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We sought to determine whether insulin/insulin-like growth factor-1 (IGF-1) and an insulin-sensitizing agent, troglitazone,
have additive vasodilatory effects and the possible involvement of intracellular Ca?* ([Ca2*];} and/or glucose utilization in these
effects. Contractile responses to norepinephrine {NE) and potassium chioride (KCl), as well as relaxation to endotheliumi-
dependent (acetylcholine [Ach]) and -independent (sodium nitroprusside [NaNP]) agents, were examined in rat tail artery rings
in the presence of insulin/IGF-1 and/or troglitazone. Endothelium-intact tail artery rings stretched to 1 g tension were
preincubated with troglitazone (3 pmol/L} and/or insulin/IGF-1 {100 nmol/L) prior to addition of graded doses of NE and KCI. A
90-minute exposure to troglitazone attenuated the maximal contraction to graded doses of NE and KCI (P < .0001). Incubation
in glucose-free medium decreased the responses only to NE; troglitazone further attenuated the NE-induced contraction
(P =.001). In submaximally precontracted endothelium-intact rings, troglitazone increased the relaxation both to NaNP
(P < .0001) and to Ach (P = .001). Contraction experiments in depolarizing KCI {25 mmol/L) or Ca2*-free buffer showed that
troglitazone and insulin have a similar Ca?* dependency. In conclusion, troglitazone, like insulin/IGF-1, attenuates responses
to vasoactive agonists through a Ca?*-dependent mechanism that may require the presence of glucose but is independent of

insulin action and nitric oxide (NO} production.
Copyright © 1999 by W.B. Saunders Company

UGMENTED RESPONSIVENESS to constriction, im-
paired vascular relaxation, and alterations in blood flow
in individuals with impaired carbohydrate tolerance probably
reflect resistance to the vasodilatory actions of insulin and
insulin-like growth factor-1 (IGF-1)."* In vivo, treatment of
carbohydrate intolerance with insulin-sensitizing agents such as
troglitazone improves vascular relaxation and organ perfu-
sion.!%!2 In vitro, insulin, IGF-1, and insulin-sensitizing agents
may induce vasodilation through a number of mechanisms.
Insulin/IGF-161316 and thiazolidinediones!>!”-!® may decrease
vasoconstriction, in part, by decreasing vascular smooth muscle
cell (VSMC) intracellular calcium ([Ca?'};) responses to vari-
ous vasoagonists. However, while insulin/IGF-1 also stimulate
endothelial cell production of nitric oxide (NO),>%1922 it is not
clear whether all thiazolidinediones act via this mecha-
nism,'2?1.23 suggesting that these compounds may enhance
relaxation further in the presence of hormones.

Insulin/IGF-1 and troglitazone increase glucose uptake in
cardiovascular tissue.5?>2 In normoglycemic states, troglita-
zone requires the presence of insulin for its hypoglycemic
effects, indicating that it acts through sensitization of tissues to
insulin action.?* Since intermediary glucose metabolism plays a
role in excitation-contraction coupling responses in
VSMCs,?2627 enhanced glucose utilization may contribute to
the vascular actions of these agents. Accordingly, we have
investigated the relationship between insulin/IGF-1 and the
insulin-sensitizing agent troglitazone and the roles of glucose
and Ca?* in mediating the vascular relaxation. Norepinephrine
(NE) increases VSMC [Ca?™];, in part as a result of influx
through voltage-dependent Ca?* channels?® and in part via
release from internal stores; NE-induced contractions appear to
be especially dependent on glucose availability.?%?’ In contrast,
potassium chloride (KCl)-induced contractions are less sensi-
tive to changes in intermediary metabolism and totally depen-
dent on Ca?" entry through voltage-operated channels.!® Thus,
we have used these contractile agonists, as well as the endothe-
lium-dependent and -independent relaxing agents acetylcholine
(Ach) and sodium nitroprusside (NaNP), respectively, to exam-
ine the mechanisms whereby insulin and/or troglitazone attenu-
ate contractility and enhance vascular dilation.
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MATERIALS AND METHODS
Artery Rings and Muscle Bath Preparation

