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Glucose-induced Downregulation of Angiotensin 11 and Arginine Vasopressin
Receptors in Cultured Rat Aortic Vascular Smooth Muscle Cells
Role of Protein Kinase C

Bryan Williams, Phoebe Tsai, and Robert W. Schrier
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Abstract

Early diabetes mellitus is characterized by impaired responses
to pressor hormones and pressor receptor downregulation. The
present study examined the effect of elevated extracellular glu-
cose concentrations on angiotensin II (AII) and arginine vaso-
pressin (AVP) receptor kinetics in cultured rat vascular
smooth muscle cells (VSMC). Scatchard analysis of 13HIAVP
and 1251-AII binding to confluent VSMCshowed that high glu-
cose concentrations (20 mM)similarly depressed AVPand AII
surface receptor B.,., but did not influence receptor Kd. This
receptor downregulation was not reproduced by osmotic control
media containing either L-glucose or mannitol. Receptor down-
regulation was maximal at a glucose concentration of 15-20
mMand required 24-48 h for a maximum effect. Normaliza-
tion of the extracellular glucose concentration allowed com-
plete recovery of AVPand AII binding within 48 h. Receptor
downregulation was associated with depressed AVPand All-
stimulated intracellular signaling and cell contraction. High
glucose concentrations induced a sustained activation of protein
kinase C (PKC) in VSMC, which was prevented by coincuba-
tion with H-7. H-7 also markedly attenuated glucose-induced
downregulation of AVP and AII receptors on VSMC. This
study demonstrates a novel cellular mechanism whereby high
extracellular glucose concentrations directly and independently
downregulate pressor hormone receptors and their function on
vascular tissue via glucose-stimulated PKCactivation. (J. Clin.
Invest. 1992. 90:1992-1999.) Key words: diabetes mellitus.
protein kinase C * vascular smooth muscle cells - microangio-
pathy * vascular injury

Introduction

Early diabetes mellitus in both experimental animals and man
is associated with increased blood flow to many tissues, includ-
ing the kidney, myocardium, retina, skin, muscle, and brain
( 1-7). These early changes in regional hemodynamics have in
turn been strongly implicated in the pathogenesis of the wide-
spread microvascular injury that characterizes this disease (8-
10). The principal determinant of this deleterious increase in
tissue perfusion is a reduction in arteriolar tone ( 11). Pressor
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hormones such as angiotensin II (All)' and arginine vasopres-
sin (AVP) are important modulators of vascular tone ( 12) and
studies of the diabetic rat have demonstrated an early reduc-
tion in the aortic contractile response to All and epinephrine
( 13). Moreover, glomerular hemodynamic responses to All
are also markedly blunted in diabetic rats ( 14).

The aforementioned impaired response to pressor hor-
mones could result from either impaired postreceptor actions
of the hormone or reduced hormone-receptor binding. In
keeping with the latter, reduced glomerular All binding has
been demonstrated in the diabetic rat ( 15, 16); reduced AVP
binding to platelet VI receptors has also been observed in pa-
tients with diabetes mellitus ( 17). Additional studies reveal a
reduction in the number of beta-adrenergic receptors in experi-
mental diabetes and platelet thromboxane A2 receptors in hu-
mandiabetes ( 18, 19), suggesting that the diabetic state maybe
associated with a generalized reduction in the expression of a
variety of pressor receptors.

In spite of the potential pathophysiological significance of
pressor receptor downregulation with regard to the initiation
and/or propagation of vascular injury in diabetes, the mecha-
nisms responsible for these marked changes in surface receptor
density are unknown. Recent evidence suggests that protein
kinase C (PKC), a multifunctional Ca2+- and phospholipid-
dependent serine/threonine kinase system, may play an im-
portant role in regulating the cell surface density of many re-
ceptors (20-22). In this regard, we have shown that hormone-
activated PKC is an important component of homologous
hormone receptor desensitization in cultured rat vascular
smooth muscle cells (VSMC) (23, 24). Others report a similar
PKC-dependent downregulation of a variety of receptors in
different tissues (25-27). More recent reports suggest that
PKCmay modulate surface receptor density by regulating re-
ceptor mRNAexpression and receptor biosynthesis (28). In
view of the potentially important role of PKCin the regulation
of receptor biosynthesis and expression, it is intriguing that
high extracellular glucose concentrations have recently been
shown to promote the activation of PKCin numerous tissues,
including vascular tissue, both in vivo and in vitro (29-32).
Together, these observations raise the possibility that glucose-
induced PKC activation could provide a novel biochemical
mechanism to account for downregulation of pressor receptors
in patients with diabetes mellitus.

The present in vitro study thus examines the hypothesis
that elevated extracellular glucose concentrations can directly
promote the downregulation of All and AVP receptors on
VSMCand thereby impair the subsequent pressor response of
VSMCto these hormones via mechanisms dependent on glu-
cose-induced PKCactivation in VSMC.

