
543

Acta Pharmacologica Sinica   2006 May; 27 (5): 543–548

©2006 CPS and SIMM

Full-length article

Increased RhoA translocation in aorta of diabetic rats1
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Abstract
Aim: To analyze RhoA expression and activation in the aorta of diabetic rats.
Methods: Male SD rats (n=70) were divided into 2 groups: the diabetic group and
the control group. Diabetes was induced by intravenous injection of streptozotocin
(55 mg/kg).  The Rats were studied 3 weeks after the induction of diabetes.  West-
ern blotting was used to measure the expression and activation of Rho.  Results:
Heart rate was measured 24 h/d; it decreased by 58±13 beats/min in the diabetic
rats.  Isometric tension showed that the contraction of diabetic aorta was signifi-
cantly reduced compared with that of control aorta when stimulated by KCl and
serotonin.  The relaxation of the diabetic aorta was reduced when stimulated by
acetylcholine.  An enhanced RhoA translocation in the aortic tissues of diabetic
rats was determined by a 90% increase in membrane-bound RhoA, indicating that
the activation of RhoA is markedly increased in the diabetic aorta.  Conclusion:
Our data suggest that upregulated RhoA could be involved in the vascular dys-
function of diabetic rats.

Key words
aorta; contractility; diabetes; RhoA

1 Project supported by a  grant from the
Pharmaceutical Research and Manufactures
of America Foundation to Dr Jiping TANG.
5 Correspondence to Dr Jiping TANG.
Ph n 1-909-558-7693.
Fax 1-909-558-0119.
E-mail jipingtang@yahoo.com

Received 2006-01-13
Accepted 2006-02-07

doi: 10.1111/j.1745-7254.2006.00325.x

Introduction
Diabetes mellitus is a common metabolic disease world-

wide, affecting approximately 150 million people in 2000.  It is
predicted to affect 220 million people by 2010[1].  Diabetes
and its associated complications have become a public health
problem of considerable magnitude.  Cardiovascular disease
causes most of the excess morbidity and mortality in diabe-
tes mellitus[1].  Although numerous therapeutic interventions
available today can delay the development and progression
of vascular complications associated with diabetes, there is
an ongoing need for new therapeutic strategies[2].  Recent
studies have demonstrated that the activation of Rho pro-
teins appears to be a common component for the pathogen-
esis of hypertension and vascular proliferative disorders[3].
Functional analyses have further revealed that RhoA-de-
pendent pathways are involved in excessive contraction, mi-
gration and proliferation associated with arterial diseases[4].
However, the role of RhoA in the development of diabetic
vascular abnormalities is still unclear.  The present study is
designed to test the hypothesis that RhoA contributes to
the development of vascular pathological changes in diabetes.

Materials and methods
Animal model  Male Sprague-Dawley rats (200–250 g)

were divided into 2 groups: the diabetic group (n=26) and
the control group (n=26).  Diabetes was induced by a single
injection of streptozotocin (STZ) at a dose of 55 mg/kg
(Sigma Chemical Co, St Louis, MO, USA), and the control
group was injected with a 0.9% saline vehicle as described
previously[5].  All injections were administered intravenously
after the animals were anesthetized with sodium pentobar-
bital (50 mg/kg, ip).  The animals were housed under identi-
cal 12-h cycling-controlled light conditions and were fed stan-
dard rat laboratory diet with free access to water.  All animals
were killed 3 weeks after the induction of diabetes.  An addi-
tional group of rats (n=9) was used for measuring the blood
pressure and heart rate for STZ-induced diabetes.  The pro-
tocol for our study was approved by the Institutional Ani-
mal Care and Use Committee at the University of Mississippi
Medical Center.

Plasma glucose, serum insulin, free fatty acid, triglyc-
erides and cholesterol levels  Blood samples were collected
into heparin treated-hematocrit tubes by tail bleeding on
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weekly basis.  Blood was separated by centrifugation and
plasma glucose levels were determined using a Beckman Glu-
cose analyzer (Beckman Instruments Inc, Fullerton, CA, USA)[6].

