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ABSTRACT
Hemoglobin (Hb) serves as the main oxygen transporter in erythrocytes, but it is also expressed in
nonhematopoietic organs, where it serves an unknown function. In this study, microarray and proteomic
analyses demonstrated Hb expression in the kidney. Rat kidneys were perfused extensively with saline,
and glomeruli were isolated by several techniques (sieving, manual dissection, and laser capture-
microdissection). Reverse transcriptase–PCR revealed glomerular �- and �-globin expression, and im-
munoblotting demonstrated expression of the protein. In situ hybridization studies showed expression
of the globin subunits in the mesangium, and immunostaining confirmed this localization of Hb. Fur-
thermore, globin mRNA expression was detected in primary cultures of rat mesangial cells but not in
cultured glomerular endothelial or epithelial cells. For investigation of Hb function in mesangial cells, the
SV40-MES13 murine mesangial cell line was transfected with a vector expressing �- and �-globins; this
overexpression reduced production of hydrogen peroxide–induced intracellular radical oxygen species
and enhanced cell viability against oxidative stress. In summary, Hb is expressed by rat mesangial cells,
and its potential functions may include antioxidative defense.
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Hemoglobin (Hb) facilitates the transport of oxygen
in the erythrocytes of the circulatory system. The Hb
molecule is an assembly of four globular protein sub-
units. In adult humans, the most common type is Hb
A, consisting of two � and two � subunits nonco-
valently bound (�2�2). Each subunit has a molecular
weight of approximately 17,000 Da, for a total molec-
ular weight of the tetramer of approximately 68,000
Da.1 Myoglobin is another member of the conven-
tional globin family. Myoglobin stores oxygen tempo-
rally and enhances oxygen diffusion to the mitochon-
dria in the cardiac and striated myocytes.2

Although blood flow to the kidney is high, the
presence of oxygen shunt diffusion between arterial
and venous vessels that run in close parallel contact
keeps renal tissue oxygen tensions comparatively
low. As a consequence, the kidney is very sensitive
to changes in oxygen delivery. Thus, chronic hyp-
oxia of the kidney as a final common pathway in
end-stage kidney injury has been the focus of inten-

sive research.3,4 To investigate pathomechanisms of
chronically hypoxic kidneys, we studied expression
profiles of genes and proteins. To our surprise, we
observed upregulation of Hb in the hypoxic kidney.

In this study, we applied multiple methods, such
as reverse transcriptase–PCR (RT-PCR), immuno-
blotting, in situ hybridization, and immunohisto-
chemical analysis, to confirm Hb expression in the
normal rat kidney. Interestingly, we found that Hb
in the rat kidney was localized to glomerular mes-
angial cells, although the tubulointerstitium, not
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the glomerulus, is presumably a main target of chronic hypoxia
injury. To clarify a biologic role of Hb in mesangial cells, we
performed in vitro overexpression studies.

RESULTS

Hb Expression Was Detected in the Kidney
To study expression profiles of genes and proteins in the kidney
under normoxic and hypoxic conditions, we induced chronic
hypoxia in the rat kidney by constricting the left main renal artery
via a U-shaped silver clip for 7 d and performed microarray anal-
ysis and proteomic studies with the kidneys. Our microarray anal-
ysis revealed expression of rat �- and �-globin genes, which was
transiently upregulated during chronic hypoxia of the kidney (Ta-
ble 1). Our proteomic studies also identified �-globin in the kid-
ney, which showed a 6.42-fold increase in the kidney rendered to
chronic hypoxia (Figure 1A). It should be noted that we tried to
avoid contamination of blood by careful perfusion with saline at
the harvest in these experiments.

Hb Is Expressed in Glomeruli of the Normal Rat Kidney
To confirm Hb expression and determine its localization in the
normal rat kidney, we isolated rat glomeruli by the conventional
sieving method after intensive in situ renal perfusion with saline
and performed RT-PCR to evaluate the expression of the �- and
�-globin genes. PCR products corresponding to �- and �-globin,
the globin mRNA expressed by erythroid precursors in adult
mammals, were found in isolated glomeruli (Figure 1B). To con-
firm purity of glomeruli and lack of contaminating erythroid cells
obtained by the sieving, we also performed RT-PCR of an abun-
dant-in-erythrocyte gene, AE1,5,6 and showed that glomeruli did
not express AE1. The absence of the PCR products generated by
primers specific for the AE1 gene transcript strongly suggested
that globin gene expression in rat glomeruli was not the result of
erythroid cell contamination. In addition, the PCR products were
subjected to DNA sequencing to verify that they were indeed the
specific amplified products of globin gene transcripts. The se-
quencing results were compared with those in GenBank using
NCBI BLAST nucleotide engine and showed complete matching
with the full length of the corresponding globin mRNA (data not
shown).