Male Wistar rats (200 to 300 g) were purchased from Harlan
(Indianapolis, IN), housed two to four per cage, and given food and
water ad libitum. On the day of the experiment, the rats were
anesthetized with sodium pentobarbital (30 mg/kg intraperitoneally)
and the tail artery was carefully dissected out. (All procedures for
anima] handling received institutional approval.) The artery was
immediately placed into ice-chilled buffer containing the following (in
mmol/L): 130 NaCl, 15 NaHCOs, 4.7 KCl, 1.2 KH;POy4, 1.6 CaCly, 1.2
MgSOy, 0.03 EDTA, and 10 glucose. The buffer solutions were devoid
of glucose and Ca®* in the glucose dependency and Ca’* readdition
experiments, respectively. The artery was further cleaned of fat and
connective tissue, and 3-mm artery rings were mounted on stirrups and
suspended from isometric force transducers (Gould Instruments, Cleve-
land, OH) in muscle baths containing the buffer at 37°C aerated with
95% 0,/5% CO; to maintain pH at 7.35 to 7.40. All rings were stretched
to 1 g tension and allowed to equilibrate for 30 minutes before the start
of the experiments.”” Vascular contractility was assessed by stepwise
addition of KCI (25 to 150 mmol/L) and NE (1079 to 107> mol/L)). The
presence of endothelium was confirmed with a single dose (1075 mol/L)
of Ach. Preincubation times and troglitazone, insulin, and IGF-1
concentrations were previously optimized in our laboratory.12:2229

Glucose Dependency

To assess the glucose dependency of the vascular effects of troglita-
zone (Regulin; Parke-Davis, Ann Arbor, MI), experiments were per-
formed in the presence and absence of glucose. Artery rings were
preincubated with 3 pmol/L troglitazone (in ethanol) for 90 minutes or
vehicle for 30 minutes with and without glucose before evaluating the
dose-response to KCl and NE.
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Insulin/IGF-1-Troglitazone Interactions and Contractility

To determine whether insulin/IGF-1 and troglitazone have additive
effects, the artery rings were preincubated with (1) insulin (porcine;
Sigma, St Louis, MO; dissolved in acidulated water) at a low (100
nmol/L) or high (700 nmoV/L) dose, (2) 3 umol/L froglitazone, (3) 3
umol/L troglitazone and 100 nmol/L insulin, or (4) 3 pmol/L troglita-
zone and 100 nmol/L IGF-1 (human recombinant; gift from Genentech,
San Francisco, CA) for 90 minutes before addition of KCl and NE to
measure contractile responses.

Insulin-Troglitazone Interactions and Vascular Relaxation

After a 90-minute preincubation with 3 pumol/L troglitazone, 100
nmol/L insulin, or both, artery rings were precontracted to 60% to 80%
of the maximal response with the addition of submaximal concentra-
tions of KCl (for Ach experiments) or NE (for NaNP experiments). The
dose-response to the endothelium-dependent and -independent agonists
was established after stabilization of the initial contraction.

Ca** Dependency

Ca?* dependency was examined by two different methods: (1)
Arterial rings preincubated with 3 umol/L troglitazone were exposed to
a depolarizing concentration of KCl (25 mmol/L) before addition of

decreased further in glucose-free buffer (P < .005 v
Trog alone, n = 7).

graded doses of NE. (2) Rings were stretched as before but incubated in
Ca?*-free buffer containing 3 pmol/L troglitazone and/or 100 nmol/L
insulin. After 90 minutes, a single dose of NE (10~ mol/L) was added
before reintroduction of Ca2* (0.5 to 2.0 mmol/L) to assess the
accentuation of the contractile response to NE. Statistical Analysis

Two-way (with Fisher’s protected least-significant difference) and
repeated-measures ANOVASs were used to compare changes in contrac-
tility and relaxation between groups. ECs values were calculated with
the Pharm C Program (Springer-Verlag, New York, NY); statistical
differences between paired experiments were assessed by Student’s ¢
test. Results are presented as the mean = SEM, and P values less than
.05 were considered significant.