1. Abbreviations used in this paper: AII, angiotensin II; AVP, arginine
vasopressin, DAG, diacylglycerol; PKC, protein kinase C; PSS, physio-
logical saline solution; VSMC, vascular smooth muscle cells.
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Methods

Materials. AVP, All, and H7 were purchased from Sigma Chemical
Co. (St. Louis, MO). '25I-AII and [3H]AVP were obtained from New
England Nuclear (Wilmington, MA). 45Ca2l was obtained from
Amersham Corp. (Arlington Heights, IL). The VRKRTLRRLpeptide
substrate was a generous gift from Drs. Lynn E. Heasley and Gary L.
Johnson, National Jewish Center for Immunology and Respiratory
Medicine, Denver, CO.

Preparation of cultured rat VSMC. Rat aortic VSMCwere isolated
and cultured using a modification of the method described by Chamley
et al., as previously described from this laboratory (23, 24, 33). Briefly,
under sterile conditions, aortas were resected from Sprague-Dawley
rats and cleaned of adventitia and connective tissue. The vessels were

chopped and incubated for 2 h in Eagle's MEM(Gibco Laboratories,
Grand Island, NY) containing 2 mg/ml collagenase. The resulting cell
suspension was plated on 35-mm dishes and grown in MEMcontain-
ing 2 mML-glutamine, 2 g/liter NaHCO3, 100 IU/ml penicillin, 100
mg/liter streptomycin, and 10% FCS at 370C in 95% humidified air
and 5%CO2. At confluence, VSMCfrom second through sixth passage

were used.
Test media. To examine specifically the effects of various extracel-

lular D-glucose concentrations on All or AVPbinding to VSMCand
the subsequent biological and physiological response to these agents,
VSMCwere exposed to one of four test media: a) control medium:
consisted of MEMsupplemented with 10% FCSand containing 5 mM

D-glucose; b) high glucose medium: identical to the control medium
except that it was supplemented with D-glucose to increase the glucose
concentration up to 30 mM; c) L-glucose osmotic control medium:
identical to the control medium but supplemented with a cell perme-

able but poorly metabolized glucose isomer, L-glucose (25 mM); or d)
mannitol osmotic control medium: identical to the control medium
but supplemented with poorly diffusible hexose, mannitol (25 mM).

Receptor binding studies. The experiments examining AVP and
All binding to VSMCwere performed using the radioligands [3H]AVP
and '251-AII as previously described (34). To determine AVPbinding
after preexposure to the test media for various time periods, confluent
VSMCmonolayers on 35 x 10-mm dishes were washed twice with
ice-cold binding buffer (I 19.2 mMNaCl, 3 mMKC1, 1.2 mMMgSO4,
I mMCaCI2, 1.2 mMKH2PO4, 10 mMglucose, 10 mMHepes, 0.1%
BSA, pH 7.4). The cells were then incubated with the same buffer
containing 2 X 10-9 M [3H]AVP (specific activity 67.7 ,Ci/mmol)
with or without unlabeled AVP for 90 min at 4°C to prevent receptor
internalization and achieve saturation binding conditions. Binding was

terminated and the unbound radioligand removed by rapid washing
four times with 2 ml ice-cold binding buffer. The cells were then solubi-
lized in 0. 1%SDSand 0.1 N NaOHand the cell-associated radioactiv-
ity was determined by scintillation counting (Tri-carb 460C; Packard
Instrument Co. Inc., Downers Grove, IL). Specific binding of AVPwas

defined as total binding (2 x 10-9 M [3H]AVP) minus nonspecific
binding (2 X 10-9 M[3H]AVP and 106 Munlabeled AVP). A 50-pdl
aliquot of the solubilized cells was assayed for protein content by the
method of Lowry. All binding studies were performed using similar
conditions except that the composition of the binding buffer was 50
mMTris-HCl, 100 mMNaCI (pH 7.4), 5 mMMgCI2, supplemented
with 0.5 mg/ml bacitracin and 0.2% BSA. Specific `25I-AII binding to
VSMCwas defined as total binding ('251-AII, 50-100 fmol, specific
activity I0 dpm/ml) minus nonspecific binding (unlabeled All [10-6
M]). Each binding assay was performed in triplicate and binding con-

stants were determined by Scatchard analysis of binding data fitted to a

line.
Measurement ofPKCactivity in VSMC. For the measurement of in

situ PKC activity in VSMC, a modification of the method recently
described by Heasley and Johnson (35, 36) was used. VSMCwere

seeded into flat-bottomed 96-well microtiter plates at a density of
20,000/well. VSMCwere maintained in regular growth medium for 1

to 3 d until confluent. The monolayer was then washed with 200 Ml of
Hanks' balanced salt solution before incubation with one of the four

