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Abstract

Free heme, a pro-oxidant released from myoglobin, is thought to contribute to the pathogen-

esis of rhabdomyolysis-associated acute kidney injury (RM-AKI), because renal overex-

pression of heme oxygenase-1 (HO-1), the rate-limiting enzyme in heme catabolism,

confers protection against RM-AKI. BTB and CNC homology 1 (Bach1) is a heme-respon-

sive transcription factor that represses HO-1. Here, we examined the changes with time in

the gene expression of Bach1, HO-1, and δ-aminolevulinate synthase (ALAS1, a heme bio-

synthetic enzyme) in the rat kidney using an RM-AKI model induced by the injection of 50%

glycerol (10 mL/kg body weight) into bilateral limbs. We also examined the protein expres-

sion of Bach1 in the nucleus and cytosol, and HO-1 in the rat kidney. Glycerol treatment

induced significant elevation of serum creatinine kinase and aspartate aminotransferase

levels followed by the marked elevation of serum blood urea nitrogen and creatinine levels,

which caused serious damage to renal tubules. Following glycerol treatment, HO-1 mRNA

and protein levels were significantly up-regulated, while ALAS1 mRNA expression was

down-regulated, suggesting an increase in the free renal heme concentration. The Bach1

mRNA level was drastically increased 3 h after glycerol treatment, and the increased level

was maintained for 12 h. Nuclear Bach1 protein levels were significantly decreased 3 h after

treatment. Conversely, cytosolic Bach1 protein levels abruptly increased after 6 h. In conclu-

sion, we demonstrate the dynamic changes in Bach1 expression in a rat model of RM-AKI.

Our findings suggest that the increase in Bach1 mRNA and cytosolic Bach1 protein expres-

sion may reflect de novo Bach1 protein synthesis to compensate for the depletion of nuclear

Bach1 protein caused by the induction of HO-1 by free heme.

Introduction

Rhabdomyolysis is associated with extensive muscle injury that is accompanied by the release

of myoglobin, which causes severe oxidative damage, ultimately leading to acute kidney injury.

The heme moiety of myoglobin can initiate lipid peroxidation due to redox cycling of the
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heme group from ferrous to ferric and then to ferryl oxidation states to cause renal injury [1].

Heme oxygenase-1 (HO-1), which is the rate-limiting enzyme in the catabolism of heme and

the primary inducer of HO-1, is induced in the kidney in a rodent model of rhabdomyolysis-

associated acute kidney injury (RM-AKI). HO-1 protects against renal oxidative damage, sug-

gesting that in addition to the heme moiety of myoglobin, free heme released from myoglobin

contributes to the pathogenesis of RM-AKI [2, 3].

BTB and CNC homology 1 (Bach1) is a heme-responsive transcription factor that represses

HO-1. Under baseline conditions, Bach1 binds to small Maf proteins to form a heterodimer

that in turn, binds to the Maf recognition element (MARE) in the promoter region of Ho-1 to

repress transcription. In the presence of excess free heme, Bach1-Maf is released from MARE,

allowing transcriptional activation of Ho-1 by nuclear factor (erythroid-derived 2)-like 2

(Nrf2)–Maf heterodimers [4–7].

We hypothesized therefore that Bach1 expression is dynamically influenced by changes in

heme metabolism in the kidney of RM-AKI. To test this hypothesis, here we used a rat model

of RM-AKI produced by the injection of glycerol to the hind paw and examined the kinetics of

gene expression of Bach1, HO-1, and ALAS1 (the rate-limiting enzyme in heme biosynthesis),

and Bach1 protein expression in the cytosolic and nuclear fractions of kidney cells after glyc-

erol treatment.

Materials and methods

Animals

Animal experiments were approved by the Animal Use and Care Committee of Okayama Uni-

versity Medical School (OKU-2014411). Care and handling of the animals were conducted in

accordance with National Institutes of Health guidelines for Animal Research. Male Sprague–

Dawley rats weighing 210−250 g were purchased from Clea Japan, Inc. (Tokyo, Japan). Rats

were housed in a temperature-controlled room (25˚C) with 12 h/12 h light/dark cycles and

were allowed free access to water and chow until the start of the experiments.

Experimental design

The rats were deprived of drinking water for 24 h. They were then randomly divided into the

groups as follows: 1. glycerol-treated (glycerol group), 2. saline-treated (saline group), and 3.

untreated (untreated control group). The animals in the glycerol group were injected intra-

muscularly into the bilateral limbs with 50% glycerol (10 mL/kg; Ishizu Seiyaku Ltd, Osaka,

Japan) dissolved in an equal volume of saline. The animals in the saline group were intramus-

cularly (i.m.) injected with the same volume of physiological saline. The conscious rats were

placed in a cage after injection and were again allowed free access to chow and tap water. After

the desired period after injection (0 h to 24 h), the animals were treated with ethyl ether to

induce light amnesia. The abdominal cavity was opened, blood was collected into a heparin-

ized centrifuge tube through a catheter inserted into the abdominal aorta to measure biochem-

ical values, and the kidney was then perfused in situ with physiological saline until the venous

effluent became clear and then removed. Kidneys were immediately frozen in liquid nitrogen

and stored at −80˚C. For histology, kidney tissue was fixed in 10% neutral buffered formalin,

embedded in paraffin, sectioned to 4–6 μm, and stained with hematoxylin and eosin.

