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ABSTRACT 
 

Aim: The present study hypothesizes that recurrent insulin induced hypoglycemia (RIIH) elevates 
renal interstitial ATP levels which in turn enhances AngII production. This interrupts the normal 
tubuloglomerular feedback (TGF) mechanism by stimulating afferent arteriolar vasoconstriction 
resulting in hypertension, which augments oxidative stress and could promote renal damage. 
Study Design: In the present study we adopted a microdialysis technique, which is a minimally 
invasive tool for monitoring chronic changes in renal interstitial fluid. 
Place and Duration of Study: Department of Basic Pharmaceutical Sciences, University of 
Louisiana at Monroe between September 2012 – October 2013. 
Methodology: Eight male Sprague Dawley rats (200-225 g) were anesthetized and microdialysis 
probes were inserted into their renal cortex. Post-surgery rats were treated with insulin (7U/kg body 
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weight) for 2 weeks. Food and water intake were monitored daily. Physiological saline was 
perfused through the probe and dialysate was collected daily after insulin dosing and analyzed for 
ATP by luciferin-luciferase assay and AngII by EIA. At the end of the experiment, the hearts and 
kidneys were collected and analyzed for oxidative stress by EPR (Electron Paramagnetic 
Resonance) spectroscopy using CMH and CPH spin probes. 
Results: ATP and AngII levels were elevated from 31.65±4.4ng/µl (day 0) to 130.96±2.9 ng/µl (day 
14) and 0.1±0.01 ng/ml (day 0) to 0.247±0.02 ng/ml(day 14), respectively. Elevation of peroxynitrite 
and superoxide anions were observed in the hearts and kidneys of insulin treated animals when 
compared to the control group. 
Conclusion: Thus the present study utilizes real-time chronic collections of renal interstitial 
samples to identify a potential mechanism where iatrogenic hypoglycemia promotes hypertension 
via a synergistic relationship between interstitial ATP, AngII and developed oxidative stress. 
 

 
Keywords: ATP; angiotensin II; insulin; microdialysis; TGF. 
 

1. INTRODUCTION 
 
According to the National Institute of Diabetes 
and Digestive and Kidney Diseases (NIDDK), 
8.3% of the US population has diabetes. Among 
various diabetic complications, end-stage renal 
damage which is the result of diabetic 
nephropathy is increasing at an alarming rate. 
This is evident from the 44% increase in new 
kidney failure cases in 2008 as per the 2011 
National Diabetes fact sheet. The present study 
investigates one of the possible mechanisms, 
whereby diabetic nephropathy could lead to 
kidney failure via a synergistic relationship 
between various biological pathways. 
 
ATP, the energy currency of the cell, regulates 
various hemodynamic functions in cardiovascular 
tissues and organs like the kidney [1]. The 
sensing components of the tubuloglomerular 
mechanism are present in macula densa cells 
which respond to changes in sodium composition 
of the tubular fluid. These signals are transmitted 
to the afferent arterioles to regulate glomerular 
filtration rate through alterations in preglomerular 
vascular resistance. Emerging evidence supports 
a major role for ATP as a signaling component 
between macula densa cells and the afferent 
arteriolar during TGF [2]. It was proposed that, 
renal interstitial concentration of ATP regulates 
TGF dependent adjustments in renal vascular 
resistance [3,4]. Additionally, it was also reported 
that P2 receptor activation by ATP acts as a 
prerequisite for TGF dependent auto regulatory 
afferent arteriolar vasoconstriction [5]. Various in 
vitro studies have also demonstrated the role of 
ATP in promoting oxidative stress [6-10]. 
 
