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Abstract
Objective—Impaired endothelium-independent vasodilation is a known consequence of type-1
and 2 diabetes, and the mechanism of impaired vasodilation is not well understood. The following
study investigated the effects of type-1 and 2 diabetes in endothelial-independent vasodilation
associated with coronary vascular smooth muscle (VSM) relaxation and contractile signaling
mechanisms.

Methods—Type-1 diabetes was induced in Yucatan mini-swine via alloxan injection and treated
with or without insulin(DM and IDM). Non-diabetic swine served as controls(ND). Expression
and/or phosphorylation of determinants of VSM relaxation and contraction signaling were
examined in coronary arteries and microvessels. Coronary microvessel relaxation was assessed
using sodium nitroprusside(SNP). In addition, SNP-induced vasodilation and myosin light chain
(MLC) phosphorylation was determined in coronary microvessels isolated from ND and type-2
diabetic human atrial appendage.

Results—Diabetic impairment in SNP-induced relaxation was completely normalized by insulin.
Soluble guanylate cyclase (sGC) VSM expression decreased in both DM and IDM groups and did
not correlate with vasorelaxation. Phosphorylation of MLC and myosin phosphatase increased in
the DM group and MLC phosphorylation strongly correlated with impaired VSM relaxation(r=.
670, p<0.01). Coronary microvessels from type-2 diabetic human patients exhibited similarly
impaired vasodilation and enhanced VSM MLC phosphorylation.

Conclusions—Impaired vasodilation in type-1 diabetes correlates with enhanced VSM MLC
phosphorylation. In addition, enhanced VSM MLC phosphorylation is associated with impaired
vasodilation in type 2 diabetes in humans.

Introduction
Diabetes Mellitus (DM) Type 1 and 2 are both characterized by impaired vasomotor
regulation. Impaired vasodilation is a contributing factor to diabetes-induced peripheral and
coronary vascular abnormalities including diminished angiogenesis, altered tissue perfusion,
coronary artery disease (CAD), and peripheral vasculopathy. Endothelium-dependent
vasodilation in diabetes is markedly impaired and is thought to be regulated by decreases in
bioavailability of nitric oxide (NO) 1,2. However, there is also a clear role for diabetes-
induced impairments in endothelium-independent vasodilation suggesting an underlying

2To whom correspondence should be addressed: Frank W. Sellke, MD, Division of Cardiothoracic Surgery, Beth Israel Deaconess
Medical Center, LMOB 2A, 110 Francis St, Boston, MA 02215.

NIH Public Access
Author Manuscript
Microcirculation. Author manuscript; available in PMC 2011 February 24.

Published in final edited form as:
Microcirculation. 2009 February ; 16(2): 193–206. doi:10.1080/10739680802461950.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dysfunction in smooth muscle vasomotor regulation regardless of endothelial dysfunction.
Diabetes limits coronary vascular responses to NO donors or the largely endothelium-
independent vasodilator adenosine 3,4,5,6. Similar impairments in smooth muscle dependent
vasodilation have been observed in both type 1 and 2 diabetic patients and animal models.
Impaired endothelium-independent vasodilation is also a prognostic indicator of CAD
3,4,5,6,7. Therefore, we hypothesized that in addition to endothelial alterations, diabetes
induces impaired vascular relaxation through alterations in smooth muscle relaxation or
contractile signaling mechanisms,

The control of vascular smooth muscle (VSM) tone depends on pro-contractile and
relaxation signaling mechanisms. The major end-effecter of VSM contraction is the
molecular motor myosin which is regulated through phosphorylation on ser19 and thr18 of
myosin light chain (MLC)8. MLC is phosphorylated via activation of specific signaling
cascade including PKC/CPI-17, Rho/Rho-kinase, and Ca++/MLCK. 8,9,10 In addition,
Insulin signals are implicated in antagonistic effects on MLC phosphorylation cascades 11.
Endothelial derived NO activates soluble Guanylate Cyclase (sGC) to produce cGMP and
activation of cGMP dependent protein kinase (PKG) 12,13 The NO/sGC/PKG signaling
cascade subsequently exerts antagonistic effects on smooth muscle MLC phosphorylation to
induce vasorelaxation 13.

