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Diabetic nephropathy is characterized by elevated macrophage infiltration and inflammation.
Although heme-oxygenase (HO) is cytoprotective, its role in macrophage infiltration and nephrop-
athy in type 1 diabetes is not completely elucidated. Administering the HO inducer, hemin, to
streptozotocin-diabetic rats suppressed renal proinflammatory macrophage-M1 phenotype
alongside several proinflammatory agents, chemokines, and cytokines including macrophage in-
flammatory protein 1� (MIP-1�), macrophage-chemoattractant protein-1 (MCP-1), TNF-�, IL-1�,
IL-6, nuclear factor-�B (NF-�B), and aldosterone, a stimulator of the inflammatory/oxidative tran-
scription factor, NF-�B. Similarly, hemin therapy attenuated extracellular matrix/profibrotic pro-
teins implicated in renal injury including fibronectin, collagen-IV, and TGF-�1 and reduced several
renal histopathological lesions such as glomerulosclerosis, tubular necrosis, tubular vacuolization,
and interstitial macrophage infiltration. Furthermore, hemin reduced markers of kidney dysfunc-
tion like proteinuria and albuminuria but increased creatinine clearance, suggesting improved
kidney function. Correspondingly, hemin significantly enhanced the antiinflammatory macro-
phage-M2 phenotype, IL-10, adiponectin, HO-1, HO activity, and atrial natriuretic-peptide (ANP),
a substance that abates TNF-�, IL-6, and IL-1�, with parallel increase of urinary cGMP, a surrogate
marker of ANP. Contrarily, coadministering the HO inhibitor, chromium-mesoporphyrin with the
HO-inducer, hemin nullified the antidiabetic and renoprotective effects, whereas administering
chromium-mesoporphyrin alone abrogated basal HO activity, reduced basal adiponectin and ANP
levels, aggravated hyperglycemia, and further increased MCP-1, MIP-1�, aldosterone, NF-�B,
TNF-�, IL-6, IL-1�, proteinuria/albuminuria, and aggravated creatinine clearance, thus exacerbat-
ing renal dysfunction, suggesting the importance of the basal HO-adiponectin-ANP axis in reno-
protection and kidney function. Collectively, these data suggest that hemin ameliorates diabetic
nephropathy by selectively enhancing the antiinflammatory macrophage-M2 phenotype and IL-10
while concomitantly abating the proinflammatory macrophage-M1 phenotype and suppressing
extracellular matrix/profibrotic factors with reduction of renal lesions including interstitial mac-
rophage infiltration. Because aldosterone stimulate NF-�B, which activates cytokines like TNF-�,
IL-6, IL-1� that in turn stimulate chemokines such as MCP-1 and MIP-1� to promote macrophage-M1
infiltration, the hemin-dependent potentiation of the HO-adiponectin-ANP axis may account for
reduced macrophage infiltration and inflammatory insults in streptozotocin-diabetic rats.
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Diabetic nephropathy is a common microvascular
complication in type 1 and type 2 diabetes mellitus. It

is generally characterized by the progressive loss of renal
function, which may ultimately lead to end-stage renal
disease. Although the pathogenesis of diabetic nephrop-
athy is multifactorial, mounting evidence indicates that
inflammatory insults are among the cardinal pathogenic
events implicated in the development and progression of
the disease (1, 2). Accordingly, elevated levels of a wide
variety of proinflammatory cytokines including TNF-�,
IL-6, IL-1�, and the oxidative/proinflammatory transcrip-
tion factor, nuclear factor-�B (NF-�B) as well as the
chemokine, macrophage-chemoattractant protein-1 (MCP-1)/
CC chemokine ligand-2, have been reported in diabetic ne-
phropathy (1, 2). Moreover, NF-�B stimulates TNF-�, IL-6,
IL-1�, and MCP-1 to potentiate macrophage infiltration in
diabetic nephropathy (1, 3–6).

Macrophages express distinct patterns of surface re-
ceptors when responding to different stimuli (6, 7). It has
become increasingly clear that macrophages exhibit two
different polarization states known as classical or M1 phe-
notype and alternative or M2 phenotype (6, 7). The M1
phenotype stimulates inflammation, whereas the M2 phe-
notype is antiinflammatory (6, 7). Therefore, in diabetic
nephropathy the high levels of chemokines, cytokines, and
NF-�B would act in concert to enhance infiltration of the
proinflammatory macrophage-M1 phenotype in tissues,
creating a powerful inflammatory axis that would exac-
erbate tissue destruction. Similarly, the high inflammatory
milieu created by NF-�B, TNF-�, IL-6, IL-1�, and MCP-1
would amplify renal fibrosis (1), a pathophysiological
condition characterized by excessive accumulation of ex-
tracellular matrix and remodeling proteins such as colla-
gen, fibronectin, and TGF-�1 that may eventually com-
promise kidney structure and function (8).

In patients with diabetic nephropathy, glomerular
damage due to high deposits of extracellular matrix and
elevated inflammatory insults increase the permeability of
plasma proteins like albumin and transferrin, which are
normally not freely filtered through the glomerulus, caus-
ing proteinuria (1, 2). Similarly, renal NF-�B activity has
been correlated to the magnitude of proteinuria in patients
with diabetic nephropathy (9). Thus, in diabetic nephrop-
athy, the powerful inflammatory axis and elevated levels
of extracellular matrix proteins would aggravate renal in-
jury and kidney dysfunction. Therefore, the formulation
of novel therapeutic modalities capable of selectively sup-
pressing the proinflammatory macrophage-M1 pheno-
type, abating NF-�B, TNF-�, IL-6, IL-1�, and MCP-1
and suppressing extracellular matrix deposition while
concomitantly enhancing the antiinflammatory macro-
phage-M2 phenotype would be useful to dampen renal

inflammatory insults and thus preserve renal function and
prevent or retard the progressive development of diabetic
nephropathy to end-stage renal disease.

