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5-Aminolevulinic acid (5-ALA) is a naturally occurring amino acid and precursor of heme and protoporphyrin IX
(PpIX). Exogenously administrated 5-ALA increases the accumulation of PpIX in tumor cells specifically due to
the compromised metabolism of 5-ALA to heme in mitochondria. PpIX emits red fluorescence by the irradiation
of blue light and the formation of reactive oxygen species and singlet oxygen. Thus, performing a photodynamic di-
agnosis (PDD) and photodynamic therapy (PDT) using 5-ALA have given rise to a new strategy for tumor diagnosis
and therapy. In addition to the field of tumor therapy, 5-ALA has been implicated in the treatment of inflammatory
disease, autoimmune disease and transplantation due to the anti-inflammation and immunoregulation properties
that are elicited with the expression of heme oxygenase (HO)-1, an inducible enzyme that catalyzes the rate-
limiting step in the oxidative degradationof heme to free iron, biliverdin and carbonmonoxide (CO), in combination
with sodium ferrous citrate (SFC), because an inhibitor of HO-1 abolishes the effects of 5-ALA. Furthermore, NF-E2-
related factor 2 (Nrf2), mitogen-activated protein kinase (MAPK), and heme are involved in the HO-1 expression.
Biliverdin and CO are also known to have anti-apoptotic, anti-inflammatory and immunoregulatory functions.
We herein review the current use of 5-ALA in inflammatory diseases, transplantationmedicine, and tumor therapy.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

5-Aminolevulinic acid (5-ALA) as described in detail in Table 1,
a naturally occurring amino acid, is synthesized through the condensa-
tion of glycine and succinyl-CoA by the catalytic effect of 5-ALA
synthase. In the cytosol, 5-ALA sequentially generates porphobilinogen,
hydroxymethylbilane, uroporphyrinogen III and finally copropor-
phyrinogen III. In the mitochondrion, coproporphyrinogen III is
metabolized to coproporphyrinogen III, protoporphyrinogen IX andpro-
toporphyrin IX, intowhich iron is inserted via a ferrochelatase-catalyzed
reaction, the latter resulting in the formation of heme [1–3]. 5-ALA is uti-
lized as a precursor of a photosensitizer for performing a photodynamic
diagnosis (PDD) and photodynamic therapy (PDT) to confirm and kill
tumor cells [1,4]. Due to the substance's short half-life, the toxicity of
5-ALA is very low. The half-life of 5-ALA by 5-ALA administration
(20 mg/kg) is 55.2 min in human (our unpublished data), 45 min in
human (100 mg) [5], and 40.7 min in dog (7.29 mg/kg) [6]. As a result,
clinically relevant photosensitivity is negligible. In addition to the
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utilization of PDD and PDT, 5-ALA has been undertaken to treat inflam-
matory disease, autoimmune disease and transplantation due to the
anti-inflammation and immunoregulation properties by upregulation
of hemeoxygenase (HO)-1 expression and release of hememetabolites.

2. Tumor therapy

2.1. Tumor cells and PpIX accumulation

Several factors, although the preferential mechanisms are unknown,
have been demonstrated to be involved in the accumulation of PpIX.
The expression level of peptide transporter 1 (PEPT1)/solute carrier
family 15 member 1 (SLC15A1), ATP-binding cassette sub-family G
member 2 (ABCG2) [7,8], SLC6A6 and SLC6A13 [9], which are responsi-
ble for the import of 5-ALA and export of PpIX, and the activity of
ferrochelatase [10,11] are key regulators of PpIX accumulation. Heme
biosynthesis and the ironmetabolism are also involved in PpIX accumu-
lation. Inner mitochondrial membrane proteins (mitoferrin-1, which
is mainly expressed in erythroid cells, and mitoferrin-2, which is
expressed in various cells) are dependent on the transport of iron into
mitochondria [12]. In the last step of heme biosynthesis, frataxin-
mediated iron delivery to ferrochelatase occurs [13]. Ohgari et al.
showed that the overexpression of mitoferrin-2 decreased PpIX
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Property of 5-aminolevulinic acid hydrochloride.

Structural formula C5H9NO3・HCl

Synonym 5-Amino-4-oxopentanoic acid hydrochloride
CAS no. No. 5451–09-2
Molecular weight 167.6
Color White to off-white
Melting point (°C) 144–147 (degradation)
pH (1 mol/L) 1.7
Water solubility Very soluble
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accumulation [14]. Furthermore, Sawamoto et al. showed that frataxin
overexpressing cells had decreased the amount of intracellular PpIX
accumulation [15].

2.2. 5-ALA and PDD

As shown in Fig. 1 (left), 5-ALA is incorporated into cells by exogenous
administration and converted into PpIX, which is a fluorescent and has
photoactivity. Specific irradiation at 375–475 nm wavelength excites
PpIX and generates red fluorescence. PpIX has another property, which
is its accumulation in tumor cells, and augmented red fluorescence re-
sults in the identification of tumor cells. Its emission of red fluorescence
and accumulation in tumor cells are fundamental for PDD [16–18].

2.3. 5-ALA and PDT

PDT has become one of the standard procedures of cancer therapy,
which is achieved by the generation of reactive oxygen species (ROS)
and singlet oxygen by porphyrin derivatives through the irradiation of
visible light [19–21]. PpIX metabolized from 5-ALA is one of the most
efficacious photosensitizing agents for PDT [22,23]. The tumor-
preferential accumulation of PpIX allows tumor therapy by 5-ALA-
mediated PDT (Fig. 1 left).
Fig. 1. PDD, PDT and anti-inflammatory/immunoregulatory structure and property of 5-ALA. In
by ferrochelatase. In contrast, less ferrochelatase expression in cancer cell gives rise to accumula
catalyzes heme to CO, Fe and biliverdin.
3. 5-ALA and anti-inflammatory and immunoregulatory properties

3.1. HO-1

5-ALA has been demonstrated to induce the upregulation of heme
oxygenase (HO)-1 mRNA levels [24,25]. In heme catabolism, HO func-
tions as a rate-limiting enzyme. As shown in Fig. 1 (right), HO catalyzes
heme degradation, thereby producing biliverdin, carbon monoxide
(CO) and iron. HO-1 is the inducible isoform of HO [26] and the expres-
sion of HO-1 is induced by a range of stress stimuli [27–34], including
heme [30,35] and other metalloporphyrins [36,37], in a number of cell
types. Endotoxin exposure to mice with HO-1 deficiency results in a
higher mortality from endotoxic shock, the upregulation of splenic
proinflammatory cytokine secretion and increased hepatocellular
necrosis compared with wild-type mice [38]. A study on individuals
with HO-1-deficiency has strengthened the above finding and HO-1
has been shown to act as an important cytoprotective factor in
counteracting the detrimental increase in oxidative injury and inflam-
mation [39]. Similarly, an in vitro study confirmed that there is a
reduction of stress resistance in HO-1-deficient cells [40].
3.2. HO-1 and signal transduction pathway

The signaling mechanisms that activate the transcription of HO-1
remain insufficiently elucidated. Many studies have focused on the
activation of mitogen-activated protein kinases (MAPKs) related to
cell growth and the stress response. The pathway of p38, c-Jun.
N-terminal kinase (JNK) and extracellular signal regulated kinase
(ERK) appear to participate to some degree in the upregulation of the
HO-1 expression in response to various stimuli [41–43].MAPK signaling
leads to the translocation of nuclear factor erythroid 2-related factor 2
(Nrf2) to thenucleus [43]. Nrf2 is a basic leucine zipper (bZip) transcrip-
tion factor [44]. Under basal conditions, Bach1,which is also a bZip tran-
scription factor [45], forms heterodimers with musculoaponeurotic
fibrosarcoma oncogene homolog K (MafK), and these heterodimers
normal cell, 5-ALA produces PpIX, then heme is produced by aiding in the insertion of iron
tion of PpIX. 5-ALAwith SFC produces heme and upregulates the expression ofHO-1,which
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repress the transcription of HO-1 gene by binding to the sequence of the
Maf recognition element (MARE) in the HO-1 promoter [46].