Alterations in both the NO/PKG and Rho/RhoK signaling have been implicated in impaired
NO-dependent vasodilation in both type 1 and 2 models of diabetes14,15,16. In addition, the
majority of studies evaluating these phenomena have been performed in VSM cells in
culture or small animal models of type 1 and 2 diabetes. We have recently examined both
NO signaling constituents and MLC phosphorylation as related to endothelium independent
coronary vasodilation in a large animal model of type I diabetes. These experiments
demonstrate that enhanced contractile VSM signals (and not impaired NO activated
signaling) greatly reduce NO-dependent vessel dilation. In addition, these findings were
extended by demonstrating similar enhanced contractile signaling in coronary smooth
muscle of type 2 diabetic patients.

Materials and Methods
Animal model and tissue collection

Eighteen male Yucatan mini-swine [Non-diabetic (ND) n=6, Diabetic (DM) n=6, and
Diabetic + Insulin (IDM) n=6] were used for the studies. Diabetes was induced in 8 month
old animals using a single intravenous injection of alloxan (150 mg/kg) as previously
described 17. Only animals that achieved and maintained blood glucose levels greater than
200 mg/dL were included in the diabetes group. Animals with blood glucose levels
exceeding 400 mg/dL were treated with daily insulin (70% amorphous, 30% crystalline)
given intramuscularly to maintain blood glucose levels between 250 and 400 mg/dL. In the
diabetic + Insulin group glycemic control was achieved (fasting blood sugar < 150 mg/dL)
through daily intramuscular insulin administration. Age matched miniswine served as
controls. Fasting blood glucose was monitored every two days early after diabetes induction
and weekly thereafter. Diabetes was maintained for a total of 15 weeks.

Following euthanasia, sections of the left anterior descending coronary artery (LAD) were
excised and frozen in liquid N2 for western blot analysis. Sections of the LAD dependent
myocardial territory were immediately harvested in Krebs and/or 10 % formalin for
microvessel and confocal microscopy studies respectively. Animals received humane care in
compliance with the Harvard Medical Area Institutional Animal Care and Use Committee
and the National Research Council’s Guide for the Care and Use of Laboratory Animals,
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Human tissue collection
Samples were obtained from patients undergoing cardiac surgery as described previously 18.
Briefly, samples of right atrium were obtained during placement of the venous cannula and
immediately placed in 10% formalin for subsequent miscroscopy studies. For human
microvessel studies, samples of collected right atrial appendage were immediately placed in
ice cold Krebs-Heinslet. Tissue was used for microvessel studies within 1 hour of tissue
harvest. Patients were determined to be diabetic based on a previous diagnosis of type 2
diabetes and Hemoglobin A1c (HbA1c) > 6.0%. Control vessels were from patients with no
previous documentation of diabetes and a history of normal blood glucose levels.
Experiments with patient tissues were approved under the CCI/IRB of the Beth Israel
Deaconness Medical Center.

In-Vitro Assessment of Coronary Microvessel Reactivity
After cardiac harvest, epicardial coronary arterioles (100 to 200 μm in diameter and 1 to 2
mm in length) originating from branches of the LAD were dissected from the surrounding
tissue and examined in isolated organ chambers with video based dimension measurements,
as described previously 19 Vessels were cannulated with dual glass micropipettes and
maintained in a no-flow pressurized (40 mmHg) state. Vessels were bathed in Krebs
solution (37 C) for the length of the experiment. The responses to sodium nitroprusside
(SNP) (1 nM to 100 μM), an endothelium-independent cGMP-mediated vasodilator were
examined following pre-constriction with the thromboxane A2 analog U46619 (1 μM). In
both the pig and human studies, % relaxation to SNP was expressed as the SNP dependent
change in the diameter of the vessel as a percentage of the U46619-induced change from the
baseline diameter. Vessels were not used for data analysis if there was no response to
U46619. To generate EC50 values of the SNP dose response, a best-fit variable slope
sigmoidal dose response curve was generated for each vessel using Graph Pad Prism
software. EC50 values are expressed as the mean of the 50% effective relaxation
concentration of SNP for each vessel