AngII, one of the key components of the renin 
angiotensin-aldosterone system (RAS) plays an 
important role in maintaining blood pressure 

through increases in vascular resistance. When 
there is an increase in blood pressure, several 
negative feedback mechanisms control renin 
release from the juxtaglomerular cells and in turn 
regulate the production of AngII [11]. We have 
recently reported that  hypertension could be 
produced by HO-I (Hemeoxygenase I) induction 
and CO elevation during acute AngII infusions 
[12]. We have also recently reported that 
recurrent insulin induced hypoglycemia could 
promote hypertension through a mechanism that 
remains to be elucidated [13]. In addition, AngII 
was reported to play a key role in the 
development of diabetic nephropathy by 
accelerating the decline in renal function [14]. 
Taken together, AngII has been demonstrated to 
play an important role in the development of 
hypertension and the progression to renal injury. 
 
Given the previously demonstrated independent 
roles of ATP and AngII on the renal vasculature, 
the current study was performed to evaluate the 
hypothesis that recurrent insulin injections 
elevate ATP levels, which induces an increase in 
renal AngII production resulting in inhibition of 
the negative feedback loop, alteration in TGF 
and development of diabetes associated 
hypertension. This persistent hypertension in turn 
accelerates oxidative stress by elevating levels of 
reactive oxygen species (ROS) thus 
exacerbating diabetic end-organ renal damage.  
 

2. MATERIALS AND METHODS 
 

2.1 Materials 
 
CMA30 linear microdialysis probes were 
purchased from CMA microdialysis (Harvard 
Apparatus, Holliston, MA). ATP bioluminescent 
assay kits and deferoxaminemesylate were 
purchased from Sigma-Aldrich (St.Louis, MO). 
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AngII EIA kits were purchased from Phoenix 
Pharmaceuticals, Inc., (Burlingame, CA). CMH, 
CPH and diethyldithiocarbamic acid were 
purchased from Enzo Life Sciences 
(Farmingdale, NY). Isoflurane was purchased 
from Piramal Critical Care (Bethlehem, PA). 
Development of oxidative stress was determined 
by Bruker EMX EPR spectrometer with Q 
microwave cavity. 

 

2.2 Animals 

 
Seven-week-old Male Sprague-Dawley rats (200-
250 g, Harlan, Indianapolis, IN; n = 8) were 
housed at room temperature with 12/12-hours 
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 (IUCAC). 

 

2.3 Experimental Procedure 

 
Animal surgeries were performed as previously 
detailed, briefly animals were anesthetized 
throughout the surgical procedure using an 
isoflourane anesthesia setup (Ez-anesthesia 
system) [11]. A small midsagittal incision was 
made to excise the kidney. Microdialysis probes 
were inserted into the cortex of the kidneys which 
were exited from the nape of the neck. The 
inserted probes were attached to the 
microdialysis setup for physiological saline [15] 
infusion (3 µl/min) and sample collection. The 
incisions were sutured and animals were given 3 
days to recover. A recovery period of 3 days and 
the currently used probe insertion technique 
were previously shown to be sufficient to 
minimize damage to the renal tissue and to 
provide meaningful recovery of the substance of 
interest [1]. Following the experiments, kidneys 
were collected and the location of the 
microdialysis membrane was confirmed by 
surgical exposure of the probe. 

 

2.4 Treatment and Sample Collection 

 
After the recovery period, 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 [13]. Renal interstitial 
fluid samples were collected 1 hour post insulin 
injection for a period of 9 hours. Collected 
samples were stored at -80ºC until analyzed. 

2.5 Analysis of the Samples 
 

2.5.1 ATP analysis 
 

ATP levels in the interstitial samples were 
quantified using luciferin-luciferase 
bioluminescent assay. ATP present in the 
sample reacts with luciferin and upon the action 
of firefly luciferase and oxygen, bioluminescent 
light is produced. The light emitted is proportional 
to the concentration of ATP in the sample. 
 

2.5.2 Angiotensin II analysis 
 

AngII was measured using a commercially 
available AngII EIA kit 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 AngII in the samples 
was determined from the standard curve. 
 
