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ABSTRACT

AIM: To stady whether impaired endothelium-
dependent relaxation ( EDR) in early diabetic mellitus
in response to different receptor-mediated  and
nonreceptor-mediated  vasodilators ran parallel and its
possible mechanism. METHODS, lsometric tension
recording in aortic nngs from streptozotocin { Str)-
induced diabetic and age-matched nondiabetic rats.
RESULTS: EDR induced by receptor agonist
acetylcholine { ACh), histamine { His) or bradykinin
{BK) were all significantly reduced in diabetic rings
whereas nonreceptor
agonist calcimycin-induced EDR was well reserved in
diabetic rings [ IC5, control; (0.13£0.07) jemol-L™"
diabetic; {0.14£0.06) pmol*L™", P >0.05, n =
7]. Cyclopiazonic acid { CPA) which also is a non-
receptor mediated endothelium-dependent vasorelaxant
and cells’ capacitative Ca”* entry stimulant, failed to
trigger EDR in diabetic rings. Pretreatment with A“-
nitro- L-arginine methylester { L-NAME, 0.3 mmo] -
L"') not only abolished all of the EDR elicited by
above mentioned vasodilators tn either of diabetic or
control rings, but also leveled responses triggered by
each of the agonists between diabetic and control rings.
Upon the maximal EDR induced by ACh {1 mol-L™")
or CPA {3 umol+L™") in phenylephrine {1 jemol
L") precontracted rings, calcimycin (1 pmol-L~")

compared with control rings,
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further relaxed drabetic rings, but contracted control
preparations.  When endothelium was  denuded,
relaxation evoked by sodium nitoprusside  and
contractions triggered by CPA or His were all wdentical
between diabetic and control rings. CONCLUSION .
Receptor agonists but not nonreceptor agonists-induced
EDR are commonly impaired i 4-wk Str-induced
diabetic rat aorta, and this defective effect is
attributable to the low formation of EDRF/NC which is
related to impaired capacitative Ca”* entry pathway in
endothelium,

INTRODUCTION

According to the WHO 1 % of diabetics die of
diabetic comas, but as many as 74 % dic of vascular
complications. Tt has also been recognized that
endothelial cells play a pivotal wle in the development
of many vascular disease including diabetes mellitus " .

The endothelium adapts 1 the local environment
by mleasing vasodilators and/or vasoconstrictors.
Among these, endothelium-derived relaxing factor
(EDRF), a substance believed to be nitric oxide (NO)
or a closely related compound, not only is a potent
vasorelaxant, but also has other important cardio-
vascular protective effects, eg, inhibition of platelet
aggregation, leukocyte adhesion, and smooth muscle
proliferation™ . Tts synthesis can be friggered by two
different mechanisms, either of receptor independent
mechantsm such as shear stress or by receptor mediated
processes in response to several endogenous substances
such as acetylcholine or bradykinin'®’. In the past
decade, many investigators provide evidence that
impaired endothelium-dependent relaxation {EDR) is a
common feature known to occur in both experimental
diabetic animals and diabetic patients' . However, up
1o now, a single unifying mechanism accounting for
such a dysfunction in diabetes s still missing. though
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several possible mechanisms have heen proposed.
incloding at least {a) high destruction of NO by Q.-
derived free rudicals, {b) release of endothelium-
derived vasoconstrictors, (c¢) or arginine deficiency in
endothelium. Considering that many previous studies
used only receptor agonists’ pharmacological tools (eg,
mostly for acetylcholine } 1o observe EDR in diabetes,
and that evidence of well-reserved EDR in diabetes via
nonreceptor  mediated  signaling pathway was also
presented **, we therefore speculate that such an
spparent discrepancy may imply a new important
mechanism about endothelial dysfunction in  early
diabetes, eg. decreased preduction of NO due to any
alteration of Ca®* mobilization triggered by receptor
agonist in chabetic endothelium .

Thus, the present study was to systematically
compare these two signaling pathway-mediated EDR
a 4-wk diabetic rut nwodel, and provid new insights to
early diabetic endothelial dysfunction.

