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Abstract
Background: Hypoglycemia unawareness is a detrimental risk factor in diabetic patients leading to serious complications if left untreated.
Previous studies from our group determined that recurrent insulin induced hypoglycemia (RIIH) promotes hypertension.
Objective: We hypothesize that RIIH not insulin by itself is the source of hypertension and end organ damage in diabetic patients.
Methods: Male Sprague-Dawley-rats (200-250g, n=18) were provided with glucose food (125g glucose/kg body weight) and glucose
water (0.1g glucose/100g body weight/ml). They were treated with subcutaneous insulin injections (7U/Kg) and blood glucose was monitored intermittently. Daily blood pressure was measured using the tail cuff method. Interstitial samples of ATP and angiotensinII (AngII)
were collected by renal microdialysis and analyzed using luciferin-luciferase bioluminescent assay and EIA respectively. Reactive oxygen
and nitrogen species in hearts and kidneys were analyzed using Electron Paramagnetic Resonance Spectroscopy (EPR).
Results: Renal interstitial ATP levels increased from 90.2± 4.7ng/µl to 99.6± 8.7ng/µl (not significant) and AngII from 0.15± 0.02ng/ml
to 0.13± 0.05ng/ml (not significant) from day 0 to 14. There was no significant change in mean arterial pressure (121.3 ± 1.4 mmHg on
day 0 to 127.8 ± 1.4mmHg on day 14). Oxidative stress was reduced compared to RIIH model, which was evident from the EPR spectra.
Conclusion: We demonstrated that hypertension induced end organ damage in diabetics is due to insulin induced hypoglycemia not insulin
alone (by itself).
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1. Introduction
Diabetes is characterized by increased blood-glucose levels due to
defects in insulin production, insulin action or both, and often leads
to various complications. Major complications of diabetes include
hypoglycemia, diabetic coma, diabetic retinopathy, diabetic neuropathy, diabetic nephropathy, diabetic cardiomyopathy, hypertension, and amputations. Diabetes is projected to be the seventh leading cause of death by 2030 according to World Health Organization
(WHO)(Mathers& Loncar, 2006). Centers for Disease Control and
Prevention (CDC) reported that 71% of diabetic patients (age ≥18
years) were hypertensive during 2009-2012. In 2011, diabetes was
found to be the primary cause of kidney failure in 44% of the patients (http://www.cdc.gov/diabetes/pubs/statsreport14/national-diabetes-report-web.pdf ).
Increasing prevalence of diabetes mellitus during the past decade
has dramatically increased the incidence of end-stage renal disease
(ESRD). Important contributors of ESRD include hypertension and
hyperinsulinemia, which frequently coexist(El-Atat et al., 2004).
Furthermore, hypertension was found to be associated with hyperinsulinemia through several mechanisms, one of which is tissue AngII and aldosterone actions, leading to vascular resistance(El-Atat
et al., 2004). Hyperinsulinemia causes hypertension by increasing
sodium retention and stimulating sympathetic activity. It also reduces the release of nitric oxide (NO) thus aggravating the condition and promotes endothelial dysfunction (Purohit & Mathur,

