
International Journal of Hypertension

Guest Editors: David E. Stec, Kazunobu Ishikawa, David Sacerdoti, 
and Nader G. Abraham

The Emerging Role 
of Heme Oxygenase 
and Its Metabolites 
in the Regulation of 
Cardiovascular Function



The Emerging Role of Heme Oxygenase and
Its Metabolites in the Regulation of
Cardiovascular Function



International Journal of Hypertension

The Emerging Role of Heme Oxygenase and
Its Metabolites in the Regulation of
Cardiovascular Function

Guest Editors: David E. Stec, Kazunobu Ishikawa,
David Sacerdoti, and Nader G. Abraham



Copyright © 2012 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “International Journal of Hypertension.” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Editorial Board

Maciej Banach, Poland
Vecihi Batuman, USA
Claudio Borghi, Italy
Vito M. Campese, USA
Francesco Cappuccio, UK
Oscar A. Carretero, USA
Santina Cottone, Italy
Daniel Duprez, USA
Csaba Farsang, Hungary
John M. Flack, USA
J. Hall, USA
Junichiro Hashimoto, Japan
Kazuomi Kario, Japan

Tomohiro Katsuya, Japan
Marcel Lebel, Canada
Kiyoshi Matsumura, Japan
Albert Mimran, France
Shawna D. Nesbitt, USA
G. Parati, Italy
Stefano Perlini, Italy
Roberto Pontremoli, Italy
Hiromi Rakugi, Japan
Giuseppe Schillaci, Italy
Markus Schlaich, Australia
Gary Lee Schwartz, USA
Joseph I. Shapiro, USA

Naj Sharif, USA
Helmy M. Siragy, USA
Masayoshi Soma, Japan
Thomas Unger, Germany
Franco Veglio, Italy
M. Volpe, Italy
B. Waeber, Switzerland
Donna Wang, USA
M. R. Weir, USA
Yoram Yagil, Israel
Xiao-Ping Yang, USA



Contents

The Emerging Role of Heme Oxygenase and Its Metabolites in the Regulation of Cardiovascular
Function, David E. Stec, Kazunobu Ishikawa, David Sacerdoti, and Nader G. Abraham
Volume 2012, Article ID 593530, 2 pages

Apo A1 Mimetic Rescues the Diabetic Phenotype of HO-2 Knockout Mice via an Increase in HO-1
Adiponectin and LKBI Signaling Pathway, Jian Cao, Nitin Puri, Komal Sodhi, Lars Bellner,
Nader G. Abraham, and Attallah Kappas
Volume 2012, Article ID 628147, 8 pages

The Modulatory Role of Heme Oxygenase on Subpressor Angiotensin II-Induced Hypertension and
Renal Injury, Kiran Chandrashekar, Arnaldo Lopez-Ruiz, Ramiro Juncos, Karl Nath, David E. Stec,
Trinity Vera, Ruisheng Liu, and Luis A. Juncos
Volume 2012, Article ID 392890, 7 pages

Heme Oxygenase-1 Induction and Organic Nitrate Therapy: Beneficial Effects on Endothelial
Dysfunction, Nitrate Tolerance, and Vascular Oxidative Stress, Andreas Daiber, Matthias Oelze,
Philip Wenzel, Franziska Bollmann, Andrea Pautz, and Hartmut Kleinert
Volume 2012, Article ID 842632, 13 pages

Role of HO/CO in the Control of Peripheral Circulation in Humans, David Sacerdoti, Despina Mania,
Paola Pesce, Silvia Gaiani, Angelo Gatta, and Massimo Bolognesi
Volume 2012, Article ID 236180, 4 pages

Induction of Hemeoxygenase-1 Reduces Renal Oxidative Stress and Inflammation in Diabetic
Spontaneously Hypertensive Rats, Ahmed A. Elmarakby, Jessica Faulkner, Babak Baban,
and Jennifer C. Sullivan
Volume 2012, Article ID 957235, 11 pages

Oxidative Stress and Heme Oxygenase-1 Regulated Human Mesenchymal Stem Cells Differentiation,
Luca Vanella, Christopher Sanford Jr., Dong Hyun Kim, Nader G. Abraham, and Nabil Ebraheim
Volume 2012, Article ID 890671, 10 pages

Novel Insights into the Vasoprotective Role of Heme Oxygenase-1, Emanuela Marcantoni,
Luigia Di Francesco, Melania Dovizio, Annalisa Bruno, and Paola Patrignani
Volume 2012, Article ID 127910, 12 pages

Vasculitis, Atherosclerosis, and Altered HDL Composition in Heme-Oxygenase-1-Knockout Mice,
Kazunobu Ishikawa, Mohamad Navab, and Aldons J. Lusis
Volume 2012, Article ID 948203, 6 pages

Renal Heme Oxygenase-1 Induction with Hemin Augments Renal Hemodynamics, Renal
Autoregulation, and Excretory Function, Fady T. Botros, Leszek Dobrowolski, and L. Gabriel Navar
Volume 2012, Article ID 189512, 8 pages



Therapeutic Potential of Heme Oxygenase-1/Carbon Monoxide in Lung Disease, Myrna Constantin,
Alexander J. S. Choi, Suzanne M. Cloonan, and Stefan W. Ryter
Volume 2012, Article ID 859235, 19 pages

Heme Induction with Delta-Aminolevulinic Acid Stimulates an Increase in Water and Electrolyte
Excretion, Syed Quadri, Debra W. Jackson, Priyanka Prathipati, Courtney Dean, and Keith E. Jackson
Volume 2012, Article ID 690973, 8 pages

Reciprocal Effects of Oxidative Stress on Heme Oxygenase Expression and Activity Contributes to
Reno-Vascular Abnormalities in EC-SOD Knockout Mice, Tomoko Kawakami, Nitin Puri, Komal Sodhi,
Lars Bellner, Toru Takahashi, Kiyoshi Morita, Rita Rezzani, Tim D. Oury, and Nader G. Abraham
Volume 2012, Article ID 740203, 11 pages

Heme Oxygenase-1 Attenuates Hypoxia-Induced sFlt-1 and Oxidative Stress in Placental Villi through Its
Metabolic Products CO and Bilirubin, Eric M. George, Drew Colson, Jeremy Dixon, Ana C. Palei,
and Joey P. Granger
Volume 2012, Article ID 486053, 6 pages

Renal Inhibition of Heme Oxygenase-1 Increases Blood Pressure in Angiotensin II-Dependent
Hypertension, Eva Csongradi, Megan V. Storm, and David E. Stec
Volume 2012, Article ID 497213, 8 pages



Hindawi Publishing Corporation
International Journal of Hypertension
Volume 2012, Article ID 593530, 2 pages
doi:10.1155/2012/593530

Editorial

The Emerging Role of Heme Oxygenase and Its Metabolites in
the Regulation of Cardiovascular Function

David E. Stec,1 Kazunobu Ishikawa,2 David Sacerdoti,3 and Nader G. Abraham4

1 Department of Physiology and Biophysics, Center for Excellence in Cardiovascular-Renal Research,
The University of Mississippi Medical Center, 2500 North State Street, Jackson, MS 39216, USA

2 Department of Cardiology, Center for Medical Education and Career Development, Fukushima Medical University,
1 Hikarigaoka, Fukushima, Fukushima City 960-1295, Japan

3 Department of Clinical and Experimental Medicine, Clinica Medica 5, University of Padova, Via Giustiniani 2, 35100 Padova, Italy
4 Department of Physiology and Pharmacology, The University of Toledo College of Medicine, Toledo, OH 43614, USA

Correspondence should be addressed to David E. Stec, dstec@umc.edu

Received 18 July 2012; Accepted 18 July 2012

Copyright © 2012 David E. Stec et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Heme oxygenase (HO) is an essential enzyme for normal
homeostasis of the cardiovascular system. It is the enzyme
responsible for the breakdown of heme to iron, biliverdin,
and carbon monoxide (CO) gas. Biliverdin is then sub-
sequently reduced to bilirubin by the ubiquitous enzyme
biliverdin reductase. HO enzymes are essential for the
turnover of red blood cells as well as of heme containing
proteins within the cell. However, in recent years numerous
studies have demonstrated an important role for HO and its
metabolites, CO, and bilirubin in regulating various phys-
iological processes throughout the cardiovascular system.
More importantly, alterations in HO have been identified
in numerous pathological conditions, and therapies which
induce HO have been found to provide beneficial outcomes
in numerous cardiovascular disease processes. This special
issue consists of 9 original research articles, 4 review articles,
and 1 clinical study; all of which highlight the important role
that HO enzymes have in the regulation of the cardiovascular
system.

The important role of HO in the regulation of kidney
function and blood pressure is highlighted in studies by F.
Botros et al., S. Quadri et al., and E. Csongradi et al.
HO-1 induction with hemin results in marked increases
in renal blood flow and glomerular filtration rate (GFR)
which are associated with increases in urine flow and sodium
excretion. HO-1 induction with hemin also attenuates the

decrease in renal blood flow to acute angiotensin II (Ang II)
treatment. The important role of HO-1 to counteract the
effects of Ang II is further demonstrated in studies in by
E. Csongradi et al. in which blockade of intrarenal HO-1
increases blood pressure in Ang II-dependent hypertension
through increases in intrarenal superoxide production. The
important antioxidant actions of HO and its metabolites
are also made evident in studies by E. George et al.
who demonstrate that both HO-1 induction and treatment
with the HO metabolites CO and bilirubin attenuate the
increase in oxidant production in placental explants in
response to hypoxia. HO induction as well as CO and
bilirubin also attenuate hypoxia-induced sFlt production
which has important implications for pregnancy-induced
hypertension or preeclampsia. Studies by T. Kawakami et
al. also highlight the important antioxidant role of HO and
its metabolites. In these studies, HO-1 induction lowers
oxidative stress levels which in turn improves vascular
function, lowers blood pressure, and prevents renal injury
in extracellular superoxide dismutase (EC-SOD, SOD3)
knockout mice. The important role of HO in the modulation
of oxidative stress in the differentiation of bone-marrow-
derived mesenchymal stem cells (MSCs) and its potential role
in diseases such as diabetes, inflammation, osteoporosis, and
hypertension are reviewed by L. Vanella et al. HO-1 regulates
MSC differentiation process by shifting the balance of MSC
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differentiation in favor of the osteoblast lineage by decreasing
oxidative stress and increasing osteogenic markers such as
alkaline phosphatase and BMP-2.

The important role of HO in target organ injury is also
highlighted in this special issue. K. Chandrashekar et al.
demonstrate the important role of HO-1 in preserving renal
function and protecting the kidney against renal injury in
a model of subpressor Ang II-induced kidney injury. M.
Constantin et al. detail the therapeutic potential of HO and
its metabolite CO in lung inflammation, acute lung injury,
lung transplantation, and pulmonary hypertension.

HO enzymes play a critical role in the regulation of
vascular function and the protection of the vasculature
from injury. The important role of HO enzymes in this
capacity as well as the potential targeting of vascular HO
for therapeutics is reviewed by E. Marcantoni et al. The
importance of vascular HO-1 in the suppression of vascular
inflammation is demonstrated in studies by K. Ishikawa et
al. who show that HO-1 knockout mice exhibit enhanced
vascular inflammation, atherosclerotic lesions, and increased
oxidation of HDL.

HO enzymes have an important interaction with nitric
oxide (NO) in the regulation of vasculature tone. HO in the
vasculature has been previously reported to both induce as
well as inhibit the formation of NO depending on the degree
of HO-1 induction. A. Daiber et al. examine the complex
relationship between HO and NO and its implications in
organic nitrate therapy and argue for a beneficial role of
HO-1 induction to protect against tolerance to effective
organic nitrate-based therapies for cardiovascular disease.
The relationship between HO and NO is further investigated
in a clinical study by D. Sacerdoti et al. who demonstrate the
important role for HO in the maintenance of blood flow in
the face of NO inhibition as well as the important role for
HO in protecting the bioavailability of vascular-derived NO
in humans.

The role of HO and its metabolites in metabolic diseases
such as diabetes and obesity is also highlighted in this special
issue. A. Elmarakby et al. report that induction of HO-1
is able to lower renal oxidative stress, inflammation, and
injury in diabetic spontaneously hypertensive rats (SHRs)
suggesting that induction of HO-1 may be a potential
therapeutic approach for diabetic nephropathy. J. Cao et al.
elegantly demonstrate that HO-1 induction with the Apo AI
mimetic, L-4F, decreases blood pressure, insulin resistance,
blood glucose, and adiposity in HO-2 knockout mice. These
results suggest that HO-1 induction could be a viable thera-
peutic approach for the correction of both metabolic and
cardiovascular disorders in obesity.

Taken together, the series of articles in this special issue
highlight the important regulatory role of HO and its meta-
bolites in the cardiovascular system. The articles also dem-
onstrate the important role that HO enzymes play in
protecting the cardiovascular system from diseases such as
hypertension, atherosclerosis, kidney disease, diabetes, and
obesity. They also shed light on the potential therapeutic
role for HO-1 induction to combat these diseases. It is clear
from these articles that the HO system is indeed emerging
as both an important regulator of cardiovascular function as

well as an attractive target for the development of effective
therapeutics.
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Insulin resistance, with adipose tissue dysfunction, is one of the hallmarks of metabolic syndrome. We have reported a metabolic
syndrome-like phenotype in heme oxygenase (HO)-2 knockout mice, which presented with concurrent HO-1 deficiency and were
amenable to rescue by an EET analog. Apo A-I mimetic peptides, such as L-4F, have been shown to induce HO-1 expression and
decrease oxidative stress and adiposity. In this study we aimed to characterize alleviatory effects of HO-1 induction (if any) on
metabolic imbalance observed in HO-2 KO mice. In this regard, HO-2(−/−) mice were injected with 2 mg/kg/day L-4F, or vehicle,
i.p., for 6 weeks. As before, compared to WT animals, the HO-2 null mice were obese, displayed insulin resistance, and had elevated
blood pressure. These changes were accompanied by enhanced tissue (hepatic) oxidative stress along with attenuation of HO-1
expression and activity and reduced adiponectin, pAMPK, and LKB1 expression. Treatment with L-4F restored HO-1 expression
and activity and increased adiponectin, LKB1, and pAMPK in the HO-2(−/−) mice. These alterations resulted in a decrease in blood
pressure, insulin resistance, blood glucose, and adiposity. Taken together, our results show that a deficient HO-1 response, in a state
with reduced HO-2 basal levels, is accompanied by disruption of metabolic homeostasis which is successfully restored by an HO-1
inducer.

1. Introduction

Obesity, metabolic syndrome, and associated insulin resis-
tance are major contributors to cardiovascular disease, the
leading cause of mortality in the United States [1]. Insulin
resistance is characterized by hyperglycemia and increase
in lipolysis and free fatty acid levels and increased hepatic
triglyceride secretion and sterol-regulatory element-binding
protein-1 (SREBP-1) [2, 3]. SREBPs are transcription factors
known to regulate genes involved in fatty acid and cholesterol
synthesis and are regulated by pAMPK [3, 4]. AMPK is
phosphorylated and activated by the major kinase, LKB1,
and acts as a metabolic checkpoint that is suppressed in
hyperglycemic conditions [4–8]. Hyperglycemia and associ-
ated increase in reactive oxygen species (ROS) are known

to decrease HO levels [1, 9, 10]. There are two forms of
HO, the inducible HO-1 and the constitutively expressed
HO-2 [4, 11]. HO-1 and -2 catabolize heme into equimolar
concentrations of carbon monoxide, bilirubin, and free iron,
generating an antioxidant effect and increasing nitric oxide
(NO) bioavailability and providing cardiovascular protection
[4, 11]. HO-1 is the major cytoprotective moiety of the HO
system because of its rapid inducibility by a broad spectrum
of compounds and conditions including stress. However,
recent studies using HO-2(−/−) mice suggest that HO-2 is
also critical for cellular homeostasis and for upregulation of
HO-1 [4, 11]. When HO-1 increases, levels of antioxidant
and anti-inflammatory molecules increase and the level of
reactive oxygen species (ROS) decreases [9]. The benefits of
increased levels of HO-1 protein include the prevention of
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high blood pressure, decreased vasoconstrictors, increased
vasodilators, and the inhibition of oxidative stress [1, 10, 12].

The effects of HO are also associated with an increase in
adiponectin, a protein hormone that modulates many meta-
bolic processes and can improve cardiovascular function
while downregulating proinflammatory factors [1, 9, 13, 14].
Adiponectin exists in three different forms trimer, hexamer,
and high molecular weight (HMW) with HMW adiponectin
being the form that attenuates cardio-vascular disease [1, 14].
In both, obese subjects and animals, the plasma levels of
adiponectin are inversely related to insulin sensitivity [4, 13,
15, 16]. The upregulation of HO-1 is associated with an
increase in adiponectin levels and correlates with decreased
inflammatory cytokines, IL-1, IL-6, and TNFα [1, 9].

Recently developed HO-2 null mice have displayed char-
acteristics of a metabolic syndrome-like phenotype with en-
hanced systemic inflammatory and oxidative stress response.
Curiously, these mice also demonstrate a failure to induce
stress-dependent HO-1 upregulation along with suppression
of adiponectin levels. That attenuated HO-1 upregulation in
an HO-2 null mouse is accompanied by metabolic imbalance
led us to examine the effects of an HO-1 inducer in such a
setting. The apo-A1 mimetic peptide, L-4f, was administered
to HO-2 null mice so as to rescue HO-1 expression.
This apo-A1-mimetic peptide was synthesized from amino
acids that improved the ability of HDL to protect LDL
against oxidation in animals with atherosclerosis [2]. L-4F
treatment resulted in reduced adiposity, evident by decreased
visceral fat content, in conjunction with improved energy
balance and metabolic homeostasis in HO-2 null mice. These
changes were further characterized by increases in HO-1 and
adiponectin levels along with enhanced cellular expression of
LKBI-pAMPK in the liver tissues.

2. Materials and Methods

2.1. Animal Protocol. All animal experiments followed an
institutionally approved protocol in accordance with the NIH
Guide for the Care and Use of Laboratory Animals. The HO-
2 null mice are direct descendents of the HO-2 mutants
produced [17]. These well-characterized HO-2 null mice
have a C57BL/6 × 129/Sv genetic background that was
used on age- and gender-matched controls. Homozygote
HO-2(−/−) null and B6/129SF2/J (WT) mice were used
for the studies. Mice were divided into three groups (10
mice/group): WT, HO-2(−/−) + vehicle, and HO-2(−/−) +
L-4F. Beginning at 20 weeks of age when the mice had
established diabetes, L-4F (i.e., Ac-D-W-F-K-A-F-Y-D-K-
V-A-E-K-F-K-E-A-F-NH2) synthesized from L-amino acids
as previously described (Stephen P 2008) at a dose of
200 μg/100 g daily in 2 mL vehicle, or vehicles (ABCT:
ammonium bicarbonate buffer at pH 7.4 containing 0.01%
Tween 20) were administered intraperitoneally (i.p.) for 6
weeks. Mice were fed a normal chow diet and had access to
water ad libitum. Glucose monitoring was performed using
an automated analyzer (Life scan Inc., Milpitas, CA, USA).
Blood pressure was measured by the tail cuff method before
and every 7 days after L-4F administration. Body weights of

HO-2(−/−) and WT mice at the beginning of the experiment
were 28 ± 2 g and 20 ± 2 g, respectively. Glucose levels
were 160 ± 20 and 121 ± 20 mg/dL for HO-2(−/−) and WT
mice, respectively. At the time of sacrifice the body weight of
all mice was measured. The subcutaneous and visceral fat in
the abdomen, mesenteric fat, and fat around the liver, kidney,
spleen, and heart were dissected free, pooled for each mouse
and weighed. Blood samples were collected in K3EDTA tubes
at sacrifice, and the plasma was separated. Liver samples were
flash frozen in liquid nitrogen for further studies.

2.2. Western Blot Analysis. Frozen hepatic samples were pul-
verized in T-PER (ThermoFisher Scientific, Rockford, IL,
USA) homogenization buffer, rotated for 1 hour at 4◦C, and
then centrifuged at 12,000 rpm for 25 minutes at 4◦C. The
supernatant was collected and protein was quantified using
the BCA protein assay (Pierce Biotechnology, Inc., Woburn,
MA). Protein expression analysis was preformed through
immunoblotting with antibodies against HO-1 (Stressgen
Biotechnologies Corp., Victoria, BC, Canada), adiponectin,
pAKT, AKT, pAMPK, and AMPK (Cell Signaling Technology,
Inc. Beverly, MA, USA) were used. Imaging and quantifica-
tion were done using the Odyssey imaging system (Li-Cor
Biosciences, Lincoln, NE, USA).

2.3. Real-Time Quantitative PCR. Total RNA was recovered
from liver following the Perfect Pure Tissue Kit (5Prime,
IN Gaithersburg, MD, USA) RNA extraction protocol with
DNase treatment. cDNA was made using the Improm Re-
verse Transcriptase kit (Promega, Madison, WI, USA). Prim-
er sequences for mouse HO-1 were 5′-CAGCCCCAC-
CAAGTTCAAAC-3′ and 5′-TCAGGTGTCATCTCCAGA-
GTGTTC-3′, adiponectin 5′-AGCCGCTTATATGTATCG-
CTCA-3′ and 5′-TGCCGTCATAATGATTCTGTTGG-3′,
AMPK 5′-CGCAGACAGCCCCAAAG-3′ and 5′-AGAGAC-
TTGGGCTTCGTTGTGT-3′, LKB1 5′-TGCTGGACTCCG-
AGACCTTA-3′ and 5′-CCTGCGCAGCTTTTTCTTC-3′,
AKT 5′-GAACCGTGTCCTGCAGAACTCTAG-3′ and 5′-
GTGGGTCTGGAATGAGTACTTGAG-3′, and GAPDH 5′-
CCAGGTTGTCTCCTGCGACT-3′ and 5′-ATACCAGGA-
AATGAGCTTGACAAAGT-3′. The thermal cycling condi-
tions were 95◦C for 20 seconds followed by 40 cycles of 95◦C
for 3 minutes, 60◦C for 30 seconds, and finally 95◦C for 15
seconds, 60◦C for 1 minute, and 95◦C for 15 seconds.

2.4. O2
− Production. liver samples were placed in scintil-

lation vials (2 per vial) containing 1 mL of Krebs-HEPES
buffer, pH 7.4, and lucigenin (5 μmol/L) for 30 min at 37◦C.
Lucigenin chemiluminescence was measured in a liquid scin-
tillation counter (LS6000TA, Beckman Instruments) and su-
peroxide production quantified as previously described [2].

2.5. Glucose and Insulin Tolerance Tests. After 6 h fast, mice
were injected intraperitoneally with glucose (2.0 g/kg body
weight). Blood samples were taken at various time points (0–
120 min), and blood glucose levels and serum insulin levels
were measured. For determination of insulin tolerance, mice
were injected intraperitoneally with insulin (2.0 U/kg). Blood
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Figure 1: Effect of HO-2 deletion on body weight and adiposity. Figures showing wild-type (WT), HO-2 null (HO-2(−/−)) and L-4F treated
HO-2(−/−) mice (HO-2(−/−) + L-4F) after 6 weeks of treatment. (a) Effect of L-4F on body weight on HO-2(−/−) mice. (b) Effect of L-4F on
subcutaneous body weight on HO-2(−/−) mice. (c) Effect of L-4F on visceral body weight on HO-2(−/−) mice. Results are means ± SE, n = 6,
∗P < 0.05 versus WT; #P < 0.05 versus HO-2(−/−).

samples were taken at various time points (0–90 min), and
blood glucose levels were measured.

2.6. Measurement of HO Activity. Tissue HO activity, in liver
samples from WT, HO-2(−/−) treated and untreated mice,
was assayed as described previously [18, 19] using a tech-
nique in which bilirubin, the end product of heme degra-
dation, was extracted with chloroform, and its concentration
was determined spectrophotometrically (dual UV/VIS beam
spectrophotometer lambda 25; PerkinElmer Life and Ana-
lytical Sciences, Wellesley, MA, USA) using the difference in
absorbance at a wavelength from λ460 to λ530 nm with an
absorption coefficient of 40 mM−1 cm−1. Under these con-
ditions, HO activity was linear with protein concentration,
time-dependent, and substrate-dependent [18, 19].

2.7. Statistical Analyses. Statistical significance between ex-
perimental groups was determined by the Fisher method of
analysis of multiple comparisons (P < 0.05). For comparison
between treatment groups, the null hypothesis was tested by
a single-factor ANOVA for multiple groups or unpaired t-test
for two groups.

3. Results

3.1. Effect of HO-2 Deletion on Body Weight, Fat Content,
Blood Pressure, and Metabolic Parameters. In Figure 1(a) we
show that HO-2 deletion significantly increased body weight
when compared to WT mice and was reversed after six weeks
of L4-F treatment. A similar pattern was observed in weight
reduction of subcutaneous and visceral fat by administration
of L4-F in HO-2(−/−) mice as shown in Figures 1(b) and 1(c).
Furthermore, we determined that the random blood glucose
levels in the HO-2 null mice were significantly increased
compared to WT and were reversed back to normal baseline
with L4-F treatment (Figure 2(a)). Both systolic and diastolic
blood pressures were significantly elevated in HO-2 null mice
as compared to WTs (P < 0.05) (Figure 2(b)). This increased
body weight, adiposity, and elevated blood pressure suggests
metabolic syndrome like phenotype in HO-2 KO mice,
which was successfully reversed by HO-1 induction.

To investigate if the metabolic syndrome, observed in
HO-2 null mice, is associated with insulin resistance, we
performed insulin sensitivity and glucose tolerance tests.
Insulin administration to WT, HO-2 null, and L4-F treated
HO-2 null mice produced a rapid decrease in glucose levels in
the WT and L-4F treated HO-2 KO mice compared to HO-2
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Figure 2: Effect of L-4F on blood glucose, blood pressure, insulin sensitivity, and glucose tolerance in HO-2 null mice. (a) Blood glucose.
Values are means± SE, n = 6, ∗P < 0.05 versus WT; #P < 0.05 versus HO-2(−/−). (b) Blood pressure values are means± SE, n = 6, ∗P < 0.05
versus respective WT, #P < 0.05 versus respective HO-2(−/−). HO-2(−/−). (c) Intraperitoneal insulin sensitivity (IPITT) and glucose tolerance
(IPGTT) (d) tests were performed as described in research designs and methods. Results are means ± SE, n = 6. (IPITT) ∗P < 0.05 versus
WT, #P < 0.05 versus HO-2(−/−), (IPGTT). ∗P < 0.05 versus WT, #P < 0.05 versus HO-2(−/−).

null (P < 0.05), suggesting improved sensitivity of HO-2 null
mice with L-4F treatment, decreasing from 333.7±6.0 mg/dL
for HO-2 null mice to 84.7 ± 4.9 mg/dL in the L-4F treated
HO-2 null mice (Figure 2(c)). Plasma glucose levels at all
times were significantly elevated in the HO-2 null mice
compared to the L-4F treated HO-2 null mice. Glucose
administration to all mice rapidly increased the glucose
level after 30 min and remained elevated in the HO-2 null
mice, compared to the L4-F treated HO-2 null and WT mice
which returned to initial levels at 120 min (Figure 2(d)).

3.2. Effect of HO-2 KO on Tissue Redox, HO-1 Expression,
and Activity. Analysis of lucigenin-detectable chemilumines-
cence demonstrated enhanced oxidative stress in hepatic
samples from HO-2 KO versus WT mice (P < 0.05). This
increase in O2

− generation was attenuated (P < 0.05) in
HO-2 null mice treated with L-4f for 6 wks (Figure 3(a)).
In Figure 3(b), we show that the HO-2 null mice express
significantly (P < 0.05) lower levels of HO-1 as compared to
WT mice; however levels are restored with L-4F treatment.
A daily injection of L-4F for 6 weeks also resulted in a
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Figure 3: Effect of L-4F on redox status, HO-1 levels, and activity in HO-2 null mice. (a) Levels of superoxide produced in WT, HO-2(−/−)

and L-4F treated HO-2(−/−) mouse liver. Values are means ± SE, n = 6, ∗P < 0.05 versus WT, and #P < 0.05 versus HO-2(−/−). (b) Western
blot, densitometry analysis and (c) mRNA expression of hepatic tissues for HO-1 expression. Values are means± SE, n = 6, ∗P < 0.05 versus
WT, #P < 0.05 versus HO-2(−/−) (d). Effects, L-4F on HO-1 activity measured as described in materials and methods. Results are means ±
SE, n = 6, ∗P < 0.05 versus HO-2(−/−).

significant increase in HO-1 mRNA levels compared to
the HO-2 null mice (Figure 3(c)). HO-2 deletion impairs
HO-1 inducibility leading to a decrease in HO activity. In
Figure 3(d) we show that treatment with L-4F in the HO-2
null mice significantly increases HO-1 activity.

3.3. Effect of HO-2 KO on Hepatic Adiponectin and pLKB1/
pAMPK Signaling. Western blot analysis demonstrated that
HO-2 deletion is associated with significant decrease in the
expression of adiponectin when compared to age-matched
WT (Figure 4(a)). Treatment with L-4F increased these levels
by 2-fold to levels significantly higher than those measured in
HO-2 null mice (Figure 4(a)). Consistent with the changes in
protein shown in Figure 4(a), we show with real-time PCR
that adiponectin levels significantly increase with treatment
with L-4F compared to untreated in the HO-2 null mice
(Figure 4(b)). To elucidate the mechanism involved in the

changes observed with L-4F treatment, we determined ex-
pression and activity of signaling pathways that may be in-
volved in the process. Interestingly, the expression of acti-
vated AMPK was regulated by HO-2 deletion since the HO-2
null mice expressed significantly lower levels of pAMPK
albeit normal levels of AMPK. L-4F restored the levels of
pAMPK in the HO-2 null mice without affecting total AMPK
levels (Figure 4(c)). Furthermore, there was a significant
increase in LKB1 expression in the L-4F treated HO-2 null
mice (Figure 4(d)), which suggests that the AMPK/LKB1
pathway could play a role in the L-4F mediated resource of
HO-2(−/−) phenotype. In addition, to elucidate modulation
of AKT-dependent pathways by HO-1 induction via L-
4F, immunoblot assessment of pAKT/AKT was performed
which exhibited enhanced (P < 0.05) pAKT/AKT levels in
HO-2 KO (1.39 ± 0.12) versus WT (1.02 ± 0.09) mice. This
effect of HO-2 deletion on pAKT expression was unaffected
by L-4F administration in HO-2 null mice (1.46± 0.14).
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Figure 4: Effect of L-4F on adiponectin pAMPK and LKB1 expression in HO-2 null. L-4F was administered daily for 6 weeks and liver tissues
analyzed for adiponectin protein (a) and mRNA (b) expression. Protein bands were analyzed by densitometry and plotted against a relative
expression to actin. Results are means ± SE, n = 6, ∗P < 0.05 versus WT, #P < 0.05 versus HO-2(−/−). (c) Western blot and densitometry
analysis of hepatic tissues for pAMPK and AMPK. Values are means ± SE, n = 5, ∗P < 0.05 versus WT, #P < 0.05 versus HO-2(−/−). (d)
Expression for LKB1 in WT, HO-2 KO with and without L-4F. Values are means ± SE, n = 6, ∗P < 0.05 versus WT, #P < 0.05 versus
HO-2(−/−).

4. Discussion

The data presented here shows that treatment of HO-2 null
mice with L-4F rescues the key markers of metabolic syn-
drome via an increase in HO-1 and adiponectin through a
signaling mechanism involving the LKB1/AMPK signaling
pathway (Figure 5). Interestingly, L-4F had no effect on acti-
vated AKT (pAKT), suggesting selectivity of L-4F to pAMPK.

First key finding presented here is in line with earlier
reports [4, 11] suggesting a role of HO-2 in mediating
HO-1 upregulation. HO-2 null mice were characterized by
disruption of metabolic homeostasis and displayed increased

body weight, adiposity, insulin resistance with elevated blood
pressure, and oxidative stress. Pathophysiological conditions
such as these have historically been shown to be associated
with increase in cellular defense mechanisms including HO-
1 [20]. HO-2, a constitutively expressed isoform, supports
sustenance of basal redox status in the cells, and its knock-
down is not surprisingly met with oxidative stress. HO-1
induction, however, in this HO-2 knockdown state fails to
occur even in the presence of added pathophysiological insult
such as metabolic syndrome. These observations delineate
the essential role of HO-2 in stress-induced HO-1 induction.
This failure of HO-1 upregulation could further dampen



International Journal of Hypertension 7

HO-1

pLKB1/pAMPK

Bilirubin/biliverdin CO

Hypertrophic 
adipocytes

Small 
adipocytes

Insulin resistance

Hyperinsulinemia

Hyperglycemia
Cardiovascular remodeling

Metabolic syndrome

L4F

↑Adiponectin

• Antioxidant
• Vasodilation

• Anti-inflammatory
• Improved tissue perfusion

↑Oxidative stress
↑ Inflammatory mediators

Figure 5: Schematic, the upregulation of HO-1 and adiponectin levels by L-4F coincides with increased pAMPK and LKBI levels providing
a signaling mechanism by which L-4F rescues the metabolic phenotype and improves vascular function.

cellular defenses and contribute towards the phenotypic
alteration observed in these animals. Restoration of HO-1
expression and activity accompanied by phenotype reversal
further supports the role of deficient HO-1 in mediating,
at least partly, clinicopathological alterations observed in
HO-2 null state. Previous reports have documented physical
interactions of the two HO isoforms [21], which could
contribute towards HO-2-dependent induction of HO-1.

Second key observation of this study is the modulatory
effect of heme-HO system on adiponectin and associated
metabolic signaling pathways and their role in alleviating
metabolic pathologies observed in an HO-2 KO state. One
major marker of obesity is inflammation, which produces an
excess of reactive oxygen species, specifically superoxide [11].
When there is chronic exposure to an excess of superoxide,
adiponectin and HO-1 levels decrease significantly and
contribute to the pathogenesis of insulin resistance [2, 4, 9,
12]. An increase in HO-1 levels increases adiponectin levels,
which is known to possess a vascular protective role, preserve
endothelial function, and improve insulin sensitivity through
glucose uptake [1, 9]. Treatment with L-4F is shown to
increase both HO-1 and adiponectin levels in vitro and
in vivo [2, 15] while decreasing superoxide (Figure 3(a)),
further supporting the idea that L-4F improves the pheno-
type in the metabolic syndrome mouse model through an
increase in insulin sensitivity and glucose tolerance.

L-4F treatment significantly increased pAMPK and LKB1
levels, all associated with improved insulin sensitivity [15]. P-
AMPK is known to act in the regulation of cell survival, pro-
tect against oxidative stress [15, 22–24], and, when activated,
contribute to glucose transport, fatty acid oxidation, and
increased mitochondrial function [2, 25]. It is known that

crosstalk between AMPK and AKT can regulate nitric oxide
bioavailability and vascular function [22, 23, 26]. However
L-4F did not affect the protein expression or activation of
AKT, suggesting a pathway more specific to AMPK. LKB1 is a
serine-threonine kinase that directly phosphorylates AMPK
and decreases lipogenesis [4, 5, 8]. We show that L-4F induces
LKB1 in HO-2 null mice, indicating that HO-1 mediates
the transcriptional regulation of LKB1 by L-4F to activate
AMPK.

In conclusion, as depicted in the schematic (Figure 5),
the upregulation of HO-1 and adiponectin levels by L-4F
coincides with increased pAMPK and LKBI levels, providing
a signaling mechanism by which L-4F rescues the metabolic
syndrome phenotype and improves energy balance. Thus,
L-4F could provide as a beneficial drug treatment to com-
plement conventional therapeutic of disease associated with
disruption of metabolic homeostasis.

Abbreviations:

HO-1/HO-2: Heme oxygenase 1, 2
ROS: Reactive oxygen species
EC-SOD: Extracellular superoxide dismutase
NO: Nitric oxide
AKT: Protein kinase B
pAKT: Phosphorylated protein kinase B
AMPK: AMP-activated protein kinase
pAMPK: Phosphorylated AMP-activated protein

kinase
O2

−: Superoxide
LKB1: Serine/threonine kinase 11.
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Angiotensin II (AngII) causes hypertension (HTN) and promotes renal injury while simultaneously inducing reno-protective
enzymes like heme oxygenase-1 (HO-1). We examined the modulatory role of HO on sub-pressor angiotensin II (SP-AngII)
induced renal inflammation and injury. We first tested whether the SP-AngII-induced renal dysfunction, inflammation and injury
are exacerbated by either preventing (chronic HO-1 inhibition) or reversing (late HO-1 inhibition) SP-AngII-induced HO (using
tin protoporphyrin; SnPP). We next examined whether additional chronic or late induction of SP-AngII-induced HO (using cobalt
protoporphyrin; CoPP), prevents or ameliorates renal damage. We found that neither chronic nor late SnPP altered blood pressure.
Chronic SnPP worsened SP-AngII-induced renal dysfunction, inflammation, injury and fibrosis, whereas late SnPP worsened renal
dysfunction but not inflammation. Chronic CoPP prevented HTN, renal dysfunction, inflammation and fibrosis, but surprisingly,
not the NGAL levels (renal injury marker). Late CoPP did not significantly alter SP-AngII-induced HTN, renal inflammation or
injury, but improved renal function. Thus, we conclude (a) endogenous HO may be an essential determining factor in SP-AngII
induced renal inflammation, injury and fibrosis, (b) part of HO’s renoprotection may be independent of blood pressure changes;
and (c) further induction of HO-1 protects against renal injury, suggesting a possible therapeutic target.

1. Introduction

Angiotensin II (AngII) is one of the major factors playing a
role in the development of chronic kidney disease. It does so
by virtue of its hemodynamic, prooxidant, proinflammatory,
and profibrotic effects. However, along with its detrimental
effects, AngII has been found to induce adaptive, protective
pathways. One such cytoprotective system is via heme oxy-
genase (HO). HO is the rate-limiting step in the metabolism
of heme, breaking it down into biliverdin with the resultant
release of ferric iron and carbon monoxide [1–3]. It exists as
two isoforms, HO-1 and HO-2. HO-1 is an inducible form
that is upregulated by various stimuli including lipopolysac-
charide, nitric oxide, and AngII [1, 2], whereas HO-2 is con-
stitutively expressed [3]. The cytoprotective properties of
HO are attributed to the antioxidant, anti-inflammatory, and

vasorelaxant actions of the end products of heme metabo-
lism; biliverdin with the resultant bilirubin and carbon mo-
noxide [4]. Previous studies have demonstrated the impor-
tance of HO in dampening the hypertensive and renal vaso-
constrictor effects of AngII [5–7]. However, these studies em-
ployed pressor doses of AngII. Such high doses of AngII may
not accurately reflect the balance between the injurious and
adaptive factors that are triggered by physiological doses of
AngII. A model that is more analogous to clinical situations
is one in which AngII levels are elevated, but within a patho-
physiologic range. This is achieved by chronically infus-
ing subpressor doses of AngII (SP-AngII). This model is char-
acterized by the development of salt-sensitive hypertension
(HTN), increased expression of proinflammatory factors,
oxidative stress, and progressive renal injury [4, 5, 8–10].
We recently examined the renal vascular effects of acute
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inhibition of HO after 2 weeks of SP-AngII [11]; however,
the modulatory effects of HO on SP-AngII-induced renal
inflammation and injury are incompletely understood. In
the present study, we evaluated the role of SP-AngII-induced
HO-1 in modulating the injurious effects of SP-AngII.
We tested whether chronically inhibiting HO exacerbates
SP-AngII-induced renal inflammation and injury and also
whether inhibiting HO late in the course of SP-AngII
alters the renal dysfunction. In addition, because inducing
overexpression of HO-1 may represent a potential therapeu-
tic target for preventing AngII-induced damage, we tested
whether chronically inducing HO-1 prevented renal injury
and whether inducing HO-1 late in the course of SP-AngII-
induced HTN ameliorates renal inflammation and damage.

2. Methods

All experiments were approved by the Institutional Animal
Care and Use Committee of the University of Mississippi
Medical Center and were performed in accordance with the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health.

2.1. Experimental Groups and Design. Male Sprague Dawley
rats (Harlan Teklad, Indianapolis, IN USA) (263 ± 20 g)
maintained on standard rat chow with water ad libitum were
used in all experiments. All animals were inserted with osmo-
tic minipumps (2ML2, Alzet minipumps, DURECT Corp.,
Cupertino, CA, USA), which infused either a vehicle (saline)
or AngII (200 ng/kg/min) subcutaneously for 14 days as pre-
viously described [6, 12, 13]. We used this dose of SP-AngII
because it increases plasma AngII to levels that do not cause
immediate vasoconstriction, yet reliably cause HTN and lead
to renal inflammation and injury within the time frame of
the experiments. We then tested the involvement and effects
of HO in these animals. For this we modulated HO activity in
two ways: the first by preemptively modulating the activity of
HO (treating throughout the SP-AngII infusion) and second
by reversing or enhancing its activity after SP-AngII has been
present for 12 days. Initially, we tested whether chronically
inhibiting HO (tin protoporphyrin (SnPP) 30 μmol/kg, i.p.,
every 3 days) worsens renal inflammation and injury. We
then tested whether blocking the effect of HO near the end
of the 2 -week infusion (late SnPP; 50 μmol/kg, i.p. on day
12), worsens the renal parameters. Because further induc-
tion of HO-1 may protect against AngII-induced HTN, we
tested whether chronic induction of HO-1 (cobalt protopor-
phyrin (CoPP) 30 μmol/kg, i.p., every 3 days) blunts renal in-
flammation and injury. Finally, we tested whether inducing
HO-1 near the end of the SP-AngII infusion (late CoPP;
50 μmol/kg, i.p, on day 12) can ameliorate the adverse affects
of SP-AngII.

Systolic blood pressure (SBP) was measured during the
14-day course of SP-AngII/vehicle infusion by tail cuff pleth-
ysmography (TCP) (Harvard Apparatus, Holliston MA,
USA) in conscious, trained animals. On day 14 of the proto-
col, blood was collected and the animals were housed in me-
tabolic cages, and urine was collected for 24 hours. The

animals were then sacrificed, and the kidneys were harvested.
All organs were weighed and flash-frozen using liquid nitro-
gen.

2.2. Measurements

2.2.1. Renal Function, Oxidative Stress, Inflammation, and In-
jury. Renal function was assessed by measuring plasma cre-
atinine using a Quantichrom Creatinine Assay kit (BioAssay
Systems). The kidney cortices were homogenized using a tis-
sue homogenizer (IKA Works) in radioimmunoprecipitation
assay (RIPA) buffer (10 μL of phenylmethylsulfonyl fluoride
(PMSF) +10μL sodium orthovanadate +10–20 μL protease
inhibitor cocktail per mL of 1X RIPA lysis buffer). A bicin-
choninic acid (BCA; Pierce, Rockford, IL, USA) protein assay
kit was used for the calorimetric detection and quantification
of the total protein in the kidney homogenates. Renal inflam-
mation was estimated by analyzing the renal interleukin-6
levels (IL-6). Kidney cortex homogenates from all groups
were analyzed simultaneously for IL-6 levels (Quantikine Rat
IL-6 Immunoassay kit) (R&D Systems, Minneapolis MN,
USA). Finally renal injury was determined by measuring the
following: urinary levels of neutrophil gelatinase-associated
lipocalin levels (NGAL, by ELISA; Assay Designs, Ann
Arbor, MI, USA); renal tissue levels of kidney injury marker
(KIM-1, by ELISA; R&D Systems, Minneapolis, MN, USA);
apoptosis, as measured by cytochrome-C levels (by ELISA;
R&D Systems, Minneapolis, MN, USA), and the profibrotic
signal, transforming growth factor- beta 1 (TGF-β1; by
ELISA; R&D Systems, Minneapolis, MN, USA).

2.3. HO Activity. HO activity was determined by measuring
the amount of bilirubin produced using a well established
protocol [14]. Briefly, the kidney cortices were processed
using a homogenization buffer (sucrose, monobasic and
dibasic potassium phosphate, EDTA and PMSF at ph 7.7)
The protein content of this homogenate was measured and
then mixed with a potassium phosphate buffer (monobasic
and dibasic potassium phosphate with water at ph 7.4), Glu-
cose-6-phosphate, glucose-6-phosphate dehydrogenase, be-
ta-nicotinamide diamine phosphate (β-NADP) and hemin
to get a 1.2 mL reaction. The reaction was then incubated for
1 hr at 37◦C in a dark room, after which 1.2 mL of chloro-
form was added and the mixture vortexed for 15 seconds.
The reaction was then frozen overnight, thawed and vor-
texed. The samples were centrifuged at 15,000 g for 10 min-
utes, resulting in a ring-like layer separating the supernatant
from the lower half. The supernatant was discarded and the
absorbance was measured at 464 and 530 nm in a spectro-
photometer, using an extinction coefficient of 40 mM/cm for
bilirubin. The resulting HO activity was expressed as nmoles
of bilirubin/mg of kidney protein/hr (nmol bil/mg pro-
tein/hour).

2.4. Statistics. All variables were expressed as mean ± SEM.
An unpaired Student’s t-test was used to perform compari-
sons between two groups. The ANOVA test was employed
to statistically compare two or more groups. Statistical
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Figure 1: HO activity after chronic and late HO modulation. HO
activity is determined by measuring the bilirubin formation in the
following groups. Vehicle- (Veh-) treated (n = 6), SP-AngII-treated
(n = 6), chronic-SnPP- (Ch-SnPP-) treated (n = 6), SP-AngII/Ch-
SnPP-treated (n = 6), late-SnPP-treated (n = 5), SP-AngII/late-
SnPP-treated (n = 5), chronic-CoPP- (Ch-CoPP-) treated (n = 6),
SP-AngII/Ch-CoPP-treated (n = 6), late-CoPP-treated (n = 5), SP-
AngII/late-CoPP-treated (n = 6) rats. ∗P < 0.05 versus. control,
#P < 0.05 versus. SP-AngII.

significance was established at a P value less than 0.05. We
utilized the Instat software (GraphPad, v3.06; La Jolla, CA,
USA) to analyze all data.

3. Results

3.1. HO Activity (Figure 1). We first examined whether our
therapeutic protocols were effective in inhibiting or inducing
HO activity. SP-AngII increased HO activity from 0.9± 0.01
to 2.1 ± 0.04 nmoles of bilirubin/mg protein/hour. Neither
chronic nor late administration of SnPP decreased HO
activity in control animals (0.63±0.33 and 0.8±0.01 nmoles
of bilirubin/mg protein/hour, resp.) but both lowered HO
activity in SP-AngII treated rats (from 2.1±0.04 to 0.7±0.02
and 0.7 ± 0.12 nmoles of bilirubin/mg protein/hour, resp.).
Chronic and late induction of HO-1 with CoPP increased
HO activity in control animals (from 0.9 ± 0.01 to 2.1 ± 0.3
and 1.3 ± 0.2 nmoles of bilirubin/mg protein/hour, resp.)
and further elevated SP-AngII-induced HO activity (from
2.1 ± 0.04 to 3 ± 0.25 and 3 ± 0.21 nmoles of bilirubin/mg
protein/hour, resp.).

