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Captopril, an angiotensin-converting enzyme (ACE) inhibitor, has been reported to improve insulin sensitivity. However,

despite extensive investigation, the mechanisms responsible for this effect are not fully understood. Reduction of plasma

angiotensin II and inhibition of kininase II have been suggested to contribute to improve insulin sensitivity. Insulin binding

was measured at tracer insulin concentration in intact cells with or without captopril treatment. Specific binding, expressed

as percent of total insulin added, was not different in control and captopril-treated cells. However, captopril treatment caused

an increase in insulin-induced insulin receptor substrate-1 (IRS-1) phosphorylation accompanied by an increased association

of IRS-1 with phosphoinositide-3 kinase (PI-3 kinase), despite no change on insulin receptor (IR) autophosphorylation. There

was also an increased threonine kinase B (AKT) phosphorylation in captopril-treated cells followed by enhanced basal and

insulin-stimulated glucose uptake. These results indicate that captopril treatment has a direct effect on early phosphorylation

events induced by insulin in BC3H-1 myocytes.

Copyright 2003, Elsevier Science (USA). All rights reserved.

A NGIOTENSIN-CONVERTING enzyme (ACE) inhibi-
tors are reported to improve insulin sensitivity in several

animal model1-3 and clinical investigations.4-6 However, de-
spite these several studies, the mechanism by which these
agents improve the action of insulin have not been fully eluci-
dated. One putative mechanism is an inhibition of kininase II,
the enzyme responsible for degradation of bradykinin. Thus,
accumulation of bradykinin, or one of its metabolites such as
prostaglandins, may be responsible for enhancing insulin action
and insulin signaling at the skeletal muscle level.7-10 We
showed previously that bradykinin increases insulin-induced
receptor and insulin receptor substrate-1 (IRS-1) tyrosine phos-
phorylation and association with phosphoinositide-3 kinase
(PI-3 kinase) in the liver and muscle of an animal model of
insulin resistance.11 In addition, hepatic glucose production is
reduced by bradykinin administration in man.12,13 Another pos-
sibility is the hemodynamic effect of ACE inhibitors, vasodi-
latation, which may lead to improved capillary blood flow and
increased delivery of insulin and glucose to muscle.14-16

These previous reports provided valuable information about
the systemic effects of ACE inhibitors on insulin sensitivity;
however, they did not differentiate between primary and sec-
ondary effects. Therefore, the purpose of the present study was
to determine whether the ACE inhibitor captopril has a direct
effect, independent of other hormonal or metabolic alterations,
on insulin action. BC3H-1 myocytes, a cell line widely studied
as a model for insulin action in muscle, were treated with
captopril and insulin binding, insulin receptor (IR), IRS-1, and
IRS-2 phosphorylation, IRS-1 and IRS-2 associations with PI-3
kinase, threonine kinase B (AKT) phosphorylation, and glucose
uptake were examined.

MATERIALS AND METHODS

Materials

The reagents for sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and immunoblotting were obtained from Bio-
Rad Laboratories (Richmond, CA). Tris, phenylmethylsulfonil fluoride
(PMSF), aprotinin, dithiothreiotol, Triton X-100, Tween 20, and glyc-
erol were obtained from Sigma Chemical Co (St Louis, MO). Protein
A Sepharose 6 MB, [125I] protein A, A14 mono [125I] iodoinsulin, and
nitrocellulose paper were from Amerscham-Pharmacia (Aylesbury,
UK). Antibodies against phosphotyrosine, �-subunit IR, IRS-1, and
IRS-2 were from Santa Cruz Technology (Santa Cruz, CA); antibody

against the p85 subunit of PI-3 kinase was from Upstate Biotechnology
(Lake Placid, NY), and antiphosphoserine-AKT antibody was from
New England BioLabs (Beverly, MA). Bristol-Myers Squibb Brazil
kindly provided the salt of captopril.