The hand-dissected method (microdissection) has been es-
tablished to isolate structures of interest from the kidney with
cellular heterogeneity. We performed RT-PCR using cDNA

obtained from manually dissected nephron compartments of
glomeruli and every tubular segment and confirmed expres-
sion of the globin genes only in glomeruli (Figure 1C). The

Table 1. Microarray analysis for the rat kidney under
chronic hypoxia

Gene
(Affymetrix Gene No.)

Control Day 3 Day 7

Hb �1 (AI577319) 814.5 1699.5 362.0
Hb �1 (AI179404) 1849.0 2588.0 1622.0
Hb �1 (AI237401) 209.0 283.5 162.5
Hb � (NM_033234) 813.5 2100.0 756.5
Hb � (X05080) 142.5 572.0 106.5
Hb � (BI287300) 222.5 1026.5 153.5

Figure 1. Expression of globin in the rat kidney glomeruli. (A)
Two-dimensional differential in gel electrophoresis of proteins
sampled from chronic hypoxia kidney was analyzed. The arrows
represent one of the spots that were increased by hypoxia with
respect to the control rat group with sham operation (top) and the
rat group with renal artery stenosis for 7 d (bottom). Subsequent
proteomic studies identified a significant increase in �-globin in
the kidney rendered to chronic hypoxia. (B) Expression of globins
in the normal rat glomeruli obtained by sieving was confirmed by
RT-PCR. Arrowheads indicate the predicted size of the PCR prod-
uct by each primer pair for cDNA (not genomic DNA). Sequence-
specific primers: Hb-�, rat �-globin (429 bp); Hb-�, rat �-globin
(444 bp); AE1, mouse/rat erythrocyte anion exchanger (467 bp);
�-actin (306 bp). (C and D) Furthermore, expression of globins in
the manually dissected (C) and the laser capture–microdissected
(D) rat nephron segments was confirmed by RT-PCR. Arrowheads
indicate the predicted size of the PCR product by each primer pair
for cDNA (not genomic DNA). Sequence-specific primers: Hb-�,
rat �-globin (335 bp); Hb-�, rat �-globin (416 bp). (E) Immunoblot
analyses for the detection of Hb in isolated normal rat glomeruli
(80 �g of total protein) confirmed Hb protein expression. Rat blood
lysate served as a positive control. M, marker, �X174/HaeIII; G,
glomeruli; B, blood; no, no template; PCT, proximal convoluted
tubule; PST, proximal straight tubule; MTAL, medullary thick ascend-
ing limb; CTAL, cortical thick ascending limb; DCT, distal convoluted
tubule; CCD, cortical collecting duct; OMCD, outer medullary col-
lecting duct; IMCD, inner medullary collecting duct; T, tubules.
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glomeruli showed no expression of AE1 mRNA (data not
shown), excluding a possibility of intraglomerular erythrocyte
contamination. We also used laser capture microdissection,
which has been developed to allow effective and precise isola-
tion of structures, including glomerular tuft, from kidney sec-
tions.7 We examined gene expression by RT-PCR in rat glo-
meruli and tubules sampled with this technique and obtained
the same results (Figure 1D).

Immunoblotting was performed to determine whether Hb
subunits are expressed by rat glomeruli at the protein level.
Using polyclonal antibodies to Hb, Hb protein was detected in
lysates from glomeruli isolated from saline-perfused normal
rat kidneys by the differential sieving (Figure 1E). Two bands
observed at approximately 17,000 and 34,000 Da presumably
consisted of monomer and heterodimer of globins, respec-
tively. Not surprisingly, much higher levels of globins were
detected in rat blood lysate compared with glomeruli lysate.

In Situ Hybridization Studies Revealed Hb Expression
in the Mesangium
To refine the localization of Hb expression in rat glomeruli, we
performed in situ hybridization studies using antisense RNA
probe specific for rat �- and �-globin subunits (Figure 2A).
Higher magnification images demonstrated that each globin sig-

nal was localized to the mesangial region (Figure 2B). As described
in the previous section, the rat kidney was perfused intensively to
exclude contamination of erythrocytes strictly before fixation and
sectioning. These results of in situ hybridization studies with each
globin subunit and control probes suggested that globin genes
were expressed in rat glomeruli, especially in the mesangial region.

Immunofluorescence Analysis Revealed Hb Expression
in the Mesangium
To confirm localization of Hb in the normal rat kidney at the
protein level, we performed immunofluorescence studies of
saline-perfused rat kidneys with antibody to Hb and revealed
that Hb was expressed in the mesangial region (Figure 3A).
Higher magnification image confirmed the immunostaining
of Hb in mesangial cells (Figure 3B). Omission of the primary
antibody in the same immunofluorescence system served as a
negative control (Figure 3C). Double-immunofluorescence
analysis showed that Hb staining pattern was co-localized with
that of OX-7, a marker of rat mesangial cells (Figure 3D). The
results indicated that Hb protein was localized in glomerular
mesangial cells but not in the other glomerular cell types.