MATERIALS AND METHODS

Drugs and chemicals Streptozotocin { Sir),
cyclopiazonic acid { CPA ), calcimycin, bradykinin
(BK), M“-nitro- L-arginine methylester { L-NAME) .
acetylcholine chloride ( ACh). histamine phosphate
(His ). phenylephrine hydrochloride ( PE?. sodium
nitroprusside ( SNP}, and indometacin were purchased
from Sigma. All drugs were dissolved in Krebs
solution or distilled water except for CPA and
calcimycin in Me-SO. The final bath concentration of
MeaSO never exceeded 0.1 % .  Indometacin was first
dissolved in 2 % WNa, (OO, then diluted with Krebs’
solation,

Rats Male Sprague-Dawley raws ( Grade [[
Zhejiang Medical Laboratory Animal Center, Certificate
No 22-66010I8 conferred by Animal Management
Committee, Chinese Acadenty of Sciences), weighing
215 g+ s 5 g were induced diabetes by intravenions tail-
vein injection of streptozotocin { Str, 50 mg-kg™' in
citrate buffer 0.1 mot-L~!, pH 4.5). Blood glucose
was measured with a glicometer { Upjohn} atd 2, wk 2
and wk 1 after Str administration to verify hyper-
glycemia in diabetic animals. Diabetic and age-
matched control rats were housed for 4 wk before we
conducted the experiments.

Tissue preparations On the day of experi-

ment, rats were kKilled by bleeding. The thoracic aorta
wils 1solated and placed m Krebs™ solotion at pH 7.4
containing (mmot-L~'); NaCl 118, KC1 4.7, CaCl,
2.5. MgCl, 1.2, KH.PQ, 1.0, NaHCO, 25. and
glucose 11. Fat and connective tissues were removed
and the aorta was cot into 3 — 4 mm rings.  In some
rings, the endothelium was intentionally remwoved by
gently rubbing against the teeth of a pair of forceps.
The successful removal of endotheliuin was assessed by
showing that ACh I umol-L~" failed to relax the rings
precontracted with PE I pmol - L',  The rings of
control and diabetic groop in one experiment were from
two Tafs.

Tissue-bath experiments The zortic rings
were mounted on a 3-mL organ bath. connected to a
force transducer and a pen recorder. The organ bath
containing Krebs' solution was bubbled continuously
with95 % Oy +35 % COy at 37 T.  The solution in
the baths was changed every 15 min. The rngs were
equilibrated for 20 min before stretching them 1o
approximate 2 g and were allowed to further equilibrate
for 50 min. Before data collection, stimolation of the
rings with KCl 60 mmol - L~! was repeated every 20
min until a reproducible contractile response was
obtained.

To test the relaxing response to individoal agonist,
the tings were first precontracted with PE 1 jrmot- L~
which we found no significant difference between
control and diabetic aortic rngs in our preliminary
experiment.  After steady state contraction induced by
PE. different endothelium-dependent or independent
vasodilators were respectively added to the bath in a
cumulative fashion. Only one vasodilator was tested
for any ring preparation and indometacin (10 pmol -
L-') was present in all protocols. In some
experiments, L-NAME (0.3 mmol-L~') was added to
the bath 20 mm before the addition of PE. In this
case, PE concentration was adjusted to 0.5 pmol-L™!
te keep the contractile responses idenlity between
L-NAME treated and untreated rings. To test the
contractile response to CPA or His, the endothelium
was removed.

Data analysis Relaxation of vessel nngs was
expressed as percent of developed tension.  All values
were expressed as Y+ 5. One-way analysis of
variance { ANOVA ) was performed, followed by 1
test.
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RESULTS

Characteristics of diabetic animals A total
of 27 diabetic and 29 nondiabetic matched rats were
used for this study. Body weipht in control rats
increased from {215+ 5) g (initial) to (31017} g
(at the conclusion of the study). In contrast, body
weight in diabetic rats at the initial stage {(220+8) g
was similar to that at the conclusion of the study {241
+21) g,

Blood glucose levels were significantly elevated in
diabetic rats compared with nondiabetic rats in the d 2
[{16+2) mmol-L™" vs {4.5+0.3) mmol-L™"],
wk2 [(21+2) mmol'L™' s (4.4+0.6) mmol-
L] and the day of sacrifice [ (24 £3) mmol-L~! vs
(4.7+0.6) mmol-L1].