2.5.3 EPR spectrometer 
 

Oxidative stress was analyzed using a versatile, 
non-destructive analytical technique, EPR – 
Electron Paramagnetic Resonance 
Spectroscopy. EPR spectrometer consists of a 
microwave radiation source, a resonator cavity, 
external electrical magnets and a detector              
(Fig. 1). EPR is based on the principle of 
absorption of microwave radiation by unpaired 
electrons thus generating a spectrum obtained 
due to the transition of these electrons in the 
presence of an external magnetic field. Initially, 
the resonator cavity is tuned to absorb all the 
energy delivered to the cavity from the 
microwave generator. Upon the application of an 
external magnetic field, the paramagnetic 
unpaired electrons act like tiny independent 
compasses thus orienting themselves in a 
direction either parallel or anti-parallel to the 
magnetic field, creating two different energy 
levels for the unpaired electrons. It was observed 
that the number of electrons occupying the lower 
energy state is greater than the number at the 
higher energy state. This results in a larger 
number of transitions to the upper energy level 
upon absorption of microwave energy. This gives 
a continuous wave of EPR spectra which is the 
most widely used experimental approach [16]. 
The absorption spectra are converted to first-
derivative spectra for better apparent resolutions. 
 
EPR consists of a microwave source, circulator, 
resonator cavity for sample placement, external 
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electromagnets which provide a magnet field and 
the detector diode. The EPR signal is obtained 
as spectra, where the amplitude of the signal is 
proportional to the free radicals present in the 
sample.  
 

ROS and peroxynitrite (ONOO-) in the samples 
were evaluated using EPR spectrometer. Spin 
probes CMH (1-hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramethylpyrrolidine HCl) and CPH (1-
hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine 
HCl) were used for superoxide radical and 
ONOO- determination, respectively. Briefly, 
kidneys and hearts were harvested at the end of 
the experiment, flash frozen with liquid nitrogen 
and stored at -80ºC until analyzed. At the time of 
the experiment, tissues were cut into 2mm 
similarly sized pieces and incubated for 1 hour at 
37ºC in 0.5 ml of Krebs/HEPES buffer(pH 7.4) 
containing 25 µM DF and 5 µM DETC along with 
5 mM of CMH or CPH [17]. The following settings 
were used to record EPR spectra: field sweep, 
80G; microwave frequency, 9.39 GHz; 
microwave power, 2 mW; modulation amplitude, 
5G; conversion time, 327.68 ms; time constant, 
5242.88 ms; 512 points resolution; and receiver 
gain, 1×104 [18]. The amplitude of the signal was 
measured and quantitated to determine the 
amount of ROS, superoxide and ONOO- present 
in the sample.  
 
2.5.4 Statistics 
 

Data were expressed as mean ± SE and 
analyzed by one-way analysis of variance 
(ANOVA) followed by Tukey-Kramer multiple 
comparison test when appropriate (INSTAT 3).  
(P<0.05) was accepted as statistically significant. 
 

3. RESULTS 
 

3.1 ATP Measurement 
 
ATP levels in the dialysate were analyzed using 
luciferin-luciferase bioluminescent assay. During 
the 2 week period, ATP levels increased. There 
was a significant increase in ATP levels from day 
8 (77.76±2.8 ng/µl) through day 14 (130.96±2.9 
ng/µl) when compared to day 0 (31.65±4.4 ng/µl) 
(Fig. 2A). 
 

3.2 Angiotensin II Measurement by EIA 
 

Enzyme Immuno Assay (EIA) was performed on 
the dialysate to determine the renal production of 
AngII. During the recurrent insulin treatments, 
AngII levels increased from day 0 to day 14. 
There was an increase in AngII levels from day 

11 (0.207±0.02 ng/ml) today 13 (0.213±0.02 
ng/ml), however the largest increase was 
observed on day 14 (0.247±0.02 ng/ml) as 
compared to day 0 (0.1±0.01 ng/ml) (Fig. 2B). 
 