test media described above. After the desired exposure time, the test
medium was aspirated and replaced with 40 Al of a buffered salt solu-
tion containing 137 mMNaCi, 5.4 mMKCI, 10 mMMgCl2, 0.3 mM
sodium phosphate, 0.4 mMpotassium phosphate, 25 mMfl-glycero-
phosphate, 5.5 mMD-glucose, 5 mMEGTA, 1 mMCaCI2 (_- 100 nM
Ca2+-free), 100 MM[gamma32P]ATP (- 5,000 cpm/pmol), 50 gg/
ml digitonin, and 20 mMHepes (pH 7.2, 300C). In addition, 100AM
of a PKC-specific peptide substrate (VRKRTLRRL) was added to the
buffer. This short synthetic peptide is based on the sequence surround-
ing a major PKC-dependent phosphorylation site within the epidermal
growth factor (EGF) receptor (37). This peptide substrate is not phos-
phorylated by cyclic nucleotide-dependent or Ca2+/calmodulin-de-
pendent protein kinases or S6 kinase and has been extensively charac-
terized to be a highly specific substrate for PKC(35, 36). By permeabil-
izing VSMC with the digitonin contained in the buffer, the
VRKRTLRRLpeptide enters VSMCalong with [gamma32PJATP to
allow a highly selective and rapid analysis of in situ PKCactivity. The
concentration of digitonin (50 ug/ ml) used in this assay does not mod-
ify VSMCmorphology or promote cell detachment. Moreover, PKC
activity is retained by the monolayer postpermeabilization (PKC activ-
ity in the supernatant was < 10% total PKCactivity). This latter find-
ing is consistent with the concept that the PKCactivity being measured
using this assay is tightly associated with the cell membrane as has been
proposed for the active form of PKC(20, 38, 39). The kinase reaction
was linear with time for up to 20 min and was therefore allowed to
proceed for 10 min at 30°C before termination by the addition of 25%
(wt/vol) TCA (final TCAconcentration 5%). Aliquots (45 Al) of the
acidified reaction mixture were spotted onto 2-cm phosphocellulose
circles (P8 1; Whatman Inc., Clifton, NJ) and washed batchwise: three
washes with 75 mMphosphoric acid and one wash with 75 mMso-
dium phosphate (pH 7.5) (500 ml/2-min wash). Because of the basic-
ity of the VRKRTLRRLsubstrate, it is retained by the phosphocellu-
lose filter at neutral pH, whereas contaminating [32P]ATP is removed.
The PKC-dependent phosphorylation of the peptide substrate bound
to the filter was quantified by scintillation counting. Results are ex-
pressed as PKC-dependent peptide phosphorylation, pmol/min per
mgVSMCprotein.

Measurement of 5Ca2" efflux from VSMC. 45Ca2" efflux studies
were performed as previously described (24, 40, 41 ). Briefly, after ex-
posure to the test media, confluent VSMCon 35-mm dishes were
washed with physiological saline solution (PSS) and incubated with 1
ml fresh test medium containing 8 MCi 4SCa2+ (specific activity) for 3 h
at 37°C to allow preloading of VSMCwith 45Ca2+. Thereafter, VSMC
were rinsed rapidly (10 x 1 ml PSS in 60 s) and then incubated with 1
ml PSS. The PSS was removed and replaced with fresh PSS at 1-min
intervals for 6 min. Samples at each time interval were placed into vials
for liquid scintillation counting. After 6 min, the PSS was supple-
mented with either AVP ( 10-7 M) or All ( 10-7 M) and VSMCwere
exposed to these agents for 1 min. 45Ca2 released by VSMCduring the
incubation with these agents and for subsequent 5 X 1-min incubations
with 1 ml PSS was quantified by liquid scintillation counting. The
VSMCwere solubilized as described above and the cell-associated ra-
dioactivity was counted. Total 45Ca2+ released after the addition of the
effector minus basal release was expressed as a percentage of total avail-
able cellular radioactivity at the time of stimulation with the effector.

VSMCshape change studies. The functional response of VSMCto
AVPor All was assessed by quantitation of cell surface area changes
using phase-contrast microscopy (IM35; Carl Zeiss, Inc., Oberkochen,
Germany) and a computerized digital image analyzer (Zidas, Carl
Zeiss Inc.) that had been calibrated using a micrometer scale, as previ-
ously reported from this laboratory (23, 24). For these studies, only
sparsely plated primary cultures of VSMCin 35 X 10-mm dishes were
used because VSMCmay lose their contractility after subculture (42).
After preexposure to the test media, VSMCwere incubated for 20 min
in the presence of fresh test media at 37°C. After this equilibration
period, the area of individual cells was measured. A 20X objective was
used for all studies on groups of 10-15 cells. The microscopic field was
chosen randomly and not selected for cell shape or size. AVP( 10-6 M)
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or All ( 10 -6 M) was then added to the medium and the VSMCincu-
bated for a further 15 min at 370C. Changes in VSMCsurface area in
the same group of cells in response to AVPor All was then measured
with the image analyzer. Several precautions were incorporated into
the protocol. Three measurements of each cell were taken and any
group Of measurements showing a standard deviation of > 20% of the
mean was discarded. Spontaneous cell shape changes due to manipula-
tion of the culture dishes in the absence of effector was measured at
< 5%and thus only a value of ._ 15%change in surface area was consid-
ered to be a significant response to AVPor AIL. The method has been
further validated in this laboratory by comparing the digital image-an-
alyzed assessment of cell surface area changes with the measured area
on photographs of the same cells. The results show excellent correspon-
dence between the two methods.