Hb mRNA Is Expressed by Primary Cultured Rat
Mesangial Cells
To verify our in vivo findings of Hb expression in rat mesangial
cells, we performed in vitro studies using several kinds of cul-

Figure 2. In situ hybridization studies showed globin subunit
mRNA expression in the mesangial region. (A) Hybridization using
antisense probe evidenced expression of �- and �-globin genes
in rat glomeruli. Of note, the signals were localized in the mes-
angial region. Specificity of hybridization was confirmed using
sense probes, which resulted in complete lack of signal of both
globins. (B) Higher magnification images showed localization of
these antisense signals of each globin to the cytosol of mesangial
cells. Magnifications: �400 in A; �600 in B.

Figure 3. Double-immunofluorescence studies of rat kidney
showed localization of Hb protein in mesangial region. (A) Immu-
nofluorescence of the normal rat kidney with antibody to Hb was
observed in the glomerular mesangial region in green. (B) Higher
magnification image showed immunofluorescence in mesangial
cells. (C) Immunofluorescence without primary antibody revealed
negligible signals in the glomerulus. (D) Immunofluorescence of
the normal rat kidney with antibody to �-globin subunit also
showed some glomerular cells in green. Double immunostaining
with OX-7, a marker of rat mesangial cells, demonstrated that Hb
was expressed by mesangial cells. Magnifications: �400 in A, C,
and D; �600 in B.

BASIC RESEARCH www.jasn.org

1502 Journal of the American Society of Nephrology J Am Soc Nephrol 19: 1500–1508, 2008



tured rat glomerular cells. Primary cultured rat mesangial cells
expressed �- and �-globin mRNA, but rat glomerular endo-
thelial or epithelial cell did not (Figure 4). Interestingly, the
primary cultured mesangial cells showed gene expression of
Hb mRNA only from passages 2 to 4 (data not shown).

Next, we investigated whether stimuli associated with chronic
hypoxia could upregulate globin gene expression in mesangial
cells in vitro. After primary cultured rat mesangial cells were sub-
jected to anoxia (in oxygen of 0.2%) or cultured with angiotensin
II (AngII) of 10 �M or hydrogen peroxide (H2O2) of 100 �M for
12 h, expression of each globin gene was evaluated by quantitative
RT-PCR. Fold changes of �- and �-globin mRNA levels com-
pared with control were 1.06 � 0.12- (P � 0.84) and 1.77 �
0.43-fold (P � 0.20) in anoxia, 2.07 � 0.49- (P � 0.12) and 1.78 �
0.20-fold (P � 0.16) when exposed to AngII, and 3.16 � 2.23-
(P � 0.37) and 1.02 � 0.54-fold (P � 0.98) when exposed to
H2O2, respectively (n � 5 for each, representative results of four
independent experiments). Incubation in anoxia or with AngII at
the same concentration for 24 h produced essentially the same
results (data not shown).

Overexpression of Hb in Mesangial Cells Ameliorated
Oxidative Stress
Hb acts as tetramer of two different subunits. To investigate a
biologic role of Hb in mesangial cells, we overexpressed two
subunits in cultured cells. Our immunoblotting analysis con-
firmed overexpression of �- and �-globin in a murine mesan-
gial cell line, SV40-MES13, by transient transfection with this
construct (Figure 5A).

Next, we investigated whether Hb in the nonerythroid cells
has novel functions instead of facilitation of oxygen transport.
We hypothesized that nonerythroid Hb could show antioxi-
dant properties and estimated intracellular levels of reactive
oxygen species (ROS) generated by exposing cells to H2O2 of
1000 �M using fluorogenic probes specific for H2O2 and su-
peroxide anion. Immunofluorescence analyses demonstrated
that intracellular generation of both radicals was partially in-
hibited in cultured murine mesangial cells, SV40-MES13, by
globin-expressing vector transfection (Figure 5, B and C). On
the basis of a flow cytometry system, histogram analysis re-
vealed that the transfection reduced the number of each ROS-
positive mesangial cell compared with transfection with the
empty vector as a control (Figure 5, D and E). Percentage per

total cell count with high levels of each
ROS in cells overexpressing �- and
�-globins was significantly lower than
that in cells transfected with the control
vector (P � 0.05; n � 6 for each group;
Figure 5, F and G).

We also evaluated cell viability under
oxidative stress by the lactate dehydro-
genase (LDH) release assay. SV40-
MES13 cells overexpressing �- and
�-globins showed 31.1 � 0.8% of LDH
release ratio, whereas those with the

empty vector showed 34.3 � 1.7% (P � 0.05; n � 6 for each
group) when the cells were exposed to H2O2 of 1000 �M for
24 h (Figure 6). Improvement of mesangial cell viability by
transfection of the globin-overexpressing vector was also ob-
served when cells were exposed to 500 �M H2O2 for 24 h (P �
0.01). Taken together, these results suggested that globin over-
expression in mesangial cells has a protective effect in ROS
scavenging.

