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Effects of an Intracellular Ca2� Chelator on Insulin Resistance and
Hypertension in High–Fat-Fed Rats and Spontaneously Hypertensive Rats

Y.J. Jang, H.J. Ryu, Y.O. Choi, J.G. Lee, C. Kim, C.H. Leem, and C.S. Park

e explored the possibility that a sustained elevation of intracellular Ca2� concentration ([Ca2�]i) may be a cellular abnor-

ality common to both insulin resistance and hypertension. In high-fat diet (HFD) fed rats, the steady-state glucose infusion

ate (GIR) during the euglycemic hyperinsulinemic clamp was reduced by 40% (P < .05) and mean arterial pressure (MAP) was

levated by 20 mm Hg (P < .01) in comparison to the normal chow-fed rats. Intravenous injection of 5,5�-dimethyl derivative

f bis(o-aminophenoxy)ethane-N,N,N�,N� tetraacetic acetoxymethyl ester (dimethyl-BAPTA/AM), an effective intracellular

a2� chelator, 90 minutes before the clamp not only restored about 50% of the reduced GIR, but also normalized MAP in the

FD rats. The chelator injection also significantly increased GIR by 25% (P < .01) and reduced MAP about 30 mm Hg (P < .01)

n the spontaneously hypertensive rats (SHR). In addition, we have recently shown in the HFD rats that an injection of

imethyl-BAPTA/AM normalizes elevated [Ca2�]i in adipocytes. These results together demonstrate that lowering [Ca2�]i

imultaneously ameliorates both insulin resistance and hypertension and provide presumptive evidence that sustained high

evels of [Ca2�]i may play a common pathophysiologic role in these 2 diseases.

2004 Elsevier Inc. All rights reserved.
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HERE IS A frequent association of insulin resistance and
hypertension.1 Moreover, a direct correlation between the

egree of insulin resistance and the severity of hypertension has
een reported.2 Thus, it has been postulated that insulin resis-
ance and hypertension are merely different tissue manifesta-
ions of the same underlying cellular abnormality and elevated
ntracellular Ca2� concentration ([Ca2�]i) is a pathophysio-
ogic link between these 2 morbid conditions.3-6

Intracellular Ca2� plays a key role in signal transduction to
ontrol diverse cellular processes and thus disturbed intracel-
ular Ca2� homeostasis can readily impair many cellular func-
ions. In fact, the results implicating a sustained elevation in
Ca2�]i as a major cause of cellular dysfunction have been
eported in a variety of the cells, including aged neurons7 and
lucose-unresponsive � cells.8 Recently, we have demonstrated
hat [Ca2�]i is significantly increased in adipocytes of the rats
ith insulin resistance induced by HFD.9 In these rats, injection
f dimethyl-BAPTA/AM, an effective intracellular Ca2� che-
ator, normalizes elevated [Ca2�]i and ameliorates insulin re-
istance. In an extension of this result, the present study was
lanned to test the hypothesis that a sustained elevation of
Ca2�]i may be a common cellular abnormality causing fre-
uent clinical coexistence of insulin resistance and hyperten-
ion.3-6 To address this possibility, we investigated whether an

njection of dimethyl-BAPTA/AM could ameliorate both insu-

etabolism, Vol 53, No 3 (March), 2004: pp 269-272
in resistance and hypertension in 2 different animal models,
he high-fat diet (HFD) rats and the spontaneously hypertensive
ats (SHR).

MATERIALS AND METHODS

Male Sprague-Dawley (SD) rats and SHR from Harlan Sprague
awley (Indianapolis, IN), were bred and maintained in a specific
athogen-free environment. Six-week-old SD rats were fed either
FD formulated as previously described9 or the standard rat chow

or 3 to 4 weeks before experiments. The SHRs used in the exper-
ments were aged 12 to 14 weeks, a period when the rats have fixed
ypertension.
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270 JANG ET AL
Euglycemic hyperinsulinemic clamps were performed on con-
cious rats as previously described.9 Briefly, after an overnight fast,
ach animal underwent placement of a tail artery catheter and 2 tail
ein catheters and were then stabilized for at least 2 hours. After
asal blood sampling, mean arterial pressure (MAP) (ie, basal MAP)
as measured directly through a tail artery catheter using a pressure

