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Abstract

Background: Recurrent insulin induced hypoglycemia (RIIH) is an unavoidable risk of conventional therapeutic management of insulin
dependent diabetes mellitus and is a primary cause of impaired glucose counter regulation. Circulating angiotensin Il (Angll) has been
reported to be elevated in diabetic models, and is linked to the promotion of hypertension.

Objective: The current study was performed to evaluate the hypothesis that chronic insulin injections and/or hypoglycemia promotes
hypertension via an increase in Angll, which increases endogenous carbon monoxide (CO) through an induction in heme oxygenase
(HO-1).

Methods: Male Sprague Dawley rats (200 — 250g) were treated for 2 weeks with daily injections of 7U/kg insulin or diluent. On the 14™
day, surgery was performed and rats were administered various doses of captopril (2mg/kg, 8mg/kg, and 12mg/kg) or vehicle. Following
the dose evaluation, subsets of previously treated animals were treated with vehicle, DALA (80pg/kg), Captopril (12mg/kg) or a combi-
nation of DALA (80ug/kg) + CAP (12mg/kg).

Results: A dose dependent decrease in blood pressure was observed during captopril treatment in RIIH hypertensive rats. However, there
was no change in urine output among the treatment groups. Captopril and DALA+CAP treatments produced a reduction in blood pres-
sure as compared to animals treated with DALA alone. Carboxyhemoglobin and Angll concentrations were also reduced in animals
treated with captopril and DALA+CAP. In addition, HO-1 protein levels in heart and kidney were reduced when compared to DALA
treated animals.

Conclusion: These results demonstrate that RIIH promotes an increase in circulating Angll and hypertension via an induction in HO-1,

which significantly increases endogenous CO levels.
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1. Introduction

Diabetes mellitus is marked by elevated levels of blood glucose,
which results from defects in insulin production, insulin utilization
or both. Insulin dependent diabetes mellitus (IDDM) also known
as Type | diabetes presents when the production of insulin in the
pancreas is very little or absent, thus an elevation in circulating
blood glucose levels ensues. In an attempt to maintain normal
circulating blood glucose, diabetic patients are treated with injec-
tions of insulin, which often leads to hypoglycemic side effects,
such as autonomic dysfunction (Briscoe et al. 2007, Hoffman
2007). Recurrent insulin induced hypoglycemia (RIIH) is an una-
voidable risk of insulin therapy in diabetic patients. Hypoglycemia
may also be associated with profound changes in hemodynamic
function, which includes increases in heart rate, stroke volume,
myocardial contractility, and cardiac output (Fisher et al. 1987,
Fisher et al. 1990). Alterations in hemodynamic function produced
during hypoglycemia could have adverse effects in diabetic pa-
tients, including endothelial dysfunction which can promote end-
organ damage. Blood glucose was reported as a key contributing
factor for the development of diabetic nephropathy, namely hyper-
tension and renal failure (Das Evcimen & King 2007, Fukami et al.
2007). Many labs have reported an increase in angiotensin Il
(Angll) levels in diabetic animal models (Eadington et al. 1994,

Harrison-Bernard et al. 2002). It has also been reported that Angll
produces glomerular hyperfiltration, which could possibly promote
renal failure (Sochett et al. 2006). Controversy currently exist in
the literature as it relates to the ability of hypoglycemia to poten-
tially promote hypertension via an elevation in Angll, a direct
increase in vascular tone, or through activation of an additional
pathway; namely via a decrease in the bioavailability of nitrous
oxide (NO) and/or oxidative stress (Brands & Fitzgerald 2002,
Bank et al. 2007).