Statistical analysis. Results are expressed as mean±SEM. Statisti-
cal analysis was made using the paired or unpaired Student's t test or
analysis of variance with a Bonferroni correction as appropriate. For
each experiment, n refers to the number of studies (each in triplicate).

Results

Effect of high ext racellular glucose concentrations on A VPand
All binding to VSMC. Studies examining AVPand All bind-
ing to VSMCwere performed under conditions at which satura-
tion binding occurs for both ligands and at 40C to prevent
receptor internalization so that only surface binding was mea-
sured. Equilibration binding for both radioligands occurred by
60 min, remained stable over the next 30 min, and was identi-
cal in the presence of all test media. The binding characteristics
of both radioligands were specific, time and protein dependent,.
saturable, and stable in VSMCup to sixth passage. For both
AVPand All, the nonspecific binding was always < 15% and
was not affected by exposure to the different test media.

In the presence of the control medium (D-glucose 5 mM),
Scatchard transformation of the binding data for specific
[3HJAVP binding to confluent VSMCyielded a linear plot,
demonstrating a single class of AVP-binding sites with a maxi-
mumnumber of binding sites (Bm.) of 1.99 X102m /g
cell protein and a Kd of 2.15 X 10-9 mol (Fig. 1). In contrast,
however, preexposing VSMCfor 48 h to a high glucose me-
dium (D-glucose 20 mM)markedly reduced AVPbinding by
almost 40%versus control medium, due to a significant decline
in B,,., ( 1.22 x 10-12 mol /mg cell protein) with no significant
change in Kd (2.26>( 10~-9 mol) (Fig. 1).

AVP
Bound

Free

1.22 1.99

AVPBound (M xOin
2.27 2.96

A 11 Bound (M x 10")~

Figure 1. A representative Scatchard analysis comparing the effects of
a 48-h exposure to either a normal extracellular glucose concentration
(5 mM)(open triangles) or a high extracellular glucose concentration
(20 mM) (open circles) on [ 3H]AVP- and 2'21-All-specific surface
binding to confluent rat VSMC. Similar results were obtained in two
additional studies for each peptide.

Similarly, in the presence of control medium, All binds to a
single class of receptors on VSMCwith a B., of 2.96 x 1013
mol/ mg cell protein and a Kd of 3.2 X iO -9 mol (Fig. 1).
However, preexposure of VSMCto a high glucose medium
(D-glucose 20 mM)for 48 h resulted in a marked reduction in
All binding to VSMC. This was similar in magnitude to the
effect of the high glucose environment on AVP binding to
VSMCand was also due to a significant reduction in All recep-
tor B,. (2.27 X I0 -'" mol / mgcell protein) with no significant
change in Kd (3.36 X 10-9 mol). Thus exposing VSMCto a
high extracellular glucose environment resulted in a significant
decrease in AVPand All binding to VSMCin both cases due to
a similar decline in surface density of these pressor receptors
with no significant change in receptor affinity. These changes
did not reflect changes in VSMCprotein content or cell num-
ber as both of these parameters were equivalent after a 48-h
exposure of confluent, VSMCto all test media. Furthermore,
the glucose-induced decrease in hormone binding did not repre-
sent VSMCtoxicity or accelerated cell death because cell de-
tachment rates, percent lactate dehydrogenase release and per-
cent trypan blue exclusion, were also similar after a 48-h expo-
sure to all test media (data not shown).

To examine the possibility that changes in AVPor All sur-
face binding were related to the increased extracellular osmolal-
ity of the high glucose medium, the effects of a 48-h exposure to
the two osmotic control media (L-glucose or mannitol) on
AVP and All binding to VSMCwas examined. The results
indicate that the downregulation of AVPand All receptors on
VSMCwas specific for D-glucose and is not reproduced by
either of the two osmotic test media (Table I). Moreover, the
fact that high concentrations of the poorly metabolized L-glu-
cose isomer did not modify AVP or All binding to VSMC
suggests that intracellular metabolism of D-glucose is necessary
for its effects on pressor receptor expression to develop.

Glucose concentration dependency ofA VPand AII receptor
downregulation in VSMC. The next study examined the rela-
tionship between extracellular glucose concentration and de-
pression of AVPand All binding to VSMC. Confluent VSMC
were incubated with different D-glucose concentrations for 48
h before determining the binding of [3 HJAVP or 1'I5-AII to
VSMC.The glucose concentration dependency of inhibition of
AVPand All binding to VSMCwas a threshold effect with the
specific binding of both hormones being significantly de-
pressed at a glucose concentration of 15 mMand maximally
depressed between 15 and 20 mM(Fig. 2).