An important physiological cytoprotective pathway
that could be explored against diabetic nephropathy is the
heme-oxygenase (HO) system. HO is a microsomal en-
zyme that catalyzes the breakdown of the prooxidant
heme to generate cytoprotective products including biliv-
erdin/bilirubin, ferritin, and carbon monoxide to suppress
oxidative stress/inflammation (6). HO has two main iso-
forms, which are inducible (HO-1) and constitutive (HO-
2), whereas the third isoform, HO-3, is a pseudotranscript
of HO-2, so HO activity is derived mainly from the HO-1
and HO-2 isoforms (6, 10–12). We recently reported the
antidiabetic effects of the HO inducer, hemin, in different
animal models including streptozotocin (STZ)-induced di-
abetic rats (13–18). However, the role of the HO system
on macrophage polarization in renal dysfunction in STZ-
induced type 1 diabetes has not been reported. Similarly,
the effect of the HO system on macrophage infiltration in
renal tissues of STZ diabetic animals remains largely un-
clear. Furthermore, the effects of the HO system on
TNF-�, IL-6, and IL-1� in the kidney of STZ-diabetic
animals have not been reported. Therefore, one of the
main objectives of this study is to investigate the effects of
the HO system on macrophage infiltration and to evaluate
the expressions of the macrophage-M1 and -M2 pheno-
types as well as to assess the levels of renal TNF-�, IL-6,
IL1�, and kidney function in STZ-diabetic rats.

We recently showed that the mechanisms by which the
HO system elicit cytoprotection, includes the potentiation
of adiponectin, atrial natriuretic peptide (ANP), and its
surrogate marker, urinary cGMP (18–20). Interestingly,
ANP is also known to abate TNF-�, IL-6, and IL-1� (21),
whereas adiponectin reportedly suppresses macrophage
activation by abating NF-�B and TNF-� (22). However,
no study has reported the effects of the HO system on renal
ANP or kidney adiponectin in STZ-diabetic rats. There-
fore, this study will evaluate the effects of the HO system
on ANP and adiponectin in renal tissues from STZ-dia-
betic animals and correlate changes in ANP and adiponec-
tin to the levels of NF-�B, TNF-�, IL-6, IL1�, MCP-1, and
macrophage infiltration in STZ-diabetic animals. Besides
suppressing inflammatory cytokines, ANP can also reduce
fibrosis by inhibiting TGF-�1 and fibronectin (23). In con-
trast, aldosterone stimulates inflammation and fibrosis by
activating NF-�B and activating-protein (AP-1) (24).
Given that substances like TGF-�, fibronectin, aldoste-
rone, NF-�B, and AP-1 are implicated in kidney dysfunc-
tion (8, 25), we will also measure these substances in renal
tissues of STZ-diabetic animals and correlate the results to
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proteinuria, albuminuria, creatinine clearance, and thus
renal function.

In addition to MCP-1, another chemokine implicated
in macrophage infiltration is the macrophage inflamma-
tory protein-1� (MIP-1�) (26), also referred to as chemo-
kine (C-C motif) ligand-3. Given that the role of MIP-1�

in the kidneys of diabetic animals has not been reported,
even though MIP-1� is an important chemokine endowed
with powerful stimulatory effect on macrophage infiltra-
tion (26), we will also investigate the effects of the HO
system on renal MIP-1�. Thus, this study will unveil novel
mechanisms involved in the multifaceted role of the HO
system against macrophage infiltration, proinflammatory
chemokines/cytokines, and renal dysfunction in STZ-di-
abetic rats.

Materials and Methods (extended
methodology is available in the
Supplemental Data, published on The
Endocrine Society’s Journals Online web
site at http://endo.endojournals.org)

Animals, treatment groups, and biochemical
parameters

Our experimental protocol was approved by University of
Saskatchewan Committee on Animal Care and Research Ethics
and was in conformity with the Guide for Care and Usage of
Laboratory Animals stipulated by the Canadian Council on An-
imal Care and the National Institutes of Health (National Insti-
tutes of Health publication number 85–23, revised 1996).

Male Sprague Dawley (SD) rats aged 7 weeks were purchased
from Charles River Laboratory, housed at 21°C with 12-hour
light, 12-hour dark cycles, fed with standard chow and had ac-
cess to drinking water ad libitum. After a week of acclimatiza-
tion, diabetes was induced with STZ (150 mg/kg � d, ip, in 0.1
mol/L citrate buffer, pH 4.5) as we previously reported (15). A
week after STZ injection, the diabetic state was confirmed by the
manifestation of polyuria, polydipsia, polyphagia, and elevated
blood glucose (�20 mmol/L). To moderate the extent of the
hyperglycemia and avoid the animals from dying, long-acting
insulin (Lantus; Sanofi-Aventis) was administered sc (3 U/kg)
three times weekly to all STZ-treated animals. Under these con-
ditions glycemia did not exceed 26 mmol/L in the study groups.
The diabetic animals were randomly divided into several exper-
imental groups including (n � 6 per group): A, controls [1, nor-
mal SD; 2, SD treated with vehicle for STZ (citrate buffer); 3, SD
treated with insulin]; B, STZ alone; C, STZ�hemin, the HO
inducer; D, STZ�hemin�HO inhibitor, chromium-mesopor-
phyrin (CrMP); E, STZ�CrMP; and F, STZ�vehicle dissolving
hemin and CrMP.

Hemin (30 mg/kg, ip; Sigma) and CrMP (4 �mol/kg, ip, Por-
phyrin Products) were previously reported and administered
three times weekly for 8 weeks (8, 16, 27–31). Although many
HO inhibitors are nonspecific and may affects other hemoen-
zymes or even increase HO-1 expression (32), however, CrMP

administered at a dose of 4 �mol/kg is reportedly selectively
against HO activity (33).

During the treatment period, fasting glucose was measured on
a weekly basis by means of a glucose meter (BD Biosciences).
Systolic blood pressure (BP) was measured by noninvasive tail-
cuff method (model 29 SSP; Harvard Apparatus). At least six
different readings were taken to calculate the mean systolic BP.
Prior to killing, the animals were placed in metabolic cages for 24
hours with free access to food and water, and urine was collected
and measured. Subsequently the animals were weighed, anes-
thetized with pentobarbital sodium (50 mg/kg body weight) and
plasma, and the kidney collected. Kidney hypertrophy was de-
termined by the kidney to body weight ratio, an index of kidney
hypertrophy (8), whereas plasma creatinine, sodium and urine
(sodium, proteinuria, albuminuria and creatinine), and creati-
nine clearance were analyzed as previously reported (8).

HO activity was determined by spectrophotometric assay as
we previously reported (8, 19), whereas an ELISA was used for
HO-1 (Stressgen-Assay Design), TNF-�, IL-6,and IL-1� (Im-
muno-Biological Laboratories Co Ltd), MCP-1 and MIP-1�
(OmniKine; Assay Biotechnology Co Inc), and adiponectin
(Pharmaceuticals, Inc) and an enzyme immunoassay for cGMP
and aldosterone (Cayman Chemical), as we previously reported
(27, 29, 34).