Cell Culture

BC3H-1 is a continuously cultured nonfusing muscle cell line de-
rived from a nitrosoethylurea-induced neoplasm in C3H mouse strain
and was originally established by Schubert et al.17 The cells were
grown at 37°C in a humidified atmosphere of 10% CO2 and 90% air on
35-mm dishes in Dulbecco’s modified Eagle medium (DMEM; high
glucose) supplemented with 10% fetal calf serum, 4 mmol/L L-glu-
tamine, 1 nmol/L sodium pyruvate, 100 U/mL penicillin, and 100
�g/mL streptomycin. Cells were fed every 4 days and used 10 days
after subculturing. At this time in culture, the cells were confluent and
insulin receptor binding and glucose transport rates were maximal.

Captopril Treatment of BC3H-1 Cells

Intact cells were treated with 10�6 and 10�3 mol/L captopril on day
9 for 24 hours prior to assay. Cell viability after captopril treatment,
evaluated by trypan blue dye exclusion, was always greater than 90%.

Insulin Receptor Binding Assay
125I-insulin binding was determined as previously described18 with

slight modifications. Monolayers cells were incubated in 1 ml of
DMEM containing 20 mmol/L HEPES and 1% bovine serum albumin
(BSA; pH 7.9) with 0.6 ng/mL 125I-insulin at 16°C for 3 hours.
125I-insulin binding was performed at 16°C because insulin internal-
ization is negligible at this temperature19; thus, cell-associated 125I-
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insulin essentially reflects binding only to cell surface receptors. Non-
specific binding was measured in the presence of 10 �g/mL of
unlabeled human insulin that was subtracted from the total binding to
reflect specific 125I-binding. The binding assay was terminated by
aspirating off the media, and the monolayers were washed 5 times with
1 mL of ice-cold phosphate-buffered saline (PBS) containing 1% BSA
(pH 7.4). The cells were then scraped from the dishes and cell-
associated radioactivity was measured in a gamma counter. Specific
binding at each data point was determined in triplicate.

Protein Analysis by Immunoblotting

The assay was initiated by adding growth media with or without
10�7 mol/L insulin and aspirating off after 1 minute. Ice-cold extrac-
tion buffer containing 100 mmol/L Tris (pH 7.4), 10 mmol/L EDTA,
1% Triton-X-100, 100 mmol/L sodium fluoride, 10 mmol/L sodium
pyrophosphate, 10 mmol/L sodium vanadate, 2 mmol/L PMSF, and
0.01 mg aprotinin/mL was added to the dishes and the cells were
scraped and collected in a Eppendorf tube. The extracts were centri-
fuged at 15,000 rpm at 4°C for 15 minutes to remove insoluble
material; the supernatant was then used for the assay. Protein determi-
nation was performed by the Bradford dye binding method using the
Bio-Rad reagent and BSA as the standard. The supernatant was used
for immunoprecipitation with anti-IR, anti–IRS-1 or anti–IRS-2, and
protein A-Sepharose 6MB before Laemmli sample buffer treatment and
electrophoresis in SDS-PAGE as described elsewhere.11 For whole-
tissue extracts, similar sized aliquots (100 �g protein) were subjected
to SDS-PAGE and immunobloted with antiphosphotyrosine antibody.
Electrotransfer of proteins from the gel to nitrocellulose was performed
for 90 minutes at 120 V (constant).20 To reduce nonspecific protein
binding to the nitrocellulose, the filter was preincubated overnight at
4°C in blocking buffer (5% nonfat dry milk, 10 mmol/L Tris, 150
mmol/L NaCl, and 0.02% Tween 20). The nitrocellulose blots were
incubated for 4 hours at 22°C with antibodies against phosphotyrosine,
the p85 subunit of PI-3 kinase, and phosphoserine-AKT diluted in
blocking buffer with 3% nonfat dry milk followed by washing for 30
minutes in blocking buffer without milk. The blots were then incubated
with 2 �Ci [125I] protein A (30 �Ci/�g) in 10 mL blocking buffer for
2 hours at room temperature and then washed again for 30 minutes as
described above. [125I] Protein A bound to the specific antibodies was
detected by autoradiography using preflashed Kodak XAR film (East-
man Kodak, Rochester, NY) with Cronex Lightning Plus intensifying
screens (Du Pont, Wilmington, DE) at �80°C for 12 to 48 hours. Band
intensities were measured by optical densitometry (model GS 300,
Hoefer Scientific Instruments, San Francisco, CA) of the developed
autoradiographs.