Preparation of cDNA probes

The template cDNAs used to generate probes for Northern blot analysis were rat pRHO-1 [8],

provided by Dr. S Shibahara (Tohoku University, Sendai, Japan), rat pKRA2cA [9], ALAS1,
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provided by Dr. M Yamamoto (Tohoku University, Sendai, Japan), and rat Bach1 correspond-

ing to base pairs 785−1382, provided by Dr. K Igarashi (Tohoku University, Sendai, Japan).

The rat Bach1 cDNA was prepared from C6 glioma RNA using reverse-transcription and the

polymerase chain-reaction and inserted into pCR-BluntII-TOPO (Invitrogen) [10]. All cDNA

probes used for northern blot analysis were labeled with [α-32P] dCTP (PerkinElmer, Inc.,

Japan) using the High Prime DNA Labeling Kit (Roche, Basel, Swiss) according to the manu-

facturer’s instructions.

RNA isolation and Northern blot analysis

Total RNA was isolated from the rat tissues using TRI-Reagent (Molecular Research Center,

Inc. Cincinnati, USA) according to the manufacturer’s protocol. Northern blot analysis was

performed as described previously [11]. Briefly, total RNA (20 μg) was separated by electro-

phoresis through a 1.2% (w/v) agarose gel containing 6.5% (v/v) formaldehyde. After blotting

on a sheet of Bio-Rad Zeta-Probe GT Blotting Membrane (Bio-Rad Laboratories, Richmond,

CA, USA), RNA samples were hybridized with [α-32P] dCTP-labeled cDNA probes, followed

by washing under stringent conditions. Each blotted membrane was placed on a sheet of Fuji

Medical X-ray film (Fujifilm Co., Tokyo, Japan) with an intensifying screen at −80˚C. Target

and 18S ribosomal RNA bands were visualized and quantified using an image scanner (Chemi-

Doc XRS Plus Imaging System, Bio-Rad, USA) and image analysis software (Image Lab Ver-

sion 5.0, Bio-Rad). The relative amounts of hybridized radiolabeled cDNAs were normalized

to 18S ribosomal RNA levels to correct for differences in sample loading.

Preparation of cell extracts, microsomal and nuclear-cytosolic

fractionation

Kidneys were homogenized in three volumes of 1.15% (w/v) KCl and centrifuged at 10,000g
for 10 min at 4˚C, followed by centrifugation of the supernatant at 105,000g for 60 min at 4˚C

to obtain the microsomal fraction. The pellet was resuspended in 0.1 M potassium phosphate

buffer (pH 7.4) containing 10% glycerol. The nuclear and cytoplasmic proteins were extracted

using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce, Rockford, IL, USA)

according to the manufacturer’s instructions. Cytoplasmic proteins from kidney homogenates

were extracted with ice-cold Cytoplasmic Extraction Reagent 1 (CER1) containing a protease

inhibitor followed by CER2. After CER1 and CER2 were added to the sample, the mixture was

centrifuged at 16,000g 5 min at 4˚C to obtain the cytoplasmic fraction as the supernatant.

Next, the nuclear proteins were extracted from the pellet with ice-cold NER containing a pro-

tease followed by centrifugation of the supernatant for 10 min at 4˚C. Proteins concentrations

were determined using the BCA assay (Pierce, Rockford, IL, USA).

Western blot analysis

Western blotting was performed as described previously [12]. Samples equivalent to 25 μg of

protein were applied to 7.5% or 12.5% (w/v) polyacrylamide-SDS gels. After electrophoretic

separation, the proteins were transferred to Amercham Hybond-polyvinylidene fluoride

(PVDF) membranes (GE Healthcare Japan Co., Tokyo, Japan). The membrane was blocked

with 4% (w/v) BLOCK ACE solution for 1 h at room temperature, and incubated overnight at

4˚C with each primary antibody diluted with Tris-buffered saline containing Tween 20 (rabbit

anti-HO-1 polyclonal antibody 1:1000 dilution, SPA-896, Assay Designs; rabbit anti-Bach1

polyclonal antibody 1:1000 dilution, #14018-1-AP, Proteintech; mouse anti-β-actin monoclo-

nal antibody 1:5000 dilution, sc-47778, Santa Cruz; goat anti-lamin B polyclonal antibody

