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Abstract
Objectives— Several reports suggest that acute hyperglycemia affects male and female vascular
beds differently. However, little is known about the interactions between hyperglycemia and gender
in the vasculature. The objectives of our study were to investigate if there is a gender-based difference
in the relaxation response of rat aorta after acute exposure to high glucose concentration, and the
potential role of protein kinase C-beta (PKCβ), superoxide, and Rho kinase in the gender-specific
effect of acute high glucose on the relaxation response.

Methods— Endothelium-dependent dilator responses to acetylcholine (ACh, 10−8 to 10−5 M) were
obtained before and after 3 h treatment with Krebs’ solution containing high glucose (46 mM) in
aortic rings pre-contracted with phenylephrine (2 μM) taken from female and male Sprague-Dawley
rats. Similar experiments were generated in the presence of 1μM LY379196, a selective PKCβ
inhibitor, 25 μM MnTMPyP, a superoxide dismutase mimetic, or 1 μM Fasudil, a Rho kinase
inhibitor. Furthermore, protein expression of PKCβ isoforms was measured by Western blotting.

Results— We demonstrated that a 3 h incubation with elevated level of glucose impairs ACh
responses only in the female rat aortic rings. Inhibition of PKCβ or superoxide production but notRho
kinase prevents the high glucose-induced impairment of endothelium-dependent relaxation of female
rat aorta. In addition, PKCβ2 expression is significantly higher in the female rat aorta than that in
male rat aorta.

Conclusion—These results suggest that the gender difference in the impairment of endothelium-
dependent vasodilation after acute exposure to high glucose in rat aorta is partly due to differences
in PKCβ2 expression.
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Introduction
Cardiovascular disease (CVD) is the leading cause of mortality and morbidity in diabetic
patients. There is a considerable body of evidence that early, repeated episodes of
asymptomatic hyperglycemia increase the risk of CVD even in absence of overt clinical
symptoms of diabetes [1,2]. Hyperglycemia brings about several changes in vascular
homeostasis, and one of the hallmarks of hyperglycemia-induced vascular disease is
endothelial cell dysfunction, characterized by diminished nitric oxide (NO)-dependent
vasodilation [3]. Endothelium dependent vasodilation (EDV) is generally used as a measure
of stimulated release of NO and is a reproducible parameter to probe endothelial function in
different pathological conditions. Impaired EDV has been described in diabetes and the degree
of impairment of relaxation was shown to be correlated with glycemic control [4].

Several reports suggest that acute hyperglycemia affects male and female vascular beds
differently [5]. Clinically these differences are manifested by a stronger association of CVD
and diabetes in women than in men [5–7]. Furthermore, premenopausal diabetic women loose
their gender-based cardiovascular protection [3,8,9]. Nonetheless, there is insufficient
evidence to establish the timeline or the mechanism(s) underlying the loss of premenopausal
female specific cardiovascular protection in diabetes. Thus, the initial aim of our study was to
determine whether there is a gender difference in the development of abnormal endothelium-
dependent responses in rat aorta following exposure to an acute hyperglycemic state.

The second aim of this study was to explore a potential mechanism by which hyperglycemia
impairs vasodilator function in animals. The mechanism by which glucose impairs vascular
dilatation is not clearly defined, but increased de novo synthesis of diacylglycerol (DAG) from
glucose has been proposed [10]. DAG is a known activator of protein kinase C (PKC). Recent
evidence implies a prominent role for PKC in that the various isoforms such as α, β1, and β2
are upregulated and activated in hyperglycemia and diabetes [11]. PKC activation causes
generation of reactive oxygen species (ROS) such as superoxide (.O2) [12] furthering the cyclic
effects of high-glucose induced alteration of vascular relaxation [13] by leading to a reduction
in NO viability and loss of NO-dependent vasodilation. Activation of PKCβ isoform also leads
to decreased NO production in human [13], mice [14] and rat [15] vasculature. Thus,
experiments were carried out to examine the role of PKCβ and superoxide in the abnormal
vascular responses to acute hyperglycemia in rat aorta. Specifically, we sought to determine
whether inhibiting PKCβ activity or scavenging superoxide would reverse the impairment of
endothelium-dependent vasodilation. Furthermore, estrogen is known to up-regulate various
isoforms of PKC mRNA in different cell types, such as pituitary cells [16], breast cancer cells
[17] and ovarian granulosa cells [18]. Therefore, we tested the hypothesis that aortic PKCβ
expression in rat is gender-dependent.

