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A B S T R A C T   

Renal ischemia-reperfusion (IR)-induced tissue hypoxia causes impaired energy metabolism and oxidative stress. 
These conditions lead to tubular cell damage, which is a cause of acute kidney injury (AKI) and AKI to chronic 
kidney disease (CKD). Three key molecules, i.e., hypoxia-inducible factor-1α (HIF-1α), AMP-activated protein 
kinase (AMPK), and nuclear factor E2-related factor 2 (Nrf2), have the potential to protect tubular cells from 
these disorders. Although carbon monoxide (CO) can comprehensively induce these three molecules via the 
action of mitochondrial reactive oxygen species (mtROS), the issue of whether CO induces these molecules in 
tubular cells remains unclear. Herein, we report that CO-enriched red blood cells (CO-RBC) cell therapy, the 
inspiration for which is the in vivo CO delivery system, exerts a renoprotective effect on hypoxia-induced tubular 
cell damage via the upregulation of the above molecules. Experiments using a mitochondria-specific antioxidant 
provide evidence to show that CO-driven mtROS partially contributes to the upregulation of the aforementioned 
molecules in tubular cells. CO-RBC ameliorates the pathological conditions of IR-induced AKI model mice via 
activation of these molecules. CO-RBC also prevents renal fibrosis via the suppression of epithelial mesenchymal 
transition and transforming growth factor-β1 secretion in an IR-induced AKI to CKD model mice. In conclusion, 
our results confirm that the bioinspired CO delivery system prevents the pathological conditions of both AKI and 
AKI to CKD via the amelioration of hypoxia inducible tubular cell damage, thereby making it an effective cell 
therapy for treating the progression to CKD.  
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ATP, adenosine triphosphate; NOX, NADPH oxidase; Kim-1, kidney injury molecule-1; COL1A1, Collagen 1A1; PPARγ, peroxisome growth factor-activating receptor 
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1. Introduction 

Chronic kidney disease (CKD) is a high-risk disease that eventually 
leads to end-stage renal disease (ESRD) and is characterized by inter-
stitial fibrosis [1,2]. Its prevalence is about 10% worldwide, and the 
number of patients continues to increase year by year [3]. Unfortu-
nately, the lost renal function of CKD patients cannot be recovered, and 
there is currently no reliable treatment for both CKD and ESRD. Given 
this fact, the development of a new therapeutic strategy for preventing 
the progression to CKD would be highly desirable. 

Acute kidney injury (AKI) is a disease in which renal function de-
clines rapidly with a transient loss of tubular cells [4]. There is a positive 
correlation between the severity or frequency of AKI and the degree of 
renal fibrosis [5,6]. A recent epidemiological study reported that 25% of 
AKI patients, who recovered their renal function, eventually progress to 
CKD [7]. Thus, AKI is recognized as an independent risk factor for CKD 
[8]. During the progression to CKD from AKI, an abnormal condition 
develops in which incompletely repaired tubular cells remain in the 
kidney [9]. Ishani, A. et al. defined this condition as an AKI to CKD 
transition (AKI to CKD), which is a new concept in renal pathology [10]. 
Therefore, new therapeutic strategies that can alleviate the tubular cell 
damage common to AKI and AKI to CKD have the potential to inhibit the 
progression to CKD. 

Ischemia-reperfusion (IR), which is carried out during renal trans-
plantation and cardiovascular surgery, causes tissue hypoxia [11]. The 
condition induces impaired energy metabolism [12] and oxidative stress 
[13], leading to tubular cell apoptosis. Mildly damaged tubular cells can 
be completely repaired through the process of dedifferentiation and 
proliferation, whereas severe damage results in incomplete repair due to 
the reduced level of adenosine triphosphate (ATP) production which is 
required for tissue repair [14]. These incomplete cells are transformed 
into fibroblasts via an epithelial mesenchymal transition (EMT) and 
subsequently activate surrounding fibroblasts via the secretion of hu-
moral factors such as transforming growth factor-β1 (TGF-β1), resulting 
in the development of renal fibrosis [9]. 

As of this writing, it has been reported that the activation of the 
following three molecules suppresses tubular cell damage due to the 
pharmacological benefit; 1) hypoxia-inducible factor-1α (HIF-1α) to 
improve tissue hypoxia [15], 2) AMP-activated protein kinase (AMPK) 
to maintain intracellular energy homeostasis [16] and 3) nuclear factor 
E2-related factor 2 (Nrf2) to control the antioxidant mechanisms [17]. 
Moreover, a dual agonist of Nrf2 and AMPK synergistically enhances 
their effects compared to each single agonist [18]. Therefore, bioactive 
substances, which can comprehensively activate these three molecules, 
would be expected to ameliorate tubular cell damage. 

Carbon monoxide (CO) is widely recognized as toxic gas, high con-
centrations of which can cause rapid death due to respiratory depression 
[19,20]. However, recent advances in gas biology have revealed that 
low concentrations of CO are constantly produced inside the body by the 
action of heme oxygenase-1 (HO-1), and the resulting CO functions as an 
intracellular signal transduction molecule [21–24]. Interestingly, CO 
promotes HIF-1α stabilization [25–27], the phosphorylation of AMPK 
[26,28–30] and the nuclear translocation of Nrf2 [31,32] in various 
cells. These findings led us to hypothesize that CO might have the po-
tential to improve the pathological conditions of both AKI and AKI to 
CKD through the activation of these signaling pathways. However, there 
is currently no information available on whether CO influences the 
HIF-1α, AMPK and Nrf2 pathways in tubular cells, thereby exhibiting 
renoprotective effects on AKI or AKI to CKD. 