Three weeks after the injection of STZ, the rats were anes-
thetized with sodium pentobarbital (50 mg/kg, ip).  Blood
was drawn from the aorta just prior to removing the heart at
the conclusion of the study, and the serum was separated
by centrifugation.  Insulin levels were determined by a radio-
immunoassay kit (Linco Research Inc, St Louise, MO, USA);
free fatty acid levels were measured by a diagnostic kit
(Boehringer Mannheim, GmbH, Mannheim, Germany), trig-
lycerides and cholesterol levels were measured using a diag-
nostic kit (Sigma Diagnostics Inc, St Louis, MO, USA)[7].

Mean arterial blood pressure and heart rate   Blood
pressure and heart rate were measured to assess the cardio-
vascular function.  The experiments were conducted in 9
rats.  Anesthesia was induced with sodium pentobarbital (50
mg/kg, ip), and an artery and a vein catheter were implanted
under aseptic conditions as described previously[8].  After
recovery from the anesthesia, the rats were placed in indi-
vidual metabolic cages; the arterial catheter was filled with
heparin solution (1000 USP/mL) and connected to a pres-
sure transducer via a hydraulic swivel (Instech Laboratories,
Inc, Plymouth Meeting, PA, USA).  Pulsatile arterial pres-
sure signals were amplified, sent to an analog-to-digital con-
verter and analyzed by computer for 24 h per day using cus-
tomized software.  After baseline measurements, STZ (55
mg/kg, iv) was administered to all rats followed by a 3-week
diabetic period.

Isometric tension  Contractility of the aorta from the dia-
betic and control rats was measured by isometric tension as
previously described[9].  The aortas were removed and cut
into 2-mm rings in a dissecting chamber filled with modified
Krebs-Henseleit bicarbonate solution containing 120 mmol/L
NaCl, 4.5 mmol/L KCl, 1 mmol/L MgSO4, 27 mmol/L NaHCO3,
1.2 mmol/L KH2PO4, 2.5 mmol/L CaCl2, and 10 mmol/L dex-
trose and bubbled with 95% O2–5% CO2.  The rings were
suspended at the resting tension of 1000 mg (Radnoti
transducer, Radnoti Glass Technology, Inc, Monrovia, CA,
USA) between stainless steel hooks in 10 water-jacketed tis-
sue baths (Radnoti Glass) in modified Krebs-Henseleit
biocarbonate buffer with 95% O2–5% CO2 at 37 °C.  The rings
were incubated for 90 min until a stable rest tension was
achieved, and the solution was changed every 20 min to
remove metabolites.  The tissues were challenged with 60
mmol/L KCl twice at 30-min intervals before the experiment.
Isometric force transducers were connected to arterial rings
and contraction was recorded with an 8-channel MacLab
(AdInstruments, Inc,  Colorado Springs, CO, USA) and stored

on a Power Macintosh computer.  Concentration-response
curves were established for the vasoconstriction agent
serotonin, or KCl, and for the vasorelaxation agent,
acetylcholine.

Protein preparation and Western blot analysis  The pro-
tein expression of RhoA was examined by Western blot us-
ing total lysate as previously described[8,10].  RhoA activa-
tion was determined by its translocation from cytoplasm to
membrane.  In brief, the aorta tissue was isolated and washed
with ice-cold PBS and then homogenized with a polytron in
ice-cold buffer containing 5 mmol/L Tris-HCl, 5 mmol/L NaCl,
1 mmol/L CaCl2, 2 mmol/L egtazic acid, 1 mmol/L MgCl2, 2
dithiothreitol (DTT), and 1 µL/mL of proteinase inhibitor
cocktail (Sigma, St Louise, MO, USA).  Total lysate was pre-
pared by centrifugation of homogenate at 1000×g for 15 min.
To prepare cell fractions, nuclei and unlysed cells in homo-
genate were removed by low-speed centrifugation at 500×g
for 5 min and the samples were centrifuged at 100 000×g for
60 min.  The supernatant was collected as cytosolic fraction
and the pellet was resuspended in the same buffer supple-
mented with 1% Nonidet P40 (NP-40) and then collected as
membrane fraction.  Protein concentrations were measured
and adjusted, and Laemmli sample buffer was then added.
Equal amounts of proteins were loaded in each lane, electro-
phoresed on 12% polyacrylamide-SDS gels and transferred
to the nitrocellulose membrane.  The membrane was probed
with 1 µg/mL of anti-RhoA antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), followed by horse-
radish peroxidase-conjugated protein A (Zymed) at 1:10 000
dilution.  Blots were exposed to film and RhoA expression in
total lysate; membrane and cytosolic fractions were analyzed
by densitometry.