Table L Effect of a 40-h Incubation with the Different Test Media
on the Specific Binding of [3HJA VP and 12I-AII
to Confluent VSMC

Test media AVP All

% specific binding

Glucose (5 mM) 100 100
L-glucose control 103.9±5.4 101.0±6.1
Mannitol control 98.7±5.2 100.8±7.3
Glucose (20 mM) 6 1.8±4.9* 66.3±5.5*

Specific binding in the presence of control medium (glucose 5 mM) is
designated 100% and results in the presence of the other test media
are expressed as percentage of this control. * P < .01I vs control.
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ceptors showed signs of recovery within 12 h of normalizing the
extracellular glucose concentration but required up to 48 h for
full receptor recovery to occur (Fig. 4). These results demon-
strate that glucose-induced effects on both AVP and All sur-
face receptors on VSMCare similarly slow to develop and slow

1 0 1 5 20 30 to recover. Furthermore, the complete reversibility of this phe-
nomenon confirms that glucose-induced receptor downregula-[Glucose]

tion involve any artifact due to cell death.

ntration dependency of AVP- and Glucose-induced activation of PKCin VSMC. The next se-
confluent VSMC. VSMCwere exposed ries of studies were designed to explore whether PKCactivation

icose 5 mM)or identical medium sup- is involved in the mechanism(s) whereby glucose promoted
entrations of n-glucose for 48 h before the downregulation of pressor receptors on VSMC. PKCacti-
ce binding of AVP(open bars) and All vation has been implicated in the regulation of hormone recep-

binding in presence of control medium tor biosynthesis and expression. Elevated extracellular glucose

ng in the presence of the other test media concentrations have been shown to induce- the activation of*P vs. control binding (n
PKCin cultured retinal endothelial cells and isolated glomeruli

via an increased flux of glucose through an intracellular path-
way culminating in the enhanced de novo synthesis diacylglyc-

glucose-induced downregulation of erol (DAG) (29, 32), which in turn promotes the activation of
VSMC. To examine the time depen- PKC (20, 38). The next series of studies thus examined
on of AVPand All receptors in the whether elevated glucose concentrations activate PKC in
concentration, VSMCwere exposed VSMC. Fig. 5 shows that after a 3-h exposure to a high D-glu-
i of 20mMfor increasing time pe. cose (20 mM) medium, in situ PKC activity was markedly
ows that > 12-h exposure to a high increased compared with the PKCactivity measured in VSMC
as required to significantly downreg- exposed to control medium (glucose, 5 mM). Of interest, the
I receptor and between 24 and 48 h glucose-induced increase in PKCactivity was sustained for up
glucose-induced downregulation of to 48 h, provided that the extracellular glucose concentration
The maximum time exposure to the remained elevated. In contrast, 48-h exposure to either of the

studies was 48 h. two osmotic control media produced no appreciable activation
III receptors. Having demonstrated of PKC, confirming that PKCactivation was not osmotically
duced pressor receptor downregula- mediated but required the metabolism of glucose (data not
ledreceptor recovery after restoring shown). Further studies confirmed that PKC activation was
acentration to normal. VSMCwere glucose-concentration dependent. A threshold glucose concen-concentration (20 mM)for 48 h to tration of 15 to 20 mMwas required to induce a maximal PKCresponse to glucose (data not shown).

Specific 6

Binding 4020lii
0 1 3 6 12 24 48

Time (hrs)

Figure 3. The time dependency of glucose-induced inhibition of AVP
and All binding to VSMC. Confluent VSMCwere exposed to a con-

trol medium (glucose 5 mM, time 0) or a high extracellular glucose
medium (glucose 20 mM) concentration for various time periods.
Control AVP- (open bars) and AIl- (hatched bars) specific surface
binding (time 0) was designated 100% and peptide hormone binding
after varying exposure to the high glucose medium is expressed as

percent control. *P < 0.01 (n = 3).

Specific 60[
Binding

40r

20

0 Control High 12 24 48 72
Glucose L Recovery Time (hrs)J

Figure 4. Recovery of AVP and All surface binding to VSMCafter
normalization of extracellular glucose concentrations. Confluent
VSMCwere exposed to control medium or high glucose medium (20
mM)for 48 h to induce AVPand All receptor downregulation. The
culture medium overlying the cells was then replaced with control
medium (glucose 5 mM) for varying time periods before determining
the recovery of AVP(open bars) and All (hatched bars) surface re-
ceptor binding. *P < 0.01 vs. control binding (glucose 5 mM)(n = 3).
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Figure 5. Glucose-induced PKCactivity in VSMC. Confluent VSMC
were exposed for varying time periods to control medium (glucose
5 mM)(open bars) or high glucose medium (glucose 20 mM)(spot-
ted bars) before measuring PKCactivity. PKCactivity was measured
in situ in digitonin-permeabilized VSMCby determining the phos-
phorylation of the PKC-specific VRKRTLRRLpeptide substrate.
Results are expressed as pmol phosphate transfered to this substrate/
min per mgVSMCprotein. *P < 0.01 vs. the time-matched control
(n = 4).