3.2. Blood Pressure (Figure 2). Chronic infusion of Sp-Ang
II increased the blood pressure from 122 ± 1 mm Hg to
167±2 mm of Hg. Neither chronic nor late inhibition of HO
augmented SP-AngII- induced HTN (167 ± 2 versus 174 ±
2 and 167 ± 2 versus 173 ± 1, resp.). On the other hand,
chronic induction of HO-1 prevented the SP-AngII-induced
elevation in SBP (SBP was 123±4 mmHg after 2 weeks of SP-
AngII). Late induction did not significantly blunt SP-AngII-
induced HTN (154 ± 10 mmHg). Neither inhibition nor
induction of HO altered blood pressure in vehicle-treated
animals.
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Figure 2: Effect of SP-Ang II and HO modulation on the SBP in the
following groups Vehicle- (Veh-) treated (n = 6), SP-AngII-treated
(n = 6), chronic-SnPP- (Ch-SnPP-) treated (n = 6), SP-AngII/Ch-
SnPP-treated (n = 6), late-SnPP-treated (n = 5), SP-AngII/late-
SnPP-treated (n = 5), chronic-CoPP- (Ch-CoPP-) treated (n = 6),
SP-AngII/Ch-CoPP–treated (n = 6), Late CoPP-treated (n = 5),
SP-AngII/late-CoPP-treated (n = 6) rats. ∗P < 0.05 versus. control,
#P < 0.05 versus. SP-AngII.
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Figure 3: Effect of SP-Ang II and HO modulation on the plasma
creatinine levels was determined in the following groups; Vehicle
(Veh) treated (n = 6), SP-AngII-treated (n = 6), chronic-SnPP-
(Ch-SnPP-) treated (n = 6), SP-AngII/Ch-SnPP-treated (n = 6),
late SnPP-treated (n = 5), SP-AngII/late-SnPP-treated (n = 5),
chronic-CoPP- (Ch-CoPP-) treated (n = 6), SP-AngII/Ch-CoPP–
treated (n = 6), and late-CoPP-treated (n = 5), SP-AngII/late
CoPP-treated (n = 6) rats. ∗P < 0.05 versus. control, #P < 0.05
versus. SP-AngII.

3.3. Renal Function, Inflammation and Injury. SP-AngII in-
creased plasma creatinine from 0.5 ± 0.02 mg/dL to 0.9 ±
0.03 mg/dL, suggesting that this dose of SP-AngII impairs
renal function (Figure 3). Chronic inhibition of HO exac-
erbated SP-AngII-induced increases in plasma creatinine
(1.2 ± 0.06 mg/dL). Late HO inhibition, despite having only
a couple of days to exert its effect, also elevated SP-AngII-
induced increases in plasma creatinine (1.1 ± 0.06 mg/dL).
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Figure 4: Effect of SP-Ang II and HO modulation on the
inflammatory cytokine- IL-6 was estimated in the following groups;
Vehicle (Veh) treated (n = 6), SP-AngII-treated (n = 6), chronic-
SnPP- (Ch-SnPP-) treated (n = 6), SP-AngII/Ch-SnPP-treated (n =
6), late-SnPP-treated (n = 5), SP-AngII/late-SnPP-treated (n = 5),
chronic-CoPP- (Ch-CoPP-) treated (n = 6), SP-AngII/Ch-CoPP–
treated (n = 6), late-CoPP-treated (n = 5), SP-AngII/late CoPP-
treated (n = 6) rats. ∗P < 0.05 versus. control, #P < 0.05 versus.
SP-AngII.

As with blood pressure, chronic induction of HO-1 prevent-
ed the rise in plasma creatinine caused by SP-AngII (0.6 ±
0.03 mg/dL), whereas late induction of HO-1 blunted this
increase (0.8±0.04 mg/dL). Neither inhibition nor induction
of HO altered plasma creatinine in vehicle-treated animals.

Renal inflammation was assessed by measuring IL-6
levels (Figure 4). SP-AngII increased IL-6 levels from 8.5 ±
1.7 pg/μg/mL to 20.9 ± 4.3 pg/μg/mL. Chronic HO inhibi-
tion accentuated SP-AngII-induced IL-6 levels (to 33.9 ±
3.1 pg/μg/mL). In contrast to plasma creatinine, late HO
inhibition did not exacerbate the SP-AngII-induced IL-6
(24.4 ± 0.8 pg/μg/mL). Chronic induction of HO-1 did not
completely block SP-AngII-induced increases in IL-6 but
significantly blunted it (15.6 ± 1.1 pg/μg/mL), whereas late
induction did not significantly alter IL-6 levels (23.1 ±
2.5 pg/μg/mL). Neither inhibition nor induction of HO alter-
ed IL-6 in vehicle-treated animals.

Renal damage was assessed by measuring the levels of
the renal injury marker NGAL (Figure 5). SP-AngII increased
NGAL from 0.3±0.01 to 4±0.49 UI/mg creatinine, thus sug-
gesting that this dose of Ang II was inducing renal damage.
Chronic HO inhibition markedly exacerbated SP-AngII-
induced NGAL (to 15.9 ± 1.35 UI/mg creatinine). Late HO
inhibition, despite having only a short duration to act, also
increased SP-AngII-induced NGAL (to 13.7 ± 1.21 UI/mg
creatinine). However, neither chronic nor late induction
of HO-1 blunted the SP-AngII-induced NGAL elevation
(5.1 ± 0.56 and 5 ± 0.82 UI/mg creatinine, resp.), which is
in marked contrast to their effects on blood pressure, renal
function and inflammation. This raises the possibility that
SP-AngII-induced NGAL might not be always in tandem
with co-existing renal injury. Hence we assessed additional
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Figure 5: Effect of SP-Ang II and HO modulation on Urinary
NGAL excretion was measured in the following groups; Vehicle-
(Veh-) treated (n = 6), SP-AngII-treated (n = 6), chronic-SnPP-
(Ch-SnPP-) treated (n = 6), SP-AngII/Ch-SnPP-treated (n = 6),
late-SnPP-treated (n = 5), SP-AngII/late SnPP-treated (n = 5),
chronic-CoPP- (Ch-CoPP-) treated (n = 6), SP-AngII/Ch-CoPP–
treated (n = 6), late-CoPP-treated (n = 5), SP-AngII/Late-CoPP-
treated (n = 6) rats. ∗P < 0.05 versus. control, #P < 0.05 versus.
SP-AngII.

markers of renal injury such as KIM-1 (biomarker of injury),
cytochrome C (apoptosis) and TGF-β1(fibrosis). Since we
were mainly interested in determining whether inducing
HO-1 blunts frank injury, we only measured these parame-
ters in the animals with chronic HO inhibition and induc-
tion. As shown in Figure 6(a), SP-AngII increased KIM-1
(from 54.5 ± 3.7 to 468.9 ± 120.6 pg/μg kidney protein) was
increased by chronic HO inhibition (853.3 ± 145.1 pg/μg
kidney protein), and blunted by chronic induction (140.8 ±
92.55 pg/μg kidney protein). This same pattern was seen
with both cytochrome c and TGF-β1, except that SP-AngII
induced increases in these parameters was completely block-
ed by chronic CoPP, (Figures 6(b) and 6(c), resp.).

4. Discussion

HO-1 is an important cytoprotectant which is induced in the
kidney by oxidative stress, injury and certain hormones in-
cluding AngII, and thus its role in modulating renal injury
has been increasingly studied. Our laboratory has a long-
standing interest in the interactions between AngII and HO
in determining renal function and injury. In our recent
study, we examined the effect of acutely inhibiting HO on
renal hemodynamics in rats that were treated with very low
doses of SP-AngII (50 ng/kg/min IV) [11]. We found that
although renal HO-1 was not increased by this dose of SP-
AngII, blocking it still modulated renal hemodynamics in
SP-AngII-treated but not control rats. The present study is
an extension of our previous one in that we now evaluated
the impact of modulating HO activity on SP-AngII-induced
renal inflammation and injury. We modulated HO activity
by preemptively/chronically modulating the activity of HO,
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Figure 6: Effect of SP-Ang II and HO modulation on renal (a) KIM-1, (b) cytochrome c, and (c) TGF-β1 expression was estimated in the
following groups; Vehicle (Veh) treated (n = 6), SP-AngII-treated (n = 6), Chronic SnPP (Ch-SnPP)-treated (n = 6), SP-AngII/Ch-SnPP-
treated (n = 6), Chronic CoPP (Ch-CoPP)-treated (n = 6), SP-AngII/Ch-CoPP-treated (n = 6), ∗p < 0.05 versus. Control, #p < 0.05 versus.
SP-AngII.

and by reversing or enhancing its activity late in the course of
SP-AngII-induced HTN. We found that chronic and late HO
inhibition exacerbated SP-AngII-induced renal dysfunction
without significantly increasing the blood pressure. We also
found that chronic induction prevented SP-AngII-induced
HTN as well as the majority of the parameters of renal
inflammation and injury, whereas late-induction did not
significantly reduce blood pressure, renal inflammation or
NGAL, but improved plasma creatinine.

AngII is an important contributor to the pathogenesis of
various forms of HTN and is also a major determinant in the
progression of chronic kidney disease by virtue of its hemo-
dynamic, proinflammatory, and profibrotic effects [15–
17]. Indeed, numerous studies have demonstrated that the
chronic infusion of AngII causes HTN, decreases GFR, while
simultaneously inducing inflammatory signaling leading to
renal injury, apoptosis and fibrosis [1, 2, 18]. However, most
of these studies used very high pressor doses of AngII which



6 International Journal of Hypertension

induce rapid and aggressive renal damage, regardless of the
presence of any cytoprotection, and hence may not reflect the
sequence of inflammation and injury in human disease. Our
interests lie in studying the balance between the injurious
and cytoprotective factors that are induced by more clinically
relevant levels of AngII. In previous studies, we used doses of
SP-AngII that increase oxidative stress and proinflammatory
signaling, but do not consistently cause sustained HTN nor
cause frank renal injury. In the present study our aim was to
evaluate the modulatory effect of HO on SP-AngII-induced
renal inflammation and injury. Thus we modified our SP-
AngII model slightly to one that consistently increases blood
pressure (it increased within 4 days) and leads to renal injury
within the 2-week timeframe of our experiments, and HO-
1 induction. Therefore, this model of SP-AngII is a valuable
tool to examine the modulatory effects of HO on renal injury.

Various previous studies have found discrepant effects of
HO inhibition on HTN [11, 14, 19]. Several studies have
found that blocking HO results in an increase in blood
pressure, whereas others show no change or even a decrease
[11, 19]. Indeed, we previously found that HO blockade
decreased mean arterial pressure (MAP) in anesthetized SP-
AngII rats [11], which appeared to be due to a fall in cardiac
output. The differences in blood pressure responses in the
various studies may be due to differences in the species and
protocols of AngII used. In the present study, we found
that SnPP did not alter SBP in conscious SP-AngII rats,
which at first glance appears to contradict our previous study.
However, this variation may be due to the different SP-
AngII models used, or to how blood pressure was measured.
Indeed, the SnPP rats in the current study also tended to
have a lower MAP when measured under anesthesia (data not
shown).

Despite not altering the blood pressure, SnPP aggravated
all the renal injury parameters suggesting that SP-AngII-
induced HO is markedly attenuating the deleterious actions
of AngII on the kidney. Interestingly, even late inhibition
of HO activity caused a deleterious effect on renal function
and NGAL levels. While, the mechanism by which late HO
inhibition worsened renal function is likely due to the hemo-
dynamic effects of HO inhibition [11], the mechanisms for
the increased NGAL levels are unclear. Because NGAL does
not represent cumulative injury, but rather ongoing and pro-
gressive renal injury [20], its increase may denote an accentu-
ation in the rate of renal injury following late administration
of SnPP that may be due to HO-inhibition or a direct renal
toxic effect of SnPP. We speculate that the increase in NGAL
was not emulated by changes in IL-6 because the relatively
brief duration of HO inhibition was insufficient to detect
worsening of renal inflammation. Altogether, our findings
suggest that SP-AngII-induced HO tempers renal injury in
a manner that is not reliant on lowering blood pressure.

Because HO-1 has profound renoprotective effects in a
variety of renal diseases, there has been much interest in
examining the therapeutic potential of inducing the HO-
1 system in an attempt to ameliorate progression of renal
injury. We therefore examined whether further induction of
HO-1 during SP-AngII can further protect against SP-AngII-
induced renal injury. We found that chronically inducing

HO-1 completely blocked SP-AngII-induced HTN and real
dysfunction. It also blunted the increase in renal inflam-
mation, but surprisingly not the NGAL levels. These results
were puzzling to us and therefore we further evaluated renal
injury with other parameters; KIM-1, cytochrome c, and
TGF-β1. We found that chronic HO-1 induction completely
blocked SP-AngII-induced increases in all 3 parameters
suggesting prevention of renal injury despite the high NGAL
level. Although the reason for this discrepancy is unclear,
it insinuates that under certain conditions NGAL may be
induced independent of injury. However, we cannot discard
the possibility that NGAL may simply be the earliest of the
markers we measured to increase with injury.

In contrast to chronic induction, late HO-1 induction did
not normalize blood pressure, nor did it alter IL-6 or NGAL.
This was not unexpected as it seems unlikely that the brief
duration of additional HO-1 induction would be sufficient to
reverse the 12 days of SP-AngII-induced renal inflammation
and injury. However, despite the lack of effect on blood
pressure, late HO-1 induction significantly improved renal
function, providing further evidence that under these condi-
tions HO modulates renal but not systemic hemodynamics.

In summary, our results show that Sp-AngII-induced HO
blunts the deleterious effects of SP-AngII on renal hemo-
dynamics, inflammation and injury without significantly
lowering blood pressure. Moreover, if induced early enough,
HO may prevent SP-AngII-induced HTN and renal injury.
Hence, we speculate that the activity of endogenous HO is
an important determinant in the progression of SP-AngII-
induced HTN and renal injury, and that at least part of its
renoprotective effect is independent of its blood pressure
lowering properties. Thus, conditions which lower HO activ-
ity may render the kidney more susceptible to injury [12, 13],
while also raising the possibility of targeting HO-1 induction
as a therapeutic measure to protect against renal injury.
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Organic nitrates are a group of very effective anti-ischemic drugs. They are used for the treatment of patients with stable angina,
acute myocardial infarction, and chronic congestive heart failure. A major therapeutic limitation inherent to organic nitrates is
the development of tolerance, which occurs during chronic treatment with these agents, and this phenomenon is largely based on
induction of oxidative stress with subsequent endothelial dysfunction. We therefore speculated that induction of heme oxygenase-
1 (HO-1) could be an efficient strategy to overcome nitrate tolerance and the associated side effects. Indeed, we found that hemin
cotreatment prevented the development of nitrate tolerance and vascular oxidative stress in response to chronic nitroglycerin
therapy. Vice versa, pentaerithrityl tetranitrate (PETN), a nitrate that was previously reported to be devoid of adverse side effects,
displayed tolerance and oxidative stress when the HO-1 pathway was blocked pharmacologically or genetically by using HO-1+/−

mice. Recently, we identified activation of Nrf2 and HuR as a principle mechanism of HO-1 induction by PETN. With the present
paper, we present and discuss our recent and previous findings on the role of HO-1 for the prevention of nitroglycerin-induced
nitrate tolerance and for the beneficial effects of PETN therapy.

1. Organic Nitrate Therapy and Side Effects

Nitroglycerin (GTN) has been one of the most widely used
anti-ischemic drugs for more than a century. Given acutely,
organic nitrates are excellent agents for the treatment of
stable effort angina, acute myocardial infarction, chronic
congestive heart failure, pulmonary edema, and severe arte-
rial hypertension (for review see [1, 2]). The chronic efficacy
of nitrates, however, is blunted due to the development of
nitrate tolerance and endothelial dysfunction, phenomena
that are largely associated with increased vascular oxidative
stress (for review see [1–5]). Oxidative stress was demon-
strated to be a hallmark of most cardiovascular diseases [6].
The term oxidative stress defines a state with either increased
formation of reactive oxygen and nitrogen species (RONS)

and/or impaired cellular antioxidant defense system (e.g.,
downregulation of important antioxidant proteins) with
subsequent depletion of low-molecular-weight antioxidants
and a shift in the cellular redox balance. The central role of
the endothelium for the regulation of vascular tone makes
it a vulnerable target for RONS which can interfere at many
positions with the NO/cGMP signaling cascade [7].

It is well established that most organic nitrates cause
nitrate tolerance and/or cross-tolerance to endothelium-
dependent vasodilators (e.g., acetylcholine) [8–11]. The first
report on a role for oxidative stress in the development
of nitrate tolerance was published in 1995 by Münzel and
coworkers for nitroglycerin therapy [12]. These authors
found that superoxide levels were twofold higher in aortic
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segments from nitrate tolerant vessels with intact endothe-
lium. Based on these findings, they suspected that the
enhanced levels of superoxide in nitroglycerin tolerant vessels
might contribute not only to nitroglycerin tolerance, but also
to cross-tolerance to 3-morpholinosydnonimine (Sin-1) and
endogenous NO production stimulated by acetylcholine. To
test this hypothesis, they examined the effects of bovine Cu,
Zn-superoxide dismutase (SOD) entrapped in pH sensitive
liposomes. In nitroglycerin-tolerant aortic segments with
endothelium, liposomal SOD markedly enhanced the relax-
ations evoked by nitroglycerin, Sin-1, and acetylcholine. The
source of RONS formation in the setting of nitrate tolerance
was first found to be NADH oxidase. This finding was
mainly based on the observation that the superoxide signal
was most pronounced in the presence of NADH and that
it was located in the particulate and not cytosolic fraction
[13]. More compelling data came from the observation
that the protein kinase C inhibition effectively suppressed
nitroglycerin-induced vascular RONS formation and vaso-
constrictor supersensitivity in tolerant vessels, keeping in
mind that protein kinase C activates NADPH oxidase [14,
15].

Since nitroglycerin is thought to release NO and induce
superoxide formation simultaneously, the formation of
peroxynitrite from the reaction of NO and superoxide could
be expected. Indeed, some studies have reported on increased
levels of tyrosine-nitrated proteins, which is a marker for
increased peroxynitrite formation in tissue from nitrate-
tolerant animals [16]. We could also identify higher con-
centrations of nitrated prostacyclin synthase and decreased
prostacyclin levels in these animals [17]. Indirect proof
for a role of peroxynitrite for nitrate tolerance came from
the observation that hydralazine, which efficiently improves
nitrate tolerance, is a powerful peroxynitrite scavenger
and inhibitor of protein tyrosine nitration [18]. Moreover,
authentic or in situ generated (Sin-1-derived) peroxynitrite
was most efficient in inhibiting the bioactivating enzyme of
nitroglycerin [19]. In addition, three independent reports
provided data that peroxynitrite plays a central role in the
development and pathogenesis of nitrate tolerance [20–22].

The concept of NAD(P)H oxidase-driven RONS for-
mation as the most important source of oxidative stress
in nitrate tolerance was accepted for almost 10 years. In
2004, we reported for the first time on mitochondrial ROS
formation in nitroglycerin induced tolerance [23], although
bioactivation of nitroglycerin by mitochondrial aldehyde
dehydrogenase (ALDH-2) was already reported 2 years ear-
lier [24]. Despite the fact that the harmful effects of organic
nitrates on mitochondria have already been described in the
1960s by Needleman and coworkers (mitochondrial swelling,
thiol depletion, and impaired respiration) [25, 26], it took
more than 40 years to reveal the pivotal role of mitochondria
in nitroglycerin toxicity [23, 24, 27]. To test this hypothesis,
we used mice with heterozygous Mn-SOD deficiency (Mn-
SOD+/−), which is the mitochondrial isoform of superox-
ide dismutases [28, 29]. Nitroglycerin-driven vascular and
mitochondrial ROS formation was increased in Mn-SOD+/−

mice, and, vice versa, the ALDH-2 activity in these samples
was decreased by nitroglycerin in a more pronounced

manner. Moreover, nitroglycerin potency was significantly
impaired in response to low-dose nitroglycerin in vivo
treatment indicating the development of nitrate tolerance
by this low dose in Mn-SOD+/− mice but not in wild-
type controls. The detrimental role of mitochondrial RONS
formation for the development of GTN-induced nitrate
tolerance was further supported by a subsequent report on
the prevention of GTN side effects by the mitochondria-
targeted antioxidant mitoquinone (mitoQ) [30].

2. Effects of HO-1 Induction and Suppression on
Nitrate Tolerance and Oxidative Stress

With a previous study, we demonstrated that chronic nitro-
glycerin (GTN) therapy results in impaired vasodilatory
potency of GTN (nitrate tolerance) and of the endothelium-
dependent vasodilator acetylcholine (endothelial dysfunc-
tion) as well as increased vascular and mitochondrial RONS
formation [31]. Since another organic nitrate (PETN) was
previously described to be devoid of nitrate tolerance and
induction of oxidative stress due to induction of the heme
oxygenase-1 (HO-1) system [35, 36], we hypothesized that
pharmacological activation of the HO-1 system may be suit-
able to prevent GTN-dependent side effects. In deed, cotreat-
ment of GTN-infused rats with the potent HO-1 inducer
hemin completely prevented nitrate tolerance (restored the
GTN-dependent relaxation), restored NO/cGMP signaling,
increased the activity of the GTN bioactivating enzyme
ALDH-2, and suppressed the mitochondrial RONS forma-
tion (Figures 1(a)–1(c)) [31]. The HO-1 product bilirubin
suppressed GTN-induced RONS formation in isolated heart
mitochondria (Figure 1(d)). To test the essential role of
HO-1 for the tolerance devoid action of PETN, we cotreated
PETN-infused rats with the HO-1 suppressor apigenin and
observed a tolerance-like phenomenon displaying impaired
PETN-dependent relaxation, disturbed NO/cGMP signaling,
and increased mitochondrial RONS formation (Figures 1(e)-
1(f)) [31].

These observations are in good accordance with pre-
vious reports on HO-1 induction by statins [37, 38] and
prevention of nitrate tolerance in GTN-infused experimental
animals [39] as well as human individuals [40, 41]. The
role of HO-1 for prevention of organic nitrate induced
tolerance, endothelial dysfunction, and oxidative stress is
further supported by observations that the HO-1 product
bilirubin efficiently scavenged GTN-induced RONS (most
probably peroxynitrite) formation in isolated mitochondria
[29, 31]. Likewise, the HO-1 products bilirubin and carbon
monoxide as well as PETN increased the expression of
the GTP-cyclohydrolase-1 (GCH-1), the most important
enzyme for de novo synthesis of tetrahydrobiopterin (BH4),
an essential cofactor for endothelial NO synthase (eNOS)
function [34, 42]. In contrast, GTN in vivo therapy decreased
the expression of the GCH-1 [43]. Since BH4 levels are
directly linked to eNOS activity and endothelial function [44,
45] and GCH-1 is oxidatively degraded by activation of the
proteasome26S [46], activation of antioxidant pathways by
induction of HO-1 may represent an attractive explanation
for the tolerance and endothelial dysfunction devoid profile
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Figure 1: Effects of the HO-1 inducer hemin on GTN-induced tolerance and effects of the HO-1 suppressor apigenin on PETN side effects.
Hemin (25 mg/kg) was administrated by single i.p. injection on day 3 of GTN treatment (6.6 μg/kg/min for 4 days via s.c. infusion) and
markedly improved vascular GTN responsiveness (see area between curves) as demonstrated by isometric tension studies (a), a significant
decrease in mitochondrial ROS formation (b), and improvement of mitochondrial ALDH-2 activity (c). Effects of bolus bilirubin on ROS
formation in isolated heart mitochondria from GTN in vivo treated rats were determined by L-012 (100 μM) ECL in the presence of 2.5 mM
succinate and bilirubin (0–25 μM) (d). Apigenin (10 mg/kg/d) was coinfused over 4d together with PETN (10.5 μg/kg/min for 4 days via s.c.
infusion). Apigenin cotreatment decreased PETN vasodilator potency (see area between curves) and induced a tolerance-like right shift in
the PETN concentration-relaxation-curve (E). This observation was accompanied by increased mitochondrial ROS formation (F). Data are
mean± SEM of n = 8–12 (a), 40 (b), 6–18 (c), 4–6 (d), 9–11 (e), and 28–43 (f) independent experiments. ∗P < 0.05 versus GTN or PETN
treatment. Modified from [31].

of chronic PETN therapy and the undesired side effects
of most other organic nitrates (but most pronounced
for GTN treatment). Similar observations were made for
extracellular superoxide dismutase (ecSOD), a downstream
target of HO-1 and its products [47], which is upregulated
by PETN [34, 48] but not by isosorbide-5-mononitrate
(ISMN). Moreover, it was recently reported that HO-1 plays
a significant role in the maintenance of soluble guanylyl
cyclase (sGC) in a reduced heme state providing another
important function for HO-1 in the regulatory pathways of
vascular tone [49]. This novel beneficial property of HO-1

could also significantly improve vascular dysfunction in the
setting of nitrate tolerance. These observations underline
the distinct properties of organic nitrates, and these drugs
do not represent a class with homogeneous effects [50] but
also challenge the traditional assumption that all organic
nitrates release the same vasoactive species (nitric oxide)—
an assumption that was already challenged for GTN in 2003
[51] (and reviewed in [1, 5]).

In addition, previous work has demonstrated that
organic nitrates have distinct effects on the function and
survival of circulating angiogenic cells (formally known as
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endothelial progenitor cells) [52, 53]. These studies showed
that isosorbide dinitrate in contrast to PETN impair the
migration and incorporation activities of these circulating
angiogenic cells in an experimental model of myocardial
infarction, whereas GTN in vitro exposure increased apop-
tosis while decreasing phenotypic differentiation, migration,
and mitochondrial dehydrogenase activity in these cells. In a
subsequent study, Lin et al. investigated the involvement of
heme oxygenase-1 for the related neovascularization process
by hematopoietic stem cells and endothelial progenitor cells
in the infarcted area [54]. Thum et al. have shown that
the impaired function of these circulating angiogenic cells
is based on oxidative stress as envisaged in the setting of
diabetes, leading to eNOS uncoupling, which was improved
by antioxidants (e.g., superoxide dismutase) [55]. These
findings underline the importance of maintaining the BH4

levels to prevent eNOS uncoupling and the role of HO-1 for
this antioxidant mechanism via increase in GCH-1 expres-
sion by carbon monoxide and bilirubin as outlined above.
This concept is further supported by protective effects of folic
acid (a precursor of BH4) on impaired endothelial function
in GTN-treated healthy volunteers [56], and decreased BH4

levels in GTN-treated rabbits were restored by cotherapy
with pioglitazone [57]. It should be noted that another group
found no association between aortic BH4 content and eNOS
function in response to GTN ex vivo and in vivo treatment
[58].

Finally, it should be mentioned that oxidative stress
in response to organic nitrates may also be protective
by a process called ischemic preconditioning (IPC) [59–
61]. Recently, the involvement of HO-1 in organic nitrate-
mediated IPC was proposed [59, 62] as an explanation for the
sustained IPC protective effect under chronic PETN therapy
but loss of this beneficial effect under chronic GTN therapy.
This is in accordance with the accepted view that HO-1 plays
a role in IPC [63, 64].

3. Molecular Proof of a Role of
HO-1 for the Tolerance-Devoid Profile of
PETN by Using HO-1+/− Mice

The role of HO-1 as the antioxidative principle of PETN
was elucidated by 3-key experiments aiming to prove this
hypothesis at a molecular basis [32]. The first experimental
setup consisted of the treatment of control (HO-1+/+)
and partially deficient (HO-1+/−) mice with PETN. In
HO-1+/− but not HO-1+/+ mice, PETN infusion induced
desensitization to PETN-induced vasorelaxation (envisaged
by impaired vasodilator potency of the drug in isolated aortic
segments) and increased mitochondrial ROS formation
(Figures 2(a) and 2(b)), demonstrating nitrate tolerance to
PETN in a setting of HO-1 deficiency. The second approach
was on the basis of HO-1 induction by the known inducer of
this enzyme, hemin, which improved angiotensin-II-(high-
dose) dependent endothelial dysfunction and prevented
activation of NADPH oxidase in HO-1+/+ mice (Figures
2(c) and 2(d)). The third experiment demonstrated that
PETN did not improve endothelial dysfunction and cardiac

oxidative stress in angiotensin-II-(low-dose) treated HO-
1+/− mice but further impaired vascular function and
increased ROS formation in this setting (Figure 2(e) and
2(f)). It is somewhat surprising that already heterozygous
deficiency in HO-1 leads to complete loss of the beneficial
and protective effects of PETN but may also underline how
essential the upregulation of HO-1 is to prevent nitrate tol-
erance, endothelial dysfunction, and oxidative stress under
chronic therapy with organic nitrates. It would be of great
clinical importance to study the vasodilatory potency of GTN
and development of nitrate tolerance under chronic GTN
therapy in human individuals with Morbus Meulengracht
(Gilbert’s syndrome) to translate our preclinical data from
bench to bedside and to further explore the therapeutical
potential of HO-1 induction to overcome the side effects of
GTN therapy. Since human subjects with hyperbilirubinemia
(e.g., new born with mild jaundice or patients with Gilbert’s
syndrome) have a better prognosis and have a significant
lower cardiovascular risk [65], it may be hypothesized that
they will also display a lower degree of nitrate tolerance in
response to chronic GTN therapy.

The beneficial effects of HO-1 induction on mitochon-
drial RONS formation may be attributed to the presence
of HO-1 in mitochondria [66] and the improvement of
mitochondrial biogenesis as well as suppression of doxoru-
bicin cardiotoxicity [67]. Recent report also suggests that
targeting HO-1 to mitochondria can prevent inflammation-
triggered mitochondrial oxidative stress and apoptosis [68].
Since the side effects of chronic GTN therapy are mainly
based on adverse regulation of mitochondrial function such
as the inhibition of mitochondrial aldehyde dehydrogenase
(ALDH-2) [23], increase in mitochondrial oxidative stress
[23, 27], increase in cellular apoptosis [53], the induction of a
mitochondrial antioxidant principle (HO-1) would be most
effective to prevent GTN-induced tolerance and endothelial
dysfunction. This concept was supported by previous reports
on the improvement of GTN side effects by a mitochondria-
targeted antioxidant (mitoQ) [30], by aggravation of GTN
toxicity by partial deficiency in the mitochondrial superoxide
dismutase (Mn-SOD) [28], and by interference of blockers of
the mitochondrial pores (cyclosporine A and glibenclamide)
with the crosstalk between cytosolic and mitochondrial
sources of RONS [69]. Vice versa, induction of HO-1 may
explain the beneficial profile of PETN [70]. This concept
is summarized in Figure 3 and was previously published
[31]. To describe the content of this scheme briefly: In
vivo treatment with PETN is devoid of tolerance and
endothelial dysfunction induction in response to chronic in
vivo treatment. In contrast to GTN, PETN does not increase
vascular oxidative stress and therefore does not interfere
with its bioactivation by ALDH-2. A likely explanation for
this beneficial property of PETN is the induction of the
antioxidant enzyme HO-1 and subsequent increases in the
expression of ferritin as well as other protective downstream
mechanisms not shown here (e.g., ecSOD, GCH-1, and
sGC) in vascular tissue but also in the heart. This favorable
characteristics of PETN may also explain why therapy with
GTN but not PETN causes tolerance and stimulates ROS
production in human subjects [9, 71].
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Figure 2: Effects of HO-1 deficiency versus HO-1 induction on vascular improvement by pentaerithrityl tetranitrate (PETN). (a, b) PETN
treatment (75 mg/kg/d for 4d) had no effect on PETN potency (PETN-induced relaxation) in aorta from control mice (HO-1+/+) but caused
nitrate tolerance (see area between curves) in aorta from mice with partial HO-1 deficiency (HO-1+/−). In accordance, cardiac mitochondrial
ROS formation (L-012 ECL) was increased in PETN-treated HO-1+/− mice. P < 0.05: ∗versus HO-1+/+/DMSO; #versus HO-1+/−/DMSO.
S: solvent; P: PETN-treated. (c, d) Hemin (25 mg/kg i.p.)-triggered HO-1 induction improved high-dose AT-II (1 mg/kg/d for 7d)-induced
endothelial dysfunction (ACh-response) in aorta (see area between curves) and NADPH oxidase activity in heart (lucigenin ECL) from
control mice (HO-1+/+). P < 0.05: ∗versus AT-II-treated HO-1+/+/DMSO. (e, f) PETN (75 mg/kg/d for 7d) failed to prevent endothelial
dysfunction (ACh-response) induced by low-dose AT-II (0.1 mg/kg/d for 7d) in aorta from HO-1+/− mice (see area between curves). In
accordance, PETN did not improve NADPH oxidase activity (2-HE formation by HPLC analysis) in cardiac samples from AT-II-treated HO-
1+/− mice. P < 0.05: ∗versus AT-II-treated HO-1+/−/DMSO. All data are mean ± SEM of aortic rings and hearts from 4-5 animals/group.
Modified from [32].

4. Effects of Organic Nitrates on
Gene Expression

There are several examples in the literature showing a
transcriptional as well as posttranscriptional modulation of

gene expression by nitric oxide (NO) [72–75]. The activity
of several transcription factors like NF-κB, AP1 [74], or
NRF2 [76] as well as RNA-binding protein like HuR [77] has
been shown to be modulated by NO (directly or indirectly
via cGMP). Organic nitrates are believed to be indirect
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Figure 3: Scheme illustrating the mechanisms underlying the oxidative stress concept of nitrate tolerance in response to GTN treatment and
the mechanisms underlying the beneficial vascular effects in response to PETN. PETN and GTN are bioactivated by mitochondrial ALDH
(ALDH-2) yielding 1,2-glyceryl dinitrate and PETriN, respectively, as well as a yet undefined nitrogen species (NOx, probably nitrite) that
undergoes further reduction by the mitochondrial respiratory chain or acidic disproportionation to form an activator of sGC (probably
nitrico xide). GTN treatment induces mitochondrial reactive oxygen and nitrogen species formation (ROS/RNS). These ROS/RNS in turn
inhibit the GTN bioactivation process by inactivation of ALDH-2 or by inhibiting the repair system of the ALDH-2, which includes lipoic
acid, as well as a reductase system depending on the NADH or NADPH (lipoicacid reductase (LAR), thioredoxin/thioredoxin reductase
(Trx/TrxR) or glutathione/glutathione reductase (GSH/GR). In contrast to GTN, PETN provides potent antioxidative effects by inducing
HO-1 and ferritin, which in turn decrease ROS levels and therefore protect the ALDH-2 from ROS mediated inactivation. Adapted from
[31].

NO-donors. Therefore, it seems very likely that treatment
with organic nitrates may have implications on the expres-
sion of multiple genes. GTN has been described to enhance
the expression of c-fos, COX-2, Bcl2, and nNOS in brain
nuclei [78–81], to reduce beta-catenin expression in colon
cancer cells [82], and to reduce NOX1, NOX2, NOX4 and
ALDH2-expression in rat aorta and rat smooth muscle
cells [83]. Using microarray analysis, Wang et al. described
changes of the expression of 290 genes in the aortas of rats
treated with GTN for 8 h [84]. Analyzing the gene expression
in the hearts treated for 4 days with GTN, the authors
described expressional changes of more than 500 genes [85].

There are also some reports about the expressional effects
of PETN [29, 31, 35, 36, 62]. PETN (but not GTN) has been
shown to enhance the expression of the antioxidant genes
HO-1 and ferritin heavy chain (FeHc) in human endothelial
cells [29, 35, 36, 62] and rat aorta [31]. In microarray
experiments, the authors showed that PETN modulated the
expression of more than 1200 genes in the hearts of rats
treated with PETN for 4 days [85].

5. Molecular Mechanisms Involved in the Regu-
lation of Gene Expression by Organic Nitrates

The comparison of the 5′-flanking sequences of the
HO-1 gene (promoter, 10 kb) in different species (rat,
mouse, rhesus macaque, chimpanzee, and human) displays
regions with very high homology between these species

(“evolutionary conserved regions,” ECRs; see Figure 4).
These ECR are likely to be involved in the regulation of the
HO-1 promoter activity. Bioinformatic analyses show that
these ECR contain the binding sites of transcription factors
(e.g., NRF2) known to regulate HO-1 promoter activity
in different mammalian cell systems (e.g., macrophages,
fibroblasts, smooth muscle cells [33]) after various stimuli.
In human SH-SY5Y neuroblastoma [86] or rat vascular
smooth muscle cells [87], the enhancement of the HO-1
expression by different NO donors DETA-NO has been
shown to depend on the expression of NRF2.

To analyze the molecular mechanisms of the regulation
of the HO-1 expression by organic nitrates, the authors
cloned a 11 kb fragment of the human HO-1 promoter into a
luciferase reporter gene construct. This construct was stably
transfected into human epithelial DLD-1 cells (DLD1-HO-
11kb-Prom). These cells were treated for 8 h with PETN,
ISDN, ISMN, or GTN (or the respective solvents, dimethyl
sulfoxide DMSO, H2O, ethanol EtOH). Cell extracts were
prepared, and luciferase activity was measured. As shown in
Figure 5, only PETN was able to enhance the promoter activ-
ity of the human HO-1 gene. Therefore, the enhancement of
HO-1 expression by PETN seems to depend at least partly
on PETN-induced enhancement of the HO-1 promoter. A
similar comparison of the effects of different organic nitrates
on HO-1 induction was recently published [34].

To analyze the involvement of the transcription fac-
tor NRF2 in this PETN-mediated enhancement of HO-1
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Map of transcription factor binding sites (TFBS) in the human HO-1 promoter. TFBS labeled in red have been verified experimentally in
different cells systems (see also [33]).
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Figure 5: Effects of organic nitrates on the human HO-1 promoter activity. DLD1-HO-11kb-Prom cells were treated for 8 h with isosorbide
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with solvent was set to 100%. (∗∗∗= P < 0.001, ns: not significant different from solvent-treated cells.) These data were partly published in
[34].
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promoter activity, NRF2-knockdown experiments using a
specific anti-NRF2 siRNA were performed. These experi-
ments clearly showed that the PETN-mediated enhancement
of the human HO-1 promoter activity depends on the
NRF2 expression (see Figure 6) [34]. Therefore, it is likely
to speculate that the NO generated by PETN activates NRF2
which in turn binds to the HO-1 promoter and enhances
transcription.

Beside transcriptional regulation, the modulation of
expression of HO-1 has been shown to depend on post-
transcriptional mechanisms [77, 88–92]. Posttranscriptional
regulation of mRNA stability and translatability mostly
depends on sequences found in the 3′-untranslated sequence
(3′-UTR) of the mRNAs [93, 94]. Analysis of the 3′-
UTR sequences of the HO-1 mRNA of different species
(rat, mouse, rhesus macaque, chimpanzee, and human,
see Figure 7) reveals evolutionary conserved regions (ECR).
In the 3′-UTR sequences of all species, AU-rich elements
(AREs) is highly conserved. AREs have been shown to be
the binding sites of RNA, binding proteins like HuR or
KSRP, which stabilize or destabilize the mRNAs. In a recent
paper, the NO-dependent stabilization of the HO-1 mRNA
in murine fibroblasts was shown to depend on the RNA-
binding protein HuR [77].

To analyze the effects of organic nitrates on the HO-1
mRNA stability, the authors cloned the 3′-UTR sequence of
the human HO-1 mRNA behind the luciferase reporter gene
(pGL3-Control-HO-1-3-UTR). Stable human endothelial
cells (EA.hy 926) were transiently transfected with this
construct and treated with GTN or PETN (see Figure 8).
PETN but not GTN enhanced luciferase activity in the
transfected cells indicating a PETN-dependent stabilization
of the HO-1 mRNA (unpublished data, Hartmut Kleinert).

6. Conclusions and Clinical Implications

Organic nitrates like GTN or PETN seem to have marked
distinct pharmacological properties and side effects [50],
translating to different therapeutic profiles and clinical prop-
erties (e.g., induction or lack of nitrate tolerance) [9], which
may be at least in part explained by their different effects
on HO-1 gene expression [2]. This may be attributed to
the different amounts of bioactive NO generated from these
compounds. As GTN markedly enhances ROS production
in cells, only small amounts of bioactive NO are produced.
In contrast, PETN incubation results in decent amount of
bioactive NO (or a related species such as S-nitrosothiols or
heme-NO) resulting in enhanced NRF2 binding to the HO-1
promoter and HuR binding to the HO-1 mRNA. Thereby,
PETN enhances HO-1 expression both by transcriptional
and posttranscriptional effects (see Figure 9). Since HO-1
and its products may directly regulate other genes [47],
distinct modulation of HO-1 expression by different organic
nitrates may also explain differential regulation of gene
expression by organic nitrates in general (e.g., GTN versus
PETN) [85].

First clinical evidence for the importance of HO-1 to
overcome nitrate tolerance is based on the observation that
statin therapy (well-known inducers of HO-1) was able to
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Figure 6: PETN-induced enhancement of the human HO-1
promoter activity depends on NRF2. DLD1-HO-11kb-Prom cells
were transfected with a specific anti-NRF2 siRNA (siNRF2) or
a nonrelated control siRNA (siCon). After 48 h, the cells were
incubated with PETN or the solvent DMSO. Extracts were prepared
and luciferase activity and protein content were measured, and
luciferase activity was normalized to the protein content. Shown
(mean ± SEM; n = 5-6) are the normalized luciferase activity
values. The normalized luciferase activity of the cell treated with
solvent and siCon was set to 100%. (∗∗= P < 0.01, ∗= P <
0.05, ns: not significant different to DMSO and siCon-treated cells.
Modified from [34].

prevent nitrate tolerance in human subjects [40, 41]. Despite
the fact that published preclinical data clearly show that
an organic nitrate with HO-1 inducing properties such as
PETN has less side effects [31] and even has beneficial
effects on experimental hypertension [32], diabetes [34], and
atherosclerosis [95], these findings still lack molecular proof
in human subjects to increase the clinical importance of this
concept. A proof of concept study aiming to demonstrate
that individuals with Morbus Meulengracht (Gilbert’s syn-
drome), displaying increased HO-1 activity and bilirubin
levels, are devoid of tolerance, endothelial dysfunction and
oxidative stress in response to nitroglycerin (GTN) therapy
could provide a new therapeutic option to overcome these
undesired side effects of GTN treatment.
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Experimental studies show that the heme oxygenase/carbon monoxide system (HO/CO) plays an important role in the homeostasis
of circulation and in the pathophysiology of hypertension. No data are available on its role in the control of peripheral circulation
in humans. We evaluated the effects of inhibition of HO with stannous mesoporphyrin IX (SnMP) (200 µM) locally administered
by iontophoresis, on human skin blood flow, evaluated by laser-Doppler flowmetry, in the presence and absence of nitric oxide
synthase (NOS) inhibition with L-NG-Nitroarginine methyl ester (L-NAME) (100 µM). We also evaluated the effect of HO
inhibition on vasodilatation induced by acetylcholine (ACh) and vasoconstriction caused by noradrenaline (NA). SnMP and L-
NAME caused a similar 20–25% decrease in skin flow. After nitric oxide (NO) inhibition with L-NAME, HO inhibition with SnMP
caused a further 20% decrease in skin perfusion. SnMP decreased vasodilatation induced by ACh by about 70%, while it did not
affect vasoconstriction to NA. In conclusion, HO/CO participates in the control of peripheral circulation, independently from NO,
and is involved in vasodilatation to ACh.

1. Introduction

Carbon monoxide (CO) is physiologically produced in the
arterial wall by the action of heme oxygenase (HO) on heme.
HO exists in two isoforms: the inducible HO-1, and the
constitutive HO-2 [1, 2].

CO, generated in endothelial and smooth muscle layers of
blood vessels by HO, modulates vascular tone, by inducing
relaxation of vascular smooth muscle cells. Smooth muscle
cell relaxation is obtained by stimulating soluble guanylyl
cyclase (sGC) and by opening large-conductance calcium-
activated K+ channels (BK-Ca) [3]. CO acts on smooth
muscle cells through mechanisms that are also involved in
the action of other vasoactive substances, such as nitric
oxide (NO) and endothelium-derived hyperpolarizing factor
(EDHF) [4, 5]. CO also inhibits the cytochrome P450-
dependent monooxygenase system, with a decrease in 20-
hydroxyeicosatetraenoic acid (20-HETE), which sustains
contractile tone by inhibiting potassium channels [4]. In

normal rats, inhibition of HO with chromium meso-
porphyrin impairs ACh-induced vasorelaxation only when
cyclooxygenase, NO synthase, and sGC are all inhibited,
while it has no effect in baseline condition [3]. Nonetheless,
HO inhibition increases peripheral vascular resistance and
blood pressure in experimental animals, but no data are
available in humans [2, 4].

Aim of this study was to evaluate whether the HO/CO
system participates in the control of peripheral circulation
in humans. We have chosen skin circulation as it is involved
in the control of peripheral resistance and can be estimated
by the laser-Doppler technique, which allows to evaluate not
only skin flow but also the local effects of vasoactive sub-
stances and inhibitors administered locally by iontophoresis.

2. Patients and Methods

The study was performed in 20 normal volunteers, age 24–
50 yr, 12 males and 8 females. An informed consent was
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obtained from each subject, and the study was approved by
the institutional local ethical committee.

After at least a 4-hour fast and 10 min lying on a bed at
21–24 C, a laser Doppler probe was applied on the dorsal face
of the 2nd phalanx of the 3rd finger and skin flow, expressed
as arbitrary units (PFUs), was measured for 5 minutes. The
average value was considered as the basal flow.

After baseline measurement, the HO inhibitor stannous
mesoporphyrin IX (SnMP) (200 µM) (Frontiers Scientific,
Logan, UT, USA) was applied by iontophoresis (four 15-
second infusions at 0.06 mA) in the same skin area and its
effects were evaluated, while another probe was measuring
flow in another finger of the other hand in order to exclude
changes of flow not due to the inhibitor. The effect of the
NOS inhibitor, L-NG-Nitroarginine methyl ester (L-NAME)
(100 µM) (Sigma Chemicals, St. Louis, MO, USA), similarly
applied by iontophoresis, was then evaluated on another
finger. The HO inhibitor SnMP (200 µM) was then applied
together with L-NAME and the effect of the two inhibitors
was measured.

The effects of noradrenaline (NA) (10 mMol) (Sigma
Chemicals, St. Louis, MO, USA) (four 15-second infusions
at 0.06 mA) and of the endothelium-dependent vasodilator,
acetylcholine (ACh) (11 mMol) (Sigma Chemicals, St. Louis,
MO, USA) (seven 15-second infusions at 0.06 mA, with
45-sec intervals), applied by iontophoresis, were evaluated
in different subjects, in the presence or absence of HO
inhibition with SnMP.

Laser Doppler flowmetry gives a semiquantitative assess-
ment of microvascular blood perfusion, reflecting perfu-
sion of capillaries, arterioles, venules, and dermal vascular
plexa [6]. Measurements were done using a PeriFlux laser
Doppler flowmeter (LDF) (Periflux system 5000, Perimed,
Jarfalla/Stockholm, Sweden). Iontophoresis allows transder-
mal delivery of polar compounds by means of a small
electrical current. The delivery is done in the same area where
blood perfusion is measured, allowing the assessment of
microvascular reactivity when blood perfusion is measured
simultaneously.

2.1. Statistical Analysis. Results were shown as mean ± SD.
Differences among groups were analyzed by Anova and
unpaired Student’s t-test. Statistical significance was set at
P < 0.05.

3. Results

Skin flow under basal condition was 23 ± 6 PFU and was
stable during the whole experiment, as demonstrated on the
control finger. Inhibition of HO with SnMP, administered
locally by iontophoresis in the same skin area where the
flow probe was positioned, caused a 20% decrease in skin
flow (Figure 1). A similar decrease was shown after NOS
inhibition with L-NAME (Figure 1), also given locally by
iontophoresis on a different finger. Inhibition of SnMP after
L-NAME almost doubled the decrease in flow (Figure 1).
NA, administered locally by iontophoresis, caused a 42%
reduction in skin flow (Figure 2), while ACh caused a 290%
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Figure 1: Effect of heme oxygenase inhibition with stannous meso-
porphyrin IX (SnMP) (200 µM), of nitric oxide synthase inhibition
with L-NG-Nitroarginine methyl ester (L-NAME) (100 µM), and
of both, on skin blood flow measured by laser Doppler flowmetry.
SnMP and L-NAME were administered locally by iontophoresis. ∗P
< 0.05 versus baseline; ∗∗P < 0.05 versus L-NAME.
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Figure 2: Effect of heme oxygenase inhibition with stannous meso-
porphyrin IX (SnMP) (200 µM) and nitric oxide synthase inhibition
with L-NG-Nitroarginine methyl ester (L-NAME) (100 µM) on
the vasoconstricting effect of noradrenaline (NA) on skin blood
flow measured by laser Doppler flowmetry. NA, SnMP, and L-
NAME were locally administered by iontophoresis. ∗P < 0.05 versus
baseline.

increase (Figure 3). Inhibition of HO with SnMP, or NOS
with L-NAME, did not affect the response to NA (Figure 2),
while both of them reduced vasodilatation to ACh by about
70% (Figure 3).