In addition to the possible role of PKCβ and superoxide, several reports demonstrated that the
Rho A/Rho kinase (ROCK) pathway plays a role in suppression of endothelial NO production
by down regulating of endothelial nitric oxide synthase (eNOS) in human endothelial cells
[19,20]. This prompted us to investigate whether ROCK is also involved in acute
hyperglycemia mediated impairment of vascular responses in the rat.

2. Methods
2.1 Experimental Animals

Adult male and female Sprague-Dawley rats weighing 225–250 g were used (Simonsen
Laboratories, CA). All animal protocols were approved by the Animal Care Committee of the
University of the Pacific and complied with the Guide for the Care and Use of Laboratory
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Animals published by the US National Institutes of Health (NIH Publication No. 85–23, revised
1996). Rats were sacrificed using a CO2 gas chamber.

2.2. Tissue collection and measurement of arterial tension
The thoracic aorta was cleaned of adhering tissue and cut into 3–4 mm rings in oxygenated
Krebs’ solution of following composition (in mM) NaCl 118.3, KCl 4.7, CaCl2 2.5, MgSO4
1.2, KH2PO4 1.2, NaHCO3 25.0, EDTA 0.023, and glucose 6.0 at 37 °C.

Aortic rings were suspended horizontally between two stainless steel hooks for measurement
of isometric tension in organ baths containing 20 ml of Krebs’ solution at 37°C, bubbled with
95% O2/5% CO2. The isometric tension of aortic rings was monitored with a computer-based
data acquisition system (ADI Instrument, CO). Rings were equilibrated for 45 min under a
resting tension of 2 g to allow development of a stable basal tone. Stimulation of rings with 80
mM KCl was repeated every 15 min until contractile responses were stable. Acetylcholine
(ACh, 10 μM) induced relaxation of the phenylephrine (PE, 2 μM) pre-contracted vessels was
taken as evidence for the preservation of an intact endothelium.

2.2.1. Dilator concentration response curves to ACh—Aortic rings were contracted
with PE (2 μM), which produced about 80% of the maximal contraction. The first
concentration-response curve (CRC) was obtained in Krebs containing normal glucose (NG,
6 mM) by the addition of increasing concentrations of ACh (10−8 to 10−5 M). Tissues were
then washed with Krebs’ solution for 1 h to allow the rings to reach the basal tone. Rings were
again pre-contracted with PE and the second CRC to ACh was generated in Krebs containing
NG.

2.2.2. Effects of high glucose or PMA on endothelium-dependent relaxation—At
this point, the tissues taken from each animal were designated for 2 sets of experiments. One
set was incubated with Krebs containing NG (6 mM) and the other set was incubated with
Krebs containing high glucose (HG, 46 mM) for 3 h or 0.1 μM phorbol 12-myristate 13-acetate
(PMA), a PKC activator, for 3 h. A third dilator CRC to ACh was then obtained in pre-
contracted aortic rings.

In a second set of experiments, we determined the role of PKCβ, PKC-alpha (PKCα), PKC-
delta (PKCδ), superoxide or ROCK in HG- or PMA-induced blunting of ACh relaxation. Aortic
rings were incubated with 1 μM of LY379196 (a gift of Lilly Research Laboratories,
Indianapolis, IN), a selective inhibitor of PKCβ, 9 nM of Ro-32-0432, a selective PKCα
inhibitor [21] (Calbiochem, CA), 6 μM of Rottlerin, a selective PKCδ inhibitor [22]
(Calbiochem, CA), 25 μM of MnTMPyP, a membrane permeant mimetic of superoxide
dismutase (SOD) (Sigma, MO), or 1 μM of fasudil, an inhibitor of ROCK (Sigma, MO), for
20 min prior to the addition of HG (46 mM) or 0.1 μM PMA into the buffer. Incubation was
continued for additional 3 h and the third CRC to ACh was then performed. The concentration
of LY379196 was identical to concentration of LY333531, a selective inhibitor of PKCβ, used
in the similar in vitro vascular study as reported previously [23]. To investigate the effects of
the above compounds alone on the ACh–induced relaxation, in some tissues the second CRC
were generated after pretreatment with 1 μM LY379196, 25 μM MnTMPyP or 1 μM fasudil
for 20 min. Tissues were then washed with Krebs solution for 1 h to allow a return to basal
tone.