Glucose Transport Assay

The rate of hexose transport was determined by measuring the initial
uptake of 2-deoxy-D-[3H] glucose as described in a previous publica-
tion.21 After washing, cells were incubated in transport buffer consist-
ing of 20 mmol/L HEPES, 120 mmol/L NaCl, 1.2 mmol/L MgSO4, 2
mmol/L CaCl2, 2.5 mmol/L KCl, 1 mmol/L NaH2pO4 (pH 7.6), with
and without insulin (100 ng/mL) for 60 minutes at 37°C. The transport
reaction was initiated by the addition of 3H-deoxy-D-glucose (0.4 �Ci)
and unlabeled 2-deoxy-D-glucose (0.1 mmol/L). After 3 minutes, trans-
port was terminated by removal of the reaction medium and washing
each monolayer 8 times with ice-cold transport buffer containing 0.3
mmol/L phloretin. Cell-associated radioactivity was determined by
solubilizing the cells in 1N NaOH at 50°C for 2 hours, neutralizing with
HCl, and then counting in a scintillation counter. Glucose uptake at
each point was the mean of triplicate determinations.

RESULTS

Effect of Captopril on Insulin Binding

IR binding was measured at a tracer insulin concentration
(0.6 ng/mL) in intact cells with or without captopril treatment.
The results showed that specific binding, expressed as percent
of total insulin added, was not different in control and capto-
pril-treated cells, representing about 5% of the total ligand
added (10�6 mol/L captopril: 4.93% � 0.7%; 10�3 mol/L
captopril: 5.14% � 0.8%; control: 4.83% � 0.8; P � not
significant [NS]).

Effect of Captopril on IR, IRS-1, and IRS-2 Tyrosine
Phosphorylation and IRS-1 Association With PI-3 Kinase

In initial experiments, using whole-tissue extracts and per-
forming immunobloting with antiphosphotyrosine antibody, we
found that captopril increased tyrosine phosphorylation of a
band corresponding to pp 185 after insulin infusion, and there
was also an increase in the phosphotyrosine content of 2 other
bands, pp 120 and a lower band around 80 kd (Fig 1). The pp
185 is known to contain at least 2 proteins that are well
characterized: IRS-1 and IRS-2. IRS-1 is the major component
of this band. Incubation of this membrane with specific anti-
bodies indicated that the lower band of pp 185 corresponds to
IRS-1 and the upper to IRS-2. Thus, in Fig 1, we indicate pp
185 as IRS-1 and IRS-2.

Insulin-induced IR autophosphorylation was similar in both
control and captopril-treated cells (Fig 2).

In samples from BC3H-1 cells that were immunoprecipitated
with anti–IRS-1 antibodies and immunoblotted with antiphos-
photyrosine (Fig 3A), there was an increase by 56% (P � .05)
in insulin-induced IRS-1 tyrosine phosphorylation in captopril-
treated cells. There is a relatively stable high-affinity interac-
tion between IRS-1 and the p 85-kd subunit of PI-3 kinase after
insulin stimulation such that both proteins are coprecipitated by

Fig 1. Effect of captopril on tyrosine phosphorylation of whole-

tissue extracts. Representative blot of captopril-induced augment of

tyrosine phosphorylation in BC3H-1 cell from 3 distinct experiments.

Myocytes were incubated in the absence (CONT) or presence of 10�6

mol/L captopril for 24 hours (CAPT). The cell-soluble proteins were

isolated as described in the Methods. Growth media without (-) or

with 10�7 mol/L insulin (�) was added and aspirated off 1 minute

later. The cells were homogenized in extraction buffer, centrifuged,

and submitted to SDS-PAGE followed by immunoblotting with an-

tiphosphotyrosine antibody.
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antibodies against either protein.22 Blots that had been previ-
ously immunoprecititated with anti–IRS-1 antibody were sub-
sequently incubated with anti–PI-3 kinase antibody. Figure 3B
shows that treatment of cells with captopril significantly in-
creased insulin-stimulated PI-3 kinase association to IRS-1.

