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Results 

 

Acute Hyperglycemia levels maintained among groups 

Blood glucose levels among saline control, 30% D-glucose, 30% D-glucose 

with 1 M ML171, and 30% D-glucose with 5 M ML171 were illustrated in figure 6.  

The saline control remained in normal blood glucose range (<126mg/dL) for the 

entire experiment.  All three groups treated with 30% D-glucose maintained a blood 

glucose level over 200 mg/dL for the 180-minute experiment once fully induced.  

The treatment drug, ML171, showed no altering effects on blood glucose levels, for 

both the 1 M ML171, and 5 M ML171. 

 

Figure 7. Blood glucose changes throughout 180-minute experiment with 30% 
D-glucose.  Groups infused with 30% D-glucose maintained blood glucose 
levels of ≥200 mg/dL compared to saline (<126mg/dL). 
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Mean Arterial Blood Pressures Remained Normal throughout Experiment 

Mean arterial blood pressure (MABP) among saline control, 30% D-glucose, 

30% D-glucose with 1 M ML171, and 30% D-glucose with 5 M ML171 were 

shown in figure 7.  MABP remained in normal range (90-130mmHg) throughout the 

experiment.  Acute hyperglycemia as well as hyperglycemia combined with ML171 

had no effect on MABP, which were similar to that of the saline group.   

 

Figure 8. Mean Arterial Blood Pressure among groups taken every 20 minutes 
for 180-minute experiment. MABP among all groups remained remained in 
normal range 90-130mmHg for 3 hours.  
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Acute Hyperglycemia Decreased Blood NO compared to Saline Control 

Blood NO levels among saline control and 30% D-glucose were demonstrated 

in figure 8.  The 30% D-glucose group had significant decrease in blood NO levels 

after 60-minute infusion compared to the saline control.  This marked decrease was 

by a mean value of 37.00±5.12 nM relative to saline (P<0.05, n=8).  The significant 

reduction in blood NO levels continued and was 101.41±10.91 nM relative to the 

saline group at the end of the 180-minute infusion (P<0.01, n=8). 

 

 

 
 
Figure 9. The comparison of blood NO levels relative to saline with 30% D-
glucose (*p<0.05, **p<0.01 vs saline).  Hyperglycemic group had significantly 
reduced blood NO levels relative to saline. 
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Ml171 attenuated decreased blood NO due to acute hyperglycemia in a dose-

dependent matter 

Blood NO levels among 30% D-glucose, 30% D-glucose with 1 M ML171, 

and 30% D-glucose with 5 M ML171 relative to saline are shown in figure 9.  The 

30% D-glucose group, as previously stated, had a significant decrease in NO from 60 

minutes and throughout the rest of the experiment.  The blood NO levels were 

finally decreased by 101.41±10.91 nM relative to saline (P<0.01, n=8) .  By contrast, 

the 1 M ML171 attenuated the decrease in blood NO levels with significant 

improvement at 100 minutes until the end of experiment.  The blood NO levels were 

only reduced by 32.93±12.67 nM relative to saline at 180 minutes (P<0.01, n=5).  The 5 

M ML171 attenuated the decreased blood NO levels even further with significance 

seen at 80 minutes into the experiment and continued until completion at 180 

minutes with only a slight decrease of 15.46±8.13 nM relative to the saline group 

(P<0.01, n=5).  
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Figure 10. The comparison of blood NO levels relative to saline among 30% D-
glucose, 30% D-glucose with 1μM ML171, and 30% D-glucose with 5μM 
ML171(*p<0.05, **p<0.01 vs Glucose).  ML171 increases blood NO levels under 
hyperglycemia for both 1μM and 5μM ML171 compared to hyperglycemic 
group. 
 
 

Acute Hyperglycemia Increased Blood H2O2 compared to Saline Control 
 

Blood H2O2 levels among saline control and 30% D-glucose are shown figure 

10.  The 30% D-glucose group had significant increase in blood H2O2 levels after 80 

minutes with an elevation of 1.37±0.21 M compared to saline group (P<0.05, n=9).  

The increase in blood H2O2 resulted in a final increase at 180- minutes of 3.06±0.42 

M compared to saline (P<0.01, n=9).  
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Figure 11. The comparison of blood H2O2 levels relative to saline with 30% D-
glucose (*p<0.05, **p<0.01 vs saline).  Hyperglycemic group had significantly 
elevated blood H2O2 levels relative to saline. 
 