4. Discussion

The results of this study show for the first time a role of the
HO/CO system in the control of peripheral circulation in
humans.

Skin blood flow is the result of a balance between
vasoconstricting and vasodilating systems. NO is considered
the most important endothelium-dependent vasodilator of
the skin microcirculation and is released in response to ACh
and shear stress. Its synthesis from L-arginine is inhibited by
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Figure 3: Effect of heme oxygenase inhibition with stannous meso-
porphyrin IX (SnMP) (200 µM) and nitric oxide synthase inhibition
with L-NG-Nitroarginine methyl ester (L-NAME) (100 µM) on
vasodilatation induced by acethylcholine (ACh) in skin circulation
evaluated by laser Doppler flowmetry. ACh, SnMP, and L-NAME
were locally administered by iontophoresis. ∗P < 0.05 versus
baseline; ∗∗P < 0.05 versus Ach.

L-NMMA or L-NAME. Kvandal et al. [6] have shown that
intraarterial infusion of L-NMMA causes a 20% reduction in
skin flow, which could be reversed by l-arginine. L-NMMA;
however, it did not affect skin perfusion raised by ACh.
Our results, although obtained with a different technique,
confirm that inhibition of NOS causes a reduction in skin
flow. Furthermore, we showed that NOS inhibition reduced
the vasodilating affect of ACh by about 70%. This difference
in results is probably related to the different method of
administration of the NOS inhibitor, which was given
locally, by iontophoresis in our subjects, and intraarterially
in Kvandal’s study. It is, in fact, possible that the local
administration allows to obtain higher concentrations and,
thus, a higher effect due to a higher inhibition of NOS,
considering that the intraarterial infusion cannot be done
using high doses to avoid the systemic effects. Thus, our
results confirm that cutaneous vascular tone is regulated by
NO.

Treatment of normotensive rats with HO inhibitors
causes elevation of peripheral vascular resistance and blood
pressure, suggesting that endogenous CO subserves a vasode-
pressor function [7]. The same conclusion was derived from
reports that treatment of hypertensive rats with HO inducers
or substrates reduces blood pressure via a heme oxygenase-
dependent mechanism [8–11]. Also, observations that heme
elicits HO-dependent vasodilation in isolated gracilis muscle
arterioles and tail arteries suggested that CO of vascular
origin can be a mediator of vasodilatory mechanisms.

In our normal subjects, basal skin flow was reduced by
SnMP, even in the presence of NOS inhibition with L-NAME.
Thus, it is conceivable that CO participates in the physiologic
control of tone in the peripheral circulation and may also
be involved in pathophysiology. CO-induced cell signaling
has been proposed to occur via sGC activation, although
CO is far less effective at activating sGC than is NO [2, 5].
CO also activates BK-Ca channels in smooth muscle cells
from a variety of different vascular beds, including cerebral

and tail arteries [12]. In isolated vascular smooth muscle
cells, CO-induced BK-Ca channel activation is not blocked
by inhibitors of sGC and is not reproduced by other products
of HO-mediated heme metabolism. Thus, vascular smooth
muscle cell HO-derived CO, or exogenous CO, activates
arterial smooth muscle cell BK-Ca channels either directly or
via interaction with channel-associated regulatory elements.
Furthermore, NO and CO activate vascular smooth muscle
cell BK-Ca channels via distinct mechanisms that involve
effects on different channel subunits [2, 3, 5], thus explaining
the additive effect of NOS and HO inhibition on skin flow.

The effect of ACh was also blunted by HO inhibi-
tion, suggesting that the NO-independent and prostacyclin-
independent component of vasodilatation to ACh is medi-
ated, at least in part, by the HO/CO system.

We have previously shown that HO inhibition in
mesenteric microvessels from normal rats, pretreated with
indomethacin, L-NAME, and also the cGMP inhibitor 1H-
[1, 2, 4]oxadiazolo[4, 3-a] quinoxalin-1-one (ODQ), causes
a decrease in the vasodilating effect of ACh [3]. This effect
was similar to that of iberiotoxin, a BK-Ca channels inhibitor.
Thus, it is conceivable that the HO/CO system participates
in the homeostasis of vascular tone by stimulating BK-Ca
channels, although it is well known that other mechanisms
are possible, like inhibition of 20HETE synthesis, decrease of
ROS [4]. HO inhibition did not increase the vasoconstricting
response to NA. This last result is similar to what shown
in the rat mesenteric circulation [13]. It is possible that an
increased response to NA by HO inhibition is masked by an
increase in NO, prostacyclin, or other vasodilators, but there
has also to be considered the possibility that the degree of
vasoconstriction induced by NA was the highest which could
be obtained with a vasoconstrictor (a mean of 42%) in the
skin and, thus, any increase could not be demonstrated. On
the contrary, when HO is induced, like in cirrhosis or after
transfection with the HO-1 gene [13], the hyporeactivity to
vasoconstrictors can be reversed by inhibition of HO.

The results of this study may have therapeutic implica-
tions. While inhibition of HO may be useful for treatment of
vasodilatation and hyperdynamic circulation, like in sepsis
or cirrhosis, in conditions of increased peripheral resistance,
like hypertension, or of vasoconstriction, like angina or
ischemic arteriopathy, HO induction or supplementation of
CO could be employed.

In conclusion, in normal physiological conditions, in
humans, the HO/CO system participates in the control of
peripheral circulation, besides NO, and also mediates, in
part, the endothelium-dependent vasodilatation to ACh.

Abbreviations
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The renoprotective mechanisms of hemeoxygenase-1 (HO-1) in diabetic nephropathy remain to be investigated. We hypothesize
that HO-1 protects the kidney from diabetic insult via lowering renal oxidative stress and inflammation. We used control and
diabetic SHR with or without HO-1 inducer cobalt protoporphyrin (CoPP) treatment for 6 weeks. Urinary albumin excretion
levels were significantly elevated in diabetic SHR compared to control and CoPP significantly attenuated albumin excretion.
Immuno-histochemical analysis revealed an elevation in TGF-β staining together with increased urinary collagen excretion in
diabetic versus control SHR, both of which were reduced with CoPP treatment. Renal oxidative stress markers were greater in
diabetic SHR and reduced with CoPP treatment. The increase in renal oxidative stress was associated with an elevation in renal
inflammation in diabetic SHR. CoPP treatment also significantly attenuated the markers of renal inflammation in diabetic SHR.
In vitro inhibition of HO with stannous mesoporphyrin (SnMP) increased glomerular NADPH oxidase activity and inflammation
and blocked the anti-oxidant and anti-inflammatory effects of CoPP. These data suggest that the reduction of renal injury in
diabetic SHR upon induction of HO-1 are associated with decreased renal oxidative stress and inflammation, implicating the role
of HO-1 induction as a future treatment of diabetic nephropathy.

1. Introduction

The incidence of diabetes mellitus has dramatically increased
worldwide [1, 2]. One of the major complications of diabetes
is the progression of renal injury, affecting approximately
35% of type 1 and type 2 diabetic patients, which often leads
to end-stage renal disease. Diabetes is often associated with
an elevation in blood pressure which is known to worsen
renal function [3–5]. Accordingly, we induced diabetes in
spontaneously hypertensive rats (SHR) in the current study
as a genetic model of essential hypertension to address the
effects of diabetes on a hypertensive background.

Increased oxidative stress has been implicated in the
pathogenesis of diabetes and hypertension [6, 7]. NADPH
oxidase, the major source of superoxide production in the
vasculature, is known to activate numerous inflammatory
cytokines [8]. NADPH oxidase has been shown to be
activated in the kidney of diabetic animal models, with

enhanced expression in the glomerulus and distal tubules
[9–11]. NADPH oxidase-derived reactive oxygen species
increase renal hypertrophy and fibronectin expression in
streptozotocin-induced type 1 diabetic rats [11, 12] as well
as exacerbate the damage in glomerular basement membrane
and slit diaphragm [10, 13]. Collectively, these data suggest
that NADPH oxidase-derived superoxide contributes to the
progression of diabetic-induced renal injury.

Clinically, inflammatory processes in the kidney also
contribute to the progression of nephropathy in patients
with type 1 diabetes and in diabetic animal models [14–
19]. Diabetic renal injury is an inflammatory disease char-
acterized by monocyte infiltration at every stage of the
disease progression with chemokines driving the recruit-
ment of inflammatory cells into renal compartments [15,
18]. Kidney of diabetic humans and experimental animal
models both show increased macrophage infiltration and
overproduction of leukocyte adhesion molecules [14–19].
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Activated inflammatory cells further exacerbate cytokine
release leading to enhanced fibrosis, matrix deposition, and
progressive renal injury. Moreover, oxidative stress has been
demonstrated to modulate expression of many inflammatory
genes in diabetes, including cell adhesion molecules (CAMs)
and monocyte chemoattractant protein (MCP-1). Taken
together, these data support a role of immune response in
the progression of diabetic renal injury [11, 20].

Heme catabolism is primarily driven by hemeoxygenase
(HO) generating biliverdin, iron, and carbon monoxide [21,
22]. There are two isoenzymes of HO: inducible HO-1 and
constitutive HO-2 which accounts for most HO activity in
the normal state [21, 22]. Studies have shown that HO-
1 is upregulated in response to oxidative stress, ischemia,
and inflammation [21, 22]. Induction of HO-1 also reduces
blood pressure and inflammation in experimental models of
diabetes and hypertension suggesting that HO-1 induction
may protect the diabetic kidney via inhibition of oxidative
stress and inflammation [23–26].

Previous studies have suggested a role for hyperglycemia
in increasing oxidative stress and inflammation in diabetic
animal models [27, 28]; however, most of the studied diabetic
animal models remained normotensive. Because diabetic
nephropathy is characterized by increased albuminuria with
an elevation in blood pressure and decline in renal function,
the coexistence of hypertension and diabetes in the current
animal model is expected to worsen the degree of renal
injury and more accurately reflect the clinical picture of
diabetic nephropathy. The current study tests the hypothesis
that HO-1 induction-mediated decreases in renal injury
are associated with decreases in renal oxidative stress and
inflammation in diabetic SHR.

2. Materials and Methods

All procedures with animals were performed in accordance
with the Public Health Service Guide for the Care and Use of
Laboratory Animals and Georgia Health Sciences University
guidelines. Eleven-week-old male SHR (Charles River, MA)
were used to induce diabetes by a single injection of
streptozotocin (Sigma, MO; 65 mg/kg i.v dissolved in 0.1 M
citrate buffer) and control SHR only received 0.1 M citrate
buffer injection. The blood glucose levels of these rats were
maintained within 400–500 mg/dL via the use of sustained
release insulin implants (s.c, Lanshin, Canada), and blood
glucose levels were tested weekly using a glucometer. Normal
control and diabetic SHR rats were randomized to receive
either vehicle (0.1 M NaOH, pH 8.3) or the HO-1 inducer
cobalt protoporphyrin (CoPP, 5.0 mg/100 g body weight s.c)
weekly for six weeks after induction of diabetes (n =
8/group). Systolic blood pressure was recorded weekly using
the tail cuff method (IITC Life Science, Woodland Hills,
CA) [25]. Rats were placed in metabolic cages (Nalgene
Corp. Rochester, NY) for 24-hour urine collection at the end
of the experiment. Urinary creatinine (Cayman Chemical,
Ann Arbor, MI), albumin, and collagen (Exocell, Philadel-
phia, PA) excretion levels were determined as indices of
renal injury. Urinary thiobarbituric acid reactive substances

(TBARs, Cayman Chemical, Ann Arbor, MI), and 8-hydroxy
deoxyguanosine (8-OHdG, Northwest, WA) excretion levels
were assessed as markers of oxidative stress.

2.1. Homogenization of the Renal Cortex for Protein Expression
Using Western Blotting Analysis. Renal cortical samples were
homogenized in RIPA buffer supplemented with inhibitors
for proteases and phosphatases as previously described [25].
Protein concentrations were determined by Bradford assay
(Bio-Rad, Hercules, CA). Cortical samples were separated
by SDS-PAGE as previously described [25]. Gels were then
transferred onto nitrocellulose membranes. The primary
antibodies used were: rabbit HO-1, HO-2 (EMD Biosciences,
San Diego, CA), and mouse β-actin (Sigma, St. Louis,
MO). These antibodies were detected with a horseradish
peroxidase-conjugated secondary antibody and ECL chemi-
luminescence (Amersham BioSciences, Buckinghamshire,
UK). Intensity of immunoreactivity was measured by den-
sitometry, and β-actin was used to verify equal loading of
protein.

2.2. Renal NADPH Oxidase Activity. NADPH activity was
measured in cortical samples by lucigenin chemilumines-
cence using 35 μg protein in the presence of NADPH
(100 μM) and lucigenin (5 μM) as previously described [29]
and average sample counts (cpm) were normalized to μg
protein.

2.3. Renal MCP-1, HO-1, and sICAM-1 Assays. HO-1 activ-
ity was measured in renal cortical samples using a commer-
cially available ELISA according to manufacturer’s instruc-
tions (Enzo Life Sciences Inc., Farmingdale, NY). Renal
cortical MCP-1 levels were assessed using a commercially
available ELISA according to manufacturer’s instructions
(BD Biosciences, Bedford, MA). Renal soluble ICAM-1
levels (sICAM-1) were also determined using a commercially
available ELISA according to manufacturer’s instructions
(R&D Systems, Minneapolis, MN).

2.4. Renal Histopathology. In a separate set of rats (n =
5/group), kidneys were perfused with 10% formalin solution
and were then paraffin embedded and cut into 4- to 5-μm
sections. Kidney sections were used for immunohistochem-
ical evaluation of CD68 to assess monocyte/macrophage
infiltration (ED-1 staining) and CD3 to assess T-cell infil-
tration as previously described [30]. Ten microscopic images
of the kidney cortex per rat were randomly taken at
×200 magnification, and CD68-positive and CD3-positive
cells were counted by a blinded reviewer experienced in
analysis. The number of positive cells per millimeter squared
was calculated and averaged for each group. Additional
kidney sections were immunohistochemically stained with
TGF-β antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA), and staining intensity was evaluated at ×200 and
×400 magnification power, respectively. Masson’s trichrome
staining of kidney sections was also used to assess the amount
of collagen deposition, ×200 magnification.
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Figure 1: Renal cortical HO-1 expression relative to β-actin (a), HO-1 activity (b), and HO-2 expression relative to β-actin (c) in control
and diabetic (D) SHR with or without CoPP treatment (n = 6, ∗indicates significant difference from control SHR and #indicates significant
difference from diabetic SHR).

2.5. Isolation of Glomeruli. Glomeruli were isolated as pre-
viously described [39] by a gradual sieving technique from
control and diabetic SHR and incubated for 2 hours at 37◦C
with the HO inhibitor stannous mesoporphyrin (SnMP,
20 mM), CoPP (10 mM), or both SnMP and CoPP (n =
4/group). Glomerular NADPH activity was determined by
lucigenin method, and glomerular P-ERK/ERK ratio was
also assessed by Western blotting using antibodies from cell-
signaling technology (Beverly, MA).

2.6. Data Analyses. Statistical analyses were performed using
Prism software (GraphPad, San Diego, CA, USA). Data were
reported as means ± SEM and were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc
test (P < 0.05 was considered significant).

3. Results

As shown in Figures 1(a) and 1(b), induction of diabetes
with streptozotocin did not significantly change renal HO-
1 activity or expression in SHR. However, CoPP treatment
significantly elevated renal HO-1 expression and activity in
both control and diabetic SHR (P < 0.05). There was no
difference in renal HO-2 expression among all rat groups
(Figure 1(c)). Induction of diabetes did not significantly
change systolic blood pressure in SHR (209 ± 4 versus 200
± 4 mmHg) although blood glucose levels were significantly
elevated compared to control SHR (507 ± 43 versus 205 ±
15 mg/dL). CoPP treatment reduced blood pressure (187 ±
2 mmHg) and blood glucose (425 ± 47 mg/dL) in diabetic
SHR; however, blood glucose and blood pressure remained
significantly higher than control SHR.

3.1. Renal Injury. We assessed urinary albumin and crea-
tinine excretion levels as markers of renal injury. Control

SHR had a significantly higher level of albuminuria than
normotensive WKY (1.0 ± 0.2 versus 0.35 ± 0.05 mg/day,
P < 0.05). As shown in Figure 2(a), diabetic SHR exhibited a
significant increase in albuminuria after 6 weeks of induction
of diabetes compared to control SHR (6.5± 0.6 versus 1.0±
0.2 mg/day, resp., P < 0.05). CoPP treatment lowered albu-
minuria in control SHR (0.6± 0.1 mg/day) and significantly
attenuated the elevation in albuminuria in diabetic SHR
(2.2 ± 0.6, P < 0.05). Similarly, creatinine excretion was
significantly elevated in diabetic SHR compared to control
and was reduced with CoPP treatment (Figure 2(b)).

The progression of renal injury in diabetic SHR was
associated with renal vascular remodeling and increased
extracellular matrix deposition and fibrosis as manifested by
greater collagen deposition (blue staining, Figure 3(a)) and
enhanced TGF-β levels (red staining, Figure 3(b)) in diabetic
SHR. The increase in collagen deposition was also associated
with an elevation in urinary collagen excretion in diabetic
SHR compared to control SHR (Figure 3(c)). Induction of
HO-1 with CoPP reduced collagen deposition and TGF-β
staining and significantly lowered urinary collagen excretion
in diabetic SHR (Figure 3).

3.2. NADPH Oxidase and Oxidative Stress. Oxidative stress
has been shown to play a role in the pathogenesis of
diabetic-induced renal injury, and NADPH oxidase is the
main source of superoxide production in diabetes [10, 11].
Consistent with these observations, renal cortical NADPH
oxidase activity was significantly elevated in diabetic SHR
compared to control SHR (Figure 4(a)). The increase in
NADPH oxidase activity was also associated with elevation
in the oxidative stress markers TBARs and 8-OHdG excretion
levels in diabetic versus control SHR (Figures 4(b) and
4(c)). Induction of HO-1 with CoPP inhibited NADPH
oxidase activity and reduced excretion levels of oxidative
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Figure 2: Urinary albuminuria (a) and creatinine excretion (b) in control and diabetic SHR with or without CoPP (n = 8, ∗indicates
significant difference from control SHR and #indicates significant difference from diabetic SHR).

stress markers in diabetic SHR (Figure 4). Plasma TBARs
were also elevated in diabetic versus control SHR (39 ± 8
versus 26 ± 4 μM) and were reduced with CoPP treatment
in diabetic and control SHR (26 ± 5 & 13 ± 4 μM, resp.)
suggesting that induction of HO-1 lowers renal as well as
systemic oxidative stress levels.

3.3. Renal Inflammation. Because diabetic renal injury is
characterized by leukocyte infiltration at every stage of
the disease progression [14, 18], kidneys were processed
for immunohistochemical quantification of macrophage
(CD68) and T-cell (CD3) infiltration. Macrophage infiltra-
tion was significantly greater in diabetic versus control SHR
and induction of HO-1 with CoPP significantly attenuated
the increase in macrophage infiltration in diabetic SHR
(Figure 5(a)). There was no difference in T-cell infiltration
between all groups (Figure 5(b)).

We have recently shown that the NFκB inflammatory
signaling pathway plays a crucial role in the progression of
diabetic renal injury via the activation of proinflammatory
molecules such as MCP-1 [31]. Consistent with this observa-
tion, renal cortical MCP-1 levels were significantly elevated
in diabetic SHR compared to control SHR (129 ± 10 versus
101 ± 3 pg/mg protein, P < 0.05), and levels were reduced
with CoPP treatment in diabetic SHR (90 ± 10 pg/mg
protein, Figure 6(a)). Similarly, renal sICAM-1 levels were
significantly elevated in diabetic SHR compared to control
SHR and reduced with CoPP treatment (Figure 6(b)).

3.4. In Vitro Inhibition of HO in Isolated Glomeruli. Glomer-
ular NADPH oxidase was significantly elevated in diabetic
versus control SHR and incubation of isolated glomeruli

from diabetic SHR with CoPP reduced NADPH oxidase
activity (Figure 7(a)). Treatment of isolated glomeruli from
diabetic SHR with the HO inhibitor SnMP further increased
NADPH oxidase and prevented the ability of CoPP to
reduce NADPH oxidase activity (Figure 7(a)). Previous
studies demonstrated that MAPK activation is involved in
the secretion of proinflammatory cytokines [32, 33] and
increased ERK phoshorylation could be an indicative of renal
inflammation during diabetes [34]. In our study, CoPP treat-
ment significantly inhibited hyperglycemia-induced ERK
phosphorylation in glomeruli isolated from diabetic SHR,
and this effect was also prevented with SnMP treatment
(Figure 7(b)).

4. Discussion

The current study provides evidence that HO-1 induction
mitigates renal injury and inflammation in type 1 diabetic
SHR as a model in which diabetes coexists with hypertension
to exaggerate the progression of renal injury. Induction of
HO-1 attenuated the elevation in albuminuria and creatinine
excretion in diabetic SHR and decreased renal fibrosis and
extracellular matrix deposition in the kidney of diabetic SHR
as evidence by decreased kidney TGF-β and collagen and
decreased collagen excretion in diabetic SHR. It is now widely
acceptable that oxidative stress and inflammatory cytokines
play a crucial role in the progression of diabetic renal injury.
Interestingly, HO-1 induction inhibited NADPH oxidase
activation and reduced markers of oxidative stress in diabetic
SHR. HO-1 induction also reduced kidney macrophage
infiltration and attenuated renal MCP-1 and sICAM-1 levels
in diabetic SHR. Inhibition of HO with SnMP negated the
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Figure 3: Representative images of Masson’s trichrome staining (a) and immunohistochemical staining of TGF-β (b) in kidney sections
from control and diabetic SHR with or without CoPP treatment (n = 5). (c) is urinary collagen excretion in control and diabetic SHR with
or without CoPP treatment (n = 8, ∗indicates significant difference from control SHR and #indicates significant difference from diabetic
SHR).

protective effect of CoPP on NADPH oxidase activation and
ERK phosphorylation in isolated glomeruli from diabetic
SHR. These findings suggest that induction of HO-1 could
function to protect the kidney from diabetes-induced renal
injury. We postulate that the renoprotective effects of HO-
1 induction could be linked to inhibition of renal NADPH
oxidase-derived oxidative stress and inflammation in dia-
betic SHR.

The potential renoprotective mechanisms of HO-1
induction remain to be explored. Induction of HO-1 has

been shown to decrease blood pressure in experimental
hypertensive and diabetic animal models including SHR [24–
26]. Consistent with the previous findings, HO-1 induction
lowered blood pressure in control and diabetic SHR; how-
ever, this is unlikely to be the sole renoprotective mechanism
as the blood pressure of CoPP-treated SHR remained very
high. Besides, a blood pressure lowering effect, induction of
HO-1 with CoPP has also previously been shown to reduce
fasting blood glucose and plasma levels of inflammatory
cytokines in obese male and female mice suggesting the
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Figure 4: Cortical NADPH oxidase activity (a), urinary thiobarbituric acid reactive substances (TBARs) and urinary 8-hydroxy
deoxyguanosine (8-OHdG) excretion levels (b) and (c), respectively, in control and diabetic SHR with or without CoPP treatment (n = 8,
∗indicates significant difference from control SHR, #indicates significant difference from diabetic SHR).

potential beneficial effects of HO-1 in treating not only
hypertension, but also the metabolic consequences of obesity
such as insulin resistance and dyslipidemia [23]. In support
of this hypothesis, HO-1 upregulation has been shown
to improve insulin sensitivity and glucose metabolism in
SHR [35] which could be another potential renoprotective
mechanism in diabetes. Consistent with these findings,
induction of HO-1 with CoPP in this current study decreased
blood glucose levels in control and diabetic SHR; however,
it is unlikely to be the only mechanism of CoPP-induced
kidney protection as blood glucose levels in CoPP-treated
diabetic SHR remained significantly higher than control
SHR. Overall, the hypotensive and hypoglycemic effects of
HO-1 induction could contribute, in part, to the renal
protection against diabetic insult.

HO-1 has been implicated in the modulation of renal
injury in hypertensive animal models. For example, induc-
tion of HO-1 with hemin has also been shown by others to

attenuate proteinuria and tubular atrophy in salt-sensitive
angiotensin II hypertension [36]. Hemin also ameliorated
renal injury in angiotensin II hypertension as it prevented
the decrease in glomerular filtration rate and reduced
proteinuria [37]. In SHR, we have recently shown that
induction of HO-1 with CoPP reduced proteinuria when
compared to Wistar Kyoto rats (WKY), whereas inhibition
of HO with stannous mesoporphyrin further increased blood
pressure and proteinuria and blocked the ability of CoPP to
reduce blood pressure and proteinuria in SHR. In diabetes,
HO-1 could also play a role in preserving renal function
and morphology. For example, induction of diabetes with
streptozotocin produced a marked degree of renal impair-
ment in HO-2 knockout mice compared to control [38].
Furthermore, induction of HO-1 with CoPP prevented the
elevation in plasma creatinine levels and acute tubular
damage in diabetic HO-2 knockout mice whereas inhibition
of HO with tin mesoporphyrin exacerbated the increase
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Figure 5: Representative images and average number of CD68-positive and CD3-positive cells (C) to assess monocytes/macrophages and T-
cell infiltration, respectively, per 1 mm2 in the kidney cortex of control and diabetic SHR with or without CoPP treatment (n = 5, ∗indicates
significant difference from control SHR, #indicates significant difference from diabetic SHR).

in plasma creatinine and tubular damage in diabetic HO-
2 knockout mice [38]. Consistent with these observations,
the coexistence of hypertension and diabetes in diabetic
SHR exaggerated the degree of renal injury as manifested by
increased albumin and creatinine excretion and induction of
HO-1 with CoPP reduced these changes.

Although induction of diabetes with streptozotocin in
Sprague Dawley rats does not have extensive fibrosis as
detected by histological staining [28], Saleh et al. recently
demonstrated that glomerular TGF-β, an early marker

of fibrosis increased in streptozotocin-induced diabetic
rats [39]. Others have shown that that overexpression of
glomerular TGF-β1 in diabetes contributes to glomerular
basement membrane thickening and fibrosis [40], and
inhibition of TGF-β prevents kidney fibrosis in experimental
diabetes [41] suggesting an important role of TGF-β in
the progression of kidney fibrosis during diabetes. Previous
studies have demonstrated that induction of HO-1 with
hemin reduced the overexpression of osteopontin and TGF-
β, the hallmarks of tubulointerstitial injury in salt-sensitive
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Figure 6: Renal cortical MCP-1 (a) and sICAM-1 (b) levels in control and diabetic SHR with or without CoPP treatment (n = 8, ∗indicates
significant difference from control SHR, #indicates significant difference from diabetic SHR).

angiotensin II hypertension suggesting a role of HO-1 induc-
tion against renal fibrosis in hypertension [36]. In our study,
the coexistence of hypertension and diabetes in diabetic SHR
also exaggerated the degree of renal fibrosis as reflected by
increased renal TGF-β1 staining, collagen IV deposition, and
urinary collagen excretion compared to control SHR. The
incidence of renal fibrosis was significantly reduced with
CoPP treatment suggesting that HO-1 induction protects the
kidney from diabetic-induced renal damage and fibrosis.

Increased oxidative stress is involved in the development
of diabetic renal injury, and overexpression of HO-1 has
previously been shown to decrease oxidative stress in diabetic
animals [38, 42, 43]. Thus, the induction of HO-1 could
provide cellular protection against oxidative insult during
diabetes. In SHR, elevated oxidative stress and inflammatory
markers not only accentuate oxidative damage but also
impair the insulin signaling [35]. In streptozotocin-induced
diabetic SHR, upregulation of HO-1 with stannous chloride
was associated with a concomitant decrease in renal super-
oxide levels [24]. HO-1 upregulation by CoPP attenuated
diabetic injury in nonobese diabetic (NOD) mice, an animal
model for type 1 diabetes, and this was associated with
decreases in blood glucose and pancreatic superoxide [44].
HO-1 induction also reduces aortic superoxide generation
via decreased NADPH oxidase activation in apolipoprotein
E-deficient mice [45]. Consistent with previous reports,
our study showed that induction of HO-1 decreased renal
cortical NADPH oxidase activity and urinary TBARs and 8-
OHdG excretion levels in diabetic SHR. These data support
the conclusion that HO-1 induction inhibits renal NADPH
oxidase activity and reduces markers of oxidative stress,
which could be a mechanism to protect the kidney against
diabetic-induced renal injury.

Clinically, inflammatory processes contribute to the
progression of renal injury in patients with type 1 diabetes
[14, 46]. MCP-1 and ICAM-1 have been identified as key
players in monocyte/macrophage infiltration and leukocyte
adhesion in diabetic animal models [47, 48]. Many factors
contribute to the increase in ICAM-1 production during
diabetes including hyperglycemia, shear stress, advanced
glycation end products, and oxidative stress [46]. Blocking
ICAM-1 signaling abrogated the infiltration of macrophages
in kidneys from diabetic rats and decreased glomerular
hypertrophy and interstitial fibrosis in ICAM-1-deficient
mice [48, 49] indicating a potential role of ICAM-1 in
the progression of renal injury during diabetes. MCP-1 is
also a potent chemoattractant for monocytes/macrophages
and increased MCP-1 production was associated with
macrophage infiltration in the kidney of diabetic patients
[50]. MCP-1 is involved in the progression of kidney
injury in response to many factors such as high glu-
cose, oxidative stress, and interleukin-1 [27, 51]. MCP-1-
deficiency or blocking MCP-1 receptor in mice reduced
kidney macrophage accumulation and decreased renal injury
in diabetes [16, 52] underscoring the importance of this
pathway in the pathogenesis of diabetic renal injury. We
have previously shown that induction of HO-1 with CoPP
decreased MCP-1 excretion, whereas inhibition of HO with
stannous mesoporphyrin blocked the ability of CoPP to
decrease MCP-1 in SHR [25]. In our current study, induction
of HO-1 with CoPP decreased the activation of renal MCP-
1 and sICAM-1 together with decreased kidney macrophage,
but not T-cell infiltration in diabetic SHR. Similarly, isolated
glomeruli from diabetic SHR had a significant elevation
in NADPH oxidase activity and ERK phosphorylation,
and these effects were reduced with CoPP treatment and
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Figure 7: NADPH oxidase activity (a) and P-ERK/ERK ratio (b) in glomeruli isolated from control and diabetic SHR and incubated with or
without CoPP and/or SnMP for 2 hours at 37◦C (n = 4, Cont is an abbreviation for control SHR and D is an abbreviation for diabetic SHR,
∗indicates significant difference from control SHR, #indicates significant difference from diabetic SHR).

prevented by HO inhibition with SnMP. These data suggest
that HO-1 upregulation reduces renal inflammation in
diabetic SHR which could be an additional mechanism
protecting the kidneys from diabetic insults.

In summary, HO-1 induction improves renal damage
and decreases fibrosis in diabetic SHR. Based on data
in the literature and our own studies, we postulate that
hyperglycemia increases NADPH oxidase-induced oxidative
stress which enhances the activation of proinflammatory
cytokines stimulating immune cell infiltration and further
increasing oxidative stress thereby exacerbating renal injury
and fibrosis. The study highlights the potential therapeutic
benefit of HO-1 induction to protect the kidney from
diabetic renal injury via antioxidant and anti-inflammatory
properties.
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This paper describes the effect of increased expression of HO-1 protein and increased levels of HO activity on differentiation of
bone-marrow-derived human MSCs. MSCs are multipotent cells that proliferate and differentiate into many different cell types
including adipocytes and osteoblasts. HO, the rate-limiting enzyme in heme catabolism, plays an important role during MSCs
differentiation. HO catalyzes the stereospecific degradation of heme to biliverdin, with the concurrent release of iron and carbon
monoxide. Upregulation of HO-1 expression and increased HO activity are essential for MSC growth and differentiation to the
osteoblast lineage consistent with the role of HO-1 in hematopoietic stem cell differentiation. HO-1 participates in the MSC
differentiation process shifting the balance of MSC differentiation in favor of the osteoblast lineage by decreasing PPARγ and
increasing osteogenic markers such as alkaline phosphatase and BMP-2. In this paper, we define HO-1 as a target molecule in
the modulation of adipogenesis and osteogenesis from MSCs and examine the role of the HO system in diabetes, inflammation,
osteoporosis, hypertension, and other pathologies, a burgeoning area of research.

1. Background

1.1. Mesenchymal Stem Cells. Among cells bone-marrow-
derived MSCs have attracted a great deal of attention in
the past decade because of their high versatility. MSCs have
shown promise in the treatment of cardiovascular disease
in a series of animal models. Despite being a rare cell
population, MSCs can be extensively expanded in vitro thus
making them of potential use in the clinic [1]. Human
MSCs derived from bone marrow are multipotent cells that
differentiate and proliferate into many different cell types
in various tissues [1–3]. Bone marrow mononuclear cells
can be isolated with ease with a Ficoll-Paque PLUS density
gradient. Human MSCs give rise to both osteoblastic and adi-
pogenic lineages when cultured with specific differentiation
media. The adipogenic media comprise of complete culture
medium supplemented with DMEM-high glucose, FBS,
insulin, dexamethasone, and indomethacin. The osteogenic

media contain ascorbic acid (for appropriate collagen and
extracellular matrix production) and β-glycerophosphate
(for appropriate mineralization). Several studies demon-
strated that an increase in the ROS leads to the elevation
of the levels of inflammatory cytokines in adipose tissue.
Oxidative stress is a major factor impairing MSCs function
resulting in decreased osteogenesis in favor of adipogenesis.
Whether MSCs differentiate into osteoblasts or adipocytes is
due to multiple signaling pathways including those heavily
influenced by HO-1 and -2 [4].

1.2. Role of HO during Bone Formation. Recent studies
have shown that several growth factors including OGP en-
hance differentiation of MSCs to osteoblasts [5] and that
EGF and OGP signaling pathways enhance osteoblast cell
proliferation. Osteogenic growth peptide is a naturally oc-
curring tetradecapeptide that is both an anabolic agent and
a hematopoietic stimulator [6]. For example, OGP increases
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osteoblast proliferation, AP activity, and matrix synthe-
sis and mineralization. It prevents glucocorticoid-induced
apoptosis and the subsequent bone remodeling alterations
that are associated with steroids [7]. Thus, role of HO
in the fluctuations of ROS and its effect on osteonectin
levels and in MSC-derived osteoblasts will be described.
Cytokines and HO activity have a regulatory role in MSCs
microenvironment and hematopoiesis [8]. HO attenuates
the overall production of ROS through its ability to degrade
the prooxidant, heme, resulting in the production of carbon
monoxide, biliverdin/bilirubin, and the release of free iron.
These three products of heme degradation play an important
role in signaling cascades, cell proliferation and differen-
tiation. HO is the enzyme that catalyzes the rate-limiting
step in the degradation of heme and exists in two forms:
the inducible HO-1 form and the constitutive HO-2 form
[4]. During fracture repair, activation of hypoxia-inducible
factor (HIF)-1 and its target genes, VEGF and HO-1, regulate
bone remodeling. Bone remodeling is a physiological process
which includes bone resorption (by osteoclasts) and bone
formation (by the osteoblasts) and requires coordination
of three cell types, osteocytes, osteoblasts, and osteoclasts.
During aging and in several pathologies, the rate of bone
turnover increases, but this is characterized by an impaired
osteoblastic bone formation compared to osteoclastic bone
resorption caused by decreased number and activity of
osteoblastic cells (Figure 1) [9–11].

This association suggests a role of HO-1 in bone metab-
olism. As previously stated, HO has strong implications in
bone marrow stem cell differentiation [8, 12]. Most notably,
HO-1 expression is increased during osteoblast stem cell
development. This increase in HO-1 expression precedes an
increase in alkaline phosphatase, bone morphogenic protein,
osteonectin, and RUNX-2 mRNA [13]. The function of
bone-specific alkaline phosphatase has been shown to be
that of a biochemical indicator of bone turnover. Upreg-
ulation of HO-1 increased MSC-mediated osteoblasts with
an associated decrease in adipocytes. OGP increased HO-
1 levels [13]. OGP also lead to an increase in pAKT, an
antiapoptotic protein, as well as an increase in eNOS and
p-eNOS (Figure 2) [13]. Past research has demonstrated
that eNOS is an enzyme expressed in osteoblasts that, when
deficient, has been shown to lead to a significant reduction
in bone formation in murine models [14]. Both eNOS and
NO are stimulators of BMP-2 and increase differentiation of
osteoblasts [15, 16]. Increased HO-1 expression has also been
shown to increase alkaline phosphatase as well as DNA accu-
mulation and mineralization when compared to osteoblasts
not treated with OGP [13]. Osteoblasts cultured in hyper-
glycemic conditions showed reduced levels of bone BMP-2,
osteonectin, pAMPK (a signaling molecule in osteoblasts),
and eNOS. The reduction of these osteogenic proteins and
enzymes was reversed by OGP which upregulated HO-1
with a subsequent increase in BMP-2, HO-1, eNOS, and
pAMPK [13]. HO-1 expression and activity are essential for
osteoblast differentiation from MSCs. Although basal levels
of HO-1 and HO activity are necessary for osteoblast growth,

an increase in HO-1 amplifies osteoblast differentiation.
Additionally, HO-1 is required to increase pAKT, pAMPK,
peNOS levels, and NO bioavailability [17, 18].

2. HO-1 and Oxidative Stress

An additional important association of HO-1 is this enzyme’s
influence on oxidative stress and reactive oxygen species
(ROS). Hyperglycemia and certain cytokines result in an
increase in ROS. HO-1 is inhibited in the presence of high
glucose. High glucose suppressed HO-1 expression in both
cell lines [19–21] and animal models [22–24].

Intracellularly, reduction-oxidation homeostasis is main-
tained by the balance between oxidants and antioxidants.
Antioxidants including HO, superoxide dismutase, glu-
tathione peroxidase, and catalase are endogenous. Exogenous
antioxidants are often derived from food and include vi-
tamins A, C, E, selenium, resveratrol, α-tocopherol, and
β carotene [25–27]. When the natural balance between
oxidants and antioxidants is altered, ROS can potentially
damage cellular structures like DNA, proteins, and phospho-
lipids. This process, called oxidative stress, is implicated in
several neurodegenerative and metabolic diseases including
obesity and type 2 diabetes. Moderate-to-severe obesity
is associated with an increased risk for hypertension and
insulin resistance in humans and animals [22, 28, 29].
The antioxidant effects of HO arise from its ability to
degrade heme from destabilized heme proteins and from
the production of biliverdin and bilirubin, products of HO
with potent antioxidant properties. Heme is a prooxidant
so, therefore, its breakdown is antioxidative. Although there
appears to be a convincingly clear link between HO-
1 and apoptosis, the specific mechanism through which
HO-1 prevents apoptosis remains unclear [21, 30, 31]. It
is likely that part of the anti-apoptotic role of HO-1 is
based on its function as an antioxidant enzyme. However,
the possibility remains that one or more of its products
play additional roles in anti-apoptotic mechanisms. This
association between a reduction in ROS with an increase in
HO-1 expression was demonstrated by treating MSCs with
CoPP, a strong inducer of HO-1. Exposure of the MSCs
to CoPP is effective in decreasing ROS while high glucose
concentrations increase ROS. A reduction in ROS permits
the restoration of osteoblast markers, specifically induction
of osteoprotegerin and osteocalcin [4].

The discovery that inhibition of HO-1 expression shifts
mesenchymal stem cells to favor adipocytic cells at the
expense of osteoblastic cells [4, 13] demonstrates that high
glucose has an adipogenic potential and also that a direct link
is present between HO-1 suppression and an increase in adi-
pogenesis [13]. The exact mechanisms through which HO-1
affects adipocyte and osteoblast differentiation and protects
against oxidative injury remain unclear. However, targeting
HO-1 expression is a gateway to increasing osteoblast stem
cell differentiation, decreasing oxidative stress, and to the
attenuation of osteoporosis through the promotion of bone
formation.
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Figure 1: Diagram representing the adverse effects of stress on bone, leading to the releases of inflammatory molecules.

2.1. Introduction of PPARγ and TZD. There appears to
be a strong link between HO-1 and PPARγ. PPARγ has
been found to increase with the suppression of HO-1 [13].
The increase in PPARγ is associated with a reduction of
HO-1 expression and coupled to a significant increase in
adipogenesis [13]. PPARγ is a transcription factor that has
been implicated in the development of osteoporosis. PPARγ
is considered to be the master regulator of adipogenesis
[32, 33], and its expression is believed to increase with
age and in diabetics. PPARγ is abundantly expressed in
mature adipocytes. Its levels are also increased in the
livers of animals that have developed steatosis [34, 35].
Loss of the gene that encodes for PPARγ in embryonic
fibroblasts results in the complete absence of adipogenesis
in murine studies [36]. In addition, adipocyte differentiation
can be stimulated by ectopic expression and activation
of PPARγ. Conversely, the absence of this gene results in
an increase in osteoblasts and bone mass [37]. PPARγ is
expressed in human MSCs [38–40]. This evidence coupled
with the fact that bone marrow fat increases and bone
marrow osteoblasts decrease with age in both animals and
humans [41, 42] demonstrates a possible strong link between
PPARγ and osteoporosis. Furthermore, PPARγ has been
found to decrease the levels of core-binding factor alpha
(Cbfa1) and RUNX-2, two factors needed for osteoblast
development. By leading to the differentiation of adipocytes
over osteoblasts, activation of PPARγ subsequently leads
to a decrease in bone mineral density and appears to be
strongly correlated to the development and progression of
osteoporosis. The stimulation of PPARγ occurs following
upregulation of PPARγ expression by TZD [43]. TZDs
provide diabetics with many benefits including lower blood
glucose levels and reduced rates of atherosclerosis. However,
these benefits come with multiple negative effects on bone
such as inhibiting osteoblast formation [44–46] and inducing

apoptosis of mature osteoblasts. Activation of PPARγ by
TZDs also results in the suppression of many vital osteogenic
transcription factors in both animal models and humans
[47, 48]. The end result of these antiosteogenic effects is
a decrease in bone mass. Furthermore, TZD use has been
shown to increase the risk of fracture in postmenopausal
women [49–51]. A large cohort study showed that the use
of TZDs in type 2 diabetics increased the fracture risk in
women over 65 years old. This increased fracture risk was
seen after only one year of TZD use [51]. The association
between TZD and fracture risk is likely due to a discrepancy
between bone formation and resorption as rosiglitazone, a
thiazolidinedione, has been found to decrease bone mass in
the hip and decrease serum osteocalcin levels [52]. Aging
leads to a decrease in HO-1 and an increase in bone marrow
adiposity with bone loss and an increase in the expression
of PPARγ and, ultimately, PPARγ [53]. Extensive research
demonstrates that PPARγ plays a pivotal role in regulating
MSC specification towards adipogenesis versus osteogenesis
and is instrumental in governing both bone mineral density
and osteoporosis.

2.2. HO-1 and CYP-450. HO-1 induction increased the lev-
els of cytochrome P450- (P450-) derived epoxyeicosatrienoic
acids (EETs), which further decreased PPARγ but increased
osteoblasts. We examined if EET levels regulate the MSC-
derived adipocytes. Expression of FAS and PPARγ levels
was significantly (P < 0.05) increased in preadipocyte
(14 days of MSC-derived adipocyte differentiation), and
conversely pACC and β-catenin were decreased (P <
0.05) in preadipocyte. The increase in FAS and PPARγ in
preadipocyte was suppressed by the EET. In contrast, the
EET treatments significantly increased both pACC and β-
catenin compared to cell treated with vehicle solutions.
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Further, MSCs-derived adipocyte exhibited a significantly
higher expression of PPARγ, SREBP-1, and GLUT4 com-
pared to MSCs-adipocyte grown in the presence of EET
[54]. Adipocyte cultured in the absence of the EET agonist
showed HO-1 levels that were decreased at day 10 and day
15 compared to adipocyte cultured in the presence of EET. In
contrast PPARγ and C/EBPα protein pattern was the reverse
by inhibition of HO-1. PPARγ and C/EBPα levels were sig-
nificantly increased, while Wnt/β-catenin protein levels were
decreased when compared with adipocytes cultured in the
presence of EET. EET-agonist-treated cells showed an in-
crease in β-catenin. HO-1 expression was greatly diminished
during adipogenic differentiation of MSCs, while FAS and

PPARγ levels increased. Ectopic expression and activation of
PPARγ are sufficient to induce adipocyte differentiation [33].
FAS mRNA levels increased dramatically during 3T3-L1
adipocyte differentiation [55]. In agreement with previous
studies, Wnt stimulation facilitates disruption of the axin-
based complex [56, 57]. This results in a decrease in the
phosphorylation of β-catenin, which enhances β-catenin
accumulation and activation leading to an arrest in adipo-
genesis at the early progenitor stage through the blocking
of PPARγ signaling [58, 59]. Furthermore, EETs inhibited
MSC-derived stem cell adipogenesis presumably through
activation of HO-1/Wnt/β-catenin and the expression of
C/EBPα, a marker of adipocyte differentiation [54]. In the
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Figure 3: Evaluation of lipid content measured as percentage of Oil Red O staining. (a) Representative photographs demonstrating an
increase in lipid droplets in the bone marrow of obese mice compared to lean mice and obese mice treated with CoPP. (b) Quantitative
analysis of bone marrow lipid content showing a significant increase in Oil Red O staining in the obese vehicle. Please note bars on the
graphs represent the mean ± SEM of three independent experiments; ∗P < 0.05 versus vehicle-treated lean mice; #P < 0.05 versus vehicle-
treated ob mice. (c) HO activity of bone marrow cells showing an increase in HO activity in both lean mice and obese mice treated with
CoPP when compared to obese mice not receiving treatment. Please note bars on the graphs represent the mean ± SEM of four independent
experiments; #P < 0.05 versus vehicle-treated lean mice; ∗P < 0.01 versus vehicle-treated ob mice. (d) Superoxide generation in bone marrow
cells is shown to be increased in obese mice and is lowest in the mice treated with CoPP implying an antioxidant effect of HO. Please note
bars on the graphs represent the mean ± SEM of four independent experiments; ∗P < 0.05 obese versus vehicle lean; #P < 0.001 versus
vehicle-treated obese.

present study, the increase of C/EBPα was prevented by
treatment of an EET agonist at day 10 and day 14. Vanella
and coworkers provided direct evidence that EET-agonist-
induced activation of HO-1 led to the increase in adiponectin
and phosphorylation/inactivation of ACC and consequently
decreased of FAS levels.