2.2.3. Effects of high glucose on endothelium-independent relaxation—Effects of
HG on sodium nitroprusside (SNP, 10−9–10−6 M), a NO-donor, induced relaxation of pre-
contracted aortic rings with PE (2 μM), was investigated following a 3 h incubation of the
aortic ring with HG (46 mM).
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2.2.4. Effects of high glucose on bradykinin-induced endothelium-dependent
relaxation—Effects of HG on bradykinin (BK, 10−8–10−3 M), a BK receptor-mediated
endothelium-dependent vasodilator, induced relaxation of pre-contracted aortic rings with PE
(2 μM), was investigated following a 3 h incubation of the aortic ring with HG (46 mM).

PE, ACh, BK, SNP, Fasudil and MnTMPyP were dissolved in double-distilled H2O, and all
other drugs were dissolved in DMSO. In each case, the vehicle had no effect on vascular
reactivity.

2.3. Western analysis
Protein samples from aortas taken from 5 female and 5 male rats were prepared as described
previously by us [24]. 50 μg of protein from each sample was loaded on 8% SDS-
polyacrylamide gels, and transferred to Nitrocellulose membranes. Membranes were blocked
for 1 h in Tris-buffered saline plus Tween-20 (0.1%; TBS-T) containing 5% fat free milk
powder. Blots were incubated with Rabbit polyclonal antibodies against PKCβ1 and PKCβ2
(1:1000, Santa Cruz Biotechnology Inc., CA,) at 4°C overnight. After the washes, blots were
incubated with the secondary antibody Bovine anti-rabbit linked to horseradish peroxidase
(1:5000, Santa Cruz Biotechnology., CA) for 1 h at room temperature. Enhanced
chemiluminescence was performed (Pierce Biotechnology, Rockford, IL) just before
developing the film. GAPDH was used for internal standard (1:2500, Cell Signaling Danvers,
MA).

2.4. Data analysis
The maximum relaxation (Emax) to ACh is expressed as the percent decreased from maximum
PE-induced contraction. The EC50 values were used to calculate pD2 values (-log EC50),
which are normally distributed. Western blot gels were analyzed densitometrically and
normalized to expression of GAPDH protein levels respectively. Data are reported as the mean
± standard error of the mean (S.E.M.). Data were analyzed by paired t-test for comparisons of
two group means in a pre/post-test format or unpaired t-test for comparisons of two group
means. A probability value of less than 5% (P < 0.05) was considered significant.

3. Results
3.1. Analysis of relaxation responses to ACh

To examine if there is a gender difference in EDV in aortic rings of rats exposed to HG, the
CRC to ACh in the Krebs containing HG (46 mM) was compared to the second CRC to ACh
generated in Krebs containing NG (6 mM) in PE pre-contracted aortic rings of male and female
animals. In rat aorta, PE-induced contraction was significantly (P < 0.05) decreased by
incubation of tissues with HG in both female and male animals. PE-induced tensions in aortic
rings taken from female rats (n=9) were 0.72 ± 0.07 g and 0.61 ± 0.09 g for NG and HG,
respectively. PE-induced tensions in aortic rings taken from male rats (n=8) were 0.75 ± 0.01
g and 0.57 ± 0.07 g for NG and HG, respectively.

ACh (10−8 to 10−5 M) relaxed aortic ring pre-constricted with PE (2 μM) in a concentration-
dependent manner. No significant differences in response to ACh occurred among the first,
second and third CRCs generated in Krebs containing NG (Tables 1 & 2).

Incubation of aortic rings taken from female rats for 3 h in Krebs containing HG attenuated
ACh (10−6 to 10−5 M) -induced relaxation compared to the second CRC in NG (Figure 1B,
P < 0.05; n = 9). The Emax to ACh was 77.8 ± 4.6% (before HG) and 56.2 ± 4.3% after
incubation with HG (Table 2B). At ACh concentrations of less than 10−6 M, there was no
significant effect of HG. Sensitivity to ACh as assessed by −logEC50 (pD2) was the similar
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for NG and HG (Table 1B). In contrast, ACh induced relaxation was not affected by HG in
aortic rings taken from male rats (Figure 1A), as also indicated by no significant differences
at the level of 5% in pD2 and Emax values (Tables 1A–2A).

