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Up-regulation of heme oxygenase (HO-1) by either cobalt proto-
porphyrin (CoPP) or human gene transfer improves vascular and
renal function by several mechanisms, including increases in anti-
oxidant levels and decreases in reactive oxygen species (ROS) in
vascular and renal tissue. The purpose of the present study was to
determine the effect of HO-1 overexpression on mitochondrial
transporters, cytochrome c oxidase, and anti-apoptotic proteins in
diabetic rats (streptozotocin, (STZ)-induced type 1 diabetes). Renal
mitochondrial carnitine, deoxynucleotide, and ADP/ATP carriers
were significantly reduced in diabetic compared with nondiabetic
rats (p< 0.05). The citrate carrierwas not significantly decreased in
diabetic tissue. CoPP administration produced a robust increase in
carnitine, citrate, deoxynucleotide, dicarboxylate, and ADP/ATP
carriers and no significant change in oxoglutarate and aspartate/
glutamate carriers. The increase in mitochondrial carriers (MCs)
was associated with a significant increase in cytochrome c oxidase
activity. The administration of tin mesoporphyrin (SnMP), an
inhibitor of HO-1 activity, prevented the restoration ofMCs in dia-
betic rats. HumanHO-1 cDNA transfer into diabetic rats increased
both HO-1 protein and activity, and restored mitochondrial ADP/
ATP and deoxynucleotide carriers. The increase in HO-1 by CoPP
administration was associated with a significant increase in the
phosphorylation of AKT and levels of BcL-XL proteins. These
observations in experimental diabetes suggest that the cytoprotec-
tive mechanism of HO-1 against oxidative stress involves an
increase in the levels of MCs and anti-apoptotic proteins as well as
in cytochrome c oxidase activity.

The heme-heme oxygenase (HO),4 HO-1 and HO-2, isoforms, are
viewed as having a major role in the formation of carbon monoxide

(CO) and bilirubin, and in heme breakdown (1–3). The fact that HO-1
is strongly induced by its substrate, heme, and by oxidant stress, in
conjunction with the robust ability of HO-1 to guard against oxidative
insult (4, 5), suggests a countervailing system to oxidative stress injury.
HO-1 is a regulator of endothelial cell integrity and oxidative stress
(4–6). Up-regulation of HO-1 by pharmacological agents, including
cobalt protoporphyrin (CoPP), has been shown to increase superoxide
dismutase and to decrease reactive oxygen species (ROS) andNAD(P)H
oxidase activity in vitro and in vivo (7–9). In earlier studies, we, as well as
others, have demonstrated that overexpression of the HO-1 gene in
human, rabbit, and rat endothelial cells not only renders the cells resis-
tant to agents that elicit oxidative stress but also enhances cell growth
(6) and angiogenesis (10, 11) via HO-1-derived CO (12). More recently,
up-regulation of HO-1 has been shown to prevent endothelial cell death
and sloughing in diabetic rats (8).
Mitochondrially generated ROS have been well documented in dia-

betes (13, 14). Hyperglycemia-mediated local formation of ROS is con-
sidered to be a major contributing factor to renal and vascular dysfunc-
tion (14–20). An increase in ROS contributes to degenerative changes
in mitochondrial function (13) and membrane depolarization (21).
Mitochondrial ROS production associated with hyperglycemia is
increased because of the lack of antioxidants, thus restoration of anti-
oxidant levels is beneficial in decreasing mitochondrial membrane dys-
function (22, 23). Abnormalities in mitochondrial transport, either
through a decrease or an increase in one of the carriers, have been
shown to cause an increase in superoxide anion (O2

�) production (24).
Furthermore, inhibition of mitochondrial transport has been shown to
decrease protein kinase C activity in cell cultures exposed to high glu-
cose (13, 25). Kaplan et al. (26) have shown a decrease in the mitochon-
drial citrate carrier but an increase in both pyruvate and dicarboxylate
transporters in streptozotocin-treated rats. In addition, a diabetes-in-
duced decrease in the activity of the ADP/ATP transporter has been
attributed to increased levels of long chain acyl-CoA,which is present in
diabetic mitochondria. Decreased mitochondrial transport carriers will
decrease pH gradient and impair the generation of ATP. Increased lev-
els of the antioxidant proteins, catalase and metallothionine have been
shown to restore mitochondrial function in diabetes (13, 18). The renal
and vascular cytoprotective effect of HO-1, leading to increased cell
survival in vitro and in vivo, has been previously described (6, 27); how-
ever, little is known about the mechanism involved. Mitochondrial
transport of important substrates may play a significant role in the
mechanism of cytoprotection.
Oxidative stress results in the activation of multiple signaling cas-

cades that ultimately dictate the outcome for cell survival. Certain sig-
nals tend to favor the anti-apoptotic pathway, whereas others promote
the apoptotic pathway. ERK and AKT are known for their activation in
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response to increased HO-1 or CO generation and may play an impor-
tant role in preventing apoptosis (28). The effect of HO-1 gene expres-
sion and activity on the activation of AKT and BcL-XL proteins, which
may be involved in the enhancement of mitochondrial carrier proteins
in diabetes, remains to be determined.
The objectives of this study were to determine the effects of pharmaco-

logical and non-pharmacological interventions that either increase or
decrease HO-1 on certain MCs and the anti-apoptotic proteins AKT and
BcL-XL and pro-apoptotic proteins Bax. Our results demonstrate the res-
toration of six MCs, i.e. carnitine, citrate, phosphate, deoxynucleotide,
ATP, and dicarboxylate, as a result of an increase in HO-1 protein and
activity causedbyCoPPadministration todiabetic rats. In addition, specific
human HO-1 gene transfer to diabetic rats resulted in the restoration of
MCs includingADP/ATP and dicarboxylate. Taken together, these results
suggest that HO-mediated cytoprotection in diabetic rats involves restora-
tion of MCs, a robust increase in the phosphorylation of AKT and an
increase in BcL-XL signaling proteins.