To examine the role of glucose-induced PKCactivation in
mediating pressor receptor downregulation, a means of manip-
ulating PKC activation by glucose was necessary. The next
study determined the capacity of H7, a relatively specific inhibi-
tor of PKCactivity (43), to prevent glucose-induced PKCacti-
vation. VSMCwere coincubated with H7 (5 X 10 -5 Min 0.1 %
DMSO)in either control medium or high glucose (20 mM)
medium for 48 h before determining in situ PKC activity.
DMSO(0.1%) alone had no effect on basal or glucose stimu-
lated PKCactivity (data not shown). With control medium,
H7 reduced basal PKCactivity. Moreover, when high glucose
medium was coincubated with H7, glucose-induced PKCacti-
vation was almost completely prevented (Fig. 6). The fact that
the phosphorylation of the VRKRTLRRLpeptide substrate
was markedly attenuated by a recognized PKCinhibitor (H7)
demonstrates that the phosphorylating activity being measured
in the permeabilized VSMCwas specific for PKC.

The role of PKCin glucose-induced AVPand AII receptor
downregulation in VSMC. After demonstrating that the sus-
tained activation of PKCinduced by chronic high glucose ex-
posure could be prevented by coincubation with H7, the same

80

PKC
Dependent

Phosphorylation
(pmoVmin/
mg protein)

60

40

20

-H7 +H7

Glucose (5 mM)

I P<.OlI P<.O1 l

-H7 +H7

Glucose (20 mM)
Figure 6. Inhibition of glucose-induced PKCactivation by H7. Con-
fluent VSMCwere exposed to either control medium (glucose 5 mM)
(open bars) or high glucose medium (glucose 20 mM)(spotted bars)
±H7 (5 X 10-5 M) for 48 h before measuring in situ PKCactivity (n
= 3).

experimental maneuver was used to examine specifically the
role of PKC in mediating glucose-induced pressor receptor
downregulation in VSMC. Fig. 7 shows that, in the absence of
H7, 48-h exposure to high glucose (20 mM)medium resulted
in a significant downregulation of AVPand All receptors on
VSMC. In contrast, when the high glucose medium was supple-
mented with H7 to prevent glucose-induced PKCactivation,
the downregulation of AVPand All receptors was almost com-
pletely prevented. These results illustrate that glucose-induced
downregulation of AVPand All receptors is strongly depen-
dent on the capacity of glucose to activate PKC in VSMC.
Moreover, it is of interest that inhibition of basal PKCactivity,
in the presence of control medium, increased the expression of
both AVPand All receptors, suggesting that PKCactivity is
involved in regulating the basal expression of these receptors.

Functional significance of glucose-induced pressor receptor
downregulation in VSMC. Spare pressor receptors exist on
many tissues in vivo. Thus, the next series of studies examined
whether glucose-induced depression of AVPand All receptor
number was biochemically and functionally significant in
VSMC. After binding to their specific receptors, both AVPand
All elicit similar intracellular signaling responses in VSMC,
which culminate in the mobilization of Ca2" from intracellular
stores (34, 44). This release of intracellular Ca2" is associated
with an increased rate of extrusion of Ca2+ from the cell. The
measurement of this Ca2" efflux is, therefore, a measure of the
magnitude of the intracellular signaling response to AVPor All
(34). Fig. 8 shows that AVP (l0-7 M) or AII ( 10-7 M) are
efficacious in stimulating Ca2" efflux from VSMC. Similar re-
sults were obtained using confluent VSMCthat had been
preexposed to the osmotic control media (Fig. 8). In contrast,
after a 48-h preexposure to a high glucose (20 mM)medium,
there was a marked (- 30% of control) and significant reduc-
tion in the amount of Ca2" effluxed from confluent VSMCin
response to AVPor AI. The percent of total 45Ca2" effluxed
from VSMCover a 5-min period under basal, unstimulated
conditions was similar after up to 48 h preexposure to each of
the test media. Thus, the 30% versus control depression of
AVP- or AII-stimulated 45Ca2+ efflux after preexposing
VSMCto a high glucose medium reflects primarily a decrease
in the intracellular signaling response to those pressor hor-

AVP All AVP All
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Glucose (5 mM) Glucose (20 mM)

Figure 7. Effect of PKCinhibition on glucose-induced AVPand All
receptor downregulation in VSMC.Confluent VSMCwere exposed
to either control medium (glucose 5 mM)or high glucose medium
(glucose 20 mM)±H7 (5 X I0-' M) for 48 h before determining the
surface binding of AVPand All to VSMC. Specific AVP(open bars)
and All (hatched bars) binding in the presence of control medium
(-H7) was designated 100% and binding in the other experimental
groups is expressed as percent of control (n = 3).
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Figure 8. Effect of a high extracellular glucose concentration on AVP
and All induced 45Ca2' efflux from VSMC.Confluent VSMCwere
incubated with either control medium (glucose 5 mM) or high glu-
cose medium (glucose 20 mM) for 48 h and then preloaded with
45Ca2+ . AVP- (10-7) (open bars) and All- (10-7 M) (hatched bars)
stimulated 45Ca2' efflux from VSMCwas measured over a 5-min
period and was expressed as percent total cell 45Ca2+ available at the
time of stimulation. *P < 0.05 vs. all of the control media (n = 4).

mones rather than any change in the basal efflux rate. Further-
more, these data suggest that the magnitude of AVPand All
receptor downregulation is paralleled by a proportionate de-
crease in intracellular signaling.