 

Ml171 attenuated increased blood H2O2 due to Acute Hyperglycemia in dose 

dependent matter 

Blood H2O2 levels among 30% D-glucose, 30% D-glucose with 1 M ML171, 

and 30% D-glucose with 5 M ML171 were demonstrated in figure 11.  The 30% D-

glucose group, as previously stated, had a significant increase in H2O2 starting at 80 

minute infusion and continuing until 180 minutes, with a final elevation of 3.06±0.42 

M relative to saline (P<0.01, n=9).  The 1 M ML171 attenuated the increase in blood 

H2O2 levels with significance at 80 minutes as well as at 140 and 180 minutes 
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concluding with lower H2O2 levels of 1.20±0.61 M relative to saline (P<0.05, n=8).  

The 5 M ML171 attenuated the increased blood H2O2 levels even further with 

significance seen starting at just 40 minutes into the experiment and continued until 

completion at 180 minutes with blood H2O2 levels resulting 1.79±1.02 M (P<0.01, 

n=5) lower than the saline control.  

 

Figure 12. The comparison of blood H2O2 levels relative to saline among 30% 
D-glucose, 30% D-glucose with 1μM ML171, and 30% D-glucose with 5μM 
ML171(*p<0.05, **p<0.01 vs Glucose).  ML171 reduced blood H2O2 levels 
under hyperglycemia for both 1μM and 5μM ML171 compared to 
hyperglycemic group. 
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Discussion 

These results indicated that during hyperglycemia the blood NO levels were 

significantly reduced over the 3-hour experiment when compared to saline control.  

The results also demonstrated that blood H2O2 levels were significantly elevated 

over the 3-hour experiment when compared to saline control.   

With the addition of ML171, a selective inhibitor of NOX1, the reduced levels 

of NO seen in hyperglycemic conditions were attenuated during the 3-hour 

experiment.  ML171 also attenuated the elevation in blood H2O2 due to 

hyperglycemia.  The higher dose of ML171 (e.g. 5M) provided more beneficial 

effects in restoring blood NO levels and reducing blood H2O2 levels compared to the 

lower dose of ML171 (e.g. 1 M).   

Acute hyperglycemia has been shown to reduce vascular endothelial 

dependent vasodilation.  In 1998, Akbaris et al had determined that endothelium-

dependent vasodilation is impaired during acute hyperglycemia in both the micro- 

and macrocirculation in 20 healthy subjects27.  The macrocirculation diameter was 

monitored through the brachial artery by using high-resolution ultra sound before 

(fasting) and after ingesting 75 g of glucose.  The microcirculation diameter was 

measured by changes in the erythrocyte flux after acetylcholine iontophoresis.  

Their results showed that dilation was greater during fasting compared to 

hyperglycemia, suggesting that this impairs dilation.  Moreover, animal experiments 

also suggest that acute hyperglycemia can induce vascular endothelial dysfunction.  

Gross et al, in 2010 came to such conclusions analyzing shear stress to the left 

anterior descending coronary arteries(LAD) in dogs.  The animals were fasted, 
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anesthetized, and infused with different doses of glucose, depending on their group.  

The blood flow, diameter and velocity were measured with response to 

acetylcholine to measure endothelial function and ROS generation was determined 

by fluorescence of myocardial biopsies.  This study determined that hyperglycemia 

affects endothelial dysfunction in a dose related manner, as well as ROS production, 

and decreased shear stress28.  The induction of vascular endothelial dysfunction 

may also depend on the time length of acute hyperglycemia and blood vessel.  This 

was seen with McNauty et al in 2011 while measuring the coronary blood flow 

velocity and diameter in 12 cardiac transplant patients before and after 60-minute 

glucose infusion.  They found that although there were higher levels of oxidative 

stress, there was no difference in dilated segments or increase blood flow29.  They 

suggested that the endothelial dysfunction operates over a longer period of time29.   

This study directly monitors blood NO levels which may serve as a biomarker 

for vascular endothelial dysfunction in real time under acute hyperglycemia.  The 

current experimental study induced acute hyperglycemia with blood glucose levels 

of approximately 200- 300 mg/dL for 3 hours. Results determined that blood NO 

levels were significantly reduced in the hyperglycemia group compared to saline 

(101.41±10.91 nM; n=8).   When considering absolute values from previous studies 

such as Giustarini et al. in 2004, which found that by measuring nitrites in the 

plasma of 20 healthy patients it depicted relative levels of NO in the blood34.  This is 

assumed because nitrites are found to be the most concentrated form of storage NO 

carrier34.  They determined that the average amounts of nitrite in healthy 
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individuals were measured to be 221±72 nM34.  Relating back to the current study, 

NO bioavailability reduction due to hyperglycemia could be very significant.  