In the knockout mice for IRS-1 gene, the downstream effects
are partially compensated by the IRS-2.23 To identify the extent
of IRS-2 tyrosine phosphorylation in BC3H-1 cells treated with
captopril, aliquots from the same samples were immunopre-
cipitated with anti–IRS-2 antibody and blotted with antiphos-
photyrosine antibody. In captopril-treated cells, insulin-stimu-
lated IRS-2 phosphorylation was similar to control BC3H-1
cells. The IRS-2 association with PI-3 kinase was also similar
in both control and captopril-treated cells with no further in-
crease after insulin stimulation (data not shown).

Effect of Captopril on AKT Phosphorylation

Stimulation of many cell types with growth factors and
insulin result in activation of the PI-3 kinase/AKT.24-26 Thus it
was of interest to determine whether captopril incubation mod-
ified AKT/protein kinase B (PKB) phosphorylation induced by
insulin.

Both basal and insulin-stimulated AKT phosphorylation
were consistently increased in the captopril-treated cells. Also,
the insulin-stimulated increase in AKT serine phosphorylation
over basal was slightly higher in captopril-treated cells (Fig 4).

Effect of Captopril on Glucose Transport

We next examined the effect of captopril treatment on glu-
cose uptake. Glucose transport was determined by measuring
the initial rates of 2-deoxy-glucose uptake in control and cap-

Fig 2. Effect of captopril on IR tyrosine phosphorylation. Myo-

cytes were incubated in the absence (CONT) or presence of 10�6

mol/L captopril for 24 hours (CAPT). The cells were then washed and

growth media without (-) or with 10�7 mol/L insulin (�) was added

and aspirated off 1 minute later. The cells were homogenized in

extraction buffer, centrifuged, and submitted to SDS-PAGE followed

by immunoblotting with antiphosphotyrosine antibody as described

in the Methods. Upper panel shows autoradiography from an immu-

noblot of a representative experiment. Bar graph shows the densi-

tometry analysis of IR bands. Data points are means � SEM from 3

experiments (*P < .05 basal v insulin-stimulated).

Fig 3. Effect of captopril on IRS-1 tyrosyl phosphorylation and

association with PI-3 kinase. Myocytes were incubated in the ab-

sence (CONT) or presence of 10�6 mol/L captopril for 24 hours

(CAPT). The cells were then washed and growth media without (-) or

with 10�7 mol/L insulin (�) was added and aspirated off 1 minute

later. The cells were homogenized in extraction buffer, centrifuged,

and used for immunoprecipitation with anti–IRS-1 antibody as de-

scribed in the Methods. The immune-complexes were submitted to

SDS-PAGE followed by immunoblotting with antiphosphotyrosine

antibody (A), or anti–PI-3 kinase (B). Bar graphs show the densitom-

etry analysis of the distinct bands. Data points are means � SEM

from 3 experiments (*P < .05 insulin-stimulated control v insulin-

stimulated captopril-treated cells).
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topril-treated cells. The results showed that treatment of cells
with captopril (10�6 mol/L for 24 hours) increased basal glu-
cose transport to 154% � 15.6% (P � .014) and insulin-
stimulated glucose transport to 217% � 19.0% (P � .016) of
control basal (Fig 5). The insulin-induced increase in glucose
uptake was 52.4% � 5.35% and 42.3% � 11.5% in control and
captopril-treated cells, respectively.

DISCUSSION

Several studies have suggested an improvement in insulin
sensitivity in human and animal models of insulin resistance by
ACE inhibitor captopril. However, the molecular mechanisms
that can contribute to improve insulin action are not fully
understood. In this study, we examined whether captopril ex-
erts a direct effect on early steps of insulin action in BC3H-1
myocytes. BC3H-1 is a continuously cultured nonfusing mus-
cle cell line derived from a neoplasm induced with nitrosoethyl-
urea (NEU) in the C3H mouse strain. These cells grow as undif-
ferentiated myoblasts and develop into myocytes on reaching
confluence. They possesses several structural and physiological

properties of smooth muscle origin,17 but also assume certain
morphological and biochemical characteristics of skeletal mus-
cle,17,24-29 providing an excellent model to study the mecha-
nism of insulin action in muscle, the most abundant insulin-
sensitive tissue in the body. In addition, cultured myocyte is a
suitable system to study insulin action in muscle in the absence
of any hormonal, neural, or central confounding effects.