1:5000 dilution, sc-6216, Santa Cruz; and mouse monoclonal antibody to α-tubulin 1:5000
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dilution, sc-8035). The loading control was lamin B for nuclear protein and β-actin for cyto-

solic and microsomal protein. After washing with buffer, the membrane was treated with a

1:10000 dilution of horseradish peroxidase-labeled secondary antibody for 30 min at room

temperature (goat anti-rabbit IgG-HRP, sc-2004, Santa Cruz for HO-1 and Bach1; goat anti-

mouse IgG-HRP, sc-2005, Santa Cruz, for β-actin; rabbit anti-goat IgG-HRP, sc-2768, Santa

Cruz, for lamin B; or goat anti-mouse IgM-HRP, sc-2064, Santa Cruz, for α-tubulin). The

membranes were stained with Clarity Western ECL Substrate (Bio-Rad, USA). Antigen–anti-

body complexes were visualized using an image scanner (ChemiDoc XRS Plus Imaging Sys-

tem, Bio-Rad) and the signals were quantified using analysis software (Image Lab Version 5.0,

Bio-Rad).

Biochemical assays

Assays of serum blood urea nitrogen (BUN), creatinine (Cr), creatinine phosphokinase (CK),

and aspartate aminotransferase (AST) activity were performed to evaluate AKI and rhabdomy-

olysis. Serum was separated from whole blood by centrifugation at 1600g for 10 min at RT.

The serum was decanted and stored at −80˚C, and BUN, Cr, CK, and AST were measured

using an automated biochemical analyzer (Fuji DRI-CHEM 7000i; Fujifilm Co., Tokyo,

Japan).

Histological analysis

The kidney was isolated immediately after killing the animal and washed with ice-cold saline.

For histological examinations, tissues were fixed in 10% neutral buffered formalin, embedded

in paraffin, and sectioned at thicknesses of 4−6 μm. After deparaffinization and dehydration,

the sections were stained with hematoxylin and eosin (HE) and examined by a nephrologist

using a light microscope. Images of representative fields were recorded. Blinded scoring analy-

sis was performed. Tubular injury was defined as tubular epithelial cell swelling, vacuolar

degeneration, necrosis, and desquamation. Tubular injury score was graded by estimating the

percentage of injured tubules as follows: 0, areas of injured tubules < 5%; 1, areas of injured

tubules 5%–25%; 2, areas of injured tubules 26%–50%; 3, areas of injured tubules 51%–75%;

and 4, areas of injured tubules> 75%, as reported previously [13]. All evaluations were per-

formed on 10 random fields for each kidney and 5 kidneys for each group. Results are ex-

pressed as the mean score of tubular injury scores per group.

Statistical analysis

Data are presented as the mean ± standard deviation. For statistical evaluation, two-way

ANOVA without replication followed by Tukey’s honestly significant difference test or the

unpaired Student t test was used. JMP10 software (SAS Institute Inc., Cary, NC, USA) was

used for all statistical calculations. P< 0.05 indicated a statistically significant difference.

Results

Effect of glycerol treatment on serum CK and AST levels

We first administered 10 mL/kg of 50% glycerol to rats and examined its effect on the serum

levels of CK and AST (Fig 1). Following glycerol treatment, the serum CK levels rapidly

increased within 1 h, increased further, and reached a maximal level at 3 h, maintained until 6

h, rapidly declined, and returned to approximately basal levels at 12 h, while the levels of the

saline-treated group were normal throughout the experiment. Similar to the changes in the

serum CK levels, the serum AST levels in the glycerol-treated group started to increase at 1 h
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after treatment, increased linearly, peaked at 6 h, and increased continuously until 24 h. In

contrast, saline treatment did not influence serum AST levels at any time. These results indi-

cate that the glycerol treatment caused severe rhabdomyolysis in rats.

Effect of glycerol treatment on serum BUN and Cr levels

Next, we examined the change in serum BUN and Cr levels as measures of renal function as

well as the histological changes of the kidney after treatment. BUN and Cr levels in glycerol-

treated rats were not significantly different compared those of the saline-treated rats for the

first 12 h (Fig 2). However, 24 h after treatment, both indices in the glycerol-treated rats were

Fig 1. Changes in serum CK and AST levels after glycerol treatment. Rats treated with 50% glycerol (10 mL/kg, i.m.) or saline (10 mL/

kg, i.m.) were sacrificed 1, 2, 3, 6, 12, and 24 h after injection. Serum CK and AST levels were measured at each time. Control, untreated

control rats; Saline; saline-treated control rats; Glycerol, glycerol-treated rats. Data are expressed as the mean ± standard error (n = 3–6).

Multiple comparisons were analyzed using two-way ANOVA without replication followed by Tukey’s honestly significant difference test.

