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Abstract To investigate mechanisms by which angio-
tensin converting enzyme (ACE)-inhibition increases in-
sulin sensitivity, spontaneously hypertensive (SH) rats
were treated with or without ramipril (1 mg/kg per day)
for 12 weeks. Insulin binding and protein levels of insulin
receptor substrate-1 (IRS-1), p85-subunit of phosphati-
dylinositol 3'-kinase (p85) and Src homology 2 domain-
containing phosphatase-2 (SHP2) were then determined
in hindlimb muscle and liver. Additionally, protein tyro-
sine phosphatase (PTPase) activities towards immobilized
phosphorylated insulin receptor or phosphorylated IRS-1
of membrane (MF) and cytosolic fractions (CF) of these
tissues were measured. Ramipril treatment increased
IRS-1-protein content in muscle by 31+9% (P<0.05). No
effects were observed on IRS-1 content in liver or on in-
sulin binding or protein expression of p85 or SHP2 in
both tissues. Ramipril treatment also increased dephos-
phorylation of insulin receptor by muscle CF (22.0+
1.0%/60 min compared to 16.8+1.5%/60 min; P<0.05),
and of IRS-1 by liver MF (37.2+1.7%/7.5 min compared
to 33.8+1.7%/7.5 min; P<0.05) and CF (36.8+1.0%/7.5
min compared to 33.2+1.0%/7.5 min; P<0.05). We con-
clude that the observed effects of ACE-inhibition by rami-
pril on the protein expression of IRS-1 and on PTPase ac-
tivity might contribute to its effect on insulin sensitivity.
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Introduction

Angiotensin converting enzyme (ACE)-inhibition has
been shown to increase insulin sensitivity in animals
(Tomiyama et a. 1994; Uehara et a. 1994; Chow et al.
1995; Leighton et al. 1996; Caldiz and de Cingolani 1999)
and may have similar effects in humans (Vuorinen-
Markkola and Yki-Jarvinen 1995; Vaens et al. 1996;
Galletti et al. 1999). Cellular insulin action is initiated by
hormone binding to its heterotetrameric cell surface re-
ceptors, which is followed by autophosphorylation of
multiple tyrosine residues on the receptor [3-subunit. This
results in activation of the receptor kinase and tyrosine
phosphorylation of insulin receptor substrates. One of these
substrates is the insulin receptor substrate-1 (IRS-1). Sev-
era other proteins bind to the phosphorylated IRS-1 and
are thought to mediate the effects of insulin. Phos-
phatidylinositol 3' (PI3)-kinase is a lipid kinase, which
upon binding to IRS-1 is activated, and which is impor-
tant for the signaling that leads to the translocation of glu-
cose transporter 4 (GLUT4) to cell surface and the initia-
tion of glucose uptake (Virkaméaki et a. 1999). Another
protein that binds to phosphorylated IRS-1 is the Src ho-
mology 2 domain-containing phosphatase-2 (SHP2), a
protein tyrosine phosphatase (PTPase) that on the one
hand appears to be important for the dephosphorylation of
IRS-1 (Myers et a. 1998), and on the other hand also for
downstream insulin signaling (Milarski and Saltiel 1994;
Ugi et a. 1996). Short-term (6 h) ACE-inhibition has
been shown to increase insulin-stimulated phosphoryla-
tion of the insulin receptor and IRS-1 in muscle and liver
of insulin-resistant aged (Carvalho et a. 1997) or obese
wistar rats (Carvalho et a. 1998), but not in insulin-sensi-
tive young wistar rats (Carvaho et al. 1997).

Little is known about the effects of long-term ACE-in-
hibition on insulin signaling, except that ACE-inhibition
for 12 (Katayama et al. 1997) or 2 weeks (Jacob et a.
1996) was associated with an increased GLUT4-protein
amount in skeletal muscle of spontaneously hypertensive
(SH) and obese Zucker (falfa) rats, respectively. One goal
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of the present study was therefore to investigate whether
long-term treatment with ramipril (12 weeks) also affects
the expression of other proteins that are important for ini-
tial insulin signaling [insulin receptor, IRS-1, p85-subunit
of PI3-kinase (p85) or SHP2].