SDS-PAGE and Immunoblot
SDS-PAGE and immunoblot were performed as previously described 18. Briefly, LAD
vessles (~1–2 cm in length) were homegenized in RIPA buffer with 50 mM NaF, protease
inhibitors (Complete, Boehringer Mannheim, Germany), and phosphatase inhibitor cocktail
(I + 2, 1:100, Sigma). Following homogenization, lysates were centrifuged at 10,000 g for
10 minutes, and bicinchroninic protein assay performed to allow equal gel loading. Forty μg
of lysate was loaded on Tris-Glycine 8–16% gradient gels and electrophoresed for
approximately 1 hour at 150 volts. Gels were transferred to PVDF membranes for 1 hour at
100V. Gels were blocked in 3% non-fat dry milk in Tris-buffered saline (TBS) for 1 hour
followed by incubation in primary antibodies in either 3% TBS- milk or 3% Bovine Serum
Albumin (BSA) according to the manufacturers recommendation. Blots were washed 3
times in TBS and incubated with the appropriate HRP-conjugated secondary antibody for 1
hour, washed 3x in TBS and detected using chemilluminescent detection (Pierce).
Antibodies for immunoblot were as follows: PKG (Stressgen, Vancouver, BC), soluble
Guanylate Cyclase (abcam, Cambridge, UK), anti-pthr38-CPI-17 (Upstate Biotechnology,
NY), total CPI-17 (Santa Cruz Biotech, CA), smooth Muscle Actin (Sigma), Akt and
pser473-Akt (Cell Signaling, Beverly, MA) and anti-ser19/thr18-MLC (gift of P.A. Vincent,
Albany Medical College, NY)20.

Confocal Immunofluorescent Microscopy
Harvested tissue was immediately placed in 10 % formalin in PBS, fixed overnight,
embedded in paraffin blocks, and cut into 4 um sections. Deparafinized slides were boiled in

Clements et al. Page 3

Microcirculation. Author manuscript; available in PMC 2011 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10 mM Na-citrate pH 6.0 for 10 minutes. Slides were blocked with 2% BSA in TBS and
incubated in 2% BSA-TBS with primary antibodies overnight at 4C. Slides were washed 3x
with TBS and incubated with the appropriate Alexa-fluor secondary antibodies, and topro-3
(Invitrogen, San Diego, CA). Slides were washed 4x with TBS and mounted with
fluorescent mounting medium (Vector Labs: Barlingame, CA). Tissue was visualized using
a Zeiss 510meta confocal microscope system (Germany). Antibodies used were as follows:
rabbit anti thr696-MYPT (Upstate Biotechnology, NY) and rabbit anti-ser19/thr18-MLC.
Mouse anti-smooth muscle actin was used to label and identify vascular smooth muscle.
Labeling of the tissues with either secondary alone or primary incubation with normal rabbit
IgG or rabbit serum were used as negative controls.

Statistical Analysis
Data are presented as the mean ± S.E.M. Student’s T-test or One Way ANOVA with
Student-Newman-Keuls post hoc analysis was used to determine statistical significance (P
< .05) as appropriate. For determination of significance in SNP dose response curves, a Two
Way Repeated Measures ANOVA was employed. Correlation anlaysis was performed using
Pearson Correlation (P < .05)Statistical tests were performed using Sigmastat (SYSTAT:
San Jose, CA). The authors had full access to the data and take responsibility for its
integrity. All authors have read and agree to the manuscript as written.