The first step in insulin action is interaction with specific
receptor located on the surface of target cells. Captopril treat-
ment of BC3H-1 myocytes had no significant effect on tracer
IR binding. This is in agreement with in vivo studies where
treatment with captopril did not affect specific insulin binding
parameters in rats and in human studies.30,31 The insulin bind-
ing to its receptor leads to the activation of the insulin receptor
�-subunit kinase, followed by its autophosphorylation, which
in turn leads to phosphorylation of adapter proteins, including
members of the IRS family.22,32-36 IRS proteins act as docking
proteins for downstream signaling molecules containing Src
homology 2 domains, including the 85-kd regulatory subunit of
PI-3 kinase.22 We detected that captopril treatment of BC3H-1
cells, despite no change in insulin-stimulated IR autophosphor-
ylation, leads to increased insulin-induced IRS-1 phosphoryla-
tion accompanied by increased association with PI-3 kinase.
IRS-2 signaling pathway was not altered.

There is evidence that the ability of different tissues to
respond to insulin is determined by the distal effectors of
insulin action present in each individual cell.11,37,38 Using ho-
mozygous genetic disruption of IRS-1 or IRS-2 genes, Previs et
al39 identified an important tissue-specific role for IRS-1 and
IRS-2 in mediating the effect of insulin on carbohydrate me-
tabolism in mice in vivo. IRS-1–deficient mice have normal
blood glucose concentration despite peripheral insulin resis-
tance.23,39 IRS-2 knockout mice in the first 6 weeks of life, with
near normal glycemia, have normal rates of basal and insulin-

Fig 5. Effect of captopril on glucose uptake. Glucose transport

was determined by measuring the initial rates of 2-deoxy-glucose

uptake in control and captopril-treated cells before and after insulin

stimulation. Data are mean � SEM of 4 experiments (*P < .05 control

v captopril-treated).

Fig 4. Effect of captopril on AKT serine phosphorylation. Myo-

cytes were incubated in the absence (CONT) or presence of 10�6

mol/L captopril for 24 hours (CAPT). The cells were then washed and

growth media without (-) or with 10�7 mol/L insulin (�) was added

and aspirated off 1 minute later. The cells were homogenized in

extraction buffer, centrifuged, and submitted to SDS-PAGE as de-

scribed in the Methods. The immunoblotting was performed with

antiphospho-AKT antibody. Bar graphs show the densitometry anal-

ysis of the distinct bands. Data points are means � SEM from 4

experiments for each condition (*P < .05 basal control v basal cap-

topril-treated cells; #P < .05 insulin-stimulated control v insulin-stim-

ulated captopril-treated cells).
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stimulated glucose-uptake in skeletal muscle. These findings
demonstrate that IRS-2 is not necessary for glucose transport in
skeletal muscle and suggest that signaling through other mol-
ecules such as IRS-1 is sufficient to mediate the effect of
insulin on glucose transport in this tissue. Our results are in
agreement with these data, since, captopril treatment induced
an increase in basal and insulin-stimulated glucose uptake in
BC3H-1 cell accompanied by an augment in insulin-induced
tyrosine phosphorylation of IRS-1, with no further increase in
IRS-2 phosphorylation.