Carbon monoxide (CO) is rapidly gaining a reputation as a poten-
tial modulator of blood pressure (Johnson et al. 1995, Johnson et
al. 2002). Endogenous production of CO is mediated by the enzy-
matic breakdown of heme by the enzyme heme oxygenase (HO).
Two major isoform of HO have been reported, the inducible HO-1
and constitutive HO-2 (Maines 1997). It has been reported that
both isoforms are present in the kidney (Jackson et al. 2011). Vari-
ous biological stresses, including oxidative stress, ischemia, and
hypertension are known to elevate HO-1 levels (Aizawa et al.
2000, Haugen et al. 2000, Quan et al. 2004 ). However, the HO-2
isoform is constitutively expressed and has been reported to be
present in high concentrations in the kidney, as well as in other
vascular beds and tissues (Hu et al. 1998). Alterations in HO levels
have been demonstrated to alter CO concentration, in addition to
having profound effects on vascular tone (Grundemar et al. 1995,
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Sammut et al. 1998). Pathological conditions (Ferrandiz & Devesa
2008), such as Angll-induced hypertension, DOCA-salt hyperten-
sion (Johnson et al. 2004 ), promote increases in HO-1 expression
(Ishizaka et al. 2000, Ferrandiz & Devesa 2008). In addition, stud-
ies conducted in our lab demonstrated that acute infusion of low
dose Angll (5ng/kg/hr) and recurrent insulin administration in-
crease HO-1 concentrations in both the heart and kidney (Quadri et
al. 2014). Furthermore, an induction of HO-1 has been reported to
increase CO levels during hypertension, which can aggravate oxi-
dative stress and promote end-organ damage.

Current literature supports a relationship between hypertension,
induced oxidative stress and an activation in the heme oxygenase
system (Botros et al. 2007, Freidja et al. 2011). Also, Angll induc-
tion of HO-1 leads to an increase in endogenous CO levels
(Aizawa et al. 2000, Li et al. 2004, Quadri et al. 2014). Therefore,
the adverse effects of significant increases in endogenously formed
CO levels could be mediated through an induction of the oxidative
stress pathway and/or reduction in NO which has been reported to
increase superoxide formation and could be associated with end-
organ damage (Jadhav et al. 2008, Freidja et al. 2011). Thus, the
regulation of vascular tone by CO appears to be concentration
dependent, where substantial elevations of CO levels via an in-
crease in HO activity, produces an inhibition of NOS and contrib-
utes to endothelial dysfunction in several models of hypertension
(Ndisang et al. 2002, Teran et al. 2005). Alternatively smaller ele-
vations in the concentration of CO promote a vascular smooth
muscle mediated decrease in tone and blood pressure (Leffler et al.
2011, Marazioti et al. 2011). We have recently reported that the
observed hypertension during RIIH is mediated via an induction in
HO-1 and a significant increase in endogenous CO levels (Quadri
et al. 2014). Therefore, the current study was performed to evalu-
ate the hypothesis that the observed hypertension during RIIH is
mediated via an increase in Angll, which promotes a significant
increase in endogenous CO.

2. Methods

2.1. Chemicals

DALA was purchased from Frontier Scientific (Logan, UT, USA).
Inactin  (thiobutabarbital ~ sodium), captopril and para-
aminohippuric acid (PAH) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Albumin was purchased from EMD Bioscienc-
es Inc. (San Diego, CA, USA). Inulin was purchased from Frese-
nius Kabi UK Ltd. (Runcorn, Cheshire). Rat HO-1 kits were pur-
chased from Stressgen, Enzo Life Sciences Int’l, Inc (Plymouth
Meeting, PA, USA). All other chemicals were purchased from
Fisher Scientific (Houston, TX, USA). Vehicle stock solution was
prepared in saline on the day of the experiment. All other solutions
were freshly prepared on the day of the experiment.

2.2. Animals

Male Sprague-Dawley rats (200 - 2509, n= 55, Harlan, Indianapo-
lis, IN, USA) were used. The following studies were approved by
the University of Louisiana at Monroe Institutional Animal Care
and Use Committee. Prior to the experiments, rats were housed in
a controlled environment and had free access to commercial rat
chow and tap water.

For the purpose of this study, we used a recently generated hypo-
glycemic and/or chronic recurrent insulin rat model, which was
first used in studies examining the neurological effect of hypogly-
cemia (Paranjape & Briski 2005) and recently used in our lab to
study the effects of RIIH on hemodynamic function (Quadri et al.
2014). As previously described, rats were treated for 14 days with
7U/Kg subcutaneous injections of humulin insulin (Quadri et al.
2014) to produce a sustained hypoglycemic state and promote
hypertension.