2013; P. Prathipati et al., 2014). Circulating AngII has been reported to be elevated in many diabetic models(Eadington et al.,
1994; Harrison-Bernard et al., 2002).Previous studies from our laboratory demonstrated the role of AngII in elevating HO-1, which
in turn increased carbonmonoxide (CO) levels and ultimately increased mean arterial pressure (MAP) (S. Quadri et al., 2013; S.
Quadri et al., 2014b). We also demonstrated that recurrent insulin
induced hypoglycemia (RIIH) elevates MAP by enhancing circulating AngII. There was a dose-dependent decrease in blood-glucose levels with insulin treatment, which caused an elevation in
blood pressure(S. Quadri et al., 2014a)due to an elevation in interstitial AngII and adenosine triphosphate (ATP) levels (P. Prathipati
et al., 2015). ATP is not only the energy currency of the cell, but
also regulates various hemodynamic functions in cardiovascular tissues and organs like the kidney (Nishiyama et al., 2006; P.
Prathipati et al., 2015).
Along with hypertension and other complications, diabetic patients
often experience hypoglycemic episodes as they strive to attain normal blood-glucose levels. Hypoglycemia is a condition when
plasma glucose levels are < 70mg/dl (3.9 mmol/L)(Davis et al.,
1997). Hypoglycemia unawareness (HU) occurs when the system
fails to recognize the fall in blood glucose below normal levels(Moghissi et al., 2013)or is the onset of neuroglycopenia before
the occurrence of autonomic warning symptoms(de Galan et al.,
2006). The risk of severe hypoglycemia is higher in the presence of
HU (six-fold for type 1 diabetes mellitus (TIDM)(Geddes et al.,
2008)and 17-fold for type 2 diabetes mellitus (T2DM)(Schopman
et al., 2010). Iatrogenic hypoglycemia is due to interplay of absolute
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or relative insulin excess and compromised glucose counter regulation in type 1 and advanced type 2 diabetes. HU was observed in
40% of TIDM while severe hypoglycemia resulted in a 10% mortality rate in T2DM patients(Martin-Timon & Del Canizo-Gomez,
2015). Severe hypoglycemia or HU resulted in increased risk of
mortality in clinical trial studies like Action to Control Cardiovascular Risk in Diabetes (ACCORD) and the Action in Diabetes and
Vascular Disease (ADVANCE) (Action to Control Cardiovascular
Risk in Diabetes Study et al., 2008; Zoungas et al., 2010). However,
the source of hypertension during insulin treatment still remains unresolved. Having observed the role of hyperinsulinemia on hypertension and the adverse effects of hypoglycemia in diabetic patients,
the present study focuses on the effects of euglycemic hyperinsulinemia, wherein glucose levels are clamped during insulin treatment by providing excess glucose to compensate for recurrent insulin induced hypoglycemia. This study focuses on identifying
whether the source of hypertension is insulin alone, or if it is due to
hypoglycemia caused by recurrent insulin injections. The effects of
euglycemia on renal-interstitial ATP, AngII and oxidative stress
were studied by maintaining normal glucose levels during insulin
treatment.

given 2-3 days to recover post-surgery. At the end of the experiment, kidneys were collected and the location of the microdialysis
membrane was confirmed by surgical exposure of the probe. After
the recovery period, animals were fed on glucose food (125 g glucose/kg bodyweight) and glucose water (0.1g glucose/100g bodyweight/ml). They were treated with a daily 7 Units/kg dose of insulin (subcutaneous) for 14 days. Samples (interstitial fluid) were collected 1 hour post insulin injection for a period of 9 hours. Blood
glucose was monitored intermittently. Collected samples were
stored in -80˚C until analyzed.
On the 14th day, rats were anesthetized with a single injection of
thiobutabarbital sodium (Inactin, 120mg/kg ip) and a tracheal tube
was inserted to maintain an open airway. Catheters (PE-50 tubing
filled with heparinized saline) were implanted into the carotid artery
to allow for continuous monitoring of MAP and heart rate (HR).
The arterial catheter was connected to a pressure transducer (model
TSD104A, Biopac Systems, Santa Barbara, CA). Following surgical procedures, rats were allowed to stabilize and blood pressure
was measured after 1 hour.

2. Materials and methods

Luciferin-luciferase bioluminescent assay was used to analyze for
ATP in the interstitial samples. Bioluminescent light is produced
when ATP reacts with luciferin, firefly luciferase and oxygen. The
light emitted is proportional to the amount of ATP present.

2.1. Materials

2.4. ATP analysis

CMA 30 linear microdialysis probes were purchased from CMA
microdialysis (Harvard Apparatus, Holliston, MA), ATP bioluminescent assay kit, D(+) glucose, and deferoxamine mesylate were
purchased from Sigma-Aldrich (St. Louis, MO), AngII EIA kits
were from Phoenix Pharmaceuticals, Inc.,(Burlingame, CA) CPH
and diethyldithiocarbamic acid(DETC) were purchased from Enzo
Life Sciences (Farmingdale, NY). Isoflurane was obtained from Piramal Critical Care (Bethlehem, PA). Bruker EMX EPR spectrometer with Q microwave cavity was used.