Results
Injection of 32 week old pigs with alloxan did not result in significant changes in body
weight between the three experimental groups (Figure 1A). Although there was a trend for
decreased weight in the Diabetic swine group (DM, p=.06 vs. ND), little difference between
the IDM and ND group body weight argues against weight differences due to the toxic
effects of Alloxan independent of Diabetes induction. In addition, BUN levels were initially
elevated following injection in the majority of pigs but returned to normal in approximately
two weeks (data not shown). Alloxan injection resulted in significantly increased blood
glucose levels in the DM group which was partially rescued by insulin treatment (Figure
1B).

Diabetic swine (DM) exhibited significantly impaired coronary microvessel relaxation to the
NO donor sodium nitroprusside (SNP) in comparison to both Non-diabetic (ND) and insulin
treated diabetic swine (IDM) (Figure 2A). The concentration of SNP required to achieve
50% relaxation (EC50 SNP) was approximately 5 fold greater in the DM group compared to
both control and IDM groups (Figure 2B). Impaired relaxation was not due to enhanced
vessel preconstriction as the % contraction with U46619 and the vessel baseline diameter
were similar between groups (Figures 2C and D). In contrast, there was a nonsignificant
trend for decreased U46619-induced preconstriction and increased baseline diameter in the
DM group.

Western analysis of constituents of smooth muscle relaxation pathways, cyclic GMP
dependent protein kinase (PKG) and soluble guanylate cyclase (sGC), in the LAD conduit
vessels, showed that diabetes depressed expression of sGC (Figure 3A and B). In contrast to
vascular relaxation responses, sGC expression was significantly diminished in both the
diabetic groups of animals, with no effects of insulin on diminished sGC expression (Figure
3A and B). There were no significant changes in the levels of PKG.

Western analysis of constituents of smooth muscle contractile signaling, phosphorylated
myosin light chain (ser19/thr18 MLC), protein kinase C inhibitor -17 (CPI-17) and
phosphorylated Akt (pser473-Akt), in the LAD displayed significant increases in the
phosphorylation of MLC on ser19 and thr18 that were normalized with insulin (Figure 4A
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and B). There were no significant changes in CPI-17 or Akt phosphorylation in either the
DM or IDM groups.

DM-induced increases in smooth muscle MLC phosphorylation were confirmed in
resistance coronary microvessels (~50 – 100 um) from the LAD dependent territory (Figure
5A, red). In addition, larger diameter vessels displayed DM-induced increases in MLC
phosphorylation in both the smooth muscle and endothelium (Figure 5A, arrows), that was
normalized by insulin. DM-induced increases in microvessel MLC phosphorylation were
associated with increases in inhibitory phosphorylation of thr696 of myosin phosphatase
(pthr696-MYPT) (Figure 5B). However, there were no apparent changes in pthr696-MYPT
in larger diameter vessels (Figure 5B last column).

Correlation analysis demonstrated a significant direct correlation between the EC50 SNP
relaxation response and blood glucose (Table 1). In addition, there was a highly significant
direct correlation between the level of phosphorylated MLC and both the EC50 SNP and the
blood glucose level (Table 1). There were no significant correlations between the other
relaxation and contractile signaling proteins (Table 1).

Depressed SNP-induced vasodilation and coronary smooth muscle MLC phosphorylation
was examined in non-diabetic and type 2 diabetes patients using right atrial appendage tissue
obtained during cardiac surgery. The characteristics of the patients used in this study are
presented in Table 2. Type 2 diabetes patients exhibited depressed coronary microvessel
vasodilation to SNP as compared to non diabetic patients (Figure 6A). The concentration of
SNP required to achieve 50% relaxation (EC50 SNP) was approximately 3 fold greater in the
DM group compared to ND patients (Figure 6B). Impaired relaxation was not due to
enhanced vessel pre-constriction as the vessel baseline diameter was similar between groups
(Figures 6C) and there was significantly decreased preconstriction to U46619 (Figure 6D).
Similar to DM swine, DM patients exhibited enhanced phosphorylation of MLC in coronary
resistance vessels (Figure 6E, red).