DISCUSSION

Our microarray analysis and proteomic studies gave us an im-
portant clue on in situ expression of Hb in the kidney and
stimulated us to pursue this old but new subject. We provided
the first evidence that Hb is expressed in mesangial cells of the
kidney. We confirmed Hb expression in isolated rat glomeruli
by RT-PCR and immunoblotting analysis. Mesangial localiza-
tion of globin mRNA and Hb protein was demonstrated by in
situ hybridization and immunofluorescence staining of the rat
kidney. This finding was also supported by studies with cul-
tured rat mesangial cells.

A long-standing notion that Hb gene can be expressed only
in the cells of erythroid lineage was challenged in a recent
study, in which the treatment with LPS and IFN-� led to the
activation of the �-globin gene in murine macrophages.8

Moreover, two groups independently demonstrated that Hb
was expressed in alveolar epithelial type II cells of the lung.5,9

Pituitary of the neonatal rat is another site in which expression
of globin subunit mRNA has been reported.10 It should be
noted that low expression of �- and �-globin mRNA has been
reported in a variety of nonhematopoietic tissues and cell lines
(http://www.ncbi.nlm.nih.gov/sites/entrez?db�unigene).
Therein, UniGene’s expressed sequence tag (EST) profile sug-
gested that Rattus norvegicus Hba-a1 (Rn.107334) and Hbb
(Rn.216394) genes were expressed in multiple body sites, in-
cluding the kidney. Furthermore, recent progress in DNA mi-
croarray profiling unveiled upregulated expression of globin in
human cardiac ventricular tissue after ischemia-reperfusion.11

Microarray analysis of the kidney by other groups also showed
local expression of globin genes.12,13 Although they did not rule
out a possibility of contamination of cells of erythroid lineage

Figure 4. Rat cultured mesangial cells express globin subunit mRNA. Expression of
globins in several cultured rat glomerular cells, such as primary cultured rat mesangial
cells, podocytes, and endothelial cells, was confirmed by RT-PCR. MES, mesangial cells;
POD, podocytes; GEN, endothelial cells; B, rat blood. Sequence-specific primers: Hb-�,
rat �-globin (335 bp); Hb-�, rat �-globin (416 bp).
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as strictly as we did in this study, the results support our find-
ings of Hb expression in mesangial cells.

The immunoblotting of the perfused normal rat glomer-
uli showed not only the monomer but also homodimer or

heterodimer forms with the corre-
sponding molecular weights of the Hb
protein, even after detergent and heat
denaturation. The similar phenome-
non was observed in the current trans-
fection study of cultured murine mes-
angial cells with the globin-expressing
vector and also in the previous report
about pulmonary Hb expression.5 This
might be explained by excessively sta-
ble conformation of Hb molecule, al-
though it is unknown whether this
phenomenon reflects excessive levels
of the globin subunits.

We confirmed mesangial expression
of Hb in primary cultured mesangial
cells. Of note, serial passage of glomeru-
lar mesangial cells affects gene expres-
sion profiles.14,15 We found that only
passages 2 through 4 mesangial cells ex-
pressed Hb, suggesting that phenotypic
changes associated with serial passage
lead to loss of Hb expression. In support
of this notion, SV40-MES13, a mesan-
gial cell line, was devoid of Hb expres-
sion.

Although the tubulointerstitium is
considered to be a main target of
chronic hypoxia, we originally discov-
ered upregulation of globin expression
in the mesangium on the basis of mi-
croarray and proteomic analyses on
chronic hypoxic rat kidney. Chronic
ischemia of the kidney is known to be
associated with glomerular changes
known as ischemic obsolescence, and
recent studies showed that a novel
marker of ischemic stress, 6A3–5, was
shown to be upregulated in mesangial
cells of human renal biopsies with var-
ious kidney diseases as well as in mes-
angial cells of experimental animals
subjected to hypoxia.16 Our in vitro
studies clarified an antioxidative role
of Hb, and oxidative stress participates
in mesangial injury. Thus, we specu-
late that mesangial cells express Hb as
an antioxidative defense. Our experi-
ments in vitro using anoxia, AngII, and
H2O2 failed to show regulation of the
globin gene expression by these stim-

uli under the current experimental conditions, although
these stimuli were “not chronic.” The exact regulatory
mechanism of Hb expression in the kidney is a subject for
future studies.