EDR induced by receptor agonmists ACh,
BK, and His in both control and diabetic aortic
rings ACh and BK caused a concentration-dependent
relaxation in PE {1 pmol - L™' )-precontracted aortic
rings from control and diabetes. Relaxation induced by
ACh or BK was significantly attenuated in aortas from
diabetic rats compared with control animal with intact
endotheliom.  Pretreatment with L-NAME (0.3
mmol-L.~!) almost abolished the relaxation induced by
ACh or BK in either control or diabetic rings. but this
treatment did not differentiate the responses of ACh or
BK between diabetic and control rings { Fig 1A, B).

Similarly, in oontrol preparation with intact
endothelium, His also produced well sustained
concentration-dependent  relaxation  with  maximal
amplitude over 50 % : however, dual responses to His
were observed in diabetic rings, with slight relaxation
in low concentration and vasoconstriction in high
concentration.  His produced similar contraction when
both control and diabetic rings were pretreated with
L-NAME 0.3 mmol-L~(Fig 1C).

EDR induced by nonreceptor agonist
calcimycin or CPA in both control and diabetic
aortic rings Concentration and  endothelium-
dependent relaxation induced by Ca’* jonophore-
calcimycin were not significantly different between
control and diabetic groups [ ICs, control: {(0.13 =
0.07) umel-L~" diabetic; (0.14 £0.06) pmol L™,
P> 005 n =7, Fig 2A]. Pretreatment with
L-NAME (0.3 mmol - ') almost abolished the
relaxation induced by calcimycin in either of diabetic or
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Fig 1. Concentration-dependent relaxation to the
endothelium-dependent vasodilator of ACh (A, n=
10), BK (B, n=8 or 9) or His(C, n=7) in control
{() and diabetic (@) aortic rings precontracted with
PE (1 pmol-L-'}, Note that responses triggered by
each agonist in both control (]} and diabetic ()
rings were leveled by L-NAME (0.3 mmol - L)
pretreatment ( n = 6 pairs of aortic rings
respectively) . P <0.01 vs control.

control tings. but this treatment did not differentiate the
responses of calcimycin between diabetic and control
preparations { Fig 2A).

A well sustained relaxation was concentration-
dependently induced by cells’ capacitative Ca®* entry
stimulant-CPA in endothelium intact control rings: but,
in diabetic rings, CPA, like His, triggered dual effects
in which a slight relaxation at low concentration and a
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Fig 2. Concentration-dependent relaxation to the
nonreceptor mediated endothelivm-dependent vaso-
dilater of calcimycin (A, n=7) and CPA (B, n=6)],
or te the endothelium- independent vasodilator of SNP
{C, n=10) in control () and diabetic (@) aortic
rings precontracted with PE {1 pumol -L-'). Note
that responses triggered by calcimycin or CPA in both
control ([J]} and diabetic (I} rings were leveled by
L-NAME (0.3 mmeol-L'} pretreatment (#=5-6
pairs of aortic rings respectively). For group of
SNP, endothelium denuded. P> 0.05, P <8.05,
‘P< (.01 vs control.

sustaingd  contraction  at
observed. When control or diabetic preparations were
pretreated with £-NAME (0.3 mmol - L™!), an
identical vasoconstrict effect was triggered by CPA
(Fig 2B

high conceniration were

Effect of calcimycin on EDR induced by
ACh or CPA in both control and diabetic aortic
rings Upon the maximal EDR induced by ACh {1
pmol'L~"} in PE (1 pmol- L™ J-precontracted rings,
calcimycin (1 pmol * L™") further relaxed diabetic
rings, but contracted control preparations { Fig 3A).
Similar results were observed for calcimycin on CPA (3
gemol* L™ J-induced EDR in both control and diabetic
rings (Fig 3B).
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Fig 3. Effects of calcimycin (1 pmol-L~!) on ACh (1
pmol-L-1, A} or CPA {3 pmol-L-', B} induced
endothelium-dependent relaxation in PE {1 umel -
L-') precontracted-control or diabetic rings.
Tracings are typical of 5 separate experiments.

