary glycosaminoglycans (GAG) used for
experimental scleroderma
ChS ~chondroitin  sulfate. HS  heparun  sulfare, Ch

chondroitin. HA = hyaluronic acid. ( )= faintly observed,
NI - not identified, ND - not done

Dowex- GAG

Sample fraction —————+————  Protein
no. (M NaCl) Volume? Fraction (volume)®
Scleroderma
| 0.5 100 Unknown 19
1.25 280 Unknown, -
HS. ChS
1.5 340 ChS —_
20 120 Chs -
2 0.5 180 Unknown, 230
Ch
1.25 1 400 Unknown, 120
ChS. HS
1.5 990 ChS 50
2.0 840 ChS 50
Normal
3 0.5 80 HA. Ch, (HS) ND
1.25 360 Ch. ChS. HS ND
1.5 240 ChS, (HS) ND
4 0.5 60 HA. HS 210
1.25 1 000 Ch. HS, (ChS) 70
1.5 1 040 ChS 20
2.0 380 Chs 30
Scleredema
S 0.5 470 NI ND

€ ug uronic acid or protein per 3 mg Dowex-fraction, which
is dissolved in 1 ml water.

for another 24 hours. Deproteinization was carricd out by
adding trichloroacetic acid (final: 10%) and by centrifuga-
tion at 4°C, and then the supernatant was dialysed at 4 C
for 2 days, in seamless cellulosc tubing (27/32) from Visking.
Next, 12 sodium acetate and 4 volumes of cthanol were
added, to be allowed to stand in a rcfrigerator for 2 days,
and centrifugation was conducted to obtain precipitate.
This was appliecd to a Dowex 1-X2 column (Cl7) (0.9 - 10
cm) (19). After passing a sufficient amount of water and
0.03 M NaCl. GAG were eluted successively with 0.5 M
NaCl, 1.25 M NaCl, 1.5 M NaCl and 2.0 M NaCl. Afrer
the elution, each fraction was desalted by dialysis, and
lyophilized to determine the wezight. As controls, 2 samples
of normal urine (Sample 3 from 10.8 | of the urine from 7
normal persons (22-66 vears of age, females) and Sample 4
from 20 | from 4 subjects (31-43 years of age. males)) and
also 2.8 | from a 7-year-old girl with scleredema (Sample 5)
were used to fractionate GAG in a similar manner.

In animal experiments, 3 mg amounts of thc above-
mentioned samples were dissolved in 1 ml of 0.9% WNaCl
solution as thoroughly as possible, and after the uronic acid-
containing GAG were confirmed to be completely dissolved
in the solution. the supernatant was sterilized through a
Millipore filter. Then the original liquid or diluted samples
thereof was intraperitoneally administered to male mice of
the DDD strain weighing about 20 g, at a dosage of 0.1 ml/
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day for 12-13 consecutive days (in some samples. for fewer
days). As controls, 3 mg each of chondroitin sulfate (chon-
droitin 4-sulfate and chondroitin 6-sulfate). dermatan sulfate.
potassium hyaluronate. chondroitin, heparin and heparan
sulfate was similarly dissolved in 1 ml of 0.9°, NaCl solu-
tion for injection into mice under the same conditions as in
the urinary GAG. Heparan sulfate was preparcd by our
laboratory from 1.25 M NaCl fraction of normal urine
through testicular hyaluronidase digestion. and was identi-
fied by two-dimensional electrophoresis.

Potassium hyaluronate was purchased from Sigma and
other GAG from Seikagaku Kogvo, Tokvo. Two days after
completion of the administration, the animals were sacrificed
with ether or by carotid disscction. and the dorsal skin ncar
the root of forelimb. as well as visceral organs. was cut out
for histological examination: the skin was also cxamined
clectronmicroscopically. Preparation of specimens for clec-
tron microscopy: fixed in 2.59 glutaraldehyde, 29, OsO,
in 0.14 M Veronal acctate buffer (pH 7.4) at 4 C for 2 hours.
Dchydrated with ethanol. and embedded in Epon 812. Then
finc-sectioned and double-stained with uranyl acctate-lead
citrate. Observed with JEOL JEM-7 clectron microscope at
60 kV. In addition, for clectron microscopic demonstration
of GAG. other specimens were fixed in 1.2°, glutaraldehyde
with 500 ppm Ruthenium red in 0.1 M cacodylate buffer
(pH 7.4) at 4°C for | hour. Then, fixcd again in 29, OsO,
with 500 ppm Ruthenium red in 0.1 M cacodylate buffer
(pH 7.4) at room temperature for 3 hours (14). Determina-
tion of GAG: Total amount was cstimated as hexuronic
acid by Dische’s method (4) Qualitative analysis was car-
ricd out by two-dimensional electrophoresis on celiulose
acetate (7).