2.3. Acute Surgery

On the 14" day, rats were anesthetized with a single injection of
thiobutabarbital sodium (Inactin, 120mg/kg ip) and surgical proce-
dures were performed as described previously (Quadri et al. 2014).
Following the surgical procedures, rats were allowed to stabilize
for 45min. After this initial stabilization period, a 30-minute con-
trol period was observed, following the control period various
doses of captopril (2mg/kg, 8mg/kg, 12mg/kg) and DALA
(80pgrkg) were infused intravenously and urine samples were
collected.

Blood samples were drawn from the carotid artery for determina-
tion of blood glucose levels. Additional blood was collected in
EDTA tubes, centrifuged and the plasma was removed from the
blood collections. Plasma samples were aliquoted and stored at -
20°C until analyzed. The heart and kidneys were extracted and
stored at -80°C until analyzed.

2.4. Determination of glomerular filtration rate

Inulin, para-amino hippuric acid and albumin were administered
intravenously during the surgery through the jugular vein. Inulin
and PAH concentrations were measured to determine glomerular
filtration rate (GFR) and renal plasma flow, respectively. Flame
photometry was used to determine sodium and potassium concen-
trations in urine and plasma samples.

2.5. Determination of heme oxygenase protein levels:

Following the previously delineated acute surgeries, the thoracic
and abdominal cavities were opened and the hearts and kidneys
were extracted respectively. Opening of the thoracic cavity is an
Institutional Animal Care and Use Committee approved method of
sacrificing an animal. The extracted hearts and kidneys were snap
frozen with liquid nitrogen and stored at -80°C until analyzed for
HO-1 content. HO-1 levels were measured by commercially avail-
able ELISA kits purchased from Stressgen. Briefly, heart and kid-
neys from vehicle, captopril treated and a combination of DALA
and captopril treated rats were extracted, flash frozen in liquid
nitrogen and suspended in 1X extraction reagent, and protease
inhibitor. Once the kidney and heart tissues were homogenized, the
ELISA sandwich assay was performed and the level of HO-1 pre-
sent was determined by comparison to a standard curve.

2.6. Determination of angiotensin 11 levels

Following the previously delineated experiments, blood samples
were drawn from the carotid artery, collected in EDTA tubes, and
centrifuged. Plasma samples were aliquoted and stored at -20°C
until analyzed. Angll concentrations were measured by commer-
cially available Angll EIA kits purchased from Bertin Pharma.
Angll from vehicle, captopril treated and combination of DALA
and captopril treated rats were eluted by solid phase extraction
using 3ml methanol. Once the methanol was evaporated to dryness
using a stream of dry nitrogen, the ELISA was performed and the
concentration of Angll present was determined by comparison to a
standard curve.

2.7. Determination of Carboxyhemoglobin (COHb) lev-
els

At the conclusion of the previously described experiments, a 1ml
arterial blood sample was drawn from rats treated with vehicle,
DALA, captopril and combination of DALA and captopril. Blood
samples were analyzed for endogenous CO content via whole
blood CO-Oximeter (Avoximeter 4000 whole blood CO-Oximeter,
GMl, Inc., Ramsey, MN).

2.8. Statistics

Data were expressed as mean + SE. Data were analyzed by repeat-
ed measure analysis of variance (ANOVA) followed by Student-
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Newman-Keuls test when appropriate (INSTAT 3). P< 0.05 was
accepted as statistically significant.

3. Results

3.1. Blood pressure and heart rate measurements

We observed a dose dependent decrease in the mean arterial pres-
sure (MAP) in rats with 2mg/kg (133+2.1 mmHg, n=7), 8mg/kg
(126x2.8 mmHg, n=7) and 12mg/kg (123+2.86 mmHg, n=7) cap-
topril treatment as compared to vehicle (120+0.84 mmHg, n=9)
(Fig. 1). However, there were no significant differences in animals
treated with vehicle and 12mg/kg captopril (Fig 1). There was a
significant decrease in heart rate with 12mg/kg captopril (HR= 350
+ 1.44 BPM,) when compared to other treated groups. Heart rate
of vehicle treated animals (HR= 300+1.53) was lower when com-
pared to all other treated groups. The heart rate differences in ve-
hicle treated animals may be due to the fact that the vehicle treated
group was not chronically infused with 7U/kg insulin for 14 days
(Table 1).
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Fig. 1: Mean Arterial Pressure (MAP). MAP was measured in insulin
(7U/KQg), captopril (2mg/Kg, 8mg/Kg, 12mg/Kg) and vehicle treated rats.
(*P<0.05) Values are expressed as mean + SE.

