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Abstract

To evaluate the relationship among the induction of nitric oxide synthase (NOS), advanced
glycation end products (AGEs) and NF-xB for vascular damage in hyperglycemia, we injected
Mongolian gerbils intravenously with 150 mg/kg streptozotocin (STZ) and observed over the
next one year the resulting aortic changes by immunohistochemical and electron microscopical
techniques.

After STZ treatment, hyperglycemia was confirmed and body weight transiently decreased.

Morphological observation revealed no remarkable changs in vascular endothelial cells or
vascular smooth muscle cells in the aorta at one week after STZ administration. After 4 weeks in-
creased collagen fibrils were observed in the pericellular spaces of media. At one year after STZ
administration, increased collagen fibrils and thickened elastic fibers were found around the vas-
cular smooth muscle cells with vacuolization and increased cytoplasmic organellae compared
with non-treated animals of the same age. Immunohistochemically endothelial constitutive NOS
(ecNOS) was localized in the endothelium of the aorta of Mongolian gerbils. At one year after
STZ administration, the reaction products of iNOS, AGEs and NF-xB in vascular endothelial cells
and smooth muscle cells were much more greatly increased than at one week and 4 weeks.

After STZ administration, the localization of NOS, AGEs and NF-xB was observed in the
aorta, which suggests these factors play important roles in the pathogenesis of vasculopathy in
diabetes mellitus. (J Nippon Med Sch 1999; 66: 166—175)
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Introduction

Streptozotocin (STZ) is a highly effective cytotoxic
agent for pancreatic B cells, and STZ-treated animals
have been used as a model for insulin-dependent dia-
betes mellitus'. Nitric oxide (NO) is an inorganic free

radical gas®. STZ is considered as a nitric oxide (NO)-
generation reagent, and NO-generation contributes to
damage of § cells in islets of the pancreas, which leads
to diabetogenesis.

Also hyperglycemia and NO are fully believed to
play significant roles in the pathogenesis of vasculopa-
thy in diabetes®.
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Glucose is considered to form chemically reversible
early glycosylation products with protein. However,
some of the early glycosylation products on collagen
and other long-lived proteins of the vessel walls do not
dissociate’. And it is suggested that diabetic complica-
tions are caused by the hyperglycemia-accelerated
formation of nonenzymatic advanced glycation end
products (AGEs) in tissue. AGEs-modified proteins in
the arterial wall increase vascular permeability and
are important modulators of nitric oxide activity and
endothelium-dependent relaxation’.

On the other hand, the accelerated formation of
AGEs has been implicated in the pathogenesis of dia-
betic macrovascular complications’. Cell-bound AGEs
can modulate cellular properties, as occurs after AGE-
mediated activation of transcription factor, nuclear
factor-kB (NF-«kB). NF-kB proteins regulate transcrip-
tion of a variety of cellular genes, including those in-
volved in immune responses and growth control’. Ac-
tivated NF-xB is believed to express inducible nitric
oxide synthase (iNOS), by which NO is formed from
L-arginine*®. It is indicated that iNOS is induced in
neointimal smooth muscle cells after arterial injury’.

Morphologically, it is highly acceptable that AGEs
promote the accumulation of collagen in atheroscle-
rotic lesions through the insolubility of collagen and
the inhibition of collagenase activity of smooth muscle
cells"”.

This study was undertaken to clarify the roles of
NOS, AGEs and NF-xB in the pathogenesis of vasculo-
pathy in STZ treated Mongolian gerbils.

Materials and Methods

This experimental study was approved by the Ani-
mal Experimental Committee of Nippon Medical
School.

(1) Animals

Thirty Mongolian gerbils (10~12 weeks old) were
injected with 150 mg/kg streptozotocin (STZ) into the
left femoral vein. Nine control Mongolian gerbils (10
~12 weeks old) were injected intravenously with nor-
mal saline. The STZ treated animals showed hyper-
glycemia by 3 days after STZ administration.

Eighteen of the animals, including controls, were
killed at various time points (one week, 4 weeks and

one year) after streptozotocin administration.
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(2) Specimen preparation

Aortic changes were observed chronologically by
light and electron microscopical techniques.