RESULTS
Glucose Dependency

The absence of glucose resulted in a markedly attenuated
contractile response to NE (maximal tension, 1,400 =54 v
1,788 = 88 mg in controls with normal glucose, P < .0001 by
ANOVA). Troglitazone alone at a dose of 3 umol/L significantly
decreased the maximal contractility to 1,286 = 161 mg (Fig 1).
There was further attenuation of the contractile response
following incubation in a glucose-free medium (818 * 225 mg
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TROGLITAZONE AND VASCULAR REACTIVITY

Table 1. ECg, Values for NE- and KCl-Induced Contraction in Rat Tail
Artery Rings Incubated With Troglitazone in the Presence and
Absence of Glucose

Condition KCI {(mmol/L) NE {umol/L)
Control 392 0.43 = 0.08
Control without glucose 395 0.37 = 0.06
Troglitazone 3 pmol/L 40 = 3 1.54 + 0.54*
Troglitazone without glucose 42 =3 1.72 = 0.58%

*P=.082 vcontrol.
tP = .001 vcontrol without glucose.

tension, P < .005 v troglitazone alone). However, although
contractile responses to KCl in rings preincubated with 3
umol/L troglitazone were significantly decreased (630 * 99 v
1,223 * 234 mg tension in control rings, P << .0001 by ANOVA),
removal of glucose from the buffer had no significant effect in
either the control (1,113 = 55 mg tension) or troglitazone-
treated rings (667 = 97 mg), suggesting that glucose plays a
role in NE- but not KCl-induced contractions (Fig 2).

ECs calculations showed no difference in sensitivity be-
tween 10-mmol/L glucose and nonglucose controls in response
to NE. Although troglitazone alone decreased the sensitivity to
NE, the rightward shift of the ECs, was significant (P = .001)
only when troglitazone was combined with the buffer contain-
ing no glucose. Sensitivity in the KCl experiments was unaf-
fected by either troglitazone or glucose removal (Table 1).

Insulin/IGF-1-Troglitazone Interactions and Contractility

IGF-1 and troglitazone have been shown to independently
and significantly attenuate vasoconstrictor responses to agonists
in previous experiments in our laboratory,'>?? and the same was
shown for insulin in some but not all prior studies.’® Troglita-
zone significantly reduced contractile responses to both NE and
KCl1 (Fig 1). Experiments using 100 nmol/L. insulin did not
show any inhibition of contractility to either KCI or NE, but a
higher dose of insulin (700 nmol/L.) did attenuate vasoconstric-
tor responses to these agents. Additionally, coincubation with
either insulin or IGF-1 did not significantly enhance the effects
of troglitazone on the contractility to either KCl or NE (Table
2). Thus, in the rat tail vasculature, neither insulin nor IGF-1
had an additive effect on the troglitazone attenuation of
contractility.

Table 2. Maximal Achieved Tension (mg) in Rat Tail Artery Rings
Exposed to Troglitazone and Insulin/IGF-1

Condition No. KCl P NE P

Control 5 990 * 40 1,400 = 85
Insulin 700 nmol/L 5 1,180 = 111 1,480 = 80
Control 5 1,188 = 165 1,560 = 201
Insulin 700 nmol/L 5 1,012 =152 .072 1,330 = 147 .062
Troglitazone 3 pmol/L 8 1,165 = 116 1,856 + 103
Troglitazone + insulin