3.3. HO-1 and Nrf2

In response to various stimuli, Nrf2 translocates to the nucleus,
which is followed by the subsequent induction of the HO-1 expression
[27,47]. Nrf2 heterodimerizes with small Maf proteins (sMaf) in the
induction of HO-1 through binding to MARE [45,46,48–50]. sMaf,
which include MafF, MafG and MafK, possess a characteristic bZip
domain that mediates DNA binding and dimerization with other bZip
proteins such as Nrf2 [51]. Nrf2 resides in the cytosol bound to Keap1,
a known negative regulator of Nrf2, in the cytoplasm [52,53]. Upon
activation, Nrf2 is released from Keap1 and enters the nucleus, where
it heterodimerizes with sMaf and binds to the MARE in the promoters
of various target genes [49,52]. Hemin evokes the nuclear translocation
of Nrf2 and Nrf2-specific siRNA suppresses the induction of HO-1 by
hemin in human monocytes [54]. Other metalloporphyrins were also
confirmed to cause the nuclear localization of Nrf2 followed by Nrf2-
mediated HO-1 induction [36,37]. Moreover, HO-1 induction by
lipopolysaccharide (LPS) was also inhibited by Nrf2 downregulation
[27].

3.4. Heme

Heme controls the HO-1 expression [30,35,41,54]. The transcription
factor Bach1 heterodimerizes with Maf proteins and binds to MAREs,
thereby repressing MARE-dependent transcription, including the
transcription of HO-1. In contrast, the DNA binding activity of Bach1 is
negatively regulated by heme binding [55]. In the presence of higher
concentrations of heme, increased binding of heme to Bach1 leads to a
conformational change and a decrease in DNA binding activity [55,56].
This derepression permits Nrf2–sMaf and other activating heterodimers
to occupy the MARE regions in the HO-1 promoter, and thus leads to
increased transcription and upregulation of the gene expression.

3.5. CO

HO-1 catalyzes the conversion of heme to CO and biliverdin/
bilirubin with the concurrent release of iron (Fe2+). Exogenously
added CO and biliverdin/bilirubin show a robust effect in antioxidation
and protection against renal ischemia reperfusion injury (IRI) [57]. CO
Exposure to the recipients improved the functions of the renal graft,
the maintenance of internal cellular architecture, less frequent
vacuolization, preservation of foot processes, and an ultrastructural
improvement according to transmission electron microscopy of viable
podocytes in a rat model of transplant-induced IRI [58]. Furthermore,
the inhalation of CO reduced programmed tubular epithelial cell death
and a decline in nitrite/nitrate formation and the expressions of
interleukin (IL)-6, IL-1β, intercellular adhesion molecule (ICAM)-1 and
inducible nitric oxide synthase (iNOS) [58]. In addition, previous reports
indicated that CO inhibited not only acute and chronic allograft rejec-
tion, but also xenograft rejection in the field of transplantation
[59–63]. Kidney IRI causes a profound problem that influences the out-
comeof renal transplantation [64]. Ten to 500 ppmconcentrations of CO
demonstrated both pharmacological and biological effects which
prevented the onset of ischemic injury [62]. CO can confer the beneficial
effects of anti-inflammatory and anti-cell death in IRI [65]. In a rat
kidney transplantation model, inhalation of low concentration CO was
shown to protect against cold IRI [66]. On the other hand, a theoretical
risk of impaired O2 delivery to organs and tissues by increasing
carboxyhemoglobin has been reported in the context of endogenous
CO administration [67,68]. Heme degradation through the activity of
HO-1 generates CO during IRI and the administration of CO upregulates
HO-1 expression, with the subsequent suppression of mouse-to-rat
cardiac xenograft rejection [63].
3.6. Bilirubin/biliverdin

The treatment of bilirubin improved the mitochondrial integrity,
tubular function, glomerular filtration rate, urine output and renal
vascular resistance in IRI [69]. In renal transplant recipients, CO gas or
biliverdin treatment alone could not recover proteinuria or a decreased
creatinine clearance, whereas the concurrent administration of CO gas
and biliverdin normalize all these parameters [70]. Furthermore, the
extravasation of inflammatory infiltrates and upregulation of proin-
flammatory mediators in IRI were significantly low with combination
treatment compared with untreated controls [70]. Previous reports
assessing the effect of biliverdin/bilirubin and CO in IRI have suggested
that biliverdin/bilirubin and CO presumably have an effect via different
mechanisms according to the results of the above-mentioned report
[70] and because the simultaneous administration of the two com-
pounds showed additive protection [71].

3.7. HO-1 and regulatory dendritic cells (RegDC)

HO-1 has been identified as a potential regulator of DC maturation
[72,73]. Al-Huseini et al. [74] demonstrated that the treatment of
SnPP-IX, an inhibitor of HO-1, resulted in the mature phenotype of DC
with impaired phagocytic and endocytic capacity and an enhanced
ability to stimulate antigen-specific T cell proliferation.

4. Application of 5-ALA in inflammatory diseases and transplantation

4.1. Cardiomyocyte hypertrophy

Cardiac hypertrophy is a complex inflammatory disease that
develops via the dysregulation of various signal transduction pathways
and oxidative stress and excess ROS production and plays a definitive
role in the pathogenicity of cardiac hypertrophy [75–77]. Using HL-1
cells, a murine cardiomyocyte cell line that maintains phenotypic
characteristics of adult cardiomyocytes [78], and a well-established
in vitro model of oxidant-induced cardiomyocyte hypertrophy [79],
we evaluated the protective effect of 5-ALA/SFC on cardiac hypertrophy
(unpublished data). Numerous studies have indicated that intrinsic
antioxidants, including superoxide dismutase and vitamin E, can remit
hypertrophy through the reduction of ROS generation [77,80,81].
Additionally, simvastatin, a reductase inhibitor, can function as an anti-
oxidant and inhibit hypertrophy via the inhibition of ROS production
[82]. A ubiquitous thiol oxidoreductase thioredoxin has also been
demonstrated to prevent oxidative stress by direct scavenging of ROS
[83]. H2O2 treatment induced planarmorphometry, 3H-leucine incorpo-
ration, and ROS production in HL-1 cells, and the expression of
hypertrophy-related genes, including β-myosin heavy chain (β-MHC),
atrial natriuretic factor (ANF), brain natriuretic peptides (BNP), and
atrial natriuretic peptide (ANP), while 5-ALA/SFC significantly reduced
these effects by H2O2. 5-ALA/SFC treatment elevated the expression of
Nrf2 and HO-1 in dose- and time-dependent manners and Nrf2 knock-
down decreased this 5-ALA/SFC-dependent effect. p38, ERK1/2, and
JNK/stress-activated protein kinase (SAPK) were activated in HL-1
cells pretreated with 5-ALA/SFC, which was inhibited by pharmacolog-
ical inhibitors of these kinases. [84].

4.2. Renal IRI

Reperfusion subsequent to ischemia generates ROS, mitochondrial
failure, endothelial dysfunction, and sterile inflammation. Thus, IRI is
a complex pathophysiological process involving oxidant damage
and programmed cell death (PCD) that leads to acute renal failure
(ARF). Approximately 50–70% of the mortality occurs in ARF patients
in intensive care who require dialysis and among postoperative
patients, 25–100% of them suffer fromARF. Regarding renal transplanta-
tion, renal IRI may elicit acute posttransplant tubular necrosis [85–88]
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and delayed graft function [89,90]. Reperfusion provokes inflammation
by the activation of enzymes and chemical mediators, such as prosta-
glandins, leukotrienes, lysozymes, phospholipase A2, and ROS, in renal
IRI.