The aortic tissues were immediately cut into small
pieces and fixed in 4% paraformaldehyde solution for
6 hours, embedded in paraffin, sectioned and stained
with hematoxylin and eosin and Periodic Acid Shiff
(PAS) for light microscopical observation.

For ultrastructural observation, aortic tissues were
fixed in 25% glutaraldehyde in 0.1 M cacodylate
buffer solution (pH 7.4) over night, postfixed in 1% os-
mium tetroxide in 0.1 M cacodylate buffer for one
hour, dehydrated through graded ethanol and embed-
ded in Epok 812. Semi-thin sections were cut and suit-
able tissue areas were selected for electron micro-
scopic observation. Ultrathin sections were cut with a
diamond knife on an Ivan Sorvall MT-5000 ultrami-
crotome (Du Pont, Newtown, CT, USA). The sections
were stained with uranyl acetate and lead citrate and
some sections were stained with tannic acid. They
were observed with a Hitachi H-7000 electron micro-
scope (Hitachi, Tokyo, Japan) at an accelerating volt-
age of 75 kV. Photographs were taken at a magnifica-
tion of X 2000 or % 5000.

For immunohistochemical observation, specimens
were fixed in 4% paraformaldehyde solution for 6
hours and endogenous peroxidase was inhibited by
treatment with 0.3% H.O. in 100% methanol. The fol-
lowing antibodies diluted with BSA solution by over-
night incubation at 4C were used: (a) monoclonal hu-
man anti-o-smooth muscle actin antibody (Dako, Glos-
trup, Denmark) at a dilution of 1 : 100, which reacts
with the o-smooth muscle isoform of actin as indi-
cated by immunoblotting and ELISA and does not re-
act with actin from fibroblasts (B- and y-cytoplasmic),
striated muscle (o-sarcomeric) and myocardium (o-
myocardial), (b) polyclonal rabbit anti-endothelial con-
stitutive NOS antibody (Santa Cruz Biotechnology,
USA) at a dilution of 1 : 500, for which a 20.4 kDa pro-
tein fragment corresponding to amino acids 1030~
1209 of human ecNOS was used as an immunogen,
(c) polyclonal rabbit anti-inducible NOS antibody
(Santa Cruz Biotechnology, USA) at a dilution 1 : 1000,
which has been successfully used to detect iNOS in
Western blot experiments (d) anti-advanced glycation
end products (AGEs) antibody (Panapharm Labora-
tories, Japan) at a dilution of 1: 500, which was puri-
fied by Protein A chromatography from the cell line (6
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Table 1 Blood sugar of Monogolian gerbils [mg/dl]

1 week 4 weeks 1 year

STZ-treated | 3250 £ 753 2670 + 512 330.7 = 964
853 + 212 983 £42 1050 = 2.6

STZ: Streptozotocin

non-treated

D 12) with positive reaction to AGEs-human serum al-
bumin but negative to BSA, (e) anti-Nuclear Factor-
kB (anti NF-xB) antibody (Boehringer Mannheim,
Germany) at a dilution of 1: 1200, which recognizes an
epitope overlapping the nuclear location signal of p 65
subunit of the NF-«xB. After incubation with the pri-
mary antibody, the sections were treated with biotin-
conjugated goat anti-rabbit IgGs antibody (Nichirei,
Tokyo Japan) for the polyclonal primary antibody
and with biotin-conjugated anti-mouse IgGs antibody
(Nichirei) for the monoclonal primary antibody for 20
minutes. The sections were then reacted with 0.05%
H:0. in 0.02% DAB solution for 5 min, They were
counterstained with hematoxylin for 1 min, dehy-
drated, cleared and permanently mounted.

As a negative control for the immunohistochemical
staining, tissue sections were treated with normal rab-

bit serum instead of a primary antibody.
Results

1. Body weight and blood assay

In the streptozotocin (STZ) treated Mongolian ger-
bils, body weight transiently decreased and blood
sugar increased. The STZ treated animals showed hy-
perglycemia by 3 days after STZ administration. The
blood sugar concentrations of STZ treated animals at
one week, 4 weeks, and one year were 325.0 = 75.3,
267.0 = 51.2, and 330.7 =964 [mg/dl ], respectively.
However, control valus at one week, 4 weeks, one
year were 85.3+21.2, 983+ 4.2, and 1050 = 2.6 [mg/
dl], respectively (Table1).