*significantly different from untreated control rats (P < 0.05). #significantly different from rats receiving saline at the corresponding time

(P < 0.05). CK, creatinine phosphokinase. AST, aspartate aminotransferase.

https://doi.org/10.1371/journal.pone.0180934.g001

Fig 2. Changes in serum BUN and Cr levels after glycerol treatment. Rats treated with 50% glycerol (10 mL/kg, i.m.) or saline (10 mL/

kg, i.m.) were sacrificed at 1, 2, 3, 6, 12, and 24 h after injection. Serum BUN and Cr levels were measured at each time after treatment.

Control, untreated control rats; Saline, saline-treated control rats; Glycerol, glycerol-treated rats. Data are expressed as the

mean ± standard error (n = 3–6). Multiple comparisons were analyzed using two-way ANOVA without replication followed by Tukey’s

honestly significant difference test. *significantly different from untreated control rats (P < 0.0001). #significantly different from rats

receiving saline 24 h after treatment (P < 0.0001). BUN, blood urea nitrogen. Cr, creatinine.

https://doi.org/10.1371/journal.pone.0180934.g002

Bach1 expression in acute kidney injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0180934 July 13, 2017 5 / 15

https://doi.org/10.1371/journal.pone.0180934.g001
https://doi.org/10.1371/journal.pone.0180934.g002
https://doi.org/10.1371/journal.pone.0180934


markedly increased, and the levels were significantly higher compared with those of the saline-

treated group (BUN, 108.45 ± 20.59 md/dl vs 14.97 ± 3.44 mg/dl, P< 0.0001; Cr, 1.95 ± 0.44

mg/dl vs 0.13 ± 0.06 mg/dl, P < 0.0001). The levels of BUN and Cr of the glycerol-treated

group were approximately 7-fold and 15-fold higher compared with those of the saline group,

respectively (Fig 2). Histological examination of kidneys at 24 h after glycerol treatment

revealed injuries to tubule epithelial cells, predominantly affecting in cortex, with cast forma-

tion in the medulla (Fig 3B). In saline-treated animals, renal injury was not observed (Fig 3A).

The significant effect of glycerol was also confirmed by the scoring of tubular injury by inde-

pendent researchers blinded to the treatment. Glycerol-induced tubular injury was confirmed

by an increase in the mean tubular injury score (Fig 3C). These results indicate that the glyc-

erol treatment caused rhabdomyolysis-associated acute kidney injury in rats.

Effect of glycerol treatment on renal HO-1 expression in the kidney

We next examined the time course changes in gene and protein expression of HO-1in the kid-

ney. HO-1 mRNA was barely detectable in the saline-treated control kidney. In contrast, after

glycerol treatment, HO-1 mRNA levels started to increase linearly at 1 h, reaching a maximum

at 6 h, decreasing to 50% of the maximum level at 12 h, and gradually decreasing to 20% of the

maximal level at 24 h (Fig 4A). Consistent with the changes in HO-1 mRNA, HO-1 protein

expression was significantly increased at 3 h after glycerol treatment, abruptly increased,

reached a maximum level at 6 h, and gradually decreased to approximately 50% of the maxi-

mum level at 24 h (Fig 4B). HO-1 protein was not detectable in the saline-treated control

kidney.

Effect of glycerol treatment on renal ALAS1 gene expression in the

kidney

HO-1 is induced by heme, and the expression of ALAS1, the rate-limiting enzyme in heme

biosynthesis, is down-regulated by heme. Therefore, we determined the time course changes

of ALAS1 gene expression in the kidney after glycerol treatment. ALAS1 mRNA was signifi-

cantly expressed in the saline-treated control kidney at 3 h. In contrast to HO-1 gene expres-

sion, following glycerol treatment, the renal ALAS1 mRNA level decreased rapidly at 1 h,

reached a minimum at 3 h, gradually increased to greater than basal levels at 12 h, and the pla-

teaued by 24 h (Fig 5A). When the levels of renal ALAS1 mRNA in glycerol treated-animals

were compared with those from saline-treated animals at 3 h, the average level of the glycerol-

treated group was significantly lower compared with that of the saline-treated group (Fig 5B).