2.5. AngII analysis

2.2. Animals

2.6. EPR spectrometer

Seven-week-old male Sprague-Dawley rats weighing between 200
and 250 g (n=18) were housed at room temperature with 12/12hours light/dark cycle. They had free access to food and water
throughout the experiment. All animal experiments were approved
by the University of Louisiana at Monroe Institutional Animal Care
and Use Committee (IACUC).

Electron Paramagnetic Resonance Spectrometer (EPR) was used to
analyze for the amount of reactive oxygen species(ROS) and peroxynitrite(ONOO-) present in the interstitial samples. Spin probe
CPH (1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine.HCl)
was used for superoxide radical and ONOO-. As the half-life of the
free radicals is very short, spin probes reacts and forms stable radicals. This increases the half-life of the free radicals to several hours
and helps in stabilizing and quantifying them(Dikalov et al., 2007).
Kidneys and hearts were harvested at the end of the experiment and
flash frozen to store until analyzed. At the time of the experiment,
kidneys and hearts were sliced into similar sized 2mm samples and
incubated for 1 hour at 37˚C in 0.5ml of Krebs HEPES buffer(pH
7.4) containing 25µM deferoxamine mesylate and 5µM DETC
along with 5mM of CPH(Elks et al., 2009). The following settings
were used to record the EPR spectra: field sweep, 80G; microwave
frequency, 9.39 GHz; microwave power, 2mW; modulation amplitude, 5G; conversion time, 327.68ms; time constant, 5242.88ms;
512 points resolution; and receiver gain, 1×10 4(Dikalova et al.,
2005). The amplitude of the signal was measured and quantitated to
determine the amount of superoxide and ONOO- present in the
samples.

2.3. Experimental procedure
Animals were divided into two groups. A subset of 10 was used for
blood pressure measurement by tail cuff method while the other
subset of 8 was used for microdialysis experiments.
Animals were treated with a daily 7Units/kg subcutaneous dose of
insulin for 14 days. This insulin dose was determined in previous
studies to promote sustained hypoglycemia(S. Quadri et al., 2014a).
Rats were fed glucose food (125g glucose/kg bodyweight) and glucose water (0.1g glucose/100g bodyweight/ml) to maintain
euglycemic conditions. One hour post insulin injections, blood
pressure was measured daily by tail-cuff analysis (Model SC-1000
MSP, Hatteras, Cary, NC). Blood-glucose levels were monitored on
day 0 (baseline), day 4 (early), day 8 (mid), and day 14 (late) using
blood-glucose test strips. Animal weights, food intake and water intake were monitored daily.
Microdialysis surgery was performed according to previously described methods(P. Prathipati et al., 2012). Briefly, rats were anesthetized throughout the surgical procedure using isoflurane anesthesia setup (Ez-anesthesia system). A small midsagittal incision
was made to excise the kidney. A microdialysis probe was inserted
into the cortex of the kidney which was exited from the nape of the
neck. This was attached to the microdialysis setup and infused with
physiological saline (3µl/min) for sample collection(Hoar &
Hickman, 1975). The incisions were sutured and animals were

AngII EIA kit was used to measure AngII in the interstitial samples
based on the principle of competitive enzyme immunoassay. The
intensity of the yellow color produced due to the interaction of
streptavidin-horse radish peroxidase (SA-HRP) is inversely proportional to the amount of peptide in the samples. The unknown concentration of the AngII in the samples was determined from the
standard curve.

2.7. Statistics
Data were expressed as mean ± SE and analyzed by analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparison
test when appropriate (INSTAT 3). (P< 0.05) was accepted as statistically significant.
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3. Results
3.1. Blood glucose levels in glucose clamp animals after
insulin treatment
Blood glucose levels were monitored during days 0, 4, 8 and 14
respectively. Glucose clamping was achieved during insulin injections by providing glucose in water and food, which maintained a
euglycemic state. Consistent levels of glucose were found during
the glucose clamp period without any hypoglycemic episodes
(Fig.1). Blood glucose levels were found to be 95±5, 89±5, 89±0
and 91±9 mg/dL on day 0, 4, 8 and 14 respectively.
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4. Discussion
The current study demonstrates that euglycemia attenuates hypertensive effects observed in diabetic conditions during insulin treatment. These results suggest that, hypoglycemia which is the result
of recurrent insulin treatment is the cause of the observed hypertension in diabetic patients. In this study, hypoglycemia is neutralized
by providing sufficient glucose to the animals to maintain euglycemia during insulin treatment. There was no significant difference in
renal interstitial ATP or AngII levels, or in blood pressure. Our previous studies demonstrated that RIIH produced a significant elevation in ATP and AngII levels and eventual hypertension. Whereas
we reported an elevation in renal interstitial ATP levels from day 8
which triggered renal AngII levels from day 10 during 14 days insulin treatment (S. Quadri et al., 2014a; P. Prathipati et al., 2015).
The data together suggests that the observed hypertension can be
attributed to hypoglycemia but not insulin alone. This indicates the
adverse role of hypoglycemia during insulin treatment. RIIH promoting hypertension maybe neutralized by maintaining euglycemic
conditions.