EXPERIMENTAL PROCEDURES

Development of Diabetes—Diabetes was induced in Sprague-Dawley
(S.D.) rats by a single injection, via the tail vein, of streptozotocin (STZ,
65 mg/kg, pH 4.5). Age-matched control rats were injected with an
equal volume of vehicle (0.1 mM sodium citrate buffer, pH 7.8). Rats
were divided into four groups: control, STZ, STZ plus CoPP, and STZ
plus CoPP and SnMP (9). CoPP (0.5 mg/100 g/bw) were given subcuta-
neously once a week starting from the day after diabetes developed.
SnMP (2 mg/100 g/bw) was given twice a week. Serum glucose levels
increased from 128.3 � 7.2 mg/dl to 491.7 � 25.6 mg/dl after STZ
treatment. Insulin administration (Neutral Protamine Hagedorn
(NPH)) (3 times/week) decreased serum glucose to 298.6 � 11.3,
295.3 � 8.9, and 294 � 2.5 mg/dl in animals receiving STZ alone,
STZ�CoPP, and STZ�CoPP�SnMP, respectively. Insulin dose was
individualized and thus dosages were different between the groups.
Under these conditions body weight did not significantly change. The
bodyweight of non-diabetic rats was 412� 10.7 g comparedwith 393�
20.7 g in diabetic rats. Similarly, body weights of diabetic rats treated
with CoPP or CoPP�SnMP were 436.7 � 16.1 and 400 � 2.9 g,
respectively, which was not significantly different from the control
group. Blood for glucose determinations (Lifescan Inc., Milpitas,
CA) was obtained from the tail vein; specimens were obtained after
an overnight fast.
HO-1 transgenic rats were generated by retroviral gene transfer of

human HO-1 in sense orientation to newborns, as has been previously
described (27). Each experiment required nine pregnant S.D. rats to
deliver about 80 littermates. Male rats (about 50%) were separated and
used for viral delivery. The concentrated retroviruses (3–5 � 109 cfu/
ml) were prepared as previously described (29, 30) and injected into the
newborns twice intraventricularly at day 5 (20 �l) and day 12 (40 �l).
Following injection, the rats were allowed to recover and were returned
to their cages with the appropriate mothers for continued weaning.
Transgenic rats overexpressing HO-1 or empty retroviral vector
(LXSN) were kept in a pathogen-free environment. The animals were
weaned at 21 days and housed in their own cages. Experiments were
conducted in 12–13-week-old male rats (350–375 g body weight). At
different time points, rats were taken to measure the expression of
humanHO-1 protein in various tissues. RT-PCR analysis demonstrated
the functional expression of the gene of interest in all tissues, including
kidney, aorta, heart, femoral artery, lung, and liver for up to six months
(29–32) (data not shown). Hyperglycemia was induced in the trans-
genic rats as described above.

Animals were sacrificed using pentobarbital, and tissues were imme-
diately excised, frozen in liquid nitrogen and stored at �80 °C. All
experiments were approved by the Institutional Animal Care and Use
Committee and conducted under the National Institutes of Health
(NIH) guidelines for the Care and Use of Laboratory Animals.

Mitochondrial andMicrosomal Fraction—Mitochondria fractions were
isolated from renal tissues as follows. Renal sections were diced and incu-
bated in cold buffer containing sucrose (250 mM), Tris, pH 7.8 (100 mM),
EGTA (1.0 mM), and PMSF (1.0 mM), and protease-phosphatase inhibitor
cocktails.Diced tissueswerehomogenized in8–10volof thesamebufferby
six strokes of a motor-driven Teflon pestle in a glass rotor homogenizer.
The homogenate was centrifuged 10min at 1000� g to remove unbroken
cell and large debris. The supernatant (kidney homogenate) was then cen-
trifuged10minat8000� g topellet themitochondria.Thesupernatantwas
centrifuged at 40,000� g to pellet themicrosomal fraction. Themitochon-
drial fraction was washed twice by gentle homogenization and centrifuged
for 15 min at 8000 � g and the final pellet was resuspended in ice-cold
Sotarage buffer (Tris-sucrose buffer, pH7.8) as previously described by our
laboratory (33, 34). Expression of MCs and cytochrome oxidase activity
were measured. Under these conditions, cytochrome c oxidase, a mito-
chondrial marker, was expressed at about 8–10% in the microsomal frac-
tion. The samples were assayed for protein concentration using a Bio-Rad
kit based on the Bradford dye binding procedure. Microsomal fractions
were homogenized in 10 mM phosphate buffer, 250 mM sucrose, 1 mM

EDTA, 0.1 mM phenylmethylsulfonyl fluoride, and 0.1% tergitol, pH 7.5.
The homogenate was centrifuged at 27,000 � g for 10 min at 4 °C. The
supernatant was used for assessing HO-1/HO-2, AKT, BcL-XL, Bad pro-
tein levels, and HO activity. HO activity was measured as previously
described (6).