3.1.1. Effects of PKC and ROCK activation on the relaxation responses to ACh
—To examine the role of PKCβ and ROCK as potential downstream effectors of HG-induced
endothelial impairment, aortic rings from female rats were incubated for 20 min with either 1
μM LY379196 (a PKCβ inhibitor) or 1μM fasudil (a ROCK inhibitor) prior to 3 h incubation
in Krebs containing HG. Pretreatment of aortic rings taken from female rats with LY379196,
but not fasudil prior to the 3 h incubation of tissues in Krebs containing HG prevented the HG-
induced attenuation of ACh-induced relaxation of the aortic ring (Figures 2A–2B). Emax to
ACh was significantly reduced after HG treatment of female rat aorta (Table 2B); prior
treatment with LY379196 restored full ACh response. LY379196 or fasudil alone did not alter
ACh response in NG (Table 2B). To rule out the possible involvement of other PKC isoforms,
such as PKCα or PKCδ, the same experiment was performed in the presence of 9 nM
Ro-32-0432 (a PKCα inhibitor) or 6 μM Rottlerin (a PKCδ inhibitor). Prior treatment of tissues
with Ro-32-0432 or Rottlerin did not prevent the impairment of EDV induced by HG in female
aortic rings (Figures 2C–2D).

Similarly acute treatment of tissues with Krebs containing PMA (0.1 μM), a DAG analogue,
for 3 h significantly attenuated ACh-induced relaxation of aortic rings taken from female
animals only (P < 0.05, n=5) (Figure 3B). Inhibition of PKCβ but not of PKCα, PKCδ or ROCK
prior to the 3 h incubation in PMA prevented PMA-induced impairment of EDV of female
aortic rings (Figures 3C–3F). Finally, LY341684 (salt form of LY333531, a gift of Lilly
Research Laboratories) was used to confirm findings with LY379196. As with LY379196, 1
μM LY341684 restored responses to ACh in female rat aortic rings exposed to high glucose
or PMA (Figures 4A–4B).

3.1.2. Effect of superoxide generation—Figures 5C–5D show that acute pretreatment
of female rat aortic rings with 25 μM MnTMPyP, a SOD mimetic which acts as superoxide
anion scavenger, for 20 min prior to the 3 h incubation in Krebs containing HG (46 mM) or
PMA (0.1 μM) partially but significantly improved the altered ACh response (P < 0.05 vs CRCs
to ACh in HG or PMA, unpaired t-test). However, prior treatment with MnTMPyP did not
fully restore ACh response; the Emax to ACh was 87 ± 3.2% and 90 ± 4.6% (before HG and
PMA, respectively) and 76 ± 0.6% and 79.6 ± 2.9% after incubation with HG and PMA,
respectively (P < 0.05, paired t-test, n=5).

3.2. Analysis of relaxation responses to sodium nitroprusside (SNP)
Unlike the effects on ACh-induced relaxation, incubation of aortic rings taken from female
animals with Krebs containing HG (46 mM) for 3 h had no effect on SNP-induced relaxation
of PE pre-contracted rings (Figure 6).

3.3. Analysis of relaxation responses to bradykinin (BK)
BK (10−8 to 10−3 M) relaxed aortic ring pre-constricted with PE (2 μM) in a concentration-
dependent manner. Incubation of aortic rings taken from female rats for 3 h in Krebs containing
HG significantly attenuated BK (10−4 to 10−3 M) -induced relaxation compared to the CRC in
NG (P < 0.05; n=3) (data not shown).

3.4. Analysis of PKCβ expression
As shown in Figure 7, there was no difference in PKCβ1 expression in female and male rat
aorta. However, level of protein expression for PKCβ2 was significantly higher in aorta taken
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from female rats compared to those observed in male rats (P < 0.05, unpaired t-test, n=5 per
each group).

4. Discussion
The novel findings of this investigation are that 1) acute exposure to HG reveals a gender
difference in the development of impaired EDV in rat aorta, and 2) PKC β2 protein expression
is higher in female rat aorta than in male rat aorta. To our knowledge, this is the first report
showing that a 3 h incubation of aortic rings with Krebs containing HG impairs ACh-induced
EDV only in aorta from female rats but not in aorta from male rats.

Many of the vascular complications in diabetes have been attributed to repeated episodes of
acute hyperglycemia that result in vascular injury. It is now known that cardiovascular
complications start early as disease progresses from normal glucose tolerance to impaired
glucose tolerance and then to overt type 2 diabetes. In line with previous reports that
demonstrate compromised EDV in different vascular beds under hyperglycemic conditions
[13,15,25,26], we also found that HG impairs EDV in rat aorta. However, we noted a significant
gender based difference in the vascular response to an acute hyperglycemic condition. This
contrast with the findings of Wang et al [26], who reported that a 6 h exposure to HG (44 mM)
resulted in an impairment of EDV in aortic rings from male rats. In fact, we also obtained
similar findings by incubating male aorta with HG for 6 h (data not shown). Thus, in male rats
longer exposures to HG would lead to the impairment of vascular response similar to those
observed in female rats. These data support the hypothesis that in hyperglycemia there is a
predisposition of female cardiovascular system to earlier vascular injury leading to an increased
risk for the development of CVDs.