Figure 5. Transfection of murine mesangial cells with the globin-expressing vector sup-
pressed intracellular ROS generation. (A) The construct pIRES/�-globin/�-globin was
designed to express effectively both �- and �-globin subunits in transfected cells. Immu-
noblotting with rabbit polyclonal anti-Hb antibody identified overexpressed globin pro-
tein in lysate of murine mesangial cells, SV40-MES13, transfected with this vector. Control
and Hb-overexpressing cells were stained with fluorogenic probes to detect intracellular
H2O2 and superoxide anion and exposed to extracellular H2O2 of 1000 �M for 2 min. (B
and C) Immunocytochemistry confirmed that the intracellular generation of H2O2 (B) and
superoxide anion (C) was suppressed in Hb-overexpressing cells. (D and E) Intracellular
levels of H2O2 (D) and superoxide anion (E) in these cells were estimated by flow
cytometry analysis. Although those levels in control (pink histogram) and transfected cells
(blue) exposed to extracellular stimuli were higher as total than control (black) and
transfected cells (green) with no exposures, respectively, Hb-overexpressing cells in-
cluded a lower level of cellular ROS as total than control cells when exposed to extracel-
lular H2O2. (F and G) Quantitative analyses confirmed that the intracellular generation of
H2O2 (F) and superoxide anion (G) was inhibited in Hb-overexpressing cells (f) more than
in control cells (�; P � 0.05). *P � 0.05; **P � 0.01.
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A biologic function of Hb expressed at nonerythroid sites
remains to be elucidated. Although oxygen transport is
widely known and probably the most important function,
Hb may also have a variety of other functions. These include
a molecular heat transducer by virtue of its oxygenation–
deoxygenation cycle, Hb oxidation, enzymatic activities, the
alteration of red blood cell metabolism, and drug interac-
tions.17 In this study, we demonstrated for the first time that
the antioxidant effect is one of the essential functions of Hb
expressed by nonerythroid cells. Hb is also thought to be
involved in the protection of cells against nitrosative
stress.18,19 In addition, recent studies showed that Hb can
detoxify highly oxidizing radicals, yielding the ferric state,20

and that the H2O2 removal ability by Hb was larger than that
by the glutathione peroxidase-glutathione reductase sys-
tem.21 Our results also suggested that superoxide anion as
well as H2O2 can be scavenged by Hb.

Neuroglobin and cytoglobin, two other members of the ver-
tebrate globin family, also have protective functions, including
oxygen sensing and scavenging.22 Cytoglobin is present in al-
most all organs and tissues, including the kidney, whereas neu-
roglobin is predominantly expressed in the nervous system.
Even though their amino acid and gene sequences are dis-
tinct from each other, their functional structure has striking
similarities and serves as an antioxidative protein.22,23 These
findings support our data about the antioxidant effect of mes-
angial Hb.

It remains unknown why mesangial cells but not the other
glomerular cells express Hb, and the physiologic significance of
the observed expression of mesangial Hb with antioxidant ef-
fect also remains to be elucidated. Oxidative stress induced by
the generation of free radicals is a major inciting mechanism of
renal injury, leading to renal cell damage followed by mesan-
gial cell proliferation, fibrosis, and ultimate glomerulosclero-
sis.4,24 Exposure of mesangial cells to a diabetic environment

such as high glucose or free fatty acids
increases ROS generation.25,26 Also, An-
gII induces oxidative stress in mesangial
cells through NADPH activation.27,28

Cells, however, possess antioxidant de-
fense systems that include ROS degrad-
ing molecules, such as uric acid, ascorbic
acid, and glutathione, and antioxidant
enzymes, such as catalase, glutathione
peroxidase, and superoxide dismutases.
Our results raise a possibility that globin
may physiologically act in mesangial
cells as one of the endogenous antioxi-
dant defensive proteins.

In conclusion, for the first time, our
results herein demonstrated that Hb is
expressed by rat mesangial cells and
plays a cytoprotective role against oxida-
tive insults. These data provide a signif-
icant impact not only in globin biology

but also in the understanding of various renal pathogenesis
associated with oxidative stress.

CONCISE METHODS

Animal Experiment
All experiments were conducted in accordance with the Guide for

Animal Experimentation, Faculty of Medicine, University of Tokyo

(Tokyo, Japan). Male Sprague-Dawley rats weighing 160 to 180 g were

purchased from Nippon Bio-Supply Center (Saitama, Japan). All rats

were housed in individual cages in a temperature- and light-con-

trolled environment in an accredited animal care facility.