Significant cellular damage also induces the activation of macro-
phages and other parenchymal cells and the secretion of numerous
inflammatory mediators, such as tumor necrosis factor (TNF)-α and
IL-1β, which subsequently elicits extravasation of neutrophils, macro-
phages, and T lymphocytes to the interstitial space [91–94]. In our pre-
vious study [25], IRI inmice resulted in an exacerbated kidney function,
as exhibited by increased serum levels of creatinine and blood urea
nitrogen (BUN), and a decreased survival rate 24 h after IRI; in contrast,
5-ALA/SFC treatment prevented these events in a dose-dependentman-
ner. Moreover, 5-ALA/SFC treatment prevented tubular vacuolization,
congestion, necrosis, swelling and dilation by IRI. Furthermore, 5-ALA/
SFC treatment inhibited PCD and the accumulation of macrophages in
the kidneys compared with the no 5-ALA/SFC group after IRI. 5-ALA/
SFC also inhibited the rise of thiobarbituric acid reactive substance
(TBARS), a lipid peroxidation marker which is universally utilized to
assess cellular injury as well as oxidative stress, following IRI. In 5-
ALA/SFC-treated mice, CO in the kidney was significantly elevated and
ZnPPIX, an inhibitor of HO-1, prevented CO production in the kidney.
In addition, IRI and 5-ALA/SFC treatment increased the HO-1 expression
in the kidney. These results suggested that 5-ALA/SFC can safeguard the
kidneys against IRI by reducing renal cell apoptosis and macrophage
invasion through CO generation.

4.3. Cardiac allograft

Organ transplantation is the optimal treatment for end-stage organ
failure, while allografts are generally rejected by the recipient's immune
Fig. 2. Mechanism of HO-1 induction by 5-ALA. 5-ALA induced HO-1 expression through M
observations, treatment with 5-ALA combined with SFC (5-ALA/SFC) induces the phosphory
their effects on post-transcriptional factors, such as Nrf2. In this pathway, 5-ALA/SFC indirec
intracellular levels of heme.Under conditionswith a higher concentration of heme, theHO-1 rep
expression of HO-1. In this pathway, 5-ALA/SFC directly regulated HO-1 expression (modified
systemattacks. The exploitation of immunosuppressants and the refine-
ment of surgical techniques have led to improvements in the short-term
outcomes of organ transplantation. However, recipients have to remain
on immunosuppressant therapy for their lifetime; hence, there is a risk
of adverse effects that can cause infectious disease and carcinogenesis.
Therefore, novel immunosuppressants with known independent
mechanisms are required. We previously demonstrated [95] that
5-ALA/SFC treatment for the donor (C57BL/10; B10) and recipient
(CBA/N; CBA) of cardiac allograft, but not 5-ALA or SFC alone, induced
permanent acceptance of fully major histocompatibility complex
(MHC)-mismatched cardiac allografts in a dose-dependent manner.
5-ALA/SFC prevented graft structure, CD8+ T cell infiltration and
obliterative vasculopathy, a characteristic of chronic graft rejection.
Responder cells from 5-ALA/SFC-treated mice exhibited a reduced
mixed lymphocyte reaction (MLR). A flow-cytometric (FCM) analysis
of graft-infiltrating lymphocyte (GIL) and splenocytes from the recipi-
ents demonstrated that 5-ALA/SFC treatment increased the population
of CD4+CD25+FoxP3+ Tregs. The expression of immunomodulatory
cytokines (HO-1, transforming growth factor (TGF)-β, IL-10) and tran-
script molecule transcription (Foxp3) in the grafts were upregulated
by 5-ALA/SFC treatment. Furthermore, a GIL analysis showed that
5-ALA/SFC treatment increased the number of RegDCs in the graft and
related mRNA expression (indoleamine 2,3-dioxygenase (IDO), iNOS
andHO-1). The secondary CBAallograft recipients treatedwith adoptive
transfer of splenocytes from 5-ALA/SFC-treated primary CBA recipients
exhibited a significantly prolonged survival of the B10 hearts, but not
BALB/c (third party) hearts. Furthermore, DCs from 5-ALA/SFC-treated
recipient mice demonstrated a decline in the MLR, number of B10
stimulator cells and number of CBA responder cells as regulatory cells.
The immunomodulatory effects of 5-ALA/SFC were abrogated by a
HO-1 inhibitor.
APK signal transduction and synthesized to heme. In the HO-1 induction based on our
lation of ERK and p38 MAPK. These activated MAPKs lead to HO-1 expression through
tly regulated HO-1 expression. On the other hand, exposure to 5-ALA/SFC increases the
ressor, Bach1, is inactivated bydirect binding to heme to Bach1,which allows for increased
from Ref. [103]).



Table 2
Pleiotropic effects of ALA on immune-related diseases and transplantation.

Diseases Main results Articles

Cardiomyocyte hypertrophy 5-ALA + SFC alleviate the H2O2-induced hypertrophy-like symptoms in HL2 cardiomyocyte cell line. Zhao et al. 2015 [84]
Renal ischemia reperfusion injury 5-ALA + SFC alleviate renal injury induced by Ischemia reperfusion through CO generation. Hou et al. 2013 [25]
Heart transplantation In cardiac allograft transplantation model, administration of 5-ALA + SFC to donor and recipient

induces permanent acceptance of the graft. The number of regulatory T cells and regulatory dendritic
cells is increased in this model.

Hou et al. 2014 [95]

- HO-1 protein is induced by 5-ALA + SFC administration to macrophage cell line RAW264 via MAPK
phosphorylation and negative regulation of Bach1.

Nishio et al. 2014 [103]

Graft versus host disease/systemic sclerosis In graft versus host disease/systemic sclerosis model (allogenic bone marrow transplantation to the
immunodeficient mice), 5-ALA + SFC ameliorate skin fibrosis, vascular damage, and macrophage
infiltration.

Unpublished

Chronic cyclosporine nephropathy 5-ALA + SFC ameliorate cyclosporine A-induced inflammation and fibrosis in kidneys of mice. Unpublished
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4.4. Systemic sclerosis (SSc)

Alloreactive immune reactions from donor-derived immune cells to
host cell populations induce graft-versus-host disease (GvHD). Trans-
plantation of bone marrow and splenocytes from B10.D2 mice into
BALB/c Rag2−/− recipients is a well-known animal model for human
sclerodermatous chronic GvHD and SSc, which exhibit many clinical
similarities [96]. Histologically, the invasion of mononuclear cells into
the dermis concomitant with an increase in collagen synthesis has
been shown in the early stages of SSc and sclerodermatous chronic
GvHD in mice. In our experiment (unpublished data), treatment of
5-ALA/SFC ameliorated the decline in body weight in the murine
sclerodermatous chronic GvHD model and inhibited the severity and
fibrosis and vascular damage in SSc. Furthermore, treatment of 5-ALA/
SFC also prevented collagen-1 overproduction and the infiltration of
CD4+T cells andmacrophages into the skin.Moreover, 5-ALA/SFC treat-
ment diminished the expression of mRNA related inflammation and
SSc, including TGF-β, iNOS, interferon (IFN)-γ, TNF-α, IL-6, and RANTES
in the skin.
Fig. 3. Hypothetical mechanism of 5-ALA-induced multiple effects. 5-ALA/SFC-incorporated
immune regulatory response.
4.5. Chronic cyclosporine nephropathy