14

Days
Figure 1: Blood glucose measurement in glucose fed animals. There was
no significant drop in the blood glucose of the animals fed with glucose food
and water during insulin treatment. Thus the euglycemic condition was
achieved. Values are mean ± SEM (N= 18).

3.2. Effect of glucose clamp on blood pressure
In the awake animals, glucose supplementation attenuated the RIIH
mediated increase in MAP when compared to animals treated with
7 U/Kg without external glucose supplement (Fig. 2) (S. Quadri et
al., 2014a). There were no significant differences between the MAP
of the animals. Systolic blood pressure was also maintained constant without any significant increases. Similarly diastolic pressure
of animals supplemented with glucose did not show any significant
change as compared to animals treated with 7 U/Kg alone.

3.3. Effect of glucose clamp on renal interstitial ATP levels
During the 2 week period, no significant changes in ATP levels
were observed from day 0 which was 90.2± 4.7ng/µl through day
14 which was 99.6± 8.7ng/µl (Fig.3 (a)). Hence glucose clamping
attenuated the observed elevation in renal interstitial ATP levels
thus preventing any disturbances in the tubuloglomerular feedback
(TGF) mechanism.

3.4. Effect of glucose clamp on renal interstitial Ang II
levels
During insulin treatment, no significant differences were observed
in AngII concentrations from day 0 which was 0.15± 0.02ng/ml to
day 14 which was 0.13± 0.05ng/ml (Fig.3 (b)).This data suggests
that, the elevated levels of Ang II during hyperinsulinemia can be
normalized by maintaining euglycemic conditions.

3.5. Effect of glucose clamp on oxidative stress
There was no significant change in ROS and RNS levels produced
during the chronic treatment with 7U/Kg insulin when euglycemic
conditions were maintained. Kidney and hearts were incubated with
CPH (Fig.4 (a,b)) producing EPR spectra and bar graphs (Fig.5)
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which indicate the presence of superoxide and peroxynitrite. Elevated oxidative stress during insulin induced hypoglycemic condition was previously reported(P. Prathipati et al., 2015).The present
data suggests that, oxidative stress can be mitigated by maintaining
normalized glucose levels during insulin treatment.
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Figure 2: Effect of subcutaneous administration of insulin on blood pressure in awake animals. Animals were treated with subcutaneous injections
of humulin and provided with glucose food. Mean arterial pressure (MAP),
Systolic blood pressure (SBP) and Diastolic blood pressure (DBP), was
monitored over a period of 2 weeks with tail cuff analysis post insulin injections. There was no significant difference observed. Values are mean ±
SD (N= 10).