RNA isolation and reverse transcription PCR (RT-PCR)
The mRNA expression of RhoA was examined by RT-PCR as
described previously[11].  In brief, total RNA was isolated
from the aorta with RNA STAT-60 (TEL-TEST “B”, Inc,
Friendswood, TX, USA).  All samples were treated with RQ1
RNase-Free DNase (Promega, Madison, WI, USA) prior to
RT-PCR.  cDNA was prepared from 1 µg of total RNA using
SuperScript First-Strand Synthesis System for RT-PCR kit
(Invitrogen, Carlsbad, CA, USA).  The thermal cycle profile
for PCR amplification of the 32 cycles was as follows: (1)
denaturing for 30 s at 95 °C; (2) annealing primers for 30 s at
55 °C; and (3) extending the primers for 1 min at 72 °C, and
using specific primers for RhoA (5' to 3' ACCAGTTCC-
CAGAGGTTTATGT; 3' to 5' TTTGGTCTTTGCTGAACACT
from Invitrogen, Carlsbad, CA, USA).  A portion of the 10 µL
of the PCR products was electrophoresed in 2% agarose gel
in TBE buffer.  For the quantitative analysis of the RT-PCR
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products, the density of the bands for mRNA was deter-
mined by a densitometer.  Intensities of the bands were nor-
malized by the intensity of the band of GAPDH and the re-
sult was expressed as the percentage of control (Figure 3).

Statistical analysis  The differences between the dia-
betic and control groups were compared using Student
t-test.  Daily hemodynamic data and isometric tension were
analyzed by ANOVA with repeated measures and Dunnett’s
t-test.  All values are expressed as mean±SEM.  The level of
significance was set at P<0.05.

Results
Diabetes was confirmed by hyperglycemia after STZ-

injection (plasma glucose was 624.0±15.8 mg/dL in diabetes
vs 120.0±3.7 mg/dL in control, P<0.01, Student t-test).  Dia-
betic animals had lower body weights (241.1±13.4 g) than
those in the control group (352.3±24.7 g, P<0.01).  Serum
insulin levels were markedly lower in the diabetic animals
(5.10±0.69 µU/mL) compared with the control group (32.80±
6.65 µU/mL, P<0.01), and lipid levels increased in the diabetic
rats [Free amino acid (FAA) 0.59±0.08 mmol/L, TG (4.48±
0.90) mg/mL, cholesterol (0.89±0.06) mg/mL] when compared
with the rats in the control group [FAA 0.21±0.03 mmol/L, TG
(0.658±0.081) mg/mL, cholesterol (0.675±0.042) mg/mL,
P<0.01, res-pectively].

Hemodynamics  Heart rate averaged 408.0±2.0 beats/min
during the baseline period and decreased markedly (P<0.05,
Student t-test) after the onset of diabetes (350±15 beats/min),
which is consistent with previous reports[12].  The mean arte-
rial pressure averaged 95.0±0.2 mmHg during baseline, and
the average of 97.0±0.4 mmHg during the diabetic period
was not significantly different (P>0.05, Student t-test).

Contraction and relaxation of STZ-induced diabetic aorta
KCl produced a concentration-dependent contraction in the
aortas of both the diabetic and control rats.  However, the
KCl-induced contraction of the aorta in the diabetic rats was
significantly reduced compared with that in the control rats
(Figure 1A), which is consistent with previous reports[13–15].
Serotonin-induced contraction of the aorta in diabetic rats
was almost abolished compared with the control rats (Figure
1B), which supports the findings of Reyes-Toso[16] and
Hattori[17].  Diabetes prohibited acetylcholine-induced relax-
ation in rat aortas (Figure 1C) which is consistent with other
published reports[13].

RhoA protein expression and activation in the aorta
(Western blot)  RhoA protein expression in the total lysate
extracted from the aorta tissue was not significantly differ-
ent (P>0.05) between the diabetic and control groups (Figure
2A), and was consistent with the finding of RhoA mRNA

expression.  These data indicate that total RhoA expression
did not change in the aorta of STZ-induced diabetic animals.