2. Morphological observation

Light microscopically, no significant changes were
observed in the endothelial and medial cells of the
aorta in Mongolian gerbils at one week after normal
saline and STZ administration. At 4 weeks after strep-
tozotocin (STZ) administration, mild endothelial swel-
ling and anisocytosis in medial cells were observed

compared with control animals. At one year after STZ
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Fig.1 Light micrographs of sections stained with he-

matoxylin and eosin in aortas from control and
streptozotocin (STZ) administered Mongolian
gerbils. a: At one year after saline administra-
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tion, slight anisocytosis of smooth muscle cells
is noted in the aortic wall. Magnification,
X 400, b: At one year after STZ administra-
tion, mild swelling of endothelial cells and ani-
socytosis of smooth muscle cells are observed
in the aortic wall. Magnification, X 400

administration, swelling of endothelial cells, remark-
able anisocytosis of smooth muscle cells and vacuolar
degeneration were occasionally observed in the aortic
wall where elastic fibers were thickened. However,
these morphological changes were not observed in
the aorta at one year after normal saline administra-
tion (Fig.1a,b).

Ultrastructurally there was no remarkable change
in control animals at one week after normal saline ad-
ministration. But at one week after STZ administra-
tion, endothelial cells were swollen and nuclei were
enlarged. And in the smooth muscle cells of aorta ir-
regular distribution of actin filaments were demon-
strated in the cytoplasm (Fig.2a). After 4 weeks of
STZ administration, in addition to endothelial changes,
an increase of collagen fibrils and irregular thickening
of elastic fibers were conspicuously observed in the
pericellular spaces of hypertrophic smooth muscle

cells in comparison to control animals at 4 weeks after



Fig.2 Transmission electron photomicrographs of aortas from control and streptozotocin-treated
Mongolian gerbils. a: Endothelial cells are enlarged and nuclear membrane is invaginated at
one week after STZ administration. Tannic acid stain, Magnification, X 4,000 Bar: 2 um. b: Af-
ter 4 weeks of STZ administration, in addition to endothelial changes, increased collagen fi-

brils and irregular thickening of elastic fibers are observed in the pericellular spaces of en-
larged smooth muscle cells. Tannic acid stain, Magnification, X% 3,700 Bar: 2 um. c: In STZ-
treated animals at one year, increased collagen fibrils and irregular thickening of elastic fibers
are observed in intercellular spaces. The smooth muscle cells reveal increased intracytoplas-
mic organellae (asterix) . Tannic acid stain, Magnification, X 4,000 Bar: 2 um. d: At one year af-
ter saline administration, enlarged nuclei in endothelial and smooth muscle cells are noted.
Tannic acid stain, Magnification, % 4,000 Bar: 2 pm

normal saline administration (Fig.2b). At one year
after STZ administration, collagen fibrils were in-
creased and irregular thickening of elastic fibers were
demonstrated and the smooth muscle cells were ir-
regular in shape and contain increased intracytoplas-
mic organellae such as mitochondria and actin fila-
ments. The smooth muscle cells occasionally revealed
vacuolar degeneration (Fig.2 c). However, in control

animals at one year after normal saline administra-

tion, there was no remarkable change in elastic fibers,
but medial smooth muscle cells were occasionally hy-
pertrophic (Fig. 2 d).

3. Immunohistochemical observation

In control animals at one week, 4 weeks and one
year after normal saline administration and STZ-
treated animals at one week,o-smooth muscle actin

was regularly localized in the smooth muscle cells of
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Fig.3 Immunohistochemical staining for a-smooth muscle actin in the aorta of Mongolian gerbils. a:
The reaction products of a-smooth muscle actin are irregularly localized in the medial smooth
muscle cells of the aorta at 4 weeks after STZ administration. Indirect method, Magnification,
X 400. b: At one year after STZ treatment the reaction products of a-smooth muscle actin are

irregularly localized in the smooth muscle cells of the aorta. Indirect method, Magnification,

X 400. c: There are no reaction products in smooth muscle cells of the aorta treated without

anti-a-smooth muscle actin antibody at one year after STZ administration. Indirect method,

Magnification, X 400

aorta. At 4 weeks and one year after STZ treatment
the reaction products of o-smooth muscle actin were
irregularly localized in hypertrophic medial cells as
compared with control animals (Fig. 3 a, b, ¢).