Another mechanism by which ACE-inhibition could
modulate insulin signaling is by alteration of PTPase ac-
tivities directed towards phosphorylated insulin receptor
or its substrates (Goldstein 1993; Klein et al. 1997). There
is evidence that ACE-inhibition might influence the activ-
ity of such PTPases. ACE-inhibition results in increased
bradykinin and reduced angiotensin Il (Campbell et al.
1994), and these peptides have been shown to alter
PTPase activity, at least towards synthetic substrates
(Brechler et al. 1994; Takahas et a. 1994; Tsuzuki et al.
1996; Fleming and Busse 1997). An additional goa of
the present study was therefore to investigate whether
ramipril aters PTPase activities towards phosphorylated
recombinant insulin receptor or IRS-1.

SH rats were chosen in our study because this animal
model combines essential hypertension and insulin resis-
tance (Reaven et al. 1989; Hulman et al. 1993), and be-
cause long-term ACE-inhibition has been shown to in-
crease insulin sensitivity in these animals (Tomiyama et
a. 1994; Chow et al. 1995; Leighton et al. 1996; Caldiz
and de Cingolani 1999).

Materials and methods

Animals. Male SH rats were purchased at an age of 6 weeks from
Charles River (Sulzfeld, Germany) and fed ad libitum. Twenty-
four rats were divided randomly into two groups that received
1 mg/kg per day of ramipril (1 mg/ml in distilled water) or distilled
water (1 mi/kg per day), respectively, once daily by gavage for
12 weeks. Animals were then sacrificed by decapitation, and liver
and hindlimb muscle rapidly frozen in liquid nitrogen. The frozen
tissues were broken into pieces of approximately 0.3 g by 3-5
hammer strokes and stored at —80°C. Blood was collected for the
measurement of glucose (Beckman Glucose Analyzer; Beckman
Instruments, Munich, Germany) and insulin (rat-insulin-RIA-Kit;
Linco Research, St. Charles, USA). At the end of the treatment pe-
riod serum glucose was 147+1 mg% and 150+4 mg% (not signifi-
cant = n.s.), serum insulin 2.45+0.18 ng/ml and 2.46+0.29 ng/ml
(n.s.), body weight 341+2 g and 343+5 g (n.s.), and systolic blood
pressure (tail cuff method; Bunag et a. 1982) 221+2 mmHg and
178+5 mmHg (P<0.05) in control and ramipril-treated animals, re-
spectively. The study was carried out in accordance with the guide
for the care and use of laboratory animals as adopted by the Mi-
nisterium fur Natur und Umwelt des Landes Schleswig-Holstein,
Deutschland, animal protocols nos. 9/p/93 and 9/r/95.

Insulin binding. Frozen muscle or liver tissue was homogenized at
4°C in buffer A [20 mM HEPES, 1% Triton X-100, 800 kallikrein
inhibitor units/ml aprotinin, 2.5 mM phenylmethylsulfonylfluoride
(PMSF), 2.5 mg/ml benzamidine, 2.5 pg/ml leupeptin, 2.5 pg/mi
pepstatin A; pH 7.4; 1 g/4 ml] with a motor-driven Elvehjem ho-
mogenizer. After centrifugation at 40,000 g for 30 min, binding of
insulin was performed essentially as described (Kotzke et al.
1995). Insulin receptors from muscle and liver extracts were im-
mobilized to microwells coated with anti-insulin receptor antibody
(alR), and [*1]Tyr-A'*-labeled insulin (0.06 nmol/l) was then
added in the absence or presence of unlabeled insulin (0—
3460 nmol/l). After 16 h at 4°C wells were washed to remove un-
bound insulin. [*?8|]insulin that had bound to the immobilized re-
ceptors was then collected by twice adding a solution of 2% SDS

to the wells for 30 min (at room temperature), and the radioactiv-
ity determined by gamma-counting.