Histological and morphological analyses of the
kidneys

Histological and morphological analyses were done as we
previously described (13). The kidney was fixed in 10% forma-
lin, processed, and paraffin embedded, and then whole sections
of 5 �m were cut and stained with hematoxylin and eosin and
examined using a virtual microscope (Aperio Scan Scope model
CS; Aperio Technology Inc). Morphological assessment was
done by randomly taking 20 snapshots per slide per group of four
to six animals (80–120 images per group). The images were
analyzed using an Aperio Image Scope version 11.2.0.780 soft-
ware (Aperio; e-Pathology Solution) and subsequently scored
semiquantitatively by a blinded researcher, as we previously re-
ported (13, 35).

Western immunoblotting
The kidney was homogenized in the presence of a cocktail of

protease inhibitors as we previously described (28, 29) with pri-
mary antibodies [Santa Cruz Biotechnology; fibronectin (sc-
18825), collagen-IV (sc-11360), TGF-�1/2/3 (sc7892), ED-1
(CD68) (sc-59103), ED-2 (CD163) (sc-58956), IL-10 (sc-
52561)], NF-�B (Chemicon International Inc), AP-1 (Abcam Inc),
and phosphorylated AMP-activated protein kinase (AMPK; Cell
Signaling Technology Inc). After scanning the bands of the blots,
densitometric analyses were carried out using UN-SCAN-IT soft-
ware (Silk Scientific). �-Actin (Sigma) was used as a control to as-
certain equivalent loading.

Total RNA isolation and quantitative real-time
RT-PCR

The kidney was homogenized in 0.5 mL Trizol reagent (Invitrogen
Life Technologies) and reverse transcription carried out using a first-
strand cDNA synthesis kit (Novagen), as we previously reported (8,
28). Quantitative PCR was performed with Applied Biosystems 7300
Real-Time PCR system and iQ SYBR Green supermix (Bio-Rad Lab-
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oratories).Triplicatesamplescontaining1�LofcDNAwererunusing
a templateof3.2pmolofprimers for (p65-NF-��) (forward,5�-CAT-
GCGTTTCCGTTACAAGTGCGA-3�, and reverse, 5�-TGGGT-
GCGTCTTAGTGGTATCTGT-3�); AP-1 (forward, 5�-AGCAGA
TGCTTGAGTTGAGAGCCA-3� and reverse, 5�-TTCCATGGG
TCCCTGCTTTGAGAT-3�); and �-actin (forward, 5�-TCATCAC-
TATCGGCAATGAGCGGT-3�, and reverse, 5�-ACAGCACTGT-
GTTGGCATAGAGGT-3�) in a final volume of 25 �L, as we previ-
ously reported (8, 28).

Statistical analyses
All data are expressed as means � SEM from at least four

independent experiments unless otherwise stated. Statistical
analyses (parametric and nonparametric where appropriate)
were done using a two-way ANOVA, using Statistical Analysis
System software, version 9.3 (SAS Institute Inc) and a Student’s
t test. Group differences at the level of P � .05 were considered
statistically significant.

Results

Hemin potentiated HO, reduced hyperglycemia,
and abated aldosterone, NF-�B, and AP-1

The administration of hemin therapy to STZ-diabetic
rats lowered fasting blood glucose from 23.4 � 1.3
mmol/L to 10.8 � 0.9 mmol/L, P � .01 (Table 1). In
contrast, coadministering the HO inducer, hemin, to-

gether with the HO inhibitor, CrMP abolished the antidi-
abetic effect of hemin (23.4 � 1.3 mmol/L vs 21.3 � 2.7
mmol/L), whereas treatment with CrMP alone exacer-
bated hyperglycemia (25.7 � 1.8 mmol/L) (Table 1). The
hemin-dependent reduction of hyperglycemia was accom-
panied by significant enhancement of HO-1 and HO ac-
tivity in STZ-diabetic rats by 2.7- and 4.5-fold, respec-
tively (Figure 1, A and B). Although the basal HO-1 in
STZ-diabetic rats was slightly but significantly higher
than the levels in the control-SD rats, it did not evoke any
changes in HO activity, suggesting it that might have been
below the necessary threshold necessary to trigger an in-
crease in HO activity.

Because STZ diabetes is characterized by elevated in-
flammation and increased production of aldosterone (36),
a hormone that trigger inflammatory insults by activating
NF-�B and AP-1 (24) in addition to its traditional role in
regulating sodium/water retention, we investigated the ef-
fects of up-regulating the HO system with hemin on kid-
ney and urinary aldosterone. Interestingly, hemin therapy
markedly reduced the elevated levels of aldosterone in the
kidney and in urine by 2.5- and 2.1-fold, respectively (Fig-
ure 1, C and D), whereas cotreatment with the HO inhib-
itor CrMP nullified the effects of hemin, whereas treat-
ment with CrMP alone further enhanced the levels of

Table 1. Effect of Hemin and CrMP on Physiological Variables in STZ-Diabetic Rats

Physiological
Variables

Animal Groups

Controls

STZ STZ � Hemin
STZ � Hemin �

CrMP STZ � CrMP
STZ � Vehicle
for Hemin and CrMPNormal SD

SD � Vehicle
for STZ

SD � Insulin
(Sub therapeutic
Dose)

Body weight, g 384.6 � 6.3 375.9 � 5.4 381.9 � 7.8 314.6 � 10.8a 307.5 � 9.2a 301.8 � 9.4a 310.4 � 11.3a 305.5 � 7.5a

Fasting glucose,
mmol/L

7.1 � 0.4 7.4 � 0.3 7.0 � 0.5 23.4 � 1.3b 10.8 � 0.9c 21.3 � 2.7d 25.7 � 1.8 24.5 � 1.2

Kidney hypertrophy,
g/kg body
weight

3.1 � 0.5 2.8 � 0.4 2.6 � 0.3 5.8 � 0.6e 3.9 � 0.7c 6.2 � 1.2d 7.1 � 1.3 5.5 � 1.2

Systolic BP, mm Hg 119.7 � 1.8 125.3 � 3.4 118.7 � 2.9 130.4 � 2.5e 120.8 � 2.2c 128.9 � 1.7 139.3 � 1.5 132.4 � 2.1
Water intake,

mL per 24 h
46.3 � 3.7 43.9 � 5.1 47.1 � 8.7 243.2 � 9.4b 175.8 � 7.1d 237.9 � 12.6 258.5 � 9.3 249.5 � 11.3

Urine volume,
mL per 24 h

30.5 � 7.3 34.7 � 8.5 32.5 � 11.2 196.3 � 13.8b 254.2 � 10.6d 189.5 � 9.4 176.4 � 14.9 207.3 � 12.5