3.2. Urine flow measurements during captopril treat-
ment

There were no significant differences in urine flow in animals
treated with vehicle (0.24 + 0.01ml/min) or captopril (2mg/kg=
0.21+ 0.05ml/min, 8mg/kg= 0.26x 0.02ml/min, 12mg/kg= 0.22+
0.03ml/min) (Table 1). However, the urine flow increased in all
treated groups when compared to their 30 min control period (Ta-
ble 1).

Table 1: Effects of Administration of Captopril on Urine Flow (UF), and
Heart Rate (BPM).

a combination of DALA (80ug/kg) and captopril (12mg/kg; n=8),
during the treatment period. We observed that captopril
(112+3.17mmHg) and DALA + CAP (115+2.86mmHg) signifi-
cantly reduced the MAP when compared to DALA (MAP=
126+0.44) treated rats. There were no significant differences be-
tween DALA+CAP and vehicle (MAP=120+0.84mmHg) and cap-
topril and DALA + CAP treatments (Fig. 2). There were no signif-
icant differences in heart rate between the treatment groups (Table
2). However, the heart rate of vehicle (HR=300+1.53BPM) treated
animals was lower when compared to other treated groups (Table
2).
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Fig. 2: Mean Arterial Pressure (MAP). MAP was measured in insulin
(7U/Kg) + DALA (80upg/Kg), insulin + captopril (12mg/Kg), insulin +
DALA + captopril and vehicle treated rats. (*P<0.05) Values are expressed
as mean + SE.

Table 2: Effects of Captopril (12mg/Kg) and DALA (80pg/Kg) On Urine
Flow (UF) and Heart Rate (HR).

N UF Heart rate
(ml/min) (BPM)
30min 60min

Vehicle 9 0.25+0.01 0.24 £0.01 300+15
7U+ DALA 9 0.4310.03 0.51+£0.05 340+ 3.1
7U+ CAP 8 036004 051+0.11 346+ 4.1
7U+ DALA+ 8 039001 0.49+0.01 340+ 7.2
CAP

N UF Heart rate
(ml/min) (BPM)
30min 60min
Vehicle 9 025+0.01 0.24£0.01 300 +1.53
7U+ 2mg/Kg 7 0.16%0.05 0.21£0.05 361 +2.18*
7U+ 8 mg/Kg 7 0.19%0.02 0.26 £0.02 365 +0.46*
7U+ 12 mg/Kg 7 0.16+0.02 0.22 +£0.03 350 +1.44*

There were no significant differences in urine flow in animals
treated with various doses of captopril (2mg/kg= 0.21+ 0.05
ml/min, 8mg/kg= 0.26 + 0.02 ml/min, 12mg/kg= 0.22+ 0.03
ml/min) as compared to vehicle (0.24 + 0.01 ml/min). However,
the urine flow increased in all treated groups when compared to
their 30 min control period (*P<0.05). Values are expressed as
mean * SE.

3.3. Hemodynamic function measurements

Following the previously described experiments, subsets of ani-
mals were again pretreated chronically for 2 weeks with 7U/Kg
insulin, anesthetized, and treated with vehicle (stock solution;
n=9), DALA (80ug/kg; IV; n=9), captopril (12mg/kg; 1V; n=8) or

There were no significant differences in urine flow in animals
treated with DALA (0.51+0.05 ml/min), captopril (0.51+0.11
ml/min) and DALA+CAP (0.49+0.01 ml/min). However, the urine
flow increased in all treated groups when compared to their 30 min
control (*P<0.05). Values are expressed as mean + SE.

3.4. Urine flow and renal functional measurements dur-
ing heme Oxygenase induction

We observed no significant differences in urine flow in animals
treated with DALA (0.51+0.05 ml/min), captopril (0.51+0.11
ml/min) and DALA+CAP (0.49+0.01 ml/min). However, the urine
flow increased in all treatment groups when compared to their 30
min control periods (Table 2). There was a significant decrease in
glomerular filtration rate and sodium excretion during captopril
(1.24+0.13ml/min) and DALA+CAP (1.17 £ 0.06 ml/min) (Table
3). However, there were no significant differences in potassium
excretion or renal blood flow (Table 3).