Many studies indicate that acute hyperglycemia can quickly induce blood 

oxidative stress and certain molecules can reverse some effects to an extent.  Gross 

et al had also found that the effects of superoxide dismutase mimetic 4-hydroxy-

2,2,6,6,-tetramethylpiperidine-1-oxyl, otherwise known as tempol, normalized the 

oscillatory shear stress that was decreased due to hyperglycemia28.  Title et al, in 

2007 found that Vitamins C and E attenuated the decrease in flow-mediated dilation 

caused by hyperglycemia30.  Oxidative stress in some studies is analyzed by lipid 

peroxidation(LPO).  LPO occurs when the free radical attack polyunsaturated FA 

and further interacts with heavy metals resulting in alkoxyl or peroxl radical that 

can continue a chain reaction21.  Iron salts can also react with the LPO, resulting in 

membrane structure changes21.  LPO may cause further damage to patients with 

hyperglycemia and diabetes through oxidation of enzymes, stimulation of 

proinflammatory cytokines, degenerative changes, and DNA damage25.  Lipid 

peroxidation(LPO) is typically measured using Malondialdehyde (MDA) because it is 

an end product of LPO and is a tag for oxidative stress.  Bastos et al, when studying 

the impact of systemic and local LPO level on periodontal inflammation and disease 

had found that uncontrolled diabetic patients had 2.5 times higher MDA plasma 

levels than non-diabetic, and 1.5 times higher for well controlled diabetic patients25.  

LPO was significantly higher in diabetes patients, with a strong correlation 

(p<0.0001).  They also discovered that there was positive association between local 

inflammatory cytokines in the gingival crevicular fluid with diabetic patients.  This 
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also supports previous findings about decreased wound healing due to diabetes and 

hyperglycemia25.  The current study measured oxidative stress through a real-time 

micro sensor for H2O2.  Real-time H2O2 was measured instead of the SO produced 

since SO is quickly converted to H2O2 by superoxide dismutase and is not as stable 

as H2O2.  The results determined that blood H2O2 levels were significantly elevated 

in the hyperglycemia group compared to saline.  Although the absolute values of 

H2O2 in the blood have been controversial, a recent study by Forman et al. has 

complied research and analyzed possible true values for H2O235.  They postulate that 

the normal range of H2O2 in the blood is between 1-5 µM35.   When considering this 

with the current study with hyperglycemia increasing blood H2O2 by 3.0 ± 0.5 µM, 

the amount of elevation could be significant and detrimental to physiological 

conditions.   

The application of antioxidants for counteracting the oxidative stress which 

participates in cardiovascular diseases is questionable due to failure of clinical trials.  

Vitamin E has been the main vitamin of focus for antioxidant capabilities, but 

despite promising cohort studies, randomized clinical intervention trials have failed 

to show any benefit for preventing atherosclerosis or cardiovascular events33.  

There also has been reason to question targeting ROS with antioxidants, because 

they may only be specific in reducing the concentration of some ROS, but not the 

others33.  Therefore, it may be more advantageous to determine the major and initial 

source for oxidative stress under hyperglycemia.   

NADPH oxidases are responsible for the natural production of SO/H2O2 in the 

body.  Under physiological conditions this is used to assist the body with innate 
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immunity, redox-dependent signaling, and production of hormones33.  In 

pathological conditions, activation of NADPH oxidases may serve as a key 

component in mediating hyperglycemia caused oxidative stress and vascular 

endothelial dysfunction.  Taye et al found that by inhibiting NADPH oxidase with 

apocynin, a specific NAPDH oxidase inhibitor, the elevated levels of their subunit, 

p47phox were lower as well as the oxidative stress due to hyperglycemia31.  Activated 

NADPH oxidase will produce a large amount of SO/H2O2.  Moreover, it can cross-talk 

and recruit other possible sources of oxidative stress, such as xanthine oxidase, 

eNOS uncoupling, and mitochondria, such upregulation of one will activate 

another22.  Ago, et al has suggested that xanthine oxidoreductase exists in 2 forms in 

order to assist in protein catabolism, xanthine dehydrogenase and xanthine 

oxidase26.  They state, that in oxidative stress, the oxidoreductase exists primarily in 

the xanthine oxidase form, producing SO26.  Current studies have also identified a 

possible “cross-talk” with mitochondria of NADPH oxidases in the vasculature22.  