Albuminuria,
mg per 24 h

2.1 � 0.3 2.4 � 0.2 2.2 � 0.4 52.7 � 2.5b 12.3 � 1.8d 61.7 � 5.3 71.5 � 4.7 57.6 � 5.9

Proteinuria,
mg per 24 h

8.6 � 0.8 9.1 � 1.1 8.9 � 1.3 105.3 � 7.4b 20.5 � 2.4d 97.6 � 5.3 124.7 � 5.2 112. � 10.7

Plasma sodium,
mmol/L

136.7 � 2.3 139.2 � 1.6 135.6 � 1.8 152.3 � 3.4e 140.5 � 1.6c 154.9 � 2.9 162.3 � 3.7 155.6 � 3.5

Urinary sodium,
mmol/L

131.2 � 1.8 133.1 � 1.7 132.8 � 2.2 122.5 � 1.5e 137.5 � 2.1c 123.6 � 1.8 120.4 � 2.3 121.3 � 1.9

Creatinine clearance,
ml/min � g kidney

4.9 � 0.5 4.7 � 0.4 4.8 � 0.6 3.2 � 0.3e 4.1 � 0.4c 3.3 � 0.5 2.9 � 0.1 3.4 � 0.3

a P � .05 vs normal SD or SD�insulin or SD�vehicle for STZ.
b P � .01 vs normal SD or SD�insulin or SD�vehicle for STZ.
c P � .05 vs STZ or STZ�hemin�CrMP or STZ�CrMP or STZ�vehicle for hemin/CrMP.
d P � .01 vs STZ or STZ�hemin�CrMP or STZ�CrMP or STZ�vehicle for hemin/CrMP.
e P � .05 vs normal SD or SD�insulin or SD�vehicle for STZ.
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aldosterone. Similarly, hemin therapy significantly abated
the elevated levels of oxidative/inflammatory transcrip-
tion factors in the kidney such as NF-�B and AP-1 (Figure
1, E and F). On the other hand, the administration of the
HO-inhibitor with hemin or alone nullified the hemin ef-
fect and increased NF-�B and AP-1 in STZ-diabetic rats.
Toascertain that thehemin-induced suppressionofNF-�B
and AP-1 mRNA expressions were accompanied by a par-
allel reduction of the corresponding proteins, we used
Western immunoblotting to measure the protein expres-
sions of NF-�B and AP-1 in the kidneys (Figure 1, G and
H). Our Western immunoblot and relative quantitative

analyses of the expressed proteins normalized by �-actin
indicated that the basal expressions of NF-�B and AP-1 in
STZ-diabetic animals were significantly elevated by 7.6-
and 3.1-fold, respectively, as compared with the SD-con-
trols (Figure 1, G and H). Treatment with hemin reduced
the protein expressions of NF-�B and AP-1 by 2.6- and
2.3-fold, respectively, suggesting that hemin concomi-
tantly reduced both the mRNA and protein expressions of
NF-�B and AP-1 in STZ-diabetic rats.

We also measured water intake because aldosterone
favors sodium/water retention and diabetes is generally
associated with increased water intake. In STZ-diabetic

Figure 1. Effects of the HO inducer hemin and the HO inhibitor CrMP on kidney HO-1, HO activity, aldosterone, NF-�B, and AP-1 in STZ-diabetic
rats. A, The basal HO-1 levels in STZ-diabetic rats were higher than control-SD rats. Hemin therapy markedly increased HO-1 concentration,
whereas the HO blocker of CrMP annulled the hemin effect. B, Hemin therapy robustly enhanced HO activity in STZ-diabetic rats, whereas the HO
blocker CrMP annulled the effects of hemin. C, Hemin therapy significantly depleted the elevated basal levels of kidney aldosterone in STZ-diabetic
rats, whereas the HO blocker CrMP nullified the effects of hemin. D, Hemin therapy markedly reduced the elevated basal levels of urinary
aldosterone in STZ-diabetic rats, whereas the HO blocker CrMP abolished the effects of hemin. Quantitative real-time RT-PCR indicated that hemin
therapy abrogated the elevated basal mRNA expression of NF-�B (E) and AP-1 (F) in the kidney of STZ-diabetic rats, but CrMP reversed and
exacerbated the hemin effect, with a further increase in the levels of NF-�B and AP-1. Representative Western immunoblots and relative
densitometry of expressed proteins indicates the basal expressions of NF-�B (G) and AP-1 (H) were significantly elevated in STZ-diabetic rats as
compared with control-SD but were reduced by hemin therapy. The vehicle dissolving hemin and CrMP had no effect on HO-1, HO activity, kidney
aldosterone, urinary aldosterone, and the mRNA expression of NF-�B and AP-1. Bars represent means � SEM (n � 6 rats per group). *, P � .05,
**, P � .01 vs STZ; §, P � .05, §§, P � .01 vs control-SD; #, P � .05, ##, P � .01 vs STZ or STZ�hemin�CrMP, or STZ�vehicle.

doi: 10.1210/en.2013-1050 endo.endojournals.org 219

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/155/1/215/2422566 by guest on 19 April 2024



animals the elevated levels of aldosterone was accompa-
nied by greater water intake (Table 1). Accordingly, water
intake in STZ-diabetic rats was 243.2 � 9.4 mL per 24
hours, whereas in hemin-treated STZ animals, water in-
take was significantly reduced to 175.8 � 7.1 mL per 24
hours. On the other hand, treatment with the HO inhib-
itor CrMP nullified the effects of hemin and increased the
water intake to 258.5 � 9.3 mL per 24 hours. Because
hemin therapy suppressed the levels of aldosterone and
correspondingly reduced water intake, we also evaluated
the effect of hemin on plasma sodium. In the STZ-diabetic
rats, plasma sodium retention was significantly elevated as
compared with the control rats (Table 1) but was reduced
by hemin therapy, whereas the HO inhibitor CrMP abol-
ished the effects of hemin and exacerbated the levels of
plasma sodium. The hemin-dependent reduction of
plasma sodium was accompanied by an increased excre-
tion of urinary sodium (Table 1), whereas treatment with
the HO inhibitor nullified the effects of hemin.

Because renal damage is associated with hypertrophy
(8, 19), we used the organ-to-body weight index to estab-
lish hypertrophy (8, 19). Our results indicate that hemin
therapy attenuated kidney hypertrophy in STZ-diabetic
rats, and this effect was abolished by the HO inhibitor
CrMP (Table 1). To further confirm renal damage in the
STZ-diabetic rats, we measured important clinical indices
of renal function including albuminuria, proteinuria, and
creatinine clearance and detected significantly elevated
levels of proteinuria and albuminuria in STZ-diabetic rats
that were accompanied by significant reduction of creat-
inine clearance, thus suggesting renal dysfunction (Table
1). These renal defects were reversed by hemin therapy,
whereas cotreatment with CrMP or treatment with CrMP
alone abolished the renoprotective effects of hemin with
aggravation of albuminuria, proteinuria, and creatinine
clearance in STZ-diabetic rats.