Cyclosporine (CsA), an inhibitor of calcineurin, was clinically
approved for use in the early 1980s and has revolutionized transplant
medicine. CsA remains an attractive agent for immunosuppression in
various solid organ transplantations. Despite the remarkable improve-
ment in the rejection rates and graft survival, side effects were found
with the early stage of its use. One of themost serious adverse reactions
is nephrotoxicity due to long-term CsA usage. In mice, the administra-
tion of CsA (30mg/kg/day s.c.) with a low salt diet for 4weeks increases
the BUN and serum creatinine levels and decreases the glomerular
filtration rate (GFR) along with morphological changes, resulting in
renal endothelial dysfunction, arteriolar injury, tubular atrophy and
interstitial fibrosis. Bing et al. [97] demonstrated that nephropathy
induced by CsA appears to involve the activation of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, renin angiotensin
system, and the overexpression of TGF-β and IL-6 in endothelial cells.
In our experiment, treatment with 5-ALA/SFC significantly reduced
progressive inflammation and fibrosis in the kidney. The elevated
cell induce HO-1 expression and exert the anti-oxidative and/or anti-inflammatory and
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expression of HO-1 in the mouse kidney was shown in 5-ALA/
SFC administration. Further, 5-ALA/SFC was shown to attenuate
tubulointerstitial fibrosis and renal apoptosis in chronic cyclosporine
nephropathy (unpublished data).
5. HO-1 expression by 5-ALA/SFC in macrophages

Activated macrophages play an important role in inflammatory
diseases including IRI, CsA-nephropathy and SSc. The early infiltration
of macrophages plays an important pathogenic role in these diseases,
presumably by the release of proinflammatory cytokines and
chemokines [93]. Furthermore, macrophages have been known to be
responsible for allograft rejection and GvHD development [98,99].
The production of inflammatory cytokines, including IL-1, IL-18 and
TNF-α, as well as ROS and eicosanoids by macrophages may promote
donor allograft rejection [100,101], while the acquisition of the regula-
tory phenotype in macrophages may attenuate the alloimmune
response [101]. Additionally, we found that DCs treated with 5-ALA/
SFC showed a regulatory phenotype (unpublished data). Furthermore,
Sierra-Filardi et al. [102] demonstrated that HO-1 is important for
the anti-inflammatory activities of M2 macrophages. Therefore, we
performed an experiment to determine the effect and signal trans-
duction of 5-ALA/SFC in macrophages with a particular focus on
the expression of HO-1 [103]. As shown in Fig. 2, the combination of
5-ALA/SFC significantly upregulated the HO-1 expression compared
with 5-ALA or SFC alone in a dose- and time-dependent fashion. The
ERK and p38 MAPK signaling pathways were upregulated by 5-ALA/
SFC and pharmacological inhibitors of these pathways inhibited the
upregulated HO-1 expression by 5-ALA/SFC. 5-ALA/SFC induced the
translocation of Nrf2 from the cytosol to the nucleus, and Nrf2 knock-
down prevented the HO-1 expression by 5-ALA/SFC. 5-ALA/SFC
increased the intracellular heme and induced the binding of heme to
Bach1. Bach1 knockdown upregulated the HO-1 expression. These
data suggested that HO-1 expression by 5-ALA/SFC in macrophages is
one of the key factors in the anti-inflammatory effect of 5-ALA/SFC
treatment.
6. Conclusion

5-ALA clearly exerts immunological effects that may potentially be
used to alter the immune responses in autoimmune pathologies,
allografting and GvHD (Table 2). Although the impact of 5-ALA treat-
ment in cancer has been well characterized, the use of 5-ALA for both
immunological diseases and allografting requires further investigation
(Fig. 3). Specifically, whether or not 5-ALA can be administered in
high enough doses to exert an immunosuppressive effect remains
unclear, however, this is an interesting new treatment option and
further research in the area should be encouraged. Taken together,
these results have important implications for the potential use of
5-ALA/SFC in the treatment of sclerodermatous chronic GvHD and SSc
in humans.
Conflicts of interest

The authors have no conflicts of interest to disclose.
Acknowledgments

This study was supported by research grants from the Grants of
Ministry of Education, Culture, Sports, Science and Technology of
Japan (15K10043 and 24/02741) and the National Center for Child
Health and Development (26-6, 26-27 and 27-21).
References

[1] M. Ishizuka, F. Abe, Y. Sano, K. Takahashi, K. Inoue, M. Nakajima, et al., Novel devel-
opment of 5-aminolevurinic acid (ALA) in cancer diagnoses and therapy, Int.
Immunopharmacol. 11 (2011) 358–365.

[2] S. Taketani, Aquisition, mobilization and utilization of cellular iron and heme: end-
less findings and growing evidence of tight regulation, Tohoku J. Exp. Med. 205
(2005) 297–318.

[3] A.S. Tsiftsoglou, A.I. Tsamadou, L.C. Papadopoulou, Heme as key regulator of major
mammalian cellular functions: molecular, cellular, and pharmacological aspects,
Pharmacol. Ther. 111 (2006) 327–345.

[4] R. Chouikrat, A. Seve, R. Vanderesse, H. Benachour, M. Barberi-Heyob, S. Richeter,
et al., Non polymeric nanoparticles for photodynamic therapy applications: recent
developments, Curr. Med. Chem. 19 (2012) 781–792.

[5] J.T. Dalton, C.R. Yates, D. Yin, A. Straughn, S.L. Marcus, A.L. Golub, et al., Clinical
pharmacokinetics of 5-aminolevulinic acid in healthy volunteers and patients at
high risk for recurrent bladder cancer, J. Pharmacol. Exp. Ther. 301 (2002) 507–512.

[6] J.T. Dalton, M.C. Meyer, A.L. Golub, Pharmacokinetics of aminolevulinic acid after
oral and intravenous administration in dogs, Drug Metab. Dispos. 27 (1999)
432–435.

[7] Y. Hagiya, Y. Endo, Y. Yonemura, K. Takahashi, M. Ishizuka, F. Abe, et al., Pivotal
roles of peptide transporter PEPT1 and ATP-binding cassette (ABC) transporter
ABCG2 in 5-aminolevulinic acid (ALA)-based photocytotoxicity of gastric cancer
cells in vitro, Photodiagn. Photodyn. Ther. 9 (2012) 204–214.

[8] Y. Hagiya, H. Fukuhara, K. Matsumoto, Y. Endo, M. Nakajima, T. Tanaka, et al., Ex-
pression levels of PEPT1 and ABCG2 play key roles in 5-aminolevulinic acid
(ALA)-induced tumor-specific protoporphyrin IX (PpIX) accumulation in bladder
cancer, Photodiagn. Photodyn. Ther. 10 (2013) 288–295.

[9] T.T. Tran, A. Mu, Y. Adachi, Y. Adachi, S. Taketani, Neurotransmitter transporter
family including SLC6A6 and SLC6A13 contributes to the 5-aminolevulinic acid
(ALA)-induced accumulation of protoporphyrin IX and photodamage, through up-
take of ALA by cancerous cells, Photochem. Photobiol. 90 (2014) 1136–1143.

[10] Y. Ohgari, Y. Nakayasu, S. Kitajima, M. Sawamoto, H. Mori, O. Shimokawa, et al.,
Mechanisms involved in delta-aminolevulinic acid (ALA)-induced photosensitivity
of tumor cells: relation of ferrochelatase and uptake of ALA to the accumulation of
protoporphyrin, Biochem. Pharmacol. 71 (2005) 42–49.