The elevation of NADPH oxidase specific SO and H2O2 causes mitochondrial 

dysfunction, leading to the upregulation of SO produced by the mitochondria22.  This 

production of SO from the mitochondria in turn further activates the NADPH 

oxidases.  Furthermore, overproduction of ROS from mitochondria can further cause 

eNOS uncoupling.  The eNOS enzyme is then uncoupled, and instead of forming NO 

to protect homeostasis and regulation, eNOS quenches SO and peroxinitrite 

(another free radical) is formed.  Thus, the futile cycle resulting in endothelial 

dysfunction is created.  The damage associated with elevated ROS is in part due the 

eNOS uncoupling by the SO.  The free radical SO quenches NO and forms 
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peroxinitite.  This is an even more toxic free radical, due to its ability to uncouple 

eNOS.  This is accomplished by oxidizing the complex as well as its cofactor BH4 18.  

NADPH oxidases are expressed throughout the body.  NOX1, 2 and 4 are 

expressed specifically in the vasculature, with 1 and 2 present in endothelial cells.  

NOX1 is also highly expressed in VSMCs26.  Bertolet et al has shown that NOX2 

inhibition with gp91ds-tat has only shown partial attenuation of H2O2 under 

hyperglycemia7.  The role of NOX1 in acute hyperglycemia is unclear.  Weaver et al, 

research had found that NOX1 inhibition can preserve the function of pancreatic 

beta cells through the use of ML17111.  We found that ML171 can attenuate the 

oxidative stressed caused by the upregulated NOX1 during hyperglycemia.   

  NOX1 inhibition can reduce PKC activation, which is the upstream signaling 

of NADPH oxidase activation.  In diabetic kidney, NOX1 has been suggested to be 

linked to activation of PKC activation8.  This is the first proposed feed forward 

mechanism of NOX1 with PKC.  It was also suggested that NOX1 but not NOX2 

mRNA expression was elevated in early hyperglycemia8.  NOX1 deficient mice had 

reduced oxidative stress and reduced activation of PKC.  NOX1 in hyperglycemia 

induced oxidative stress and vascular endothelial dysfunction was focus of our 

hypothesis.   

It was suggested by Youn, et al that NOX1 mediates BMP4-induced eNOS 

uncoupling, shown by a diminished BMP4-induced eNOS uncoupling with NOX1 

siRNA-transfected cells17.  This was demonstrated by eNOS uncoupling present 

within endothelial cells when exposed to BMP4 or bone morphological protein 417.  

NO is responsible for vasodilation, inhibiting platelet, and white blood cell 
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activation.  These actions are necessary for maintaining vascular homeostasis.  The 

product shift of uncoupled eNOS from NO to SO not only diminishes NO 

bioavailability that maintains homeostasis, but also increases SO products, which 

results in more oxidative stress.  The possible mechanism of what may occur in the 

instance of blocking NOX1 with its involvement with other enzymes is outlined in 

figure 13.  The current study found that ML171, a selective NOX1 inhibitor, 

significantly reduced acute hyperglycemia-induced H2O2 increase and NO decrease. 

The higher dose provided better effects than lower dose. 

 

 

 

 

 

 

 

Figure 13. Possible mechanism of NOX1 activity at the endothelial level. NOX1 
may influence other enzymes and their production of SO.  
 

 To further understand the role of NOX1 in hyperglycemia-induced vascular 

dysfunction and oxidative stress, future studies will be designed to measure blood 

nitrite and other oxidative stress indicators such as Malondialdehyde (MDA).  The 

impact of body temperature on blood NO and H2O2 levels also were measured, NO 

levels slightly decreased in the saline control group and there was a slight increase 

in H2O2.  Future studies could employ westernblot and immunohistochemistry to 
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understand the mechanism as well as interaction of NOX1 with mitochondrial ROS, 

uncoupled eNOS, and PKC under the present experimental conditions.   

Future studies include clarifying the effects of body temperature, to rule out 

any variables due to heat loss during experiment.  A heating pad will be placed 

under the animals for the duration of the study. The long term effects of ML171 has 

also not yet been explored, and this could be an additional aspect of future studies.   

The results of this study must be considered in light of certain limitations; for 

the absolute values could not be measured.  The lab has not yet confirmed the blood 

plasma for H2O2 and NO, but a method to do so will be incorporated into future 

studies.  The free radical microsensors used in this study are also sensitive to 

movement and other variables, which may influence real-time readings.  Future 

studies may incorporate other ways to measure NO and H2O2 in real-time by use of 

fluorescence kits if a protocol is developed successfully for this experimental design.   

 

Summary 

Acute hyperglycemia is harmful, and the futile cycle created by NOX1 and 

uncoupling of eNOS is responsible for vascular endothelial damage.  Focus on 

reduction of oxidative stress by inhibiting NOX1 may prevent the vicious cycle of 

causing oxidative stress and NO reduction in the blood due to hyperglycemia.   
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