Increases in translocation from the cytosolic to the mem-
brane fraction are associated with RhoA activation[3].  To
investigate the effect of STZ-induced diabetes on the acti-

Figure 1.  (A) Isometric tension of the aorta.  KCl induced dose-
dependent contraction.  KCl-induced maximum contraction of the
aorta in diabetic rats was significantly reduced compared with the
control ra ts.   (B) Serotonin induced dose-dependent contraction.
Serotonin-induced maximum contraction of the aorta in diabetic rats
was markedly reduced compared with the control rats.  (C) Acetyl-
choline-induced relaxation.  Diabetes abolished acetylcholine-induced
relaxation in rat aortas.  n=13.  Mean±SEM.  bP<0.05 vs control.
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vation of RhoA, we measured membrane-associated RhoA

and cytosolic RhoA in the aortic tissue in diabetic and con-
trol rats.  Even though no significant change was found in
the cytosolic RhoA expression (Figure 2B), there was a 90%
increase (P<0.05, Student t-test) of membrane-associated
RhoA expression in the diabetic group compared with the
control group (Figure 2C).  The ratio (calculated from the
intensity) of RhoA protein in membrane/RhoA protein in
cytoplasm is significantly higher in diabetic rats (0.73±0.08)
than that in control rats (0.39±0.07, P<0.05), indicating an
increased RhoA translocation in aorta of diabetic rats.

These data indicate that RhoA activation was markedly
upregulated in the aorta of STZ-induced diabetic rats.

RhoA mRNA expression in aorta (RT-PCR)  To deter-
mine whether RhoA transcription in the aorta was affected
by STZ-injection, RhoA mRNA expression was measured by
quantitative RT-PCR.  Figure 3 shows that there was no
significant deference in RhoA mRNA expression in the aor-
tic tissue of diabetic rats compared with the control rats
(P>0.05).

Discussion
This study has demonstrated the following observations:

(1) there is significantly increased RhoA activation in the
aorta of diabetic rats; (2) concentration-dependent contrac-
tion induced by KCl or serotonin was markedly reduced in
the aorta of diabetic rats as well as the relaxation induced by
acetylcholine; and (3) there is no significant difference in the
mean arterial blood pressure between the control and dia-
betic rats suggesting that the change in RhoA activation
occurred before the onset of severe functional abnormalities.
Our data suggest that RhoA might be involved in the etiol-
ogy of diabetic vascular dysfunction.

Diabetes mellitus is a major and increasing health prob-
lem worldwide.  One of the most serious consequences of
diabetes is the development of diabetic angiopathy, which
includes cardiovascular disease, neuropathy, retinopathy
and nephropathy[2].  Adults with diabetes are at a 2−4-fold
increased risk of cardiovascular disease relative to those
without diabetes.  Cardiovascular disease accounts for up
to 80% of premature excess mortality in diabetic patients[1].
Studies on animals suggest that diabetes-induced vascular
complications may result from abnormalities of the contrac-
tile and regulatory proteins in diabetes[13,15], however, the
pathogenesis of diabetic vascular dysfunction remains
unclear.

Our data show that the maximum contraction of the aorta
induced by KCl and serotonin in diabetic rats is markedly
reduced compared with age-matched control rats, indicating

Figure 2.  Western blot of RhoA expression and activation in aorta.
(A) Total lysate.  RhoA (24 kDa) expressions in total lysate was not
significantly different between the diabetic and control groups (P>0.05).
(B) Cytosolic fraction.  RhoA expression in cytosolic fraction was
not significantly different between the diabetic and control group
(P>0.05).  (C) Membrane fraction.  RhoA expression in the mem-
brane fraction was significantly higher in the diabetic group (P<0.05).
Intensity is summarized in the left panel.  n=9.  Mean±SEM.  bP<0.05
vs control.

Figure 3.  (A) RhoA mRNA levels in the aorta.  Upper bands repre-
sent RhoA mRNA expression in the control and diabetic aortas; the
lower bands show the equal level of GAPDH mRNA expression.  (B)
Expression levels of mRNA are summarized as percentage of control.
n=9.  Mean±SEM.
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the contraction induced by release of Ca2+ from intracellular
stores in response to serotonin as well as the contraction
induced by Ca2+ influx in response to KCl are diminished in
aortic tissues of diabetic rats.  We also found that diabetes
abolished acetylcholine-induced relaxation.  All these ob-
servations indicate a dysfunctional smooth muscle contrac-
tile mechanism in STZ-induced diabetic rats.  These obser-
vations are consistent with the previous reports that diabe-
tes reduces contraction in response to KCl, CaCl2, endo-
thelin-1, serotonin, and decreases relaxation in response to
acetylcholine in aortas of diabetic animals[13–15,17].