Discussion
The majority of studies examining diabetes-induced impaired vasodilation have focused on
endothelial dependent alterations in NO-mediated vasorelaxation 1,21,17. In Diabetes,
reduced NO production and subsequent vasodilation in response to endothelial acting
vasodilators is well established22. In this study, we chose to examine Diabetes-induced
impaired vasodilation independent of diabetes-induced reductions in endothelial derived
NO. In the presence of equal concentrations of the NO donor SNP, Type 1 and 2 diabetic
coronary vessels exhibited impaired vasodilation compared to non-diabetic vessels. These
results are in agreement with earlier studies demonstrating diabetes-impaired myocardial
blood flow in response to the largely endothelium independent vasodilators adenosine and/or
NO donors4,6,23,3. Collectively, these results suggest an underlying diabetes-induced
maladaption of coronary vascular smooth muscle reactivity in vivo, regardless of diabetes-
induced perturbations in NO production and consumption. Although smooth muscle-
mediated impaired responsiveness may appear minimal to described pathological decreases
in endothelial-dependent responses, estimates of local vessel wall concentration of NO are in
the 1–5 × 10−7 molar range 24, and agonist stimulated production of NO results in relatively
discrete increases in NO concentration 25. These concentrations compare well to the doses of
SNP used in this study, and diabetes in both pigs and humans results in significant
reductions in SNP-induced dilation at these concentrations (Figure 2B and 6B). Therefore,
diabetes-induced impaired endothelial dependent and independent coronary vasodilation
likely reflects overall VSM insensitivity to multiple vasodilators.
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The current study is in contrast to numerous studies in the literature. In both
human26,27,28,29 and animal models30,31,32,33,34, of type 1 and 2 diabetes, SNP has been
demonstrated to have minimal effect on the vasodilatory response to SNP. There are several
possible reasons for these discrepancies. Differences in diabetes-dependent vascular
responses may be attributable to many factors including disease progression35, gender 34,
and type of diabetes 36,29. In addition, differences in species and/or specific vascular beds
may play a role, with altered responses to SNP demonstrated within specific circulations 34.
Finally, differences in data analysis and experimental design may also affect interpretation
and results, including differences in specific contractile agonists (U46619, endothelin, KCl)
or whether relaxation measured is passive or following agonist-induced contraction. One
large similar study examining diabetes differences in atrial arterioles found no difference in
SNP-induced vasodilation 27. However, these differences may be due to data analysis, as in
the above study SNP responses were normalized to the 100% maximal SNP response. This
method may have the effect of minimizing any absolute differences in SNP responses
between the two populations. In contrast the SNP results (in both pigs and humans) of the
current study were normalized to the baseline diameter (100% relaxation) and the luminal
diameter following 1 μM U46619 pre-constriction (0%). In contrast to the above mentioned
studies, numerous experimental diabetic models in multiple species and circulatory beds
support a role for reduced endothelium independent vasorelaxation in type 1 and 2 diabetes
37,36,38,39,40,41.