Effect of CPA or His on resting tone in both
control and diabetic endothelium-denuded rings
In endothelium-denuded and  PE-free rings. CPA
produced concentration-dependent contraction.  Though
the contractile response developed slowly. the tension
magnitude triggered by CPA was not significantly
different between control and diabetic rings (Fig 1A},
Note. that PE (1 pmol - L' produced similar
contraction in both control and diabetic vings [ control
(0.9x£0,1) g, diabetic {(0.8x0.1) g, P>0.05, n=
5_. Similar results were observed for His {Fig 4B) .

Endothelium-independent relaxation induc-
ed by SNP in both control and diabetic aortic
rings Compared with control group, dose-dependent
relaxation produced by SNP in diabetic aorta showed no
shift and no depression of maximal relaxation capacity,
whether endothelinm was intact ( data not shown) or
denuded [ Fig 2C) .
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Fig 4. Concentration-dependent contraction of CPA

(A, n=5) or His (B, n=5) in unstimulated but
endotheliim-denuded control () or diabetic { @)
rings. Data are expressed as percentage contraction
of maximal response induced by PE (1 pmot- L1,
*P>0.05 vs control.

DISCUSSION

This is the first study that systematically compared
receptor-mediated and nonreceptor-mediated EDR in an
early (4 wk) diabetic rat model. We found that
impaired EDR due to diabetes not only happened to
cholinergic receptor agonist ACh, but also to histamine
receptor agonist His and bradykinin receptor agonist
BK; while EDR induced by Ca** ionophore calcimycin
in diabetic preparations was well reserved.  All these
results suggest that early diabetic mellitus may mainly
impair receptor-mediated EDR. These results are in
accordance with previous reports which also showed a
decrement of EDR induced by ACh in different diabetic
models, and further confirmed recent findings that
calcimycin-induced EDR was resistant to diabetes'®) or
to the high glucose incubation model in virro'® .

The most important finding of this study is that
uniike calcimycin, CPA. a selective ER/SR-Ca’*-
ATPase inhibitor, which is also a nonreceptor-mediated

endothelium-dependent  vasodilator®™® ,  presents a
significant incapability of inducing EDR in diabetic
rings at high concentrations. This indicates that well
reserved nonreceptor-mediated EDR 15 not a common
feamre in diabetic mellitus. Surprisingly. our result is
contrasted by a recent study in which a noted but not
statistically different EDR induced by CPA was
reported*?), The precise reasons for this discrepancy
are unclear, but several factors could potentially
account for the difference, eg. difference in experi-
mental methodology and animal spectes. However,
the most important factor which could represent such a
difference is that Kamata et af'®’ used preparation of
mesenteric resistance artery in which both EDRF and
EDHF all participate in the regulation of the wone'™;
furthermore, for some disease state such as early
diabetes, EDHF may serve as a backup to a defective
NO-dependent  relaxation  system in  resistance
arteries' '™ ; whereas in our norta preparation, it is well
known that EDHF play no of minor role of tone
regulation', Indeed, report by Fukao e a/''® has
showed that approximate balf of the EDR triggered by
CPA in rat mesenteric adery atriboted to the EDHF
release. Our previous repons[f"ﬂ. combined with
others!® and the present data that L-NAME abolished
EDR induced by CPA in both control and diabetic
preparations, strongly support that decrement of CPA-
induced EDR in diabetic aortic rings is attributable w0
the defective EDRF/NO-mediated vasorelaxation
mechanism .