ransducer and physiograph (Harvard Apparatus, Kent, England). At
90 minutes, dimethyl-BAPTA/AM (TEFLABS, Austin, TX; 6
g/kg in 250 �L dimethyl sulfoxide (DMSO) 1:3 diluted with

istilled water) or the same volume of vehicle DMSO was injected
hrough a tail vein catheter. Human insulin (Humulin, regular;
aewoong Lilly, Korea) was infused from time 0 to 120 minutes at
mU/kg/min in the HFD and the chow rats or at 4 mU/kg/min in the
HR. Plasma blood glucose concentration was measured every 10
inutes and clamped at 100 mg/dL by a variable glucose infusion.
verage glucose infusion rate (GIR) during the final 30 minutes of

he glucose clamp (steady state) was used as an estimate of whole-
ody insulin sensitivity. Blood samples for the steady-state plasma
nsulin concentration were taken at time 90, 100, 110, and 120
inutes. Immediately after the last blood sampling, MAP (ie, post-

lamp MAP) was measured while insulin and glucose infusions
ere continued.
To examine the dose-dependent effects of dimethyl-BAPTA/AM on

nsulin resistance and hypertension, in addition to 6 mg/kg, 3 mg/kg or
mg/kg of the chelator was injected in the HFD rats.
Plasma glucose concentrations were measured by a glucose oxidase
ethod (Glucose Analyzer II; Beckman Instruments, Fullerton, CA).
asal and steady-state plasma insulin concentrations were measured
sing rat (Linco Research, St Charles, MO) and human insulin (DPC,
os Angeles, CA) radioimmunoassay kits.
Values are presented as mean � SE. Student’s paired and unpaired

tests were performed as indicated when 2 groups were compared.
nalysis of variance followed by the Bonferroni test was performed to

ompare more than 2 groups. Differences were considered significant at
� .05.

RESULTS

ffects of Dimethyl-BAPTA/AM in the HFD Rats

Basal concentrations of plasma glucose (P � .6) and
nsulin (P � .6) and body weight (BW) (P � .1) were not
ignificantly different between the HFD rats and the chow
ats (Table 1). During the hyperinsulinemic clamps, there
as no statistically significant difference in the steady-state

Table 1. Effects of Dimethyl-BAPT

HFD �

Chelator

No. 25
BW (g) 384 � 8
Basal glucose (mg/dL) 97 � 2
Basal insulin (�U/mL) 34 � 3
SS insulin (�U/mL) 168 � 11
GIR (mg � kg�1 � min�1) 16.1 � 0.3*†
Basal MAP (mm Hg) 124 � 2*
Postclamp MAP (mm Hg) 105 � 2‡

NOTE. Dimethyl-BAPTA/AM (6 mg/kg in 250 �L DMSO 1:3 diluted w
0 minutes prior to the start of euglycemic hyperinsulinemic (6 mU �

y the steady state GIR during the clamps. MAP was measured at ba
Abbreviation: SS, steady state.
*P � .05 v chow � vehicle group; †P � .05 v HFD � vehicle group
nsulin concentrations among 4 groups of the HFD rats and p
he chow rats injected with dimethyl-BAPTA/AM (6 mg/kg)
r the vehicle (P � .07). However, the steady-state GIR was
ignificantly lower by 40% in the vehicle-injected HFD rats
han the vehicle-injected chow rats (P � .05). In the HFD
ats, the chelator injection restored approximately 50% of
his reduction in GIR (P � .01), whereas it did not affect
IR in the chow rats (P � .8). We have previously demon-

trated that basal [Ca2�]i of adipocytes is significantly ele-
ated in the HFD rats in comparison to that in the normal
how rats (145 � 11 v 112 � 9 nmol/L; P � .05), and it is
educed by the same maneuver as used in the present study
o the level, which is indistinguishable from the normal level
127 � 11 v 112 � 9 nmol/L; P � .2).9

Mild degree hypertension was induced by the HFD feed-
ng: basal MAP was significantly higher by about 20 mm Hg
n the HFD rats than the chow rats (P � .01; Table 1). In the
ehicle-injected groups, postclamp MAP was almost identi-
al to basal MAP (P � .1), indicating that the hyperinsu-
inemic clamp itself did not affect MAP. On the contrary, an
njection of dimethyl-BAPTA/AM significantly reduced

AP from 124 � 2 to 105 � 2 mm Hg (P � .01) in the HFD
ats and from 101 � 4 to 89 � 3 mm Hg (P � .01) in the
how rats.