The diabetes-induced decreases in vasodilation associated with both decreased sGC
expression and enhanced phosphorylation of MYPT and MLC. Importantly, insulin
completely reversed impaired vasodilation to NO, but had no effect on sGC expression,
indicating that the reduced sGC expression is insufficient to account for diabetes-induced
impaired vasodilation. In addition, the reduced levels of sGC were sufficient to produce
normal vasodilation in the IDM group. However, it should be noted that there was no direct
measurement of sGC activity. The possibility remains that insulin may alter responsiveness
of this enzyme to NO. In addition, sGC has additional pro-relaxant effects other than
modulation of myosin phosphatase (see below) and these effects may play a role in the
current study11 In contrast to the effects on sGC, the effect of diabetes to promote VSM
contractile signaling appeared more important than the observed alterations in VSM
relaxation signal pathways. The greatly enhanced MLC phosphorylation in both type 1
diabetic swine and type 2 diabetic patients correlated with depressed vasodilation in
response to SNP, and both were normalized by administration of insulin in the type 1
diabetes swine model. In addition, MLC phosphorylation was the only contractile or
relaxation signaling parameter that correlated with both the level of blood glucose and
depressed Diabetes-induced vasodilation (Table 1). Overall, these results suggest that
impaired vasodilation is the result of a greatly enhanced contractile phenotype due to a loss
of inhibitory effects of insulin and/or direct effects of hyperglycemia to induce MLC
phosphorylation cascades. Indeed, a role for enhanced vessel reactivity has been previously
implicated in diabetes, with demonstrated agonist induced increased vessel contraction to
endothelin-1 and thromboxane 34,42. Surprisingly, in our study, despite clear increases in
MLC phosphorylation, there were no corresponding increases in U46619-induced
contraction in both type 1 diabetic swine and type 2 diabetic patients. In contrast, there was
a trend for decreased contraction in type 1 diabetic pigs and significantly decreased
contraction in human type 2 diabetic vessels. Furthermore, a trend for increased baseline
diameter of diabetic vessels argues against an overall precontracted state. It is currently
unclear why enhanced MLC phosphorylation doesn’t result in increased agonist-induced
contraction. A similar dissociation between enhanced MLC phosphorylation and contraction
in diabetes has been previously reported. Urinary bladder smooth muscle in diabetic rabbits
exhibit enhanced MLC phosphorylation, but have a considerably reduced force production
when compared to non-diabetic animals 43. Further investigation and understanding of this
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apparent paradoxical effect of diabetes may yield valuable mechanistic insight into smooth
muscle contraction. Nevertheless, the present results are consistent with the view that
impaired vasodilation in diabetes is the result of enhanced MLC phosphorylation that limits
responsiveness to NO-induced relaxation signaling. Therefore, pharmacologic treatments
that inhibit enhanced smooth muscle MLC phosphorylation may be a more relevant
therapeutic target (vs. VSMC relaxation signaling: i.e. NO, eNOS, sGC, PKG) to alleviate
impaired vasodilation in diabetes.

Diabetes-induced impaired vasodilation in both type 1 diabetic pigs and type 2 human
coronary microvessels are likely mediated via the reduced effects of insulin. In type 1
diabetes, the reduced levels of insulin, and in type 2 diabetes, the reduced sensitivity to
insulin, signaling appear to result in the common consequence of enhanced VSMC MLC
phosphorylation. However, the precise mechanism of enhanced MLC phosphorylation is
unclear. Studies in VSMC in culture and small animal models of diabetes 1 and 2
demonstrate numerous insulin dependent effects on signaling cascades capable of altering
MLC phosphorylation. These include the NO-sGC-PKG, RhoA-Rho-kinase-MYPT, and the
PI3K/Akt signaling cascades 8,11.

Insulin is known to promote eNOS dependent production of NO and subsequently increase
activation of sGC and PKG resulting in stimulatory phosphorylation of MYPT on ser69544.
In addition, PKG dependent phosphorylation of RhoA and subsequent reductions in activity
are implicated in NO-dependent reductions in VSMC MLC phosphorylation. The actions of
insulin on the NO/sGC/PKG VSMC relaxation pathways are mediated through insulin
dependent activation of the PI3K/Akt signaling cascade45,11. Furthermore, the expression
levels of sGC and PKG are under tight feedback control and are also believed to be linked to
effects of insulin and/or beneficial effects of insulin on endothelial NO production 46,47,11. It
is unlikely that the impaired vessel relaxation and enhanced MLC phosphorylation observed
in the diabetes pig models is due to modulation of the sGC/PKG pathway for the following
reasons. First, as discussed above, insulin which rescued MLC phosphorylation and SNP-
induced vasodilation did not change the diabetes-induced impairment in expression of
relaxation signaling enzymes. Second, there were no changes in Akt phosphorylation
associated with diabetes or insulin treated diabetic animals. Third, we were unable to detect
any phosphorylation of MYPT on ser695 in vivo. Finally, insulin dependent enhanced NO
generation and direct effects to activate sGC would not be expected to alter the vasodilatory
response in these experiments as NO was delivered via SNP at equal concentrations to all
groups.