Western Blot Analysis—Protein levels were visualized by immunoblot-
ting with antibodies against rat HO-1, HO-2 (Stressgen Biotechnologies
Corp., Victoria, BC) andwith antibodies against humanAAC, AGC, CAC,
DNC, against bovine OGC and PiC, and against rat CiC and DiC, which
were generated in our laboratory. Cytochrome c oxidase subunit IV
(Invitrogen) and AKT, P38, BcL-2, BcL-XL, and antibodies were obtained
fromCell Signaling Technology, Inc. (Beverly,MA). Briefly, 20�g of lysate
supernatant was separated by 12% SDS/polyacrylamide gel electrophoresis
and transferred to a nitrocellulose membrane. Immunoblotting was per-
formedashasbeenpreviouslydescribed (6).Chemiluminescencedetection
was performed with the ECL detection kit (Amersham Biosciences)
according to the manufacturer’s instructions.

Measurement of Cytochrome c Oxidase Activity—Mitochondrial cyto-
chrome coxidase activitywas determinedwith a commercial enzyme assay
kit (Sigma/Aldrich Inc.), according to instructions provided by the manu-
facturer. Briefly, the enzyme assay for cytochrome c oxidase is based on
observation of the decrease in absorbance at 550 nm of ferrocytochrome c
caused by its oxidation to ferricytochrome c by cytochrome c oxidase.

Statistical Analysis—Data are presented as means � S.E. (S.E.). Sta-
tistical significance (p � 0.05) between the experimental groups was
determined by the Fisher method of analysis for multiple comparisons.
For comparison between treatment groups, the null hypothesis was
tested by a single factor analysis of variance (ANOVA) for multiple
groups or unpaired Student’s t test for two groups.

RESULTS

Effect of HO-1 Inducers and Inhibitors of HO Activity on Mitochon-
drial Transport Carriers—To investigate the expression of HO in renal
tissue of diabetic rats, we measured HO-1/HO-2 protein levels. As seen
in Fig. 1A, HO-1 protein was not significantly changed in renal tissue of
diabetic rats relative to controls. As seen in Fig. 1A (lower panel) densi-
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tometry analysis showed no significant changes in HO-1 protein levels
in diabetic rats (n � 7). Using the pharmacological agent CoPP, an
inducer of HO-1, allowed us to examine the effects of HO-1-associated
activity on mitochondrial transporters. As seen in Fig. 1B, weekly
administration of CoPP for 6 weeks resulted in a robust increase in the
amount of renal HO-1 protein compared with control (p � 0.001).
HO-2 protein did not change with diabetes or following administration
of HO-1 inducer. Although, the administration of SnMP, which has
been shown to inhibit HO activity in animals and humans, resulted in
activation of HO-1 protein expression, as has been observed previously
(9), SnMP did not cause a significant change in HO-1 proteins in CoPP-
treated rats. SnMP inhibited HO activity to 0.22 � 0.004 nmol of bili-
rubin/60 min/mg protein when compared with control, i.e. 0.59 � 0.05
nmol of bilirubin/60 min/mg protein (Fig. 1C). The repeated adminis-
tration of CoPP resulted in a continuous sustained increase inHO activ-
ity (Fig. 1C) (p � 0.001), compared with diabetic rats treated with vehi-
cle. HO activity in CoPP-treated diabetic rats was 2.25 � 0.48 nmol of
bilirubin/60min/mg protein compared with 0.22� 0.04 nmol of biliru-
bin/60 min/mg protein in diabetic rats (p � 0.001).

Because HO-1 overexpression has been shown to increase antioxi-
dant levels (6), presumably by suppressing O2

�) (reviewed in Abraham
andKappas (4)), we examined ifHO-1 can increase the levels ofMCs.As
shown in Fig. 2, the carnitine/acylcarnitine carrier protein and citrate
carriers were decreased in the diabetic kidney compared with controls.
As seen from the densitometry analysis, the protein levels of carnitine/
acylcarnitine carrier was decreased in diabetic rats (p � 0.05). Week-
ly administration of CoPP for 6 weeks increased the levels of carnitine/
acylcarnitine carrier protein (p � 0.001 versus STZ-vehicle). A similar
result was observed on the citrate carrier proteins (Fig. 2A,upper panel).
Densitometry analysis showed that the citrate carrier was significantly
increased in diabetic rats treated with CoPP (p � 0.005 versus STZ-
vehicle). The HO-1-mediated increase in both carriers was dependent
onHO-1 activity because bi-weekly administration of SnMP for 6weeks
inhibited HO activity and prevented a CoPP-mediated increase in these
carriers (Fig. 2, upper and lower panel ).
The suppressive effect of diabetes onMCs involves three other carrier