100 nmol/L 8 1,104 121 1,837 = 135
Troglitazone 3 pmol/L 5 316 £ 95 805 = 205
Troglitazone + IGF-1 100

nmol/L 5 308 = 126 758 * 305

NOTE. All results are for paired experiments on rings from the same
artery.
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Insulin-Troglitazone Interactions and Vascular Relaxation

There was a significant enhancement of relaxation to NaNP
and Ach in rings preincubated with 3 pmol/L troglitazone (Fig
3). Results are presented as tension changes (relaxation) in
response to graded doses of vasorelaxants. The maximum
relaxation to NaNP was 327 + 79 mg in control rings and 432 =
46 mg in troglitazone-treated rings (P < .0001; Fig 3A), while
the maximum relaxation to Ach was 251 = 45 mg in control
rings and 370 =+ 70 mg in troglitazone-treated rings (P = .001;
Fig 3B). Addition of 100 nmol/L insulin either to control rings
or in coincubation with troglitazone had no significant addi-
tional effects on relaxation responses to NaNP or Ach (Fig 3).
Troglitazone significantly (P = .025) reduced the sensitivity to
NaNP but not to Ach (Table 3). As with contractility, no
additional changes in ECs, values were observed in the
presence of insulin.

Ca’* Dependency

‘When rings were preincubated in 25 mmol/L. KClI to depolar-
ize the membrane and open calcium channels, NE-induced
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Fig 3. (A) Rat tail artery rings precontracted with NE (105 mol/L)
were relaxed with cumulative doses of NaNP {inset). In vitro relax-
ation to NaNP was significantly increased (P < .0001, n =5) by
preincubation with 3 pmol/L Trog. (B} Similarly, Ach relaxation was
potentiated by Trog (P = .001, n = 5). Coincubation with 100 nmol/L
insulin had no additional effect.
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Table 3. EC;, Values for NaNP and Ach Relaxation in Rings
Preincubated With Troglitazone and/or Insulin

Condition NaNP (umol/L} P Ach {(pmol/L) P

0.21 £ 0.06

0.03 + 0.01 .025*
0.02 = 0.007 .020%
0.18 = 0.05 NS

0.28 = 0.13

0.19£0.09 NS
0.16 £ 0.06 NS
0.27 +0.18 NS

Control

Troglitazone alone
Trogiitazone + insulin
Insulin alone

Abbreviation: NS, nonsignificant.
*Pvcontrol.

contractility was attenuated (P < .0008) by troglitazone (maxi-
mum tension, 1,184 = 191 v 698 * 150 mg in control and
troglitazone-treated rings, respectively; Fig 4).

Figure 5 illustrates the results of Ca?* readdition experiments
following incubation in Ca?*-free buffer and initial contraction
with NE (1073 mol/L). Significant differences in contractility
(P = .001 by ANOVA) were observed between the control
(maximal tension, 846 £ 106 mg) and the other groups. How-
ever, there were no significant differences among these three
groups (maximal tension, 540 = 119 mg in troglitazone,
582 * 103 in insulin, and 524 * 142 in troglitazone + insulin
groups, P = .87), again suggesting that troglitazone and insulin
have no additive effects. In contrast, only the troglitazone-
treated rings showed a significant change in sensitivity versus
the controls (ECsp, 0.46 = 0.03 Ca2™ mmol/L v 0.37 = 0.02
mmol/L in controls, P = .0186).

Regional differences in contractile/relaxation properties exist
in different vascular beds. Although specific characteristics of
the rat tail artery may not be generally translated, the actions of
troglitazone on VSMC Ca?* may be relevant to overall vascular
contractility.