Phosphorylated IRS-1 and IRS-2 can associate with PI-3
kinase, which is a key signaling transducer in insulin-mediated
glucose uptake and glycogen synthesis.26,40 The PI-3 kinase–
derived phosphorylated phosphatidylinositols contribute to ac-
tivation of the serine/AKT, one of the best known PI-3 kinase
effectors. In BC3H-1 cells treated with captopril there was an
increase in insulin-induced IRS-1/PI-3 kinase association and
an AKT serine phosphorylation. It is interesting to note that
even in basal condition there was also an increase in AKT
serine phosphorylation in captopril-treated cells. AKT mediates
a step in the activation of GLUT1 gene expression in culture
cells, GLUT 1 and GLUT4 translocation in adipose tissue and
muscle, and also inactivates glycogen synthase kinase-3, result-
ing in activation of glycogen synthase.40-43 Our studies showed
that captopril has a direct effect on glucose uptake. This effect
was observed even in the basal state and was additive to that of
insulin. The mechanism underlying the effect on glucose up-
take may be related to the increase in AKT serine phosphory-
lation, which was also observed in basal state, suggesting an
effect of this drug independent of the upstream insulin signal-
ing. The increase in IRS-1 tyrosine phosphorylation and IRS-1
association with PI-3 kinase induced by captopril may also play
a role in the increased glucose uptake demonstrated with this
drug.

The increased tyrosine phosphorylation of others bands be-
sides pp 185, as detected in the whole-tissues extract, may be
an important observation indicating a potential broad effect on

tyrosine kinase activity or an inhibition of tyrosine phosphatase
activity. However, these are possibilities yet to be adequately
addressed.

We showed previously that administration of captopril to
insulin-resistant aged rats augmented in liver and skeletal mus-
cle the early steps in the insulin-signaling cascade, such as
insulin-induced phosphorylation of insulin receptor and IRS-1
and the insulin-stimulated association of IRS-1 and PI-3 ki-
nase.11 These results are somewhat different from the present in
vitro experiments, where we did find no change in insulin-
stimulated IR phosphorylation. These discrepancies between
studies most likely are because of the difference in the models
used. Here we examined the captopril effect directly by using
a cultured muscle cell line, whereas in the previous study, the
whole animal was treated with captopril. In vivo, there is
evidence that the increase in glucose utilization during ACE
inhibitor treatment is mediated, at least in part, by hemody-
namic factors such as an improved capillary blood flow and an
accompanying increase delivery of insulin to the muscle.44,45

Also, it is important to emphasize that the animal that was
investigated in previous study was insulin resistant, with re-
duced insulin-induced receptor tyrosine phosphorylation.

To our knowledge, this is the first demonstration of capto-
pril-induced AKT serine phosphorylation in BC3H-1 cultured
cells. Since, there is no evidence in the literature indicating that
these cells have the elements of the renine angiotensin system,
we may suggest that our study provides evidence that captopril,
a sulfydryl-containing group ACE inhibitor, has a direct effect
on early steps of insulin action and also suggest a possible
interaction directly with intracellular signaling molecules.
These results may suggest a molecular mechanism by which
this ACE inhibitor improves insulin action.

ACKNOWLEDGMENT

We are grateful to Luiz Janeri, Luciana C. Caperuto, and Luciene M.
Santos for technical assistance.

REFERENCES

1. Uehara M, Kishikawa H, Isami S, et al: Effect on insulin sensi-
tivity of angiotensin converting enzyme inhibitors with or without
sulphydryl group: Bradykinin may improve insulin resistance in dogs
and humans. Diabetologia 37:300-307, 1994

2. Henriksen EJ, Jacob S: Effects of captopril on glucose transport
activity in skeletal muscle of obese Zucker rats. Metabolism 44:267-
272, 1995

3. Jacob S, Henriksen EJ, Fogt DL, et al: Effects of trandolapril and
verapamil on glucose transport in insulin-resistant rat skeletal muscle.
Metabolism 45:535-541, 1996

4. Pollare L, Lithell H, Berne C: A comparison of the effects of
hydrochlorothiazide and captopril on glucose and lipid metabolism in
patients with hypertension. N Engl J Med 321:868-873, 1989

5. Ferriere M, Lachhkar H, Richard JL, et al: Captopril and insulin
sensitivity. Ann Intern Med 102:134-135, 1985

6. Gans ROB, Biol HJG, Nauta JJP, et al: The effect of angiotensin-I
converting enzyme inhibition on insulin action in health volunteers. Eur
J Clin Invest 21:527-533, 1991