Because we observed increased aldosterone levels and
elevated water retention in STZ-diabetic rats, we mea-
sured systolic BP. However, BP was normotensive in all
treatment groups, although it was 5 mm Hg higher in the
STZ-diabetic rats. Treatment with hemin slightly lowered
BP, whereas CrMP abolished the modest effect (Table 1).

The application of STZ injection to induce diabetes
caused reduction in body weight. STZ is well known to
cause loss of body weight and/or retard growth (37, 38),
so the loss of body weight by STZ was expected. On the
other hand, the administration of hemin, hemin�CrMP,
CrMP alone, or the vehicle dissolving hemin and CrMP
further reduced body weight slightly as compared with
STZ-diabetic rats. A difference (�5%) was observed (Ta-
ble 1). Accordingly, in STZ�hemin, STZ�hemin�CrMP,
STZ�CrMP, and STZ�vehicle for hemin/CrMP groups,

the body weights were lower by 2.2%, 4.1%, 1.3%, and
3%, respectively, as compared with the STZ-diabetic an-
imals. Although loss of body weight can affect glycemic
levels, it is unlikely in this situation because the slight loss
of body weight in hemin- and CrMP-treated animals were
accompanied by opposite glycemic effects (Table 1) be-
cause we observed a slight decrease of glucose levels in
hemin-treated animals but a small increase in CrMP-
treated animals, suggesting that the HO system may be
endowed with intrinsic antidiabetic effects. The mild sub-
therapeutic dose of insulin of 3 U/kg or the vehicle for STZ
(citrate buffer, pH 4.5) or the vehicle dissolving hemin and
CrMP (0.1 M NaOH, titrated to pH 7.4 with 0.1 M HCl
in PBS) did not affect any of the measured parameters
(Table 1).

Hemin therapy enhanced ANP and its surrogate
marker, urinary cGMP

Given that ANP is potentiated by the HO system (19)
and that both ANP and the HO system have antiinflam-
matory properties (6, 21) and promotes natriuresis (39,
40), we investigated whether the concomitant potentia-
tion of the HO system and ANP by hemin therapy would
abate macrophage-infiltration and increase the excretion
of urinary sodium. In STZ-diabetic rats, the basal levels of
plasma and renal ANP were slightly but significantly
higher than in the control-SD rats (Figure 2). Treatment
with hemin greatly enhanced plasma and renal ANP by
3.1- and 2.9-fold, respectively, and correspondingly en-
hanced the excretion of urinary sodium (Table 1), whereas
the coadministration of the HO inducer, hemin, to-
gether with the HO inhibitor, CrMP, nullified the ef-
fects of hemin, whereas treatment with CrMP alone
resulted in further depletion of the levels of ANP (Figure
2, A and B). We also measured urinary cGMP, a sur-
rogate marker of ANP (41). Although the basal levels of
ANP in STZ-diabetic rats were higher than control-SD,
the levels of urinary cGMP, a secondary messenger
through which ANP elicits is effects (39), were signifi-
cantly depressed by 2.1-fold in STZ-diabetic rats (Fig-
ure 2C). Treatment with hemin greatly enhanced uri-
nary cGMP by 3.5-fold, whereas cotreatment with
CrMP nullified the effects and CrMP alone abrogated
the basal levels of urinary cGMP in STZ-diabetic rats.

Hemin therapy enhanced adiponectin and AMPK
in STZ-diabetic rats

Given that the HO system is known to potentiate adi-
ponectin (21, 42) and adiponectin is an antiinflammatory
protein (22) with renoprotective effects (43), we investi-
gated the effects of hemin therapy on adiponectin. In STZ-
diabetic rats, plasma and renal adiponectin were markedly
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reduced (Figure 3, A and B) by 3.2- and 2.1-fold, respec-
tively. However, hemin therapy greatly enhanced the de-
pressed levels of adiponectin in the plasma and kidney by
3.6- and 1.8-fold, respectively, whereas the coapplication
of the HO blocker CrMP together with hemin nullified the

hemin-induced increase, whereas CrMP alone further re-
duced the levels of basal adiponectin in plasma and the
kidney (Figure 3, A and B).

Because the effects of adiponectin are mediated via
AMPK (44), we investigated whether the hemin-induced
increase of adiponectin will be accompanied by a corre-
sponding increase of AMPK. Our results indicate that he-
min therapy robustly enhanced the AMPK expression in
the STZ-diabetic rats to comparable levels as in the con-
trol-SD animals (Figure 3C).

Hemin therapy suppressed proinflammatory
cytokines in STZ-diabetic rats

Because TNF-�, IL-6, and IL-1� are proinflammatory
cytokines that impair renal function (1, 2) and ANP and an
up-regulated HO-system are known to suppress TNF-�,
IL-6, and IL-1� (21, 42) in addition to promoting natri-
uresis (39), we investigated the effects of concomitantly
enhancing ANP and the HO system with hemin therapy on
these cytokines. In STZ-diabetic rats, the levels of urinary
and kidney TNF-�, IL-6, and IL-1� were markedly ele-
vated as compared with control-SD rats (Figure 4, A–F).
Interestingly, the administration of hemin to STZ-diabetic
rats significantly abated the elevated levels of kidney
TNF-�, IL-6, and IL-1� by 1.9-, 2.7-, and 3-fold, respec-
tively, although similar levels as observed in control-SD
rats were not attained. Similarly, urinary TNF-�, IL-6, and
IL-1� were abrogated by 3.1-, 3.4-, and 2.6-fold, respec-
tively, albeit the levels as in control-SD were not rein-
stated. Interestingly, the suppression of TNF-� coincided
with reduced plasma sodium (Table 1) and because TNF-�
is known to enhance sodium uptake in the distal renal
tubule by stimulating epithelial sodium channels (45, 46),
the hemin-dependent reduction of TNF-� may account for
reduced plasma sodium (Table 1).

On the other hand, the coadministration of the HO
blocker CrMP and the HO inducer hemin abolished the
effects of hemin, whereas treatment with CrMP alone ex-
acerbated the levels of urinary and kidney TNF-�, IL-6,
and IL-1� (Figure 4, A–F). The vehicle dissolving hemin
and CrMP had no effect on urinary and kidney TNF-�,
IL-6, and IL-1�.