3.3 Electron Paramagnetic Resonance 

Spectroscopy (EPR) 
 
Chronic treatment with 7U/Kg insulin produced a 
significant increase in ROS, superoxide and 
peroxynitrite levels when compared to the 
control. Kidney and hearts were incubated with 
CMH (Fig. 3) and CPH (Fig. 4) which were 
analyzed using EPR spectroscopy. Resultant 
EPR spectra (Fig. 5) indicated the presence of 
ROS, superoxide and peroxynitrite, respectively. 
There was a significant increase in ROS and 
peroxynitrite levels during the 14 day 
experimental period. 
 

3.4 Food and Water Intake 
 
There were no significant differences in food and 
water intake during the study period (Table 1). 
Therefore, the observed production of 
hypertension during RIIH was not due to 
changes in food and water intake. 
 

Table 1. Effects of 2 week administration of 
7U/Kg insulin and probe insertion on food 

intake (gm) and water intake (ml) 
 

 Day 0                          Day 8                         Day 14 
Food (grams)    20±1.06                   24±0.59                    24±1.1 
Water (ml)         30±2.9                      32±4                       34±3.8 

There were no significant differences observed in food 
and water intake (Values are Mean ± S.E.M = Mean 
values ± Standard error of means of eight animals) 

 

4. DISCUSSION 
 
The present study adopts a 14 day chronic renal 
microdialysis technique for accurate assessment 
of renal interstitial AngII and ATP levels in a 
conscious rat model. Microdialysis provides 
direct sampling of renal interstitial fluid thus 
allowing accurate measurement of the analytes 
in the target renal tissue. This technique is 
preferable over the traditional method of blood 
collection as it avoids unwanted hemodynamic 
changes due to repeated blood sampling. 
Microdialysis probes also exclude unwanted 
substances, thus allowing only the desirable 
molecules into the analyte. It was previously 
proposed that the intra renal concentration of 
AngII was 1000 fold higher than that of 
circulating plasma levels. Thus, indicating that 
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there is a difference in the interstitial and 
circulating concentrations of substances [14]. 
 
TGF helps in maintaining the glomerular filtration 
rate as macula densa cells detect changes in 
sodium composition of tubular fluid and transmit 
these signals to the afferent arterioles. 
Depending on the concentration of NaCl in 
tubular fluid, afferent arterioles either dilate or 
constrict to maintain consistent glomerular 
filtration rates and renal blood flow. Previous 
studies have identified ATP as the mediator of 
macula densa cell signaling [3-5,19-23]. It was 
also proposed that macula densa cells express 
mitochondria at higher levels and basolateral 
Na+-K+-ATPase at lower levels. This suggests 

that ATP is synthesized in mitochondria and is 
later released into the interstitial fluid, where it 
acts as an extracellular signaling molecule and 
thus modulates renal microvascular function 
[3,4]. Hence renal interstitial fluid was sampled 
using microdialysis and an elevation in ATP 
levels was observed during hypoglycemia. The 
observed increase in ATP levels has been 
reported to stimulate afferent arteriolar 
vasoconstriction which could promote 
hypertension and the development of renal 
injury. Our data is consistent with previous 
studies that were performed in anesthetized 
dogs, where ATP was demonstrated to play a 
significant role in regulating TGF [1]. 

 

 
 

Fig. 1. EPR spectrometer 
 

  
 
Fig. 2. (A) Analysis of ATP in awake rats, ATP levels increased from day 8 to day 14. Data were 
analyzed using one-way ANOVA followed by Tukey-Kramer test. (Adjusted P value<0.0001 for 
days 8 to 14 when compared to day 0; n = 8). (B) Analysis of AngII. AngII levels were elevated 
from day 11 to day 14. Data were analyzed using one-way ANOVA followed by Tukey-Kramer 

test. (Adjusted P value for days 11, 12, 13 and 14 – 0.0349, 0.0426, 0.0186 and <0.001 
respectively when compared to day 0; n = 8) 

 

(A) (B) 
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Our lab has recently reported that there was an 
elevation in AngII levels during RIIH [13]. Given 
the observed systemic increase in AngII, we 
employed renal microdialysis to determine the 
source of the increase in circulating AngII levels. 
It was observed that AngII levels were elevated 
during the 2 weeks of insulin treatment. These 
elevated levels of interstitial AngII were believed 
to be involved in stimulating renal injury by acting 
on proximal tubules of the kidney ultimately 
resulting in increased blood volume and blood 
pressure. We observed that ATP levels were 
significantly elevated by day 8 followed by an 
increase in AngII levels beginning on day 10. 