7. Dietze GJ: Modulation of the action of insulin in relation to the
energy state in skeletal muscle tissue: Possible involvement of kinins
and prostaglandins. Mol Cell Endocrinol 25:127-169, 1982

8. Henriksen EJ, Jacob S, Fogt DL, et al: Effect of chronic brady-
kinin administration on insulin action in an animal model of insulin
resistance. Am J Physiol 275: R40-R45, 1998

9. Leighton B, Sanderson AL, Young ME, et al: Effects of treatment
of spontaneously hypertensive rats with the angiotensin-converting
enzyme inhibitor trandolapril and the calcium antagonist verapamil on
the sensitivity of glucose metabolism to insulin in rat soleus muscle in
vitro. Diabetes 45:S120-S124, 1996 (suppl 1)

10. Miyata T, Taguchi T, Uehara M, et al: Bradykinin potentiates
insulin-stimulated glucose uptake and enhances insulin signal through
the bradykinin B2 receptor in dog skeletal muscle and rat L6 myoblasts.
Eur J Endocrinol 138:344-352, 1998

11. Carvalho CRO, Thirone ACP, Gontijo JAR, et al: Effect of
captopril, losartan and bradykinin on early steps of insulin action.
Diabetes 46:1950-1957, 1997

12. Hartl WH, Jauch KW, Wolfe RR, et al: Effects of kinins on
glucose metabolism in vivo. Horm Metab Res Suppl 22:79-84, 1990

13. Hartl WH, Jauch KW, Herndon DN, et al: Effect of low-dose
bradykinin on glucose metabolism and nitrogen balance in surgical
patients. Lancet 335:69-71, 1990

14. Kodama J, Katayama S, Tanaka K, et al: Effect of captopril on

277EFFECT OF CAPTOPRIL ON INSULIN ACTION



glucose concentration: Possible role of augmented postprandial fore-
arm blood flow. Diabetes Care 13:1109-1111, 1990.

15. Hirooka Y, Imaizuma T, Masaki H, et al: Captopril improved
impaired endothelium-dependent vasodilatation in hypertensive pa-
tients. Hypertension 20:175-180, 1992

16. Jauch KW, Hartl W, Gunther B, et al: Captopril enhances insulin
responsiveness of forearm muscle tissue in non-insulin-dependent di-
abetes mellitus. Eur J Clin Invest 17:448-454, 1987

17. Schubert D, Harris AJ, Devine CE, et al: Characterization of a
unique muscle cell line. J Cell Biol 61:398-413, 1974

18. Mayor P, Maianu L, Garvey WT: Glucose and insulin chroni-
cally regulate insulin action via different mechanisms in BC3H1 myo-
cytes. Effects on glucose transporter gene expression. Diabetes 41:274-
284, 1992

19. Marschall S: Kinetics of insulin receptor internalization and
recycling in adipocytes. J Biol Chem 260:4136-4144, 1985

20. Towbin H, Staehlin J, Gordon J: Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: Procedure
and some applications. Proc Natl Acad Sci USA 76:4350-4354, 1979

21. Heidenreich KA, Gilmore P: Structural and functional charac-
teristics of insulin receptors in rat neuroblastoma cells. J Neurochem
45:1642-1648, 1985

22. White MF: The IRS-signaling system: A network of docking
proteins that mediate insulin action. Mol Cell Biochem 182:3-11, 1998

23. Araki E, Lipes MA, Patti ME et al: Alternative pathway of
insulin signaling in mice with target disruption of IRS-1 gene. Nature
372:186-190, 1994

24. Burgering BM, Coffer PJ: Protein kinase B (AKT) in phospha-
tidylinositol-3-OH-kinase signal transduction. Nature 376:599-602,
1995

25. Franke TF, Yang SI, Chan TO, et al: The protein kinase encoded
by the AKT proto-oncogene is a target of PDGF-activated phosphati-
dylinositol 3-kinase. Cell 81:727-736, 1995

26. Coffer PJ, Jin J, Woodgett JR: Protein kinase (c-AKT): A
multifunctional mediator of phosphatidylinositol 3-kinase activation.
Biochem J 335:1-13, 1998