proteins, deoxynucleotide, dicarboxylate, and phosphate, which were
decreased compared with control (Fig. 2B). As seen in Fig. 2B (lower
panel), the ratio of deoxynucleotide, dicarboxylate and phosphate car-
rier protein to CYT IV was significantly decreased (p � 0.03, p � 0.01
and p � 0.05, respectively). Administration of CoPP to diabetic rats
increased deoxynucleotide, dicarboxylate and phosphate carriers com-
pared with diabetics receiving vehicle solution (p � 0.04, p � 0.01, and
p � 0.01, respectively). Neither diabetes nor treatment with CoPP had
an effect on oxoglutarate and aspartate/glutamate carrier proteins (Fig.
2, A and B). Simultaneous administration of SnMP to CoPP-treated
diabetic rats decreased phosphate, deoxynucleotide, and dicarboxylate
carriers, suggesting that increased expression of HO-1 and HO activity
contributed to the activation of MCs. In addition, the ADP/ATP car-
riers were also decreased in diabetic rats, but were increased by CoPP
administration (Fig. 2C). As seen in the lower panel of Fig. 2C, the
ADP/ATP carrier ratio to oxoglutarate was significantly decreased in
the diabetic kidney (0.99 � 0.08 to 0.49 � 0.93) when compared with
control (p � 0.05).

Effect of Diabetes and HO-1 on Cytochrome c Oxidase Activity—Be-
cause MCs are considered important in regulating electron transport
and cytochrome c oxidase activity (24), we measured the effect of up-
regulation of HO-1 on cytochrome c oxidase activity. As seen in Fig. 3,
cytochrome c oxidase activity was significantly decreased (45%) in kid-
neys from diabetic animals compared with kidneys from control rats
(p � 0.05). In contrast, kidneys from diabetic rats treated with CoPP
displayed a significant increase in renal cytochrome c oxidase activity
comparedwith control and diabetic rats receiving vehicle (p� 0.0 5 and
p � 0.01, respectively). Cytochrome c oxidase activity in diabetic rats
was 0.45 � 0.01 units/mg compared with 1.33 � 0.02 units/mg protein
in diabetic rats preconditioned with theHO-1 gene. As observed for the
MCs, the HO-1-mediated increase in cytochrome c oxidase activity was
abrogated by SnMP.

Effect of Human HO-1 Gene Transfer on HO Gene Expression—Be-
cause HO-1 converts heme to equimolar amounts of CO and bilirubin,
we measured HO activity by the formation of bilirubin in vessels
obtained from rats transduced with the human HO-1 gene and com-
pared with it to Ho activity in vessels of rats transduced with empty
vector. HO activity in vessels transduced with empty viral vector was
0.59� 0.20 nmol of bilirubin formed/mg protein, similar to the control.
However, HO activity was increased to 0.99 � 0.16 nmol of bilirubin
formed/mg protein in vessels obtained from rats transduced with the
human HO-1 gene (p � 0.05) (Fig. 4A). Functional expression of the
human HO-1 gene in control and diabetic rats was determined in rats

FIGURE 1. A, Western blot analysis of HO-1 protein expression in control and in STZ-
induced diabetic rats. Rats were injected with STZ (65 mg/kg) and after 6 weeks, kidneys
were removed and analyzed for HO-1 and �-actin as described under “Experimental
Procedures.” Quantitative densitometry evaluation of HO-1 and �-actin ratio in the kid-
neys was determined. Results are expressed as mean � S.E.; n � 6. B, Western blot
analysis of HO-1 and HO-2 proteins in rat kidney. Rats were injected with STZ (65 mg/kg)
and further treated with either CoPP (0.5 mg/100 g/bw) once a week or in combination
with SnMP (2 mg/100 g/bw, twice a week) for 6 weeks. Quantitative densitometry eval-
uation of HO-1 to HO-2 ratio in the kidneys was determined. Results are expressed as
mean � S.E. Data are representative of six separate experiments. *, p � 0.001 versus
diabetic rats; †, p � 0.005 versus diabetic rats; and C, HO activity in control, diabetic rats,
and diabetic rats administered either CoPP or CoPP�SnMP. HO activity was determined
2 days after the last SnMP injection. Results are mean � S.E., n � 4, *, p � 0.001 versus
diabetic rats; †, p � 0.005 versus diabetic rats.
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receiving intracardiac delivery of retroviral-mediated humanHO-1 vec-
tor (27). Western blot analysis of aorta obtained from retroviral human
HO-1 rats demonstrated a functional expression of human HO-1 pro-
teins in control and in diabetic rats up to the entire 6-month duration of
the experiments (Fig. 4B) in both control and diabetic rats. Neither rat
HO-1 nor HO-2 was increased.

Effect of Human HO-1 Gene Transfer on MCs—To define the effect of
human HO-1 gene transfer on mitochondrial transporters, we measured
mitochondrialADP/ATPanddeoxynucleotide carrier proteins in the aorta
of control and diabetic rats. As expected, the induction of diabetes resulted
in a significant decrease in ADP/ATP and deoxynucleotide carrier levels

(Fig. 5). The selective increase in HO-1 by delivery of human HO-1 gene
increased ADP/ATP and deoxynucleotide carrier proteins (Fig. 5). The
ADP/ATPanddeoxynucleotide toCYTIVprotein ratioswere significantly
increased in transgenic rats overexpressingHO-1 (p� 0.005 and p� 0.02,
versus STZ, respectively). The ADP/ATP and deoxynucleotide to CYT IV
protein ratios were not significantly different in rats transduced with the
retroviral vector (LXSN versus STZ).