Immunoblots. Frozen muscle or liver tissue was homogenized in
Laemmli sample buffer (1 g/4 ml; Laemmli 1970) that contained
100 mM dithiothreitol (DTT) and was boiled for 5 min. After cen-
trifugation at 40,000 g for 30 min supernatants were stored at
—80°C. Extracts were then adjusted for the same protein content by
dilution in Laemmli sample buffer, boiled, subjected to SDS-
PAGE (7.5%), and proteins transferred to polyvinylidene difluo-
ride membranes. Proteins were then detected with anti-IRS-1
(0.75 pg/ml; Upstate Biotechnology, Lake Placid, USA), anti-p85
(0.2 pl/ml; Upstate Biotechnology), and anti-SHP2 antibodies
(0.5 pg/ml; Transduction Laboratories, Lexington, USA), peroxi-
dase-labeled second antibodies (BioRad, Munich, Germany), and
chemiluminescence using the enhanced chemiluminescence detec-
tion kit (Amersham, Braunschweig, Germany).

Dephosphorylation assays. Frozen muscle or liver tissue was ho-
mogenized in buffer B (25 mM HEPES, 1 mM PMSF, 800
kallikrein inhibitor units/ml aprotinin, 5 mM EDTA, 250 mM su-
crose, 2.5 pg/ml leupeptin, 5 mM benzamidine, 1 mM DTT; pH
7.4; 1gmuscle/8 ml, 1 g liver/10 ml) and separated into membrane
(MF) and cytosolic fractions (CF) as described earlier (Ahmad and
Goldstein 1995). Assays were performed in microwells with im-
mobilized recombinant phosphorylated insulin receptor or IRS-1
as previously described (Krutzfeldt et al. 1999). For the measure-
ment of insulin receptor dephosphorylation, insulin receptors from
Chinese hamster ovary cells that overexpress human insulin recep-
tors were first immobilized to microwells coated with alR and
then subjected to in vitro autophosphorylation (Kritzfeldt et al.
1999). For the measurement of IRS-1-dephosphorylation, recom-
binant IRS-1 (Upstate Biotechnology) was first phosphorylated by
immobilized, activated insulin receptor kinase and then immobi-
lized to wells that had been coated with polyclona antibody
against IRS-1 (Krutzfeldt et al. 1999). The wells with the immobi-
lized substrates were then preincubated with buffer B for 30 min at
30°C. Dephosphorylation reactions were initiated by replacing
buffer B by 30 pl of tissue fractions (muscle MF and CF:
0.35 mg/ml; liver MF and CF. 0.2 mg/ml) and continued for
60 min (insulin receptor dephosphorylation by muscle MF and
CF), 30 min (insulin receptor dephosphorylation by liver MF and
CF), 15 min (IRS-1-dephosphorylation by muscle MF and CF), or
for 7.5 min (IRS-1-dephosphorylation by liver MF and CF). These
protein concentrations and incubation times had been shown to be
in the linear range for the dephosphorylation reactions (Kritzfeldt
et al. 1999; and data not shown). Parallel incubations were per-
formed without tissue fractions (buffer B) or with the respective
muscle or liver samples to which 10 mM sodium orthovanadate
(final concentration) had been added. After the end of the incuba-
tions, wells were washed and the phosphotyrosine (PY)-content of
the immobilized insulin receptors or IRS-1 measured using bi-
otinylated anti-PY antibody and colorimetrical detection with
streptavidin-horseradish peroxidase conjugate and ABTS (Boeh-
ringer, Mannheim, Germany) oxidation (Krutzfeldt et al. 1999).

Immunodepletion of SHP2. Protein G-sepharose (30 pl; Pierce,
Rockford, USA) was incubated with SHP2-antibody (5 pg; Santa
Cruz Biotechnology, Santa Cruz, USA) for 2 h at room tempera-
ture and washed. Then 120 pl of muscle cytosolic fraction
(3 mg/ml) was added to the sepharose. After 16 h at 4°C the
sepharose was removed by centrifugation, and immunoblots and
IRS-1-dephosphorylation assays performed with the supernatants.
Actin immunoblots were carried out with anti-actin antibody
(3.3 pg/ml; Boehringer, Mannheim, Germany) to demonstrate that
no other proteins were lost during the immunodepl etion procedure.