[11] F. Yamamoto, Y. Ohgari, N. Yamaki, S. Kitajima, O. Shimokawa, H. Matsui, et al., The
role of nitric oxide in delta-aminolevulinic acid (ALA)-induced photosensitivity of
cancerous cells, Biochem. Biophys. Res. Commun. 353 (2007) 541–546.

[12] P.N. Paradkar, K.B. Zumbrennen, B.H. Paw, D.M. Ward, J. Kaplan, Regulation of mi-
tochondrial iron import through differential turnover of mitoferrin 1 and
mitoferrin 2, Mol. Cell. Biol. 29 (2009) 1007–1016.

[13] T. Yoon, J.A. Cowan, Frataxin-mediated iron delivery to ferrochelatase in the final
step of heme biosynthesis, J. Biol. Chem. 279 (2004) 25943–25946.

[14] Y. Ohgari, Y. Miyata, T. Miyagi, S. Gotoh, T. Ohta, T. Kataoka, et al., Roles of porphy-
rin and iron metabolisms in the delta-aminolevulinic acid (ALA)-induced accumu-
lation of protoporphyrin and photodamage of tumor cells, Photochem. Photobiol.
87 (2011) 1138–1145.

[15] M. Sawamoto, T. Imai, M. Umeda, K. Fukuda, T. Kataoka, S. Taketani, The p53-
dependent expression of frataxin controls 5-aminolevulinic acid-induced accumu-
lation of protoporphyrin IX and photo-damage in cancerous cells, Photochem.
Photobiol. 89 (2013) 163–172.

[16] T. Namikawa, K. Inoue, S. Uemura, M. Shiga, H. Maeda, H. Kitagawa, et al., Photody-
namic diagnosis using 5-aminolevulinic acid during gastrectomy for gastric cancer,
J. Surg. Oncol. 109 (2014) 213–217.

[17] K. Inoue, H. Fukuhara, T. Shimamoto, M. Kamada, T. Iiyama, M. Miyamura, et al.,
Comparison between intravesical and oral administration of 5-aminolevulinic
acid in the clinical benefit of photodynamic diagnosis for nonmuscle invasive blad-
der cancer, Cancer 118 (2012) 1062–1074.

[18] C.S. Loh, D. Vernon, A.J. MacRobert, J. Bedwell, S.G. Bown, S.B. Brown, Endogenous
porphyrin distribution induced by 5-aminolaevulinic acid in the tissue layers of the
gastrointestinal tract, J. Photochem. Photobiol. B Biol. 20 (1993) 47–54.

[19] T.J. Dougherty, C.J. Gomer, B.W. Henderson, G. Jori, D. Kessel, M. Korbelik, et al.,
Photodynamic therapy, J. Natl. Cancer Inst. 90 (1998) 889–905.

[20] S.B. Brown, E.A. Brown, I. Walker, The present and future role of photodynamic
therapy in cancer treatment, Lancet Oncol. 5 (2004) 497–508.

[21] P. Agostinis, K. Berg, K.A. Cengel, T.H. Foster, A.W. Girotti, S.O. Gollnick, et al., Pho-
todynamic therapy of cancer: an update, CA Cancer J. Clin. 61 (2011) 250–281.

[22] J.C. Kennedy, R.H. Pottier, D.C. Pross, Photodynamic therapy with endogenous pro-
toporphyrin IX: basic principles and present clinical experience, J. Photochem.
Photobiol. B Biol. 6 (1990) 143–148.

[23] B. Krammer, K. Plaetzer, ALA and its clinical impact, from bench to bedside,
Photochem. Photobiol. Sci. 7 (2008) 283–289.

[24] Y. Hagiya, T. Adachi, S. Ogura, R. An, A. Tamura, H. Nakagawa, et al., Nrf2-
dependent induction of human ABC transporter ABCG2 and heme oxygenase-1
in HepG2 cells by photoactivation of porphyrins: biochemical implications for can-
cer cell response to photodynamic therapy, J. Exp. Ther. Oncol. 7 (2008) 153–167.

[25] J. Hou, S. Cai, Y. Kitajima,M. Fujino, H. Ito, K. Takahashi, et al., 5-Aminolevulinic acid
combined with ferrous iron induces carbon monoxide generation in mouse kid-
neys and protects from renal ischemia–reperfusion injury, Am. J. Physiol. Ren.
Physiol. 305 (2013) F1149–F1157.

[26] M.D. Maines, Heme oxygenase: function, multiplicity, regulatory mechanisms, and
clinical applications, FASEB J. 2 (1988) 2557–2568.

[27] S.A. Rushworth, X.L. Chen, N. Mackman, R.M. Ogborne, M.A. O'Connell,
Lipopolysaccharide-induced heme oxygenase-1 expression in human monocytic
cells is mediated via Nrf2 and protein kinase C, J. Immunol. 175 (2005) 4408–4415.

http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0005
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0005
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0005
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0010
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0010
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0010
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0015
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0015
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0015
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0020
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0020
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0020
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0025
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0025
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0025
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0030
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0030
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0030
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0035
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0035
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0035
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0035
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0040
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0040
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0040
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0040
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0045
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0045
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0045
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0045
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0050
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0050
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0050
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0050
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0055
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0055
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0055
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0060
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0060
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0060
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0065
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0065
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0070
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0070
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0070
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0070
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0075
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0075
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0075
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0075
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0080
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0080
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0080
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0085
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0085
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0085
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0085
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0090
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0090
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0090
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0095
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0095
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0100
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0100
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0105
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0105
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0110
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0110
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0110
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0115
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0115
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0120
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0120
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0120
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0120
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0125
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0125
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0125
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0125
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0130
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0130
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0135
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0135
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0135


77M. Fujino et al. / International Immunopharmacology 37 (2016) 71–78
[28] M. Rizzardini, M. Terao, F. Falciani, L. Cantoni, Cytokine induction of haem oxygen-
ase mRNA in mouse liver. Interleukin 1 transcriptionally activates the haem oxy-
genase gene, Biochem. J. 290 (Pt 2) (1993) 343–347.

[29] C.M. Terry, J.A. Clikeman, J.R. Hoidal, K.S. Callahan, TNF-alpha and IL-1alpha induce
heme oxygenase-1 via protein kinase C, Ca2+, and phospholipase A2 in endothelial
cells, Am. J. Physiol. 276 (1999) H1493–H1501.

[30] J. Alam, S. Shibahara, A. Smith, Transcriptional activation of the heme oxygenase
gene by heme and cadmium in mouse hepatoma cells, J. Biol. Chem. 264 (1989)
6371–6375.

[31] V.E. Reeve, M. Allanson, J.L. Cho, S.J. Arun, D. Domanski, Interdependence between
heme oxygenase-1 induction and estrogen-receptor-beta signaling mediates
photoimmune protection by UVA radiation in mice, J. Investig. Dermatol. 129
(2009) 2702–2710.

[32] M.D. Maines, J.F. Ewing, Stress response of the rat testis: in situ hydridization and
immunohistochemical analysis of heme oxygenase-1 (HSP32) induction by hyper-
thermia, Biol. Reprod. 54 (1996) 1070–1079.

[33] T. Kitamuro, K. Takahashi, K. Ogawa, R. Udono-Fujimori, K. Takeda, K. Furuyama,
et al., Bach1 functions as a hypoxia-inducible repressor for the heme oxygenase-
1 gene in human cells, J. Biol. Chem. 278 (2003) 9125–9133.

[34] C.L. Hartsfield, J. Alam, J.L. Cook, A.M. Choi, Regulation of heme oxygenase-1 gene
expression in vascular smooth muscle cells by nitric oxide, Am. J. Physiol. 273
(1997) L980–L988.