DISCUSSION

The results of this investigation indicate that tail artery
contractile responses to NE, but not to KCl, are modulated by
glucose availability. Specifically, the contractile response to NE
was attenuated in glucose-free medium, an effect exacerbated

ALl ET AL

by the concurrent presence of troglitazone. It was previously
reported that the contractile response of porcine carotid artery to
NE, but not to KCl, was specifically dependent on the presence
of glucose?® In another study,” resting tension in porcine
carotid arteries was abnormally increased under glucose-free
conditions, suggesting that the impaired Ca®>* extrusion and
uptake by the plasmalemmal and sarcoplasmic reticulum Ca2*
pumps resulted from a lack of a normal energy source via the
glycolytic pathway. Our experiments were not designed to
measure basal resting tension, but increased basal tension in the
absence of glucose may have offset the lower maximal contrac-
tion, thus explaining the lack of difference in ECsy values in
control rings in the presence or absence of glucose in our
experiments. We have previously shown that troglitazone and
pioglitazone decrease Ca?* entry via voltage-dependent L-type
channels in VSMCs.!218 Ca?* binding and/or transport is
facilitated by glycolytic production of adenosine triphosphate3!
in muscular arteries such as the carotid,??’ the mesenteric,??
and the rat tail artery.? Thus, our observation in this study
showing additional attenuation of vascular contractility to NE in
troglitazone-pretreated rat tail artery rings under glucose-free
conditions likely represents the involvement of the above-
mentioned mechanism. Levels of glucose in the muscle bath
had no effect on KCl-induced contractility. This observation is
in concert with a previous report suggesting that vascular
attenuation achieved with pioglitazone is independent of glu-
cose.>® However, the present results showing not only decreased
maximal tension but also significantly decreased sensitivity to
NE when rings were coincubated with troglitazone in glucose-
free medium indicate that glucose is important in the drug’s
modulation of contractile responses to this agonist.

The fact that troglitazone decreased NE-induced contractility
under KCl depolarizing conditions substantiates its action on
voltage-induced Ca®* channels.’** Results of Ca™ readdition
experiments showing decreased contractile responses in the
presence of both troglitazone and insulin are consistent with
prior data showing that both block Ca?* channel currents in
VSMCs.'>18 However, in these experiments, the initial contrac-
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by ANOVA, n =5), but there was no difference 24
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tion to NE was significantly lower in troglitazone-treated rings common mechanism, inhibition of Ca®* entry, so that additive
versus either control or insulin-incubated rings (data not effects may not be expected, particularly if this action is greater
shown), suggesting that troglitazone may decrease intracellular in magnitude and may overwhelm any potential synergistic
Ca?* release as well. In this study, we also found no additive effect such as NO-mediated vascular relaxation.
effects of troglitazone and insulin/IGF-1 in attenuating the Previous investigation in our laboratory has shown that
contraction to either KCl or NE. Similarly, increased relaxation metformin, like troglitazone, has vascular insulin-sensitizing
to NaNP and Ach in troglitazone-treated rings was unaffected properties’® and attenuates the VSMC [Ca?*]; response to
by coincubation with insulin. While we have reported that  yasoconstrictor agonists. The present data indicate that pharma-
troglitazone decreases Ca?* currents at the level of the plasma cologic agents that share vascular-sensitizing properties, like
; 2 o L
membrane'” and may also affect %ntracellular Ca?* re?ease (as insulin, attenuate Ca%* responses to vasoconstrictive agents and
already mentioned), both endothelium-dependent and -indepen- may require the presence of glucose. However, the concomitant
i 2+ ion i L SR
dent NO donors increase Ca*" sequestration into the sarcoplas-  presence of insulin is neither necessary nor enhancing in this
mic reticulum and reduce the [Ca®"]; sensitivity of myosin reeard
- . . gard.
phosphorylation/contraction.>*¢ These mechanisms may ex-
plain the additional relaxation observed with troglitazone and
further support the notion that troglitazone action is indepen- ACKNOWLEDGMENT
dent of NO release. Since insulin/IGF-1 modulation of vascular We wish to thank Genentech for their generous gift of IGF-1, Paddy
tone is partly dependent on NO production,®?? collectively, McGowan for her efforts in preparing this report, and Dr Jacob Peuler
these observations suggest that all three agents share at least one for his thoughtful review.
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