A more likely explanation for the observed effects in this model is enhanced signaling via
the Rho-kinase/MYPT signaling mechanism. Upon GTP binding, RhoA binds and activates
Rho-kinase which can inhibit MYPT via phosphorylation on thr696 or directly
phosphorylate MLC on ser19/thr1848. In addition both Rho-kinase and PKC can
phosphorylate CPI-17 which subsequently binds and inhibits MYPT. In cultured VSMC and
small animal models insulin reduces activation of both RhoA and Rho Kinase, thereby
relieving the inhibition of MYPT and reducing MLC phosphorylation. Similar to insulin
dependent effects on relaxation signaling pathways, many of these effects are attributed to
Akt dependent effects of insulin 11, the lack of change in Akt phosphorylation indicates that
the effects of insulin observed in this chronic in vivo model were independent of Akt.
Another possibility is that hyperglycemia directly activates the Rho-kinase cascade.
Hyperglycemia in cultured VSMC increases Rho-Kinase expression, CPI-17
phosphorylation, and subsequent MLC phosphorylation. In the type 1 diabetes pig
microvessels we demonstrate increased phosphorylation of MYPT at the Rho-Kinase site
(thr696). However, no diabetes-induced changes in CPI-17 phosphorylation were detected in
the coronary LAD’s (Figure 4) or microvessels (data not shown). A final possibility may be
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the diabetes-induced upregulation of specific mediators that induce activation of the RhoA/
Rho-kinase signaling cascade34. Determining the major upstream molecular mechanisms of
enhanced MLC phosphorylation will require further investigation. However, the main
determinants of depressed vasodilation in diabetes appear to be mediated by enhanced
VSMC MLC phosphorylation and inhibitory phosphorylation of MYPT associated with
reduced negative regulation by insulin (Figure 7).