Taken together the current study provides strong 
evidence for the ability of a local renal elevation 
in ATP to enhance renal production of AngII, 
where a consistent elevation in ATP disrupts the 
TGF mechanism. This disturbed TGF 
mechanism promotes an elevation in renin 
release and an increase in AngII production. This 
enhanced level of AngII further facilitates higher 
sodium reabsorption from the tubules disrupting 
both the negative feedback mechanism of RAS 
and TGF. Thus the synergistic effect of both ATP 
and AngII interrupts both RAS negative feedback 
and TGF ultimately resulting in persistent 
hypertension during RIIH. 

 

 
 

 

 
Fig. 3. Detection of ROS and superoxide. Spectra of (A) kidneys and (B) hearts obtained from 
EPR Sprectroscopy after incubating for 60 minutes with CMH. Insulin treatment significantly 

increased ROS production, which is evident from the peaks as compared to the control 
 

  

 
Fig. 4. Detection of Peroxynitrite. Spectra of (A) kidneys and (B) hearts obtained from EPR 

Sprectroscopy after incubating for 60 minutes with CPH. Insulin treatment significantly 
increased peroxynitrite production, which is evident from the peaks as compared to the 

control 
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Fig. 5. Oxidative stress in the kidney and the heart Derived bar graphs from the EPR spectra peaks 
to compare oxidative stress produced in kidney and heart when treated with CMH (A) to detect ROS and 
superoxide and CPH (B) to detect peroxynitrite respectively. Data were analyzed using one-way ANOVA 

followed by Tukey-Kramer test. (Adjusted P value <0.0001 for CPH and CMH heart, Adjusted P value= 
0.0082 for CMH Kidney and 0.0032 for CPH Kidney respectively when compared to control; n = 8) 

 

 
 

Fig. 6. Effects of RIIH 

When the fine balance between the 
advantageous and adverse actions of various 
reactive oxygen species (ROS) is lost, it results 
in their uncontrolled generation leading to various 
pathological conditions. ROS such as 
superoxide(O2-.), peroxynitrite (ONOO-), and the 
hydroxyl radical were found to be elevated in 
conditions such as hypertension, diabetes, 
atherosclerosis, hypercholesterolemia and 
various neurodegenerative diseases [24]. Thus 
an increase in AngII stimulates ROS generation 
by NADPH oxidase activation. ROS reacts with 
nitric oxide resulting in the production of ONOO-.  
A significant increase in ROS was observed in 
the current study during an elevation in renal 
ATP and AngII levels, therefore suggesting a 
mechanism in which hypoglycemia may promote 
end organ renal damage. 
 

5. CONCLUSION 
 
In summary the present study demonstrates that 
RIIH promotes an increase in renal ATP levels, 
which stimulates a sustained production of AngII. 
ATP and AngII were observed to act 
synergistically to promote an increase in ROS, 
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which has been demonstrated to produce renal 
injury (Fig. 6 above). This study is first of its kind 
to establish a correlation between renal ATP, 
AngII and the development of hypertension 
during RIIH. 
 
Fig. 6 summarizes the study. Recurrent insulin 
injections promote hypoglycemia which elevates 
renal interstitial ATP levels. This stimulates an 
increase in AngII production leading to an 
elevation in NADPH oxidase and an induction of 
oxidative stress. An increase in superoxide and 
ATP production produces a positive feedback, 
which promotes the development of AngII 
induced hypertension. This ultimately results in 
diabetes associated renal damage.   
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