Protein determination. Protein determinations were performed by
the Bradford dye method (Bradford 1976) using the Bio-Rad
reagent (Munich, Germany) and BSA as a standard.

Satistical analysis. For blood pressure, body weight, serum in-
sulin and glucose, normal distribution was verified by the Kol-



mogorov-Smirnov test and differences analyzed by the two-tailed
Student’ s t-test for unpaired data. Immunoblots for IRS-1, p85 and
SHP2 were performed for al rats in a single experiment per pa-
rameter, bands analyzed by scanning densitometry, and densito-
metric units compared between the groups treated with or without
ramipril by the Mann-Whitney rank sum test for unpaired data
PTPase activities could not be measured in a single experiment for
all groups and conditions. Since considerable interassay variation
may occur with this assay procedure, rats treated with or without
ramipril were randomly paired, and dephosphorylation measured
in pairs. Paired data were compared by the Wilcoxon signed rank
test. P-values <0.05 were considered statistically significant.
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Results

Effect of ramipril on insulin binding
and on protein levels of IRS-1, p85 and SHP2

In muscle and liver no ramipril effects were observed on
insulin binding or on the amount of p85 or SHP-2 (Fig. 1).
IRS-1 was, however, significantly increased by 31% in
muscle of ramipril-treated rats as compared to control rats
(Fig. 1C). No such difference in the amount of IRS-1 was
observed in liver (Fig. 1D).

Effect of ramipril on PTPase activities

Dephosphorylation of immaobilized phosphorylated in-
sulin receptors or IRS-1 by tissue fractions was expressed
as a decrease of the PY-signal in the presence of tissue
fractions as compared to wells without added tissue frac-
tions (absolute decrease; Fig. 2, open columns) or as com-
pared to wells with added tissue fractions and vanadate
(vanadate-inhibitable decrease; Fig.2, filled columns).
Liver CF of ramipril-treated rats resulted in significantly
higher IRS-1-dephosphorylation than liver CF of controls,
irrespective of how the results were expressed. If dephos-
phorylation was expressed as the absolute decrease of the
PY-signal (Fig.2, open columns), ramipril treatment also
resulted in a significantly increased dephosphorylation of
the insulin receptor by muscle CF and of IRS-1 by liver
MF. A similar tendency was observed if dephosphoryla-
tion was expressed as vanadate-inhibitable decrease of the
PY-signal, but statistical significance was not reached.

Effect of SHP2 on IRS-1-dephosphorylation

To evauate the contribution of SHP2 to IRS-1-dephos-
phorylation, muscle CF was depleted from SHP2 (Fig. 3A).

Fig.1A—H Effect of ramipril oninsulin binding and protein levels
of IRS-1, p85 and SHP2. Rats were treated with (filled circles,
filled columns) or without ramipril (open circles, open columns)
for 12 weeks. For the measurement of insulin binding, A skeletal
muscle and B liver were solubilized as described in Materials and
methods, and extracts adjusted to 13 mg/ml and 3.3 mg/ml, re-
spectively. Insulin receptors were immunoimmobilized to micro-
wells coated with alR, and binding determined in the presence of the
indicated insulin concentrations as described. For the measurement
of the amounts of IRS-1, p85 and SHP2 in muscle (C,E,G) and
liver (D,F,H), equal amounts of protein from rats treated with or
without ramipril (muscle: 45, 120 and 50 pg for IRS-1, p85 and
SHP2, respectively; liver: 20 pg for IRS-1, p85 and SHP2) were
loaded to SDS-polyacrylamide gels. Immunoblots were then per-
formed with the respective antibodies and bands analyzed by scan-
ning densitometry. A,B Insulin binding. Shown is the percentage
of the radioactivity bound in the absence of unlabelled insulin. Re-
sults represent means £ SEM (n=4 for muscle; n=6 for liver). C—H
Amounts of IRS-1, p85 and SHP2. Shown are means + SEM
(n=11; *P<0.05)
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Fig.2A,B Effect of ramipril on PTPase activities directed against
insulin receptor or IRS-1. Rats were treated as described in Fig. 1.
Muscle (A) or liver tissue (B) was then separated into membrane
fractions (MF) and cytosolic fractions (CF) as described in Mate-
rials and methods. These fractions were added to wells with im-
mobilized phosphorylated insulin receptor or IRS-1 in the presence
or absence of vanadate, and wells incubated as described. Wells
were washed and the phosphotyrosine (PY)-signal detected with
anti-PY antibody. Shown is the reduction of the PY-signa in the
presence of tissue fractions as compared to the signal in the ab-
sence of tissue fractions (buffer only; open columns) or as com-
pared to the signal in the presence of tissue fractions that contained
10 mM vanadate (filled columns). Results represent means + SEM
(n=12). *P<0.05 (ramipril compared to control)