2.3. Diabetes and HO-1. Diabetes directly affects the
integrity and functionality of bone in both humans and
animals resulting in osteoporosis and an increase in adi-
pogenesis [60–64]. Patients with diabetes frequently have a
lower bone mineral density with associated osteopenia or
osteoporosis. Because diabetic individuals commonly have
decreased bone mass and bone mineral density, they are
more susceptible to fractures and impaired bone healing.
This correlation between diabetics and an increase in
fractures has been well documented in the literature. A large
prospective cohort study of over 32,000 postmenopausal
women found that those with type 1 diabetes mellitus were
12 times more likely to experience hip fractures than those
women without type 1 diabetes. Women with type 2 diabetes

had a 1.7-fold increase in hip fractures when compared to
women without this disease [65]. Prevention at decreasing
osteoporotic fractures in patients with diabetes can involve
strict glucose control, prevention and treatment of vascular
complications, regular exercise, and fall prevention [66].
Additionally, biochemical markers of bone turnover are
negatively affected in diabetics [67]. One such biomechanical
marker, osteocalcin, has been found to be decreased in
patients with diabetes [68]. However, the exact pathogenesis
of the reduction in bone mass seen in diabetics is unknown.
Also, the effect of osteoblast stem cell differentiation under
high glucose conditions has not been fully elucidated
although, as previously stated, strong evidence supports the
belief that hyperglycemic environments decrease osteoblast
differentiation and increase adipocyte differentiation [4, 13].
Upregulation of HO-1 expression in obesity and type 2
diabetes results in a decrease in visceral and subcutaneous fat
content, improved insulin sensitivity, and increased insulin
receptor phosphorylation [22, 69–71]. MRI studies showed
that upregulation of HO-1 decreased adiposity and adipocyte
hypertrophy [17, 70]. The decrease in HO-1 expression was
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Figure 4: Effect of CoPP on MSC-derived adipogenesis. Adipogenesis was measured as the relative absorbance of Oil Red O at day 10.
(a) Representative pictures demonstrating an increase in lipid droplets in the MSC of obese mice compared to lean mice and obese mice
treated with CoPP. (b) Quantitative analysis of adipogenesis showing a significant increase in Oil Red O staining in the obese MSC-derived
adipocytes. Data are expressed as mean ± SE (∗P < 0.01 obese versus CoPP). Note: unpublished data.

associated with an impairment in the mesenchymal stem
cells production of adiponectin and increased adipogenesis
[13, 22]. In addition, HO-1 gene expression has a differ-
ential effect on osteoblasts and adipocyte cell proliferation
and differentiation [4, 13]. EETs administration decreased
adiposity and insulin resistance in mice and rat models of
obesity and diabetes via an increase in HO-1 gene expression
and signaling cascade including the activation of AMPK and
pAKT [72–74]. Sacerdoti and coworkers [75, 76] studied
the interactions between HO-1 gene expression and EETs
in vitro and showed that EETs induce HO-1 protein and
HO activity. Human stromal-mesenchymal stem cells express
CYP450 monooxygenase and form EETs and 20-HETE [8].
Not only 20-HETE but other eicosanoids are correlated with
the progression of diabetes [77, 78] as well.

MSCs have the ability to metabolize arachidonic acid to
HETE at comparable levels to endothelial cells. Additionally,
the EET agonist (NUDSA) inhibited soluble epoxide hydro-
lase (sEH) and reduced the rate of body weight gain in obese
mice which was accompanied by an increase in HO-1 expres-
sion [73, 79]. EET crosstalks with HO-1 on the decrease of
adipogenesis [54]. The ability of hyperglycemic conditions
and diabetes to activate adipocytes to undergo adipogenic
differentiation appears to be strongly influenced on the
suppression of HO-1. Therefore, it seems that osteoblast
differentiation under hyperglycemic conditions decreases
secondary to this suppression of HO-1. In addition, high

levels of glucose lead to an increase in reactive oxygen species
which have been shown to block BMP-2, osteonectin, osteo-
protegerin and osteocalcin [4]. A 2010 study used osteoblast-
like MG63 cells to demonstrate that hyperglycemic condi-
tions significantly suppressed cell growth, mineralization,
and expression of multiple osteoblastic markers (RUNX-2,
osteocalcin, osteonectin, type 1 collagen). These high glucose
conditions simultaneously stimulated the expression of
PPARγ, adipocyte fatty-acid-binding protein (aP2), resistin,
and adipsin, all markers of adipogenesis [4].

An additional unpublished study by the authors provides
evidence that obese mice have a significant increase in bone
marrow adipocytes when compared to both lean mice and
obese mice treated with the potent HO-1 inducer CoPP
(Figures 3(a), 3(b), and 4). The HO activity in the bone
marrow was significantly lower in obese mice compared to
lean mice. However, CoPP treatment did increase the HO
activity in obese mice (Figure 3(c)). Lastly, superoxide levels
were increased in obese mice compared to lean mice. CoPP
treatment to obese mice decreased these elevated superoxide
levels (Figure 3(d)).

Furthermore, hyperglycemia has been shown to promote
cell death in many cell types such as endothelial and
mesangial cells [19, 80, 81]. Oxidative stress is a conse-
quence of hyperglycemia that can induce apoptosis via sig-
naling and/or outright molecular damage. In streptozotocin-
(STZ-) induced diabetic rats, symptoms of oxidative stress,
including increases in cellular heme and apoptosis, were
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Figure 5: Schematic demonstrating the interplay between HO-1, hyperglycemia, ROS, and PPAR-γ on the regulation of osteoblast and
adipocyte differentiation from mesenchymal stem cells.

found to be reversed by upregulation of HO-1 [23]. Elevated
glucose levels cause glucose oxidation which leads to an
increase of ROS in endothelial cells. This formation of
ROS is believed to be the major factor in endothelial
dysfunction such as abnormalities in cell cycling and delayed
replication. However, these abnormalities are able to be
reversed by antioxidant agents and an increased expression
of antioxidant enzymes. Overexpression of HO-1 has been
shown to make cells resistant to oxidative stress-causing
agents while enhancing cell growth and angiogenesis. Such
findings further demonstrate the important cytoprotective
and antioxidant role of HO-1. Strong evidence exists that
diabetic-induced hyperglycemia has a substantial impact
on the development and progression of osteoporosis. The
stimulation of osteoblast apoptosis as well as the decrease
in osteoblast and increase in adipocyte differentiation all
contribute to the decreased bone mineral density observed
in individuals with diabetes.

2.4. Future Perspectives. Osteoporosis is a complex con-
dition with significant morbidity, characterized by low
bone mass, increased fragility, and fracture risk. Although
mechanisms are unclear, there is significant evidence show-
ing the interplay between HO-1, PPARγ, oxidative stress,
and hyperglycemia. All have a role in the regulation of

mesenchymal stem cell differentiation and the development
of osteoporosis (Figure 5). Several studies have shown that
HO-1 plays a considerable role in reducing oxidative stress,
cellular apoptosis, increasing osteoblast differentiation, while
simultaneously suppressing adipocyte differentiation from
mesenchymal stem cells. HO-1 upregulation causes an
increase in alkaline phosphatase and BMP-2 expression and
a decrease in PPARγ expression, increasing bone formation
and decreasing adipocyte differentiation. Conversely, HO-1
suppression upregulates PPARγ and increases adipogenesis,
worse in diabetics, with reduced bone mineral density.
Pharmacological and genetic approaches to deliver HO-1 or
products of heme degradation remain to be elucidated for
the causes, treatment, and prevention of osteoporosis.
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Cardiovascular risk factors contribute to enhanced oxidative stress which leads to endothelial dysfunction. These events trigger
platelet activation and their interaction with leukocytes and endothelial cells, thus contributing to the induction of chronic
inflammatory processes at the vascular wall and to the development of atherosclerotic lesions and atherothrombosis. In this
scenario, endogenous antioxidant pathways are induced to restrain the development of vascular disease. In the present paper,
we will discuss the role of heme oxygenase (HO)-1 which is an enzyme of the heme catabolism and cleaves heme to form biliverdin
and carbon monoxide (CO). Biliverdin is reduced enzymatically to the potent antioxidant bilirubin. Recent evidence supports
the involvement of HO-1 in the antioxidant and antiinflammatory effect of cyclooxygenase(COX)-2-dependent prostacyclin in
the vasculature. Moreover, the role of HO-1 in estrogen vasoprotection is emerging. Finally, possible strategies to develop novel
therapeutics against cardiovascular disease by targeting the induction of HO-1 will be discussed.

1. Introduction

For many years, atherosclerosis was considered an age-
related process characterized by the passive accumulation of
lipids in the vessel wall. However, the most recent lines of
evidence have clearly shown that it is a complex process in
which multiple pathogenic factors contribute to trigger and
sustain vessel wall damage, leading to myocardial infarction,
stroke, and sudden death [1]. In particular, there is an
increasing appreciation of atherosclerosis as a dynamic and
progressive disease starting with endothelial dysfunction
which may trigger platelet activation and their interaction
with leukocytes and endothelial cells. This process may
contribute to the induction of chronic inflammation at the
vascular wall [2].

Several lines of evidence suggest that oxidative stress
may promote endothelial dysfunction through increased
production of reactive oxygen species (ROS). Increased
levels of diverse ROS are produced in the vessel wall and
they individually or in combination may contribute to

the pathogenesis of vascular disease. Thus, increased lipid
peroxidation has been identified as a key mechanism for the
development of atherosclerosis and inflammatory vascular
damage. In fact, intracellular oxidative signals may induce
the expression of a selective set of vascular inflammatory
genes thus linking oxidative stress and inflammation in
atherogenesis [3, 4].

Endothelial cells generate several protective mediators to
regulate the functions of underlying vascular smooth muscle
cells and circulating cells [5]. Among them, cyclooxygenase
(COX)-2-dependent prostacyclin (PGI2) plays a central role
[5]. COX-2 is among endothelial genes upregulated by
steady laminar shear stress (LSS) [6], which characterizes
“atherosclerotic lesion-protected areas” [7]. COX activity
of the enzyme catalyzes the conversion of free arachidonic
acid to prostaglandin (PG)G2, which is then converted to
PGH2 through its peroxidase activity [8]. Endothelial cells
may transform PGH2 to a different array of the prostanoids
(i.e., PGD2, PGE2, and PGI2) along the vascular beds;
however, robust evidence sustains that PGI2 is the dominant
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prostanoid produced in the macrocirculation [4, 9]. PGI2

exhibits properties of relevance to atheroprotection. In fact,
it acts as a general restraint on endogenous stimuli to platelet
activation, vascular proliferation and contraction, and cell
adhesion [4]. It has been reported that PGI2 has antioxidant
function before and in the early stage of atherogenesis
through the induction of the antioxidant enzyme heme
oxygenase (HO)-1 [10].

Recently, we provide evidence that COX-2-dependent
PGI2 (induced by steady LSS) upregulates HO-1, which
halts the proatherogenic cytokine, tumor necrosis factor
(TNF)-α, in human endothelial cells [11]. Altogether, these
data strongly support the key role of HO-1 pathway in the
vasoprotective phenotype induced by PGI2.

In this paper we aim (i) to summarize the major features
of the biology of HO-1 system by relating them to the
role of this antioxidant enzyme in normal and pathological
states, such as vascular inflammation and angiogenesis; (ii)
to shed some light on the molecular mechanisms involved in
the interplay between HO-1 system and the vasoprotective
PGI2.

2. Biology of HO

HO plays a central role in regulating the levels of intracellular
heme by catalyzing the oxidative degradation of heme to
liberate free iron, carbon monoxide (CO), and biliverdin in
mammalian cells [20]. Biliverdin is metabolized to bilirubin
by biliverdin reductase. Excess free heme catalyzes the forma-
tion of ROS, which leads to endothelial dysfunction as seen in
numerous pathologic vascular conditions including systemic
hypertension and diabetes, as well as in ischemia/reperfusion
injury. The HO system, through its products, may cause
different effects on the vascular system: (i) prevention of
endothelial cell apoptosis; (ii) attenuation of the inflam-
matory response in the vessel wall; (iii) regulation of
the vascular tone; (iv) participation in angiogenesis and
vasculogenesis. Among all products of HO-1, bilirubin and
biliverdin are the most potent endogenous scavengers of ROS
[21] and CO exerts antiapoptotic and anti-inflammatory
effects through the induction of soluble guanylyl cyclase.
It suppresses the production of TNF-α, interleukin (IL)-1β
and CCL4 chemokine (macrophage inflammatory protein-
1β) and induces the synthesis of anti-inflammatory IL-
10 [22]. Finally, free iron, despite participation in Fenton
reaction that leads to formation of highly reactive hydroxyl
radicals, activates Fe-ATPase. It is a transporter that removes
intracellular iron as well as induces expression of ferritin
heavy chains which sequester free iron and exert specific
cytoprotective roles [23].

Three isoforms of HO have been described: an inducible
isoform, HO-1, and two constitutively expressed isoforms,
HO-2 and HO-3. HO-1 is a 32 kDa microsomal protein
considered to be a protective, early stress-response agent
that may have additional nonenzymatic activities related
to its mitochondrial localization and nuclear translocation.
The expression of HO-1 is generally very low in normal
tissues, apart from liver and spleen, where it participates
in the processing of senescent or damaged erythrocytes

and in protection against oxidative damage caused by free
porphyrins [24]. In all tissues, low basal expression of HO-1
can be upregulated by a wide variety of stimuli that cause
oxidative stress, including its substrate heme, heavy metals,
cytokines, ultraviolet rays, lipopolysaccharide, hydrogen per-
oxide, growth factors, nitric oxide (NO), and also CO [25].
HO-2, a 36-kDa protein which is constitutively expressed,
is localized primarily in the brain, testis, and vascular
endothelium [26, 27]. Recently it has been postulated a
novel role for HO-2 in the regulation of the inflammatory
and reparative response to injury, which is a cytoprotective
mechanism typically associated with HO-1 induction. HO-2
may constitute an essential protective circuit responsible of a
basal tone of anti-inflammatory signals critical to the exe-
cution of self-resolving inflammatory-reparative processes
[28]. HO-3, a lastly cloned 33-kDa protein, which is a
pseudogene derived from HO-2 transcript, has been found
only in rats [29].

3. Regulation of HO-1 Gene Expression

There are different mechanisms involved in the modulation
of HO-1 expression.

It has been reported that mitogen-activated protein
kinases (MAPKs), phosphatidyl inositol 3-kinase/Akt, pro-
tein kinase (PK)A, PKC, and PKG [30], nuclear factor E2-
related factor 2 (Nrf2), Bach1 (bric-a-brac, tramtrack, and
broad complex and cap “n” collar homology 1), activator
protein-1 (AP-1), nuclear factor-κB (NF-κB), cyclic adeno-
sine monophosphate-responsive element-binding protein,
and activating transcription factor 2 (ATF-2) [31] participate
in HO-1 gene regulation. The transcription factor Nrf2 plays
a central role in the transcriptional activation of HO-1
and many other genes encoding phase II drug-metabolizing
enzymes in response to oxidative stress. Activation of Nrf2
is regulated by the cytosolic protein Keap1 that negatively
modulates the nuclear translocation of Nrf2 and facilitates
degradation of Nrf2 via the proteasome. Upon activation,
Nrf2 enters the nucleus where it binds to the AU-rich
elements (AREs) in the HO-1 promoter to trigger gene
expression [17]. Nrf2 has been recently reported to regu-
late the induction of HO-1 in response to various forms
of cellular stress, including hemodynamic, oxidative, and
endoplasmic reticulum stress [32–34]. Moreover, fibroblasts
and lung tissue from Nrf2-deficient animals express reduced
levels of HO-1 [35, 36], further implicating Nrf2 in the
induction of HO-1 [37].

Other transcription factors have been identified, such as
the transcription factor Yin Yang (YY)1 that is a downstream
effector of CO produced by HO-1 [38] and hypoxia-
inducible factor (HIF)-1. It has been found that the increase
in the transcription factor YY1 is involved in the inhibition
of neointimal hyperplasia in vivo by HO-1 [38] and that
the HIF-1 stabilization induces cardioprotection via HO-1
expression [39]. The results of Dawn and Bolli [39] show
that HIF-1-mediated upregulation of HO-1 is beneficial to
the ischemic myocardium.

In addition to the transcriptional regulation, it has been
reported that a posttranslational mechanism may exist to
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attenuate HO-1 expression. It has been demonstrated that
two miRNAs, miR-217 and miR-377, combine to attenuate
HO-1 protein expression, resulting in a significant reduction
in HO-1 enzyme activity. The knockdown of both miR-217
and miR-377 increases HO-1 protein expression, while the
overexpression of the same miRNAs leads to attenuation of
protein expression [40]. Recently, Lin et al. show that HO-1
is subjected to posttranslational regulation by the ubiquitin-
proteasome system through an endoplasmic reticulum-
associated degradation pathway [41]. Proteasome inhibition
significantly decreased HO-1 protein degradation. Increased
HO-1 expression by MG-132, a proteasome inhibitor, has
been shown to protect astrocytes from heme-mediated
oxidative injury [42].

4. Polymorphisms in HO-1 Gene

Three polymorphisms in the 5′ flanking region of the HO-1
gene have been described: a (GT)n dinucleotide length poly-
morphism [43] and two single-nucleotide polymorphisms
(SNPs), G(-1135)A and T(-413)A [44]. Only two, the (GT)n
repeat polymorphism and the T(-413)A SNP, have been
reported to exert functional importance by influencing the
level of HO-1 expression in different organ systems. Thus,
they may enhance or suppress the susceptibility to various
disease conditions, including the maintenance of pregnancy
[44, 45] and various cardiovascular (CV) disease [44].

In view of the apparently beneficial effects of placental
HO-1 expression for the pregnancy outcome, the relation-
ship between idiopathic recurrent miscarriage and a (GT)n
repeat microsatellite polymorphism of HO-1 gene has been
investigated [45]. The results from this study firstly showed
the association between the HO-1 (GT)n microsatellite
polymorphism in the human HO-1 promoter regulatory
region and women with idiopathic recurrent miscarriage
in a relatively large Caucasian population, supporting the
hypothesis that HO-1 polymorphisms among human pop-
ulation might contribute to some unexplained cases of
pregnancy disorders, such as fetal growth retardation and
preeclampsia [46].

HO-1 plays a critical role in protecting the CV system
from the damaging effects of oxidative stress. The two func-
tional polymorphisms of HO-1 gene have been associated
with CV disease and have different frequency distributions
based upon ethnicity [44]. In particular, a significant associ-
ation between the AA genotype of a T(-413)A polymorphism
and arterial hypertension in Japanese women, but not in
men, was observed [47]. This polymorphism was suggested
to be associated with a higher expression of HO-1 and
the authors suggest that an interaction between estrogen-
induced expression of NO synthase and HO-1-derived CO,
which attenuates NO-induced vasodilation, may explain
their findings [47]. However, the inconsistency between men
and women raises some doubts on the reproducibility of
these data. Moreover, the same authors demonstrated that
the AA genotype of the T(-413)A polymorphism may reduce
the incidence of ischemic heart disease, even if it may
potentially increase the risk of hypertension [48].

(GT)n dinucleotide repeat in the HO-1 gene promoter
shows a length polymorphism that modulates the level
of gene transcription [43]. Compared with long (GT)n
repeats, short (GT)n repeats in the human HO-1 gene
promoter were shown to have higher transcriptional activity
in response to oxidative stress [49]. It has been shown
that length polymorphism in the HO-1 gene promoter is
related to coronary artery disease susceptibility in Japanese
people, but this association was found only in patients with
hypercholesterolemia or diabetes mellitus or in smokers [50],
thus suggesting that HO-1 may play an antiatherogenic role
in Japanese patients with these coronary risk factors.

Moreover, (GT)n microsatellite polymorphism was
reported to be associated with emphysema, restenosis after
percutaneous transluminal angioplasty, and coronary artery
disease [49, 51, 52]. However, in some studies the asso-
ciation between HO-1 polymorphisms and CV disease
was not confirmed. A study based on a large number of
1807 patients showed that the (GT)n dinucleotide repeats
length polymorphism located in the promoter region of the
human HO-1 gene is not associated with the development
of restenosis and major adverse clinical events following
coronary stenting [53]. Similarly, Turpeinen et al. [54]
showed that HO-1 gene polymorphisms have no significant
role in outcome of kidney transplantation in the Finnish
population. A recent prospective case-control study of more
than 3000 participants showed that neither the (GT)n
dinucleotide repeat nor the T(-413)A polymorphism in the
HO-1 promoter is associated with angiographic coronary
artery disease, myocardial infarction, or survival rate in
Caucasians undergoing coronary angiography [55]. Thus,
altogether these studies leave still open the debate about the
functional relevance of both variants of polymorphisms in
HO-1 promoter. It is not unusual that studies of genetic
polymorphisms produce divergent results, especially if small
numbers of cases and controls are examined; often positive
associations seen in small studies have been disproven
in subsequent larger studies. In conclusion, even if the
regulation of HO-1 gene may be determined, at least in part,
by genetics, neither the (GT)n dinucleotide repeat nor the
T(-413)A polymorphism of the HO-1 gene can be considered
reliable genetic markers for CV disease.

5. Role of HO-1 in Vascular Inflammation

HO-1 represses inflammation by removing the proinflam-
matory molecule heme and by generating CO and the bile
pigments, biliverdin, and bilirubin. These HO-1 reaction
products are capable of blocking innate and adaptive
immune responses by modifying the activation, differentia-
tion, maturation, and/or polarization of numerous cell types,
including endothelial cells, monocytes/macrophages, den-
dritic cells, T lymphocytes, mast cells, and platelets. These
cellular actions by CO and bile pigments result in diminished
leukocyte recruitment and infiltration, and proinflammatory
mediator production within atherosclerotic lesions [56].

The role of HO-1 in inflammation is demonstrated in
HO-1 knockout mice, in which HO-1 deficiency leads to
increased production of proinflammatory cytokines [57].
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In patients subjected to bypass surgery, a higher activity
of HO-1 resulted in a lower concentration of IL-6 [58].
HO-1 has been reported to reduce inflammatory cell rolling,
adhesion, and migration from the vascular compartment,
by downregulating the function and expression of adhesion
molecules on the vessel wall [59, 60]. In contrast, inhibition
of HO-1 increases adhesion molecule expression [61–63].

Preclinical and clinical evidence clearly suggests that the
progression of atherosclerosis is associated with inflamma-
tion [64]. Different studies have been performed to under-
stand whether HO-1 can be protective in the pathogenesis
of this disease. Experimental evidence demonstrates that
the induction of HO-1 in vascular cells suppresses oxidized
low-density-lipoprotein (LDL)-induced monocyte transmi-
gration and inhibits atherosclerotic lesion formation in LDL
receptor (LDLR) knockout mice [65, 66]. Interestingly, the
levels of bilirubin in the normal human population correlate
inversely with the incidence of atherosclerotic events [67]
and it has been shown that bilirubin attenuates vascular
endothelial activation and dysfunction in vitro [12].

Recent interest has also focused on peroxisome pro-
liferator-activated receptor δ (PPARδ) ligands and induction
of HO-1 expression. Ali et al. showed for the first time in
vivo that PPARδ ligands induce vascular endothelial HO-
1 expression, thus supporting the hypothesis that PPARδ
represents an important potential target for the treatment
of endothelial dysfunction and atherogenesis [13]. Finally, it
has been shown that, in human monocytes, HO-1 activity is
involved in attenuation of TNF-α production [68].

6. Cross-Talk between HO-1 and PGI2

PGI2 is considered a major prostanoid generated in the
macrocirculation (both in endothelial cells and vascular
smooth muscle cells) [5, 9], where it inhibits platelet
activation, vascular smooth muscle cell contraction and pro-
liferation, leukocyte-endothelial cell interactions [69], and
cholesteryl ester hydrolase and induces thrombomodulin,
an important inhibitor of blood coagulation [70, 71]. PGI2

acts mostly through I prostanoid receptor (IP), a rhodopsin-
like class A, 7-transmembrane-spanning G-protein-coupled
receptor (GPCR), which activates membrane-bound adeny-
lyl cyclase and the subsequent formation of the second
messenger cyclic adenosine monophosphate (cAMP) [14].
Recently, studies in animal experimental models have shown
that COX-2-derived PGI2 confers atheroprotection in female
mice lacking the LDLR (an animal model of atherosclerosis),
through the induction of HO-1 [10]. However, the possible
contribution of endothelial COX-1 to PGI2 biosynthesis and
of endothelial COX-2 to the generation of other prostanoids,
in particular PGE2 [72], has not been completely clarified.
In fact, recent results suggest a cardioprotective role of PGE2

via E prostanoid receptors (EP)2 and EP4 [73, 74]; on the
other hand, it is important to underline that PGE2, due its
important role in inflammation, may enhance plaque burden
and plaque destabilization in humans [75].

Thus, recently, we performed a study in human umbilical
vein endothelial cells (HUVECs) exposed a physiological
fluid mechanical stimulus in vitro [11] (Figure 1(a)) with the

aims to (i) distinguish between the vasoprotective function
of COX-2 and COX-1 and (ii) evaluate the contribution
of different prostanoids to endothelial vasoprotection. In
this study, we showed that in HUVECs exposed to uniform
LSS of 10 dyn/cm2 (characteristically associated with lesion-
protected areas), COX-2, but not COX-1 and downstream
synthases, was significantly induced, and this translated into
enhanced biosynthesis not only of PGI2, but also of other
prostanoids, such as PGE2 and PGD2 (Figure 1(b)). Phar-
macological studies, using a selective COX-2 inhibitor (NS-
398) and a nonselective COX inhibitor (aspirin), showed
that both COX-2 and COX-1 contributed to PGI2 generation
while only COX-1 contributed to PGE2 and PGD2. In
the same study, we found that steady LSS reduces the
synthesis and release of TNF-α (a known mediator of
endothelial dysfunction and atherogenesis) [76, 77] from
endothelial cells. Interestingly, we found that LSS-dependent
reduction of TNF-α generation was completely countered
by NS-398, aspirin, or the specific PGI2 receptor (IP)
antagonist RO3244794 [78] (Figure 1(b)). Altogether, these
results support the role of COX-2-dependent PGI2 in LSS-
dependent reduction of endothelial TNF-α generation. Since
LSS induced the expression of HO-1 and this effect was
inhibited by NS-398, aspirin, or the IP antagonist, we
hypothesized that the induction of HO-1, as a consequence
of COX-2-dependent PGI2 generation, is involved in LSS-
dependent reduction of endothelial TNF-α biosynthesis.
This hypothesis was confirmed by the use of the novel
imidazole-based HO-1 inhibitor QC15 [79]. In fact, we
showed that the inhibition of HO-1 activity was associated
with a complete abrogation of LSS-dependent inhibition of
TNF-α biosynthesis (Figure 1(b)). Altogether these results
support the contribution of LSS-induced PGI2 in the anti-
inflammatory effect of HO-1 in endothelial cells. This seems
to be a novel protective action of endothelial PGI2 which may
work in physiological conditions [11].

Further specific studies have to be performed to clarify
the molecular pathways involved in the regulation of the
vasoprotective gene HO-1 by COX-2-dependent PGI2 in
endothelial cells. We proposed that IP receptor signalling,
through the activation of PKA, may induce the phosphoryla-
tion of glycogen synthase kinase (GSK)-3 [15], thus causing
its inactivation and the loss of the capacity to phosphorylate
Nrf2 [16]. This might translate into the stabilization of Nrf2
and its translocation into the nucleus, where it promotes the
transcription of antioxidant and phase II genes, including
HO-1 [11] (Figure 2). Furthermore, it has been shown that
the Kruppel-like factor(KLF)-2 is increased in endothelial
cells exposed to LSS [18]. This transcription factor may
enhance antioxidant activity of Nrf2 by increasing its nuclear
localization and activation [19]. The synergistic activity of
the 2 transcription factors (Nrf2 and KLF-2) represents the
major contribution to the shear-stress-elicited transcriptome
in endothelial cells (Figure 2). Altogether our study provides
evidence that COX-2-dependent PGI2 (induced by steady
LSS) upregulates HO-1 which halts TNF-α generation in
human endothelial cells [11]. This vasoprotective effect is
abrogated by COX inhibitors, thus suggesting that inhibition
of COX-2-dependent PGI2 might contribute to acceleration



International Journal of Hypertension 5

Endothelial cells

Conditioned
medium

Peristaltic
pump

InletOutlet
37◦C

(a)

COX-2COX-1

cPGES
mPGES2 PGIS LPGDS PGFS

EPs IP DPs FP

PGIS

IP

HO-1

Aspirin
NS-398

Aspirin

RO 3244794

QC-15

Free AA

Steady laminar shear stress

PGE2 PGI2 PGD2 PGF2α

PGH2PGH2

TNF-α

PGI2

cPLA2

(b)

Figure 1: Exposure of endothelial cells to steady laminar shear stress (LSS). (a) HUVECs (0.8 to 1× 106 cells per glass slide) are shear stressed
using a parallel plate flow chamber connected to a constant pressure drop flow loop, maintained at 37◦C and gassed continuously with a
humidified mixture of 5% CO2 in air. Endothelial monolayers are continuously perfused in a closed circuit at an estimated shear stress of
10 dyn/cm2 (flow rate of 2.53 mL/min; shear rate of 1400 sec−1) with 7 mL of perfusion DMEM-medium199 (50% vol/vol), supplemented
with 5% fetal calf serum, 1% glutamine, and antibiotics for 6 hours [11]. (b) In HUVEC, steady LSS activates cPLA2, thus releasing free
arachidonic acid (AA) from cell membrane phospholipids, the substrate of cyclooxygenase isoenzymes (COX-1 and COX-2). In addition,
LSS upregulates COX-2 expression in HUVEC, without affecting the expression of COX-1 and downstream synthases (such as cPGES,
mPGES2, PGIS, LPGDS, PGFS) [11]. Both COX-1 and COX-2 participate in the biosynthesis of PGE2, PGI2, PGD2, and PGF2α as suggested
by the finding that aspirin (a nonselective COX inhibitor) affects the levels of all these prostanoids. Differently, the selective COX-2 inhibitor
(NS-398) affected only PGI2 in HUVECs exposed to LSS which overexpressed COX-2. COX-2-dependent PGI2, induced by LSS, through the
interaction with a specific receptor (IP), causes the induction of HO-1. It constrains TNF-α biosynthesis in HUVECs under this experimental
condition. In fact, LSS-dependent reduction of TNF-α generation is completely countered by the selective COX-2 inhibitor NS-398, the
nonselective COX inhibitor aspirin, or the specific PGI2 receptor (IP) antagonist RO3244794 [11, 12]. Finally, by the use of the novel
imidazole-based HO-1 inhibitor QC15 [13], it has been shown that HO-1 induction in response to COX-dependent PGI2 plays a role in
LSS-dependent reduction of TNF-α biosynthesis [11].

of atherogenesis in patients taking traditional (t) nons-
teroidal anti-inflammatory drugs (NSAIDs) and NSAIDs
selective for COX-2 (coxibs).

7. Role of HO-1 in Angiogenesis

Angiogenesis involves the formation of new blood vessels
and is critical for fundamental events such as development
and repair after injury [80]. Recently, it has been shown that

HO-1 and its gaseous product CO have potent proangiogenic
properties in addition to well-recognized anti-inflammatory,
antioxidant, and antiapoptotic effects [80]. Angiogenic fac-
tors, such as vascular endothelial growth factor (VEGF)
and stromal cell-derived factor-1 (SDF-1), mediate their
proangiogenic effects through induction of HO-1, making
it an attractive target for therapeutic intervention [80]. It
has been reported that the role of HO-1 in angiogenesis
regulation could be “good” or “bad.” The role of HO-1 in
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Figure 2: Postulated molecular mechanism involved in the induction of HO-1 by COX-2-dependent PGI2, in endothelial cells exposed to
steady laminar shear stress (LSS). In endothelial cells exposed to uniform LSS (characteristically associated with atherosclerotic lesion-
protected areas), COX-2 is overexpressed [11]. PGI2, mainly produced by the combined activity of COX-2 and PGI2-synthase (PGIS),
interacts with its specific receptor, IP [14]. This interaction may lead to the activation of adenylate cyclase (AC), causing an increase of
intracellular levels of cyclic AMP (cAMP) and subsequently to the activation of protein kinase A (PKA) [14]. PKA may phosphorylate
glycogen synthase kinase(GSK)-3 [15], causing its inactivation and the loss of the capacity to phosphorylate nuclear factor E2-related factor 2
(Nrf2) [16]. Reduced phosphorylation of Nrf2 causes its stabilization and translocation into the nucleus, where it promotes the transcription
of antioxidant and phase II genes, including HO-1 [11, 17]. In addition to Nrf2, Kruppel-like factor(KLF)-2 is increased in endothelial cells
exposed to LSS [18]. KLF2 enhances antioxidant activity of Nrf2 by increasing its nuclear localization and activation [19]. The synergistic
activity of these two transcription factors forms a major contribution to the shear-stress-elicited transcriptome in endothelial cells. The
overexpression of HO-1 in endothelial cells by LSS exerts an anti-inflammatory action through its capacity to inhibit the biosynthesis and
release of TNF-α [11].

favoring angiogenesis responses is crucial for proper placen-
tal vascularization, wound healing, and neovascularization of
ischemic heart. However, it may have detrimental outcomes
in diseases where new blood vessel formation is undesirable,
such as in tumor neovascularization [80].

Zhao and collaborators recently showed that a partial
deficiency of maternal HO-1 resulted in the malformation
of fetomaternal interface, alteration of the placental vascula-
ture, insufficiency of spiral artery remodeling, and alteration
of uterine natural killer cell differentiation and maturation
[46]. These changes were independent of the fetal genotype,
but relied on the maternal HO-1 level, which determined
the balance of expression levels of pro- and antiangiogenic
factors in the deciduas region [46]. According to these results
a reduction in HO-1 placental expression was associated
with recurrent miscarriages, spontaneous abortions, and
preeclampsia [81]. These findings are in agreement with
the results that HO-1 polymorphisms (as described above)
are associated with idiopathic recurrent miscarriage in a
relatively large Caucasian population of women [45].

The replacement of damaged capillaries and reestab-
lishment of the normal oxygen amounts to a wound are
accomplished by neovascularization. Wound-healing process
includes a coagulation phase (characterized by endothelial
dysfunction and platelet activation), an early extracellular
matrix deposition, the release of factors by platelets, an
inflammatory phase, and the resulting granulation, which
are all events that rely on angiogenesis [82]. Growth factors
including VEGF, chemokines like SDF-1, and hypoxia-
inducible factors (HIFs) also coordinate the multifaceted

events involved in wound healing [83, 84]. Interestingly,
compared with wild-type littermate mice, HO-1-deficient
mice exhibit impaired wound healing due, in part, to
reduced recruitment of endothelial progenitor cells (EPCs)
and capillary formation at the site of injury [85]. In addition,
the induction of HO-1 in wounded skin was relatively weak
and delayed in diabetic mice, in which also angiogenesis and
wound closure were impaired. In such animals, local delivery
of HO-1 transgene, using adenoviral vectors, accelerated the
wound healing and increased the vascularization [86].

It has been recognized that HO-1 has a protective effect
in ischemic myocardium by the increasing of expression of
angiogenic growth factors in the infarcted tissue [87]. VEGF
is a strong therapeutic reagent by inducing angiogenesis in
ischemic myocardium [88], and it can mediate the ischemia-
induced mobilization of EPCs from bone marrow [89].
Lin et al. showed that HO-1 gene transfer after myocardial
infarction provides protection at least in part by pro-
moting angiogenesis through inducing angiogenic growth
factors [90]. In addition, preclinical and clinical studies
have demonstrated that mesenchymal stem cells (MSCs)
transplantation can attenuate ventricular remodeling and
augment cardiac function when implanted into the infarcted
myocardium. In HO-1-transfected MSCs-treated hearts, the
myocardial apoptosis was marked with significantly reduced
fibrotic area and the cardiac function and remodeling were
also significantly improved [87].

It is important to point out that in addition to the
numerous lines of evidence supporting the positive role of
HO-1 in angiogenesis regulation, several authors reported
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of the negative effects of this enzyme in tumor angiogenesis.
In particular, it has been shown that several human tumors,
including renal cell and prostate cancer, express high levels
of HO-1 [91, 92]. HO-1 may promote tumor cell survival
[93], hindering the effectiveness of anticancer therapies [94].
In contrast, inhibition of HO-1 has been shown to enhance
tumor regression in animal models [95], suggesting that the
HO-1 pathway may be a therapeutic target in carcinogenesis
[80].

However, in prostatic cancer cells (PC3), HO-1 seems to
be antiangiogenic. In fact, Ferrando et al. [96] identified a
set of inflammatory and proangiogenic genes downregulated
in response to HO-1 overexpression, in particular VEGFA,
VEGFC, HIF1α, and α5β1 integrin. An in vivo angiogenic
assay showed that intradermal inoculation of PC3 cells
stably transfected with HO-1 (PC3HO-1) generated tumors
less vascularized than controls, with decreased microvessel
density and reduced CD34 and MMP9 positive stain-
ing. Interestingly, longer-term grown PC3HO-1 xenografts
displayed reduced neovascularization with the subsequent
downregulation of VEGFR2 expression. Additionally, HO-
1 repressed NF-κB-mediated transcription, which strongly
suggests that HO-1 may regulate angiogenesis through this
pathway. Taken together, these data support a key role
of HO-1 as a modulator of the angiogenic switch in
prostate carcinogenesis ascertaining it as a logical target for
intervention therapy [96].

8. Interplay between HO-1 and Estrogen

Estrogen has both rapid and longer-term direct effects
on CV tissues mediated by the two estrogen receptors,
ER-α and ER-β [97]. Estradiol promotes endothelial cell
growth, protects endothelial cells against damage by oxidants
and cholesterol, and induces the generation of endothelial-
derived vasodilators, such as NO and prostanoids [98].
In fact, premenopausal women are less susceptible to
myocardial infarction and stroke than are males of the
same age group, an advantage that is lost after menopause
[99]. Several animal studies and some small clinical trials
support a cardioprotective action of estrogens [100, 101]. E2

retards atherogenesis in animal models [102] and improves
endothelial disfunction in hyperlipidemic women [103].

Recently, Egan et al. [10] found that deletion of PGI2

receptor (IP) removes the atheroprotective effect of estrogen
in ovariectomized female mice. The atheroprotective role
of estrogen, in this setting, seems to be mediated by the
induction of PGI2 biosynthesis. PGI2 activates its plasma
membrane receptor IP which causes the induction of the
antioxidant HO-1 in the vasculature. In fact, in vitro exper-
iments, in mouse aortic smooth muscle cells (MASMCs),
showed that estrogen acts on ER-α to upregulate the produc-
tion of atheroprotective PGI2 through the induction of COX-
2 [10]. MASMCs lacking the PGI2 receptor (IP/KO) showed
an increased oxidative stress suggesting that IP modulates
oxidant stress under basal conditions. In addition, cicaprost,
an IP agonist, increased HO-1 protein expression in wild-
type MASMCs but not in IP/KO MASMCs. The involvement
of IP signalling in the induction of vascular HO-1 was shown

also in vivo. Thus, IP deletion decreased aortic HO-1 protein
expression in female mice lacking both the IP and the LDL
scavenger receptor (LDLR) (IP/LDLR DKO) [10]. These
data showed that the atheroprotective role of estrogen is
mediated by enhanced generation of COX-2-dependent PGI2

and suggest that chronic treatment of patients with NSAIDs
selective for COX-2 (coxibs) or tNSAIDs could undermine
the estrogen-mediated protection from CV disease in pre-
menopausal females. A study was performed to estimate the
interaction, in a general population setting (using informa-
tion from the UK’s General Practice Research Database),
between tNSAIDs and hormone therapy on the occurrence of
acute myocardial infarction and death from coronary heart
disease [101]. The researchers found that current use of
hormone replacement therapy was associated with a lower
risk of heart attack than nonuse. However, when looking at
women who used tNSAIDs at the same time as hormone
replacement therapy, the researchers found no suggestion of
a reduction in risk of heart attack. These findings suggest that
hormone therapy and NSAIDs might interact, with NSAIDs
acting against a role for hormone replacement therapy in
preventing heart attacks. This pharmacodynamic interaction
might play a role, at least in part, in the uncertain results
regarding the effect of postmenopausal hormone therapy on
heart disease in women [104].

9. Cross-Talk between HO-1 and Cytochrome
P-450-Derived Epoxyeicosatrienoic Acids

A molecular crosstalk between the cytochrome P-450-
derived epoxyeicosatrienoic acids (EETs) and HO-1 gene
expression was studied by Sacerdoti and coworkers [105,
106]. EETs induce HO-1 expression and signalling cascade
[107], including activation of AMP-activated kinase (AMPK)
and pAKT, thus reducing adiposity and insulin resistance
in animal model of obesity and diabetes. In addition, EETs
decrease MSC-derived adipocyte stem cell differentiation
by the upregulation of HO-1-adiponectin-AKT signalling,
suggesting that EET agonist may have potential therapeutic
role in the treatment of dyslipidemia, diabetes, and the
metabolic syndrome [108]. The potential action of EETs as
intracellular lipid signalling modulators of adipogenesis was
further supported by the recent finding that the treatment
with EET agonists inhibits adipogenesis and decreases the
levels of inflammatory cytokines. Interestingly, these effects
are associated with the increase of HO-1 expression, which
occurs through the inhibition of a negative regulator of HO-
1 expression, Bach-1 [109].

10. Conclusions and Perspectives

Vascular health depends on a delicate balance in the vascular
wall of prooxidative and antioxidant cellular mechanisms
[10, 11]. Several lines of evidence have shown that HO-1
plays a central role in the vasoprotection effects of PGI2.
COX-2-dependent PGI2 (induced by steady LSS) upregulates
HO-1 which halts TNF-α generation in human endothelial
cells [11]. Thus, clinical conditions associated with reduced
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generation of vascular PGI2 or the inhibition of COX-2-
dependent PGI2 by coxibs and tNSAIDs may cause CV
hazard [5], at least in part, through downregulation of HO-1
expression. In fact, HO system could attenuate/block the
progression of vascular diseases via its antioxidant, anti-
inflammatory, and antiproliferative effects.

Due to several beneficial effects of HO-1 for the CV
system, it has emerged as a promising therapeutic target in
the treatment of vascular disease. Pharmacological induction
or gene transfer of HO-1 ameliorates vascular dysfunction in
animal models of atherosclerosis, postangioplasty restenosis,
vein graft stenosis, thrombosis, myocardial infarction, and
hypertension, while inhibition of HO-1 activity or gene
deletion exacerbates these disorders [110].

Gene therapy and gene transfer, including site- and
organ-specific targeted gene transfer have become powerful
tools for studying the potential role of HO-1 in the treatment
of CV diseases. HO-1 induction by pharmacological agents
or the in vitro gene transfer of human HO-1 into endothe-
lial cells increases cell cycle progression and attenuates
angiotensin II, TNF-α, and heme-mediated DNA damage. In
addition, administration of human HO-1 to rats in advance
of schemia/reperfusion injury considerably reduces tissue
damage [111]. On the other hand, it should be point out that
overexpression of human HO-1 may lead to some possible
side effects. In particular, it may accelerate tumor growth,
stimulates early stages of angiogenesis [80], increases the
occurrence of metastasis and resistance to chemotherapy and
photodynamic therapy [112].

Currently, gene therapy with the use of antioxidant genes,
such as HO-1, is emerging as a promising approach for
selecting CV pathologies, in particular for patient groups
not suitable for conventional therapies [113]. However, in
this area a further improvement of gene transfer vectors and
transfer protocols to more efficiently transduce different cell
types of the CV system is still required and diagnostic means
for better identification of patients most likely to benefit from
gene therapy interventions are lacking.
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To elucidate roles of heme oxygenase-1 (HO-1) in cardiovascular system, we have analyzed one-year-old HO-1-knockout mice.
Homozygous HO-1-knockout mice had severe aortitis and coronary arteritis with mononuclear cellular infiltration and fatty
streak formation even on a standard chow diet. Levels of plasma total cholesterol and HDL were similar among the three
genotypes. However, homozygous HO-1-knockout mice had lower body weight and plasma triglyceride. HO-1-deficiency resulted
in alteration of the composition of HDL. The ratio of apolipoprotein AI to AII in HO-1-knockout mice was reduced about 10-fold
as compared to wild-type mice. In addition, paraoxonase, an enzyme against oxidative stress, was reduced less than 50% in HO-
1-knockout mice. The knockout mice also exhibited significant elevation of plasma lipid hydroperoxides. This study using aged
HO-1-knockout mice strengthened the idea that HO-1 functions to suppress systemic inflammation in artery wall and prevents
plasma lipid peroxidation.

1. Introduction

Heme oxygenase (HO) oxidatively catalyzes heme to bil-
iverdin, carbon monoxide, and free iron using NADPH-
cytochrome P450 reductase as an electron donor [1–3]. A
number of studies suggest a potential protective function of
this enzyme against oxidative stress under various conditions
with transcriptional activation of heme oxygenase-1 (HO-1)
[4, 5]. The antioxidant activity of HO derives from both the
elimination of prooxidant heme and the biological activities
of its products. Biliverdin and its metabolite by biliverdin
reductase, bilirubin, effectively inhibit LDL oxidation [6,
7]. Free iron regulates ferritin synthesis through an iron-
responsive element [8]. Ferritin has been shown to have
cytoprotective effects against oxidative injuries [9]. Carbon
monoxide (CO) modulates the activity of soluble guanylate
synthetase like nitric oxide [10] and p38 mitogen-activated
kinase activity [11].

Accumulating evidence suggests that oxidized LDL
(oxLDL) plays an important role during the early phases

of atherogenesis via its proinflammatory properties [5].
We recently reported that HO-1 is remarkably induced by
mildly oxLDL in both endothelial cells and smooth muscle
cells [12]. HO-1 expression was also highly responsive to
oxidized bioactive oxidized phospholipids existing in LDL
[12]. In addition, using artery wall cocultures we found
that HO-1 inhibits oxLDL-dependent monocyte chemotaxis
through its products bilirubin and biliverdin [12]. We then
performed in vivo studies to examine the role of HO-1 on the
development of atherosclerosis. HO-1 was highly expressed
in atherosclerotic lesion in C57BL/6J, apoE-knockout, and
LDL-receptor-knockout mice [13]. When we modulate HO
expression in high-fat-fed LDL-receptor knockout mice,
HO inhibition significantly resulted in the progression of
atherosclerotic lesion formation compared to the mice in
which HO was induced [13]. These results lead us to
hypothesize the protective roles of HO-1 for atherogenesis.

High-density lipoproteins (HDLs) are considered to
work for antiatherogenesis. These antiatherogenic properties
have been explained by reverse cholesterol transport from
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cells to liver [14]. However, previous studies revealed that
HDL itself works as an antioxidant for minimally oxidized
low-density lipoproteins [15] and that paraoxonase and
apolipoprotein AI in HDL play an important role as
antioxidants [16, 17]. However, it is reported that oxidative
modification of HDL loses the effect to stimulate efflux of
cholesterol from foam cells [18] and that oxidized HDL
activates platelets similar to oxidized LDL [19].

To further strengthen the idea that HO-1 functions
as an anti-inflammatory enzyme in artery wall and that
HO-1 exhibits antioxidative effects on plasma lipoproteins,
we analyzed one-year-old HO-1-knockout mice bred on a
standard chow diet. Studies using HO-1 knockout mice
[4, 20, 21] revealed that (i) HO-1-homozygous-knockout
(HO-1−/−) mice develop an anemia with accumulation of
iron in liver and kidney, (ii) cultured HO-1−/− embryonic
fibroblasts produce high free radicals when exposed to
hydrogen peroxides, paraquat, or cadmium chloride, (iii)
HO-1−/− mice are vulnerable to mortality when challenged
with endotoxin, and (ix) HO-1 expression ensures to survive
cardiac xenograft.

In this study, we examined artery walls and plasma lipo-
proteins of male HO-1-knockout mice between 1- and 1.5-
year old which were bred on a standard chow diet. HO-1-
knockout mice had severe infiltration of mononuclear cells
at their ascending aortic wall and coronary arteries and small
atherosclerotic lesion in aortic sinus. In HO-1 knockout
mice, HDL appears to be oxidized. Furthermore, the com-
position of apolipoprotein AI and AII in HDL altered. These
results show HDL oxidation in HO-1-knockout mice. In ad-
dition, HO-1-knockout mice showed lower plasma paraoxo-
nase level and higher lipid peroxide level, suggesting that the
absence of HO-1 resulted in the oxidation of plasma lipo-
proteins and activate inflammatory responses in arterial wall.

2. Materials and Methods

2.1. Reagents. Reagents utilized were obtained from Sigma
unless otherwise specified.

2.2. Animal Handling and Procedures. All animal experi-
ments were conducted in accordance with the guidelines
of the UCLA and Fukushima Medical University Animal
Research Committee. The generation of mice containing
targeted disruption of the HO-1 gene was done as previously
described [4]. HO-1-deficient mice were generated with
C57BL/6J and 129/sv mixed genetic background. C57BL/6J
mice for backcross were purchased from the Jackson Lab-
oratory (Bar Harbor, ME). The mice were fed a standard
rodent chow diet containing 4% (wt/wt) fat and <0.04%
(wt/wt) cholesterol (Oriental Bio, Tsukuba, Japan). Animals
were housed four to five per cage and maintained in a
temperature-controlled room with a 12-hour light/dark cy-
cle, and animals were strictly monitored for microorganisms.