The process of Ca2+ mobilization in VSMCis closely linked
to the intracellular mechanisms regulating cell contraction (44,
45). The next study therefore examined whether the glucose-
induced downregulation of AVPand All receptors on VSMC
was also associated with impaired VSMCcontractile responses
to AVPand All. Sparsely plated individual primary cultures of
VSMCwere incubated with one of the four test media for 48 h
before examining VSMCcontraction in response to AVP or
All ( 10-6 M). Contraction was defined as a > 15% reduction
in surface area, measured using microscopic digital planimetry.
Spontaneous contraction of cells due to manipulation of the
media was the same after preexposure to all test media. More-
over, median cell planar surface area was not significantly dif-
ferent after exposure to different test media, thus contractile
responses were measured from a similar baseline surface area
in the presence of all test media. In the presence of control
medium, almost 50% of VSMCunderwent a significant con-
tractile response after a 15-min exposure to either AVPor All,
compatible with data previously published from this laboratory
(23, 24, 44). Results in the presence of the mannitol or L-glu-
cose media were equivalent to control. However, after a 48-h
exposure to a high D-glucose (20 mM)medium, the contractile
response of VSMCto AVPand All was significantly impaired
(Fig. 9). These data complement the signal-transduction stud-
ies in suggesting that the PKC-dependent downregulation of
AVP and All receptors on VSMCexposed to a high glucose
environment is associated with a significant depression of bio-
chemical and physiological responses of VSMCto these pressor
hormones.

Discussion

Several in vivo studies demonstrate that the early diabetic state
is associated with a downregulation of diverse classes of pressor
receptor on a variety of tissues ( 15-19). In spite of its potential

VSMC 30
Contraction
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(5 mM) (20 mM) Control Control

Figure 9. Effect of a high extracellular glucose concentration on the
VSMCcontractile response to AVPand All. Sparsely plated primary
cultures of VSMCwere incubated with either control medium (glu-
cose 5 mM)or high glucose medium (glucose 20 mM)for 48 h before
measuring the contractile response of individual VSMCusing micro-
scopic digital planimetry after a 10-min exposure to AVP( 10-6 M)
(open bars) or All ( 10-6 M) (hatched bars). *P < 0.05 vs. all of the
control media. Each column represents the mean of measurements
made on a total of -100 individual cells in four separate experiments.

pathophysiological significance with regard to vascular injury
in diabetes mellitus, the factors responsible for receptor down-
regulation remain undefined. Hyperglycemia is the character-
istic metabolic abnormality of diabetes mellitus and some stud-
ies demonstrate that an inverse relationship may exist between
blood glucose concentration and hormone receptor density
( 16, 19). Treating rats with insulin to maintain euglycemia
prevents glomerular All receptor downregulation ( 16). Fur-
thermore, in diabetic patients, there is a significant negative
correlation between platelet thromboxane A2 receptor number
and glycosylated hemoglobin Al levels ( 19), the latter being a
measure of recent glycemic control. However, because of the
multiplicity of factors that can influence the regulation of re-
ceptor expression, it has been impossible to examine the spe-
cific and independent effect of an elevated extracellular glucose
concentration in vivo. To this purpose, the present study used
an in vitro cell culture system to exclude other variables and
uniquely demonstrates a direct and specific effect of high extra-
cellular glucose concentrations to downregulate AVPand All
receptors on vascular tissue. This effect is not attributable to
changes in extracellular osmolality but is dependent on the
metabolism of D-glucose. The receptor downregulation was ap-
parent using glucose concentrations compatible with those at-
tained in poorly controlled diabetic patients.

Analysis of receptor-binding kinetics reveals a similar effect
of high extracellular glucose concentrations on both AVPand
All binding to VSMC. The specific binding of both pressor
hormones to VSMCwas depressed due to a significant reduc-
tion in surface density of each receptor type rather than any
significant change in receptor affinity. Of interest, similar char-
acteristics for pressor receptor downregulation have been ob-
served early in the course of experimental and human diabetes
mellitus. In the rat glomerulus, All receptors are downregu-
lated within 24 h of onset of diabetes mellitus ( 15, 16) and, in
diabetic patients, the AVP(V1) and the thromboxane A2 recep-
tor are downregulated on the surface of platelets ( 17, 19). In
each instance, the diminished hormone binding resulted from
decreased receptor density without a significant change in re-
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ceptor affinity, an identical response in vitro to the effect of
glucose on pressor receptors demonstrated in the present study.
In addition, the magnitude of receptor downregulation due to
diabetes mellitus in vivo (30-58%) is similar to the maximal
glucose-induced response of - 40%. In each in vivo study,
decreased pressor receptor number in diabetic animals and
mancould not be explained by previous receptor occupancy or
homologous desensitization due to reciprocal changes in circu-
lating levels of the relevant hormone ( 15-17, 19). Moreover,
more detailed studies of the All receptor revealed appropriate
All receptor regulation in diabetic rat glomeruli after pharma-
cological manipulation of the renin-angiotensin system ( 15,
16). These latter observations imply a direct effect of a meta-
bolic consequence of the diabetic state on pressor receptor ex-
pression. One major consequence is hyperglycemia and the
present in vitro study illustrates that a potent and specific effect
increased glucose to downregulate AVPand All receptors on
cultured VSMC. This effect is both qualitatively and quantita-
tively similar to the effects of the diabetic state on these recep-
tors in vivo. Although it is impossible to extrapolate directly
from in vitro data to the in vivo situation, this striking corre-
spondence does suggest that the previously documented effects
of diabetes on pressor receptor kinetics in vivo may be a direct
consequence of an elevated extracellular glucose concentra-
tion. The present results also provide information about the
cellular mechanism whereby this effect of glucose may be me-
diated.