Effect of glycerol treatment on renal Bach1 protein expression in the

nucleus and cytosol

There was a reciprocal relationship between HO-1 and ALAS1 expression, suggesting an

increase in free heme concentration in the glycerol-treated kidney. Bach1 is a heme-responsive

transcription repressor that regulates the expression of the HO-1 gene. We therefore examined

the time course changes of Bach1 protein expression in the nucleus as well as in the cytosol of

glycerol-treated kidney cells. Nuclear Bach1 protein in the kidney was significantly expressed

in the saline-treated control kidney. Following glycerol treatment, renal nuclear Bach1 protein

levels rapidly and significantly decreased and reached a nadir at 3 h, followed by a gradual res-

toration, which exceeded the normal level at 12 h, and maintained at high level by 24 h (Fig

6A). When we determined nuclear Bach1 protein levels in glycerol treated-animals with those

from saline-treated animals 3 h after saline-treatment, the average level of the glycerol-treated

Bach1 expression in acute kidney injury
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group was <10% of the control group (P< 0.0001) (Fig 6B). In contrast to the expression of

nuclear Bach1 protein, the levels of cytosolic Bach1 protein levels abruptly increased and

reached a maximum 6 h after treatment, which were maintained up to 12 h, gradually

decreased, and returned to basal levels at 24 h. However, the levels for the first 3 h after treat-

ment was not significantly different compared with those of the saline-treated kidney (Fig 7A).

Compared with cytosolic Bach1 protein levels at 6 h in glycerol-treated animals with those in

Fig 3. Renal histopathological changes after glycerol treatment. Renal tissues were stained with HE and examined using a light

microscope. Representative images 24 h after treatment (HE staining, original magnification ×200, scale bar = 100 μm). A. Saline group,

normal healthy histology. B. Glycerol group, widespread tissue damage. Black arrow, open arrow, black arrowhead, and open arrowhead

indicate tubular epithelial swelling, vacuolar degeneration, necrosis, and desquamation, respectively. C. The severity of histopathological

changes. A total of 50 areas from a renal section from each group were evaluated. Tubular injury was defined as tubular epithelial cell

swelling, vacuolar degeneration, necrosis, and desquamation. Tubular injury score was graded by estimating the percentage of injured

tubules as follows: 0, areas of injured tubules < 5%; 1, areas of injured tubules 5%–25%; 2, areas of injured tubules 26%–50%; 3, areas of

injured tubules 51%–75%; and 4, areas of injured tubules > 75%. The mean score for each kidney is provided, followed by the mean score

for the group. Data are expressed as the mean ± standard error. For statistical evaluation, the unpaired Student t test was used.

#significantly different from rats receiving saline (P < 0.0001).

https://doi.org/10.1371/journal.pone.0180934.g003
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saline-treated animals 6 h after saline-treatment, the average level of the glycerol-treated group

was>10-times higher compared with that of the saline-treated group (P = 0.0037) (Fig 7B).

Effect of glycerol treatment on Bach1 gene expression in the kidney

Glycerol treatment induced significant changes in protein expression in the nucleus and cyto-

sol in cells of the kidney, suggesting that it may influence de novo synthesis of Bach1 as well as

changing its intracellular distribution. Therefore, we examined the effect of glycerol treatment

on Bach1 gene expression in the kidney. While Bach1 mRNA was hardly detectable in the

saline-treated control kidney, it increased significantly 3 h after glycerol treatment, reached a

maximum at 6 h, which was maintained up to 12 h, decreased gradually, and then returned to

approximately basal levels after 24 h. When the levels of renal Bach1 mRNA in glycerol-treated

animals were compared with those from saline-treated animals 6 h after saline-treatment, the

average level of the glycerol-treated group was approximately 2.5-times higher compared with

that of the saline-treated group (P = 0.0004) (Fig 8B).

Discussion

In the present study, we demonstrate that nuclear Bach1 protein was rapidly and significantly

decreased in the kidneys of rats with glycerol-associated RM-AKI, followed by an increase in

Fig 4. Changes in HO-1 gene and protein expression in the kidney after glycerol treatment. Rats treated with 50% glycerol (10 mL/

kg, i.m.) were sacrificed 0, 1, 2, 3, 6, 12, and 24 h after injection, and kidneys were removed for northern and western blot analysis as

described in Materials and Methods. A) Top panel: 20 μg of total RNA was subjected to northern blot analysis. Autoradiographic signals of

RNA blots hybridized with a [α-32P] dCTP-labeled HO-1 cDNA probe. Three independent experiments yielded similar results, and a typical

example is shown. Ethidium bromide staining of the same RNA is shown as a loading control. Closed arrowhead, 28S ribosomal RNA;

open arrowhead, 18S ribosomal RNA. Bottom panel: Time-course changes in renal HO-1 gene expression after glycerol treatment. HO-1

gene expression levels are expressed as arbitrary densitometric units. B) Top panel: samples equivalent to 25 μg of protein were subjected

to western blot analysis. Shown are the chemiluminescent signals of protein blots reacted with a rabbit polyclonal anti-rat HO-1 antibody.