Epidemiological evidence suggests that hyperglycemia/diabetes overcomes gender-based
protective effects on the cardiovascular system in premenopausal female. This study suggests
a potential underlying mechanism for those observations. Activation of the PKCβ signaling
pathway in hyperglycemia has been increasingly recognized as an early event leading to
cardiovascular dysfunction both in humans [13] and animals [26,27]. We sought to investigate
the role PKCβ activation in mediating the selective impairment of EDV in female aortic rings
following exposure to HG.

The hyperglycemia induced impairment of EDV in female rat aorta was prevented by prior
incubation of the aortic rings with PKCβ blockers, LY379196 or LY341684 (Figures 2A &
4A), but not with PKCα and PKCδ inhibitors. This suggests that impairment of EDV under
acute hyperglycemic conditions in female aortic rings was partly due to an increase in the
activity of PKCβ. This hypothesis is further supported by the impairment of ACh-induced
relaxation in female aortic rings exposed to Krebs containing PMA, a PKC activator. Also
consistent with our working hypothesis are the data demonstrating that the attenuation of EDV
by PMA only occurs in females, and is completely prevented following prior treatment of
tissues with selective PKCβ inhibitors. Modulation of ACh-induced relaxation can occur at
several points; namely, bioavailability of NO, stimulation of release, and NO-interaction with
smooth muscle. The effects of hyperglycemia on vascular smooth muscle cell function are less
clear and not the focus of our current study. Nevertheless, in the current study, acute HG
resulted in decreased contractile responses to PE in male and female rat aorta. Published data
demonstrate both an increase, decrease, and no change in vasoconstriction under conditions of
hyperglycemia [25, 28], but altered sensitivity to vasoconstriction does not appear to contribute
significantly to the impairment of EDV in human diabetic patients or in healthy human
volunteers exposed to hyperglycemia [29]. Furthermore, in our study, SNP-induced aortic
relaxation in female animals was not affected by HG. SNP is a NO donor, leading to a rise of
cGMP-mediated endothelium-independent relaxation in smooth muscle cells. This suggests
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that the responsiveness of female vascular smooth muscle to NO is not affected by acute
hyperglycemia. Lastly, relaxation of aortic rings by bradykinin, another type of receptor-
mediated endothelium-dependent vasodilator, was also affected by HG in females (data not
shown). These data suggest that the impaired response to ACh is representative a general
phenomenon of endothelial dysfunction.

Three hours of hyperglycemic condition did not impair EDV in male animals (Figure 1B),
suggesting that PKCβ activity was less affected in male aortic rings exposed to HG than that
in female tissues. The enhanced activity of PKCβ in female rat aortas exposed to HG may
partly result from an elevated level of PKCβ expression. Several studies have shown that
estrogen up-regulates various isoforms of PKC mRNA expression in cell types like pituitary
cells [16], breast cancer cells [17] and ovarian granulosa cells [18]. Therefore, we tested the
hypothesis that there may be a gender difference in aortic PKCβ1 and PKCβ2 expression in
rat. Interestingly, we observed that PKCβ2, but not PKCβ1, expression was higher in aorta
taken from female rats compared to those in male rats. Clearly, the precise location,
endothelium or smooth muscle, of enhanced PKCβ2 expression needs to be resolved. In the
hyperglycemic condition, due to the de novo synthesis of DAG, a PKC activator [10], the higher
basal level of PKCβ2 could lead to a greater increase in total activity of PKCβ2 in female aortic
rings than in male aortic rings. PKC activation has been reported to cause generation of ROS
furthering the cyclic effects of HG-induced alteration of EDV [12]. To test the hypothesis that
superoxide underlies the vascular dysfunction observed in HG, we investigated the role of
superoxide production in HG- or PMA-induced alteration of vascular responses to ACh in the
female rat aorta. Prior incubation of female rat aorta with a SOD mimetic agent partially but
significantly improved the altered ACh responses in the presence of HG or PMA suggesting
that impairment of EDV is due, in part, to augmented superoxide production, but superoxide
alone is insufficient to account for all of the endothelial dysfunction observed in female rat
aorta exposed to HG or PMA.