RESULTS

(A) Administered Urinary GAG

GAG volumes in 3 mg samplcs are shown in Table
I. The 0.5 M NacCl fraction from scleroderma or
from normal controls showed considerable protein
reaction by the Lowry method, whereas protein
amounts in other fractions were small or negligible,
as compared with GAG volume. The quantities of
injected GAG were 10-140 pg for each injection,
totalling 120-1 820 yg in the case of GAG-fractions
obtained from the urine of scleroderma patients
(Table 11).

Qualitative analysis, In the casc of normal urine,
two-dimensional electrophoresis detected, as shown
in Table I and Fig. 1, hyaluronic acid, chondroitin
and heparan sulfate (faint) from 0.5 M NaCl] frac-
tion of Sample 3 and hyaluronic acid and heparan
sulfate from that of Sample 4; chondroitin, heparan
sulfate and chondroitin sulfate from 1.25 M NaCl
fraction of both samples; from 1.5 M NaCl fraction
of Sample 3 chondroitin sulfate and heparan sulfate
(faint) and from Sample 4 chondroitin sulfate only;
and from 2.0 M NaCl fraction of Sample 4, chon-
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Table 1. Skin change in mice injected with wrinary glycosaminoglycans

showing marked fibrosis,
Ch4-S - chondroitin 4-sulfate. Ché-S

slight fibrosis, HA

hvaluronic acid. DS =dermatan sulfate, HS = heparan sulfate,
chondroitin 6-sulfatc. Ch

chondroitin, HP = heparin

Scleroderma-urine

Normal urine

Injected Injected
Sample GAG Mice Sample GAG Mice
Dowex-fraction no. (ug® - day) no. no. (yeg - day) no.
(.5 M NaCl | 10412 4 3 1 3 8212 3 0 1
2 18 <13 5 2 1 4 l0=12 4 0 0
4 60 12 4 0 1}
Total 9 5 2 1 0 |
1.25 M NaCl 1 28=12 8 I 1 3 3612 3 0 2
2 140 - 8-13 58 A 0 3 7213 1 0 0
4 100 12 3 0 0
Total 8 5 | 7 0 2
1.5 M NaCl 1 M=12 3 0 | 3 24 - 12 1 0 0
2 99 3 | 0 4 100 - 12 2 0 0
Total 4 1 3 0
2.0 M NaCl | 12 | 0 0 4 812 1 0 (4]
2 84 1 0 0
Total 2 0 | 0 0
Scleredema
(0.5 M NaCl) 5 4712 2 0 2
Standard GAG
HA 8212 7 0 |
DS 58 ~ 12 7 0 0
HS 100 < 12 3 0 0
Ch4-S 130 < 13 4 0 0
Cheé-S 80 11 7 0 0
Ch 32x12 6 0 0
HP 124~ 12 S 0 0
Saline 12-12 11 1] 0

% Expressed as uronic acid.
2 mice dead during the experiment.

droitin sulfate. On the other hand a 0.5 M NacCl
fraction of the urine from scleroderma patients,
showed in both Samples 1 and 2 an unknown spot,
which was detected neighbouring, but non-cor-
responding to either chondroitin, heparan sulfate,
or hyaluronic acid. In addition to the unknown spot,
Sample 2 showed chondroitin. In 1.25 M NacCl
fraction of both samples, this unknown spot was
also detected in addition to chondroitin sulfate and
heparan sulfate. In 1.5 M NaCl and 2.0 M NacCl
fractions, chondroitin sulfate was detected in both
samples, not distinct from the normal urine.