Three independent experiments yielded similar results, and a typical example is shown. Bottom panel: Time-course changes in renal HO-1

protein expression after glycerol treatment. The concentrations of renal HO-1 protein are expressed as densitometric arbitrary units.

https://doi.org/10.1371/journal.pone.0180934.g004
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Bach1 protein in the cytosol, which was preceded by the induction of Bach1 mRNA. We

detected a significant increase in HO-1 expression and the robust inhibition of ALAS1 expres-

sion in the kidneys of glycerol-treated animals, suggesting a significant increase in the free

heme concentration in the kidney of glycerol-treated animals. Although we confirmed the

entire time-course change of each parameter in the saline group in advance, saline treatment

did not influence each expression throughout the experimental period. Bach1 is a heme-

responsive transcription repressor of the HO-1 gene, and our findings suggest that changes in

the subcellular distribution of Bach1 may be involved in the induction of HO-1 accompanying

heme metabolism in the kidney of the rat RM-AKI model. To the best of our knowledge, this

is the first study to show dynamic changes in renal Bach1 expression in vivo, which were asso-

ciated with heme metabolism.

We show further that HO-1 mRNA and protein levels significantly increased, while gene

expression of ALAS1, the rate limiting enzyme in heme biosynthesis, was significantly inhib-

ited after glycerol treatment. HO-1 is significantly increased in the kidneys of glycerol-treated

animals as an adaptive response to RM-AKI [2, 3]. The inverse kinetics of HO-1 and ALAS1

gene expression observed in this study strongly suggest that there may be a significant increase

in the renal intracellular free-heme concentration after glycerol treatment, because HO-1 is

Fig 5. Changes in ALAS 1 gene expression in the kidney after glycerol treatment. Rats treated with 50% glycerol (10 mL/kg, i.m.)

were sacrificed 0, 1, 2, 3, 6, 12, and 24 h after injection and kidneys were removed for northern blot analysis as described in Materials and

Methods. A) Top panel: 20 μg of total RNA was subjected to northern blot analysis. Autoradiographic signals of RNA blots hybridized with

an [α-32P] dCTP-labeled ALAS1 cDNA probe. Three independent experiments yielded similar results, and a typical example is shown.

Ethidium bromide staining of the same RNA is shown as a loading control. Closed arrowhead, 28S ribosomal RNA; open arrowhead, 18S

ribosomal RNA. Bottom panel: Time-course changes in renal ALAS1 gene expression after glycerol treatment. ALAS1 gene expression

levels are expressed as arbitrary densitometric units. B) Top panel: 20 μg of total RNA was subjected to northern blot analysis.

Autoradiographic signals of RNA blots hybridized with an [α-32P]dCTP-labeled ALAS-1 cDNA probe. Ethidium bromide staining of the

same RNA is shown as a loading control. Closed arrowhead, 28S ribosomal RNA; open arrowhead, 18S ribosomal RNA. Bottom panel:

Comparison of renal ALAS1 gene expression 3 h after saline treatment or glycerol treatment (n = 3). ALAS1 gene expression levels are

expressed as arbitrary densitometric units. Data are expressed as the mean ± standard error. For statistical evaluation, the unpaired

Student t test was used. #significantly different from rats receiving saline at 3 h (P = 0.0021).

https://doi.org/10.1371/journal.pone.0180934.g005
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up-regulated [14–16] while ALAS1 is down-regulated by free heme [9, 17, 18]. Consistent with

this hypothesis, our previous report shows that there is a rapid increase in microsomal heme

concentrations following reperfusion in a rat model of ischemic acute renal failure, another

acute kidney injury, which is accompanied by the induction of renal HO-1 and the inhibition

of renal ALAS1, reflecting an increase in free heme concentration in the kidney [19].

In this study, we have demonstrated a dramatic increase only in the expression of HO-1

mRNA and protein. Our previous reports demonstrated a marked increase in HO activity fol-

lowing HO-1 gene and protein induction in several rat organ injury models [19–21]. In partic-

ular, Shimizu et al. demonstrated a significant increase in HO activity following an increase in

the accumulation of HO-1 mRNA and protein in renal microsomal heme in rat ischemic acute

renal failure models [19]. Based on these findings, we suggested that an increase in the levels of

renal HO-1 mRNA and protein in rat RM-AKI models might also accompany HO activation

[2].

“Free heme” represents newly synthesized heme not complexed with its apohemoprotein,

or free heme released from a hemo protein but not yet cleaved by HO. Although heme is

required as the prosthetic group for hemoproteins that are crucial for cellular viability, an

excess amount of free heme can be deleterious, because it can intercalate into the phospholipid

bimolecular membrane to generate oxygen free radicals as a lipophilic iron, ultimately leading

Fig 6. Changes in renal nuclear Bach1 protein after glycerol treatment. Rats treated with 50% glycerol (10 ml/kg, i.m.) were sacrificed

0, 1, 2, 3, 6, 12, and 24 h after the injection and kidneys were removed for western blot analysis as described in Materials and Methods. A)