Effect of Diabetes and HO-1 on AKT, BcL-XL, and Bax—We exam-
ined the phosphorylation of AKT and the levels of anti- and pro-apop-
totic proteins, BcL-XL and Bax, respectively, in control, diabetic, and
CoPP-treated diabetic rats. As seen in Fig. 6A, AKT phosphorylation

FIGURE 2. A, Western blot and densitometry analysis of carnitine/acylcarnitine, citrate, and oxoglutarate carriers from control, diabetic, CoPP-diabetic, and CoPP�SnMP-diabetic rat
kidney. Quantitative densitometry evaluation of carnitine/acylcarnitine, citrate ratio to CYTO IV in the kidneys was determined. Each bar represents mean � S.E. of the ratio of each
carrier to CYTO IV for 3– 4 experiments The significance for each carrier is as follows, carnitine/acylcarnitine, *, p � 0.02 versus control; †, p � 0.001 versus diabetic rats; ¥, p � 0.001
versus STZ-CoPP and citrate; *, p � 0.04 versus control; †, p � 0.005 versus diabetic rats; ¥, p � 0.01 versus STZ-CoPP. B, Western blots of deoxynucleotide, dicarboxylate, phosphate,
and aspartate/glutamate carriers from control, diabetic, CoPP-diabetic, and CoPP�SnMP-diabetic rat kidney. Quantitative densitometry evaluations of deoxynucleotide, dicarboxy-
late, dicarboxylate ratio to CYTO IV were determined. The significance for each carrier is as follows, deoxynucleotide. *, p � 0.03 versus control rats; †, p � 0.04 versus diabetic rats; ¥,
p � 0.04 versus STZ-CoPP, dicarboxylate, *, p � 0.01 versus control rats; †, p � 0.01 versus diabetic rats; ¥, p � 0.01 STZ-CoPP and phosphate; *, p � 0.05 versus control rats; †, p � 0.01
CoPP versus diabetic rats; ¥, p � 0.04 versus STZ-CoPP. C, Western blots of ADP/ATP and oxoglutarate carriers from control, diabetic, CoPP-diabetic, and CoPP�SnMP-diabetic rat
kidneys. Quantitative densitometry evaluation of ADP/ATP and oxoglutarate carrier ratios were determined. Each bar represents mean � S.E.; *, p � 0.04 versus control rats; †, p � 0.01
versus diabetic rats; ¥, p � 0.04 versus STZ-CoPP. The oxoglutarate carrier was not significantly altered by diabetes or by CoPP treatment.
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was not significantly altered in diabetics compared with controls ani-
mals. However, the extent of AKT phosphorylation was significantly
greater in CoPP-treated rats compared with diabetic controls. Densi-
tometry analysis showed that CoPP treatment increased the ratio of
P-AKT/AKT from 0.68 � 0.14 in STZ to 2.69 � 0.38 in STZ-CoPP
tissue (p � 0.02). The increase in p-AKT was abolished by inhibition of
HO activity with the co-administration of SnMP to CoPP-treated dia-
betic rats (Fig. 6A). The total amount of AKT protein was not different
between groups, i.e. control, diabetic, diabetic-treated with CoPP, dia-
betic-treated with CoPP plus SnMP. The endogenous levels of the
anti-apoptotic protein, BcL-XL were decreased in diabetic rats (p �
0.05) when compared with control rats (Fig. 6). Up-regulation of
HO-1 expression by CoPP resulted in the stimulation of BcL-XL in
diabetic rats, (p � 0.001), which was prevented by the co-adminis-
tration of SnMP, suggesting that increased in HO activity (i.e. pro-
duction of CO and bilirubin) contributed to the increase in BcL-XL.
There was no effect on Bax, a pro-apoptotic signaling pathway
member.

DISCUSSION

This study demonstrates, for the first time, that the heme-HO system
participates in the regulation of renal and vascular mitochondrial trans-
port carriers, presumably by regulating the levels of bilirubin and CO,
secondary to an increase in HO-1 expression and activity. We have
demonstrated that the increase in MCs, as a result of the increase in
HO-1 expression, is associated with a robust increase in cytochrome c
oxidase activity, presumably by influencing the levels of phosphoryla-
tion of the AKT and BcL-XL proteins. Three key findings substantiate
this conclusion. The first is that hyperglycemia decreased five of the
MCs examined, i.e. carnitine, deoxynucleotide, dicarboxylate, phos-
phate, and ADP/ATP, without affecting the aspartate and oxoglutarate
carriers. This decreasewas associatedwith a reduction inHO-1-derived
CO and bilirubin formation.
The second key observation is that up-regulation of HO-1 by CoPP in

diabetic and in control rats significantly increased the carnitine, citrate,
phosphate, deoxynucleotide, dicarboxylate, and ADP/ATP carriers
without affecting the aspartate and oxoglutarate carriers (Fig. 2). These
observed effects of HO-1 on MCs appear to be dependent on the gen-
eration of CO and bilirubin, because an increase in HO-1 protein with-
out an increase inHOactivity, as seen in rats treatedwith SnMP, did not
enhanceMCs. Further, the increase inMCs following HO-1 expression
was associated with an increase in cytochrome c oxidase activity. In
addition, and more importantly, the direct delivery of HO-1 to diabetic
rats resulted in the restoration of two of the MCs examined, ADP/ATP
and deoxynucleotide (Fig. 5). This novel finding demonstrates the direct
effect of HO-1 and HO activity on the enhancement of mitochondrial
function and the electron transport system.
MCs play a crucial role in intermediary metabolism (24), as seen by

their decrease in restricted diets, and by the fact that mitochondrial

FIGURE 3. Effect of CoPP and CoPP�SnMP administration on the specific activity of
cytochrome c oxidase in kidneys of diabetic rats. Results are expressed as the mean �
S.E. of three different experiments, each performed in duplicate. Activity is expressed in
m units/min/mg protein where 1 unit is the amount of enzyme required to oxidize 1 �M

ferrocytochrome c per min at pH 7.0 at 25 °C. *, p � 0.05 versus control rats,; †, p � 0.05
versus diabetic rats; ¥, p � 0.05 versus STZ-CoPP.