27. Patrick J, McMilan J, Wolfson H, et al: Acethylcholine receptor
metabolism in a nonfusing muscle cell line. J Biol Chem 252:2143-
2153, 1977

28. Standaert ML, Schimmel SD, Pollet RJ: The development of
insulin-receptors and responses in the differentiating nonfusing muscle
cell line BC3H-1. J Biol Chem 259:2337-2345, 1984

29. Olson EN, Caldwell KL, Gordon GI, et al: Regulation of crea-
tine phosphokinase expression during differentiation of BC3H-1 cells.
J Biol Chem 258:2644-2652, 1983

30. Sechi LA, Griffin CA, Zingaro L, et al: Effects of angiotensin II
on insulin receptor binding and mRNA levels in normal and diabetic
rats. Diabetologia 40:770-777, 1997

31. Dominguez LJ, Barbagallo M, Jacober SJ, et al: Bisoprolol and
captopril effects on insulin receptor tyrosine kinase activity in essential
hypertension. Am J Hypertens 10:1349-1355, 1997

32. Sun XJ, Rothenberg PL, Kahn CR, et al: Structure of the insulin
receptor substrate IRS-1 defines a unique signal transduction protein.
Nature 352:73-77, 1991

33. White MF, Maron R, Kahn CR: Insulin rapidly stimulates ty-
rosine phosphorylation of a Mr 185,000 protein in intact cells. Nature
318:183-186, 1985

34. Ebina Y, Araki E, Taira M, et al: Replacement of lysine residue
1030 in the putative ATP-binding region of the insulin receptor abol-
ishes insulin-and antibody-stimulated glucose uptake and receptor ki-
nase activity. Proc Natl Acad Sci USA 84:704-708, 1987

35. White MF, Kahn CR: The insulin signaling system. J Biol Chem
269:1-5, 1994

36. Chou CK, Dull TJ, Russel DS, et al: Human insulin receptors
mutated at the ATP-binding site lack protein tyrosine kinase activity
and fail to mediate postreceptor effects of insulin. J Biol Chem 262:
1842-1847, 1987

37. Kerouz NJ, Horsch D, Pons S, et al: Differential regulation of
insulin receptor substrates-1 and -2 (IRS-1 and IRS-2) and phosphati-
dylinositol 3-kinase isoforms in liver and muscle of obese diabetic
(ob/ob) mouse. J Clin Invest 100: 3164-3172, 1997

38. Kido Y, Burks DJ, Withers D, et al: Tissue-specific insulin
resistance in mice with mutations in the insulin receptor, IRS-1, and
IRS-2. J Clin Invest 105:199-205, 2000

39. Previs SF, Whiters DJ, Ren JM, et al: Contrasting effects of
IRS-1 versus IRS-2 gene disruption on carbohydrate and lipid metab-
olism in vivo. J Biol Chem 275:38990-38994, 2000

40. Cheatham B, Vlahos CJ, Cheatham L, et al: Phosphatidylinositol
3-kinase activation is required for insulin stimulation of pp70 S6
kinase, DNA synthesis and glut4 transporter translocation. Mol Cell
Biol 14:4902-4911, 1994

41. Barthel A, Okino ST, Liao J, et al: Regulation of GLUT1 gene
transcription by the serine/threonine kinase AKT. J Biol Chem 274:
20281-20286, 1999

42. Taha C, Liu Z, Jin J, et al: Opposite translational control of
GLUT1 and GLUT4 glucose transporter mRNAs in response to insulin.
J Biol Chem 274: 33085-33091, 1999

43. Cross DA, Alessi DR, Cohen O, et al: Inhibition of glycogen
synthase kinase-3 mediated by protein kinase B. Nature 378:785-789,
1995

44. Kodama J, Katayama S, Tanaka K, et al: Effect of captopril on
glucose concentration: Possible role of augmented postprandial fore-
arm blood flow. Diabetes Care 13:1109-1111, 1990

45. Hirooka Y, Imaizumi T, Masaki H, et al: Captopril improved
impaired endothelium-dependent vasodilatation in hypertensive pa-
tients. Hypertension 20:175-180, 1992

278 MOISÉS ET AL