Experimental chronic renal ischemia was induced by unilateral

stenosis of the left main artery by placing a U-shaped silver clip (0.23

�m internal diameter) around the left renal artery, and kidneys were

harvested for microarray or proteomic analysis at days 3 or 7. For

glomerular isolation, kidneys were harvested after extensive perfusion

with saline, followed by the conventional differential sieving.29

Microarray and Proteomics
Total RNA from cortical tissues from each rat was isolated with ISO-

GEN (Nippon Gene, Tokyo, Japan) according to the manufacturer’s

instructions. The Affymetrix Rat 230A oligonucleotide array sets (Af-

fymetrix, Santa Clara, CA) were used to compare gene expression

profiles of baseline, 3-d, and 7-d group rats. The data obtained were

analyzed with Affymetrix Microarray Suite 5.0. These three time

points were microarrayed as experimental duplicate. Details of the

microarray analysis will be described elsewhere (Kojima and Nan-

gaku, manuscript in submission).

Details of the proteomic studies are reported separately.30 In brief,

kidneys were perfused extensively with saline to minimize blood con-

tamination. Three kidney samples from the rat group with sham op-

eration and the rat group with renal artery occlusion were homoge-

nized together in lysis buffer for protein analysis. Isoelectric focusing

Figure 6. Transfection with the globin-expressing vector improved cell viability against
oxidative stress. SV40-MES13 viability when exposed to H2O2 of 0, 250, 500, or 1000 �M
for 24 h as extracellular oxidative stress was evaluated by the LDH release assay. The assay
showed that SV40-MES13 cells transfected with the globin-expressing vector (f) were
more resistant against H2O2 stimuli of 500 and 1000 �M for 24 h than cells transfected
with the control vector (�). *P � 0.05; **P � 0.01.
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was performed at 5000 V for 15 h. For SDS gel electrophoresis, a 10 to

18% SDS gradient gel was prepared. Protein patterns in the gel were

analyzed using the PDQuest software (Bio-Rad, Hercules, CA). For

protein identification, gel pieces containing the desired protein spots

were excised for digestion, followed by analysis with AXIMA-CFR

matrix-assisted laser desorption ionization time of flight mass spec-

trometer (Shimadzu Biotech, Kyoto, Japan). The search for protein

identity on the basis of the peptide mass fingerprint was performed

with Mascot search software (Matrix Science, Boston, MA).

RT-PCR
Total RNA was isolated from kidney tissue or cells using ISOGEN. One

microgram of total RNA was reverse-transcribed into cDNA using Su-

perscript II (Invitrogen, Carlsbad, CA). The PCR was performed using

the following conditions: 94°C for 5 min, followed by 40 cycles of dena-

turation at 94°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C

for 30 s. For sequencing analyses, oligonucleotide primer pairs were de-

signed to amplify the individual full length of open reading frame of rat �-

and �-globin subunits. Otherwise, oligonucleotide primer pairs specific

for various globin gene transcripts were carefully designed to amplify the

individual sequences among the closely homologous globin genes, and

every PCR product would contain intron sequences when derived from

amplification of contaminating genomic DNA.5 The primers used are

shown in Table 2. The PCR product was then visualized by 2% agarose gel

electrophoresis. For quantitative RT-PCR, 1 �L of cDNA was added to

SYBR Green PCR Master Mix (Qiagen, Hilden, Germany) and subjected

to PCR amplification in the iCycler system (Bio-Rad) with �-actin gene

as an internal control.

DNA Sequencing
Selected PCR amplicons were gel-purified by DNA extraction kit

(Roche Applied Science, Basel, Switzerland), subcloned into pGEM-T

Easy vector (Promega, Madison, WI), and subjected to DNA sequenc-

ing using the universal primers SP6 and T7. Sequences were analyzed

using the NCBI BLAST engine and DNASIS software 3.7 (Hitachi

Software Engineering, Tokyo, Japan).

Manual Microdissection and Laser Capture
Microdissection
Manual microdissection of individual nephron segments was per-

formed as described previously.31 In addition to the glomeruli, the

following nephron tubular segments were microdissected: Proximal

convoluted tubules; proximal straight tubules; medullary and cortical

thick ascending limb of Henle’s loop; distal convoluted tubules; and

cortical, outer medullary, and inner medullary collecting ducts.

For laser capture microdissection, frozen sections of kidney at 8 �m

were prepared and mounted on glass slides. A HistoGene LCM Frozen

Section Staining Kit (Arcturus Engineering, Mountain View, CA) was

used for fixation. First, the sections were rehydrated in 75% ethanol and

distilled water for 30 s. After staining with HistoGene staining solution for

20 s, they were washed with distilled water for 30 s and dehydrated in 75,

95, and 100% ethanol for 30 s each, followed by xylene for 5 min, and

air-dried. The regions of glomeruli was then dissected using an AutoPix

LCM System (Arcturus Engineering) and dropped immediately onto the

CapSure HS LCM Caps (Arcturus Engineering).