FIGURE 4. A, Western blot analysis of HO-1 and HO-2 in aorta of control and diabetic rats
transduced with human HO-1: control rats, rats transduced with human HO-1, diabetic
rats, rats transduced with human HO-1 and then administered STZ to develop diabetes
as described under “Experimental Procedures.” Representative immunoblots (n � 3) are
shown. B, HO activity in aorta of control rats and rats transduced with human HO-1. HO
activity was determined as described under “Experimental Procedures.” Results are
mean � S.E., n � 4; *, p � 0.05 versus control.

FIGURE 5. Effect of HO-1 expression on ADP/ATP and deoxynucleotide carrier proteins.
Quantitative densitometry evaluation of ADP/ATP carrier to CYTO IV ratio in aorta was deter-
mined. Each bar represents mean � S.E. of the ratio of each carrier to CYTO IV. *, p � 0.03
versus control; †, p � 0.005 versus diabetic rats; ¥, p � 0.003 versus human HO-1. Quantitative
densitometry evaluation of deoxynucleotide carrier to CYTO IV ratio. *, p � 0.05 versus con-
trol; †, p � 0.02 versus diabetic rats. Representative immunoblots (n � 3) are shown.
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dysfunction can be restored by refeeding (35). The present study shows
that the increase in HO activity by induction of HO-1 can restore the
citrate transport carrier. Therefore, the observed changes in mitochon-
drial transporters followingHO-1 gene expression, by pharmacological
or genetic means, may attenuate diabetes-induced ROS by improve-
ment in cytochrome c oxidase activity and in the mitochondrial trans-
port systems.
The third key observation is that the up-regulation of HO-1 in dia-

betic rats by CoPP restored the diabetes-mediated decrease in BcL-XL
(Fig. 6) and greatly increased AKT phosphorylation; both are important
factors in cell survival. Others have shown that an increase in AKT
phosphorylation is critical to cell survival in diabetes (36, 37). More
recently, increases in AKT phosphorylation and BcL-XL levels have
been shown to prevent the loss of �-cells in diabetes (38, 39). It is inter-

esting to note that the alteration in mitochondrial function in vitro and
in vivo has been shown to correlate with the levels of activation of AKT
and BcL-2 family protein (23, 40–42). A decrease in BcL-2 familymem-
bers has been suggested to contribute to apoptosis and the translocation
of cytochrome c from the mitochondria to cytosol (23, 41, 43). Activa-
tion of AKT has been shown to augment ATP synthesis (44), promote
association of hexokinase with the VDAC channel and, in so doing,
promote VDAC closure, thus blocking release of cytochrome c (45).
However, the cause of the diabetes-related decline in certain MCs and
BcL-XL proteins remains to be clarified.
The HO-1 product, bilirubin, has been shown to inhibit protein

kinase C and NADPH oxidase activities (46). Recently, up-regulation of
HO-1 gene expression was shown to decrease the availability of the
heme-containing gp91 subunit necessary for NADPH oxidase activity
and O2

�) generation and to increase bilirubin formation (7). Further-
more, a decrease in mitochondrial heme as a result of the increase in
mitochondrial HO-1 activity may reduce fatty acid lipid peroxidation
and enhance mitochondrial membrane resistance to oxidative stress.
Cardiac mitochondrial damage, as seen in type I diabetes, was the

result of a decrease in reduced glutathione and decreased state 3 in
mitochondrial respiration (14). In other studies, a deficiency in the
deoxynucleotide carrier was associated with abnormal brain growth
(47), and a deficiency in carnitine-acylcarnitine was shown to cause
muscle weakness and cardiomyopathy (48). Diabetic complications
have been shown to be related to abnormalities in mitochondrial func-
tion (14, 49, 50) as well as to increased endothelial cell death and detach-
ment (51). Therefore, up-regulation of HO-1 in the mitochondria or in
the vicinity of mitochondrial membranes may be essential to modulate
the redox state in favor of antioxidants and to enhance mitochondrial
transport of substrates and metabolites.
Our findings indicate, for the first time, that HO-1 prevents the

hyperglycemia-mediated decrease in six mitochondrial transporters
and restores cytochrome c oxidase activity. The mechanism by which
up-regulation of HO-1 expression and activity stimulates the MCs may
be via an increase in phosphorylation of AKT and in anti-apoptotic
molecules such as BcL-XL. Thus, pharmacological or genetic probes to
enhanceHO-1 gene expression enable the vascular system to mount an
important host defense response to resist diabetes-mediated increases
in oxidative stress.