At 4 weeks after STZ administration, ecNOS im-
munoreactivity increased in the endothelial cells of
aorta in comparison to non-treated and one week
treated animals. The localization of ecNOS was much
more greatly increased in the swollen endothelial cells
of the aorta at one year after STZ administration than
in control animals at one year after normal saline
treatment (Fig.4a,b,c, d).

There were no reaction products in control animals
at one week. But at one week after STZ administra-
tion, a small amount of reaction products with anti-
iNOS antibody was localized in endothelial cells of the
aorta. At 4 weeks and one year after STZ administra-

tion, the localization of INOS immunoreactivity was in-

creased in swollen endothelial cells and smooth mus-
cle cells of aorta in comparison to control animals at 4
weeks and one year (Fig.4e,f, g, h).

In control and STZ-treated animals at one week,
there were no reaction products with anti-AGEs anti-
body in endothelial cells and smooth muscle cells of
the aorta. However, irregular localization of AGEs im-
munoreactivity was encountered in swollen endothe-
lial cells and smooth muscle cells of the aorta at 4
weeks and one year after STZ administration in com-
parison to these cells in non-treated control animals
(Fig.5a,b,¢c, d).

There were no reaction product in the endothelial
cells of the aorta in control animals. But at one week
after STZ administration,the localization of nuclear
factor-kB (NF-xB) was observed in the endothelial
cells of the aorta. At 4 weeks and one year after STZ

treatment, NF-xB was localized in the nucleus of inti-
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Fig.4 Immunohistochemical staining for ecNOS and iNOS in the aorta of Mongolian gerbils. a and b:
The ecNOS immunoreactivity is demonstrated in endothelial cells and smooth muscle cells of
the aorta at one week (a) and at 4 weeks (b) after STZ administration. Indirect method, Mag-
nification, X 400. ¢: The localization of ecNOS immunoreactivity is found in swollen endothelial
cells at one year after STZ administration. Indirect method, Magnification, X 400. d: There are
no reaction products in endothelial cells and smooth muscle cells of the aorta treated without
anti-ecNOS antibody at one year after STZ administration. Indirect method, Magnification,
X 400. e: The reaction products with anti-iINOS antibody are faintly localized in endothelial
cells of the aorta at one week after STZ administration. Indirect method, Magnification, X 400.
fand g At 4 weeks (f) and one year (g) after STZ administration, the localization of iNOS im-
munoreactivity is slightly increased in swollen endothelial cells and found in smooth muscle
cells of the aorta. Indirect method, Magnification, X 400. h: There are no reaction products in
the vascular cells of the aorta in control specimen treated without anti-iINOS antibody at one
year after STZ administration. Indirect method, Magnification, X 400

mal and medial smooth muscle cells including endo- No control sections that were incubated with IgG
thelium (Fig. 6 a, b, ¢, d). However no reaction prod- showed positive staining.

ucts of NF-xB were localized in the vascular cells of

non-treated control Mongolian gerbils at 4 weeks and

one year.
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Fig.5 Immunohistochemical staining for AGEs in the aorta of Mongolian gerbils. a: At 4 weeks after
STZ administration the reaction products are localized in endothelial and some smooth mus-
cle cells of the aorta. Indirect method, Magnification, X 400. b: Irregular localization of in-
creased AGEs immunoreactivity is found in swollen endothelial cells, smooth muscle cells and

intercellular spaces of the aorta at one year after STZ administration. Indirect method, Magni-
fication, X 400. c¢: Immunohistochemical localization of AGEs is not detected in the aorta of
control specimens treated without anti-AGEs antibody at one year after STZ administration.

Indirect method, Magnification, X 400

Discussion

We developed a new model for diabetes mellitus by
the injection of streptozotocin (STZ) into Mongolian
gerbils. These original models revealed moderate hy-
perglycemia and nitric oxide (NO) generation in
Langerhans islets of the pancreas, which is a diabeto-
genetic factor by STZ toxicity®. In this study the reac-
tion products of nitric oxide synthase (NOS), including
endothelial constitutive NOS (ecNOS) and inducible
NOS (iNOS) increased in the aorta of Mongolian ger-
bils after STZ administration.