Immunoblotting
Glomerular tissue and cultured cell lysate were examined for SDS-PAGE

followed by immunoblotting. The protein was separated by electro-

phoresis on a 4 to 20% gradient gel (Daiichi Pure Chemicals, Tokyo,

Japan), followed by electrotransfer to polyvinylidene difluoride mem-

branes (GE Healthcare Bio-Sciences, Buckinghamshire, UK). Transfer

membranes were blocked with 5% nonfat milk in TBS with 0.01%

Tween-20 for 30 min at room temperature. The membrane was incu-

bated with the anti-Hb antibody (Dako, Glostrup, Denmark). Then,

horseradish peroxidase–conjugated anti-rabbit IgG was used as the sec-

ondary antibody. Immunoreactive protein was visualized by the chemi-

luminescence protocol (ECL, GE Healthcare Bio-Sciences).

In Situ Hybridization
The rat kidneys were dissected after perfusion, fixed, embedded in paraf-

fin by proprietary procedures, and sectioned at 6 �m. Single-stranded

sense and antisense probes were generated by in vitro transcription from

the cDNA encoding rat �-globin chain (BC059150), nucleotides 33 to

461 (428 bp), and �-globin chain (NM_033234), nucleotides 48 to 491

(444 bp), which were labeled with digoxigenin using the DIG RNA La-

beling Mix (Roche Applied Science). Hybridization was performed with

probes at a concentration of 300 ng/ml at 60°C for 16 h. Anti-DIG AP

conjugate (Roche Applied Science) was used as the detection antibody,

and coloring reactions were performed with NBT/BCIP solution (Sigma-

Aldrich, St. Louis, MO). The sections were counterstained with

Kernechtrot stain solution (Mutoh Chemical, Tokyo, Japan), dehy-

drated, and then mounted with Malinol (Mutoh Chemical).

Immunofluorescence Studies
Immunostaining of the rat intensively saline-perfused kidneys was per-

formed with rabbit polyclonal anti-rat Hb antibody (AbD Serotec, Ox-

ford, UK) followed by incubation with FITC-conjugated swine anti-rab-

bit IgG (Dako). Double immunofluorescence studies of frozen sections

Table 2. PCR primers

�-globin (full length, 429 bp)
forward: 5�-ATG GTG CTC TCT GCA GAT GA-3�

reverse: 5�-TTA ACG GTA CTT GGA GGT CA-3�

�-globin (full length, 444 bp)
forward: 5�-ATG GTG CAC CTA ACT GAT GCT G-3�

reverse: 5�-TTA GTG GTA CTT GTG AGC CA-3�

�-globin (335 bp)
forward: 5�-CTC TCT GGG GAA GAC AAA AGC AAC-3�

reverse: 5�-GGT GGC TAG CCA AGG TCA CCA GCA-3�

�-globin (416 bp)
forward: 5�-TGA ACC CTG ATG ATG TTG GTG GCG AGG-3�

reverse: 5�-AAG ACA AGA GCA GGA AAA GAG GTT TAG-3�

AE1 (467 bp)
forward: 5�-TGG CTG CTG TCA TCT TCA TCT AC-3�

reverse: 5�-TTT GGG CTT CAT CAC AAC AGG-3�

�-actin (306 bp)
forward: 5�-CTT TCT ACA ATG AGC TGC GTG-3�

reverse: 5�-TCA TGA GGT AGT CTG TCA GG-3�
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was performed with a rabbit polyclonal antibody to �-globin subunit

(Santa Cruz Biotechnology, Santa Cruz, CA) and a mAb, OX-7, to mes-

angial cells. The sections were incubated with the antibodies, followed by

incubation with Alexa546 goat anti-mouse IgG (Molecular Probes, Eu-

gene, OR) and FITC-conjugated swine anti-rabbit IgG (Dako).

Cell Culture
Primary cultured rat mesangial cells were obtained by sieving rat glomer-