REFERENCES
1. Tenhunen, R., Marver, H. S., and Schmid, R. (1969) J. Biol. Chem. 244, 6388–6394
2. Maines, M. D., Abraham, N. G., and Kappas, A. (1977) J. Biol. Chem. 252, 5900–5903
3. Maines, M. D., Trakshel, G. M., and Kutty, R. K. (1986) J. Biol. Chem. 261, 411–419
4. Abraham, N. G., and Kappas, A. (2005) Free Radic. Biol. Med. 39, 1–25
5. Hayashi, S., Takamiya, R., Yamaguchi, T., Matsumoto, K., Tojo, S. J., Tamatani, T.,

Kitajima, M., Makino, N., Ishimura, Y., and Suematsu, M. (1999) Circ. Res. 85, 663–671
6. Abraham, N. G., Kushida, T., McClung, J., Weiss, M., Quan, S., Lafaro, R., Darzynk-

iewicz, Z., and Wolin, M. (2003) Circ. Res. 93, 507–514
7. Taille, C., El Benna, J., Lanone, S., Dang, M. C., Ogier-Denis, E., Aubier, M., and

Boczkowski, J. (2004) J. Biol. Chem. 279, 28681–28688
8. Kruger, A. L., Peterson, S., Turkseven, S., Kaminski, P. M., Zhang, F. F., Quan, S.,

Wolin, M. S., and Abraham, N. G. (2005) Circulation 23, 3126–3134
9. Turkseven, S., Kruger, A.,Mingone, C. J., Kaminski, P., Inaba,M., Rodella, L., Ikehara,

S., Wolin, M. S., and Abraham, N. G. (2005) Am. J. Physiol. Heart Circ. Physiol 289,
H701–H707

10. Sunamura,M., Duda, D. G., Ghattas,M. H., Lozonschi, L., Tomohiro, K., Egawa, S.-I.,
Matsumoto, G., Shimamura, H., Kazuhiko, S., Takeda, K., Matsuno, S., and Abraham,
N. G. (2003) Angiogenesis 47, 181–196

11. Dulak, J., Loboda, A., Zagorska, A., and Jozkowicz, A. (2004) Antioxid. Redox. Signal
6, 858–866

12. Volti, G. L., Sacerdoti, D., Sangras, B., Vanella, A., Mezentsev, A., Scapagnini, G.,
Falck, J. R., and Abraham, N. G. (2005) Antioxid. Redox. Signal 7, 704–710

13. Nishikawa, T., Edelstein, D., Du, X. L., Yamagishi, S., Matsumura, T., Kaneda, Y.,
Yorek, M. A., Beebe, D., Oates, P. J., Hammes, H. P., Giardino, I., and Brownlee, M.
(2000) Nature 404, 787–790

FIGURE 6. A, effect of diabetes and HO-1 expression on phospho ( p) p-AKT and total AKT
in renal proteins. Quantitative densitometry evaluation of p-AKT and total AKT proteins
ratio was determined. *, p � 0.02 versus diabetic rats; †, p � 0.02 versus STZ-CoPP. B, effect
of diabetes and HO-1 expression on BcL-XL and Bax, in renal proteins. Quantitative den-
sitometry evaluation of BcL-XL and �-actin protein ratio were determined. *, p � 0.05
versus control; †, p � 0.001 versus diabetic rats; ¥, p � 0.01 versus STZ-CoPP. Represent-
ative immunoblots (n � 6) are shown.

Heme Oxygenase Enhances Mitochondrial Function

15692 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281 • NUMBER 23 • JUNE 9, 2006

 by guest, on A
pril 29, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


14. Shen, X., Zheng, S., Thongboonkerd, V., Xu, M., Pierce, W. M., Jr., Klein, J. B., and
Epstein, P. N. (2004) Am. J. Physiol. Endocrinol. Metab. 287, E896–E905

15. Kang, S. W., Adler, S. G., Nast, C. C., LaPage, J., Gu, J. L., Nadler, J. L., and Natarajan,
R. (2001) Kidney Int. 59, 1354–1362

16. Parish, R., and Petersen, K. F. (2005) Curr. Diab. Rep. 5, 177–183
17. Mishra,R., Emancipator, S.N.,Kern,T., andSimonson,M.S. (2005)Kidney Int.67,82–93
18. Ye, G.,Metreveli, N. S., Donthi, R. V., Xia, S., Xu,M., Carlson, E. C., and Epstein, P. N.

(2004) Diabetes 53, 1336–1343
19. Brownlee, M. (2001) Nature 414, 813–820
20. Singleton, J. R., Smith, A. G., Russell, J. W., and Feldman, E. L. (2003) Diabetes 52,

2867–2873
21. Huang, T. J., Price, S. A., Chilton, L., Calcutt, N. A., Tomlinson, D. R., Verkhratsky, A.,

and Fernyhough, P. (2003) Diabetes 52, 2129–2136
22. Green, K., Brand, M. D., andMurphy, M. P. (2004)Diabetes 53, Suppl. 1, S110–S118
23. Bojunga, J., Nowak, D., Mitrou, P. S., Hoelzer, D., Zeuzem, S., and Chow, K. U. (2004)

Diabetologia 47, 2072–2080
24. Palmieri, F. (2004) Pflugers Arch. 447, 689–709
25. Lin, Y., Berg, A. H., Iyengar, P., Lam, T. K., Giacca, A., Combs, T. P., Rajala,M.W., Du,