Hemin therapy suppressed proinflammatory
chemokines in STZ-diabetic rats

MIP-1� and MCP-1 are two potent chomokines impli-
cated in macrophage infiltration (26, 47, 48), so we in-
vestigated the effects of hemin therapy on MIP-1� and
MCP-1. In STZ-diabetic rats, the levels of urinary and
kidney MCP-1 were significantly elevated by 2.5- and 2.8-
fold, respectively (Figure 5, A and B). However, treatment
with hemin greatly attenuated the elevated levels of uri-

Figure 2. Effects of the HO inducer hemin and the HO inhibitor CrMP
on ANP and urinary cGMP in STZ-diabetic rats. The basal levels of
plasma ANP (A) and kidney ANP (B) in STZ-diabetic rats were slightly
higher than in the control-SD rats but were markedly enhanced by
hemin, whereas the HO blocker CrMP annulled the hemin effect. C,
Hemin therapy significantly increased urinary cGMP, a surrogate
marker of ANP, but the HO inhibitor CrMP annulled the effects of
hemin. The vehicle dissolving hemin and CrMP had no effect on
plasma ANP, kidney ANP, and urinary GMP. Bars represent means �
SEM (n � 6 rats per group). *, P � .01 vs STZ; §, P � .05, §§, P � .01
vs control-SD; #, P � .05, ##, P � .01 vs STZ or STZ�hemin�CrMP or
STZ�vehicle.
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nary and kidneys MCP-1 by 2.1- and 1.8-fold, respec-
tively, whereas the coapplication of the HO inducer hemin
and the HO inhibitor CrMP abolished the hemin effects
and restored similar levels of urinary and renal MCP-1 as
in the STZ-diabetic animals. On the other hand, treatment
with CrMP alone resulted in further accentuation in the

levels of urinary and kidneys MCP-1
(Figure 5, A and B). Although hemin
therapy did not restore the levels of
MCP-1 in the kidney of the STZ-di-
abetic animals to similar levels as in
the control-SD animals, however,
hemin therapy effectively abrogated
theexcessive levelsofurinaryMCP-1 to
comparable levels as in the control-SD
rat (Figure 5, A and 5B).

Hemin therapy was also effective
against MIP-1�. In STZ-diabetic
rats, the basal MIP-1� levels in the
kidney was significantly elevated by
3.5-fold but was abated by hemin to
comparable levels as in the con-
trol-SD rats, whereas coadministra-
tion of hemin with CrMP abolished
the hemin-dependent reduction of
MIP-1�, whereas treatment with
CrMP alone triggered further in-
crease in MIP-1� (Figure 5C).

Hemin therapy selectively
enhanced the antiinflammatory
macrophage M2 phenotype but
abated the proinflammatory M1
phenotype and interstitial
macrophage infiltration

After having observed the hemin-
dependent suppression of chemo-
kines like MIP-1� and MCP-1,
which are implicated in macrophage
infiltration, we used specific markers
such as ED1 (activated macrophage)
to quantify the proinflammatory M1
phenotype and ED2 and IL-10 for
the assessment of the antiinflamma-
tory M2 phenotype (49, 50). Inter-
estingly, our Western immunoblot-
ting and relative densitometric
analyses revealed that basal expres-
sion of ED1 in STZ-diabetic animals
was markedly elevated by 5.1-fold as
compared with the control-SD (Fig-
ure 6A). However, the administra-
tion of hemin therapy significantly

reduced the elevated expression of the proinflammatory
M1 phenotype marker ED1 in the kidney of STZ-diabetic
animals. Interestingly, the hemin-dependent abrogation of
ED1 was accompanied by the enhancement of the de-
pressed and aberrant expression of the basal antiinflam-

Figure 3. Effects of the HO inducer hemin and the HO inhibitor CrMP on adiponectin and
AMPK in STZ-diabetic rats. The basal levels of plasma adiponectin (A) and kidney adiponectin
(B) in STZ-diabetic rats were significantly lower than in the control-SD rats but were greatly
increased by hemin, whereas the HO blocker CrMP nullified the hemin effect. The vehicle
dissolving hemin and CrMP had no effect on plasma and kidney adiponectin levels. C,
Representative Western immunoblotting and relative densitometry indicates that the basal
expression of AMPK in STZ-diabetic rats was markedly reduced; however, treatment with
hemin significantly increased the expression of AMPK. Bars represent means � SEM (n �
4 – 6 rats per group). *, P � .01 vs STZ; §, P � .01 vs control-SD; #, P � .05, ##, P � .01 vs
STZ or STZ�hemin�CrMP or STZ�vehicle.
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matory M2 phenotype (Figure 6, B and C). Accordingly,
hemin therapy robustly enhanced important markers of
the M2 phenotype such as ED2 (Figure 6B) and IL-10
(Figure 6C) by 4.8- and 3.9-fold, respectively, suggesting
that hemin may selectively modulate the polarization of
the macrophage toward the M2 phenotype that attenuates
inflammatory insults.

To further evaluate the effects of hemin on macrophage
infiltration and renal lesions, we used histology and mor-
phological analyses to evaluate interstitial macrophage in-
filtration in renal sections (Figure 6C). Our histology data
revealed increased interstitial macrophage infiltration in
STZ-diabetic animals as compared with the control-SD
rats (Figure 6C), which was interestingly reduced by he-
min. The reduction of interstitial macrophage infiltration

in hemin-treated STZ was further confirmed by semiquan-
titative morphological analyses (Figure 6D).

Hemin therapy suppressed extracellular matrix
and profibrotic proteins

Because elevated deposition of extracellular matrix
and increased inflammatory events are pathophysiolog-
ical factors that destroy the glomerulus causing pro-
teinuria (1, 2) and ANP and adiponectin are known to
protect renal tissue (43, 51) by suppressing fibrosis
caused by the deposition of extracellular matrix (23,
52), we investigated whether the concomitant potenti-
ation of ANP, adiponectin, and the HO system by the
hemin would suppress TGF-�, a profibrotic protein im-
plicated renal injury and proteinuria (53). In STZ-dia-

Figure 4. Effects of the HO inducer hemin and the HO inhibitor CrMP on kidney and urinary TNF-�, IL-6, and IL-1� in STZ-diabetic rats. The basal
levels of kidney TNF-� (A), urinary TNF-� (B), kidney IL-6 (C), urinary IL-6 (D), kidney IL-1� (E), and urinary IL-1� (F) in STZ-diabetic rats were
significantly higher than the levels in control-SD rats but were markedly attenuated by hemin therapy, whereas the HO blocker CrMP annulled the
hemin effect, with further increase in the levels of TNF-�, IL-6, and IL-1�. The vehicle dissolving hemin and CrMP had no effect on plasma or
urinary TNF-�, IL-6, and IL1�. Bars represent means � SEM (n � 6 rats per group). *, P � .01 vs STZ; §, P � .01 vs control-SD; #, P � .05,
##, P � .01 vs STZ or STZ�hemin�CrMP or STZ�vehicle.
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betic animals, renal insufficiency was accompanied by
marked elevation of the basal expression of TGF-� (Fig-
ure 7A). We observed a 3.9-fold increase of TGF-� in
STZ-diabetic animals.