In conclusion, we have demonstrated, in both patients and a large animal model, impaired
coronary smooth muscle vasodilation to NO is common to type 1 and 2 diabetic disease.
Furthermore, diabetes mediated increases in MLC phosphorylation correlate with impaired
coronary vasodilation, and may contribute to the multitude of vascular disorders associated
with diabetes.
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Figure 1. Swine treated with Alloxan did not lose weight and exhibited increased blood glucose
that was reduced with insulin
A) Weight of 8 month old swine treated with Alloxan (DM and IDM) and weight gain over
the subsequent 15 weeks. 40 week old control swine (ND) were acquired prior to the second
surgery. B) Blood glucose levels at time of sacrifice for ND, DM and IDM groups. *
indicates p<.05 vs. ND, One Way Anova on Ranks, Dunn’s method.
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Figure 2. Type I Diabetic swine have impaired coronary microvessel dilation to the NO donor
SNP
A) SNP dose response curves of coronary microvessels following preconstriction with
U46619 from ND, DM and IDM swine. B) Mean EC50 values of microvessel responses to
SNP determined from the individual curves used to generate A. C) The % contraction
(relative to baseline diameter) of ND, DM, and IDM coronary microvessels to 1 uM
U46619. D) Baseline diameter of coronary microvessels before preconstriction with
U46619. * indicates p<.05 vs ND, One Way ANOVA, and # indicates p<.05 for dose
response curves versus ND, Two Way RM ANOVA.
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Figure 3. Type 1 DM swine Coronary vessels exhibit reduced expression of soluble Guanylate
Cyclase with or without insulin treatment
A) Representative immunoblots sGC (top panel) and PKG (bottom panel) in LAD lysates
from ND, DM, and IDM swine. B) Quantitation of the data shown in A expressed as fold
difference from ND. * indicates p<.05 versus control, One Way ANOVA, student Neuman-
Keuls post hoc analysis.
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Figure 4. Diabetic swine exhibit enhanced phosphorylation of MLC on ser19 and thr18
independent of enhanced CPI17 phosphorylation and reduced Akt activation
A) Representative immunoblots of pser473-Akt (top panel) pthr38-CPI17 (upper middle
panel), and ser19/thr18 phosphorylated MLC (lower middle panel) in LAD lysates from ND,
DM, and IDM swine. B) Quantitation of the data shown in A expressed as fold difference
from ND for each protein examined. *indicates p<.05 versus ND, One Way ANOVA,
student Neuman-Keuls post hoc analysis.
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Figure 5. Diabetic coronary microvessels display enhanced phosphorylation of MYPT on thr696
and MLC on ser19 and thr18
A) Confocal micrographs of coronary microvessels from the LAD dependent ventricular
myocardium stained for smooth muscle actin (green), pser19/thr18 MLC (red), and topro3
(nuclei, blue). B) Coronary microvessels as in A stained for smooth muscle actin (green),
pthr696-MYPT (red), and topro3 (nuclei, blue). Bar = 30μm,
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Figure 6. Enhanced coronary MLC phosphorylation and impaired SNP-induced vasodilation are
common to Type 2 diabetes in humans
A) SNP dose response curves of coronary microvessels following preconstriction with
U46619 from ND and DM CABG patients. B) Mean EC50 values of microvessel responses
to SNP determined from the individual curves used to generate A. C) Baseline diameter of
coronary microvessels before preconstriction with U46619. D) The % contraction (relative
to baseline diameter) of ND and DM-2, coronary microvessels to 1 uM U46619. E)
Confocal micrographs of coronary microvessels stained for smooth muscle actin (green),
pser19/thr18 MLC (red), and Topro3 (nuclei, blue), Bar = 30 μm. * indicates p<.05 vs ND,
One Way ANOVA, and # indicates p=.05 for dose response curves versus ND, Two Way
RM ANOVA.
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Figure 7. Schematic of coronary smooth muscle contraction and relaxation signaling pathways
perturbed in DM in vivo
Black arrows and bars indicate normal positive and negative regulation respectively. Thick
grey arrows indicate Diabetes-induced alterations in coronary smooth muscle signaling.
Diabetes-induced effects on MLC phosphorylation may be due to the absence of insulin and/
or hyperglycemia, whereas the effects on sGC are independent of insulin.
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Table 1

Pearson correlation between fold change densitometry values and the EC50 SNP or fasting blood glucose
levels

SNP EC50 p= Glucose p=

PKG −0.182 0.50 −0.328 0.22

sGC −0.065 0.81 −0.300 0.26

pser19/thr18-MLC 0.670 <0.01 0.613 0.01

pthr38-CPI-17 0.044 0.88 0.070 0.80

pser473-Akt 0.387 0.14 0.262 0.33

SNP EC50 N.D. N.D. 0.533 0.03
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Table 2

Characteristics of patients used in diabetes microvessel study.

Patient Characteristics

Control Diabetes

Patients 7 7

Sex (M, F) (5, 2) (4, 3)

Age (range) 71.3 (43, 84) 70 (64, 84)

Hypertension 3 6

Hypercholesterolemia 5 7

Diabetes (NIDDM) 0 7

HbA1c 5.5 ± 0.3 6.8 ± 0.3

Tobacco Hx 3 5

CAD 7 7

Vessels 3.6 3.5

Medications:

Ca++ channel blocker 2 3

beta-blocker 5 4

Aspirin 5 4

plavix/wafarin/coumadin 2 5

ACE inhibitor 4 4

statin 4 6

sulfonylurea 0 2

metformin 0 1

diuretic 3 4
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