The unknown glycosaminoglycan in scleroderma-
urine, apparently characteristic of scleroderma, was

extracted from the sheets after electrophoresis. It
showed carbazol-positivity and the glucosamine
galactosamine molar ratio (2.47) in Sample 2 was
quite close to that (1.64) of heparan sulfate in this
sample (determined with the JLC-6AH automatic
amino acid analyzer). Amino acids content was
negligible. From the above results and the facts
that the glycosaminoglycan was digested neither by
testicular hyaluronidase nor by chondroitinase
ABC and that it was found in a position relatively
close to heparan sulfate on electrophoresis, the un-
known glycosaminoglycan may be considered to be
a variant of heparan sulfate of differing polymeriza-
tion and/or sulfation.
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(B) Results of Animal Experiments

In a hyaluronic acid-injected group, body weight
was decreased after the injection and in the group
injected with a large dosage of 1.25 M NaCi-GAG
from Sample 2, 2 of 5 animals died during the ex-
periment. However, in other groups there was no
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Fig. 2. Skin change in the mouse in-
jected with urinary GAG (1.25 M
NaCl fraction) from scleroderma,
showing homogenization of collagen
fibres and fibrosis from the dermis
till the subcutancous muscle layer («).
(b) Control skin injected with saline.
Hematoxylin-eosin stain, x 260.

significant difference from saline-injected controls
in body weight before and after injection.

(1) Findings in skin
The results are summarized in Table 1.
(a) Histological findings. Of the groups given GAG

Fig. 1. Two-dimensional clectrophoresis of urinary glycos-
aminoglycans (GAG) fractions, used for experimental
scleroderma («) from scieroderma (Sample ). () from nor-
mal (Sample 3). A thick arrow shows migrating direction of
the first electrophoresis in 0.1 M pyridine, 0.47 M formic
acid (pH 3.0) at 0.5 mA/cm for | hour (Reference GAG
from the origin (O) side; potassium hyaluronate, dermatan

sulfate and chondroitin sulfate). A thin arrow shows the
second dimension in 0.! M barium acetate (pH 8.0) at 0.5
mA/cm for 3 hours (standard GAG from the bottom; hepa-
rin, dermatan sulfate and chondroitin suifate). Ch4, 6-S:
chondroitin sulfate, HA: hyaluronic acid, Ch: chondroitin,
HS: heparan sulfate. Unknown spot in scleroderma probably
represents a variant of heparan sulfate (see text).
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Fig. 4. Ultrastructure of the skin in the mouse injected with
urinary GAG (1.25 M NaCl fraction) from scleroderma,
showing irregularly arranged collagen fibrils. Arrows indi-
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Fig. 3. Increase of fragmented clastic
fibres in the mouse injected with
urinary GAG (1.25 M NaCl fraction)
from scleroderma. Resorcinfuchsin
stain, - 260.

cate incrcased Ruthenium red-positive particles close 10 ¢ross
bandings of fibrils. ~ 71 800.




Fig. 5. Both thin and thick collagen Tibrils within one bundle
in the skin of mouse iniected with urinary GAG (0.5 M
NuCl fraction) from scleroderma. Furthermore. Ruthenium

from the urine of patients with sclercdzrma, 0.5
NaCl and 1.25 M NaCl fraction groups (5 of 9
mice of 0.5 M NaCl fraction group: 5 of 8 mice
of 1.25 M NaCl fraction group) were observed, as
shown in Fig. 2, to develop swelling of collagen
fibers and considerable fibrosis from the middle
layer of the corium to the subcutis. In some sections
a perivascular fibrosis of the subcutaneous tissue
was seen. Fragmented elastic fibers were increased
in number in the upper corium (Fig. 3). Further-
more, with Hale-PAS stain, an intensified PAS
reaction was seen in addition to many mast cells.
In other words, in the groups given the fraction con-
taining a variant of heparan sulfate, alteration re-
miniscent of carly scleroderma was observed. In
other groups, no definite change was seen, apart
from slight subcutaneous fibrosis in some cases.
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red-positive filaments or particles are visible around the col-
lagen fibrils. Arrows indicate lattice-like filaments (Ko-
bayasi & Ashoe-Hansen). - 96 400.