2.3. Atherosclerotic Lesion Analysis. Following sacrifice, the
heart and proximal aorta were excised and washed in

phosphate-buffered saline to remove blood. The basal por-
tion of the heart and proximal aorta were embedded in OCT
compound (Tissue Tek, Elkhart, IN), frozen on dry ice, and
stored at −70◦C until they were sectioned. Serial 10-µm
cryosections were collected on poly-D-lysine-coated slides,
stained with oil red O and hematoxylin, and examined by
light microscopy. Atherosclerotic lesion area was calculated
using serial sections of the first 400 µm of the ascending aorta
as previously described [22]. Hematoxylin-eosin and Elastica
Van Gieson staining were done with the paraformaldehyde
fixed sections.

2.4. Hematocrit, Plasma Lipoprotein Analyses, and Lipid Per-
oxidation Assay. Blood was collected from the retro-orbital
plexus of mice fasted overnight using heparin-coated capil-
laries (Fisher Scientific) into a heparin-treated Microtainer
tube (Becton Dickinson) and centrifuged at 4◦C. The hema-
tocrit was determined by the use of capillary microhemat-
ocrit technique in blood obtained. Plasma cholesterol and
triglyceride concentrations were determined enzymatically as
described previously [23].

2.5. Plasma Lipoproteins and Lipid Analyses. Lipoprotein frac-
tions from pooled mice plasma were isolated by fast perform-
ance liquid chromatography [23]. Lipoprotein concentra-
tions are expressed according to their protein content. The
characterization of isolated HDL fractions from mouse plas-
ma has previously reported [24]. The protein content of lipo-
proteins was measured using the method of Lowry et al. [25].
HDL fraction was electrophoresed by 1% agarose gel and
stained with Nile Red. SDS-PAGE with 4–20% gradient gel
was performed according to the procedure of Laemmli [26].

2.6. Paraoxonase Assay. Paraoxonase activities were assayed
using paraoxon as substrate [27]. The cuvette contained
1.0 mM paraoxon in 20 mM Tris/HCl (pH 8.0). The reaction
was initiated by the addition of the plasma, and the increase
in the absorbance at 405 nm was recorded. Blanks were
included to correct for spontaneous hydrolysis of paraoxon.
Enzymatic activity was calculated from the molar extinction
coefficient 1310 M−1 cm−1. 1 unit of paraoxonase activity is
defined as 1 nmol of 4-nitrophenol formed per min under
the above assay conditions [27]. For purified paraoxonase
standard solutions, paraoxonase isoforms were isolated as
described previously [27].

2.7. Other Procedures. Plasma lipid peroxidation as a mal-
ondialdehyde was measured with a kit from Oxis (Portland,
OR). All values are expressed as means ± SD. Significant
difference was determined by one-way ANOVA analysis with
Fisher’s post hoc test. P < 0.05 was considered significant.

3. Results and Discussion

3.1. Aortitis, Coronary Arteritis, and Atherosclerosis in HO-1-
Knockout Mice. To elucidate the effect of HO-1 on vascular
system, we examined male HO-1-knockout mice aged over
1 year which were bred on a standard rodent chow diet.
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Figure 1: Severe aortitis, coronary arteritis and small atherosclerotic lesion on a standard rodent chow diet after 1 year old of HO-1−/− mice.
(a, g, h) Oil red O staining. (b, c, e, f) Hematoxylin- eosin staining. (d) Elastica Van Gieson staining. (d) Elastic fibers in the vessel walls are
torn at the site of severe mononuclear cell infiltration. Magnifications at (a, e) ×40, (b) ×100, (c, d) ×200, and (f, g, h) ×400. Predominant
sites of aortitis (b, c, d) and initial fatty streak formation (h) are indicated by arrows. These photomicrographs are representative of numerous
sections examined.

Table 1: Body weight and plasma lipid levels of HO-1-knockout
mice.

HO-1 genotype +/+(n = 7) +/−(n = 6) −/− (n = 5)

Body weight (g) 45.6 ± 4.3 43.8 ± 3.8 30.6 ± 3.9∗

Hematocrit (%) 46 ± 4 44 ± 2 41 ± 2

Total cholesterol (mg/dL) 92 ± 18 87 ± 11 86 ± 15

Triglyceride (mg/dL) 106 ± 38 26 ± 4 14 ± 3∗

HDL-cholesterol (mg/dL) 73 ± 8 72 ± 11 65 ± 9

Free Fatty Acid (mg/dL) 43 ± 7 41 ± 8 36 ± 3

Lipid levels are given in mg/dL ± S.D. Values for lipid levels on a standard
chow diet were from mice of 50% C57BL/6 and 50% 129/Sv genetic
background. ∗P < 0.05.

These mice had a mixed genetic background of 129Sv
and C57BL/6J. HO-1−/− mice had severe infiltration of

mononuclear cells at their ascending aortic wall (100%)
(Figures 1(a) and 1(b)). This infiltration was transmural, and
the intimal elastic laminal structure was severely destroyed
(Figures 1(c), and 1(d)). This mononuclear cellular infiltra-
tion was not only observed at aorta but also observed at
coronary arteries (Figures 1(e), 1(f), and 1(g)). Oil red O
staining revealed small atherosclerotic lesion in aortic sinus
of HO-1−/− mice even under a standard chow diet though
wild-type mice did not develop such lesions (Figure 1(h)).
These inflammatory changes of arteries were also observed
in heterozygous mice; however, this was less frequently. It
is unclear whether these arterial inflammations in HO-1-
deficient mice are the response against microorganisms or
autoimmune response [28].

3.2. Altered HDL Properties in HO-1-Knockout Mice.
Table 1 shows body weights and plasma lipid levels of
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Figure 2: (a) Agarose electrophoresis of HDL in HO-1-knockout mice. 11 µg protein of HDL fraction was electrophoresed in 1% agarose
gel and stained with Nile Red. (b) Change of Apolipoprotein AI/AII ratio in HO-1-knockout mice. 1 µg protein HDL was subjected to
SDS-PAGE and stained with Nile Red.
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Figure 3: (a) Plasma paraoxonase activities in HO-1-knockout mice. PON activities were determined using arylesterase as substrate and are
given as a percentage ± S.D. (b) Plasma lipid hydroperoxide levels in HO-1-knockout mice. Estimates of lipid peroxidation products were
obtained by malondialdehyde (MDA) measurements of plasma. Data represents mean± S.D. from duplicate. Asterisks represent statistically
significant differences (∗P < 0.05, ∗∗P < 0.01).

HO-1-knockout mice analyzed. HO-1−/− mice were signif-
icantly lighter than HO-1 wild-type (HO-1+/+) and HO-
1-heterozygous-knockout (HO-1+/−) mice. There were no
differences in total cholesterol, HDL, and free fatty acid levels
among three genotypes; however, triglyceride levels of HO-
1−/− and HO-1+/− were much lower than those of HO-
1+/+ mice. HDLs were prepared by discontinuous density
gradient ultracentrifugation from pooled fresh plasma of
each genotype, electrophoresed on 1% agarose gel and
stained with Nile Red. 11 µg HDL of HO-1−/− and +/− mice
runs faster than that of HO-1+/+ mice, suggesting HDLs
of HO-1−/− and +/− mice are more negatively charged or
smaller in size (Figure 2(a)). To examine the composition

of apolipoproteins in HDL, 1 µg HDL was subjected to 4–
20% SDS-PAGE gel. The ratios of apolipoprotein AI and
apolipoprotein AII were different among three genotypes
(Figure 2(b)). Apolipoprotein AI was major protein in HO-
1+/+, whereas apolipoprotein AII was a major in HO-1−/−

mice. The ratios of apolipoprotein AI to AII were 2.6,
1.1, and 0.2 in HO-1+/+, +/−, and −/− mice, respectively,
by densitometric analyzes. There are more than 10-fold
changes of the ratio of apolipoprotein AI to AII between
HO-1+/+ and HO-1−/− mice. Studies using transgenic mice
models suggested that apolipoprotein AI is antiatherogenic
[29] and apolipoprotein AII is atherogenic [23]. Though we
cannot explain the mechanism why the absence of HO-1
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resulted in the compositional change of HDL and produced
oxidized HDL, it may be possible to understand HO-1
functions to prevent HDL particle and apolipoproteins from
oxidative stress. It is reported that apolipoprotein AI starts
denaturation and is easy to make oligomers in oxidized HDL
[30]. However, in this study, we did not find oligomeric
bands. It will be also interesting to examine whether HO-
1−/− mice have more susceptibilities to atherogenesis by
high-fat diet challenges.

Paraoxonase is a calcium-dependent esterase that is
known to catalyze hydrolysis of organophosphates and wide-
ly expressed in the liver, kidney, intestine, and plasma [31].
Paraoxonase has been suggested to contribute to antioxidant
protection of HDL to LDL oxidation in vitro [32] and in
vivo [33]. HO-1−/− mice had decreased plasma paraox-
onase activity less than 50% compared to HO-1+/+ mice
(Figure 3(a)). This reduced paraoxonase activity may imply
that HDL in HO-1−/− mice was suffered by stronger oxida-
tive stress. There may be unknown relationship between
reduced paraoxonase activity and the compositional changes
of apolipoprotein AI to AII. Plasma lipid peroxides levels
of HO-1−/− mice were higher than those of HO-1+/+ mice
(Figure 3(b)), suggesting that HO-1 functions to suppress
lipoprotein oxidation presumably by production of antiox-
idants, biliverdin and bilirubin.

Over 95% of HO-1−/− mice die in utero with unknown
reason [4]. It may be not easy for HO-1−/− mice to
survive without intrinsic antioxidant systems although the
reason only a part of those survives is not still clear. In
addition, changes in HO-1−/− mice such as lower body
weight and decrease of plasma triglyceride need to be further
examined by analyzing food consumption and metabolic
rate. However, our data using HO-1−/− mice directly suggests
a significant function of HO-1 as an anti-inflammatory
molecule in artery wall and for native HDL.

Abbreviations

HO: Heme oxygenase
HDL: High-density lipoprotein
LDL: Low-density lipoprotein
oxLDL: Oxidized LDL
−/−: Homozygous knockout
+/−: Heterozygous knockout
+/+: Wild type.
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Heme oxygenases (HO-1; HO-2) catalyze conversion of heme to free iron, carbon monoxide, and biliverdin/bilirubin. To
determine the effects of renal HO-1 induction on blood pressure and renal function, normal control rats (n = 7) and hemin-
treated rats (n = 6) were studied. Renal clearance studies were performed on anesthetized rats to assess renal function; renal
blood flow (RBF) was measured using a transonic flow probe placed around the left renal artery. Hemin treatment significantly
induced renal HO-1. Mean arterial pressure and heart rate were not different (115± 5 mmHg versus 112± 4 mmHg and 331± 16
versus 346 ± 10 bpm). However, RBF was significantly higher (9.1 ± 0.8 versus 7.0 ± 0.5 mL/min/g, P < 0.05), and renal vascular
resistance was significantly lower (13.0 ± 0.9 versus 16.6 ± 1.4 [mmHg/(mL/min/g)], P < 0.05). Likewise, glomerular filtration
rate was significantly elevated (1.4 ± 0.2 versus 1.0 ± 0.1 mL/min/g, P < 0.05), and urine flow and sodium excretion were also
higher (18.9 ± 3.9 versus 8.2 ± 1.0μL/min/g, P < 0.05 and 1.9 ± 0.6 versus 0.2 ± 0.1μmol/min/g, P < 0.05, resp.). The plateau
of the autoregulation relationship was elevated, and renal vascular responses to acute angiotensin II infusion were attenuated in
hemin-treated rats reflecting the vasodilatory effect of HO-1 induction. We conclude that renal HO-1 induction augments renal
function which may contribute to the antihypertensive effects of HO-1 induction observed in hypertension models.

1. Introduction

Heme metabolism is catalyzed by heme oxygenases (HO),
which convert heme to carbon monoxide (CO), biliverdin,
and free iron [1]. Two isoforms of HO are expressed in the
kidney, HO-1 and HO-2 [2, 3]. The kidney has relatively
low basal level of HO activity [2, 4] that is mainly derived
from the constitutive HO-2 [5–7]. Renal HO-2 is localized to
epithelial cells of the proximal tubule, thick ascending limb
and distal tubule, connecting tubule, and principal cells of
the collecting ducts [8]. Renal HO-1 is induced under certain
pathological conditions and in response to several agents [3,
9–11]. The pattern of HO-1 expression in the kidney varies
with different inducers utilized [2, 12]. Acute treatment with
hemin increases renal cortical dialysate CO concentration
and causes diuresis and natriuresis [13]. Increases in renal
perfusion pressure (RPP) induce renal CO production, and

HO inhibition prevents the pressure-dependent increase in
CO and attenuates pressure natriuresis [14]. This suggests
that induction of HO-1 could modulate renal hemodynamics
and renal excretory function.

HO inhibition during nitric oxide synthesis inhibition
constricts afferent arterioles (Aff-Art) [15], and exogenous
CO administration dilates renal Aff-Art from normal rats
[15, 16]. Furthermore, endogenously produced CO exerts
a vasodilatory influence on the renal circulation, and inhi-
bition of HO decreases renal blood flow (RBF) [17–21].
Bilirubin is also produced from heme metabolism by HO
and biliverdin reductase and is an abundant endogenous
antioxidant [22]. Bilirubin scavenges reactive oxygen species
[23–25] and inhibits angiotensin II-mediated activation of
NADPH oxidase [26, 27], effects that also potentially cause
dilation of the renal microvasculature. Chronic treatment of
angiotensin-II-infused hypertensive rats with bilirubin
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attenuates urinary protein excretion [28], and inhibition of
bilirubin metabolism attenuates angiotensin II-dependent
hypertension in mice [29]. Upregulation of renal HO-1
increases CO and biliverdin/bilirubin production, reduces
NADPH oxidase-mediated oxidative stress [26], inhibits cor-
tical 20-HETE synthesis [30], and inhibits thromboxane syn-
thase [31]. Overexpression of HO-1 reduces the pressor res-
ponsiveness to angiotensin II [32], and inhibition of HO acti-
vity magnifies the renal vasoconstrictor effect of angiotensin
II and enhances pressure-induced constriction of isolated
pressurized renal interlobular arteries [20]. These results im-
plicate HO-derived metabolites as important modulators of
renal microcirculatory function. However, recent data indi-
cate that blood pressure and RBF responses to increased
angiotensin II or inhibition of nitric oxide are not signifi-
cantly enhanced in HO-2 knockout mice [33].

This study was designed to examine the hypothesis that
renal HO-1 induction augments renal hemodynamics and
renal excretory function. To test this hypothesis, we per-
formed renal clearance and renal hemodynamic studies on
control and hemin-treated rats. Accordingly, the aims of this
study were (1) to determine the effects of HO-1 induction
on renal blood flow (RBF), glomerular filtration rate (GFR),
and renal excretory function and (2) to determine the effects
of HO-1 induction on RBF autoregulatory responses to
changes in RPP and on the renal vasoconstrictor responses
to angiotensin II.

2. Methods

2.1. Animal Treatment. All experimental protocols were ap-
proved by Tulane Institutional Animal Care and Use Com-
mittee. Male Sprague Dawley rats weighing 300–400 g were
fed a normal rat diet (TD 90229, Harlan-Teklad) with free
access to water. Two groups of rats were studied: (1) con-
trol rats and (2) Hemin-treated rats which received 4 i.p.
injections of hemin for 4 consecutive days (3 mg/100 g Bwt./
day) prior to the acute experiment.

2.2. Renal Function Studies. As described by Patterson et al.
[34] and Wang et al. [35], on the day of acute experiment,
rats were anesthetized with inactin (thiobutabarbital sodium,
Sigma, Saint Louis, USA, 100 mg/kg, i.p.) and placed on
thermostatically controlled heated surgical table to maintain
rectal temperature at 37◦C. A polyethylene tube was placed
in the trachea and the animals were allowed to breathe air
enriched with oxygen (95% O2/5% CO2). The left carotid
artery was cannulated to allow continuous monitoring of sys-
temic arterial blood pressure and heart rate. The left femoral
vein was cannulated to allow infusion of solutions. The left
kidney was exposed from a flank incision, gently freed, and
placed in a plastic cup. For timed urine collections, a catheter
was introduced into the ureter and passed to the pelvis.
The renal artery was separated carefully from the renal vein
which enabled placement of a noncannulating flow probe,
1 mm in the diameter, connected with a Transonic flowmeter
(Transonic System Inc., Ithaca, NY, USA) for measurement
of the total RBF. During surgery, an isotonic saline solution

containing albumin (6 g/dL) was infused at 1.2 mL/h (for
300 g body weight). Following the surgical procedures, an
isotonic saline solution containing 1% albumin and 7.5%
polyfructosan (Inutest, Fresenius Kabi, Austria) was infused;
initially a priming dose was infused at the rate of 1.6 mL/kg
for 5 min followed by a continuous infusion at 1.2 mL/h and
a stabilization period of about 1 h was allowed.

2.2.1. Experimental Protocol

Protocol 1. experiments were performed to determine the
effects of HO-1 induction with hemin on renal hemody-
namics and renal excretory function. After the stabilization
period, at least six 15-minute collection periods were initi-
ated during which measurements of mean arterial pressure
(MAP), heart rate (HR), RBF, renal vascular resistance
(RVR), GFR, urine flow (UV), and urinary sodium excretion
(UNaV) were averaged. Measurements for all collection
periods were then averaged. The data from control and
hemin-treated rats were compared.

Protocol 2. these experiments were done to determine the
effects of HO-1 induction with hemin on RBF autoregulatory
responses. An aortic clamp was placed above the junction
of the left renal artery to regulate RPP to the left kidney.
The left femoral artery was cannulated, and the catheter was
advanced up the aorta to measure RPP at the left kidney. A
Transonic flow probe placed around the left renal artery was
used to measure changes in RBF in response to decreases in
RPP. After the stabilization period, RPP was decreased to 110,
100, 90, and 80 mmHg and was maintained for 5 minutes at
each level. MAP, HR, RBF, and RPP were averaged for each
time period at different RPP.

Protocol 3. these experiments were done to determine the
effects of HO-1 induction with hemin on renal vascular
responses to angiotensin II. After the stabilization period,
MAP and RBF were measured during i.v. infusion of
vehicle followed by angiotensin II (Ang II 50, 100, and
200 ng/kg/min). Each infusion period lasted 30 minutes, and
RBF responses were averaged during the last 20 minutes.

2.3. Analytical Procedures and Hemin Preparation. Urine vol-
umes were determined gravimetrically. Blood samples were
collected in heparinized tubes and centrifuged at 2500 g for
10 min at 4◦C to separate the plasma, which was stored at
−20◦C. Plasma and urine sodium concentrations were mea-
sured by flame photometry. Polyfructosan concentrations in
urine and plasma samples were measured by standard spec-
trophotometry. GFR was determined from the clearance of
polyfructosan.

Hemin (Sigma-Aldrich, St. Louis, MO): 50 mg hemin
was dissolved in 1 mL of 0.1 M NaOH; this solution was dilu-
ted using deionized water and pH was adjusted to 7.8; the
final volume was adjusted to 5 mL.

2.3.1. Tissue Preparation. Left kidneys were immediately col-
lected and frozen at −80◦C until used for Western blot.
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Figure 1: Western blot and densitometry analysis showing the effect of treatment with Hemin (3 mg/100 g body wt/day for 4 days) on renal
HO-1 and HO-2 protein expression (n = 6) compared to control rats (n = 6). Results are normalized by β-actin and expressed as folds of
control and presented as mean ± SE for each group, ∗P < 0.05 versus Control.
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Figure 2: Renal blood flow (RBF), renal vascular resistance (RVR), and glomerular filtration rate (GFR) in hemin-treated rats (n = 6)
compared to control rats (n = 7). Results are expressed as mean ± SE for each group, ∗P < 0.05 versus Control.

Tissues were homogenized in buffer at pH 7.4, containing
0.25 M sucrose. The homogenates were centrifuged in an Ep-
pendorf centrifuge at 10,000 g for 10 min at 4◦C to remove
unbroken cells and the supernatant was stored at −80◦C.
Protein concentration was determined according to the
method of Bradford (BioRad, Hercules, CA) [36].

2.3.2. Western Blot Analysis. As previously described [30],
cell-free homogenates (10,000×g supernatant) of kidney
preparations were separated by SDS/polyacrylamide gel elec-
trophoresis and transferred to a hydrophobic polyvinylid-
ene difluoride (PVDF) transfer membrane (Amersham-GE
Biosciences, Piscataway, NJ). The membranes were incubated
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Table 1: Hemodynamics and renal excretory measurements in hemin-treated rats compared to control untreated rats.

Control (n = 7) Hemin (n = 6)

Mean arterial pressure, MAP (mmHg) 112 ± 4 115 ± 5

Heart rate, HR (bpm) 346 ± 10 331 ± 16

Glomerular filtration rate, GFR (mL/min/g) 1.0± 0.1 1.4± 0.2∗

Renal blood flow, RBF (mL/min/gm) 7.0± 0.5 9.1± 0.8∗

Renal vascular resistance, RVR [mmHg/(mL/min/g)] 16.6± 1.4 13.0± 0.9∗

Urine flow, UV (μL/min/g) 8.2± 1.0 18.9± 3.9∗

Sodium excretion, UNaV (μmol/min/g) 0.2± 0.1 1.9± 0.6∗
∗
P < 0.05 versus control.
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Figure 3: Urine flow (UV) and urinary sodium excretion (UNaV) in hemin-treated rats (n = 6) compared to control rats (n = 7). Results
are expressed as mean ± SE for each group, ∗P < 0.05 versus Control.

with Odyssey blocking reagent (LI-COR Biosciences, Lin-
coln, Nebraska) at 4◦C overnight. The membranes were
incubated for 1 hr with one of the following antibodies: rab-
bit anti-rat HO-1 and HO-2 polyclonal antibodies (1 : 1000,
Stressgen Biotechnologies Corp, Victoria, BC, Canada) or
mouse anti-β-actin monoclonal antibody. The membranes
were washed with phosphate buffered saline tween-20
(PBST) and subsequently probed with fluorescent tagged
secondary antibodies at a dilution of 1 : 15000. The signal was
detected using Odyssey fluorescent scanner.

2.4. Statistical Analysis. Results are presented as mean ± SE
for a number (n) of experiments. Unpaired t-test was used
to analyze differences in basal measurements, and HO-1
and HO-2 protein expression between the control and
hemin-treated groups. Repeated measures one-way ANOVA
followed by Bonferroni’s multiple comparison test was used

to analyze changes within the same group. Repeated mea-
sures two-way ANOVA followed by Bonferroni’s multiple
comparison test was used to analyze differences between
groups. P < 0.05 was considered statistically significant.

3. Results

3.1. HO-1 Protein Expression Is Induced in Kidneys from
Hemin-Treated Rats. HO-1 protein expression significantly
increased by 4.0 ± 1.3-fold in kidneys from hemin-treated
rats compared to kidneys from normal control rats (n = 6,
P < 0.05) (Figure 1). No differences in renal HO-2 expression
between hemin-treated rats and normal control rats were
detected (Figure 1).

3.2. Renal HO-1 Induction with Hemin Is Associated with Aug-
mented Renal Hemodynamics and Excretory Function without
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Figure 4: Renal blood flow (RBF) autoregulatory responses to changes in renal perfusion pressure (RPP) in hemin-treated rats (n = 4)
compared to control rats (n = 7). Results are expressed as mean ± SE for each group, ∗P < 0.05 versus Control.
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Figure 5: Changes in RBF and RVR in response to infusion of angiotensin II in hemin-treated rats (n = 5) compared to control rats (n = 7).
Results are expressed as mean ± SE for each group, ∗P < 0.05 versus Control, #P < 0.05 versus baseline before angiotensin II infusion.

Alteration in Mean Arterial Pressure or Heart Rate. HR and
MAP were not significantly different in hemin-treated rats
compared to control rats (Table 1). While RBF and GFR were
significantly higher, RVR was significantly lower in hemin-
treated rats (Table 1 and Figure 2). These data indicate that
renal HO-1induction is associated with renal vasodilation in
hemin-treated rats.

Hemin-treated rats also had increased urine flow and uri-
nary sodium excretion (UNaV) indicating that renal HO-1

induction is associated with augmented renal excretory fun-
ction (Table 1 and Figure 3).

3.3. Hemin-Treatment Increases the RBF Autoregulatory
Plateau in Response to Decreases in RPP. Figure 4(a) shows
that RBF was significantly higher in hemin-treated rats com-
pared to control rats at all measured RPP points indicating
that the vasodilatory effect is maintained at different renal
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perfusion pressures. Figure 4(b) demonstrates that RBF
autoregulatory responses to changes in RPP were not altered
in hemin-treated rats indicating that renal autoregulatory
responses are maintained with a tendency to show improved
autoregulatory capability.

3.4. Renal HO-1 Induction with Hemin Is Associated with
Attenuated Renal Vasoconstrictor Responses to Ang II and
Maintained Pressor Responses. Basal MAP was not signifi-
cantly different between control and hemin treated rats
(126.0± 2.1 mmHg, n = 7 versus 118.9± 3.9 mmHg, n = 5).
RBF was significantly higher in hemin treated rats compared
to control rats (10.5 ± 0.7 mL/min/g, n = 5 versus 8.1 ±
0.9 mL/min/g, n = 7, P < 0.05).

In response to angiotensin II infusion, MAP significantly
increased to the same extent in both groups. In response
to infusion with Ang II 50, 100, and 200 ng/kg/min, MAP
increased from 126.0 ± 2.1 mmHg to 134.9 ± 1.7, 142.7 ±
1.6, and 150.7 ± 2.2 mmHg in the control group (n =
7) and from 118.9 ± 3.9 to 131.4 ± 7.2, 136.9 ± 9.3, and
142.7 ± 9.7 mmHg in the hemin-treated rats (n = 5). RBF
significantly decreased in response to infusion with Ang II 50,
100, and 200 ng/min/kg in both groups; however, RBF was
significantly higher in the hemin-treated group compared to
the control group (P < 0.0001). RBF during infusion with
200 ng/min/kg Ang II was 7.7 ± 0.6 mL/min/g in hemin-
treated group (n = 5) compared to 5.1 ± 0.6 mL/min/g
in control group (n = 7) (Figure 5). The reduced respon-
siveness to Ang II infusion in the hemin treated group is
shown by the attenuated increases in RVR with the Ang II
infusions.

4. Discussion

HO-1 plays a major renoprotective role when induced under
certain pathophysiological conditions [4, 9, 17, 19]. Al-
though several reports examined effects of acute activation
or inhibition of HO via acute administration of the substrate
hemin or HO inhibitors, the effects of chronic induction of
HO-1 on renal hemodynamics and renal excretory function
have not been examined before. To determine the effects of
HO-1 on renal function, hemin was used to induce HO-1
expression [1]. Hemin increases HO activity via increasing
substrate availability and also by transcriptional activation
of hmox-1 gene [37]. Treating with HO-1 inducers causes
differential induction of HO-1 in the kidney; increased
expression of HO-1 in different renal structures may exert
different effects on renal function [38]. As expected, in our
study chronic hemin administration increased HO-1 expres-
sion whereas it did not affect HO-2 expression.

In rats treated with hemin, MAP was not different com-
pared to untreated rats; however, hemin-treated rats had sig-
nificantly higher RBF and lower RVR. These results indicate
that renal HO-1 induction exerts a renal vasodilatory effect.
This is consistent with previously reported data that acute
heme administration increases RBF, urine flow, and sodium
excretion [13]. In addition, hemin-treated rats had signifi-
cantly higher GFR compared to control rats indicating that

the vasodilatory response is mediated through dilation of
renal arterioles. These data are consistent with previous
reports showing that acute inhibition of HO decreases RBF
[18, 20] and infusion of CO increased RBF and GFR. In
addition, CO causes vasodilation of afferent arterioles [15].
Interestingly, this renal vasodilatory response in hemin-
treated rats was associated with significantly higher urine
flow (2-fold) and sodium excretion (10-fold) (Figure 3),
indicating that HO-1 induction exerts diuretic and natri-
uretic responses. This is consistent with previous data
showing that acute heme administration causes natriuresis
[13], while acute HO inhibition decreases urine flow and
sodium excretion [39]. With chronic treatment, induction
of HO-1 may be in different segments of the nephron
and may be inhibiting other ion transporters; however, the
effects of HO products on tubular transporters have not
been well characterized. In addition, previous research shows
that acute inhibition of HO with CrMP attenuates pressure-
natriuresis, indicating that HO participates in the natriuretic
response to increases in arterial pressure [14]. We speculate
that the effects of chronic HO-1 induction on renal function
are mediated directly via increases in CO and/or bilirubin
production. However, indirect effects via regulation of other
heme enzymes and/or renal transporters cannot be excluded.

To determine the effect of this vasodilatory response on
renal autoregulatory capability, renal perfusion pressure was
decreased using an aortic clamp and the corresponding RBF
was recorded. Data presented in Figure 4 indicate that renal
autoregulatory responses are maintained in hemin-treated
rats albeit at higher RBF and changes in RBF in response
to decreases in RPP were comparable in hemin-treated and
control rats. This indicates that the renal vascular responses
to changes in RPP are maintained; however, the plateau
of the autoregulation relationship is elevated reflecting the
vasodilatory effect of HO-1 induction. This may protect the
kidney from excessive vasoconstriction during hypertension
while limiting the deleterious effects of the increases in renal
perfusion pressure, which could explain the renoprotective
role of HO induction in different models of hypertension
[38]. To examine this hypothesis, changes in RBF in response
to acute infusion of angiotensin II were compared between
hemin-treated and control untreated rat.

Angiotensin II infusion increased MAP to the same
level in hemin-treated rats and control rats; however, renal
vasoconstrictor responses were significantly attenuated in
hemin-treated rats (Figure 5). This observation is consistent
with previous data showing that the inhibition of HO
with SnMP magnifies the renal vasoconstrictor effect of
angiotensin II [20]. Although RBF significantly decreased
in both control and hemin-treated rats, the increase in
RVR in response to angiotensin II was significantly greater
in control rats than in hemin-treated rats (Figure 5). This
finding is of significant importance because induction of
HO-1 by heme administration to angiotensin-II-infused
hypertensive rats increases creatinine clearance and decreases
proteinuria [17], indicating a renoprotective effect of HO-
1 during angiotensin II hypertension. In addition, chronic
hemin infusions normalize blood pressure in spontaneously
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hypertensive rats [40] and induction of HO-1 prevents the
blood pressure increase in angiotensin-II-infused mice [41].

In summary, the present study demonstrates that phar-
macological renal HO-1 induction increases RBF, GFR,
urine flow, and sodium excretion; these effects are con-
ducive to renoprotection. Renal autoregulatory responses
are maintained but operate at a higher RBF during HO-1
induction. Finally, renal HO-1 induction with hemin signif-
icantly attenuates renal vasoconstrictor responses to angio-
tensin II. Under several pathophysiological conditions, HO-
1 is induced in the kidney [9]; renal HO-1 induction under
these circumstances might play a renoprotective role by
attenuating excessive renal vasoconstrictor responses.
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Heme oxygenase (HO), a catabolic enzyme, provides the rate-limiting step in the oxidative breakdown of heme, to generate carbon
monoxide (CO), iron, and biliverdin-IXα. Induction of the inducible form, HO-1, in tissues is generally regarded as a protective
mechanism. Over the last decade, considerable progress has been made in defining the therapeutic potential of HO-1 in a number
of preclinical models of lung tissue injury and disease. Likewise, tissue-protective effects of CO, when applied at low concentration,
have been observed in many of these models. Recent studies have expanded this concept to include chemical CO-releasing
molecules (CORMs). Collectively, salutary effects of the HO-1/CO system have been demonstrated in lung inflammation/acute
lung injury, lung and vascular transplantation, sepsis, and pulmonary hypertension models. The beneficial effects of HO-1/CO are
conveyed in part through the inhibition or modulation of inflammatory, apoptotic, and proliferative processes. Recent advances,
however, suggest that the regulation of autophagy and the preservation of mitochondrial homeostasis may serve as additional
candidate mechanisms. Further preclinical and clinical trials are needed to ascertain the therapeutic potential of HO-1/CO in
human clinical disease.

1. Introduction

Stress-inducible protein systems represent a common and
ubiquitous strategy that eukaryotic cells and tissues employ
to maintain cellular homeostasis in adverse environments.
Of these, the heat shock proteins (HSPs), whose synthesis
increases with heat stress, and whose accumulation in turn
confers survival advantage to cells undergoing heat stress,
were among the first to be identified [1–3]. HSPs act
as protein chaperones which play multifunctional roles in
protein trafficking and in the clearance of denatured protein
aggregates [3]. Although not strictly heat inducible in all
cell types, the increased expression of a low-molecular-
weight stress protein (32–34 kDa) has emerged as a general
response to chemical and physical stress in cultured cells [4–
6]. Although the agents that induce this response belong to
seemingly disparate chemical and physical classes, a common

feature is their potential to evoke cellular oxidative stress
(i.e., altered redox homeostasis), and/or to stimulate the
inflammatory response [4–10]. The 32–34 kDa protein was
identified as identical to heme oxygenase-1 [4], (HO, E.C.
1.14.99.3), a catabolic enzyme, which provides the rate-
limiting step in the oxidative breakdown of heme. In the pres-
ence of O2 and the electron donor, NADPH: cytochrome p-
450 reductase, HO converts heme to biliverdin-IXα, which is
then converted to bilirubin-IXα by biliverdin reductase [11]
(Figure 1). Additionally, ferrous iron and carbon monoxide
(CO) are released during heme degradation [11].

The lung represents a critical organ for toxicological
studies, since it provides essential life-sustaining functions
in the transfer of molecular oxygen (O2) to the circulatory
system for ultimate use in respiration and energy generation,
and at the same time can act as a major portal of entry for
xenobiotic and pathogen exposure [12]. The expression of
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Figure 1: The heme oxygenase reaction. Heme oxygenase-1 catalyzes the rate-limiting step in heme degradation. The reaction produces
biliverdin-IXα, carbon monoxide (CO), and ferrous iron (Fe II), at the expense of molecular oxygen and NADPH. Biliverdin-IXα produced
in the HO reaction is then converted to bilirubin-IXα by biliverdin reductase. (Side chains are labeled as M: methyl, V: vinyl, P: propionate).
The reactants and products of these enzymatic reactions have numerous and diverse biological sequelae. Heme is a vital molecule used
in biosynthesis of cytochromes and other hemoproteins. Accumulation of this metabolite may promote deleterious oxidative reactions.
Biliverdin-IXα and bilirubin-IXα may serve as cellular antioxidants, whereas circulating bilirubin may also provide antioxidant benefit
in plasma. Bilirubin-IXα is conjugated by hepatic glucuronyltransferases and secreted by the biliary fecal route. CO has numerous signal
transduction effects as outlined in this review. Systemic CO forms bind hemoglobin to form carboxyhemoglobin (CO-Hb). CO eventually
diffuses to the lung where it is eliminated as exhaled CO (eCO). Fe (II) represents a potentially toxic metabolite of heme degradation. A
potential metabolic fate of the released iron is sequestration by the iron storage protein ferritin.

HO-1 is now believed to act as a general protective mecha-
nism of the lung in response to stress stimuli, especially those
involving oxidative or inflammatory components [13–16].

HO-1 has in recent years been demonstrated to confer
protection in a number of preclinical animal models of tissue
injury and disease [13–20] (reviewed in [21]). This review
will highlight those aspects of HO-1 tissue protection rele-
vant to lung disease. Furthermore, accumulating studies over
the past decade have shown that the exogenous application
of the HO-1 end-product CO, when administered at low

concentrations, or alternatively, by pharmacological applica-
tion of carbon-releasing molecules (CORMs), can also confer
protective effects in models of inflammatory stress or tissue
injury [22–24] (reviewed in [21, 25]). Tissue protection has
also been described for the exogenous application of bile
pigments, biliverdin-IXα, and bilirubin-IXα, which represent
the end products of the heme degradation pathway [26–28].

Many of the studies concerning HO-1/CO-dependent
cytoprotection cite mechanisms involve the modulation of
the inflammatory response, including, but not limited to,
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downregulation of proinflammatory cytokine(s) production
[22, 23], as well as the modulation of programmed cell
death (i.e., apoptosis)[29, 30], and cell proliferation [31–34],
depending on cell type and experimental context (Figure 2).
More recent studies, as outlined in this review, suggest
additional novel candidate mechanisms for CO-dependent
protection, including the regulation of cellular macroau-
tophagy, the maintenance of mitochondrial integrity, and
mitochondrial biogenesis. This review will summarize recent
findings on the role of HO-1/CO in lung injury and pul-
monary disease, with an emphasis on disease pathogenesis
and potential therapeutic applications.

1.1. The Heme Oxygenase Enzyme System. The microsomal
enzyme heme oxygenase (HO, E.C. 1:14:99:3) exerts a
vital metabolic function in the regulation of cellular and
tissue heme homeostasis and consequently affects intracel-
lular and tissue iron distribution [35]. The HO enzyme
was originally discovered (ca. 1968-1969) as an NADPH-
dependent enzymatic activity present in hepatic microso-
mal membrane preparations that is responsible for heme
degradation [11]. HO is distinct from cytochrome p450, the
major hepatic microsomal drug- and steroid-metabolizing
system [36]. The two systems share some common features,

including a requirement for electron mobilization from
the reductase component of cytochrome p450 [37–40].
Similar to cytochrome p450, the HO enzyme reaction utilizes
an activated oxygen molecule (O2) bound to the ferrous
iron of a heme coenzyme to catalyze substrate oxidation
[38]. In contrast, p450 oxidizes a bound substrate (steroid
or xenobiotic compound) [37], whereas HO specifically
degrades heme [11, 41, 42]. The association of heme with the
HO enzyme is transient, such that the bound heme uniquely
serves as both catalytic cofactor, and substrate [11, 41, 42].

HO catalyzes the selective ring opening of heme at the α-
methane bridge carbon to form the open chain tetrapyrrole
biliverdin-IXα. The reaction proceeds through three oxida-
tion cycles, requiring three moles of O2 per heme oxidized
[11, 43]. In each oxidation cycle, electrons from NADPH are
utilized to reduce the heme iron to the ferrous form, which
is permissive of O2 binding, and subsequently, to activate
the bound O2 [43]. For each molecule of heme oxidized,
one mole each of ferrous iron and carbon monoxide (CO)
are also released [11]. In catalyzing the breakdown of heme,
HO provides the major source of endogenous biological CO
production [11]. The HO reaction, which is rate limiting
for the pathway, is generally regarded as a detoxification
reaction, in that heme, a potentially deleterious prooxidant
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is processed for subsequent elimination steps. The cytosolic
enzyme, NAD(P)H: biliverdin reductase, reduces biliverdin-
IXα to the hydrophobic pigment bilirubin-IXα [44]. Biliru-
bin IXα accumulates in serum, where it circulates in a
protein-bound form, and acts as a physiological antioxidant
[45, 46]. Circulating bilirubin IXα is conjugated to water-
soluble glucuronide derivatives by hepatic microsomal phase
II enzymes and then subsequently eliminated through the
bile and feces [47].

1.2. HO Isozymes. HO can exist in two distinct isozymes:
the inducible form, heme oxygenase-1 (HO-1), and the
constitutively expressed isozyme, heme oxygenase-2 (HO-
2) [48]. The inducible isozyme HO-1 is a ubiquitous
mammalian shock protein (identified by molecular-cloning
strategies as identical to the major 32 kDa mammalian stress
inducible protein) [4]. HO-1 is regulated at the transcrip-
tional level by environmental stress agents. The myriad of
inducing conditions that elicit this response is not limited
to xenobiotic exposure (i.e., heavy metals, sulfhydryl reactive
substances, oxidants) but also includes endogenous medi-
ators (i.e., prostaglandins, nitric oxide, cytokines, heme),
physical or mechanical stresses (i.e., shear stress, ultraviolet-
A radiation), and extremes in O2 availability (hyperoxia or
hypoxia), as reviewed in [21, 49]. The induction of HO-1
occurs as a general response to oxidative stress [4, 5, 50].
High levels of HO-1 expression occur in the spleen and
other tissues responsible in the degradation of senescent red
blood cells [11, 51]. With the exception of these tissues,
HO-1 expression is generally low in systemic tissues in the
absence of stress. Furthermore, the induction of HO-1 is
a common response to elevated temperature in rat organs
[52].

The constitutively expressed form, HO-2, is expressed
abundantly in the nervous and cardiovascular systems [16].
HO-2 catalyzes the identical biochemical reaction as HO-1
but represents a product of a distinct gene and differs from
HO-1 in primary structure, molecular weight, and kinetic
parameters [53, 54]. HO-2 contains additional noncatalytic
heme-binding domains which are not present in HO-1
[55]. The transcriptional regulation of HO-2 is typically
refractory to most inducing agents with the exception of
glucocorticoids, which stimulate HO-2 transcription in the
nervous tissue [56, 57].

1.3. Heme Oxygenase-1: A Cytoprotective Molecule. It is now
well established in cell culture and animal studies that HO-
1 expression provides a general cyto- and tissue-protective
effect, which is elicited as a generalized protective response
to environmental derangements. From published studies,
it is generally concluded that HO-1 can defend against
oxidative stress conditions in vitro and in vivo by modulating
apoptotic and inflammatory pathways [13, 18, 22, 58, 59].
However, the molecular processes and mechanisms, in which
HO-1 provides cellular and tissue protection, remain only
partially understood. The direct removal of heme may serve
an antioxidative function, since heme acts as a prooxidant
compound on the basis of its iron functional group [60, 61].
Hypothetically, a buildup of heme from the denaturation

of cellular hemoproteins, or from the impaired biosynthesis
or assembly of hemoproteins, may result in oxidative stress
to the cell, through the promotion of iron-dependent free
radical reactions (i.e., Fenton reaction). However, the extent
to which the “free” heme pool is mobilized during stress
remains unknown. Heme is well known as a lipid perox-
idation catalyst in model systems [60, 61] and may cause
endothelial cell injury [62]. By breaking down heme, HO
liberates heme iron, which can itself represent a deleterious
catalytic byproduct with excessive overexpression [63]. HO-
derived iron has been shown to drive the synthesis of ferritin,
which serves as a protective sink for intracellular redox-
active iron [64]. In addition to iron, the reaction products
of the HO system, namely, biliverdin/bilirubin, and CO
may also contribute to cytoprotection. Evidence for this is
based largely on exogenous or pharmacological application
of CO or biliverdin/bilirubin as described in detail in the
sections below, and it remains incompletely clear whether
these mechanisms can account entirely for the cytoprotective
properties of the natural enzyme. An emerging consensus
is that the pleiotropic effects of HO-1 summarized by the
collective effects of the generation and distribution of bioac-
tive products and their downstream sequelae collectively
contribute to HO-dependent cytoprotection. In this regard,
HO-2 likely also serves as a protective agent against oxidative
stress by reducing intracellular heme concentrations and by
increasing levels of bilirubin and ferritin, both of which are
potent antioxidants [56]. However, HO-2 does not typically
respond to transcriptional activation via environmental
stimuli, although some posttranscriptional modulation of
expression has been described [57, 65].

The critical role of HO-1 in systemic homeostasis was
illustrated in the only documented case of HO-1 deficiency
in a human subject, who presented with extensive endothelial
cell damage, anemia, and abnormal tissue iron accumulation
[66]. In addition, knockout mice with the Hmox1−/− geno-
type revealed hepatic and renal iron deposition, anemia and
increased vulnerability to oxidative stress [35, 67].

1.4. Biliverdin/Bilirubin Mediators of HO-Dependent Cytopro-
tection. The cytoprotective effects of HO-1 have been postu-
lated to involve the generation of its end products. The open-
chain tetrapyrroles biliverdin and bilirubin exert antioxidant
properties in vitro [45, 46], which have been demonstrated
to confer cytoprotective and antiproliferative properties [27,
28, 68, 69] (reviewed in [70, 71]). Increasing evidence
suggests that bilirubin plays an important physiological role
as an antioxidant in serum [38, 39]. Increases of serum BR
have been correlated with vascular protection and resistance
to oxidative stress in vivo [72]. Hyperbilirubinemic Gunn
rats display reduced plasma biomarkers of oxidative stress
following exposure to hyperoxia, relative to normal controls,
suggesting that hyperbilirubinemia may confer protection
against oxidative stress [72]. Recent clinical studies indicate
a relationship between circulating bilirubin levels and risk
of vascular disease. Serum BR levels were indicated as an
independent, inverse risk factor for coronary artery disease
and peripheral vascular disease [73, 74]. In a large-scale
prospective study of men, subjects in the midrange of serum
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BR concentration were at the lowest incidence of ischemic
heart disease relative to those subjects displaying the lowest
or highest fifth of serum BR distribution [75]. In healthy
subjects, serum BR levels were inversely correlated with two
indicators for atherosclerosis [76]. Patients with Gilbert’s
syndrome, who have increased levels of circulating unconju-
gated bilirubin due to reduced glucuronyltransferase activity,
displayed reduced incidence of ischemic heart disease when
compared to the general population [77]. Serum samples
from Gilbert’s patients were further shown to have increased
antioxidant capacity and resistance to oxidation [78]. It
should be noted that bilirubin also may exert toxicological
consequences at supraphysiological levels, as implicated in
the neurological injury associated with neonatal jaundice
[79].

2. Protective Effects of HO-1/CO in
Lung Injury and Disease

2.1. HO-1/CO in Endotoxemia and Sepsis. HO-1, as an indu-
cible cytoprotective molecule, has been implicated as a mod-
ulator of the acute inflammatory response, as demonstrated
using in vitro and in vivo models of inflammatory stress [14,
15, 22]. HO-1 gene expression via adenovirus-mediated gene
delivery inhibited the bacterial lipopolysaccharide- (LPS-)
induced production of pro-inflammatory cytokines, such
as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
interleukin-6 (IL-6), and macrophage inflammatory protein-
1β (MIP-1β) in cultured macrophages in vitro, and increased
the anti-inflammatory cytokine interleukin-10 (IL-10) levels
during LPS challenge [22].

HO-1 has also exhibited anti-inflammatory effects
through in vivo models of inflammatory diseases. Additional
studies have shown that enhanced gene expression of HO-
1 in rat lungs via intratracheal adenoviral-mediated gene
transfer limited murine acute lung injury following influenza
virus infection [14] and ameliorated LPS-induced lung
injury in mice via increased IL-10 production [15, 22].
Furthermore, administration of biliverdin, a direct product
of HO degradation, resulted in a significant decrease of
proinflammatory cytokines, such as IL-6, upregulation of
IL-10 levels, and reduction of lung injury markers in LPS-
treated rats. Thus, biliverdin protected against systemic
inflammation and lung injury after lethal exposure to LPS.
This defense against LPS-induced injury applied to cultured
lung endothelial cells as well as macrophages [80]. HO-1 has
also displayed anti-inflammatory effects in various models
of tissue injury besides the lung, which include enhanced
protection during cardiac [81], renal [82], and liver [83]
transplantation.

Several recent studies have implicated a protective role
for HO-1 during microbial sepsis [84–87]. Using the cecal
ligation and puncture (CLP) technique to induce sepsis,
HO-1-deficient mice (Hmox1−/−) suffered higher mortality
rates compared with HO-1 sufficient mice. These mice were
also shown to have an increased level of free circulating
heme rendering them more susceptible to death from sepsis
[85].

Conversely, targeted overexpression of HO-1 to smooth
muscle cells and myofibroblasts, and bowel protected against
sepsis-induced mortality associated with Enterococcus faecalis
infection, enhanced bacterial clearance by increasing phago-
cytosis and the endogenous antimicrobial response [84].

High-mobility group box-1 (HMGB1) protein can medi-
ate various cellular responses, including chemotaxis and
accumulation of proinflammatory cytokines. Thus, this
molecule may represent a key target in strategies to limit
inflammation. With respect to potential mechanisms for
HO-1-mediated protection in sepsis, several studies have
demonstrated that circulating levels of HMGB1 contribute
to LPS-induced mortality in Hmox1−/− mice [86, 87].
Furthermore, the pharmacological administration of HO-
1-inducing compounds (i.e., heme) significantly reduced
plasma levels of HMGB1 in mice challenged with LPS or
CLP, which was also associated with the reduction of serum
TNF-α, and IL-1β levels [86, 87]. Transfection of HO-1
or induction of HO-1-derived CO resulted in a significant
reduction in the translocation and release of high-mobility
group box 1 (HMGB1) in CLP-induced sepsis in vivo.
In conclusion, HO-1-derived CO significantly attenuated
HMGB1 release during sepsis, and this inhibition is a
necessary step of CO in protection against sepsis [87].