This depletion decreased the ability of the extracts to de-
phosphorylate IRS-1 by 20+£5% (Fig. 3B).

Discussion

An important finding of the present study is that long-
term (12 weeks) ACE-inhibition with ramipril was associ-
ated with a 30% increase of skeletal muscle IRS-1 con-
tent. This may, at least partialy, explain the increased
whole-body insulin sensitivity that was observed in this
animal model after ACE-inhibition for the same period of
time (Chow et al. 1995). It is conceivable that an increased
protein expression of this important insulin receptor sub-
strate results in amplified insulin signaling, and in fact a
correlation between expression levels of IRS-1 and in-
sulin sensitivity has been observed in 3T3-L 1-adipocytes
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Fig.3A,B Contribution of SHP2 to dephosphorylation of IRS-1.
Protein G-sepharose was incubated with (black column) or without
(gray column) SHP2-antibody (a-SHP2) for 2 h at room tempera-
ture and washed. Muscle cytosolic fractions (3 mg/ml) from rats
that had not been treated with ramipril were then added for 16 h at
4°C. Sepharose was removed by centrifugation, and immunoblots
and |IRS-1-dephosphorylation assays performed with the super-
natants. A SHP2 and actin immunoblots of a representative exper-
iment. In all experiments immunodepletion of SHP2 evaluated by
scanning densitometry was >95%. B |RS-1-dephosphorylation.
Shown is the reduction of the phosphotyrosine (PY)-signal in the
presence of tissue fractions as compared to the signal in the ab-
sence of tissue fractions. Results represent means + SEM (n=8;
*P<0.05)

(Rice and Garner 1994) and IRS-1-deficient mice (Araki
et a. 1994).

Carvaho et al. have previoudy investigated effects of
ACE-inhibition with captopril in aged (1997) or obese
wistar rats (1998), and, in contrast to our study, did not
observe alterations in skeletal muscle IRS-1 content. This
is most likely explained by the fact that they investigated
short-term effects (6 h) whereas in our study long-term ef-
fects (12 weeks) of ACE-inhibition were studied. It is
conceivable that the mechanisms that contribute to in-
creased insulin sensitivity following ACE-inhibition dif-
fer, at least partially, between short- and long-term treat-
ment.

At present it is not clear how ACE-inhibition influ-
ences the protein amount of IRS-1. It has previously been
reported that bradykinin (El-Dahr et al. 1998) and an-
giotensin |1 (Kohara et al. 1992) can influence gene regu-
lation, and therefore increased bradykinin and/or de-
creased angiotensin Il levels may be responsible. A de-
creased sympathetic activity following ACE-inhibition



that has been described by Grassi et a. (1997) may aso
be of importance. This would be consistent with a recent
study that demonstrated increased IRS-1-protein levelsin
skeletal muscle of SH rats after inhibition of sympathetic
activity with the selective imidazoline receptor agonist
moxonidine for 12 weeks (Ernsberger et al. 1999).