PKCmay be important in regulating the expression of a
diverse population of cell surface receptors in a variety of tis-
sues (25-28). The present study demonstrates that high extra-
cellular glucose concentrations induce a sustained increase in
the activity of PKCin VSMC. This observation is compatible
with those of others, which show a glucose-dependent activa-
tion of PKC in many tissues in vivo and in vitro (29-32).
Using isolated glomeruli, Craven and coworkers recently dem-
onstrated that elevated glucose concentrations increase the flux
of glucose through an intracellular pathway that culminates in
the enhanced de novo synthesis of DAGand concluded that
this increase in DAGmass may contribute to glucose-induced
activation of PKC(29, 32). Numerous studies in diabetic ani-
mals confirm that DAGlevels are indeed elevated in a variety
of tissues, including vascular tissue (29, 31, 32, 46). The pres-
ent study lends support to the aforementioned hypothesis of
Craven and coworkers by demonstrating that elevated extracel-
lular glucose concentrations of the nonmetabolized glucose
isomer, L-glucose, do not activate PKC, implying that a prod-
uct of glucose metabolism, perhaps DAG, is required for glu-
cose-induced activation of PKCin VSMC.

To explore the relevance of the sustained activation of PKC
by glucose to the process ofglucose-induced receptor downregu-
lation in vascular tissue, glucose-induced PKCactivation was
prevented with H7, a relatively specific inhibitor of PKCacti-
vation (43). This maneuver almost completely prevented glu-
cose-induced downregulation of the AVPor All receptor, pro-
viding strong evidence that glucose-induced pressor receptor
downregulation is dependent on the capacity for glucose to
activate PKCin VSMC. It is important to note, however, that
H7 is not totally specific for PKC and it therefore remains
possible that the concomitant inhibition of other kinase sys-
tems could be contributing to the effects of H7 on glucose-in-
duced receptor downregulation, as observed in the present
study.

The present study demonstrates a slow onset and slow re-
covery of glucose-induced AVPand All receptor downregula-
tion, requiring hours. The recycling time for the AVP(VI) and
All receptors, however, is rapid in VSMC, - 15-20 min (47,
48). An effect of glucose to inhibit this process would have
been more immediately apparent. Thus the slow downregula-
tion of AVPand All receptors by the high glucose environment
and their slow recovery is more likely to reflect modulation of
receptor biosynthesis. An effect of PKCon epidermal growth
factor receptors has suggested this mechanism in the Swiss/
3T3 line. It thus seems possible that the PKCdependency of
the observed glucose-mediated receptor downregulation may
inhibit the expression of receptor mRNA.

Diabetes-induced downregulation of pressor receptors may
be relevant to the increased blood flow to many tissues that has
been implicated as an important factor in the early pathogene-
sis of microvascular injury (8-10). The present study thus ex-
plored the biochemical and functional significance of glucose-
induced AVPand All receptor downregulation in VSMC.The
results show that AVP- and AII-stimulated Ca2" effilux from
VSMCand the contractile response of individual VSMCto
these agents are markedly attenuated after preexposing VSMC
to a high glucose environment for 48 h. As in the effects on
receptor density and PKCactivation, these effects were specific
for the high D-glucose medium. Moreover, the magnitude of
glucose-induced AVP or All receptor downregulation ap-
peared to parallel the glucose-induced defect in AVP- and All-
stimulated intracellular signaling and contractility in VSMC.
Although this does not prove causality, recent studies have
demonstrated that there are few, if any, spare V1 or All recep-
tors on VSMC(47, 49), thus implying that the downregulation
of either receptor on VSMCwould be associated with a de-
crease in VSMCresponse. It should be emphasized that in ad-
dition to the role in receptor downregulation, glucose-induced
PKC activation may also exert direct downregulatory influ-
ences on postreceptor signal transduction mechanisms in
VSMC(23, 50-52). Recently, the glucose-induced PKCacti-
vation has been characterized in cultured VSMC(53).

In conclusion, the present study uniquely demonstrates
that high extracellular glucose concentrations depress the ex-
pression of AVP and All receptors on VSMC. This effect is
dependent on glucose-induced PKCactivation and is likely to
be of physiological significance in view of the associated
marked attenuation of VSMCfunctional responses to AVP
and All. This novel mechanism may contribute to pressor re-
ceptor downregulation in early diabetes mellitus, thereby di-
rectly implicating hyperglycemia in the pathophysiology of he-
modynamically mediated vascular injury in this disease.
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