In vitro experiments showed that pretreatment with HO-
1 inducers, or transfection of HO-1, significantly inhibited
HMGB1 release, translocation of HMGB1 from nucleus to
cytosol, and release of proinflammatory cytokines (i.e., TNF-
α, IL-1β, and IFN-β) in RAW264.7 cells stimulated with LPS.
These effects were mimicked by CO donor compounds and
reversed by CO scavengers [87]. Thus, inhibition of HMGB1
release via HO-1 treatment may represent a potential
application for therapeutic intervention against sepsis [87].

Hemin administration was shown to protect mice from
lethal endotoxemia and sepsis induced by LPS or CLP,
respectively [87]. In this context, heme administration was
used as a pharmacological agent to induce HO-1 in healthy
animals before applying sepsis. In contrast however, a
recent study has suggested that heme-driven tissue damage
contributes to the pathogenesis of severe sepsis. The authors
demonstrate that the exacerbated mortality of Hmox1−/−

mice subjected to low-grade polymicrobial infection induced
by CLP correlated with the accumulation of free heme
in the plasma. Administration of free heme to wild-type
(Hmox1+/+) mice subjected to low-grade microbial infection
(nonlethal) was sufficient to elicit a lethal form of severe
sepsis. The development of lethal forms of severe sepsis
after high-grade infection was associated with reduced serum
concentrations of the heme-sequestering protein hemopexin
(HPX), a protein produced by the body to scavenge free
heme, whereas HPX administration after high-grade infec-
tion prevented tissue damage and lethality. Further, the lethal
outcome of septic shock in patients was associated with
reduced levels of serum HPX concentrations, suggesting that
targeting free heme by modulation of HPX might be used
therapeutically to treat severe sepsis. Therefore, in a clinical
setting, monitoring the patients’ levels of circulating heme
and/or HPX might be used to predict the likelihood of a fatal
outcome in each case of severe sepsis [85].
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CO also plays a role in the protection against lung inflam-
mation and injury in rodents. In mice, low doses of CO
(250 ppm), as well as HO-1 expression, when administered
with a sublethal dose of LPS, selectively inhibited the expres-
sion of LPS-induced proinflammatory cytokines including
TNFα, IL-1β, and MIP-1β [22]. CO dose-dependently
increased LPS-inducible IL-10 [22]. Similar effects were
observed in cultured macrophages exposed to CO [22]. The
p38 mitogen-activated protein kinase (MAPK) pathway was
shown to be important for the CO-mediated effect in these
cells [22].

The anti-inflammatory protection against LPS-induced
organ injury conferred by CO was also observed in asso-
ciation with inhibition of inducible nitric oxide synthase
(iNOS) expression and activity in the lung. In contrast,
while CO also protected against LPS-induced hepatic injury,
an enhancement of iNOS expression and activity by CO
was observed in this organ [88]. Studies of primary lung
macrophages and hepatocytes in vitro revealed a simi-
lar effect; CO inhibited LPS-induced cytokine production
in lung macrophages while reducing LPS-induced iNOS
expression, and protected hepatocytes from apoptosis while
augmenting iNOS expression [88]. It remains unclear to
which extent these changes in iNOS contribute to the
cytoprotection conferred by CO, as it appears that the
functional consequences of iNOS regulation by CO differ in
an organ-specific fashion.

Anti-inflammatory effects of CO were also recently
demonstrated in a swine model of endotoxin challenge.
CO reduced the development of disseminated intravascular
coagulation and diminished serum levels of the proinflam-
matory IL-1β in response to LPS and induced IL-10 after
LPS challenge [89]. Recent studies evaluated the efficacy of
inhaled CO in reducing LPS-induced lung inflammation in
cynomolgus macaques (a nonhuman primate model). CO
exposure (500 ppm, 6 h) following LPS inhalation decreased
TNF-α release in the bronchioalveolar lavage fluid (BALF)
but did not affect IL-6 and IL-8 release, in addition to
reducing pulmonary neutrophilia (not observed at lower
concentrations of CO). This reduction of pulmonary neu-
trophilia was as efficacious as pretreatment with a well-
characterized inhaled corticosteroid. However, the therapeu-
tic efficacy of CO required relatively high doses that resulted
in high carboxyhemoglobin (CO-Hb) levels (>30%). This
work highlights the complexity of interspecies variation of
dose-response relationships of CO to CO-Hb levels and to
the anti-inflammatory functions of CO [90]. This study is
the first to examine the therapeutic index and dose-response
relationships of CO therapy in nonhuman primates, and this
warrants further investigations in humans [90].

2.2. HO-1/CO in High Oxygen Stress. O2 is required to sus-
tain aerobic life, but paradoxically, due to its biradical nature
and reactivity, and consequently its ability to participate in
electron transfer reactions, can also be harmful to life [91].
Supraphysiological concentrations of O2 (hyperoxia) are
routinely used in the clinic to prevent or treat hypoxemia and
acute respiratory failure [92]. However, prolonged exposure
to hyperoxia can result in tissue damage in many organs,

including lungs, and lead to the development of both acute
and chronic lung injury [92]. Hyperoxia-induced damage
in mice is characterized by an alveolar-capillary barrier dys-
function, impaired gas exchange, and pulmonary edema [13,
93]. Elevated HO-1 protein expression was reported in lungs
of mice and in cultured epithelial cells subjected to hyperoxia
[93]. The expression of ho-1 in rat lungs by intratracheal
adenoviral-mediated gene transfer, which increased HO-1
expression in the bronchiolar epithelium, protected against
the development of pulmonary damage during hyperoxia
exposure [13]. Rats infected with ho-1 prior to hyperoxia
displayed reductions in lung injury markers, neutrophil
infiltration, and apoptosis, and a marked increase in survival
against hyperoxic stress when compared to control-infected
rats [13]. In vitro, HO-1 overexpression also protected
epithelial cells against hyperoxia-induced cytotoxicity [58].

Similarly, low doses of CO have been shown to provide
protection against hyperoxic lung injury. The administration
of CO (250 ppm) during hyperoxia exposure prolonged
the survival of rats and mice subjected to a lethal dose
of hyperoxia and dramatically reduced histological indices
of lung injury, including airway neutrophil infiltration,
fibrin deposition, alveolar proteinosis, pulmonary edema,
and apoptosis, relative to animals exposed to hyperoxia
alone [23, 94]. In mice, hyperoxia was shown to induce the
expression of proinflammatory cytokines (i.e., TNFα, IL-1β,
IL-6) and activate major MAPK pathways in lung tissue. The
protection afforded by CO treatment against the lethal effects
of hyperoxia correlated with the inhibited release of pro-
inflammatory cytokines in BALF. Genetic studies in mice
revealed that the anti-inflammatory effect of CO depended
on the MKK3/p38β MAPK pathway [94]. Corresponding in
vitro studies of oxidative lung cell injury have also indicated
protective effects of low-dose CO application (250 ppm). CO
inhibited hyperoxia-induced apoptosis of cultured epithelial
cells, which required the activation of the MKK3/p38β
MAPK pathway [94] as well as the STAT3 pathway [95].
Further mechanistic studies in pulmonary endothelial cells
revealed that low-dose CO application inhibited the initi-
ation and propagation of extrinsic apoptotic pathways in
mouse lung endothelial cells subjected to hyperoxia [96]. CO
inhibited O2-induced activation of the death inducing signal
complex (DISC) and downstream activation of apoptogenic
factors, including caspases (−8, −9, −3) and Bid, thereby
affording protection against cell death. CO also diminished
membrane-dependent reactive oxygen species (ROS) pro-
duction during hyperoxia by inhibiting the ERK1/2 MAPK
pathway [96].

2.3. HO-1/CO in Ventilator-Induced Lung Injury. Mechanical
ventilation is commonly used clinically for the maintenance
of critically ill patients. However, this therapeutic tool can
lead to the development of acute lung injury (ALI)/and acute
respiratory distress syndrome (ARDS). Despite reductions
in tidal volume currently implemented during mechanical
ventilation in the clinic, the complications of ALI/ARDS
continue to present a high rate of mortality (∼40%) [97,
98]. The lung damage incurred by mechanical ventilation
is referred to as ventilator-induced lung injury (VILI) and
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involves a sterile inflammatory response to cyclic stretching
of the tissue [99]. An anti-inflammatory effect of CO was
first described in a two-hit model of VILI in which rats
were subjected to an injurious high tidal volume ventilator
setting combined with intraperitoneal endotoxin injection.
This model caused increased expression of HO-1 in the
lung. The inclusion of low-concentration CO (250 ppm) in
the ventilator circuit reduced the inflammatory cell count
in BALF. In the absence of cardiovascular derangements,
CO dose-dependently decreased TNFα and increased IL-
10 content in the BALF [100]. CO application was also
found to confer tissue protection in a mouse model of
VILI, using moderate tidal volume settings [101, 102].
In the mouse model, mechanical ventilation caused lung
injury reflected by increases in protein concentration, and
total cell and neutrophil counts in the BALF. CO reduced
ventilation-induced cytokine and chemokine production
and prevented lung injury during ventilation, as reflected
by the inhibition of ventilation-induced increases in BALF
protein concentration and cell count, lung neutrophil influx,
and pulmonary edema formation [101, 102]. CO also
prevented the HO-1 response to mechanical ventilation,
indicating a tissue-protective effect that preceded and did
not necessarily depend on secondary activation of stress
proteins [101]. Inclusion of CO during ventilation increased
the expression of the tumor-suppressor protein caveolin-
1 in mouse lung epithelium. Mice genetically deficient in
caveolin-1 (Cav-1−/−) were reported to be more susceptible
to VILI than their wild-type counterparts. Furthermore, CO
ventilation failed to confer protection against mechanical
ventilation-induced lung injury in cav-1−/− mice, indicating
a requirement for caveolin-1 in the protective effects of CO
[101]. Mechanical ventilation was also shown to increase the
expression of the proinflammatory transcriptional regulator
early growth response protein-1 (Egr-1) in the lungs of mice,
which in turn was inhibited by CO ventilation. The Egr-1−/−

mice resisted lung injury during ventilation, relative to
their wild-type counterparts, affirming that Egr-1 acts as a
proinflammatory mediator in VILI [102].

In lung macrophages, peroxisome proliferator acti-
vated receptor-γ (PPAR-γ), a nuclear regulator, has been
demonstrated to act as an anti-inflammatory mediator by
counteracting the proinflammatory effects of Egr-1 [103].
CO exposure was found to increase PPAR-γ in cultured
macrophages. Furthermore, chemical inhibition of PPAR-
γ in vivo reversed the protective effects of CO in this model
with respect to Egr-1 regulation and lung injury parameters
[102]. These studies in VILI models are supportive of
general protective effects of CO in the maintenance of the
alveolar-capillary barrier. CO has also been demonstrated
to inhibit alveolar fluid clearance [104], and these effects
should also be further studied when implementing CO for
pulmonary therapies. These studies collectively suggest that
mechanical ventilation in the presence of CO may provide
protection in animal models of VILI. Further research is
needed to better understand the pathogenesis of VILI as
well as the protective potential of CO and other so-called
therapeutic gases in these models. It remains unclear whether
the protective effects of these gases as observed in the

mouse would ultimately translate to clinical effectiveness in
humans.

2.4. HO-1/CO in Pulmonary Ischemia Reperfusion Injury
and Lung Transplantation. The therapeutic potential of HO-
1/CO in ischemia/reperfusion (I/R) injury models has been
described extensively in rodent systems. Lung I/R caused by
occlusion of the pulmonary artery was shown to cause lung
apoptosis, as evidenced by biochemical markers including
caspase activation, expression changes in Bcl2 family pro-
teins, cleavage of PARP, and mitochondrial cytochrome-c
release [105]. CO conferred tissue protection in rodents sub-
jected to lung I/R injury, as evidenced by reduced markers of
apoptosis, which depended on activation of the MKK3/p38α
MAPK pathway [106]. Mechanistic studies from the same
laboratory revealed that CO conferred similar antiapoptotic
protection in cultured pulmonary artery endothelial cells
against anoxia reoxygenation stress, which was dependent
on activation of the MKK3/p38α MAPK pathway [106, 107].
Additional proposed pathway mechanisms included the
activation of the phosphatidylinositol-3-kinase/Akt pathway
and downstream induction of the signal transducer and
activator of transcription (STAT)-3 [107].

In vivo studies using homozygous ho-1 knockout mice
(hmox-1−/−) demonstrated that HO-1 deficiency conferred
sensitivity to the lethal effects of lung I/R injury. Application
of exogenous CO by inhalation compensated for the HO-
1 deficiency in hmox-1−/− mice and improved survival
subsequent to pulmonary I/R [108]. The protection provided
by CO involved the stimulation of fibrinolysis, by the cGMP-
dependent inhibition of plasminogen activator inhibitor-
1, a macrophage-derived activator of smooth muscle cell
proliferation [108]. CO also inhibited fibrin deposition
and improved circulation in ischemic lungs [109]. These
protective effects were related to the inhibited expression
of the proinflammatory transcription factor Egr-1, and the
subsequent downregulation of Egr-1 target genes, which
contribute to inflammatory or prothrombotic processes. The
downregulation of Egr-1 depended on the enhancement of
cGMP signaling by CO treatment, leading to the inhibition
of the ERK1/2 MAPK pathway [109].

I/R injury also represents an important causative com-
ponent of graft rejection after lung transplantation. During
orthotopic left lung transplantation in rats, the transplanted
lungs were shown to develop severe intra-alveolar hem-
orrhage and intravascular coagulation. The application of
continuous CO exposure (500 ppm) markedly preserved the
graft and reduced hemorrhage, fibrosis, and thrombosis
after transplantation. Furthermore, CO inhibited lung cell
apoptosis and downregulated lung and proinflammatory
cytokine and growth factor production which were induced
during transplantation [110]. Additional studies revealed
that protection against I/R and inflammatory injury was
reduced in syngeneic rat orthotopic lung transplantation
by inhalation exposure to either the donor or the recipient
[111]. Delivery of CO to lung grafts by saturation of the
preservation media reduced I/R injury and inflammation in
syngeneic rat orthotopic lung transplantation [112].
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2.5. Protective Role of CO in Vascular Injury. A protective
role for CO in vascular injury has been reported. In this
study, inhaled CO prevented arteriosclerotic lesions that
occur following aorta transplantation in rodent models.
Exposure to a low level of CO (250 ppm) for 1 hour
before injury was sufficient to suppress intimal hyperplasia
arising from balloon injury [32]. The protective effect
of CO was associated with inhibition of graft leukocyte
infiltration/activation as well as with inhibition of smooth
muscle cell proliferation [32]. A more recent study has
shown that intravenous injection of CO-saturated saline
caused immediate vasodilation and increased blood flow in
the hamster skin microcirculation, an effect that lasted up
to 90 mins [113]. These changes were related to increased
cardiac output and local cGMP levels. This study supports
the possible use of CO-saturated solutions as a vasodilator
in critical conditions; however, dosage appears to be critical,
since higher and lower dosages by a factor of two were
ineffective [113].

2.6. Carbon Monoxide and Pulmonary Arterial Hyperten-
sion (PAH). Pulmonary arterial hypertension (PAH) is a
terminal disease characterized by a progressive increase in
pulmonary vascular resistance leading to right ventricular
failure. Several studies suggest that HO-1 or CO can exert
protective effects in the context of pulmonary hyperten-
sion, and reverse hypoxic pulmonary vasoconstriction. The
hmox-1−/− null mice displayed an exaggerated response to
chronic hypoxia relative to wild-type mice, as exemplified
by marked right heart hypertrophy, which included right
ventricular infarcts and the formation of mural thrombi
[114]. Chemical induction of HO-1 inhibited the develop-
ment of PAH in rat lungs in response to chronic hypoxia
[17]. Furthermore, transgenic mice with lung-specific over-
expression of HO-1 displayed reduced lung inflammation,
pulmonary hypertension, and vascular hypertrophy during
chronic-hypoxia treatment, relative to wild-type mice [18].
In monocrotaline- (MCT-) induced hypertension, protective
effects were observed by treatment with the antiproliferative
agent rapamcyin, which were associated with the induction
of HO-1 [115]. In vitro, the antiproliferative effect of
rapamycin on smooth muscle cells also depended in part
on HO-1 expression, as it was diminished in smooth muscle
cells derived from ho-1−/− mice [115].

Inhalation of CO has been shown to attenuate the
development of hypoxia-induced PAH in rats, by a mech-
anism possibly involving activation of Ca2+ -activated K+

channels [116] and NO generation [34]. In hypoxia and
monocrotaline-induced PAH in rodents, daily CO exposure
(250 ppm, 1 h) reversed established PAH and right ventric-
ular hypertrophy and restored right ventricular and pul-
monary arterial pressures. CO treatment restored pulmonary
vascular architecture to a near-normal condition [34]. The
protective effect of CO was endothelial cell dependent and
associated with increased apoptosis and decreased cellular
proliferation of vascular smooth muscle cells [34]. The
ability of CO to reverse PAH was further shown to require
endothelial nitric oxide synthase (eNOS) and NO produc-
tion, as indicated by the inability of CO to reverse chronic

hypoxia-induced PAH in eNOS−/− mice [34]. Biliverdin and
bilirubin have also been shown to exert antiproliferative
effects on vascular smooth muscle and thus may also have
therapeutic potential in PAH and other diseases involving
aberrant vascular cell proliferation [27, 28].

3. Role of HO-1/CO in the Regulation
of Autophagy

In addition to classical mechanisms such as apoptosis and
inflammation, several recent intriguing studies suggest that
HO-1, and its byproduct CO, can possibly impact the
regulation of autophagy, a vital cellular process, which may in
part contribute to the cytoprotective mechanism. Macroau-
tophagy (autophagy) is a regulated cellular pathway for the
turnover of organelles and proteins by lysosomal-dependent
processing. The autophagy mechanism involves double-
membrane vesicles, called autophagosomes or autophagic
vacuoles, that target and engulf cytosolic material, which
may include damaged organelles or denatured proteins.
The autophagosomes fuse with lysosomes to form single-
membrane autolysosomes. Lysosomal enzymes facilitate
a degradation process to regenerate metabolic precursor
molecules (i.e., amino acids, fatty acids), which can be
used for anabolic pathways and ATP production [117–
124]. This process may thereby prolong cellular survival
during starvation. During infection, autophagy assists in
the immune response by providing a mechanism for the
intracellular degradation of invading pathogens, such as
bacteria, and may also contribute to adaptive immune
mechanisms [123]. At least 30 autophagy-related (Atg) genes
have been determined, primarily in yeast. The homologues
of many of these Atg genes have been shown to participate
in the regulation of autophagy [125, 126]. Among these,
Beclin 1 (the mammalian homolog of yeast Atg6) represents
a major autophagic regulator [126]. Beclin 1 associates
with a macromolecular complex that includes the class III
phosphatidylinositol-3 kinase (Vps34). The Beclin 1 com-
plex produces phosphatidylinositol-3-phosphate, a second
messenger that regulates autophagosomal nucleation [124,
125]. The microtubule-associated protein-1 light chain-3B
(LC3B), the mammalian homologue of Atg8 is an important
mediator of autophagosome formation, which is found in
association with the autophagosomal membrane [127].

Autophagy has been shown to be both protective and
injurious in a variety of different models, suggesting that its
role in human diseases is complex. Autophagy is generally
considered to be protective when it is induced in response
to stress, reducing the activation of lethal signal transduction
cascades, and maintaining crucial levels of ATP that allow for
the generation of proteins and other biosynthetic reactions.
Autophagy also facilitates the elimination of potentially
toxic protein aggregates, helping to limit the accumulation
of ubiquitinylated proteins that otherwise would inhibit
proteasome function. Induction of autophagy affects the
progression of the cell cycle (and vice versa), suggesting
that autophagy can influence cellular sensitivity to cell cycle-
dependent toxins [128].
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Autophagy is rarely considered a suicidal mechanism as
it usually precedes apoptosis or necrosis [128]. Nevertheless,
autophagy has been proposed to contribute to Type-II
programmed cell death (PCD), a morphologically distinct
form of PCD that involves excess levels of cellular autophagy,
degradation of irreversibly damaged organelles, and preser-
vation of cytoskeletal elements. Autophagic cell death occurs
during development, in a number of homeostatic processes
in adulthood that require the elimination of large amounts
of cells, and during the neonatal period in order to maintain
cellular energy homeostasis and survival [129]. However,
there is still no conclusive evidence that a specific mechanism
of autophagic cell death exists, as this phenomenon seems to
occur only in cells that cannot die by conventional apoptotic
mechanisms [130]. Apoptosis can occur at the same time as
autophagy in the same cells suggesting a common regulatory
mechanism; however, the precise crosstalk between these
two processes remains to be elucidated. Several proapoptotic
signaling molecules known to induce autophagy include
TRAIL [131], TNF [132], FADD, DRP-I (dynamin-related
protein-1), and DAPK (death-associated protein kinase)
[133]. Ca2+ is a major intracellular second messenger
involved in mediating both apoptosis and autophagy, where
elevated Ca2+ induces autophagy which can be inhibited by
ER-associated Bcl-2 [134]. The Bcl-2 proteins are also known
to be important in both autophagy and apoptosis signaling.
Beclin 1 has been shown to interact with Bcl-2 resulting in
the inhibition of Beclin 1-mediated autophagy in response
to starvation [135, 136]. Further evidence for a cross-talk
between apoptosis and autophagy is also supported by a
recent study on Atg5. A truncated form of Atg5 (cleaved
by calpains 1 and 2) participates in apoptosis regulation
and translocates from the cytosol to mitochondria to trigger
cytochrome c release and caspase activation [134]. This Atg5
fragment has been shown to bind to Bcl-XL, displacing
Bcl-XL-Bax complexes, to inactivate Bcl-XL antiapoptotic
activity, thereby promoting Bax-Bax complex formation,
which suggests that Atg5 may be an independent key player in
both apoptosis and autophagy. Functional mitochondria are
also needed for autophagic induction [137]. Mitochondria
have been proposed to act as a platform for controlling
the crosstalk between stress responses, autophagy, and
programmed cell death, however, the exact mechanisms
through which autophagy can intercept lethal signaling
remain unknown.

The role of autophagy, whether protective or deleterious,
in human diseases, or specifically in chronic lung disease
remains obscure. Recently, we demonstrated a pivotal role
for autophagy in cigarette smoke-induced apoptosis and
emphysema. We have observed increased autophagy in
mouse lungs subjected to chronic cigarette smoke exposure,
and in pulmonary epithelial cells exposed to cigarette smoke
extract (CSE). Knockdown of autophagic proteins inhibited
apoptosis in response to cigarette smoke exposure in vitro,
suggesting that increased autophagy was associated with
epithelial cell death. We have also observed increased mor-
phological and biochemical markers of autophagy in human
lung specimens from patients with chronic COPD, suggestive
of novel therapeutic targets for COPD treatment [138].

HO-1 has been associated with both the cytoprotective
and cytotoxic functions of autophagy induction (Figure 3).
HO-1 induces a cytoprotective role for autophagy in lung
epithelial cells in response to cigarette smoke by downregu-
lating apoptosis and autophagy-related signaling [139]. CSE
increased the processing of LC3B-I to LC3B-II (the lipidated
active form), within 1 hr of exposure in Beas-2B cells.
Increased LC3B-II was associated with increased autophagic
activity, since inhibitors of lysosomal proteases and of
autophagosome-lysosome fusion further increased LC3B-
II levels during CSE exposure. CSE concurrently induced
extrinsic apoptosis in Beas-2B cells involving early activation
of death-inducing-signaling-complex (DISC) formation and
downstream activation of caspases (−8, −9, −3). HO-
1 protected against such CSE-induced effects; adenoviral-
mediated expression of HO-1 inhibited DISC formation
and caspase-3/9 activation in CSE-treated epithelial cells,
diminished the expression of Beclin 1, and partially inhibited
the processing of LC3B-I to LC3B-II. These studies were the
first to demonstrate a relationship between autophagic and
apoptogenic signaling in CSE-induced cell death, and their
coordinated downregulation by HO-1 [139].

We have also shown that HO-1 mRNA expression was
elevated in the lungs of mice chronically exposed to cigarette
smoke [139], implying that HO-1 is upregulated in response
to cigarette smoke. In addition, HO-1 was shown to localise
to mitochondria in response to hemin, lipopolysaccharide,
and CSE in human alveolar (A549), or bronchial epithelial
cells (Beas-2B) [140]. These studies suggest that the intra-
cellular location of HO-1, in this case, translocation to the
mitochondria may be important for its role in remediating
cellular stress and cell death.

In other models, HO-1 has been shown to upregulate
autophagy in hepatocytes, leading to protection against
hepatocyte cell death and hepatic injury from infection-
induced sepsis in mice [141]. HO-1 and autophagy are
both upregulated in the liver in response to sepsis and LPS
and have been shown to limit cell death. Pharmacological
inhibition of HO-1 activity or knockdown of HO-1 prevents
the induction of autophagic signaling in this model and
resulted in increased hepatocellular injury, apoptosis, and
death [141]. Finally, HO-1 dependent autophagic signaling
has also been shown to have anti-inflammatory effects in
LPS-stimulated macrophages where HO-1 and autophagy
collectively serve to limit cytokine production [142]. HO-
1 is integral to regulating and dampening the inflam-
matory response, as demonstrated by the expressed pro-
inflammatory phenotype found in HO-1 knockout mice.
Many of the anti-inflammatory effects of HO-1 have been
attributed to CO which, when provided exogenously, is
known to decrease inflammation in macrophages and other
cells.

On the contrary, HO-1 has been shown to promote
autophagy and consequent cell death in a number of
models. HO-1 overexpression results in the activation of
mitochondrial-selective autophagy (mitophagy) resulting in
the accumulation of iron-laden cytoplasmic inclusions [143]
in Alzheimer’s disease and Parkinson’s disease. HO-1 has
also been implicated in the inhibition of autophagosome
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Figure 3: HO-1 as a regulator of autophagy. Autophagic machinery is mobilized in response to stress signals that result in mitochondrial
perturbation or accumulations of protein aggregates. A number of proteins have been identified as signaling molecules in preautophagosomal
assembly. These include master regulators such as the ULK1 complex, the Beclin-1/Vps34 complex, as well as the autophagic proteins LC3B
(Atg8), Atgs 5, 12, 16 which transiently associate with the nascent autophagosome. In inflammation models, HO-1 has been implicated as
an inducer of autophagy leading to cell survival and anti-inflammatory effects. In this regard, HO-1 may preserve mitochondrial integrity
through the activation of mitochondrial-selective autophagy (mitophagy) which enhances cell survival. In models of neurodegeneration,
overexpression of HO-1 leading to activation of autophagy/mitophagy may be detrimental and contribute to neuronal cell death. In lung
epithelial cells, HO-1 prevents the induction of autophagy in response to cigarette smoke, leading to cell survival and inhibition of cell death
pathways. Overall, the role of HO-1 in controlling cell fate through autophagy is complex. In limited studies to date, the effect of HO-1 on
autophagy varies in a cell-type and inducer-specific fashion.

formation in renal tubular epithelial cells exposed to
cisplatin promoting their survival. The absence of HO-
1 in renal epithelial cells treated with cisplatin results in
impaired autophagy and increased apoptosis. Restoring HO-
1 expression in these cells reversed the impaired autophagic
response and decreased susceptibility to cisplatin-induced
apoptosis, validating the importance of HO-1 expression
during cisplatin injury [144]. These data suggest that the
role of HO-1 in the control of autophagy is specific to
differences in stimulus and cell type; however, in general,
HO-1 induction and signaling is an adaptive response to
restore cellular homeostasis, much like autophagy. This
dual nature of autophagy and HO-1 and the increasing
number of pathologies they are associated with highlights
of the importance of studying the regulation and effects of
autophagy and its control by HO-1 during lung injury.

Our recent studies suggest that CO exposure alone
has the potential to induce autophagy in epithelial cells.
CO treatment increased the expression and activation of
the autophagic protein LC3B in mouse lung, and in cul-
tured human alveolar or bronchial epithelial cells, in a
time-dependent manner [145]. Furthermore, CO exposure
elicited increased autophagosome formation in epithelial
cells, as determined by electron microscopy and GFP-
LC3 puncta assays. Recent studies indicate that ROS plays
an important role in the activation of autophagy. CO
upregulated mitochondria-specific generation of ROS in
epithelial cells. Furthermore, CO-dependent induction of

LC3B expression was inhibited by the general antioxi-
dant N-acetyl-L-cysteine and the mitochondria-targeting
antioxidant Mito-TEMPO, suggesting that CO promotes the
autophagic process through mitochondrial ROS generation.
We further examined the relationships between autophagic
proteins and CO-dependent cytoprotection, using a model
of hyperoxic stress. CO protected against hyperoxia-induced
cell death and inhibited hyperoxia-associated ROS produc-
tion. The ability of CO to protect against hyperoxia-induced
cell death and caspase-3 activation was compromised in
epithelial cells infected with LC3B-siRNA, indicating a role
for autophagic proteins [145]. These studies uncover a
potentially new candidate mechanism for the protective
action of CO in lung cells which has not been previously
explored. Further investigations are now underway to inves-
tigate elucidate the role of autophagy in lung disease and
injury, and in the therapeutic potential of HO-1/CO.

4. Pharmacological CO

4.1. Carbon-Monoxide-Releasing Molecules. The develop-
ment of transition metal-based carbon-monoxide-releasing
compounds (CORMs) has provided a pharmacological
method for delivery of CO as a promising alternative to
inhalation. The CORMs used in experimental studies to
date include Mn2CO10 (CORM-1) and the ruthenium-
based compounds tricarbonyldichlororuthenium-(II)-dimer
(CORM-2) and tricarbonylchoro(glycinato)-ruthenium (II)
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(CORM-3) [146, 147]. CORM-1 and CORM-2 are soluble
in organic solvents, whereas CORM-3 dissolves in water and
rapidly releases CO in physiological fluids. A nontransition
metallic water-soluble boron-containing CORM (CORM-
A1) has also been developed, which slowly releases CO
in a pH and temperature-dependent fashion (half-life of
21 min) [148]. This chemical difference dictates how CO
causes vasorelaxation and hypotension as CORM-3 elicits
a prompt and rapid vasodilatory effect, whereas CORM-
A1 promotes mild vasorelaxation and hypotension [149].
Recently, a novel light-sensitive CORM has been developed
[150]. Interestingly, and in contrast to inhaled CO, CORMs
appear to deliver CO directly to the tissues without sig-
nificant formation of CO-Hb. There is an abundance of
preclinical evidence in large and small animals showing the
beneficial effects of CO, administered as a gas or as CORM,
in cardiovascular disease, sepsis, and shock; cancer, acute and
chronic rejection of a transplanted organ; kidney, liver injury,
and some published reports in the acute lung injury field.

The chemistry of transition metals carbonyls is varied,
highly versatile, and not restricted to the above-described
compounds. Several subclasses of metal carbonyl com-
pounds containing either manganese, iron, cobalt, molyb-
denum, or ruthenium have been synthesized and tested for
their ability to act as CORMs [151]. Though the discovery of
these CORM compounds opens up new possibilities, there
are still several issues to overcome for medical applications,
particularly those in which downstream tissue sites draining
the injection site are targeted. These small molecular drugs
diffuse rapidly within the body after administration and
may liberate CO prior to reaching these target tissues.
Thus, there is considerable need for developing a safe and
efficient CO-delivery system. Future work in this area should
be directed to the synthesis of CORMs which, beyond an
effective therapeutic action and low toxicity, need molecular
characteristics with appropriate absorption, distribution,
metabolism, and excretion properties [25]. A recent report
by Kretschmer demonstrates the synthesis of a new CORM
(CORM-S1) based on iron and cysteamine, which is soluble
in water and releases CO under irradiation with visible light,
while it is widely stable in the dark [150]. This is the first
example of a light-induced CO release from water-soluble
iron-based CORMs, which has low toxicity, compared to that
of boron-containing compounds. Hubbell and colleagues
have developed micelle forms of metal carbonyl complexes
that displayed slowed diffusion in tissues and better ability
to target distal tissue drainage sites [152]. The CO release
of the micelles was slower than that of CORM-3. CO-
releasing micelles efficiently attenuated the LPS-induced NF-
κB activation of human monocytes while CORM-3 did not
show any beneficial effects. This novel CO-delivery system
based on CO-releasing micelles may be useful for therapeutic
applications of CO. Efforts in medicinal chemistry develop-
ment of metal carbonyl compounds are actively ongoing,
which should help establish these compounds as a new class
of drugs in the near future.

4.2. CORMs and Sepsis. CORM compounds are capable of
delivering small amounts of CO to biological systems in

a controlled manner and are emerging as a potential therapy
for sepsis. In terms of lung physiology, most studies to
date have focused on the therapeutic effects of CORMs in
sepsis models. For example, CORMs reduce cytokine release
in LPS-stimulated macrophages [24] and decrease inflam-
matory response and oxidative stress in LPS-stimulated
endothelial cells [153]. In vivo, CORMs attenuate systemic
inflammation and proadhesive vascular cell properties in
septic and thermally injured mice by reducing nuclear factor-
κB activation, protein expression of ICAM-1, and tissue
granulocyte infiltration [154, 155]. CORM-3 has been shown
to prevent reoccurrence of sepsis, CORM-2 prolongs survival
and reduces inflammation, while CORM-3 reduces liver
injury after CLP [155, 156]. These studies taken together
have demonstrated that the CORM-dependent release of CO
can reduce mortality in septic mice, suggesting that CORMs
could be used therapeutically to prevent organ dysfunction
and death in sepsis. As with inhaled CO, full consideration of
the toxicological and physiological properties of the released
CO, including possible effects on hemodynamics, must
be understood before proceeding with CORMs as clinical
therapy, with additional considerations for the biological
properties of the chemical backbone and transition metal
components.

4.3. CORM and Ion Channels. Over the last decade, ion
channels have been recognized as important effectors in
the actions of CO and may play roles in some of the
beneficial effects of CO. Members of several ion channel
families are molecular targets for the action of CO and/or
CORMs and include: (i) the large-conductance, voltage-, and
Ca2+-activated K+ channels [157–163]; (ii) the purinergic
P2X2 receptor [164]; (iii) the tandem P domain channel,
TREK1 [165]. Interestingly, CORM-2 inhibits the purinergic
P2X4 receptor [166] and K.2.1 [167]. Possible mechanisms
by which CO regulates ion channels may include sGC-
dependent signaling [168], direct binding of CO to the
polypeptide as proposed by Wang and Wu [157], indirect
binding via heme [161], or modulation of cellular redox state
and mitochondrial function [167, 169]. The precise details of
how CO differentially regulates each of these ion channels
is beginning to be elucidated but still warrants further
investigation and contradictory data has been reported for
each channel [170]. For example, the most widely studied
ion channel target of CO is the large-conductance, voltage-,
and Ca2+-activated K+ channel, BKCa. While a number of
mechanisms have been proposed to explain how CO activates
BKCa channels, the exact mechanism of action is unknown.
Direct binding of CO to extracellular histidines has been
reported [157] but mutagenesis of these residues did not
fully abolish the ability of CO to activate the ion channel
[160, 162]. CO has been proposed to bind to a high-affinity,
channel-associated heme moiety on the α-subunit [160], yet
mutation of the key histidine residue required for heme
binding does not affect CO activation of the channel [162].
Clearly, further investigation is required to determine the
exact mechanisms of action.

Two studies, with opposing outcomes, have reported
the regulation of voltage-activated, L-type Ca2+ channels.
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A study by Scragg et al. demonstrated that CO, applied either
as the dissolved gas or from the donor molecule CORM-2,
inhibits both native (rat) and recombinant (human) cardiac
L-type Ca2+ channels [169]. This effect arose due to the
ability of CO to bind to mitochondria, presumably by inter-
acting at complex IV causing electron leak specifically from
complex III. Such leak leads to rapid formation of ROS which
causes channel inhibition through a specific interaction with
three cytosine residues in the C-terminal tail of the channel’s
major, pore-forming subunit. Therefore, CO evokes channel
modulation in the heart via production of mitochondrial
ROS [169]. In another study, the opposite results were
reported. Human recombinant intestinal smooth-muscle L-
type Ca2+ channels were shown to be activated by CO via
an NO-dependent mechanism [171]. The reasons for these
contrary observations remain unclear but may reflect tissue-
specific splice variation of L-type Ca2+ channels, as seen for
O2 regulation of L-type channels [172].

In conclusion, CO modulates ion channels via multiple
mechanisms, and it is hoped that these pathways and
targets may be exploited for therapeutic intervention in the
treatment of a number of important and diverse clinical
conditions.

4.4. CORM-3 and Mitochondrial Dynamics. The notion that
mitochondria serve as important targets in transducing the
beneficial signaling properties of CO has been proposed
[173]. Recent studies indicate that increased mitochondrial
biogenesis is part of the mechanisms by which CO gas
and CORMs exert protective effects against cardiomyopathy
and cardiac dysfunction in sepsis [174, 175]. Studies by
Lancel et al. investigated the potential of CORMs to preserve
mitochondrial function in the CLP model of sepsis. CORM-
3 treatment in CLP-induced mice prevented the decline
in mitochondrial function. Administration of CORM-3
during sepsis also stimulated mitochondrial biogenesis
with corresponding increases in (PPAR-γ-) coactivator-1α
protein expression and mitochondrial DNA copy num-
ber. CLP was found to impair mitochondrial energetic
metabolism and reduce mitochondrial biogenesis in mice
[175].

Recent work by Iacono et al. shows that low-micromolar
concentrations of CO, delivered to isolated heart mitochon-
dria by the water-soluble CORM-3, uncouple mitochondrial
respiration, consequently modulating both ROS produc-
tion and bioenergetic parameters. In addition, CORM-3
decreased mitochondrial membrane potential at concen-
trations that did not inhibit cytochrome c oxidase [176].
The CO-mediated effects were attenuated by pharmaco-
logical agents known to inhibit mitochondrial uncoupling.
Taken together, this work demonstrates that CORM-3,
through the liberation of CO, represents a novel regulator
of mitochondrial respiration, which in addition to fatty
acids and thyroid and steroid hormones could play a
crucial role in those pathological conditions for which
strategies aimed at targeting mitochondrial uncoupling
and metabolism are developed for therapeutic interven-
tions.

5. Clinical Aspects of CO

Studies have shown that CO exerts direct anti-inflammatory
effects after LPS challenge in vitro and in an in vivo mouse
model [22]. Mice exposed to 250 ppm CO for 1 hour before
LPS administration responded with significantly lower levels
of proinflammatory cytokines (TNFα and IL-1β) and higher
levels of IL-10 than control mice. As a consequence of this
work, the role of CO in various rodent models has since been
investigated (reviewed in [25]). On the basis of the rationale
provided by these animal studies, Mayr and colleagues stud-
ied the effects of CO inhalation on systemic inflammation
during experimental human endotoxemia. Specifically, in a
randomized, double-blinded, placebo-controlled, two-way
crossover trial, experimental endotoxemia was induced in
healthy volunteers by injection of 2 ng/kg LPS. The potential
anti-inflammatory effects of CO inhalation were investigated
by inhalation of 500 ppm CO (leading to an increase in CO-
Hb from 1.2% to 7%) versus synthetic air as a placebo for 1 h.
CO inhalation had no effect on the inflammatory response
as measured by systemic cytokine production (TNF-α, IL-
6, IL-8, IL-1α, and IL-1β). In this study, no adverse side
effects of CO inhalation were observed [177]. However, given
the limited scope of this initial trial, and the protective
characteristics of CO application in many animal models
of sepsis, further more detailed clinical trials are urgently
needed to reach a verdict on the efficacy of CO for reducing
inflammation in septic patients. In contrast, a recent clinical
trial demonstrates the feasibility of administering inhaled
CO to humans with chronic obstructive pulmonary disease
(COPD) [178]. In this study, exsmoking patients with stable
COPD were subjected to CO inhalation (100–125 ppm for
2 hours/day for 4 days), which increased CO-Hb levels to
4.5%. Inhalation of CO by patients with stable COPD led to
trends in reduction of sputum eosinophils and improvement
of methacholine responsiveness [178]. In summary, the
protective phenotype of CO in rodents in protecting against
lung disease has not been recapitulated in human trial
studies to date. One possibility is that differences in lung
physiological responses to CO exist between different species.
Further experiments are required to confirm the safety and
efficacy of CO inhalation as a treatment for inflammatory
lung diseases.

6. Final Remarks

The overexpression of HO-1 by gene transfer has now been
shown to confer protection in several models of lung and
vascular injury and disease, as well as systemic inflammatory
diseases (i.e., sepsis). Potential clinical application of HO-
1 would imply targeted gene delivery or pharmacological
manipulation of gene expression [179]. The development of
vectors for tissue-specific delivery of HO-1 in humans may
facilitate gene therapy approaches [179].

Likewise, similar protective effects have been reported for
inhalation CO in models of acute lung injury and sepsis.
The demonstrated protective properties of low-dose CO in
preclinical rodent models continue to suggest promising
therapeutic applications for CO (reviewed in [21, 25, 180]).
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More recent studies imply the stabilization of mitochondrial
function and the stimulation of cellular autophagy as
potential candidate mechanisms.

It should be noted that there are limitations, such that
some studies have been disputed, and some negative findings
reported [181, 182]. However, experimental work showing
therapeutic potential of CO has now been extended to large
animal models such as swine and nonhuman primates [89,
90].

As an alternative to inhalation of CO, pharmacological
application of CO using CORMs may provide a promising
therapeutic strategy [25]. Targeted delivery of CORMs may
reduce the systemic effects associated with inhaled CO,
resulting from CO-Hb elevation, while retaining therapeutic
potential. Whether direct application of CO by CORMs
administration or inhalation will provide a safe and effective
modality for the treatment of human disease requires further
research directed at understanding the pharmacokinetics and
toxicology of CO or CORMs application in humans [25].

Ultimately, the goal of this experimentation remains to
translate the therapeutic potential of CO, whether inhaled
or administered through prodrugs, to possible medicinal
application in human disease. Although some obstacles
remain, limited human experimentation is now underway.
Pilot clinical trials to date have indicated either negative
efficacy for human CO therapy in endotoxemia or partial
efficacy in COPD, while several other trials involving organ
transplantation await completion [177, 178]. Currently,
new clinical studies in fibrosis and sepsis are projected
to begin shortly. Despite the success in animal models,
which do not always directly translate to human disease, the
therapeutic benefit of CO therapies has yet to be validated in
humans.
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Purpose. Studies were performed to examine hemodynamic and renal function before and after acute induction of the endogenous
CO system with delta-aminolevulinic acid (DALA), which drives HO activity. Methods. In vivo studies were conducted on Inactin-
anesthetized male Sprague Dawley rats (250–300 g) either with or without chronic pretreatment with L-NAME (50 mg/Kg, q12
hours x4d). Results. DALA (80 μmol/Kg, IV bolus) administration acutely increased endogenous CO production and HO-1
protein. In untreated and L-NAME-pretreated rats, DALA did not alter BP, GFR, or RBF but increased UF, UNaV, and UKV
(untreated: Δ108.8± 0.28%, 172.1± 18.4%, and 165.2± 45.9%; pretreated: Δ109.4± 0.29%, 187.3± 26.9%, and 197.2± 45.7%).
Acute administration of biliverdin (20 mg/kg, IV) and bilirubin (30 mg/kg, IV) to similarly treated animals did not alter UF, UNaV,
and UKV. Conclusion. These results demonstrate that heme oxygenase induction increases urine and electrolyte excretion and
suggest a direct tubular action of endogenous carbon monoxide.

1. Introduction

Metabolic degradation of heme by heme oxygenase (HO)
yields three products; biliverdin, ferrous iron, and carbon
monoxide (CO) [1]. Currently, two major isoforms of the
HO enzyme have been recognized, the inducible HO-1 and
the constitutive HO-2. Both isoforms have been reported to
be present in the kidneys [1–3]. Several biological stressors,
such as oxidative stress, ischemia, and hypertension, are
known to increase HO-1 levels [4–6]. In contrast, the HO-
2 isoform is constitutively expressed and is present in high
concentrations in the kidney, as well as in other vascular beds
and tissues [7]. Alterations in HO levels have been demon-
strated to alter CO concentration, in addition to having pro-
found effects on vascular tone [8, 9].

Current literature supports both an endothelial-depend-
ent vasoconstrictor effect of CO and an endothelial-inde-

pendent vasorelaxation [10, 11]. CO-mediated vasoconstric-
tion is via inhibition of nitric oxide synthase (NOS) [11, 12].
CO also promotes endothelium-independent vasodilation
through the activation of soluble guanylyl cyclase, stimu-
lation of K channels, and inhibition of the cytochrome-
P450-dependent monooxygenase system in vascular smooth
muscle cells [10, 13]. Increases in endogenous CO levels
produce a decrease in blood pressure in several forms of
hypertension, while HO inhibition increases arterial blood
pressure [4, 14–17]. Regional differences in renal blood flow
(RBF) have been demonstrated with increases in the medulla
without significant increases in cortical blood flow during
heme-induced increases in CO [13]. Other studies have not
shown significant alterations in renal vascular resistance
during alterations in CO levels, thus controversy does exist
in the literature as it relates to the ability of CO to regulate
renal vascular resistance [18].
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Increases in HO activity via heme administration pro-
mote vasorelaxation and produce diuresis and natriuresis
[19]. In addition, several studies have identified an antiox-
idant role for bilirubin and biliverdin during stress [20,
21]. However, the mechanisms of HO-mediated effects on
renal function have yet to be elucidated. Because the HO-
mediated diuretic and natriuretic effects were observed
concomitantly with an increase in RBF, it is possible that
alterations in renal hemodynamics mediate the increase in
UF and sodium excretion. It has also been reported that renal
medullary HO plays a key role in the regulation of pressure
natriuresis and, thus, the control of arterial blood pressure
[22]. Macula densa cells have been reported to express HO-
1 and HO-2, and stannous mesoporphyrin, an inhibitor
of HO, was shown to augment tubuloglomerular feedback
in both in vitro and in vivo studies [23]. In addition, we
recently reported that CO inhibition promotes antidiuresis
and antinatriuresis independent of vascular or systemic
changes [24]. Therefore, we hypothesized that increased
levels of endogenous CO promote natriuresis and diuresis
independent of inhibition of nitric oxide synthase (NOS)
and alterations in RBF. To examine this hypothesis, the
potential direct tubular effects of a heme precursor, delta-
aminolevulinic acid (DALA), which drives HO activity, were
studied using a dose of DALA that does not elicit changes
in renal hemodynamic function in control and L-NAME
treated rats.

2. Methods

2.1. Materials. DALA was purchased from Frontier Scientific
(Logan, UT, USA). Inactin (thiobutabarbital sodium), N-
Nitro-L-Arginine Methyl Ester (L-NAME), bilirubin, and
para-aminohippuric acid (PAH) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Albumin was purchased
from EMD Biosciences Inc. (San Diego, CA, USA). Inulin
was purchased from Fresenius Kabi UK Ltd. (Runcorn,
Cheshire). Plasma Renin Activity (PRA) kits were purchased
from Diasorin Inc. (Stillwater, MN, USA). Biliverdin was
purchased from MP Biochemicals, LLC (Solon, OH, USA).
All other chemicals were purchased from Fisher Scientific
(Houston, TX, USA). DALA stock solution (800 mmol/L)
was prepared in saline on the day of the experiments. L-
NAME (50 mmol/L) was dissolved in saline immediately
before intraperitoneal injection. All other solutions were
freshly prepared on the day of the experiment.