Prolonged exposure to high glucose increases ec-
NOS gene expression and NO release'. This explains
impaired endothelial function and is important for dia-
betic vascular disease’. An increase in extracellular
glucose led to a rapid dose-dependent increase in en-
dothelial cell permeability via the activation of protein
kinase C (PKC)"™

And the polyol pathway is speculated to be related
to contraction abnormality associated with ecNOS ex-
pression in the aorta from chronic streptozotocin-
diabetic animals’.

In addition to NOS, advanced glycation end prod-
ucts (AGEs) were increased in the aorta after STZ ad-



Fig.6 Immunohistochemical staining for NF-xB in
the aorta of Mongolian gerbils. a and b: The re-
action products of NF-kB is detected in the en-
dothelium of the aorta at one week (a) and 4
weeks (b) after STZ administration. Indirect
method, Magnification, X 400. c: NF-xB is local-
ized in the nuclei of swollen endothelial cells
and smooth muscle cells of the aorta at one
year after STZ administration . Indirect
method, Magnification, X 400. d: Immunohisto-
chemical localization of NF-kB is not detected
in the aorta treated without anti-NF-xB anti-
body at one year after STZ administration. In-
direct method, Magnification, X 400

ministration. The interaction of AGEs with cellular
targets, such as endothelial cells may lead to oxidant
stress resulting in changes in cellular proteins, poten-
tially contributing to the development of vascular le-
sions” Sun indicated that the ligation of AGEs by en-
dothelial receptors for AGEs (RAGE) induces hyper-
permeability and that AGE-RAGE interaction may
promote atherosclerosis in vivo". And AGE-RAGE in-
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teractions may predispose to angiogenesis and lead to
the progression of diabetic angiopathies®.

On the other hand, the AGEs, through the coordi-
nate induction of cytokines and growth factors, play a
role in tissue remodeling and enhance smooth muscle
cell replication'. Smooth muscle cell replication with
regulating collagen and proteoglycan synthesis is an
important change in atherogenesis”. In fact, the incu-
bation of smooth muscle cells with AGE-bovine serum
resulted in significant cell migration®.

In this study the reaction products of AGEs were
localized and increased in endothelial and smooth
muscle cells of the aorta after STZ treatment. Colla-
gen fibrils also increased in the intercellular region of
media.

The AGEs accumulate on extracellular matrix pro-
teins and are implicated in the micro- and macrovas-
cular complications of diabetes mellitus®. It is gener-
ally accepted that AGE-stimulated smooth muscle cell
proliferation and matrix production are traced in hy-
perglycemia.

AGEs accumulation induces dysfunctional changes
in extracellular matrix and alters the function of intra-
cellular proteins and also AGEs immunoreactivity has
been observed within human atherosclerotic plag-
ues™?.

In this study, thickened elastic fibers with increased
collagen fibrils were observed in the aorta of STZ
treated Mongolian gerbils.

Glycosylation of collagen induces an increased rigid-
ity and decreased susceptibility to collagenase diges-
tion”. The nonenzymatic glycation of extracellular
matrices, especially collagen, accelerates atherosclero-
sis by an insoluble deposition of collagen in the extra-
cellular matrix in relation to diabetes mellitus®®. Im-
munohistochemically the localization of NF-xB was in-
creased in endothelial and smooth muscle cells of the
aorta after STZ treatment. Binding of AGEs to the
cellular surface receptor (RAGE) induces transloca-
tion of NF-xB into the nucleus and NF-«xB-mediated
gene expression®.

The activated transcription factor NF-xB is consid-
ered to induce the expression of iNOS. The promotor
including the NF-xB is functional and iNOS gene is
transcriptionally regulated via NF-xB**. AGEs and
NF-xB activation contributes to the increased expres-
sion of molecules such as VCAM-1 and MCP-1%*. The

endothelial adherence of monocytes to the aortas of
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diabetic animals suggests altered endothelium in dia-
betes”. NF-xB also plays an important role in regulat-
ing smooth muscle cell gene expression and prolifera-
tion™.

AGE:s also play a role in the modulation of cellular
communication and nitric oxide quenching may con-
tribute to hyperglycemic changes®.

These results suggest that a relative or absolute in-
crease of NOS, AGEs and NF-kB contributes to the
vasculopathy associated with early diabetic vascular

dysfunction.
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