A few clinical studies reported the beneficial approach of continuous glucose monitoring (CGM) in type I diabetic patients which reduced severe hypoglycemia (Maran et al., 2010; Choudhary et al.,
2013; van Beers et al., 2015; Bally et al., 2016). However, the underlying mechanism remains to be elucidated. In the current study,
the effects of hypoglycemia are identified by treating the animals
with insulin and simultaneously maintaining euglycemic levels in
the body to nullify the effects of insulin treatment. Thus, normal
blood glucose levels in the body attenuated insulin induced hypertension which is evident from the blunted levels of renal interstitial
ATP and Ang II levels and reduced blood pressure (Fig.2, 3). Previous studies have reported the role of ATP in maintaining the TGF
mechanism by acting as a signaling component between macula
densa cells and the afferent arteriole. This aides in regulating glomerular filtration rates to maintain renal health (Komlosi et al.,
2005). It was also demonstrated that renal interstitial ATP regulates
TGF dependent variations in renal vascular resistance (Nishiyama
et al., 2000; Nishiyama et al., 2001; Nishiyama et al., 2006). Maintaining normal blood glucose levels might help in restoring the lost
equilibrium of the TGF mechanism. This in turn would assist in
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Figure 4: Detection of superoxide and peroxynitrite. EPR spectroscopy of
(a) kidneys and (b) hearts collected on 14 th day of insulin treatment were
incubated for 60 min with CPH.
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the interlink between cardio-renal complications. This study illustrates the importance of achieving near normal blood glucose levels
in diabetic patients.
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regulating the renin angiotensin-aldosterone system (RAAS) by decreasing renal interstitial Ang II levels thus attenuated hypertension. The RAAS plays a crucial role in maintaining arterial blood
pressure and in regulating physiologic and pathophysiologic processes in the kidney(Ruster& Wolf, 2006). Emerging evidence has
demonstrated an increase in mean arterial pressure with subcutaneous infusions of AngII (Kobori et al., 2001).The current study provides one physiological mechanism where maintenance of euglycemia improves the quality of life for diabetic patients. Exploring and
understanding the roles of ATP and Ang II in regulating TGF and
RAAS mechanisms suggests that more targeted therapeutic approaches could be employed over systemic blockade of Ang II receptors.

CPH
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Figure 3: Analysis of ATP and Ang II. In awake rats, physiological saline
was perfused through the microdialysis probes inserted in kidneys. Perfusate
was collected post insulin (7Units/kg) injections continuously for 9 hr during 2 weeks period while providing glucose diet. Samples were then analyzed for (a) ATP using luciferin-luciferase assay and (b) AngII using EIA.
There was no significant difference in either ATP or Ang II levels from day
0 through day 14. Values are mean ± SEM (N= 8).

The overlap between diabetes and hypertension increases the risk
of ESRD. Hyperglycemia and hypertension can impair endothelial
cells leading to oxidative stress. Increased levels of ROS were observed with subcutaneous infusion of AngII by stimulating
NAD(P)H oxidase(Touyz & Schiffrin, 1999). AngII induces renal
damage either by vasoconstriction of the efferent arteriole or by autoregulation of the afferent arteriole (Baltatzi et al., 2011). It also
stimulates renal inflammation and fibrosis contributing to kidney
damage (Wolf et al., 2003). High intrarenal concentrations of AngII
and reduced sodium excretion were observed in several experimental AngII dependent hypertensive models (Navar et al., 2002;
Ruiz-Ortega et al., 2006; Kopkan et al., 2006). Several in vitro studies also reported the role of ATP in promoting oxidative stress
(Chan et al., 1998; Sauer et al., 2001; Nishiyama et al., 2004). In
the current study, the maintenance of normal blood glucose levels
attenuated oxidative stress which may be due to reduced interstitial
ATP and Ang II levels, when compared with that of insulin treatment alone (Fig. 4,5)(S. Quadri et al., 2014a; P. Prathipati et al.,
2015). However, superoxide and peroxynitrite levels were higher in
the heart as compared to the kidney (Fig. 4, 5). This remains as one
of the interesting areas to understand the underlying mechanism of
more cardiac ROS production compared to renal ROS levels and

Figure 5: Detection of superoxide and peroxynitrite. Representative bar
graphs indicate the oxidative stress produced in kidney and heart when
treated with CPH to detect superoxide and peroxynitrite. Maintenance of
euglycemia reduced the superoxide and peroxynitrite levels in kidney but
not significantly when compared with control CPH. There was no significant change observed in superoxide and peroxynitrite production. Values
are mean ± SEM (N= 8).

5. Conclusion
In summary the present study demonstrates that euglycemia attenuates the elevated renal ATP which further blunts production of
Ang II. This might restore the TGF and RAAS systems and helps
in regulating normal blood pressure via a reduction in oxidative
stress (Fig. 6). The novelty of this study is to establish an interrelationship between euglycemia, TGF and RAAS systems during recurrent insulin treatment. As the current study was conducted in
healthy rats treated with insulin, additional studies in diabetic models are warranted to explore the role of these mechanisms in pathological conditions.
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