Table 3: Effects of Captopril (12mg/Kg) and DALA (80ug/Kg) on Glo-
merular Filtration Rate (GFR), Sodium Excretion (Un.V), Urinary Potassi-
um (UkV), and Renal Blood Flow (ml/min/gm).

N GFR UnaV UV RBF
(ml/min) (umol/min) (umol/min)  (ml/min/gm)
Vehicle 9 1.72+0.04 0.62+0.07 042+0.06 3.84+0.14
TU+
DALA 9 1.82+0.26 0.99+0.10 0.45+0.07 396+0.31
7TU+CAP 8 1.24+0.13* 0.37+0.04* 047+0.08 350%0.61
TU+
DALA+ 8 1.17+0.06* 047+0.08* 048+0.03 3.53+£0.37
CAP
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3.5. Angiotensin 11 levels

Enzyme immune assay was performed on eluted plasma; there was
a significant increase in Angll concentration in animals treated
with DALA (90.9+1.05pg/ml) when compared to animals treated
with vehicle (52.5+5.07pg/ml). Animals treated with captopril and
DALA+CAP had a significant decrease in Angll levels (Captopril:
36.2+1.23pg/ml; DALA+CAP: 54.4+1.25pg/ml) when compared
to DALA treated rats. There were no significant differences be-
tween vehicle and DALA+CAP treatments. However captopril
treatment reduced the Angll concentration significantly when
compared to vehicle (Figure 3).
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Fig. 3: Angiotensin Il (Angll). Angll levels were measured in insulin
(7TU/Kg) + DALA (80ug/Kg), insulin + captopril (12mg/Kg), insulin +
DALA + captopril and vehicle treated rats. (*P<0.05) Values are expressed
as mean + SE.

3.6. Heme Oxygenase levels

ELISA was performed on the harvested hearts and kidneys, HO-1
concentration was significantly higher in animals treated with
DALA (Heart: 0.7 £ 0.01 ng/ml, kidney: 0.67 + 0.02 ng/ml) when
compared to vehicle treated rats (Heart: 0.43 £ 0.01 ng/ml, kidney:
0.25 £ 0.01 ng/ml). Treatment with captopril (Heart: 0.39 + 0.02
ng/ml, kidney: 0.54 + 0.03 ng/ml) and DALA+CAP (Heart: 0.44 +
0.02 ng/ml, kidney: 0.52 + 0.03 ng/ml) decreased the HO-1 con-
centration. However, there were no significant differences between
HO-1 concentrations of hearts and kidneys in animals treated with
captopril and DALA+CAP (Figure 4).

Rat HO-1 Protein

0.87 B3 venhicle

Hl U +DALA

EA 7u +cap

IEX] 7U + DALA + CAP

0.6 9

OO
XOOO00

(Xl

Concentration ng/ml
o
D
a
XXX
etetele

0
'af

O
o2

0.0

Heart Kidney

Fig. 4: Heme Oxygenase 1 (HO-1). HO-1 levels were measured in hearts
and kidneys from insulin (7U/Kg) + DALA (80ug/Kg), insulin + captopril
(12mg/Kg), insulin + DALA + captopril and vehicle treated rats. (*P<0.05)
Values are expressed as mean + SE.

3.7. Carboxyhemoglobin levels

Treatment with DALA (12.92 + 0.38%) produced a significant
increase in carboxyhemoglobin (COHb) levels as compared to
vehicle (0.05 + 0.04%) treated rats. Acute administration of capto-
pril (3.32 + 0.37%) and DALA + CAP (4.1 + 0.30%) produced a
significant decrease in COHb levels as compared to DALA treated
rats. However, no significant differences were observed between
the captopril and DALA+CAP treated groups (Figure 5).
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Fig. 5: Carboxyhemoglobin (COHb). COHb levels were measured in insu-
lin (7u/Kg) + Dala (80pg/Kg), insulin + captopril (12mg/Kg), insulin +
DALA + captopril and vehicle treated rats. (*P<0.05) Values are expressed
as mean + SE.