Dose-dependent effects of dimethyl-BAPTA/AM on the
FD-induced insulin resistance and hypertension are shown

n Table 2. At a dose of 3 mg/kg, the chelator did not affect
he steady-state GIR, but significantly reduced MAP; at 6

g/kg, it significantly improved GIR and normalized MAP;
ncreasing the dose to 9 mg/kg changed neither GIR nor

AP any further.

ffects of Dimethyl-BAPTA/AM in the SHR

In the SHR, there was no significant difference in BW (P �
7), basal plasma glucose (P � .5) and insulin (P � .9)
oncentrations, and basal MAP (P � .2) between the vehicle-
nd the chelator-injected groups (Table 3). Although insulin
nfusion increased plasma insulin concentrations to a similar
evel (P � .9) in these 2 groups, the steady-state GIR was
ignificantly higher by 25% in the chelator-injected than the
ehicle-injected SHR (P � .01). In the chelator-injected SHR,

in the HFD- and Chow-Fed Rats

HFD �

Vehicle
Chow �

Chelator
Chow �

Vehicle

26 7 15
378 � 6 340 � 20 356 � 14
98 � 2 92 � 2 98 � 2
33 � 4 17 � 2 31 � 6

150 � 10 201 � 18 148 � 10
12.1 � 0.3* 20.7 � 0.5 20.5 � 0.8
121 � 2* 101 � 4 100 � 1
118 � 1* 89 � 3*‡ 101 � 1

istilled water) or the same volume of the vehicle DMSO was injected
� min�1) clamps. The whole body insulin sensitivity was represented
ate and immediately after the clamp.

.05 v basal MAP in the same group.
A/AM

ith d
kg�1

sal st
ostclamp MAP was significantly lower than basal MAP
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271Ca2� IN INSULIN RESISTANCE AND HYPERTENSION
124 � 4 v 154 � 5 mm Hg; P � .01), whereas the 2
easurements were almost identical (P � .9) in the vehicle-

njected SHR.

DISCUSSION

Dimethyl-BAPTA/AM, as well as other BAPTA/AM ana-
ogues, which have been widely applied to buffer [Ca2�]i,10-12

eadily enters into the cells and is hydrolyzed by cellular
sterases to yield Ca2� binding forms.11 Among them, dimeth-
l-BAPTA binds to Ca2� with the highest affinity (kd � 40
mol/L).11 Hence, it can function as an intracellular Ca2�

uffer, in addition to endogenous buffer, such as calmodulin
kd � 10 �mol/L), and stabilize [Ca2�]i at or lower than the
hysiologic level. In our previous study, an injection of di-
ethyl-BAPTA/AM in the HFD rats normalizes elevated

Ca2�]i in adipocytes.9 Thus, although [Ca2�]i was not directly
easured in the SHR, the same maneuver might also reduce

Ca2�]i in these rats.
The high levels of [Ca2�]i have been observed in the

keletal muscle cells and adipocytes of insulin-resistant sub-
ects.13,14 suggesting that a sustained elevation of [Ca2�]i in
nsulin target cells may diminish cellular responsiveness to
nsulin. In the current study, pretreatment with dimethyl-
APTA/AM increased the steady-state GIR during glucose
lamps in the HFD rats and SHR. We have previously shown
n the HFD rats that the increment in steady-state GIR by the
helator injection is mainly, if not totally, due to enhance-

Table 2. Dose-Dependent Effects of Dimethyl-BAPTA/A

Dose
(mg/kg) No.

GIR
(mg � kg�1 min�

0 26 12.1 � 0.3
3 7 12.1 � 0.6
6 25 16.1 � 0.3*
9 8 16.2 � 0.4*

NOTE. The whole body insulin sensitivity is represented by the ste
lamps. Dimethyl-BAPTA/AM (3, 6, or 9 mg/kg in 250 �L DMSO 1:3 d
njected 90 minutes prior to the start of glucose clamp. MAP was me

*P � .05 v the vehicle (0 mg/kg) group.