2.2. Animals. Male Sprague-Dawley rats (250–350 g; n =
146, Harlan, Indianapolis, IN, USA) were used (n = 32).
This protocol was approved by the Tulane School of Medicine
and University of Louisiana at Monroe Institutional Animal
Care and Use Committee. Prior to experiments, rats were
housed in a controlled environment and had free access to
commercial rat chow and tap water. Subsets of animals were
chronically treated every 12 hours for four days with an
inhibitor of NOS [25], L-NAME (50 mg/kg, IP). To minimize
postprandial sodium excretion variability, animals were de-
prived of food for 12 hours before experiments.

Subsets of animals were chronically treated with L-
NAME every 12 hours for four days. After anesthetization
with Inactin and surgical preparation, rats were allowed to
stabilize for 45 min. After this initial stabilization period,
a 30-minute control period was performed and urine was
collected. L-NAME-treated and -untreated animals were
then acutely administered DALA (80 μmol/kg, IV), biliverdin
(20 mg/kg, IV), bilirubin (30 mg/kg, IV), or vehicle (1 mL
saline, IV), and an additional 30-minute treatment period
was performed. The doses of biliverdin and bilirubin were
chosen from previous studies where an antioxidant effect
was observed [20, 21]. Mean arterial pressures (MAP), heart
rates (HR), and RBF were measured during both the 30-
minute control and treatment periods. After the experimen-
tal protocols were completed, renal vascular resistance (RVR)
was calculated as the pressure to flow ratio and expressed as
“mmHg/(mL/min)”.

2.3. Experimental Procedures. Rats were anesthetized with a
single injection of thiobutabarbital sodium (120 mg/kg; IP),
and a tracheal tube was inserted to maintain an open airway.
Fluid filled catheters (PE-50 tubing filled with heparinized
saline) were inserted into a carotid artery and a jugular vein
to allow for continuous monitoring of MAP and HR, and for
intravenous administration of drugs, respectively. The arte-
rial catheter was connected to a pressure transducer (model
TSD104A, Biopac Systems, Santa Barbara, CA, USA), and
the venous catheter was connected to a Sage microinfusion
pump (Orion Research, Inc., model M361, Boston, MA,
USA) set at 1 mL/hr saline infusion rate. A bladder cannula
was inserted to allow urine collection for determination of
urine flow and concentrations of sodium and potassium
(Flame Photometry; Instrumentation Laboratories, IL 943).
A flank incision was made to expose the left kidney and renal
artery. RBF was measured with a renal flow probe (Transonic,
Ithaca, NY, USA) placed around the renal artery and con-
nected to a Transonic-T206 synchronized flow meter coupled
to a polygraph system (model MP100, Biopac System).

2.4. Glomerular Filtration Rate. In a subset (n = 24) of anes-
thetized rats, the experiments were repeated with an addi-
tional catheter inserted into the right femoral vein to infuse
inulin, para-amino hippuric acid, and albumin. Plasma and
urine sodium and potassium concentrations were deter-
mined by flame photometry, and inulin concentrations were
measured colorimetrically to determine glomerular filtration
rate (GFR) [26]. RVR and fractional sodium excretion (FENa)
were calculated according to standard formulas. The renal
excretion data from this subset of animals were not included
in the final measures due to the different handling of these
animals (additional catheter, and albumin, PAH, and inulin
infusion). However, the excretory data from these animals
followed the same trends as the reported data.

2.5. Plasma Renin Activity. Plasma renin activity (PRA) was
measured with a commercially available assay kit (Gamma
Coat PRA Assay Kit) [27]. Briefly, DALA (80 μmol/kg; IP)
was infused into L-NAME- (50 mg/Kg; IP) pretreated or
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untreated rats and PRA was measured to determine if altered
CO levels had any effect on the renin-angiotensin system.
PRA was determined by the radioimmunoassay generation of
angiotensin I. Given the noted experimental difficulties with
measuring PRA in whole animals, we did not perform clear-
ance measurements or CO measurements in these animals.

2.6. Determination of the Effect of DALA to Increase CO
Excretion. A subset of awake Sprague-Dawley rats (n = 12)
that did not receive any surgical treatments were infused
with DALA (80 μmol/kg, IV) to increase HO activity, both
with and without chronic L-NAME pretreatment every 12
hours for 4 days. Animals were placed in an acrylic airtight
chamber with the outflow leading to a heated mercuric oxide
bed coupled with a gas chromatograph (Peak, Mountain
View, CA, USA) for the determination of CO concentration,
detailed elsewhere [28, 29]. The chamber was continuously
purged with purified air and the outflow sampled for CO
concentration at 2 min intervals. After a 10 min equilibration
period, the average of four measurements was used to
calculate the CO excretion rate for the whole animal.

2.7. Determination of Renal HO-1 Levels. In a subset (n =
14) of similarly treated anesthetized animals, the experi-
mental protocols were repeated to determine the ability of
DALA infusion to alter renal HO-1 levels. Renal HO-1 levels
were measured by commercially available ELISA kits pur-
chased from Stressgen. Kidneys from L-NAME-pretreated
and untreated rats were removed and flash frozen in liquid
nitrogen and suspended in 1X extraction reagent and pro-
tease inhibitor. Once the kidney tissues were homogenized,
the ELISA sandwich immunoassay was preformed and the
level of HO-1 protein present in the kidney was determined.

3. Data Analysis

Data were expressed as mean ± SEM. Data were analyzed
by analysis of variance (ANOVA) followed by orthogonal
contrast when appropriate (SYSTAT). Bonferroni correction
was employed in the final analysis of completed series (α =
0.05) [30].

4. Results

4.1. Whole Animal CO Excretion. Acute administration of
the heme precursor, DALA (80 μmol/kg, IP), to untreated
animals produced a significant increase in expired CO levels
(Δ63.9 ± 1.6%, n = 3) (Figure 1). This effect was similar
to a higher dose of DALA (800 μmol/kg, IP) (Jackson et al,
unpublished results). This increase in expired CO was not
affected by L-NAME (50 mg/Kg; IP) pretreatment (Δ67.6 ±
1.9%, n = 3) (Figure 1).

4.2. Renal HO-1 Levels. Acute administration of DALA
(80 μmol/kg, IV) in untreated and L-NAME-pretreated
anesthetized rats produced a significant increase in renal
HO-1 levels in untreated (Δ50 ± 0.56%, n = 7) (Figure 2)
and L-NAME-treated (Δ60 ± 0.64%, n = 7) (Figure 2)
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Figure 1: DALA (80 μmol/kg; IV) infusion acutely increased
expired CO levels in L-NAME-treated and -untreated awake rats.
Values are mean ± SE; n = 6 each.

Heme oxygenase measurements before and after DALA

Control

DALA

Vehicle L-NAME
50 mg/Kg; IP

H
O

-1
 (

n
g/

m
g)

0

3

6

9

12

15

∗

∗

Figure 2: In anesthetized rats, DALA (80 μmol/kg; IV) acutely
increased renal HO-1 levels in vehicle (left) and L-NAME-treated
(right) rats. (∗P < 0.05, pre- versus 30 min post-DALA; n = 6 each).

rats. L-NAME pretreatment produced a significant increase
in renal HO-1 levels, as compared to untreated animals
(Figure 2); however, DALA increased renal HO-1 levels
to a similar extent as in untreated animals. There were
no significant differences in hematocrit pre- and post-
DALA administration in both the L-NAME-pretreated and
-untreated animals.

4.3. Renal Functional Responses. The subsequent values were
obtained during the 30 min experimental period following
administration of DALA (80 μmol/kg; IP), biliverdin (20 mg/
kg), bilirubin (30 mg/kg), or vehicle in L-NAME-(50 mg/kg;
IP) treated and untreated animals. In animals without pre-
treatment, DALA did not exert significant systemic or renal
hemodynamic effects (Table 1), but there were significant
increases in urine flow and sodium and potassium excretion
(Δ108.8±0.28%, 172.1±18.4%, and 165.2±45.9%: n = 20)
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Table 1: Effects of DALA (80 μmol/kg, IV), biliverdin (20 mg/Kg, IV), and bilirubin (30 mg/Kg, IV) administration on heart rate (HR),
mean arterial pressure (MAP), renal blood flow (RBF), and calculated renal vascular resistance (RVR).

HR MAP RBF RVR

N (bpm) (mmHg) (ml/min) (mmHg/ml/min)

No pretreatment

Control 385± 0.13 110± 0.06 5.6± 0.12 19.6± 0.14

Vehicle 8 395± 0.16 114± 0.08 5.8± 0.14 19.7± 0.11

DALA 8 382± 0.12 118± 0.09 5.9± 0.16 20.0± 0.18

Biliverdin 8 396± 0.25 113± 0.04 6.1± 0.15 18.6± 0.21

Bilirubin 8 398± 0.18 109± 0.15 5.4± 0.14 20.1± 0.24

Chronic L-NAME

Control 398± 0.19 153± 0.05 5.5± 0.14 27.8± 0.28

Vehicle 8 400± 0.23 150± 0.12 5.2± 0.18 28.8± 0.20

DALA 8 403± 0.14 155± 0.24 5.8± 0.21 28.2± 0.38

Biliverdin 8 396± 0.19 158± 0.15 5.5± 0.14 28.7± 0.47

Bilirubin 8 399± 0.24 152± 0.05 5.1± 0.14 29.2± 0.32

(Figure 3). Biliverdin (20 mg/kg) and bilirubin (30 mg/kg)
did not cause significant systemic or renal hemodynamic
effects (Table 1) and any significant changes in urine flow
or sodium, and potassium excretion (Table 3). In rats pre-
treated chronically with L-NAME, there was a significant
increase in MAP (100 mmHg versus 150 mmHg) but DALA
administration had no significant effects on MAP, HR, RBF,
or RVR (Table 1). However, DALA significantly increased
urine flow and sodium and potassium excretion (Δ109.4 ±
0.29%, 187.3±26.9%, and 197.2±45.7%: n = 20) (Figure 4).
Biliverdin (20 mg/kg) and bilirubin (30 mg/kg) did not exert
significant effects on MAP, HR, RBF, or RVR (Table 1)
and any significant effects on urinary volume, sodium and
potassium excretion (Table 3). There were no significant dif-
ferences between the urine flow and electrolyte excretion in
the L-NAME-untreated and -treated animals. Vehicle treat-
ment had no effect in either group. DALA had no effects
on glomerular filtration in either L-NAME-treated or -un-
treated rats (Table 2: n = 24).

4.4. Plasma Renin Activity. In untreated rats given DALA,
no significant differences in plasma renin activity (PRA)
were evident (Figure 5; n = 25). Similarly DALA did
not significantly alter PRA in L-NAME-pretreated animals
(Figure 5; n = 21).

5. Discussion

The present study investigated the role of increases in
endogenous CO on renal excretory function. The heme pre-
cursor, DALA, increased expired CO levels in both L-NAME-
treated and -untreated animals. DALA, which promotes the
generation of endogenous CO, increased volume and elec-
trolyte excretion in both L-NAME-treated and -untreated
animals. Acute increases in endogenous CO formation were
not accompanied by any significant differences in systemic or
renal hemodynamic function in that a low dose of DALA was
specifically chosen to avoid alterations in renal or systemic

hemodynamics. There were also no significant changes in
GFR with DALA infusion in L-NAME-treated or -untreated
animals.

Increases in heme oxygenase activity, promote an equim-
olar elevation in carbon monoxide, iron, and biliverdin [31].
Biliverdin is quickly converted to bilirubin [31]. Current lit-
erature would support an antioxidant role for both biliverdin
and bilirubin [20, 21]. To examine the potential role of these
heme products to alter renal excretory function, a subset of
animals was given biliverdin or bilirubin and the study was
repeated. However, no significant differences in renal or sys-
temic hemodynamics were observed and, similarly, no signif-
icant differences in renal excretory function were observed,
thus, suggesting that the observed increases in urine flow
and sodium and potassium excretion were due to carbon
monoxide. The negative results observed with biliverdin and
bilirubin suggest that they are not involved in the heme-
oxygenase-mediated diuretic effects; however, the current
study cannot rule out the importance of these metabolites
in the kidney in that renal intracellular concentrations of
biliverdin and bilirubin were not measured.

DALA has been previously shown to increase HO activity
in rats [32]. We have reported that DALA also increases
expired CO levels, as well. Thus, DALA, a substrate that
drives heme formation and increases HO activity, can
produce significant increases in endogenous CO formation.
DALA administration was observed to significantly increase
HO-1 levels both in the presence and absence of an intact
NO system. L-NAME administration increased baseline HO-
1 levels, perhaps due to the observed elevation in MAP.
Importantly, the ability of DALA administration to increase
HO-1 levels was not affected by L-NAME.

The current study used DALA to drive CO formation in
that iron loading can lead to effects on the vasculature that
are independent of the CO system. Iron loading can occur,
when one increases CO formation via heme administration
or CO releasing molecules [32]. The current data support the
hypothesis that CO increases water and electrolyte excretion
independent of changes in systemic or renal hemodynamics.
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Table 2: Effects of increases in endogenous CO (DALA 80 μmol/Kg, IV) on glomerular filtration rate (GFR), urine flow (UF), sodium
excretion (UNaV), fractional excretion of sodium (FENa), and urinary potassium (UKV).

UF GFR UNaV FENa UKV

N (μl/min) (ml/min) (μmol/min) (%) (μmol/min)

No pretreatment

Control 6 6.49± 0.47 1.11± 0.05 0.59± 0.15 0.50± 0.03 0.14± 0.04

Vehicle 6 6.49± 0.48 1.10± 0.08 0.61± 0.08 0.51± 0.16 0.15± 0.03

Control 6 6.51± 0.50 1.12± 0.11 0.60± 0.11 0.53± 0.12 0.14± 0.01

DALA 6 13.99± 1.84∗ 1.10± 0.06 1.19± 0.03∗ 0.78± 0.01∗ 0.90± 0.13∗

Chronic L-NAME

Control 6 7.37± 0.73 1.11± 0.02 0.68± 0.13 0.50± 0.01 0.23± 0.13

Vehicle 6 7.43± 0.78 1.15± 0.18 0.68± 0.04 0.49± 0.05 0.23± 0.02

Control 6 7.51± 0.54 1.12± 0.17 0.67± 0.11 0.50± 0.02 0.24± 0.04

DALA 6 14.37± 0.41∗ 1.11± 0.10 1.22± 0.02∗ 0.80± 0.12∗ 1.09± 0.19∗

Table 3: Effects of biliverdin (20 mg/Kg, IV) and bilirubin (30 mg/Kg, IV) administration on urine flow (UF), sodium excretion (UNaV) and
urinary potassium (UKV).

UF UNaV UKV

N (μl/min) (μmol/min) (μmol/min)

No pretreatment

Control 6 2.50± 0.30 0.17± 0.02 0.49± 0.06

Biliverdin 6 2.10± 0.12 0.16± 0.01 0.46± 0.05

Control 6 2.80± 0.15 0.19± 0.12 0.46± 0.01

Bilirubin 6 2.90± 0.21 0.16± 0.04 0.41± 0.09

Chronic L-NAME

Control 6 3.40± 0.25 0.15± 0.02 0.41± 0.06

Biliverdin 6 3.30± 0.39 0.17± 0.02 0.40± 0.35

Control 6 3.20± 0.51 0.18± 0.02 0.46± 0.05

Bilirubin 6 3.30± 0.37 0.18± 0.02 0.45± 0.03

The increases in urine flow and electrolyte excretion were
still present during NOS inhibition by L-NAME, indicating
once again that the CO effects on urine flow and electrolyte
excretion are not simply due to alterations in the nitric
oxide (NO) system. Furthermore, DALA administration did
not significantly alter PRA, thus CO enhancement of renal
excretion was not via suppression of the renin angiotensin
system. We recently reported that inhibition of endogenous
CO increased PRA in untreated rats [24]. This increase in
PRA was abolished by L-NAME pretreatment [24]. However,
endogenous CO effects on the juxtaglomerular cells could be
maximal even at basal conditions; therefore, increasing CO
formation by DALA would not affect PRA.

In previous research, an increase in CO concentration
elicited through heme administration was shown to decrease
RVR, increase RBF, and urine flow and sodium excretion
[33]. Similar results can be observed with CO releasing mol-
ecules. Pretreatment with the HO inhibitor, SnMP, abolished
the diuretic and natriuretic effects of heme but did not affect
the increases in RBF. The heme-induced changes in renal
hemodynamic parameters could perhaps be attributed to
differences in agents (DALA versus heme) and/or concentra-
tions. Regional differences in HO activity in the kidney have

been reported, where medullary heme oxygenase contributes
to pressure natriuresis and arterial blood pressure in the
absence of any significant changes in cortical HO activity
[22]. As previously stated, low concentrations of DALA were
employed to avoid hemodynamic changes in the present
study. Therefore, DALA-induced increases in urine flow and
electrolyte excretion were not accompanied by any changes
in renal hemodynamic function. However, medullary blood
flow was not measured and we cannot exclude the possibility
of small increases in medullary BF to the diuretic and
natriuretic responses. Collectively these data suggest that CO
alters water and electrolyte excretion independent of changes
in NO and renal hemodynamic function and suggests that
this response is due to a direct renal tubular effect.

Previous studies have demonstrated CO’s ability to pro-
mote vasoconstriction via inhibition of NOS [19, 34]. How-
ever, in the present study, such an interaction between
the two systems in acutely regulating water and electrolyte
excretion was not observed. Thus, it is possible that in organ
systems with a large capacity to autoregulate, such as the
brain, heart, and kidney, CO inhibition of NO does not play
a major role in establishing normal basal vascular tone. CO
was able to promote water and electrolyte excretion without
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Figure 3: In anesthetized rats, DALA (80 μmol/kg) IV infusion
acutely increased urine flow and sodium and potassium excretion
in untreated rats. Values are mean ± SE; n = 20. ∗P < 0.05 versus
control (vehicle infusion).

affecting renal hemodynamics, which suggests an alternate
pathway for CO regulation of renal excretory function.
Thus, CO could have direct effects on the tubules to alter
water and electrolyte excretion. As a low dose of DALA
was administered to avoid altering renal hemodynamics, the
results suggest that the alterations in renal excretory function
are most likely mediated via a direct tubular effect to inhibit
sodium transport in that sodium and potassium excretion
were enhanced during DALA administration.
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Figure 4: In anesthetized rats, acute IV infusion of DALA (80 μmol/
kg) increased urine flow, urinary sodium, and urinary potassium
excretion in L-NAME-pretreated animals. Values are mean ± SE;
n = 20. ∗P < 0.05 versus control (vehicle infusion).

6. Significance of the Study

Previous studies have demonstrated that increases in HO
activity can promote significant diuresis [33]. Since heme
administration was accompanied by a significant increase in
blood pressure, it could not be established if the observed
diuresis was due to a direct tubular action or simply due
to an increase in perfusion pressure. In addition, it was not
shown if the diuresis was due to CO or one of the other HO



International Journal of Hypertension 7

Effects of increased CO levels on PRA
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Figure 5: Acute administration of DALA (80 μmol/kg; IP) did not
exert significant effects on plasma renin activity (PRA) in L-NAME-
pretreated and -untreated rats. Vehicle and DALA changes in PRA
were observed for 30-minute periods. Values are mean± SE; n = 46.

metabolites. In the current study, we demonstrate a direct
tubular action of HO induction in the absence of alterations
in renal hemodynamic function. Furthermore, the negative
results with biliverdin and bilirubin administration suggest a
tubular role of CO as a novel diuretic and therapeutic target
to treat hypertension.

7. Conclusion

In summary, the present data indicate that an induction in
HO-1 increases water and electrolyte excretion in the absence
of alterations in renal hemodynamics, PRA, GFR, or NO
production, thus, suggesting a direct tubular role for endoge-
nous CO in the control of sodium excretion.
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Heme oxygenase (HO) system is one of the key regulators of cellular redox homeostasis which responds to oxidative stress (ROS)
via HO-1 induction. However, recent reports have suggested an inhibitory effect of ROS on HO activity. In light of these conflicting
reports, this study was designed to evaluate effects of chronic oxidative stress on HO system and its role in contributing towards
patho-physiological abnormalities observed in extracellular superoxide dismutase (EC-SOD, SOD3) KO animals. Experiments
were performed in WT and EC-SOD(−/−) mice treated with and without HO inducer, cobalt protoporphyrin (CoPP). EC-SOD(−/−)

mice exhibited oxidative stress, renal histopathological abnormalities, elevated blood pressure, impaired endothelial function,
reduced p-eNOS, p-AKT and increased HO-1 expression; although, HO activity was significantly (P < 0.05) attenuated along
with attenuation of serum adiponectin and vascular epoxide levels (P < 0.05). CoPP, in EC-SOD(−/−) mice, enhanced HO activity
(P < 0.05) and reversed aforementioned pathophysiological abnormalities along with restoration of vascular EET, p-eNOS, p-AKT
and serum adiponectin levels in these animals. Taken together our results implicate a causative role of insufficient activation of
heme-HO-adiponectin system in pathophysiological abnormalities observed in animal models of chronic oxidative stress such as
EC-SOD(−/−) mice.

1. Introduction

Oxidative stress induces NRF2-dependent antioxidant en-
zymes including the heme-HO system [1], whose two iso-
forms HO-1 (inducible) and HO-2 (constitutive) catabolizes
free heme to equimolar concentrations of biliverdin (BV),
carbon monoxide (CO), and iron. Excess-free heme, due to
its pro-oxidant and proinflammatory properties, contributes
to an increase in free radical formation and cellular injury
[1, 2], thus necessitating its catabolism by HO. Apart from
restricting accumulation of pro-oxidant heme, antioxidant
properties of heme-HO system arise from production of BV
and bilirubin (BR), which have potent antioxidant properties

[3, 4]. In addition, CO has been shown to exhibit antioxidant
[5, 6] (reviewed by [1]), antiapoptotic [7], and vasomodula-
tory properties. These properties of the heme-HO system are
pertinent to redox balance and its associated physiological
ramifications, especially in the cardiovascular-renal systems
[1, 8]. Further evidence of HO-mediated sustenance of ren-
ovascular homeostasis is provided by studies demonstrating
HO-dependent activation of adiponectin release [9], which
has antioxidant and anti-inflammatory properties [10] in
addition to its renoprotective effects [11]. An increase in
adiponectin has also been shown to lead to increased levels
of mitochondrial transport carriers and cytochrome oxidases
via an increase in Bcl-XL [12]. The Bcl-2 family of proteins,
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consisting of anti- and proapoptotic proteins, along with
serine-threonine kinase (Akt) (protein kinase B), are critical
in cell death/survival pathways [13]. Akt is activated through
phosphorylation at either threonine-308 or serine-473 [14].
Activated Akt inhibits ASK-1, a proapoptotic member of
the MAP kinase kinase family, and protects against stress
induced apoptosis in endothelial cells [15].

Apart from inducible NRF2-dependent genes, constitu-
tive enzymes such as superoxide dismutases (SOD) regulate
basal redox and prevent excess-free radical accumulation.
SOD enzymes are known to exist in three isoforms: Cu-Zn
SOD (SOD1), predominately located in the cytoplasm, Mn-
SOD (SOD2) in the mitochondria, and EC-SOD (SOD3)
in the extracellular space. Although SOD1 accounts for
60% to 80% of SOD activity in vivo [16, 17], SOD3 is
highly expressed in renal and vascular tissues, particularly
in the arterial wall, and its activity constitutes almost half
of the total SOD activity in the human aorta [18]. Gene
deletion of EC-SOD results in chronic oxidative stress,
endothelial dysfunction, and increased blood pressure [17,
19, 20], implicating this enzyme in the regulation of redox
homeostasis and preservation of cardiovascular and renal
function. Where, in an event of increased oxidative stress
HO-1 is rapidly induced, recent reports have emerged
suggesting an inhibitory effect of the same on HO activity
[21]. In this contradictory contexture, the present study was
designed to examine the effects of chronic oxidative stress,
as observed in EC-SOD(−/−) mice, on HO expression and
activity with regards to the pathophysiological abnormalities
observed in these animals. The study was performed in WT
and EC-SOD(−/−) mice in the absence and in the presence
of HO inducer, CoPP. Our results demonstrate that EC-
SOD deficiency, although accompanied by oxidative stress
and induction of HO-1, is characterized by attenuation
of HO activity with the resultant attenuation of vascular
epoxide and adiponectin levels. Phenotypic analysis of
EC-SOD knockout mice revealed renal microvascular and
corticomedullary damage along with elevated blood pressure
and vascular endothelial dysfunction. Induction of HO-
1 in SOD3-deficient mice not only restored HO activity
and redox homeostasis, but also prevented renovascular
injury and offset endothelial dysfunction and elevated blood
pressure. These events are accompanied by the restoration
of vascular epoxide and serum adiponectin levels with a
concomitant increase in p-AKT and p-eNOS expression.

2. Research Design and Methods

2.1. Animal Treatment. Three-month-old homozygote,
male, EC-SOD(−/−) and C57BL/6 genetic background EC-
SOD(+/+) mice were used for this study. EC-SOD(−/−)

mice were a gift from University of Pittsburgh, PA, USA.
These mice had been backcrossed to C57BL/6 mice and
are congenic with this line of mice [22]; as such, C57BL/6,
purchased from The Jackson Laboratories, were used as
WT controls. All animals were maintained on a standard
laboratory diet and water, and every effort was made
to minimize animal suffering according to the National
Institutes of Health (NIH), Institutional Animal Care and

Use Committee guidelines. The studies were approved by
the animal use committee at New York Medical College.

Mice, both WT and KO, were divided into two groups
(6 mice/group): controls, injected with saline solution, and
the treatment group, treated with cobalt protoporphyrin
(CoPP) 5 mg/Kg i.p. weekly for 6 weeks. CoPP was dissolved
in trisma base as previously described [23]. The last injection
of CoPP was made three days before sacrificing the animals.
Mice were followed for 6 weeks (duration of the experi-
ments), at which time they were sacrificed with CO2 gas.
Blood and tissues were collected and stored, as described, for
appropriate experiments.

2.2. Morphology and Proteins Analysis. Renal cross-sections
were fixed in formalin, paraffin-embedded, and processed for
histology using standard techniques. Tissue sections were cut
at 3-4 micron thickness and stained with H&E and periodic
acid Schiff (PAS). A portion of the tissues was snap-frozen
and kept at −80◦ for proteins determinations and Western
blot analysis.

2.3. Tissue Preparation for Western Blot, HO Activity, and O2
−

Levels. Sections of femoral arteries and whole kidneys were
homogenized in homogenization buffer (255 mM sucrose,
20 mM tris-hcl, 1 mM EDTA, 0.1 mM PMSF, and 0.5%
Nonidet P-40 at pH 7.4) containing a cocktail of protease
inhibitors (Roche, Indiana, IN) and Halt, a phosphatase
inhibitor cocktail (Pierce Biotechnology, Rockford, IL). The
homogenates were centrifuged at 14000 g for 10 min at 4◦C,
supernatant was isolated and protein levels assayed using
a Bio-Rad kit on the basis of the Bradford dye binding
procedure.

2.4. Measurement of O2
− Levels. Employing previously

described methods [24], kidney and arterial samples were
placed in glass scintillation mini vials containing 5 μM
lucigenin, for the detection of O2

− in a final volume of
1 mL of air-equilibrated Krebs solution buffered with 10 mM
HEPES-NaOH (pH 7.4). Lucigenin chemiluminescence was
measured in a liquid scintillation counter (LS6000IC, Beck-
man Instruments, and San Diego, CA), and data are reported
as counts/minute/mg protein after background subtraction.

2.5. Measurement of HO Activity. Tissue HO activity was
assayed as described previously [25] using a technique in
which bilirubin, the end product of heme degradation,
was extracted with chloroform, and its concentration was
determined spectrophotometrically (dual UV/VIS beam
spectrophotometer lambda 25; PerkinElmer Life and Ana-
lytical Sciences, Wellesley, MA, USA) using the difference in
absorbance at a wavelength from λ460 to λ530 nm with an
absorption coefficient of 40 mM−1 cm−1. Under these con-
ditions, HO activity was linear with protein concentration,
time-dependent, and substrate-dependent [26].

2.6. RT-PCR Analysis. Frozen arterial and renal segments
were pulverized under liquid nitrogen and RNA extracted
and used for RT/PCR. Reverse transcription (RT) was carried
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out using the Advantage RT-for-PCR Kit (Clontech). Poly-
d (T) n was used as the reverse transcription primer.
Specific primers for amplifying EC-SOD and 18 s cDNA were
employed. PCR was performed using a Taq PCR kit (Roche,
Indianapolis, IN, USA). For each RT-PCR, a sample without
reverse transcriptase was processed in parallel and served
as a negative control. Cycling parameters for amplifying RT
products were as follows: 95◦C, 1′, 60◦C, 1′, and 72◦C, 1–3′,
for 30 cycles, and then extended at 72◦C for another 5′. After
amplification, PCR products were electrophoresed on 1.2%
agarose gel, stained with ethylene bromide, and visualized
under UV light.

2.7. Assessment of Vascular Reactivity. The femoral artery was
removed and placed in cold oxygenated Krebs-bicarbonate
solution, cleaned of fat and loose connective tissue, and
sectioned into rings of approximately 3 mm length. Two
rings per artery were obtained, and each ring was mounted
on stainless steel hooks and suspended in a 5-mL tissue DMT
myograph bath (DMT, Atlanta, GA) filled with Krebs solu-
tion, pH 7.4, gassed with 95% O2/5% CO2, and maintained
at 37◦C. The rings were incubated under a passive tension
of 0.2 g for 1 hour. The Krebs buffer solution was replaced
every 15 minutes and the tension readjusted each time. Force
was recorded from force displacement transducers via AD
Instrument’s Powerlab system, running Chart 5 software.
At the end of the equilibration period, the maximal force
generated by the addition of a depolarizing solution of
KCl (60 mM) was determined. To evaluate acetylcholine-
induced vasorelaxation, the rings were preconstricted with
phenylephrine to obtain maximal contraction followed by
cumulative dose-response curves to acetylcholine.

2.8. Blood Pressure Measurements. Blood pressure was mea-
sured by the tail cuff method before the start and at
the completion of the experiment (6 wks). Prior to the
experiment, mice were all acclimated to the tail cuff method.
Mice were placed in a heat controlled box (36◦C–38◦C)
for approximately 10 min. before applying the tail cuff.
The mean of a minimum of 5 measurements was obtained
from each mouse. All measurements were determined at the
same time of day, between 9:00 and 13:00 hr. Systolic blood
pressure is reported in mm of Hg.

2.9. Adiponectin Measurements. Adiponectin was deter-
mined using an ELISA assay (Pierce Biotechnology, Inc.,
Woburn, MA, USA).

2.10. Western Blot Analysis. The supernatant from tissue
homogenates was used for evaluation of protein expression
via Western blot analysis. Primary antibodies used are listed
as following: HO-1 and HO-2 (Assay Designs, Inc.), ASK1
(Abcam), eNOS, Bcl-Xl and AKT (Cell Signaling Technolo-
gies, Inc.), p-eNOS-Thr495 (Cell Signaling Technologies,
Inc.), and p-Akt-Ser473 (Cell Signaling Technologies, Inc.).
B-actin (Sigma-Aldrich) was used as housekeeping gene for
normalization. Antibodies were prepared in the following
dilutions: HO-1 and HO-2 (1 : 1000); eNOS, p-eNOS, Bcl-xl,

ASK1, and p-AKT antibodies (1 : 5000); β-actin (1 : 10000).
Experimental protocol in brief: 20 μg of lysate supernatant
was separated by 12% SDS-polyacrylamide gel electrophore-
sis and transferred to a nitrocellulose membrane (Amersham
Biosciences, Uppsala, Sweden) with a semidry transfer
apparatus (Bio-Rad, Hercules, CA, USA). The membranes
were incubated with 10% milk in tris-buffered saline with
tween 20 (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and
0.05% Tween 20) at 4◦C, overnight. After incubation, the
membranes were washed with tris-buffered saline with
tween 20, and the membranes were then incubated with
secondary antibodies for 1 h at room temperature with
constant shaking. The filters were washed and subsequently
probed with horseradish peroxidase-conjugated donkey anti-
rabbit or anti-mouse IgG (Amersham Biosciences). Chemi-
luminescence detection was performed with the Amer-
sham Biosciences enhanced chemiluminescence detection
kit, according to the manufacturer’s instructions.

2.11. Measurement of EETs. Femoral arterial segments (two
segments per tube) were incubated in 1 mL of oxygenated
Krebs’ buffer containing 1 mM NADPH at 37◦C for 1 h.
Thereafter, internal standards were added to each sample
followed by acidification to pH ≈ 4.0 with glacial acetic acid.
Eicosanoids were extracted with twice the volume of ethyl
acetate (performed three times), dried under gentle stream
of nitrogen, and stored at −80◦C until further analysis.
Identification and quantification of EETs and DiHETs was
performed with a Q-trap 3200 linear ion trap quadruple
liquid chromatography-tandem mass spectrometry system
equipped with a turbo V ion source operated in negative elec-
tro spray mode (Applied Biosystems, Foster City, CA, USA).
Extracted samples were suspended in 10 μL of methanol and
injected into the high-performance liquid chromatography
via an Agilent 1200 standard series auto sampler equipped
with a thermostat set at 4◦C (Agilent Technologies). The
high-performance liquid chromatographic component con-
sisted of an Agilent 1100 series binary gradient pump
equipped with an Eclipse plus C18 column (50 × 4.6 mm;
1.8 mm) (Agilent Technologies). The column was eluted
at a flow rate of 0.5 mL/min with 100% mobile phase A
[methanol/water/acetic acid (60 : 40 : 0.01, v/v/v)] from 0 to
2 min and a gradient increasing to 100% B (100% methanol)
at 13 min. Multiple reaction monitoring was used with a
dwell time of 25 or 50 ms for each compound, with the
following source parameters: ion spray voltage, −4500 V,
curtain gas, 40 U, ion source gas flow rate 1, 65 U, ion
source gas flow 2, 50 U, and temperature, 600◦C. Synthetic
standards were used to obtain standard curves (5–500 pg)
for each compound. These standard curves were used and
extrapolated to calculate the final EET concentrations, which
are presented as nanograms per milligram of protein per
hour [27].

2.12. Statistical Analysis. The data are presented as mean ±
SE for the number of experiments. Statistical significance
(P ≤ 0.05) was determined by the Fisher method of multiple
comparisons. For comparison between treatment groups,
the Null hypothesis was tested by a single-factor analysis of
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Figure 1: (a) Detection of EC-SOD mRNA transcripts by RT-PCR analysis in renal tissues. EC-SOD(−/−) animals demonstrated significant
(P < 0.05) reduction in EC-SOD mRNA as compared to their WT counterparts, and the administration of CoPP had no significant effect on
SOD3 mRNA levels in both WT and KO animals. Results are expressed as mean ± SE, ∗P < 0.01 versus WT mice. (b) Western blot analysis
of HO-1 and HO-2 proteins in kidney homogenates of WT and EC-SOD(−/−) mice. Immunoblots were performed using antibodies against
mice HO-1 and HO-2 proteins. Blots are representative of six separate experiments. Results are expressed as mean ± SE, ∗P < 0.01 versus
WT, +P < 0.05 versus WT + CoPP, ‡P < 0.05 versus EC-SOD(−/−). (c) Bilirubin production in WT, EC-SOD(−/−) mice and EC-SOD(−/−)

mice treated with CoPP. Values are expressed as the mean ± SD of 4 experiments, ∗P < 0.05 versus WT mice, ‡P < 0.01 versus EC-SOD(−/−).

variance (ANOVA) for multiple groups or unpaired t-test for
two groups.

3. Results

3.1. Effect of SOD3 Gene Deletion on HO Expression and
Activity. The effectiveness of EC-SOD gene knockdown was
analyzed in renal homogenates using R.T-PCR. SOD3 KO
animals demonstrated significant (P < 0.05) reduction in
EC-SOD mRNA as compared to their WT counterparts (WT
−2.55± 0.5 versus KO −0.36± 0.04). The administration of
CoPP had no effect on SOD3 mRNA levels in both WT and
KO animals (Figure 1(a)). Oxidative stress was confirmed in
renal homogenates from SOD3 KO animals using lucigenin
detectable chemiluminescence (WT −0.78 ± 0.1 versus KO

−1.85± 0.14 cpm × 1000/mg, P < 0.05). Renal homogenates
from EC-SOD(−/−) animals demonstrate significant (P <
0.05) induction of HO-1 which was further accentuated in
animals undergoing CoPP treatment (Figure 1(b)). However,
this HO-1 induction was accompanied by attenuation (P <
0.05) of HO activity in SOD3 KO animals, as measured
by total bilirubin generation (WT −0.53 ± 0.12 versus
KO −0.28 ± 0.09 nmol/mg protein). EC-SOD(−/−) mice
concurrently exposed to CoPP demonstrated increased HO-
1 expression which was accompanied by a corollary increase
in (P < 0.05) HO activity in these animals (Figure 1(c)).
That chronic oxidative stress induces HO expression but sup-
presses HO activity, is substantiated by these results which
also suggest that porphyrin-induced overexpression of HO
overwhelms this inhibitory effect and restores HO activity.
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Figure 2: Representative images of renal parenchyma (haematoxylin-eosin staining, 200X) in EC-SOD(−/−) and WT mice. WT mice and WT
mice treated with CoPP showed no significant morphologic alterations both in cortex (arrow’s head for proximal tubules and black point for
distal tubules) and medulla (asterisk for vasa recta) ((a), (b), (e), (f)). EC-SOD(−/−) mice displayed tubular damage, hyperproliferation in
the glomerulii (red arrows) with Bowman’s capsule dilatation (red point), infiltrates (black arrows) and breakage of vasa recta in outer and
inner medulla (double asterisks). ((c), (g)). Tubular interstitial and microvascular pathology are abrogated in CoPP-treated EC-SOD(−/−)

mice ((d), (h)). Western blot analysis of (i) ASK1 (j) BCL-xl protein expression in kidney of WTmic, EC-SOD(−/−) mice, and mice treated
with CoPP. Quantitative densitometry evaluation of Bcl-xl, ASK-1-to-β-actin ratio was determined. Blots are representative of four separate
experiments. Results are expressed as mean ± SE, ∗P < 0.05 versus WT, +P < 0.01 versus WT + CoPP, ‡P < 0.05 versus EC-SOD(−/−).

3.2. Effects of HO Induction on Renal Histopathology in EC-
SOD(−/−) Animals. HO deficiency, as seen in HO-2(−/−)

animals, has already been shown to exacerbate renal
histopathological abnormalities in streptozotocin- (STZ-)
induced model of oxidative stress [28]. SOD3(−/−) mice also
exhibit chronic oxidative stress with insufficient stimulation
of the heme-HO system; as such, we examined renal mor-
phology in these mice (and WT controls) with and without
pharmacological induction of HO. Histological examination
of renal sections revealed no significant abnormalities in

WT mice treated or not with CoPP, showing no dilatation
of glomeruli, proximal and distal tubules, and absence of
inflammatory infiltration (Figures 2(a), 2(b), 2(e), and 2(f)).
In contrast, EC-SOD(−/−) mice exhibited corticotubular
damage, characterized by dilatation and loss of epithelial
cells in the tubular structures with the presence of cellular
infiltrate (Figure 2(c)). A considerable number of Bowman’s
capsules showed dilatation with hyperproliferation of cap-
illary tufts and cellular infiltration (Figure 2(c)). Inner and
outer medulla showed breakage of vasa recta (Figure 2(g)).
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CoPP treatment abrogated this glomerular-tubulointerstitial
and microvascular pathology in EC-SOD(−/−) mice (Figures
2(d), 2(h)).

Renal morphological abnormalities, in EC-SOD(−/−),
were accompanied by alterations in apoptotic and antiapop-
totic signals. ASK1 was significantly (P < 0.05) elevated
in renal homogenates of SOD3 KO animals as compared
to WT animals. Similarly, antiapoptotic protein Bcl-xl was
attenuated (P < 0.05) in renal homogenates from SOD3 KO
as compared to their WT counterparts. The expression levels
of ASK1 and Bcl-xl proteins were restored in EC-SOD(−/−)

mice treated with CoPP (Figures 2(i), 2(j)).

3.3. Effects of HO Induction, in SOD3 KO Animals, on
Systolic Blood Pressure and Vascular Endothelial Function.
EC-SOD(−/−) mice have been documented to have elevated
blood pressure and exhibit vascular endothelial dysfunction
[17]. In this regard, we examined the effect of HO induction
on vascular endothelial function, and factors regulating it, in
EC-SOD(−/−) mice. First, vascular redox status was assessed
using lucigenin detectable chemiluminescence which showed
that SOD3 gene deletion was associated with increased
(P < 0.05) vascular O2

− levels; attenuated by concurrent
exposure to CoPP (P < 0.05) (Figure 3(a)). EC-SOD(−/−)

mice demonstrated a significantly (P < 0.05) attenu-
ated vasorelaxation response to increasing concentrations
of acetylcholine. CoPP treatment enhanced acetylcholine-
induced vasodilation (P < 0.05) in these mice (Figure 3(b))
and in complimentary experiments, CoPP rescued the
attenuative effects (P < 0.05) of SOD3 gene knockdown on
the expression of p-eNOS (P < 0.05) (Figure 3(d)). Blood
pressure measurements, performed in WT and EC-SOD-
deficient mice, revealed elevated baseline blood pressure in
EC-SOD(−/−) mice (WT −112.4 ± 1.8 versus KO −120.4 ±
0.9 mm Hg, P < 0.05). This elevated blood pressure was
successfully normalized in mice exposed to CoPP (KO +
CoPP −109.8± 2.4) (Figure 3(c)).

3.4. Effects of HO Induction, in SOD3 KO Animals, on Epoxide
and Serum Adiponectin Levels. In addition to endothelial
dysfunction, vascular levels of epoxides were significantly
reduced in EC-SOD(−/−) mice (WT −2.15 ± 0.2 versus KO
−0.89 ± 0.3 ng/mg protein/hr, P < 0.05). This effect of
SOD3 KO on EET levels was reversed in CoPP treated
animals (2.35 ± 0.2 ng/mg/protein/hr, P < 0.05 versus KO)
(Figure 4(a)).

Stimulation of the heme-HO system, along with
enhancement of epoxides, has been shown to be associated
with increased serum and tissue levels of adiponectin.
Attenuation of HO activity, in EC-SOD(−/−) mice, was
accompanied by significant (P < 0.05) attenuation of serum
adiponectin levels (WT −6.10 ± 0.3 versus KO −0.93 ±
0.45μg/mL). WT mice treated with CoPP exhibited serum
adiponectin levels similar to those in controls; however,
CoPP treatment restored serum adiponectin levels in SOD3
deficient mice (KO + CoPP −8.05 ± 0.9μg/mL, P < 0.05)
(Figure 4(b)), indicative of its association with HO activity.
In addition, expression of p-AKT, an adiponectin-dependent

regulatory pathway, was also attenuated (P < 0.05) in
vascular tissues from EC-SOD(−/−) mice and was restored
in animals concurrently exposed to CoPP (P < 0.05)
(Figure 4(c)).

4. Discussion

The present study demonstrates that chronic oxidative stress,
as seen in EC-SOD(−/−) mice, has reciprocal effects on HO
expression and activity and that pharmacological induction
of HO restores redox homeostasis and reverts pathophys-
iological abnormalities observed in these animals. These
effects of HO induction are associated with concomitant
increases in epoxide and adiponectin levels, which may
contribute towards the HO-induced reversal of renovascular
abnormalities in EC-SOD(−/−) mice.

The first key finding presented in this study is the
observation that mice expressing reduced levels EC-SOD
have increased renovascular oxidative stress which, although
accompanied by induction of HO-1 expression, concurrently
results in a significant (P < 0.05) attenuation in HO activity.
This discordance in HO-1 expression and activity is in
line with recent reports showing that oxidative stress, in
in vitro systems, inhibits HO activity by a yet unidentified
post-translational modification [21, 29, 30]. In addition,
investigators have also shown an insufficient induction of
HO-1 in conditions of severe prolonged oxidative stress,
where levels of HO are unable to provide adequate cellular
antioxidant protection [31]. Accordingly, irrespective of the
underlying mechanisms involved, accumulating evidence
now suggests attenuation of HO activity by chronic redox
imbalances in face of an increased HO-1 expression. Such an
effect of prolonged oxidative stress, though counterintuitive,
may explain the need and protective role of therapeutic
HO induction in various models of chronic oxidative stress
[32], including the current model of SOD3 KO animals.
How pharmacological HO-1 induction does overcome the
inhibitory effect of chronic oxidative stress and restores HO
activity cannot be fully explained at this time but may entail
an excess of HO and HO-derived products overwhelming the
suppressive effect of cellular redox.

The second key finding presented in this study is the
modulatory effect of heme-HO system on vascular epoxide
and serum adiponectin levels in EC-SOD(−/−) mice. In these
mice, a chronic oxidative state is characterized by insufficient
HO activity and where both epoxide and adiponectin levels
are attenuated. Recovery of vascular epoxide and serum
adiponectin levels with CoPP-induced HO stimulation
implicates the role of HO in modulating these pathways.
These results are in line with our earlier report [27] showing
interplay between HO and epoxides in animal models
of metabolic syndrome. Recent reports have also shown
that induction of HO-1 expression and activity leads to
enhancement of adiponectin levels along with activation of
adiponectin directed signaling pathways [31, 33, 34]. HO-
mediated stimulation of adiponectin release from adipose
tissues [31, 35] appears to involve the HO-induced restora-
tion of adipocyte function including reduced oxidative stress,
inflammation, and increased release of protective adipokines
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Figure 3: (a) Superoxide levels in femoral arteries of WT mice, EC-SOD(−/−) mice, and mice injected with CoPP. Superoxide levels were
determined as described in methods. Results are mean ± SE, n = 4; ∗P < 0.01 versus WT, ‡P < 0.01 versus EC-SOD(−/−); +P < 0.05 versus
WT + CoPP. (b) Dose-response curves for acetylcholine-induced vascular relaxation after preconstriction with phenylephrine. Results are
mean ± SE, n = 4; ∗P < 0.05 versus WT, ‡P < 0.05 versus EC-SOD(−/−), +P < 0.05 versus WT + CoPP, and (c) systolic blood pressure
measurements at the completion of the study (n = 4). Mice were injected with CoPP once a week as described in Methods. Blots are
representative of four separate experiments. Results are expressed as mean ± SE, ∗P < 0.05 versus WT, ‡P < 0.01 versus EC-SOD(−/−),
+P < 0.05 versus WT + CoPP mice, and Western blot and densitometry analysis of (d) eNOS and p-eNOS.

[9]. In addition, epoxides, whose synthesis was enhanced
by HO-induction in EC-SOD(−/−) mice, have been shown
in the past to attenuate dysfunctional adipogenesis and
enhance adiponectin release from adipocytes [36], in an HO-
dependent manner. Thus, our results presented here support
the existence of an interdependent physiological axis formed
by the heme-HO, epoxide, and adiponectin systems, which
regulates cardiovascular-renal function, and where redox-
induced attenuation of HO activity negatively affects the
other two components.