(h) Electron microscopic findings. 1t was noted
that the preparations showing the atove changes
demonstrated irregular arrangement and mutual
diastasis of collagen fibrils (Fig. 4) and also signifi-
cant occurrence of collagen fibrils of small diameter
(ca. 300 400 A) intermingled with 650-1 000 A thick
collagen fibrils (Fig. 5). No abnormalities wcre
found regarding banding pattern. Further, Ruthe-
nium red-positive filaments or particles were in-
creased in number around collagen fibrils, inter-
mingled with Ruthenium red-negative indistinct
fibrils (Fig. 0): these findings were also observed
in the group injected with urinary GAG from scler-
edema, however. Moreover. with Ruthenium red
stain the matrix was observed to be rich in fine net-
work of filaments with aggregated particles. There
was no remarkable change in clastic fibers but the
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Fig. 6. The skin of the mouse injected with urinary GAG around collagen fibrils and in the periphery of collagen
(0.5 M NacCl fraction) from scleroderma, showing increased bundles, intermingled with Ruthenium red-negative indis-
number of Ruthenium red-positive filaments or particles tinct fibrils (urrows). = 32 800.

Table 1L, Visceral changes in mice injected with urinary glycosaminoglveans

M NaCl

Scleroderma-urine Normal Urine Standard GAG

0.5 1.25 1.5 20 0.5 125 1.5 20 HA HS DS Ch4-S Ch6-S HP Ch Saline

Lungs

Perivascular fibrosis 4/8 6/8 14 11 1/9 0/7 0/3 0l 04 0/3 0/4 0/4 0/4 0/S 04 0;8
Interstitial edema

and cell infiltration 3/8 7/8 04 0/l 159 147 0/3 0o/ 0/4 0/2 0/4 1/4 0/4 0/ 1,4 08

Esophagus

Edema of mucosa 6j7 S/6 0/4 0/ 0/9 0/7 0/3 0/1 04 0/3 0/4 04 0/4 0/5 0/4 0,8
Muscle atrophy

and/or fibrosis 4/j7 5j6 2/4 011 Ij9 2/7 1j3 0fi 04 0/3 0/4 04 0/4 0/s 04 08

Heart
Myocardial fibrosis
and/or welling of
muscle fibres 2/8 38 0/4 0/l 0/9 0/7 0/3 0/ 0/4 03 0/4 04 0/4 0/5 0/4 0/8
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presence of parallel-arranged elastic fibrils as de-
scribed by Kobayashi & Asboe-Hansen (12) among
collagen fibrils was observed.

2. Visceral findings
The results are shown in Table 111,

In many of mice injected with the 0.5 M NaCli
fraction and the 1.25 M NaCl fraction from sclero-
derma, pathological changes were observed in the
lungs, esophagus and heart as well as in the skin,
while the liver, spleen or kidney showed scarcely
any noticeable change. The lungs showed peri-
vascular fibrosis, interstitial edema and cell-infiltra-
tion composed of histiocytes, lymphocytes and/or
plasma cells (Fig. 7). The lower end of the csophagus
showed subepithelial homogenization of the con-
nective tissue, and partial atrophy and fibrous re-
placement of the muscularis (Fig. 8). Also. in the
heart, a slight fibrosis of the myocardium was ob-
served. These changes were more conspicuous in
the groups given a large dosage of 0.5 M NaCl or
1.25 M NaCl-GAG. Similar changes were seen,

Fig. 7. Lung of thc mouse injected with urinary GAG (1.25
M NaCl fraction) from scleroderma, showing interstitial
edema with cellular infiltration and perivascular fibrosis
(arrow). Hematoxylin-eosin stain, x 260.
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Fig. 8. Lower end of esophagus in the mouse injected with
urinary GAG (1.25 M NaCl fraction) from scleroderma.
There are atrophy of the muscularis, replaced by fibrosis
and subepithclial homogenization of the conncctive tissuc.
Hematoxylin-cosin stain, - 260.

through rarely, in mice given other fractions from
scleroderma and in mice given 0.5-1.5 M fractions
of normal urine.