[35] C. Hualin, X. Wenli, L. Dapeng, L. Xijing, P. Xiuhua, P. Qingfeng, The anti-
inflammatory mechanism of heme oxygenase-1 induced by hemin in primary
rat alveolar macrophages, Inflammation 35 (2012) 1087–1093.

[36] C. Cai, L. Teng, D. Vu, J.Q. He, Y. Guo, Q. Li, et al., The heme oxygenase 1 inducer
(CoPP) protects human cardiac stem cells against apoptosis through activation of
the extracellular signal-regulated kinase (ERK)/NRF2 signaling pathway and cyto-
kine release, J. Biol. Chem. 287 (2012) 33720–33732.

[37] Y. Shan, R.W. Lambrecht, S.E. Donohue, H.L. Bonkovsky, Role of Bach1 and Nrf2 in
up-regulation of the heme oxygenase-1 gene by cobalt protoporphyrin, FASEB J. 20
(2006) 2651–2653.

[38] M.H. Kapturczak, C. Wasserfall, T. Brusko, M. Campbell-Thompson, T.M. Ellis, M.A.
Atkinson, et al., Heme oxygenase-1 modulates early inflammatory responses: evi-
dence from the heme oxygenase-1-deficient mouse, Am. J. Pathol. 165 (2004)
1045–1053.

[39] A. Yachie, Y. Niida, T. Wada, N. Igarashi, H. Kaneda, T. Toma, et al., Oxidative stress
causes enhanced endothelial cell injury in human heme oxygenase-1 deficiency, J.
Clin. Investig. 103 (1999) 129–135.

[40] K.D. Poss, S. Tonegawa, Reduced stress defense in heme oxygenase 1-deficient
cells, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 10925–10930.

[41] Y. Masuya, K. Hioki, R. Tokunaga, S. Taketani, Involvement of the tyrosine phos-
phorylation pathway in induction of human heme oxygenase-1 by hemin, sodium
arsenite, and cadmium chloride, J. Biochem. 124 (1998) 628–633.

[42] X. Zhang, E.L. Bedard, R. Potter, R. Zhong, J. Alam, A.M. Choi, et al., Mitogen-
activated protein kinases regulate HO-1 gene transcription after ischemia–reperfu-
sion lung injury, Am. J. Physiol. Lung Cell. Mol. Physiol. 283 (2002) L815–L829.

[43] C.K. Andreadi, L.M. Howells, P.A. Atherfold, M.M. Manson, Involvement of Nrf2,
p38, B-Raf, and nuclear factor-kappaB, but not phosphatidylinositol 3-kinase, in in-
duction of hemeoxygenase-1 by dietary polyphenols, Mol. Pharmacol. 69 (2006)
1033–1040.

[44] P. Moi, K. Chan, I. Asunis, A. Cao, Y.W. Kan, Isolation of NF-E2-related factor 2
(Nrf2), a NF-E2-like basic leucine zipper transcriptional activator that binds to
the tandem NF-E2/AP1 repeat of the beta-globin locus control region, Proc. Natl.
Acad. Sci. U. S. A. 91 (1994) 9926–9930.

[45] T. Oyake, K. Itoh, H. Motohashi, N. Hayashi, H. Hoshino, M. Nishizawa, et al., Bach
proteins belong to a novel family of BTB-basic leucine zipper transcription factors
that interact with MafK and regulate transcription through the NF-E2 site, Mol.
Cell. Biol. 16 (1996) 6083–6095.

[46] K. Igarashi, H. Hoshino, A. Muto, N. Suwabe, S. Nishikawa, H. Nakauchi, et al., Mul-
tivalent DNA binding complex generated by small Maf and Bach1 as a possible bio-
chemical basis for beta-globin locus control region complex, J. Biol. Chem. 273
(1998) 11783–11790.

[47] K. Itoh, N. Wakabayashi, Y. Katoh, T. Ishii, K. Igarashi, J.D. Engel, et al., Keap1 re-
presses nuclear activation of antioxidant responsive elements by Nrf2 through
binding to the amino-terminal Neh2 domain, Genes Dev. 13 (1999) 76–86.

[48] J. Alam, D. Stewart, C. Touchard, S. Boinapally, A.M. Choi, J.L. Cook, Nrf2, a
Cap'n'Collar transcription factor, regulates induction of the heme oxygenase-1
gene, J. Biol. Chem. 274 (1999) 26071–26078.

[49] T. Ishii, K. Itoh, S. Takahashi, H. Sato, T. Yanagawa, Y. Katoh, et al., Transcription fac-
tor Nrf2 coordinately regulates a group of oxidative stress-inducible genes in mac-
rophages, J. Biol. Chem. 275 (2000) 16023–16029.

[50] D. Talbot, F. Grosveld, The 5′HS2 of the globin locus control region enhances tran-
scription through the interaction of a multimeric complex binding at two function-
ally distinct NF-E2 binding sites, EMBO J. 10 (1991) 1391–1398.

[51] H. Motohashi, J.A. Shavit, K. Igarashi, M. Yamamoto, J.D. Engel, The world according
to Maf, Nucleic Acids Res. 25 (1997) 2953–2959.

[52] N.S. Rajasekaran, S. Varadharaj, G.D. Khanderao, C.J. Davidson, S. Kannan, M.A.
Firpo, et al., Sustained activation of nuclear erythroid 2-related factor 2/antioxidant
response element signaling promotes reductive stress in thehumanmutant protein
aggregation cardiomyopathy in mice, Antioxid. Redox Signal. 14 (2011) 957–971.

[53] M. Furukawa, Y. Xiong, BTB protein Keap1 targets antioxidant transcription factor
Nrf2 for ubiquitination by the Cullin 3-Roc1 ligase,Mol. Cell. Biol. 25 (2005) 162–171.

[54] J.J. Boyle, M. Johns, J. Lo, A. Chiodini, N. Ambrose, P.C. Evans, et al., Heme induces
heme oxygenase 1 via Nrf2: role in the homeostatic macrophage response to
intraplaque hemorrhage, Arterioscler. Thromb. Vasc. Biol. 31 (2011) 2685–2691.
[55] K. Ogawa, J. Sun, S. Taketani, O. Nakajima, C. Nishitani, S. Sassa, et al., Heme medi-
ates derepression of Maf recognition element through direct binding to transcrip-
tion repressor Bach1, EMBO J. 20 (2001) 2835–2843.

[56] J. Sun, H. Hoshino, K. Takaku, O. Nakajima, A. Muto, H. Suzuki, et al., Hemoprotein
Bach1 regulates enhancer availability of heme oxygenase-1 gene, EMBO J. 21
(2002) 5216–5224.

[57] G. Li Volti, L.F. Rodella, C. Di Giacomo, R. Rezzani, R. Bianchi, E. Borsani, et al., Role of
carbon monoxide and biliverdin in renal ischemia/reperfusion injury, Nephron
Exp. Nephrol. 104 (2006) e135–e139.

[58] J.S. Neto, A. Nakao, K. Kimizuka, A.J. Romanosky, D.B. Stolz, T. Uchiyama, et al., Pro-
tection of transplant-induced renal ischemia–reperfusion injury with carbonmon-
oxide, Am. J. Physiol. Ren. Physiol. 287 (2004) F979–F989.

[59] C. Chauveau, D. Bouchet, J.C. Roussel, P. Mathieu, C. Braudeau, K. Renaudin, et al.,
Gene transfer of heme oxygenase-1 and carbon monoxide delivery inhibit chronic
rejection, Am. J. Transplant. 2 (2002) 581–592.

[60] A. Nakao, H. Toyokawa,M. Abe, T. Kiyomoto, K. Nakahira, A.M. Choi, et al., Heart allo-
graft protectionwith low-dose carbonmonoxide inhalation: effects on inflammatory
mediators and alloreactive T-cell responses, Transplantation 81 (2006) 220–230.