In the present study, L-NAME not only abolished
CPA but also other receptor agonists (eg. ACh, BK.
His) and nonreceptor agonmist [ eg. calcimycin )
mediated EDR. In addition. the relaxation induced by
SNP was not different between diabetic and control
preparations.  All these results indicate that the
depression of EDR triggered by some receptor agonists
(eg, ACh, BK, His), which was similar to that of
CPA, could also be attributed to the low availability
and/or high destruction of NO rather than a generalized
decreased relaxing capacity for diabetic smooth muscle.
Yet. one may argue that the decreased EDR could result
from the increased release of endothelium-derived
vasoconstrictors or from increased direct smooth muscle
contractile effects produced by some agonists due to
diabetes. However. this might be not the case for the
following reasons: 1) indometacin was included in our
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experiments. thus endothelivm-derived vasoconstrict
and vasorelaxant prostanoids may not be involved; 2)
Surely, endothelium may release more indometacin-
resistant vasoconstrictors due to diabetes, however, we
did not find significant differences of the responses
triggered by each of the agonists between diabetic and
control rings when preparations were pretreated with L-
NAME(0.3 mmol*L='); 3) given the fact that both
CPA and His triggered dual effects due to diabetes, we
compared their direct smooth muscle contractile effects
berween diabetic and control rings respectively, but no
significant differences were observed.

The precise step at which diabetic mellitos impairs
EDR induced by receplor stimulation remains to be
elucidated. In the endothelial cells, EDRF/NO is
synthesized through oxidation of L-arginine by a Ca™*-
activaled NADPH-dependent enzyme-ccNOS®),  If
early diabetic mellitus impairs EDR via rapid destruction
of NO, then a general impairment of EDR would be
observed regardless the signaling pathways, eg,
receptor- or nonreceptor-mediated EDR.  In view of
the fact that EDR induced by calcimycin { which is
known to release NO by raising the intracellular Ca”* in
a manner unrelaled to any receptor mechanisms) was
resistant to diabetes, it is tempting to speculate that
impaired EDR triggered by receptor agonists might be
due to the decrcased Ca®* elevation in endothelium. 1t
was reported that NO production was not so related to
the intracellular Ca™* release, but was more dependent
on the sustained extracellular Ca®* influx(™'. In this
respect, diabetic mellitns may mainly target the
extracellular Ca’* entry pathway (s). However, since
intracellular Ca®* release is generally accompanied by
transmembrane Ca™* influx, the linkage between these
two events is proposed as the capacilative Ca®* enmry
mode'™), in which transmembrane Ca* influx is
controlled by the filling state of intracellular Ca’*
stores.  Such a mechanism was confimmed in vascular
endothelial cells ™), From these points of view,
combined with our fiding that CPA. a typical
capacitative Ca®* entry stimulant, also failed to induce
EDR in diabetic aortic rings, it was reasonable to
speculate that defective EDR triggered by receptor
agonists in diabetic mellitus may relale o the impaired
capacitative Ca®* entry mechanism in endothelivm.
This hypothesis was supported by our another important
finding that calcimycin further relaxed disbetic rings in

the presence of ACh or CPA, whercas somehow
compromised EDR induced by ACh or CPA in control
rings. suggesting that decreased extracellular Ca™*
influx may play an important role in early diabetic
endothelium dysfunction. Recent studies demonstrate
thal Ca** entry activated by CPA is indistinguishable
from the influx activaled by receptor-mediated
mechanisms in endothelial cells' ™! and diabetic mellitus
not only failed to inpair NaF-induced intracellular Ca™*
elevation, but also failed to alter the expression and
function either of G-protein or ecNOS in endo-
thelium'™-, suggesting that G-protein coupled or
receptor-operated Ca™t channel (ROCC) may not be
impaired.  All these results seem to further substantiate
our speculations .

In summary, our results provide evidence for the
first time to suggest thal in 4-wk Sur-induced diabetic
rat gorta, receptor agonists but not nonreceptor agonists-
mediated EDR are commonly impaired, and this
defective effect is attributable to the low formation of
EDRF/NO which is related to impaired capacitative
Ca®* entry pathway in endothelium.
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