Although the functional consequences of an elevated basal expression of PKCβ2 in female
aorta under normal conditions are unclear, these data are consistent with studies showing that
estrogen up-regulates various isoforms of PKC mRNA expression. Additional studies will be
needed to document the intracellular and functional effects of elevated basal expression of
PKCβ2 in female aorta. It is also important to note that, despite the presence of higher
expression of basal PKCβ2 in female aorta, under normoglycemic conditions, the eNOS and
NO release are not affected in female aorta. In fact, we previously reported that eNOS
expression [30] and NO release [31] is higher in aorta taken from female rats than those in
male rats. This lack of effect of high level of PKCβ expression on NO production may be
attributed to the availability of DAG which is the rate limiting step for activation of PKCβ.

Finally, it has been demonstrated that ROCK mediates endothelial dysfunction [19,20,32]. We
therefore sought to investigate whether ROCK is involved in HG-induced endothelial
dysfunction in female aorta. Inhibition of ROCK by fasudil failed to prevent the HG- or PMA-
induced impairment of EDV in female rat aortic rings suggesting that impairment of ACh-
induced relaxation by acute hyperglycemic condition is not mediated by ROCK activation.
These findings differ from those of Rikitake et al [33] who showed that 16 h exposure of human
endothelial cells to a hyperglycemic condition caused activation of ROCK through activation
of PKC. However, these investigators made their observations in an endothelial cell line that
may differ significantly from our setting. These data also suggest that the duration of exposure
to hyperglycemia may play a role in the activation of ROCK.

In summary, this is the first report showing that after a 3 h exposure of rat aorta to elevated
glucose, there is a selective impairment of stimulated release of NO in female animals. A role
for PKC and superoxide was suggested by the facts that a PKCβ inhibitor or a superoxide
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scavenger could significantly correct the effect of HG, and PKC activation could mimic the
action of glucose in tissues taken from females. Furthermore, we found that there is a gender
difference in endothelial PKCβII expression in rat aorta. We therefore speculate that
differences in levels of PKCβ may contribute to the factors responsible for the overcoming of
gender based cardiovascular protection in premenopausal hyperglycemic female leading to
cardiovascular dysfunction.
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Figure 1. Effect of high glucose on the relaxation response to cumulative concentrations of
acetylcholine (ACh) in intact aortic rings pre-contracted with phenylephrine (PE; 2 μM) taken
from male (A) and female (B) rats
Relaxation to ACh is expressed as a percentage of PE induced maximum contraction. Data are
presented as the mean ± S.E.M.
Rings were incubated with Krebs containing normal glucose (NG, 6mM) and/or Krebs
containing high glucose (HG, 46 mM) for 3 h before the concentration response curve (CRC)
to ACh was determined. The 3rd CRC at higher concentration of ACh was reduced when
compared with the 1st and 2nd CRC only in aortic rings taken from female rats (*P < 0.05,
paired t-test).
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Figure 2. Effects of LY379196, Fasudil, Ro-32-0432, or Rottlerin on relaxations induced by
acetylcholine (ACh) in female aortic rings in normal glucose and high glucose
Responses to ACh were determined in rings incubated with Krebs containing normal glucose
(NG, 6mM) as 1st response, Krebs containing LY379196 (1 μM), Fasudil (1μM), Ro-32-0432
(9 nM), or Rottlerin (6 μM) for 20 min as 2nd response, and Krebs containing LY379196,
Fasudil, Ro-32-0432, or Rottlerin, in high glucose (HG, 46 mM) for 3 h as 3rd response. (A)
LY379196 restored the abnormal ACh relaxation of female rat aorta incubated in HG. (B-D)
Fasudil, Ro-32-0432 or Rottlerin did not prevent the HG-induced impairment of responses to