[61] J.S. Neto, A. Nakao, H. Toyokawa, M.A. Nalesnik, A.J. Romanosky, K. Kimizuka, et al.,
Low-dose carbon monoxide inhalation prevents development of chronic allograft
nephropathy, Am. J. Physiol. Ren. Physiol. 290 (2006) F324–F334.

[62] L.E. Otterbein, B.S. Zuckerbraun, M. Haga, F. Liu, R. Song, A. Usheva, et al., Carbon
monoxide suppresses arteriosclerotic lesions associated with chronic graft rejec-
tion and with balloon injury, Nat. Med. 9 (2003) 183–190.

[63] K. Sato, J. Balla, L. Otterbein, R.N. Smith, S. Brouard, Y. Lin, et al., Carbon monoxide
generated by heme oxygenase-1 suppresses the rejection of mouse-to-rat cardiac
transplants, J. Immunol. 166 (2001) 4185–4194.

[64] S.A. Hosgood, A. Bagul, B. Yang, M.L. Nicholson, The relative effects of warm and
cold ischemic injury in an experimental model of nonheartbeating donor kidneys,
Transplantation 85 (2008) 88–92.

[65] A. Nakao, A.M. Choi, N. Murase, Protective effect of carbon monoxide in transplan-
tation, J. Cell. Mol. Med. 10 (2006) 650–671.

[66] G. Faleo, J.S. Neto, J. Kohmoto, K. Tomiyama, H. Shimizu, T. Takahashi, et al., Carbon
monoxide ameliorates renal cold ischemia–reperfusion injury with an upregula-
tion of vascular endothelial growth factor by activation of hypoxia-inducible factor,
Transplantation 85 (2008) 1833–1840.

[67] T. Kaizu, A. Nakao, A. Tsung, H. Toyokawa, R. Sahai, D.A. Geller, et al., Carbon mon-
oxide inhalation ameliorates cold ischemia/reperfusion injury after rat liver trans-
plantation, Surgery 138 (2005) 229–235.

[68] A. Nakao, K. Kimizuka, D.B. Stolz, J. Seda Neto, T. Kaizu, A.M. Choi, et al., Protective
effect of carbon monoxide inhalation for cold-preserved small intestinal grafts,
Surgery 134 (2003) 285–292.

[69] C.A. Adin, B.P. Croker, A. Agarwal, Protective effects of exogenous bilirubin on is-
chemia–reperfusion injury in the isolated, perfused rat kidney, Am. J. Physiol.
Ren. Physiol. 288 (2005) F778–F784.

[70] A. Nakao, J.S. Neto, S. Kanno, D.B. Stolz, K. Kimizuka, F. Liu, et al., Protection against
ischemia/reperfusion injury in cardiac and renal transplantation with carbonmon-
oxide, biliverdin and both, Am. J. Transplant. 5 (2005) 282–291.

[71] H. Munakata, J.Y. Sun, K. Yoshida, T. Nakatani, E. Honda, S. Hayakawa, et al., Role of
the heme regulatory motif in the heme-mediated inhibition of mitochondrial im-
port of 5-aminolevulinate synthase, J. Biochem. 136 (2004) 233–238.

[72] L.M. Al-Huseini, H.X. Aw Yeang, S. Sethu, N. Alhumeed, J.M. Hamdam, Y. Tingle,
et al., Nuclear factor-erythroid 2 (NF-E2) p45-related factor-2 (Nrf2) modulates
dendritic cell immune function through regulation of p38 MAPK-cAMP-
responsive element binding protein/activating transcription factor 1 signaling, J.
Biol. Chem. 288 (2013) 22281–22288.

[73] R.T. Figueiredo, P.L. Fernandez, D.S. Mourao-Sa, B.N. Porto, F.F. Dutra, L.S. Alves,
et al., Characterization of heme as activator of Toll-like receptor 4, J. Biol. Chem.
282 (2007) 20221–20229.

[74] L.M. Al-Huseini, H.X. Aw Yeang, J.M. Hamdam, S. Sethu, N. Alhumeed, W. Wong,
et al., Heme oxygenase-1 regulates dendritic cell function through modulation of
p38 MAPK-CREB/ATF1 signaling, J. Biol. Chem. 289 (2014) 16442–16451.

[75] V. Prasad, J.N. Lorenz, M.L. Miller, K. Vairamani, M.L. Nieman, Y. Wang, et al., Loss of
NHE1 activity leads to reduced oxidative stress in heart and mitigates high-fat
diet-induced myocardial stress, J. Mol. Cell. Cardiol. 65 (2013) 33–42.

[76] C.M. Rosa, N.P. Xavier, D. Henrique Campos, A.A. Fernandes, M.D. Cezar, P.F.
Martinez, et al., Diabetes mellitus activates fetal gene program and intensifies car-
diac remodeling and oxidative stress in aged spontaneously hypertensive rats,
Cardiovasc. Diabetol. 12 (2013) 152.

[77] J. Tonon, F.A. Guarnier, C.R. Brunnquell, S.S. Bernardes, A.L. Cecchini, R. Cecchini,
Oxidative status and chymotrypsin-like activity in right and left ventricle hypertro-
phy in an experimentalmodel of emphysema, Pathophysiology20 (2013) 249–256.

[78] W.C. Claycomb, N.A. Lanson Jr., B.S. Stallworth, D.B. Egeland, J.B. Delcarpio, A.
Bahinski, et al., HL-1 cells: a cardiac muscle cell line that contracts and retains phe-
notypic characteristics of the adult cardiomyocyte, Proc. Natl. Acad. Sci. U. S. A. 95
(1998) 2979–2984.

[79] K.R. Brunt, M.R. Tsuji, J.H. Lai, R.T. Kinobe, W. Durante, W.C. Claycomb, et al., Heme
oxygenase-1 inhibits pro-oxidant induced hypertrophy in HL-1 cardiomyocytes,
Exp. Biol. Med. (Maywood) 234 (2009) 582–594.

[80] A.K. Dhalla, M.F. Hill, P.K. Singal, Role of oxidative stress in transition of hypertro-
phy to heart failure, J. Am. Coll. Cardiol. 28 (1996) 506–514.

[81] S.K. Maulik, S. Kumar, Oxidative stress and cardiac hypertrophy: a review, Toxicol.
Mech. Methods 22 (2012) 359–366.

[82] M. Takemoto, K. Node, H. Nakagami, Y. Liao, M. Grimm, Y. Takemoto, et al., Statins
as antioxidant therapy for preventing cardiac myocyte hypertrophy, J. Clin.
Investig. 108 (2001) 1429–1437.

http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0140
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0140
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0140
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0145
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0145
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0145
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0145
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0150
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0150
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0150
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0155
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0155
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0155
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0155
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0160
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0160
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0160
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0165
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0165
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0165
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0170
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0170
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0170
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0175
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0175
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0175
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0180
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0180
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0180
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0180
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0185
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0185
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0185
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0190
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0190
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0190
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0190
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0195
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0195
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0195
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0200
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0200
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0205
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0205
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0205
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0210
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0210
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0210
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0215
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0215
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0215
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0215
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0220
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0220
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0220
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0220
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0225
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0225
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0225
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0225
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0230
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0230
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0230
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0230
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0235
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0235
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0235
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0240
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0240
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0240
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0245
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0245
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0245
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0250
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0250
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0250
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0255
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0255
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0260
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0260
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0260
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0260
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0265
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0265
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0270
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0270
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0270
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0275
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0275
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0275
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0280
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0280
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0280
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0285
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0285
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0285
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0290
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0290
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0290
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0295
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0295
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0295
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0300
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0300
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0300
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0305
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0305
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0305
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0310
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0310
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0310
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0315
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0315
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0315
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0320
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0320
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0320
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0325
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0325
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0330
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0330
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0330
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0330
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0335
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0335
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0335
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0340
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0340
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0340
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0345
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0345
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0345
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0350
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0350
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0350
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0355
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0355
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0355
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0360
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0360
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0360
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0360
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0360
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0365
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0365
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0365
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0370
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0370
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0370
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0375
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0375
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0375
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0380
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0380
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0380
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0380
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0385
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0385
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0385
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0390
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0390
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0390
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0390
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0395
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0395
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0395
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0400
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0400
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0405
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0405
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0410
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0410
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0410


78 M. Fujino et al. / International Immunopharmacology 37 (2016) 71–78
[83] H. Yamawaki, J. Haendeler, B.C. Berk, Thioredoxin: a key regulator of cardiovascular
homeostasis, Circ. Res. 93 (2003) 1029–1033.