Top panel: samples equivalent to 25 μg of protein were subjected to western blot analysis. Shown are the chemiluminescent signals of

protein blots reacted with a rabbit polyclonal anti-rat Bach1 antibody. Three independent experiments yielded similar results, and a typical

example is shown. Bottom panel: Time-course changes in renal nuclear Bach1 protein expression after glycerol treatment. The

concentrations of nuclear Bach1 protein are expressed as arbitrary densitometric units. B) Top panel: samples equivalent to 25 μg of

protein were subjected to western blot analysis. Shown are the chemiluminescent signals of protein blots reacted with a rabbit polyclonal

anti-rat Bach 1 antibody. Three independent experiments yielded similar results, and a typical example is shown. Bottom panel:

Comparison of renal nuclear Bach1 protein expression 3 h after saline treatment or glycerol treatment (n = 3). Nuclear Bach1 protein

expression is expressed as arbitrary densitometric units. Data are expressed as the mean ± standard error. For statistical evaluation, the

unpaired Student t test was used. #significantly different from rats receiving saline at 3 h (P < 0.0001).

https://doi.org/10.1371/journal.pone.0180934.g006
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to cellar injury [22]. Although the nature of increased free heme concentrations in the kidney

after glycerol treatment is unclear, it is likely that heme released from degraded myoglobin

may be the source of “free heme” that can induce RM-AKI. Consistent with our hypothesis, a

significant amount of myoglobin released from damaged muscle cells is reabsorbed into the

proximal tubule cells after its glomerular filtration in rhabdomyolysis [23].

Bach1 acts as a negative regulator of the transcription of HO-1 in vitro. In cultured cells,

under normal conditions, the Bach1-small Maf heterodimer binds to Maf the recognition ele-

ment (MARE) and represses HO-1 gene expression [24]. An increase in the intracellular heme

concentration can release Bach1 from MARE and promote Bach1 nuclear export by directly

binding to heme, which allows transcriptional activation of HO-1 [4–7, 25]. Moreover, over-

expression of Bach1 represses the induction HO-1 expression by heme in cultured cells in

response to exposure to ultraviolet-A light [26]. Thus, the modulation of Bach1 is considered

indispensable for the induction of HO-1 by heme.

After glycerol treatment, renal nuclear Bach1 protein levels rapidly and significantly

decreased, reaching a nadir after 3 h. In response to the induction of HO-1 mRNA, protein

synthesis rapidly ensued, reaching a maximum after 6 h. Thus, the reduction of nuclear Bach1

protein preceded the increase in HO-1 expression in the kidneys of glycerol-treated animals,

suggesting that nuclear Bach1 protein was displaced from MARE and exported from the

Fig 7. Changes in renal cytosolic Bach1 protein after glycerol treatment. Rats treated with 50% glycerol (10 mL/kg, i.m.) were

sacrificed 0, 1, 2, 3, 6, 12, and 24 h after the injection, and kidneys were removed for western blot analysis as described in Materials and

Methods. A) Top panel: samples equivalent to 25 μg of protein were subjected to western blot analysis. Shown are the chemiluminescent

signals of protein blots reacted with a rabbit polyclonal anti-rat Bach1 antibody. Three independent experiments showed similar results,

and a typical example is shown. Bottom panel: Time-course changes in renal cytosolic Bach1 protein expression after glycerol treatment.

The concentrations of cytosolic Bach1 protein are expressed as arbitrary densitometric units. B) Top panel: samples equivalent to 25 μg of

protein were subjected to western blot analysis. Shown are the chemiluminescent signals of protein blots reacted with a rabbit polyclonal

anti-rat Bach 1 antibody. Three independent experiments yielded similar results, and a typical example is shown. Bottom panel:

Comparison of renal cytosolic Bach1 protein expression 6 h after saline treatment or glycerol treatment (n = 3). Cytosolic Bach1 protein

expression is expressed as arbitrary densitometric units. Data are expressed as the mean ± standard error. For statistical evaluation, the

unpaired Student t test was used. #significantly different from rats receiving saline at 6 h (P = 0.0037).

https://doi.org/10.1371/journal.pone.0180934.g007
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nucleus by directly binding to heme released from myoglobin, ultimately leading to HO-1

induction. Similar to the experiments using cultured cells, our findings strongly suggest that

intranuclear Bach1 inhibits the transcription of HO-1 in normal rat kidney and that the depri-

vation of nuclear Bach1 led to renal HO-1 induction in RM-AKI. To date, no in vivo reports

have demonstrated the nuclear export of Bach1 and induction of HO-1, which is probably

related to the increase in intracellular heme.