uli and were cultured in DMEM (Nissui Seiyaku, Tokyo, Japan) with 25

mM HEPES (Sigma-Aldrich), 20% FBS (SAFH Biosciences, Lenexa, KS),

100 U/ml penicillin, 100 �g/ml streptomycin, and 0.01 mM nonessential

amino acid.32 The rat podocyte was a gift of Dr. Hidetake Kurihara (Jun-

tendo University, Tokyo, Japan)33 and was cultured in 1:1 mixture of

DMEM/F-12 medium with 10% FBS, 100 U/ml penicillin, 100 �g/ml

streptomycin, and 0.1% Insulin-Trans-Cel-X (Life Technologies Bio-

Chemical, Grand Island, NY). Experiments were performed under

growth-restricted condition in which podocytes are fully differentiated

and quiescent, resembling the in vivo phenotype as described previous-

ly.34 The rat endothelial cell was a gift of Dr. Stephen Adler (New York

Medical College, Valhalla, NY).35 In brief, after glomeruli were isolated by

sieving and cultured in 1:1 mixture of hepatoma G2 conditioned MDCB

107/K1 medium, outgrowth with the appearance of endothelial cells was

cloned and characterized by immunostaining and from biochemical as-

pects as described previously.36 Cells were cultured in RPMI 1640 (Nissui

Seiyaku) with 2000 mg/L glucose, 10% FBS, and 10% NuSerum (BD

Biosciences, Bedford, MA). The SV40-MES13 cell was obtained from

American Type Culture Collection (Manassas, VA) and was cultured in

3:1 mixture of high-glucose DMEM/F12 medium with 14 mM HEPES,

5% FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin. Cells were

incubated in humidified 95% air with 5% carbon dioxide at 37°C. Stim-

ulation of primary cultured mesangial cells was performed using H2O2

(Wako Pure Chemical Industries, Ltd., Osaka, Japan) at a concentration

of 100 �M, AngII (Calbiochem, La Jolla, CA) at a concentration of 10

�M, or anaerocult A mini (Merck, Darmstadt, Germany), which reduces

the oxygen content to 0.2% within 1 h, under serum-free conditions.

Construction of pIRES/Globins Vector and Transfection
To construct an optimal vector expressing both �- and �-globin sub-

units in mesangial cell, we used pIRES (Clontech Palo Alto, CA) vec-

tor that allows expression of two genes of interest by cloning them into

multiple cloning sites (MCS) A and B. Both MCS are located on either

side of the internal ribosome entry site (IRES) from the encephalo-

myocarditis virus, which allows translation of two consecutive open

reading frames from the same messenger RNA.

Total RNA from human blood was reverse-transcribed, and the

resulting cDNA was amplified in the PCR using several pairs of oligo-

nucleotide primers designed according to open reading frame coding

for hemoglobin � chain (NM_000558) and � chain (NM_000518).

The PCR primer pair used was �-globin (5�-CCG CTC GAG ACC

ATG GTG CTG TCT CCT GCC GAC AAG-3�, 5�-CCG GAA TTC

TTA ACG GTA TTT GGA GGT CAG CAC GG-3�) and �-globin

(5�-GCT CTA GAA CCA TGC ATC TGA CTC CTG AGG AG-3�,

5�-TGC GGT CGA CTT AGT ACT TGT GGG CCA GGG C-3�), both

of which included Kozak’s sequence.37 Each PCR fragment was sub-

cloned into pGEM-T Easy vector (pGEM-T/�-globin and pGEM-T/�-

globin). pGEM-T/�-globin was then digested with EcoRI and inserted

into the same enzyme site of MCS A in pIRES (pIRES/�-globin), whereas

�-globin fragment was digested with XbaI and inserted into the same

enzyme site of multicloning site B in pIRES/�-globin (pIRES/�-globin/

�-globin). Each construct was verified by the DNA sequencing and pu-

rified using a plasmid purification kit (Roche Applied Science). This final

construct, pIRES/�-globin/�-globin, was transiently transfected to

SV40-MES13 cells using Lipofectamine 2000 reagents (Invitrogen) ac-

cording to the manufacturer’s protocol.

Cellular ROS Analysis
After being extensively washed by PBS, SV40-MES13 cells were treated

with 10 �M of 5-(and-6)-chloromethyl-2�,7�-dichlorodihydroflurescein

diacetate, acetyl ester (CM-H2DCFDA; Molecular Probes) and 0.5 �M

MitoSOX Red (Molecular Probes) for 30 and 10 min in the dark to detect

intracellular H2O2 and superoxide anion, respectively, challenged for

H2O2 of 1000 �M for 2 min, and trypsinized. First, to evaluate the intra-

cellular ROS generation, immunofluorescence technique was applied us-

ing microscopy BIOREVO BZ-9000 (Keyence, Osaka, Japan). Second,

this ROS production was analyzed using a FACScalibur (Becton Dickin-

son, Mountain View, CA) equipped with a 488-nm argonion laser and

the software CELL Quest Pro (Becton Dickinson). CM-H2DCFDA and

MitoSOX Red fluorescence were analyzed in the FL-1 (530 nm) and FL-2

(585 nm) channel, respectively. Forward and side scatter were used to

gate out cellular fragments, and data were collected for 10,000 cells per

sample.

Cell Viability Assay
Biologic significance of cellular Hb as antioxidant was further ex-

plored by exposing the cells to 250 to 1000 �M H2O2 for 12 to 24 h

after transfection of pIRES/globins under serum-free conditions. Cell

viability was evaluated by measurement of LDH in the cultured me-

dium and in the cell lysate (Kainos Laboratories, Tokyo, Japan) as

described previously.38 Percentage of cell lysis was calculated from the

amount of LDH in the medium divided by the total amount of LDH in

the medium and cell lysate.

Statistical Analysis
All data are reported as means � SD. Statistical analyses were performed

using the paired t test. Differences with P � 0.05 were considered significant.
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