DISCUSSIONS

Previously, we reported that histological observa-
tions of the skin in systemic scleroderma demon-
strated the sclerosis not only in collagen but also on
the blood vessels (9). The vascular sclerosis appeared
to occur first in the subendothelial area and later to
spread to the circumference. This indicates, as al-
ready suggested by Szodoray (20), the possibility
that a certain substance (scleroderma-influencing
factor) induces the pathological changes in the con-
nective tissue through the blood circulation. We
have observed, as already described, that some
GAG subjected to changes in close connection with
scleroderma wcre excreted in the urine of patients
(10). It is well-known that glycosaminoglycans
(cspecially sulfated glycosaminoglycans) play an
important role in maturation of collagen fibers or
the fibrotic process. Noda (15) and Fleischmajer &
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Perlish (5) described an increasc of dermatan sulfate
in the sclerotic skin. Uitto (21) stated that in the
grossly normal skin of scleroderma. there was more
correlationship between collagen biosynthesis and
synthesis of chondroitin sulfate. In the present ex-
periment, assuming that the above-described char-
acteristic GAG, when excreted in the urine of pa-
tients with scleroderma might induce abnormal fibro-
sis in this discase, we injected mice with urinary and
standard GAG to examine the skin and visceral
changes. As a result, the groups injected with frac-
tions containing an unknown glycosaminoglycan-
spot {probably a variant of heparan sulfate) wcre
observed to demonstrate interstitial edema, fibrosis,
or inflammatory reaction, not only in the skin but
also in the lungs, esophagus and heart. These
changes scem, to some extent, 1o be similar to those
of scleroderma (2, 6, 13, 16, 18) especially in altera-
tions of the skin and esophagus. However, fibrosis
or sclerosis is less conspicuous than scicroderma.
and elastosis in late scleroderma was not observed
at all. On the other hand, regarding electron micro-
scopic skin changes, in the preparations showing
histological change, an increasc in thin collagen
fibrils was observed among thick collagen fibrils,
and in the distribution patiern an appearance of
fibrils finer than 400 A was impressive. when com-
pared with specimens showing no histological change.
In human scleroderma it has been reported that
fine collagen fibrils increase markedly with bimodal
distribution (1, 13, 17) or with unimodal distribu-
tion (8). Kobayashi & Asboe-Hansen (12) noticed
3 kinds of collagen fibrils in scleroderma. They were
(i) clusters of thin and thick collagen fibrils, dia-
meter 200-900 A, found among collagen bundles,
(i) 700 A thick collagen fibrils, and (iii) compact
bundles of 1 000 A thick fibrils. The former finding
may be compatible with that seen in our experiment.
In addition, in the present study, Ruthenium red-
positive filaments or particles were increased in
number around collagen fibrils. Moreover, Ruthe-
nium red-negative fibrils were observed to be inter-
mingled with the filaments. The former probably
represent GAG, while the latter are similar to the
“indistinct elastic fibrils™ reported by Kobayashi.
“Parallel-arranged elastic fibrils” were likewise seen
in our preparations. However, degcneration of
elastic fibers was not observed. Furthermore, in
interfibrillar matrix there was a fine network of
Ruthenium red-positive filaments with aggregated
particles, probably representing hyaluronic acid.
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To summarize, it is considered that from the
histological and electron microscopic aspects the
changes seen in mice injected with urinary GAG
resemble to some extent those of early scleroderma.
Thus, this study has indicated the presence of a
“*scleroderma-influencing factor™ in the urine of
scleroderma and it may well be a variant of heparan
sulfate that acts as this factor, although heparan
sulfate itself isolated from normal urinc induced no
change. Nevertheless, further long-term studies un-
der various conditions are still required in order to
induce a perfect cxperimental scleroderma: Ncither
marked fibrosis in the organs of necropsied paticnts
nor marked clastosis of the skin in late scleroderma
was observed in this experiment. Furthermore, the
kidney, though one of the most affected organs at
autopsy of scleroderma cases, exhibited no change in
mice. Mice injected with other urinary GAG frac-
tions including fractions from normal urine or with
chondroitin, and chondroitin 4-sulfate also dem-
onstrated a similar change in lungs or esophagus,
though in few cases.
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