[84] M. Zhao, H. Guo, J. Chen, M. Fujino, H. Ito, K. Takahashi, et al., 5-Aminolevulinic acid
combined with sodium ferrous citrate ameliorates H2O2-induced cardiomyocyte
hypertrophy via activation of the MAPK/Nrf2/HO-1 pathway, Am. J. Physiol. Cell
Physiol. 308 (2015) C665–C672.

[85] H.S. Hwang, K.J. Yang, K.C. Park, H.S. Choi, S.H. Kim, S.Y. Hong, et al., Pretreatment
with paricalcitol attenuates inflammation in ischemia–reperfusion injury via the
up-regulation of cyclooxygenase-2 and prostaglandin E2, Nephrol. Dial. Transplant.
28 (2013) 1156–1166.

[86] H.M. Isoniemi, L. Krogerus, E. vonWillebrand, E. Taskinen, J. Ahonen, P. Hayry, His-
topathological findings in well-functioning, long-term renal allografts, Kidney Int.
41 (1992) 155–160.

[87] K.V. Rao, C.M. Kjellstrand, Post transplant acute renal failure: a review, Clin. Exp.
Dial. Apheresis 7 (1983) 127–143.

[88] A. Sener, K.C. Tran, J.P. Deng, B. Garcia, Z. Lan, W. Liu, et al., Carbon monoxide re-
leasing molecules inhibit cell death resulting from renal transplantation related
stress, J. Urol. 190 (2013) 772–778.

[89] A.K. Keller, T.M. Jorgensen, D.M. Vittrup, U.K. Kjerkegaard, B. Jespersen, S.R. Krag,
et al., Fast detection of renal ischemia in transplanted kidneys with delayed graft
function—an experimental study, Transplantation 95 (2013) 275–279.

[90] J.T. Powell, D.S. Tsapepas, S.T. Martin, M.A. Hardy, L.E. Ratner, Managing renal
transplant ischemia reperfusion injury: novel therapies in the pipeline, Clin.
Transpl. 27 (2013) 484–491.

[91] S.M. Fiser, C.G. Tribble, S.M. Long, A.K. Kaza, J.A. Kern, I.L. Kron, Pulmonary macro-
phages are involved in reperfusion injury after lung transplantation, Ann. Thorac.
Surg. 71 (2001) 1134–1138 discussion 8-9.

[92] J. Panes, M. Perry, D.N. Granger, Leukocyte–endothelial cell adhesion: avenues for
therapeutic intervention, Br. J. Pharmacol. 126 (1999) 537–550.
[93] B. Smedsrod, P.J. De Bleser, F. Braet, P. Lovisetti, K. Vanderkerken, E. Wisse, et al.,
Cell biology of liver endothelial and Kupffer cells, Gut 35 (1994) 1509–1516.

[94] S.J. Weiss, Tissue destruction by neutrophils, N. Engl. J. Med. 320 (1989) 365–376.
[95] J. Hou, Q. Zhang, M. Fujino, S. Cai, H. Ito, K. Takahashi, et al., 5-Aminolevulinic acid

with ferrous iron induces permanent cardiac allograft acceptance in mice via in-
duction of regulatory cells, J. Heart Lung Transplant. 34 (2015) 254–263.

[96] M.C. Ruzek, S. Jha, S. Ledbetter, S.M. Richards, R.D. Garman, A modified model of
graft-versus-host-induced systemic sclerosis (scleroderma) exhibits all major as-
pects of the human disease, Arthritis Rheum. 50 (2004) 1319–1331.

[97] P. Bing, L. Maode, F. Li, H. Sheng, Expression of renal transforming growth factor-
beta and its receptors in a rat model of chronic cyclosporine-induced nephropathy,
Transplant. Proc. 38 (2006) 2176–2179.

[98] R.N. Mitchell, Graft vascular disease: immune response meets the vessel wall,
Annu. Rev. Pathol. 4 (2009) 19–47.

[99] A.B. Magil, Monocytes/macrophages in renal allograft rejection, Transplant. Rev.
(Orlando) 23 (2009) 199–208.

[100] K.R.Wyburn, M.D. Jose, H.Wu, R.C. Atkins, S.J. Chadban, The role of macrophages in
allograft rejection, Transplantation 80 (2005) 1641–1647.

[101] R.B. Mannon, Macrophages: contributors to allograft dysfunction, repair, or inno-
cent bystanders? Curr. Opin. Organ Transplant. 17 (2012) 20–25.

[102] E. Sierra-Filardi, M.A. Vega, P. Sanchez-Mateos, A.L. Corbi, A. Puig-Kroger, Heme ox-
ygenase-1 expression in M-CSF-polarized M2 macrophages contributes to LPS-
induced IL-10 release, Immunobiology 215 (2010) 788–795.

[103] Y. Nishio, M. Fujino, M. Zhao, T. Ishii, M. Ishizuka, H. Ito, et al., 5-Aminolevulinic
acid combined with ferrous iron enhances the expression of heme oxygenase-1,
Int. Immunopharmacol. 19 (2014) 300–307.

http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0415
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0415
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0420
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0420
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0420
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0420
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0420
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0420
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0425
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0425
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0425
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0425
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0430
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0430
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0430
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0435
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0435
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0440
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0440
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0440
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0445
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0445
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0445
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0450
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0450
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0450
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0455
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0455
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0455
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0460
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0460
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0465
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0465
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0470
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0475
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0475
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0475
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0480
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0480
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0480
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0485
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0485
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0485
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0490
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0490
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0495
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0495
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0500
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0500
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0505
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0505
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0510
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0510
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0510
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0515
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0515
http://refhub.elsevier.com/S1567-5769(15)30202-2/rf0515

	5-�Aminolevulinic acid regulates the inflammatory response and alloimmune reaction
	1. Introduction
	2. Tumor therapy
	2.1. Tumor cells and PpIX accumulation
	2.2. 5-ALA and PDD
	2.3. 5-ALA and PDT

	3. 5-ALA and anti-inflammatory and immunoregulatory properties
	3.1. HO-1
	3.2. HO-1 and signal transduction pathway
	3.3. HO-1 and Nrf2
	3.4. Heme
	3.5. CO
	3.6. Bilirubin/biliverdin
	3.7. HO-1 and regulatory dendritic cells (RegDC)

	4. Application of 5-ALA in inflammatory diseases and transplantation
	4.1. Cardiomyocyte hypertrophy
	4.2. Renal IRI
	4.3. Cardiac allograft
	4.4. Systemic sclerosis (SSc)
	4.5. Chronic cyclosporine nephropathy

	5. HO-1 expression by 5-ALA/SFC in macrophages
	6. Conclusion
	Conflicts of interest
	Acknowledgments
	References