4. Discussion

The current study demonstrates that administration of captopril
decreases the mean arterial pressure (MAP) in chronic hypogly-
cemic hypertensive rats and decreases the HO-1 concentration by
blocking the conversion of Angl to Angll which in turn decreases
the levels of circulating Angll. Therefore, a reduction in circulat-
ing Angll in the current study inhibited the observed hypertension
produced by RIIH.

Previous studies done in our lab demonstrated that subcutaneous
administration of chronic insulin injections and/or hypoglycemia
increase HO-1 levels and promotes hypertension via an elevation
in endogenous carbon monoxide (CO) (Quadri et al. 2014). Many
studies have documented that Angll induces HO-1 in numerous
tissues; notably in vascular, cardiac, and renal (Haugen et al. 2000,
Ishizaka et al. 2000, Ishizaka et al. 2002). Expression of HO-1 in
aortic adventitial and endothelial cells has been demonstrated to be
markedly increased in rats with Angll-induced hypertension, and
treatment with AT 1 receptor antagonist (losartan), blocks the
upregulation of HO-1 expression (Ishizaka et al. 1997). It has also
been documented that Angll induces renal oxidative stress and HO
activity which is caused by upregulation of HO-1 in renal proximal
tubules (Haugen et al. 2000). In a rat model of radiation induced
nephropathy, elevated glomerular HO-1 expression can be pre-
vented by treatment with AT1 receptor antagonists, indicating that
Angll may be a mediator of HO-1 induction (Datta et al. 2006).

A dose dependent decrease in MAP was observed in RIIH animals
during treatment with captopril and DALA+CAP. The current
study demonstrates that hypertension during severe hypoglycemic
episodes may be attributed to increased levels of Angll which in
turn upregulates expression of HO-1 (Haugen et al. 2000, Ishizaka
et al. 2000, Ishizaka et al. 2002). It has been documented that in-
duction of HO-1 will produce an increase in endogenous CO lev-
els. High levels of CO promote vasoconstriction potentially lead-
ing to hypertension (Thorup et al. 1999). Angll is a potent vaso-
constrictor and could also contribute to hypertension by increasing
superoxide production (Rajagopalan et al. 1996). We used capto-
pril because it is an angiotensin converting enzyme (ACE) inhibi-
tor and captopril is currently used in the management of hyperten-
sion in humans. Therefore, these results would be more consistent
with what’s observed in hypertensive patients. Previous studies
have observed no change in blood pressure during insulin pre-
treatment (Johansson et al. 2008) and a decrease in blood pressure
during heme induction (Botros et al. 2005). Differences in previ-
ous studies could be attributed to the class, dose and/or type of
administered agent in the study. The current study used delta
aminolevulinic acid (DALA) to drive CO formation as it has been
demonstrated in our lab that administration of low dose DALA (80
pumol/kg; 1V) increases the expired CO and HO-1 levels in animals
(Quadri et al. 2013). Therefore, one could reasonably argue that
DALA, which is a substrate of heme, would promote an increase
in HO-1 activity.

The current data supports the hypothesis that Angll is elevated in
recurrent hypoglycemic rats and treatment with captopril helps in
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reducing the hypertensive effect. The data demonstrates that treat-
ment with captopril and DALA+CAP significantly reduces circu-
lating Angll levels in blood and also reduces the HO-1 concentra-
tion in both heart and kidney. Animals treated with DALA were
observed to have a significant increase in Angll when compared to
vehicle. Therefore, in the current study where RIIH was observed
to produce a significant increase in Angll which lead to an induc-
tion in HO-1 and a significant increase in endogenous CO; one
could conclude that blockade of Angll resulted in a reduction in
HO activity.

In summary, the present study demonstrates that RIIH promotes
hypertension via an induction in Angll levels. Captopril treatment
resulted in a decrease in circulating Angll levels and also HO-1
levels and lowered the blood pressure. These findings suggest that
hypoglycemia and/or insulin increases Angll levels promoting an
increase in HO-1 leading to CO mediated vasoconstriction and
ultimately hypertension.
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