Table 3. Effects of Dimethyl-BAPTA/AM in the SHR

Chelator Vehicle

No. 10 8
BW (g) 298 � 8 302 � 10
Basal glucose (mg/dL) 86 � 2 89 � 4
Basal insulin (�U/mL) 26 � 4 26 � 5
SS insulin (�U/mL) 120 � 11 118 � 12
GIR (mg � kg�1 � min�1) 25.0 � 1.0* 19.9 � 1.1
Basal MAP (mm Hg) 154 � 5 142 � 8
Postclamp MAP (mm Hg) 124 � 4† 143 � 8

NOTE. Dimethyl-BAPTA/AM (6 mg/kg in 250 �L DMSO 1:3 diluted
ith distilled water) or the same volume of the vehicle DMSO was

njected 90 minutes prior to the start of euglycemic hyperinsulinemic
4 mU � kg�1 � min�1) clamps. The whole body insulin sensitivity was
epresented by the steady state GIR during the clamps. MAP was
easured at basal state and immediately after the clamp.
Abbreviation: SS, steady-state.
t*P � .05 v vehicle group, †P � .05 v basal MAP in the same group.
ent of the insulin-mediated glucose uptake by peripheral
issues, and this effect is not associated with augmentation of
lood flow to these tissues.9 The same results were obtained
n the assessments of the blood flow rate and glucose uptake
y peripheral tissues during the glucose clamp in the SHR
data not shown). Therefore, the increased steady-state GIR
y the chelator in the HFD rats (Table 1) and the SHR (Table
) was likely due to amelioration of insulin resistance in
eripheral insulin target cells.
In the vascular smooth muscle cells (VSMC), [Ca2�]i is a
ajor determinant of tension development with increased

Ca2�]i leading to an elevation of arteriolar resistance. An
levated [Ca2�]i has been observed in hypertensive VSMC.15,16

herefore, it is now relatively well recognized that increased
Ca2�]i in VSMC leads to high vascular resistance and hence
lays a primary role in development of hypertension. This
otion is further supported by reduction of MAP with dimethyl-
APTA/AM shown in Tables 1 and 3.
In the dose-dependent effects of dimethyl-BAPTA/AM on

IR and MAP (Table 2), increasing the dose above 6 mg/kg
id not change either GIR or MAP any further: there might
e a limitation upon the maximum intracellular concentra-
ion of Ca2� chelator achieved, which may be due to finite
ntracellular esterase activity, active extrusion of the com-
ound, and/or its metabolism into inactive form(s).10,12

owever, the reason the MAP was modulated at lower doses
f the chelator than the GIR was not clear in the present
tudy. It is possibly by the differences among tissues in
istribution of the chelator, esterase activities, and/or thresh-
ld [Ca2�]i maintaining insulin resistance and hypertension.
ith respect to the last possibility, it seems noteworthy that
hereas dimethyl-BAPTA/AM increases GIR, as well as

educes MAP in the SHR, the same dose of BAPTA/AM,
hich has lower Ca2� affinity (kd � 107 nmol/L)11 than that
f dimethyl-BAPTA, only reduces MAP without affecting
IR.17

Several studies3-6 have suggested the possibility that a
ustained elevation of [Ca2�]i may be a common cellular
bnormality causing insulin resistance and hypertension. In
he present study, a single injection of intracellular Ca2�

helator simultaneously ameliorates both insulin resistance
nd hypertension in the HFD rats and the SHR. Although
ther possibilities cannot be excluded, sustained high levels
f [Ca2�]i may play a common pathophysiologic role in

Insulin Resistance and Hypertension in the HFD Rats

Basal MAP
(mm Hg)

Postclamp MAP
(mm Hg)

121 � 2 118 � 1
120 � 2 109 � 4*
124 � 2 105 � 2*
123 � 1 107 � 2*

tate GIR during euglycemic hyperinsulinemic (6 mU � kg�1 � min�1)
with distilled water) or the same volume of the vehicle DMSO was

d at basal state and immediately after the clamp.
M on

1)

ady s
iluted
asure
hese 2 diseases.
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