X., Rollman, B., Li,W., Hawkins,M., Barzilai, N., Rhodes, C. J., Fantus, I. G., Brownlee,
M., and Scherer, P. E. (2005) J. Biol. Chem. 280, 4617–4626

26. Kaplan, R. S., Oliveira, D. L., and Wilson, G. L. (1990) Arch. Biochem. Biophys. 280,
181–191

27. Abraham, N. G., Rezzani, R., Rodella, L., Kruger, A., Taller, D., Li, V. G., Goodman,
A. I., and Kappas, A. (2004) Am. J. Physiol. Heart Circ. Physiol. 287, H2468–H2477

28. Zhang, X., Shan, P., Alam, J., Fu, X. Y., and Lee, P. J. (2005) J. Biol. Chem. 280,
8714–8721

29. Sabaawy, H. E., Zhang, F., Nguyen, X., Elhosseiny, A., Nasjletti, A., Schwartzman, M.,
Dennery, P., Kappas, A., and Abraham, N. G. (2001) Hypertension 38, 210–215

30. Raizada, M. K., Francis, S. C., Wang, H., Gelband, C. H., Reaves, P. Y., and Katovich,
M. J. (2000) J. Hypertens. 18, 353–362

31. Iyer, S. N., Lu, D., Katovich, M. J., and Raizada, M. K. (1996) Proc. Natl. Acad. Sci.
U. S. A. 93, 9960–9965

32. Yang, L., Quan, S., Nasjletti, A., Laniado-Schwartzman, M., and Abraham, N. G.
(2004) Hypertension 43, 1221–1226

33. Camadro, J. M., Ibraham, N. G., and Levere, R. D. (1984) J. Biol. Chem. 259,

5678–5682
34. Abraham, N. G., Camadro, J. M., Hoffstein, S. T., and Levere, R. D. (1986) Biochim.

Biophys. Acta 870, 339–349
35. Siculella, L., Sabetta, S., di Summa, R., Leo, M., Giudetti, A. M., Palmieri, F., and

Gnoni, G. V. (2002) Biochem. Biophys. Res. Commun. 299, 418–423
36. Tsang, A., Hausenloy, D. J., Mocanu, M. M., Carr, R. D., and Yellon, D. M. (2005)

Diabetes 54, 2360–2364
37. Varma, S., Lal, B. K., Zheng, R., Breslin, J. W., Saito, S., Pappas, P. J., Hobson Ii, R. W.,

and Duran, W. N. (2005) Am. J. Physiol. Heart Circ. Physiol.
38. Kowluru, A. (2005) Biochem. Pharmacol. 69, 1681–1691
39. Dai, C., Li, Y., Yang, J., and Liu, Y. (2003) J. Biol. Chem. 278, 27080–27087
40. Huang, T. J., Sayers, N. M., Verkhratsky, A., and Fernyhough, P. (2005) Exp. Neurol.

194, 279–283
41. Sun, F., Kawasaki, E., Akazawa, S., Hishikawa, Y., Sugahara, K., Kamihira, S., Koji, T.,

and Eguchi, K. (2005) Diabetes Res. Clin. Pract. 67, 110–118
42. Chen, W., Salojin, K. V., Mi, Q. S., Grattan, M., Meagher, T. C., Zucker, P., and

Delovitch, T. L. (2004) Endocrinology 145, 627–638
43. Srinivasan, S., Stevens, M., and Wiley, J. W. (2000) Diabetes 49, 1932–1938
44. Huang, T. J., Verkhratsky, A., and Fernyhough, P. (2005) Mol. Cell Neurosci. 28,

42–54
45. Gottlob, K., Majewski, N., Kennedy, S., Kandel, E., Robey, R. B., and Hay, N. (2001)

Genes Dev. 15, 1406–1418
46. Sano, K., Nakamura, H., and Matsuo, T. (1985) Pediatr. Res. 19, 587–590
47. Rosenberg, M. J., Agarwala, R., Bouffard, G., Davis, J., Fiermonte, G., Hilliard, M. S.,

Koch, T., Kalikin, L. M., Makalowska, I., Morton, D. H., Petty, E. M., Weber, J. L.,
Palmieri, F., Kelley, R. I., Schaffer, A. A., and Biesecker, L. G. (2002) Nat. Genet. 32,
175–179

48. Stanley, C. A., Hale, D. E., Berry, G. T., Deleeuw, S., Boxer, J., and Bonnefont, J. P.
(1992) N. Engl. J. Med. 327, 19–23

49. Sparks, L. M., Xie, H., Koza, R. A., Mynatt, R., Hulver, M. W., Bray, G. A., and Smith,
S. R. (2005) Diabetes 54, 1926–1933

50. Hsieh, R. H., Lien, L.M., Lin, S. H., Chen, C.W., Cheng, H. J., and Cheng, H. H. (2005)
Ann. N. Y. Acad. Sci. 1042, 365–371

51. Detaille, D., Guigas, B., Chauvin, C., Batandier, C., Fontaine, E.,Wiernsperger, N., and
Leverve, X. (2005) Diabetes 54, 2179–2187

Heme Oxygenase Enhances Mitochondrial Function

JUNE 9, 2006 • VOLUME 281 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 15693

 by guest, on A
pril 29, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/