Given that TGF-� mobilizes the extracellular matrix by
stimulating fibronectin and collagen to cause fibrosis and
proteinuria (53), we also investigated the effects of hemin
therapy on the expressions of fibronectin and collagen-IV
(Figure 7, B and C). In STZ-diabetic rats, the basal ex-
pressions of fibronectin and collagen-IV were markedly
elevated by 2.9- and 3.4-fold, respectively, as compared
with control-SD rats. However, hemin therapy greatly
suppressed the levels of fibronectin and collagen-IV (Fig-

ure 7, B and C). Hemin therapy was more effective against
collagen-IV because control levels were reinstated. Be-
cause elevated extracellular matrix/profibrotic proteins
such as TGF-�, fibronectin, and collagen are implicated in
renal lesions (8), we investigated whether the hemin-de-
pendent suppression of these profibrotic proteins would
improve kidney injury in STZ. Our results indicate that
kidney section from control-SD showed no signs of pa-
thology in the cortex and the medulla; however, mild con-
gestion in some kidney sections was noted (Figure 7D). In
contrast, the STZ-diabetic animals displayed severe mor-
phological kidney lesions such as interstitial macrophage
infiltration, glomerulosclerosis, tubular necrosis, intertu-
bular/perivascular fibrosis, tubular vacuolization, depo-
sition of hyaline/tubular cast, and tubular and glomerular
necrosis. Interestingly, in hemin-treated STZ, there was
marked reduction of glomerulosclerosis, hyaline/tubular
cast formations, and tubular vacuolization (Figure 7D).
These observations were further confirmed by semiquan-
titative morphological analyses showing that hemin sig-
nificantly abated renal lesions (Figure 7E).

Discussion

The accumulation of macrophages in tissues of diabetic
patients is a cardinal feature in the progression and devel-
opment of diabetic nephropathy. Strong evidence from
cell-depletion studies in animals has demonstrated the
pathophysiological role of macrophages and their contri-
bution in exacerbating inflammatory cascades in the kid-
neys of diabetic patients (1). The present study demon-
strates that hemin therapy is a potent renoprotective agent
against STZ-induced type 1 diabetes. In this model, ex-
cessive macrophage infiltration alongside the elevated lev-
els of NF-�B, TNF-�, IL-6, IL-1�, aldosterone, TGF-�,
and extracellular matrix deposition are among the com-
plex molecular processes that characterize the intricate
relationship between inflammation, renal fibrosis, and the
development and progression of diabetic nephropathy
(1–6, 8, 9, 54). Importantly, our study unveils for the first
time that hemin therapy selectively enhance the antiin-
flammatory macrophage M2 phenotype in STZ-diabetic
rats while concomitantly abating the proinflammatory
M1 phenotype, suggesting that a novel mechanism by
which hemin therapy counteracts renal inflammation in
type 1 diabetes is by selectively favoring the polarization
of macrophage toward the M2 phenotype that dampens
inflammation. Correspondingly, hemin therapy abated
chemokines that promote macrophage infiltration such as
MIP-1� and MCP-1 (1, 2, 26). The effect of hemin therapy
on MIP-1� in STZ-diabetic rat is novel observation reported

Figure 5. Effects of the HO inducer, hemin and the HO inhibitor
CrMP on kidney and urinary MCP-1 and MIP-1� in STZ-diabetic rats.
The basal levels of kidney MCP-1 (A), urinary MCP-1 (B), and kidney
MIP-1� (C) in STZ-diabetic rats were significantly elevated as compared
with the levels in control-SD rats, but hemin therapy greatly
suppressed the elevated levels of MIP-1� and MCP-1, whereas the HO
blocker CrMP annulled the hemin effect, with a further increase in the
levels of MIP-1� and MCP-1. The vehicle dissolving hemin and CrMP
had no effect on kidney or urinary of MIP-1� and MCP-1. Bars
represent means � SEM (n � 6 rats per group). *, P � .01 vs STZ;
§, P � .01 vs control-SD; #, P � .01 vs STZ or STZ�hemin�CrMP or
STZ�vehicle.
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here for the first time. Importantly, the hemin-dependent
suppression of inflammatory mediators in STZ-diabetic an-
imals was associated with the parallel reduction of several
renal lesions including glomerulosclerosis, tubular vacuol-
ization, intertubular/perivascular fibrosis, deposition of hy-

aline/tubular cast, tubular/glomerular necrosism and inter-
stitial macrophage infiltration.

Another intriguing observation from our study is the
hemin-dependent potentiation of ANP, a substance
known to cause natriuresis. Therefore, the increased so-

Figure 6. Effect of hemin therapy on macrophage M1 phenotype and M2 phenotype in the kidney of STZ-diabetic rats. A, Representative
Western immunoblots and relative densitometry indicates the basal expression of ED1, the proinflammatory M1 phenotype marker, was markedly
elevated in STZ-diabetic rats as compared with control-SD but was significantly reduced by hemin therapy. Representative Western
immunoblottings and relative densitometric analyses revealed that the basal expression of ED2 (B) and IL-10 (C), two important antiinflammatory
M2 phenotype markers, were greatly reduced in STZ-diabetic rats as compared with nondiabetic SD-control but were significantly enhanced by
hemin therapy to comparable levels as observed in the control-SD rats. D, Representative images of histopathological lesions of kidney sections.
Images from control-SD had very little interstitial macrophage infiltration. However, in STZ-diabetic animals, there was abundant macrophage
infiltration but was reduced by hemin therapy. Magnification, 	200. E, Semiquantitative morphological evaluation showed that hemin therapy
significantly abated macrophage infiltration. Arrows indicate areas with abundant interstitial macrophages. Bars represent means � SEM
(n � 4–6 rats per group). *, P � .01 vs STZ; §, P � .01 vs control-SD.
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dium excretion and enhanced urinary volume observed in
hemin-treated STZ may be due to the concomitant en-
hancement of ANP and its surrogate marker, urinary
cGMP (39). Moreover, cGMP is known to enhance na-
triuresis and diuresis via diuretic-sensitive Na� and Cl


transport in renal-tubular epithelial cells (39). In addition
to potentiating ANP, hemin therapy also increased adi-
ponectin levels in plasma and the kidney.