ACh. Data are presented as the mean ± S.EM. (*P < 0.05, paired t-test).
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Figure 3. Effect of activation of PKC by PMA on the relaxation response to cumulative
concentrations of acetylcholine (ACh) in intact aortic rings from male (A) and female (B) rats, and
the effect of pretreatment of rings with LY379196, Fasudil, Ro-32-0432, or Rottlerin
(A–B) Rings were incubated with Krebs containing normal glucose (NG, 6mM) and/or Krebs
containing PMA (0.1 μM) for 3 h before concentration response curve (CRC) to ACh was
determined. Treatment of aortic rings with PMA for 3 h caused a significant reduction in
maximal relaxation to ACh in females. (C–F) Rings from female rats were incubated with
Krebs containing NG or Krebs containing LY379196 (1 μM), Fasudil (1μM), Ro-32-0432 (9
nM), or Rottlerin (6 μM) for 20 min or Krebs containing LY379196, Fasudil, Ro-32-0432 or
Rottlerin and PMA (0.1 μM) for 3 h before the CRC to ACh was determined. Treatment of
aorta with LY379196, but not Fasudil, Ro-32-0432 or Rottlerin prior to PMA restored the
abnormal ACh relaxation of aorta. Data are presented as the mean ± S.EM. (*P < 0.05 paired
t-test).
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Figure 4. Effect of LY341684 on high glucose (A) or PMA (B) induced attenuation of ACh relaxation
of aortic rings taken from female rats
Rings were incubated with Krebs containing normal glucose (NG, 6 mM) or Krebs containing
LY341684 (1 μM) for 20 min or Krebs containing LY341684 and high glucose (HG, 46mM)
(A) or LY341684 and PMA (0.1 μM) (B) for 3 h before responses to ACh were determined.
Pretreatment of aorta with LY341684 prior to HG or PMA restored the abnormal ACh
relaxation of aorta. Data are presented as the mean ± S.EM. (*P < 0.05 paired t-test).
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Figure 5. Effects of MnTMPyP on high Glucose (A) or PMA (B) induced attenuation of ACh
relaxation of aortic rings taken from female rats
Rings were incubated with Krebs containing normal glucose (NG, 6 mM), or Krebs containing
MnTMPyP (25 μM) for 20 min or Krebs containing MnTMPyP and high glucose (HG, 46mM)
for 3 h (A) or MnTMPyP and PMA (0.1 μM) for 3 h (B) before concentration response curve
(CRC) to ACh was determined. Data are presented as the mean ± S.E.M. Pretreatment of aorta
with MnTMPyP prior to HG or PMA partially but significantly improved altered ACh
responses in HG or PMA (#P < 0.05 vs ACh CRCs in HG or PMA (dotted lines), unpaired t-
test). However, prior treatment with MnTMPyP did not fully restore ACh responses in HG or
PMA (*P < 0.05 vs 2nd CRC in NG, paired t-test).
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Figure 6. Effects of high Glucose on the relaxation response to cumulative concentrations of sodium
nitroprusside (SNP) in intact aortic rings pre-contracted with phenylephrine (PE; 2 μM) taken
from female rats
Rings were incubated with Krebs containing normal glucose (NG, 6 mM) and or Krebs
containing high glucose (HG, 46 mM) for 3 h before concentration response curve (CRC) to
SNP was determined. The 1st and 2nd CRCs to SNP of aorta in Krebs containing NG were not
significantly different from the 3rd CRC in HG. Data are presented as the mean ± S.E.M.
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Figure 7. PKCβ protein expression in female and male rat aorta
(A) Representative Western blot for PKCβ isoform expression detected in aorta from three
males and three females. (B) PKCβ1 and PKCβ2 protein levels in aorta from male (open bar)
and female (slash bar) rats normalized to GAPDH protein (internal control). The PKCβ2 protein
expression is significantly higher in aorta taken from female rats compared to that in male rats.
Each bar represents the mean ± S.E.M. of 5 animals per each group (* P < 0.05 vs. Males,
unpaired t-test).
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Table 1
Values of sensitivity to ACh as expressed by pD2 in experimental groups (CRC; concentration-response curves;
NG; Normal Glucose, HG; High Glucose).