The observed ramipril effects on PTPase activity to-
wards the insulin receptor and IRS-1 might also con-
tribute to the effect of ACE-inhibitors on insulin sensitiv-
ity. PTPase activity was measured as the effect of tissue
extracts on the decrease of the PY-signal of tyrosine-phos-
phorylated immobilized recombinant insulin receptor or
IRS-1. This decrease was either expressed as compared to
the PY-signal obtained without addition of tissue extracts
(absolute decrease of the PY-signal), or as compared to
the PY-signal obtained with added tissue extracts and
vanadate (vanadate-inhibitable decrease of the PY-signal).
The vanadate-inhibitable decrease of the PY-signal was
only dightly smaller than the absolute decrease (Fig.2),
which suggests that most of the decrease of the PY-signal
was due to PTPases, and that other factors, i.e. degrada-
tion of substrates, only played a minor role. Ramipril
treatment resulted in a more pronounced absolute de-
crease of the PY-signal of the insulin receptor by muscle
CF and of IRS-1 by liver MF and CF. A similar tendency
was observed for the vanadate-inhibitable decrease of the
PY-signal, but statistical significance was only obtained
for the dephosphorylation of IRS-1 by liver CF. These dif-
ferences between the results for the absolute and vana-
date-inhibitable decrease of the PY-signal may be dueto a
dlightly higher variation of the results for the vanadate-in-
hibitable PTPase activity. Alternatively, it is possible that
the ACE-inhibition affected PTPases that were not (com-
pletely) inhibited by vanadate, or that substrate degrada-
tion contributed to the ramipril effect on the absolute de-
crease of the PY-signal. In any case, our results demon-
strate that ACE-inhibition increases rather than decreases
PTPase activity. They thus do not support the hypothesis
that ACE-inhibition increases insulin signaling by in-
creasing tyrosine phosphorylation of the insulin receptor
or IRS-1 by reducing their in-situ dephosphorylation by
PTPases.

The observed ateration in PTPase activity after ACE-
inhibition might nevertheless be related to increased in-
sulin sensitivity. There is evidence that the activation of
certain PTPases increases downstream insulin signaling.
The cytosolic PTPase SHP2 has been shown to have a
stimulatory effect on insulin-mediated activation of mito-
gen-activated protein kinase (Milarski and Saltiel 1994)
and PI3-kinase (Ugi et al. 1996). Moreover, in severa
previous studies a reduction of PTPase activity in the cy-
tosolic fraction, which is opposite to the ramipril effect
observed in the present study, has been shown to be asso-
ciated with insulin resistance (Olichon-Berthe et al. 1994;
Worm et a. 1996a, 1996b).

The reason for the increase of PTPase activity follow-
ing ramipril treatment is not clear. It is possible that stim-
ulation of bradykinin B2 receptors influences phosphatase
activity towards the insulin receptor and/or IRS-1. This
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notion that bradykinin might influence PTPase activity is
supported by the finding that bradykinin increased PT-
Pase activity, at least towards a synthetic peptide in endo-
thelial cells (Fleming and Busse 1997). Another mecha-
nism by which ACE-inhibition might influence PTPase
activities towards the insulin receptor and IRS-1 is de-
creased stimulation of angiotensin Il AT2-receptors. AT2-
receptors are present at least in adult rat liver (Regitz-Za-
grosek et al. 1995), and the hypothesis that AT2-receptor
stimulation can be associated with alterations of PTPase
activities is supported by previous data that showed inhi-
bition (Takahasi et al. 1994) or stimulation (Brechler et al.
1994; Tsuzuki et al. 1996) of PTPase activities towards
synthetic substrates in different cell models.

Muscle MF was more potent than CF with respect to
insulin receptor dephosphorylation and muscle CF was
more potent than MF with respect to IRS-1-dephosphory-
lation (Fig. 2A). We explored whether these differencesin
substrate specificity were caused by a predominant role of
the cytosolic PTPase SHP2, which binds to phosphory-
lated IRS-1 via SH2 domains (Kuhne et al. 1994), for
IRS-1-dephosphorylation. Our finding that SHP2 con-
tributed only to about 20% of the IRS-1-dephosphoryla-
tion showed that SHP2 was not a predominant PTPase for
dephosphorylation of IRS-1 in our assay system, and that
the different substrate specificities of MF and CF cannot,
at least not solely, be explained by the presence of SHP2
in the cytosolic fractions.

In conclusion, our data suggest that a 3-month treat-
ment of SH rats with ramipril increases the protein ex-
pression of IRS-1 in skeleta muscle, and enhances
PTPase activity. Both effects might contribute to the in-
creased insulin sensitivity observed in this rat model after
ACE-inhibition.
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