Interestingly, ANP and adiponectin are known to abate
fibrosis caused by elevated deposition of the extracellular

Figure 7. Effect of hemin therapy on the expression of transforming growth factor-beta (TGF-�), fibronectin and collagen-IV in the kidney of STZ-
diabetic rats. Representative Western immunoblots and the corresponding relative densitometry indicates the basal expressions of TGF-� (A),
fibronectin (B), and collagen-IV (C) were significantly elevated in STZ-diabetic rats as compared with control-SD but were reduced by hemin
therapy. D, Representative images of kidney sections showing histopathological lesions. Control-SD animals were almost devoid of lesions in the
cortex and the medulla except for mild congestions in some sections. However, the STZ-diabetic animals had severe histopathological kidney
lesions including glomerulosclerosis, tubular necrosis, intertubular tissue fibrosis, perivascular fibrosis, tubular vacuolization, tubular cast
deposition, and tubular and glomerular necrosis. Interestingly, in hemin-treated STZ, these histopathological lesions were greatly attenuated.
Magnification, 	200. E, Semiquantitative morphological evaluation showed that hemin reduced renal lesions. Arrows indicate areas of intense
lesions. Bars represent means � SEM (n � 4–6 rats per group). *, P � .01 vs STZ; §, P � .01 vs control-SD.
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matrix (23, 52). Moreover, elevated extracellular matrix/
profibrotic proteins such as TGF-�, fibronectin, and col-
lagen would act in conjunction with inflammatory insults
triggered by aldosterone via the activation of NF-�B and
AP-1 (24) to aggravate glomerular destruction and com-
promise renal function (53). Similarly, aldosterone stim-
ulates NF-�B that activates cytokines like TNF-�, IL-6,
and IL-1�, which in turn stimulate chemokines such as
MCP-1 and MIP-1� to promote macrophage infiltration
(1, 2, 5, 24, 26) to exacerbate inflammatory insults and
damage glomerular tissue causing proteinuria (53) and
renal dysfunction in STZ-diabetic rats. However, the syn-
ergistic potentiation of the HO-ANP-adiponectin axis by
hemin therapy significantly abated NF-�B, TNF-�, IL-6,
IL-1�, aldosterone, TGF-�, extracellular matrix deposi-
tion, and macrophage infiltration with corresponding re-
duction of renal lesions and proteinuria, albuminuria but
improved creatinine clearance and thus improved renal
function. In contrast, the administration of the HO inhib-
itor, CrMP with hemin or alone abolished the renopro-
tective effects of hemin, depleted the basal levels of ANP,
adiponectin and HO, with robust elevation of NF-�B,
TNF-�, IL-6, IL1�, aldosterone, MCP-1, MIP-1�, pro-
teinuria/albuminuria and exacerbated renal impairment,
suggesting an important role of the HO-ANP-adiponectin
axis in diabetic nephropathy. Moreover, elevated albu-
minuria is positively correlated to adiponectin deficiency
(43). Interestingly, hemin therapy enhanced adiponectin,
AMPK, and creatinine clearance concomitantly with par-
allel reduction of albuminuria and proteinuria. The he-
min-dependent enhancement of adiponectin and kidney
AMPK may be considered a further confirmation of the
intriguing possibility that increasing adiponectin levels or
stimulating AMPK may blunt albuminuria/proteinuria
and prevent the progression of kidney disease (43, 55).

The concomitant potentiation of ANP and adiponectin
by an up-regulated HO system is an important cytopro-
tective mechanism in renal tissues. Moreover, the activities
of HO, ANP, and adiponectin are closely related. Because
ANP has been shown to stimulate adiponectin release
(56), it is possible that the enhanced production of adi-
ponectin in hemin-treated animals arise from direct stim-
ulation by hemin and/or indirectly via the hemin-depen-
dent potentiation of ANP. Whether these two mechanisms
act in concert to synergistically potentiate adiponectin
production remains to be clarified in future investigations.
On the other hand, ANP enhances the HO system (57, 58),
and similarly, the HO system also potentiates ANP (19).
The mutual stimulatory effect between ANP and the HO
system could synergistically enhance renoprotection given
that both ANP and the HO system are cytoprotective (8,
58). The role of ANP in STZ-diabetic animals has been

well documented (59). Elevated ANP levels were report-
edly accompanied by reduction of renal ANP receptors
and a parallel reduction of cGMP levels in isolated glom-
eruli and inner medullary collecting duct cells in vitro (59).
Given that urinary cGMP is a surrogate marker of ANP
(41), the depressed levels of urinary cGMP reported in
STZ animals in the present study provides more solid ev-
idence of the impaired physiological response of ANP in
STZ-diabetes.

Our study also indicates that BP was normotensive in
all groups, although STZ-diabetic animals had a modest
increase of 5 mm Hg. Because the levels of aldosterone and
water retention were increased in STZ-diabetic animals,
these observations suggest that increased water retention
might be a forerunner to hypertension in STZ-diabetes, so
individuals with type 1 diabetes may have increased risk to
develop hypertension when they lose the ability to com-
pensate for the early changes (60).

Conclusion
With the high incidence of end-stage renal disease (61),
novel therapeutic modalities are needed. Given that end-
stage renal disease is common in patients with chronic
diseases like diabetes and hypertension (61), two patho-
physiological conditions characterized by elevated oxida-
tive/inflammatory insults associated with progressive tis-
sue degradation, severe renal histopathological lesions,
and gradual loss of renal function, the potentiation of the
HO-ANP-adiponectin axis is important for renoprotec-
tion. Moreover, the corresponding reduction of the pro-
inflammatory macrophage M1 phenotype in addition to
the abrogation of a variety of different inflammatory
agents including MIP-1�, MCP-1, NF-�B, AP-1, TNF-�,
IL-6, IL-1�, aldosterone, and extracellular matrix/profi-
brotic proteins constitutes the multifaceted mechanisms
by which hemin therapy reduces proteinuria/albuminuria
and improves creatinine clearance, which could be ex-
plored in the search for novel therapeutic modalities
against renal dysfunction and diabetic nephropathy.

Thus, the formulation of novel therapeutic strategies
capable of potentiating the HO-ANP-adiponectin axis
could potentially annul a cardinal pathological factor like
inflammation that contributes to the progressive develop-
ment of diabetic nephropathy and would be of great ben-
efit, given the immense burden that diabetes and diabetic
nephropathy pose to health care systems.
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