RhoA is a GTPase that has been shown to play a key role
in both actin stress fiber formation and focal adhesion com-
plex assembly in fibroblasts[19].  RhoA belongs to the Rho
family, which includes Rho, Rac, and Cdc42.  There are 3
isoforms of Rho (A, B, and C).  Rho shuttles between the
active GTP-bound form on the cell membrane and the inac-
tive GDP-bound form in the cytoplasm.  Direct targets for
Rho have been sought by screening for molecules selec-
tively binding to, or activated by GTP-Rho[20,21].  Among the
3 isoforms, RhoA is the most ubiquitously and abundantly
expressed in the body, and has been extensively studied.
Recent studies demonstrate that RhoA is an important tar-
get in the cell signaling pathway and that RhoA plays a
pivotal role in cell function.  In smooth muscle cells, Hirata et
al[22] first reported that RhoA was involved in the myofila-
ment Ca2+-sensitization.  RhoA activates Rho kinase, which
in turn phosphorylates and inactivates myosin light chain
(MLC)-phosphatase and subsequently enhances MLC-phos-
phorylation, resulting in vasoconstriction[23,24].  The activated
Rho-mediated pathway has been linked to hypertension[25],
coronary and cerebral vasospasm [26,27], and heart failure in
several animal models[28].

Recent studies suggest that RhoA/Rho kinase play an
important role in the regulation of cavernosal smooth muscle
tone and that changes in this pathway could contribute to
erectile dysfunction in diabetic patients and STZ-induced
diabetic rats[18,29–30].  In GK-diabetic rats, diabetes causes
elevation in Rho kinase activity in vascular smooth muscle
cells leading to myosin-bound subunit phosphorylation,
which further inactivates myosin-bound phosphates caus-
ing excessive contractility of vascular smooth muscle cells.
Insulin stimulates myosin-bound phosphates in part by re-
ducing the phosphorylation of its regulatory subunit, myo-
sin-bound subunit via Rho kinase inhibition[31].  In obese
Zucker rats, endothelium-dependent vasorelaxation was im-
paired and Ca2+ sensitization of contraction was augmented
in the blood vessels.  The enhanced vasoconstriction was
abolished when the aorta of obese Zucker rats was pre-incu-

bated with the Rho kinase inhibitor Y-27632[32].
The overall observations of our experiments from STZ-

induced diabetic rats are consistent with these previous
findings.  We found that impaired vascular sensitivity was
associated with enhanced RhoA activity indicated by in-
creased RhoA translocation in the aortic tissues.  High lev-
els of RhoA at membrane portion may potentiate contractil-
ity and render diabetic aorta remaining in a partially contrac-
tile state as has been observed by others[32].  This increased
basal contractile level in the diabetic aorta led to a reduction
of the maximum contraction when compared with the basal
tension.  Indeed, AngII (1×10-5 mol/L) produced approxi-
mately 0.1 g tension in the aorta of the lean Zucker rats
(control), but produced only about 0.02 g tension in the obese
Zucker rats[32].  If the maximum tension is plotted against the
baseline tension, then the contractions of aortas in response
to KCl and serotonin were markedly reduced in the STZ-
induced diabetic rats as observed in the present study.  The
relaxation in response to acetylcholine was abolished by
diabetes indicating either an impaired endothelium[13–15,17] or
a higher contractile stage of smooth muscle cells due to the
activation of RhoA and Rho-kinase[32].  RhoA mRNA expres-
sion and total RhoA protein expression in the aorta did not
increase in the diabetic rats, and there was no significant
difference in arterial blood pressure between diabetic and
control rats, suggesting that the activation of RhoA alone in
the early stage of diabetes may have been prior to the severe
functional changes of the arterial vessels and possible struc-
tural injury.

Our observation supports previously published findings
that RhoA activation is enhanced in diabetic aortic tissues
which can contribute to the vascular dysfunction in diabetic
rats.  Future studies should be performed to demonstrate
that the increase of RhoA activity correlates with the im-
paired vascular contractile, and relaxation responses and the
inhibitors of RhoA/Rho kinase should be employed.
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