In contrast to nuclear Bach1 protein expression, cytosolic Bach1 protein levels significantly

increased, reaching a maximum 6 h after the treatment. The time to attain the maximum level

of cytosolic protein expression was delayed by 3 h relative to the minimum level of nuclear

Bach1 protein expression. An increase in cytosolic Bach1 protein was followed by a decrease in

nuclear Bach1 protein. These changes did not occur at the same time; there was a significant

discrepancy between the time points for the increase of cytosolic Bach1 protein and the de-

crease of nuclear Bach1 protein. Our results also revealed that the Bach1 mRNA levels signifi-

cantly and rapidly increased 3 h after glycerol treatment. The elevated expression of Bach1

mRNA was concurrent with a significant decrease in nuclear Bach1 protein and was preceded

by a robust increase in cytosolic Bach1 protein. It has been reported that Bach1 is newly

Fig 8. Changes in renal Bach1 gene expression after glycerol treatment. Rats treated with 50% glycerol (10 mL/kg, i.m.) were sacrificed

0, 1, 2, 3, 6, 12, and 24 h after the injection and kidneys were removed for northern blot analysis as described in Materials and Methods. A)

Top panel: 20 μg of total RNA was subjected to northern blot analysis. Autoradiographic signals of RNA blots hybridized with an [α-32P]dCTP-

labeled Bach1 cDNA probe. Three independent experiments yielded similar results, and a typical example is shown. Ethidium bromide

staining of the same RNA is shown as a loading control. Closed arrowhead, 28S ribosomal RNA; open arrowhead, 18S ribosomal RNA.

Bottom panel: Time-course changes of renal Bach1 gene expression after glycerol treatment. Bach1 gene expression levels expressed as

arbitrary densitometric units. B) Top panel: 20 μg of total RNA was subjected to northern blot analysis. Autoradiographic signals of RNA blots

hybridized with an [α-32P]dCTP-labeled Bach1 cDNA probe. Ethidium bromide staining of the same RNA is shown as a loading control.

Closed arrowhead, 28S ribosomal RNA; open arrowhead, 18S ribosomal RNA. Bottom panel: Comparison of renal Bach1 gene expression 6

h after saline treatment or glycerol treatment (n = 3). Bach1 gene expression levels are expressed as arbitrary densitometric units. Data are

expressed as the mean ± standard error. For statistical evaluation, the unpaired Student t test was used. #significantly different from rats

receiving saline at 6 h (P = 0.0004).

https://doi.org/10.1371/journal.pone.0180934.g008
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biosynthesized, possibly on ribosomes in the cytosol, and then transported into the nucleus

[27]. We also demonstrated that the level of nuclear Bach1 protein 12 h after glycerol treatment

exceeded the basal levels. Taken together, our findings suggest that the increase in cytosolic

Bach1 protein expression after glycerol treatment may reflect de novo Bach1 protein synthesis,

which compensates for the depletion of nuclear Bach1 protein. We may have failed to detect

an increase in cytosolic Bach1 protein accompanying Bach1 nuclear export because Bach1

exported from the nucleus was reported to be rapidly degraded by the proteasome in cultured

cells [27].

The pathophysiological significance of the dynamic changes in Bach1 expression in the

nucleus and the cytosol is unclear. We do know that HO-1 plays a cytoprotective role in a

rodent model of RM-AKI [2, 3], and the deletion of the Bach1 gene in mice confers protection

against acute oxidative tissue injuries, including those to the cardiovascular system, respiratory

tract, digestive tract, liver, and skin, which are mediated through the overexpression of HO-1

[28]. In contrast to beneficial effect of HO-1 induction in the acute phase of oxidative tissue

injury, overexpression of HO-1 might have deleterious effects during the late phase of oxida-

tive tissue injury after excess amounts of free heme have been catabolized. For example, HO-1

cleaves the heme moiety of hemoproteins and releases labile iron, which catalyzes the synthesis

of free radicals [15, 29]. In addition, HO-1 overexpression might lead to a disruption of energy

production rather than protection against oxidative stress, because several hemoproteins func-

tion in the mitochondria to mediate energy production [30]. Thus, the decrease in nuclear

Bach1 protein expression and the increase in cytosolic Bach1 protein expression may contrib-

ute to the maintenance of the physiological milieu associated with heme metabolism, at least

in part, and is mediated through the induction of HO-1 and the restoration of HO-1 expres-

sion to basal levels, possibly via the intracellular redistribution of Bach1 protein. Consistent

with our notion, we previously demonstrated that the activation of Bach1 gene expression

occurs in a rat model of carbon tetrachloride-induced oxidative hepatic injury, which can be

attributed to free heme, a pro-oxidant released from hepatic cytochrome P450 [31]. Of course,

further mechanistic analysis is clearly needed to substantiate our hypothesis since our descrip-

tion about Bach1 dynamics in the nucleus and cytosol is phenomenological.

In conclusion, for the first time to our knowledge, we demonstrate the dynamic changes in

Bach1 expression in a rat model of RM-AKI. Our findings suggest that the increase in the con-

centration of intracellular free heme contributes to the pathogenesis of RM-AKI.
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