(A) Males
1st CRC in 2nd CRC in 3rd CRC in

Group
n = 8

NG
6.8 ± 0.05

NG
6.9 ± 0.07

NG
6.7 ± 0.09

Group
n = 8

NG
6.71 ± 0.09

NG
6.64 ± 0.23

HG
6.67 ± 0.18

Group
n = 5

NG
6.64 ± 0.32

NG
6.66 ± 0.21

PMA
6.70 ± 0.25

(B) Females
Group
n = 9

NG
6.67 ± 0.16

NG
6.65 ± 0.13

NG
6.65 ± 0.17

Group
n = 9

NG
6.68 ± 0.18

NG
6.64 ± 0.11

HG
6.70 ± 0.15

Group
n = 5

NG
6.85 ± 0.18

LY379196 + NG
6.83 ± 0.13

LY379196 + HG
6.89 ± 0.10

Group
n = 5

NG
6.89 ± 0.12

Fasudil + NG
6.87 ± 0.10

Fasudil + HG
6.70 ± 0.14

Group
n = 5

NG
7.06 ± 0.19

Ro-32-0432+ NG
7.03 ± 0.14

Ro-32-0432 + HG
7.14 ± 0.22

Group
n = 5

NG
6.94 ± 0.22

Rottlerin + NG
6.87 ± 0.21

Rottlerin+ HG
6.78 ± 0.33

Group
n = 5

NG
6.87 ± 0.13

LY341684 + NG
6.88 ± 0.18

LY341684 + HG
7.06 ± 0.16

Group
n = 5

NG
6.64 ± 0.12

MnTMPyP + NG
6.62 ± 0.18

MnTMPyP + HG
6.66 ± 0.17

Group
n = 5

NG
6.81 ± 0.16

NG
6.82 ± 0.15

PMA
6.83 ± 0.16

Group
n = 5

NG
6.87 ± 0.16

LY379196 + NG
6.80 ± 0.12

LY379196 + PMA
6.99 ± 0.17

Group
n = 5

NG
6.78 ± 0.03

Fasudil + NG
6.74 ± 0.25

Fasudil + PMA
6.78 ± 0.11

Group
n = 5

NG
7.02 ± 0.18

Ro-32-0432+ NG
6.99 ± 0.15

Ro-32-0432 + PMA
7.15 ± 0.18

Group
n = 5

NG
6.96 ± 0.22

Rottlerin + NG
6.89 ± 0.19

Rottlerin+ PMA
6.93 ± 0.25

Group
n = 5

NG
6.86 ± 0.16

LY341684 + NG
6.80 ± 0.21

LY341684 + PMA
7.10 ± 0.15

Group
n = 5

NG
6.75 ± 0.18

MnTMPyP + NG
6.78 ± 0.16

MnTMPyP + PMA
6.71 ± 0.13

Data are expressed as Mean ± S.E.M.
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Table 2
Maximal response (Emax) to Ach in experimental groups (CRC; concentration-response curves; NG; Normal
Glucose, HG; High Glucose

(A) Males
1st CRC in 2nd CRC in 3rd CRC in

Group
n= 8

NG
77.8 ± 3.4

NG
76.9 ± 3.4

NG
73 ± 3.5

Group
n = 8

NG
75.7 ± 5.6

NG
77.4 ± 5.2

HG
67.5 ± 5.6

Group
n = 5

NG
72.2 ± 8.7

NG
75.4 ± 6.7

PMA
64.3 ± 8.8

(B) Females
Group
n = 9

NG
84.5 ± 4.4

NG
86.9 ± 3.6

NG
83.4 ± 8.4

Group
n = 9

NG
79.0 ± 4.0

NG
77.8 ± 4.6

HG
56.2 ± 4.3*

Group
n = 5

NG
81.9 ± 4.0

LY379196 + NG
80.9 ± 4.2

LY379196 + HG
78.3 ± 5.4

Group
n = 5

NG
80.7 ± 4.9

Fasudil + NG
81.0 ± 3.4

Fasudil + HG
57.5 ± 6.1*

Group
n = 5

NG
96 ± 2.0

Ro-32-0432+ NG
93.3 ± 2.1

Ro-32-0432 + HG
73.4 ± 10.3*

Group
n = 5

NG
93.7 ± 2.2

Rottlerin + NG
90.1 ± 3.5

Rottlerin+ HG
67.2 ± 3.9*

Group
n = 5

NG
90.1 ± 3.4

LY341684 + NG
87.6 ± 5.7

LY341684 + HG
88.9 ± 5.9

Group
n = 5

NG
88 ± 3.2

MnTMPyP + NG
87 ± 3.2

MnTMPyP+ HG
76 ± 0.6*

Group
n = 5

NG
79.1 ± 3.1

NG
82.4 ± 2.8

PMA
62 ± 3.5*

Group
n = 5

NG
81.9 ± 4.0

LY379196 + NG
80.9 ± 4.2

LY379196 + PMA
78.3 ± 5.4

Group
n = 5

NG
78.0 ± 6.2

Fasudil + NG
79.8 ± 5.9

Fasudil + PMA
57.9 ± 5.8*

Group
n = 5

NG
98.3 ± 2.1

Ro-32-0432 + NG
93.2 ± 4.1

Ro-32-0432 + PMA
73.0 ± 6.5*

Group
n = 5

NG
96.3 ± 2.0

Rottlerin + NG
93.3 ± 4.0

Rottlerin + PMA
73.5 ± 6.5*

Group
n = 5

NG
88.0 ± 5.2

LY341684 + NG
87.5 ± 4.2

LY341684 +PMA
88.6 ± 4.9

Group
n = 5

NG
89.5 ± 3.1

MnTMPyP + NG
90.4 ± 4.6

MnTMPyP+ PMA
79.6 ± 2.9*

Data are expressed as Mean ± SEM (*P < 0.05 vs 2nd CRC, paired t-test).
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