Physiological implications of attenuation of HO-
adiponectin axis are evident as renal corticomedullary
lesions in EC-SOD(−/−) mice, amenable to reversal with
CoPP. Abrogation of these renal histopathological changes,
in mice treated with CoPP, was accompanied by attenuation
of apoptotic and enhancement of antiapoptotic pathways,
including ASK1 and Bcl-Xl. ASK1 is a stress-response protein
negatively regulated by cellular redox [37], where reduced
thioredoxin binds and inhibits ASK1. This inhibitory effect
is overcome under conditions of oxidative stress [38], thus
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Figure 4: (a) EETs levels in WT and EC-SOD(−/−) mice and mice treated with CoPP. EETs levels were determined as described in Methods.
Results are mean ± SE, n = 4; ∗P < 0.05 versus WT mice, ‡P < 0.05 versus EC-SOD(−/−) and +P < 0.05 versus WT + CoPP mice. (b)
Adiponectin levels in WT and EC-SOD(−/−) mice and mice treated with CoPP. Adiponectin levels were determined as described in methods.
Results are mean ± SE, n = 4; ∗P < 0.05 versus WT mice, ‡P < 0.05 versus EC-SOD(−/−) mice, and +P < 0.05 versus WT + CoPP mice. (c)
AKT and pAKT proteins in arteries of WT and EC-SOD(−/−) mice. Mice were injected with CoPP once a week as described in Methods. Blots
are representative of four separate experiments. Results are expressed as mean ± SE, ∗P < 0.05 versus WT, ‡P < 0.01 versus EC-SOD(−/−),
+P < 0.05 versus WT + CoPP mice.

increasing ASK1 expression. Increased cellular expression
of ASK1 has been linked to recruitment of inflammatory
components, tumorogenesis, and endothelial dysfunction
[39]. Reduced HO activity, in EC-SOD(−/−) mice, could
facilitate oxidative stress in turn increasing ASK1 expression,
and contributing towards pathological alterations observed
in these animals. Induction of HO-1 expression and activity,
via CoPP administration, restores cellular redox, attenuates
ASK1 expression and prevents renal damage. In addition,
EC-SOD(−/−) animals also demonstrate reduced tissue
expression of Bcl-XL and p-AKT/AKT proteins. AKT
interacts with HSP-90 and is involved in inhibition of
ASK1 and associated pathways [15]. Increased HO-1 and

adiponectin levels enhance p-AKT/AKT expression with
resultant cardio-reno-protective effects [36, 40] including
suppression of ASK1. These results are also in line with
earlier reports [11, 41] demonstrating renoprotective effects
of adiponectin in patients with chronic kidney disease.

Finally, significant improvement of endothelial function
and attenuation of elevated blood pressure, in EC-SOD(−/−)

mice, by induction of heme-HO system underscores the role
of the HO-epoxide-adiponectin system in regulating vascular
homeostasis. Induction of HO via CoPP provides excess CO
and BV, where BV acts as an endogenous chain breaking
antioxidant [1] and increases NO bioavailability and CO has
been shown to induce vasodilation via activation of vascular
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Figure 5: The schematic outlines the salient points discussed in the paper. Chronic oxidative stress upregulates HO-1 expression whose
products, CO & BV have antioxidant properties and help restore redox homeostasis. In addition, HO induction stimulates epoxide synthesis
and these pathways combined enhance adiponectin release. Antioxidant, antiapoptotic, vasomodulatory, and renoprotective properties
of HO-EET-adiponectin axis restore cardiovascular-renal homeostasis often disrupted in conditions of oxidative stress. HO induction
overcomes a concurrent inhibition of HO activity by redox-dependent mechanisms which offset the protective effects of enhanced HO
expression thus contributing towards pathophysiological abnormalities observed in conditions of chronic oxidative stress.

Kca channels [1, 42]. Another aspect of the HO-1 induction-
mediated amelioration of vascular dysfunction may involve
upregulation of eNOS and stimulation of epoxide synthesis.
Epoxides are one of the candidates for endothelium derived
hyperpolarizing factor (EDRF) and induce vasodilation
along with inhibition of inflammatory response and stim-
ulation of epithelial cell growth [43, 44]. In addition, HO
stimulation is accompanied by increased adiponectin release
and adiponectin has been shown to induce generation of
NO in vascular endothelial cells [45] and has also been
shown to mediate AKT-dependent vasodilation in the rat
aorta [46]. Thus, current evidence, in light of previous
reports, implicates the interaction between the HO, epoxide
and adiponectin systems in governing vascular endothelial
function. The antioxidant and vasomodulatory properties of
HO products are complimented by upregulation of vascular
p-eNOS, increase in vasodilatory epoxides and stimulation
of adiponectin-AKT pathway. These vascular and hemody-
namic effects EC-SOD gene deletion may also contribute
towards renal histopathological alteration observed in these
mice and hemodynamic improvement, observed in CoPP-
treated SOD3 KO mice, could thus contribute towards
attenuation of renal pathology in these animals.

In conclusion (Figure 5), this study puts in perspective
two emerging concepts in cardiovascular pathophysiology.
First, it demonstrates a reciprocal effect of chronic oxida-
tive stress on HO-1 expression and activity and secondly,
the present study suggests interdependence amongst three
physiological systems, that is, the heme-HO, adiponectin and
epoxide systems. Where chronic oxidative stress conditions,

such as SOD3 deficiency potentiate HO-1 expression, a
concurrent inhibitory effect on HO activity is observed.
This effect is accompanied by renovascular abnormalities
and suppression of epoxide and adiponectin synthesis.
Restoration of HO activity, via pharmacological modulators
of the heme-HO system, not only restores cellular redox, but
also recovers vascular epoxide and serum adiponectin levels
along with abrogation of renal pathology, improvement of
vascular function, and attenuation of blood pressure.
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One of the most prevalent complications of pregnancy is preeclampsia, a hypertensive disorder which is a leading cause of
maternal and perinatal morbidity and premature birth with no effective pharmacological intervention. While the underlying
cause is unclear, it is believed that placental ischemia/hypoxia induces the release of factors into the maternal vasculature and lead
to widespread maternal endothelial dysfunction. Recently, HO-1 has been shown to downregulate two of these factors, reactive
oxygen species and sFlt-1, and we have reported that HO-1 induction attenuates many of the pathological factors of placental
ischemia experimentally. Here, we have examined the direct effect of HO-1 and its bioactive metabolites on hypoxia-induced
changes in superoxide and sFlt-1 in placental vascular explants and showed that HO-1 and its metabolites attenuate the production
of both factors in this system. These findings suggest that the HO-1 pathway may be a promising therapeutic approach for the
treatment of preeclampsia.

1. Introduction

Preeclampsia is a pregnancy-specific hypertensive disorder
classically characterized by proteinuria and edema after the
twentieth week of gestation [1]. Preeclampsia is a common
complication of pregnancy, with an incidence of ∼5–10%
of all pregnancies [2]. Though the underlying mechanisms
of preeclampsia are not well understood, a central factor
believed to be important in the development of the disease
is placental ischemia and hypoxia which result from a failure
of the maternal uterine vasculature to remodel into high-
capacitance vessels, leading to placental hypoperfusion [3–
5]. In response to hypoxia, the placenta begins to produce
a number of soluble factors which are secreted into the
maternal circulation. Once, in circulation, these factors
induce widespread maternal endothelial dysfunction, one of
the key hallmarks of this disorder [6, 7]. There are a number
of molecular pathways which are involved in the cascade
from placental ischemia to maternal endothelial dysfunction.
Two pathways which have been the subject of intense research

are the production of the soluble form of the vascular
endothelial growth factor (VEGF) receptor-denominated
soluble fms-like tyrosine kinase (sFlt-1) and the production
of placental hypoxia-induced reactive oxygen species (ROS).

VEGF signaling is necessary for endothelial health and
maintenance [8]. When, in circulation, sFlt-1 binds to free
VEGF and placental growth factor (PlGF) sequestering them
and making them unavailable for proper signaling [9]. sFlt-
1 can be directly induced by hypoxia through the actions
of HIF-1α and has been shown to be produced by human
placental trophoblasts and villi in response to decreased
oxygen [10–12]. It has also been shown to be produced in
the placenta during preeclampsia and is found to be elevated
in the circulation of preeclamptic women, often before the
onset of maternal symptoms [13, 14]. In addition, numerous
experimental models have demonstrated the importance of
sFlt-1 overexpression in the development of preeclampsia
[15–18]. A second factor implicated in the pathophysiology
of preeclampsia is oxidative stress. Oxidative stress has
been shown to be elevated in both the placenta and the
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maternal vasculature of women with preeclampsia [19–
21]. The symptoms associated with experimental rodent
placental hypoperfusion have also shown to be attenuated
by either the superoxide dismutase mimetic Tempol or the
NADPH oxidase inhibitor apocynin [22, 23]. This suggests
that oxidative stress, at least partially induced by NADPH
oxidase, is a crucial factor in the symptomatic manifestation
of preeclampsia.

One potential palliative agent suggested for the normal-
ization of these two pathways is the enzyme heme oxygenase-
1 (HO-1). HO-1 typically catalyzes the rate-limiting step in
the heme salvage pathway, converting the prooxidant heme
to biliverdin, which is then rapidly converted by biliverdin
reductase to bilirubin, a known antioxidant [24, 25]. As a side
product, HO-1 releases carbon monoxide, a vasodilator [26].
Recently, it has been reported that HO-1 could negatively
regulate VEGF or interferon-γ-induced sFlt1- release in vitro.
Furthermore, CO could directly act in a similar manner
[27]. Also, we have recently demonstrated that induction of
HO-1 in a rodent placental ischemia model attenuated the
associated hypertension and angiogenic imbalance [28]. In
the present work, we have extended this previous work to
examine the direct effects of HO-1 and its byproducts CO
and bilirubin on hypoxia-induced oxidative stress and sFlt-1
production.

2. Materials and Methods

2.1. Animals. Timed pregnant Sprague-Dawley rats were
obtained from Harlan, Inc. (Indianapolis, Ind). All animal
protocols were approved by The University of Mississippi
Medical Center Institutional Animal Care and Use Commit-
tee and followed the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals. Animals were
maintained at constant temperature (23◦C) with a 12 : 12 h
light : dark cycle. On day 19 of gestation, the animals were
sacrificed by pneumothorax and cardiac excision followed by
tissue harvest.

2.2. Placental Explants. Placental explants were cultured as
described previously [29]. Briefly, after tissue excision, pla-
centas were immediately placed into cold Dulbecco’s Phos-
phate Buffered Saline (Sigma, St. Louis, Mo). The mesome-
trium and decidua were carefully removed, and villous bun-
dles from the trophospongium and labyrinth were excised.
The villous explants were plated in 24-well cell culture plates
coated with 0.2 mL of Matrigel Matrix Basement Mem-
brane from BD Bioscience (Bedford, Mass). Explants were
grown in Dulbecco’s Modified Eagle’s Media-Ham’s F-12
supplemented with 10% FBS, 100 μg/mL streptomycin, 100
U/mL penicillin, and 25 μg/mL ascorbic acid as previously
described [30]. The explants were maintained at constant
oxygen tensions of either 6% or 1% in double gas incubators
purged with nitrogen.

2.3. Experimental Protocol. Explants were randomly assigned
into control and experimental groups. Control explants were

incubated in media with no supplementation. The HO-
1 inducer cobalt (III) protoporphyrin IX chloride (CoPP,
Frontier Scientific, Logan, Utah) was prepared in 0.1 M
NaOH in saline, and the pH was adjusted to a final pH of
8.5 CoPP was utilized at a final concentration in culture
of 20 μM. CORM-3 has been previously described [31] and
was prepared in media immediately before use at a final
concentration of 40 μM. Bilirubin was utilized at a final
concentration of 100 μM. At 48 hours after treatment, the
cell culture media was removed from the explants and
both media and tissue were frozen for further analysis. A
minimum of 5 samples were obtained for every experimental
group.

2.4. Western Blotting. Total intracellular protein was extract-
ed by 5X repeated freeze-thaw lysis in FT buffer (600 mM
KCl, 20 mM Tris-Cl, pH 7.8, 20% glycerol, 0.4 mg/mL Pefa-
bloc, 10 μg/mL leupeptin, 10 μg/mL pepstatin, and 5 μg/mL
aprotinin) [32]. Protein concentration was determined by
Bradford assay (Bio-Rad). For western blots, 30 μg of protein
was subjected to SDS-PAGE on 4–20% gradient SDS-poly-
acrylamide gels (Bio-Rad). Membranes were blocked with
Odyssey blocking buffer (LI-COR, Lincoln, Neb) for two
hours at room temperature. Primary incubation was under-
taken overnight at 4◦C with a rabbit anti-HO-1 polyclonal
antibody (StressGen, Vancouver, Calif) at 1 : 2000 and a
mouse anti-β-actin antibody (Gentest) at 1 : 5000. Secondary
antibody incubation was done with Alexa Fluor 680 goat
anti-rabbit (Molecular Probes) and IRDye 800 goat anti-
mouse IgG (Rockland) for one hour at room temperature.
Fluorescence was detected on an Odyssey infrared imager
(LI-COR) for simultaneous detection of both species. Blot
analysis was performed with the supplied Odyssey software,
and HO-1 was normalized to β-actin, with n = 6 in each
group.

2.5. Measurement of Superoxide by DHE. DHE fluorescence
assays were carried out as previously described [33]. Individ-
ual wells of a black 96-well microtiter plate were filled with
200 uL of 5 μM DHE (Invitrogen) diluted into phosphate
buffered saline. Fluorescence was monitored by excitation at
510 nm and emission at 610 nm. Fluorescence was monitored
every 2 minutes for a total of one hour and the resulting
measurements averaged over the life of the experiment. For
each group, n = 7–13. Fluorescence was normalized to the
average of normoxic controls. Statistical comparisons were
performed by one-way ANOVA.

2.6. sFlt-1 Measurement. Total protein concentration of the
cell culture supernatants was determined by the Bicin-
choninic Acid (BCA) assay (Pierce, Rockford, Ill) using bo-
vine serum albumin (BSA) as a standard. Measurement of
s-Flt1 was performed by sandwich ELISAs (R&D Systems,
Minneapolis, Minn) according to manufacturer protocols.
The plates were read on a Tecan GENios microplate reader,
and quantitation was performed with Megellan version 4.1
software. sFlt-1 levels were normalized to the total amount
of media protein, and the results graphed with Origin Pro
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Figure 1: Hypoxia decreases HO-1 expression in placental villous
explants, which can be restored by CoPP. Placental villous explants
were incubated for 48 hours under 6% (normoxic) or 1% (hypoxic)
oxygen to simulate the oxygen tension in a health and preeclamptic
placenta. As assayed by western blot normalized to β-actin, in
response to hypoxia treatment, there was an approximate 30%
reduction in the tissue levels of HO-1. Cobalt protoporphyrin
(CoPP), while having no significant effect under hypoxic condi-
tions, fully restored HO-1 expression in the hypoxic villi. Statistical
significance at the P < 0.05 level is indicated by “∗” versus
normoxic controls and “#” versus hypoxic controls.

8 (Microcal), which was also used for all statistical analyses.
Statistical significance was determined by one-way ANOVA,
with a significance threshold of P < 0.05.

3. Results

3.1. Hypoxia Suppresses HO-1 Expression in Placental Villi and
CoPP Treatment Restores Normal HO-1 Levels. In order to
assess the effect of hypoxia and CoPP on HO-1 expression
in placental villi, villous explants were excised from the
trophospongium and labyrinth of rodent placentas on day 19
of gestation. These tissues were cultured on synthetic base-
ment membrane in either 6% (normoxic) or 1% (hypoxic)
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Figure 2: HO-1 and bilirubin suppress hypoxia-induced increases in
superoxide production. In response to culture in hypoxic conditions,
there is a significant ∼60% increase in the level of superoxide gen-
erated by the placental explants as assayed by dihydroxyethidium
(DHE) fluorescence. Administration of CoPP had no significant
effect on normoxic explants but completely attenuated the hypoxia-
induced increase seen in the control explants. Exogenous applica-
tion of bilirubin (Bili) had a significant attenuation of superoxide
in both the normoxic and hypoxic samples when compared to their
respective controls. Statistical significance at the P < 0.05 level is
indicated by “∗” versus normoxic controls and “#” versus hypoxic
controls.

oxygen, reflecting the approximate oxygen tension of a
normal and hypoxic placenta, respectively. As can be seen in
Figure 1, at 48 hours, villous bundles in the hypoxic exhibited
an approximate 30% reduction in their β-actin normalized
HO-1 expression (6% = 1 ± 0.11 versus 1% = 0.69 ± 0.02,
P < 0.05). In response to CoPP, there was no significant
difference in the expression of HO-1 in the 6% treated group
(0.89± 0.08). When CoPP was administered to villi exposed
to 1% oxygen, however, there was a significant normalization
of HO-1 expression when compared to hypoxic controls
(1% = 0.69±0.02 versus 1%+CoPP = 1.07±0.08, P < 0.05),
indicating that CoPP can restore HO-1 expression in hypoxic
villi.

3.2. HO-1 Induction and the HO-1 Byproduct Bilirubin
Attenuate Hypoxia-Induced Superoxide in Placental Villous
Bundles. We next assessed the effects of both HO-1 levels
and the direct effect of the HO-1 product bilirubin, a known
antioxidant, on hypoxia-induced superoxide production. As
seen in Figure 2, in response to hypoxic exposure, there
is a significant increase in the tissue levels of superoxide
of approximately 60% as determined by dihydroethidium
fluorescence (6% = 1 ± 0.03 versus 1% = 1.63 ± 0.19, P <
0.05). Administration of CoPP had no significant difference
under normoxic conditions (0.86±0.06), but hypoxic tissues
treated with CoPP exhibited a marked decrease in DHE
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Figure 3: HO-1 induction, CO, and Bilirubin attenuate hypoxia-
induced sFlt-1 secretion. In response to hypoxic incubation, placen-
tal explants demonstrate a significant increase in the production
of sFlt-1 when compared to normoxic controls. Administration of
CoPP significantly attenuated sFlt-1 released under both normoxic
and hypoxic conditions. Bilirubin, while having no effect under
normoxic conditions, slightly but significantly decreased sFlt-1
release when compared to hypoxic controls. Administration of
a CO-releasing molecule (CORM) again had no effect under
normoxic conditions but significantly attenuated sFlt-1 release in
hypoxic explants. Statistical significance at the P < 0.05 level is
indicated by “∗” versus normoxic controls and “#” versus hypoxic
controls.

fluorescence when compared to hypoxic controls (1% =
1.63 ± 0.19 versus 1% + CoPP = 1.01 ± 0.14, P < 0.05).
Incubation with bilirubin had a marked effect on detected
superoxide in both normoxic and hypoxic tissues. Under 6%
oxygen, there was a significant decrease in DHE fluorescence
when compared to normoxic controls (6% = 1 ± 0.03
versus 6% + Bili = 0.040 ± 0.11, P < 0.05). A similar
level of DHE fluorescence was seen in hypoxic tissues, which
were also significantly different from their hypoxic controls
(1% = 1.63± 0.19 versus 1% + Bili = 0.54± 0.15, P < 0.05).
These data suggest that both HO-1 and bilirubin significantly
attenuate hypoxia-induced superoxide in placental villi.

3.3. HO-1 and Its Byproducts Attenuate Hypoxia-Induced sFlt-
1 Production in Placental Villi. We also wished to determine
what effect HO-1 and its byproducts would have on the
hypoxia-induced production of sFlt-1. As seen in Figure 3, in
response to hypoxia treatment, secreted sFlt-1 is significantly
increased in response to hypoxia exposure (6% = 1649 ±
12.1 pg/mg versus 1% = 1854 ± 35 pg/mg, P < 0.05).
Administration of CoPP decreased the amount of sFlt-1
secreted under both normoxic (6% = 1649 ± 12.1 pg/mg
versus 6% + CoPP = 1477 ± 54 pg/mg, P < 0.05) and
hypoxic (1% = 1854 ± 35 pg/mg versus 1349 ± 32 pg/mg,
P < 0.05) conditions when compared to their respective

controls. While bilirubin had no significant effect on sFlt-1
under normoxic conditions (1753 ± 56 pg/mg), in hypoxia-
exposed explants, there was a significant decrease in the
production of sFlt-1 when compared to hypoxic controls
(1% = 1854 ± 35 pg/mg versus 1542 ± 76 pg/mg, P < 0.05).
Similarly, administration of a CO donor molecule had no
significant effect on the production of sFlt-1 under normoxic
conditions (6% = 1649± 12.1 pg/mg versus 6% + CORM =
1542 ± 53 pg/mg) but exhibited a marked attenuation of
sFlt-1 under hypoxic conditions (1% = 1854 ± 35 pg/mg
versus 1392 ± 107 pg/mg, P < 0.05). Collectively, these data
suggest that HO-1 through both CO and bilirubin suppresses
hypoxia-induced sFlt-1 in placental villi.

4. Discussion

Preeclampsia remains a major health concern, affecting at
least one out of every twenty pregnancies [34]. Besides the
immediate risk for mother and fetus, there is increasing
evidence that preeclampsia confers increased risk for cardio-
vascular complications to the offspring in later life [35]. One
of the major roadblocks in the management of preeclampsia
is the lack of an effective pharmacological intervention for
its treatment. A potential therapy which has been proven
effective in numerous experimental forms of hypertension is
the manipulation of the HO-1 pathway [36–39].

HO-1 is hypothesized to attenuate hypertension through
multiple pathways. HO-1 produces two bioactive com-
pounds as products of heme metabolism: CO and bilirubin.
Bilirubin has been shown in numerous systems to function
as a powerful antioxidant [24, 25]. As it is recognized that
production of reactive oxygen species is a major component
of varied forms of hypertension, moderate increases in
bilirubin could act to decrease overall oxidative stress. CO
acts as a potent vasodilator, functioning in a manner similar
to endothelium-derived relaxing factor [26]. Of particular
interest to preeclampsia, HO-1 and CO have been shown
to directly inhibit production of VEGF and interferon-γ-
induced secretion of sFlt-1 [27]. Additionally, it has been
reported that CO derived from HO-1 in vascular smooth
muscle could inhibit production of endothelin-1 [40], a
protein shown to be a final common pathological factor in
several experimental models of preeclampsia.

We have recently demonstrated that induction of the
HO-1 pathway could significantly attenuate the preeclamp-
sia-like pathological manifestations associated with experi-
mental placental ischemia in the rodent. Specifically, HO-
1 attenuated the associated hypertension, with concomi-
tant decreases in placental sFlt-1 and oxidative stress, and
increased circulating bioavailable VEGF [28]. However, in
this in vivo model, it was not possible to determine the
direct effects of HO-1 and the individual metabolites on the
regulation of each of these factors within the placenta. In
the present work, we have utilized a previously established
model of placental vascular bundle culturing to determine
the importance of each of these factors in the regulation of
oxidative stress and sFlt-1 in response to hypoxia.

Western blotting analysis demonstrated that hypoxia
exposure significantly decreased the expression of HO-1 in
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the vascular bundles. This is surprising, as numerous reports
have indicated hypoxia induces an increase in HO-1 [41–43].
However, this effect has never been examined in the placental
vasculature. This could help explain the increase in oxidative
stress in the preeclamptic placenta. CoPP administration
had no effect under normoxic conditions but in hypoxia
restored HO-1 to normoxic levels. This is consistent with
our previous data which shows that CoPP induces HO-1
in the placenta only with the secondary insult of placental
ischemia/hypoxia [28].

In response to hypoxia exposure, the placental explants
exhibited increased production of sFlt-1. CoPP administra-
tion significantly decreased sFlt-1 secretion to levels which
were below even normoxic controls. Though CO has been
shown to negatively regulate VEGF and interferon-γ-induced
sFlt-1 in placental explants [27], its effect on hypoxia-
induced sFlt-1 release has not been reported. As suggested
in the literature, CO did indeed significantly attenuate
hypoxia-induced sFlt-1, returning to levels equivalent to
CoPP induction. Perhaps most surprisingly, administration
of bilirubin also significantly decreased the secretion of sFlt-
1 during hypoxia. This may suggest that oxidative stress
is playing a role in the induction of sFlt-1, though the s
ameliorative effect of bilirubin was not as great as either
CoPP or CO, suggesting that CO is the major factor in HO-
1’s effect on sFlt-1.

Superoxide was also increased in the explants exposed
to hypoxia when compared to normoxic controls. Treatment
with CoPP, which does not induce HO-1 expression under
normoxic conditions, had no effect on superoxide levels.
However, under hypoxic conditions where CoPP normalizes
HO-1 levels, there was a significant reduction in the amount
of superoxide produced by the explants. Tellingly, the
exogenous application of bilirubin to the explants under
either normoxic or hypoxic conditions led to a significant
decrease in superoxide when compared to their respective
controls. This is perhaps an intuitive result given the known
antioxidant properties of bilirubin but strongly suggests that
moderate elevations in bilirubin production as a result of
increased HO-1 are driving the reduction in oxidative stress.
This demonstrates a second pathway through which HO-1
induction is directly affecting hypoxia-induced changes in
the placental vasculature. It seems evident from these data
as a whole, that HO-1 induction, through both CO and
bilirubin production, is having a direct effect on the placental
vasculature during ischemia/hypoxia. Continued studies into
the safety and efficacy of agents to increase HO-1 or deliver
these metabolites directly is warranted.

5. Conclusions

We have demonstrated here that induction of HO-1, or
delivery of its bioactive metabolites CO and bilirubin, is
capable of significantly downregulating two major hypoxia-
induced factors (oxidative stress and sFlt-1) implicated in
the etiology of preeclampsia. This suggests a promising
therapeutic approach for the treatment of preeclampsia.
Future studies both in vitro and in vivo are necessary to fully
elucidate the therapeutic potential of this approach.
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The goal of this study was to test the hypothesis that renal medullary heme oxygenase (HO) acts as a buffer against Ang-II
dependent hypertension. To test this hypothesis, renal medullary HO activity was blocked using QC-13, an imidazole-dioxolane
HO-1 inhibitor, or SnMP, a classical porphyrin based HO inhibitor. HO inhibitors were infused via IRMI catheters throughout the
study starting 3 days prior to implantation of an osmotic minipump which delivered Ang II or saline vehicle. MAP was increased
by Ang II infusion and further increased by IRMI infusion of QC-13 or SnMP. MAP averaged 113±3, 120±7, 141±2, 153±2, and
154±3 mmHg in vehicle, vehicle + IRMI QC-13, Ang II, Ang II + IRMI QC-13, and Ang II + IRMI SnMP treated mice, respectively
(n = 6). Inhibition of renal medullary HO activity with QC-13 in Ang II infused mice was also associated with a significant increase
in superoxide production as well as significant decreases in antioxidant enzymes catalase and MnSOD. These results demonstrate
that renal inhibition of HO exacerbates Ang II dependent hypertension through a mechanism which is associated with increases
in superoxide production and decreases in antioxidant enzymes.

1. Introduction

Heme oxygenases (HO) are the critical enzymes responsible
for the breakdown of endogenous heme to biliverdin, carbon
monoxide (CO), and free iron. Biliverdin is subsequently
reduced to bilirubin and free iron is sequestered in the cell
via induction of ferritin [1]. The metabolites of HO have a
multitude of actions in the cardiovascular system. Two major
isoforms of HO exist, the inducible form, HO-1, and the
constitutively expressed isoform HO-2.

Several studies have demonstrated that systemic induc-
tion of HO-1 can prevent the development of hypertension
in both experimental and genetic models of hypertension [2–
5]. One study has even reported that HO-1 induction for 3
weeks resulted in a chronic 9-month lowering of blood pres-
sure long after the levels of HO-1 had returned to normal [6].
Despite the experimental evidence for the antihypertensive
effect of systemic HO-1 induction, the mechanism by which
HO-1 induction lowers blood pressure is not known. One
reason for the dependence of systemic induction of HO-1 is

the lack of appropriate models which allow for organ or cell-
type specific induction of HO-1.

Given the importance of the kidneys in the long-term
control of blood pressure, renal induction of HO-1 could
play a significant role in the antihypertensive effect of system-
ic HO-1 inducers [7]. Previous studies have demonstrated
an important role for HO enzymes and their metabolites in
the regulation of renal blood flow [8]. Moreover, intrarenal
medullary interstitial (IRMI) infusion of a metalloporphy-
rin-based HO inhibitor, chromium mesoporphyrin (CrMP),
attenuated renal pressure-natriuresis and resulted in the
development of salt-sensitive hypertension [9]. We recently
reported that kidney-specific induction of HO-1 via direct
intrarenal medullary interstitial infusion of cobalt proto-
porphyrin (CoPP) attenuated the development of Ang II-
dependent hypertension in the mouse [10]. The results of
these studies highlight the importance of intrarenal HO in
the regulation of blood pressure.

Traditional HO inhibitors are built upon metallopor-
phyrins which contain central metal atoms and serve as
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competitive inhibitors of HO enzymes [11, 12]. While these
compounds are effective HO inhibitors, they also result in
significant induction of HO-1 in vivo due to the metals that
are utilized [13, 14]. Recently, a new class of imidazole-
dioxolane HO inhibitors was described [15, 16]. These in-
hibitors are molecules which are similar in structure to heme,
the natural HO substrate, but they do not contain metals
and do not induce HO-1 when used in vitro [17]. We have
previously demonstrated that the imidazole-dioxolane HO-
1 inhibitor, QC-13, can effectively inhibit HO activity when
administered in vivo either by intraperitoneal injection or
IRMI infusion [18].

The role of renal medullary HO in the regulation of blood
pressure in Ang II-dependent hypertension is not known.
Previous studies have demonstrated that HO-1 is induced in
the rat but not mouse kidney by Ang II [10, 19–22]. The goal
of the present study was to determine the specific role of renal
medullary HO-1 in the development of Ang II-dependent
hypertension in mouse model by IRMI infusion of either
a classical metalloporphyrin-based HO inhibitor, stannous
mesoporphyrin (SnMP), or the imidazole-dioxolane HO-1
inhibitor, QC-13.

2. Methods

2.1. Animals. Experiments were performed on 12- to 16-
week-old male C57BL/6J mice obtained from Jackson Labs
(Bar Harbor, ME). The mice were fed a standard diet con-
taining 0.29% NaCl and were provided water ad libitum. All
animal protocols were approved by the Institutional Animal
Care and Use Committee at the University of Mississippi
Medical Center and performed in accordance with the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health. Studies were performed on 16–20-
week old male C57BL/6J mice (Jackson Labs, Bar Harbor,
ME). All studies were performed in accordance with the
approval of the University of Mississippi Medical Center
Institutional Animal Care and Use Committee (IACUC) and
in line with NIH guidelines. All mice underwent unilateral
nephrectomy of the right kidney to remove potential con-
tributions of the noninfused kidney to the blood pressure
response to experimental manipulations. After seven days,
intramedullary interstitial catheters were implanted 1.5–
2 mm into the left kidney as previously described [10, 18].
Saline was then infused through the catheter for a period
of 3 days after which the infusion was switched to QC-
13, (2R,4R)-2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imidazol-
1-yl)methyl]-4-methyl-1,3-dioxolane hydrochloride (25 μM,
in saline), or stannous mesoporphyrin (SnMP, 400 μM, in
saline) in some mice (n = 6/group). Infusions were contin-
ued throughout the entire experimental protocol. Two days
after the switch to QC-13 or SnMP mice were implanted with
osmotic minipumps delivering either vehicle (saline) or Ang
II at a rate of 1 μg/kg/min. Five days after implantation of the
osmotic minipumps, carotid artery catheters were implanted
into the mice as previously described [10, 22]. After a 2-day
recovery period, blood pressures were measured in 3-hour
periods over the next 3 days in conscious, freely moving mice.
Blood pressure data were continuously collected by a Power-

Lab 8/sp polygraph (AD Instruments, Denver, Colorado) and
acquired on a computer running Chart 4 software provided
by the manufacturer. Mice were euthanized after the last
blood pressure recording session and organs harvested.

2.2. Heme Oxygenase Assay. Heme oxygenase assays were
performed on lysates prepared from the renal medulla.
Medullary protein lysates were prepared previously described
[10, 22]. Briefly, tissue was homogenized in 250 mM sucrose,
10 mM KPO4, 1 mM EDTA, and 0.1 mM PMSF (pH 7.7)
in the presence of protease inhibitors (2 μg/mL aprotinin,
leupeptin, and pepstatin). The homogenate was then cen-
trifuged at 3,000 g for 15 min at 4◦C and the supernatant
was collected. Protein concentration was measured using
a Bio-Rad protein assay with BSA standards. Reactions
were carried out in a 1.2 mls containing: 2 mM glucose-6-
phosphate, 0.2 unites glucose-6-phosphate dehydrogenase,
0.8 mM NADPH, 20 μM hemin, and 0.5 mg of lysates as
previously described [23]. The reactions were incubated for 1
hour at 37◦C in the dark. The formed bilirubin was extracted
with chloroform, and the change in optical density (ΔOD) at
464–530 nm was measured using an extinction coefficient of
40 mM/cm for bilirubin. HO activity was expressed as pico-
moles of bilirubin formed per hour per milligram of protein.

2.3. Western Blots. Western blots for HO-1 protein were
performed on lysates prepared from the renal medulla as
described above. Samples of 50 μg of protein were boiled in
Laemmli sample buffer (Bio-Rad, Hercules, CA) for 5 min
and electrophoresed on 7.5% SDS-polyacrylamide gels and
blotted onto nitrocellulose membrane. Membranes were
blocked with Odyssey blocking buffer (LI-COR, Lincoln,
NE) for 2 hours at room temperature, then incubated with
the following antibodies: mouse anti-HO-1 monoclonal an-
tibody (StressGen, Vancouver, Canada 1 : 2000), rabbit anti-
HO-2 polyclonal antibody (StressGen), extracellular (EC),
copper-zinc (CuZN), and manganese (Mn) superoxide dis-
mutase (StressGen, Vancouver, Canada, 1 : 1000), and mouse
antimonoclonal antibody (Sigma, St. Louis, MO, 1 : 10,000).

Primary antibodies were used in conjunction with a
mouse or rabbit anti-β-actin antibody (Gentest, 1 : 5,000)
and incubated overnight at 4◦C. The membranes were then
incubated with Alex 680 goat anti-mouse or anti-rabbit IgG
(Molecular Probes) and IRDye 800 goat anti-mouse or anti-
rabbit IgG (Rockland, Gilbertsville, PA) for 1 hour at room
temperature. The membranes were then visualized using
an Odyssey infrared imager (Li-COR, Lincoln, NE) which
allows for the simultaneous detection of two proteins. Den-
sitometry analysis was performed using Odyssey software
(LI-COR, Lincoln, NE). Levels of each specific protein are
expressed as the ratio to β-actin for each sample.

2.4. Measurement of Renal Medullary Superoxide. Superoxide
production in the renal medulla was measured using the
lucigenin technique as previously described [22]. Briefly,
kidneys were removed and separated into renal cortex and
medulla. The medulla was then homogenized (1 : 8 wt/vol)
in RIPA buffer (PBS, 1% Nonidet P-40, 0.5% sodium
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Figure 1: Mean arterial blood pressure (a) and cardiac mass index (b) in control, IRMI QC-13, Ang II + IRMI saline, Ang II + IRMI QC-13,
and Ang II + IRMI SnMP-treated mice, n = 6/group. ∗P < 0.05 as compared to value in control mice. †P < 0.05 as compared to Ang
II-treated mice. IRMI, intrarenal medullary interstitial infusion.

deoxycholate, 0.1% SDS, and a protease inhibitor cocktail;
Sigma Chemical). The samples were centrifuged at 12,000 g
for 20 min at 4◦C. The supernatant was incubated with
lucigenin at a final concentration of 5 μM and NADPH at
a final concentration of 100 μM. The samples were allowed
to equilibrate for 3 min in the dark, and luminescence was
measured every second for 5–15 min with a luminometer
(Berthold, Oak Ridge, TN). Luminescence was recorded as
relative light units (RLU) per min. An assay blank with no
homogenate but containing lucigenin was subtracted from
the reading before transformation of the data. The protein
concentration was measured using a Bio-rad protein assay
with BSA standards. The data are expressed as RLU per min
per milligram protein.

2.5. Statistics. Mean values + SE are presented. Signifi-
cant differences between mean values were determined by
ANOVA followed by a post hoc test (Dunnett’s). A P < 0.05
was considered to be significant.

3. Results

3.1. IRMI Infusion of HO Inhibitors Exacerbates Ang II-
Dependent Hypertension and Increases Cardiac Hypertrophy.
Mean arterial pressure (MAP) averaged 113 ± 3 mmHg in
control mice and was slightly higher (120 ± 7 mmHg) in
mice which received IRMI infusion of QC-13 alone. MAP
was significantly increased to 141±2 mmHg in Ang II-treated
mice which received IRMI infusion of saline (Figure 1(a)).

MAP was significantly augmented in Ang II-treated mice
which received IRMI infusion of either QC-13 or SnMP
and averaged 153 ± 2 and 154 ± 3 mmHg in each group,
respectively (Figure 1(a)). Cardiac hypertrophy as indexed by
the ratio of the heart weight to body weight was significantly
increased in mice infused with Ang II as compared to control
and IRMI QC-13-infused mice averaging 5.8 ± 0.3, versus
4.8 ± 0.2, versus 5 ± 0.2 mg/g in each group, respectively
(Figure 1(b)). IRMI infusion of QC-13 or SnMP in Ang
II treated mice resulted in further increases in cardiac
hypertrophy as compared to Ang II treated mice alone with
heart weight to body weight ratios averaging 6.4 ± 0.6 and
7.6 ± 0.6 mg/g in each group, respectively (Figure 1(b)).
No differences in body weights were apparent between the
groups with body weights averaging 26±0.7, versus 27±0.7,
versus 25 ± 0.4, versus 25 ± 0.9, versus 25 ± 0.8 grams in
control, QC-13, Ang II, Ang II + QC-13, and Ang II + SnMP-
treated mice, respectively.

3.2. HO Activity and Protein Levels in the Medulla of
Mice Receiving IRMI Infusion of QC-13 and SnMP. The
effectiveness of IRMI infusion of the HO inhibitors, QC-13
and SnMP, to inhibit renal medullary HO was determined
in each of the experimental groups. In agreement with our
previous studies, HO activity was not affected by Ang II
infusion (Figure 2(a)) [10, 22]. However, IRMI infusion of
QC-13 either alone or in combination with Ang II treatment
resulted in a 38% decrease in medullary HO activity as
compared to levels in both control and Ang II-treated mice
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Figure 2: (a) Renal medullary heme oxygenase activity in control, IRMI QC-13, Ang II + IRMI saline, Ang II + IRMI QC-13, and Ang II
+ IRMI SnMP-treated mice, n = 6/group. (b) Representative western blots of HO-1 and HO-2 proteins from the renal medulla of control,
IRMI QC-13, Ang II + vehicle, Ang II + IRMI QC-13, and Ang II + IRMI SnMP-treated mice, n = 3/group. ∗P < 0.05 as compared to value
in control mice.

(Figure 2(a)). Likewise, IRMI infusion of SnMP also resulted
in a similar level of HO inhibition in the renal medulla
(Figure 2(a)). IRMI infusion of QC-13 had no effect on the
levels of HO-1 protein in the medulla when administered
alone or in combination with Ang II (Figure 2(b)). However,
IRMI infusion of SnMP in Ang II-treated mice resulted
in a significant induction of HO-1 in the renal medulla
(Figure 2(b)). In agreement with previous results, Ang II
infusion had no effect on the levels of HO-1 protein in the
renal medulla (Figure 2(b)) [10, 22]. None of the different
treatments had any significant effect on the levels of HO-2
protein in the medulla (Figure 2(b)).

3.3. Inhibition of HO Activity Increases Superoxide Production
in the Renal Medulla. We determined the effect of renal HO
inhibition with QC-13 on superoxide production in the renal
medulla of control and Ang II-infused mice. Superoxide
production was significantly increased by more than 2.5
times in the medulla of Ang II-treated mice as compared
to control mice (Figure 3). IRMI infusion of QC-13 alone
resulted in a significant increase in superoxide production in
the medulla as compared to control mice (Figure 3). IRMI
infusion of QC-13 in mice treated with Ang II resulted
in an even greater increase in renal medullary superoxide
production with levels 3.5-fold greater than those observed
in control mice and 35% greater than those observed in Ang
II-treated mice (Figure 3).
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Figure 3: Renal medullary superoxide production in control, IRMI
QC-13, Ang II + IRMI saline, and Ang II + IRMI QC-13-treated
mice, n = 6/group. Renal medullary superoxide production was
measured using the lucigenin technique as described in Section 2.
∗P < 0.05 as compared to value in control mice. †P < 0.05 as
compared to Ang II-treated mice.

3.4. Inhibition of HO Activity and Antioxidant Proteins in
the Renal Medulla. We determined the effect of renal HO
inhibition with QC-13 on the levels of antioxidant proteins
catalase, CuZn, EC, and Mn SOD in control and Ang
II-infused mice. IRMI infusion of QC-13 resulted in a
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Figure 4: Representative western blots of catalase (a), copper-zinc (CuZn) superoxide dismutase (SOD) (b), extracellular (EC) SOD (c), and
manganese (Mn) SOD (d) from the renal medulla of control, IRMI QC-13, Ang II + IRMI saline, and Ang II + IRMI QC-13-treated mice,
n = 6/group. ∗P < 0.05 as compared to value in control mice. †P < 0.05 as compared to Ang II-treated mice.

significant decrease in renal medullary catalase protein which
was equivalent to the decrease observed in Ang II-treated
mice (Figure 4(a)). However, inhibition of HO activity
during Ang II infusion did not result in further decreases
in renal medullary catalase protein levels (Figure 4(a)). No
differences in renal medullary CuZn SOD protein levels
were observed between any of the experimental groups
(Figure 4(b)). Ang II infusion resulted in a significant de-
crease in EC SOD levels as compared to control mice

(Figure 4(c)). Interestingly, IRMI infusion of QC-13 either
alone or in combination with Ang II treatment resulted in a
significant increase in the levels of renal medullary EC SOD
protein (Figure 4(c)). IRMI infusion of QC-13 resulted in
a significant decrease in renal medullary Mn SOD protein
which was equivalent to the decrease observed in Ang II-
treated mice (Figure 4(d)). Inhibition of HO activity during
Ang II infusion did not result in further decreases in renal
medullary Mn SOD protein levels (Figure 4(d)).
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4. Discussion

The present study was designed to determine the importance
of renal medullary HO in the progression of Ang II-
dependent hypertension. Renal medullary HO activity was
inhibited by IRMI infusion of two separate HO inhibitors,
QC-13, an imidazole-dioxolane HO inhibitor or SnMP, a
classical metalloporphyrin-based HO inhibitor. IRMI infu-
sion of either QC-13 or SnMP resulted in significant inhibi-
tion of HO activity and enhancement of Ang II-dependent
hypertension as compared to mice infused with vehicle.
Our present results confirm our previous observations that
infusion of Ang II does not induce either HO-1 protein
or increase HO activity in the mouse kidney [10, 22].
These results are opposite to the effect that Ang II infusion
has on HO protein and activity in the rat kidney where
several studies have demonstrated that Ang II treatment is an
inducer of renal HO-1 [19–21]. The differences in the renal
response to Ang II between the rat and mouse are not known
and could be due to species differences in the promoters of
the HO-1 gene or in the renal response to Ang II infusion.

Our finding that inhibition of HO activity in Ang II-
infused mice exacerbates the blood pressure response and
increases cardiac hypertrophy despite the lack of effect of Ang
II on HO activity and protein in the kidney being similar to
that recently described in a model of low Ang II infusion in
the rat [24]. In this study, inhibition of HO activity resulted
in increased renal vascular resistance and decreased renal
blood flow in Ang II-infused rats despite no measureable
changes in HO activity or protein in the kidney with the dose
of Ang II-infused in the study. Similar effects on renal vascu-
lar resistance and blood flow were not observed in control
rats in which HO was blocked. Interestingly, inhibition of
HO activity resulted in a lowering of blood pressure in the
Ang II-infused rats in this study as measured acutely under
anesthesia [24]. While the differences in blood pressure
responses between the studies could be due to species dif-
ferences or differences in the way in which blood pressures
were measured, the results from these two studies lend sup-
port for the hypothesis that HO-1 plays an important role in
the stress response of the kidney even in conditions in which
its activity is not significantly increased. One limitation in the
current study is the lack of peripheral measurement of HO
activity in the mice receiving IRMI QC-13 or SnMP. Thus,
it is possible that systemic spillover of the inhibitors could
have contributed to the increase in blood pressure in the
mice receiving IRMI infusions of QC-13 or SnMP. However,
in a previous study by our group, we could not detected
induction of HO-1 in organs such as the liver and heart
following IRMI infusion of CoPP [10].

The effect of renal medullary inhibition of HO in the
present study is consistent with our previous results which
demonstrated that renal-specific induction of HO-1 can
prevent the development of Ang II-dependent hypertension
[10]. They are also in agreement with previous studies in the
rat demonstrating that renal medullary HO inhibition results
in salt-sensitive hypertension [9]. One potential mechanism
for the increase in blood pressure in mice treated with QC-
13 is the effects of HO inhibition on regional renal blood

flow. HO and its metabolites play an important role in the
regulation of renal medullary blood flow which is important
in the pressure-natriuretic response [8, 25, 26]. However, the
effect of HO inhibition on renal hemodynamics in Ang II
hypertensive mice has yet to be examined.

The current results demonstrate that inhibition of renal
medullary HO activity was associated with an increase in su-
peroxide production in the renal medulla. This observation
is consistent with our previous study in which induction of
HO-1 in the renal medulla was associated with a decrease
in superoxide production [10]. Moreover, specific adenovi-
ral overexpression of HO-1 in TALH decreased Ang II-
dependent oxidative damage [27]. The link between HO-1
and its metabolites has also been strengthened in additional
studies from cultured TALH cells which have demonstrated
that increases in HO-1 protein, bilirubin, or CO can at-
tenuate the development of Ang II-dependent superoxide
production [28]. Superoxide anion is a major regulator of
sodium reabsorption in the TALH through direct actions
and through interaction with NO [29–31]. Previous studies
in cultured mouse TALH cells have demonstrated that
blockade of bilirubin formation by inhibition of the con-
version of biliverdin to bilirubin resulted in increased Ang
II-mediated superoxide production and enhancement of
sodium transport [32]. Thus, it is possible that the increase
in renal medullary superoxide production observed after HO
inhibition results in increased sodium reabsorption in the
TALH and enhancement of Ang II hypertension.

Intramedullary interstitial infusion of QC-13 alone
resulted in a significant increase in superoxide production;
yet it only resulted in a slight but not statistically significant
increase in blood pressure. It is not clear why blood pressure
did not increase further in the mice receiving QC-13 alone
but it is possible that in the absence of a physiological stressor
such as Ang II or high salt that increases in superoxide
production are not able to increase blood pressure.

Inhibition of renal medullary HO activity with QC-13
resulted in significant alterations in important antioxidant
enzymes control mice. In agreement with our previous
studies, Ang II infusion also resulted in a significant decrease
in renal medullary catalase levels which was not affected
by blockade of HO-1 with QC-13 [10, 22]. Ang II infusion
also resulted in a significant decrease in renal medullary Mn
SOD levels which again were not altered by intramedullary
inhibition of HO-1 with QC-13. The decrease in renal med-
ullary catalase and Mn SOD observed in the medulla of mice
infused with QC-13 alone suggests an important role for HO
and its metabolites in regulating antioxidant enzymes in the
kidney. Interestingly, inhibition of HO activity with QC-13
resulted in a significant increase in the levels of EC-SOD
which could be a compensatory response to the increase in
superoxide production observed in mice in which QC-13 was
infused.

QC-13 is an imidazole-dioxolane HO inhibitor that has
been reported to selectively inhibit the HO-1 versus HO-
2 isoform [15, 17]. In agreement with our previous in vivo
study, we did not detect any measureable induction of HO-1
in the renal medulla of mice in which QC-13 was adminis-
tered via intrarenal medullary interstitial infusion [18]. This
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was in contrast to infusion of the classic porphyrin-based
HO inhibitor, SnMP, which resulted in significant induction
of HO-1 in the renal medulla. While a difference in the
induction of HO-1 by these inhibitors was observed, they
both resulted in similar degree of in vitro HO inhibition and
an increase in blood pressure and cardiac hypertrophy in
Ang II-infused mice. However, QC-13 has several technical
advantages over porphyrin-based HO inhibitors like SnMP
including water solubility and light insensitivity which make
its use more appealing for chronic in vivo studies.

In summary, our results demonstrate that inhibition of
renal medullary HO activity exacerbates Ang II-dependent
hypertension and cardiac hypertrophy. The increase in blood
pressure following HO inhibition in Ang II hypertension is
also associated with an increase in renal medullary super-
oxide production and a decrease in antioxidant enzymes in
the renal medulla. These results would suggest that renal
HO-1 plays an important basal role to guard against further
increases in blood pressure in Ang II hypertension through
its antioxidant effects even in states in which it is not induced.
Potential systemic effects of inhibitor spillover could also play
a contribution to the increases in blood pressure. Further
studies are needed to determine the precise roles of vascular
versus tubular effects of HO inhibition as well as to determine
the relative contributions of CO and bilirubin generation.
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