The CO that is inhaled is then delivered to the blood via the lung. 
Most of the CO binds to a part of hemoglobin (Hb) in red blood cells 
(RBC) and then circulates in the blood [33,34]. The resulting CO is then 
supplied to organs [35]. In other words, this represents an in vivo CO 
delivery system. To apply CO in vivo, we previously established a cell 
therapy using CO-enriched RBC (CO-RBC) in which instead of oxygen 
(O2), CO is bound to almost all the Hb molecules of RBC [36–38]. This 

bioinspired CO delivery system was found to improve the lethality of 
rats with massive hemorrhagic shock in a manner that was equivalent to 
O2 bound RBC (O2-RBC) because CO-RBC functions as a dual gas donor 
of both CO and O2

39. 
The aim of this study was to clarify the cytoprotective effect of CO on 

tubular cells, and subsequently, the renoprotective effect of CO-RBC on 
two types of experimental model mice, i.e., an IR-induced AKI model (IR- 
AKI) and an IR-induced AKI to CKD model (IR-AKI to CKD). 

2. Results 

2.1. CO activates HIF-1α, AMPK and Nrf2 in HK-2 cells 

We first investigated the activation of HIF-1α, AMPK and Nrf2 after 
treating HK-2 cells, a type of human proximal tubular cell, with O2-RBC 
or CO-RBC (1.0 × 107 cells/ml) for 0, 1, 3 and 6 h. Surprisingly, no 
obvious differences were found for the induction of HIF-1α, the phos-
phorylation of AMPK and the nuclear translocation of Nrf2 between the 
two treatments (S. Fig. 1A and B). This finding was also confirmed by the 
protein levels of the vascular growth factor (VEGF) and HO-1, both of 
which are downstream proteins that are regulated by HIF-1α and Nrf2, 
respectively (S. Fig. 1A). Considering the fact that human tubular cells 
are exposed to abundant RBC in the blood, these results suggest that 
endogenous proteins derived from RBC, such as Hb [40], have an impact 
on the levels of the above proteins. 

To examine the effect of CO-RBC under physiological conditions, we 
preconditioned HK-2 cells with O2-RBC. The protein levels of HIF-1α and 
the phosphorylation of AMPK increased transiently for periods of up to 
48 h after the O2-RBC preconditioning, and the levels then decreased to 
those of the controls (S. Fig. 1A and C). In addition, the nuclear trans-
location of Nrf2 was not increased at 96 h after the O2-RBC pre-
conditioning (S. Fig. 1D). These led us to conclude that HK-2 cells that 
had been pre-treated with O2-RBC for 96 h acquired the characteristics 
of human tubular cells. After treating the preconditioned HK-2 cells with 
CO-RBC for 6 h, the protein levels of HIF-1α, the phosphorylation of 
AMPK, and the nuclear translocation of Nrf2 were increased, while these 
effects were not observed in the case of the O2-RBC treatment (S. Fig. 1E 
and F). 

As discussed above, in vitro experiments using RBC are complicated 
and time-consuming. Because of this, we used CORM-2 as a CO donor 
[41] in the subsequent experiments to determine the effect of CO on 
tubular cells. Consistent with the results obtained for the CO-RBC 
treatment shown in S. Fig. 1E and F, the treatment with 100 μM 
CORM-2 resulted in the upregulation of the protein levels of HIF-1α and 
the phosphorylation of AMPK, as well as the nuclear translocation of 
Nrf2 (Fig. 1A and B). These phenomena were also confirmed by the 
protein levels of VEGF and HO-1 (Fig. 1A). On the other hand, these 
effects were not observed in the case of the treatment with inactive 
CORM-2 (iCORM-2) (S. Fig. 2A and B). In addition, the 100 μM CORM-2 
treatment had no effect on the viability of HK-2 cells (S. Fig. 2C). These 
findings led us to conclude that the CO derived from CORM-2 contrib-
utes to the activation of the above proteins. 

CO-driven mitochondrial reactive oxygen species (mtROS) are 
attributed to activate HIF-1α, AMPK and Nrf2 [25,28,31]. Therefore, we 
co-treated HK-2 cells with CORM-2 and Mito-TEMPO (10 μM), a 
mitochondria-specific antioxidant [42], to confirm whether 
Mito-TEMPO attenuates the CO-induced protein levels of each molecule 
or the nuclear translocation of Nrf2. The CORM-2-induced protein levels 
of HIF-1α and VEGF was suppressed with the treatment of Mito-TEMPO, 
whereas such phenomena were not observed for the protein levels of 
phosphorylation of AMPK and HO-1 or the nuclear translocation of Nrf2 
(Fig. 1C–E). 
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2.2. CO activates HIF-1α, AMPK and Nrf2 in HK-2 cells under hypoxia 
condition 

Considering the pathological conditions of the kidney, we assessed 
the issue of whether CO under hypoxia condition activates HIF-1α, 

AMPK and Nrf2. HK-2 cells were treated with CORM-2 in an experi-
mental hypoxia chamber for 48 h. The development of hypoxia resulted 
in an increase in the protein levels of HIF-1α and the phosphorylation of 
AMPK, but did not alter VEGF protein levels. On the other hand, treat-
ment with CORM-2 under hypoxia condition resulted in a great 

Fig. 1. CO activates HIF-1α, AMPK and Nrf2. To evaluate the effect of CO on the activation of HIF-1α, AMPK and Nrf2, HK-2 cells were treated with CORM-2 (100 
μM) for 0, 0.5, 1, 3 and 6 h, then analyzed by (A) immunoblot (n = 3/group) and (B) immunofluorescence. To confirm CO-driven mtROS on the activation of these 
molecules, HK-2 cells were treated with Mito-TEMPO (Mito, 10 μM) for 30 min before CORM-2 treatment, then analyzed by (C, D) immunoblot (n = 3/group) and (E) 
immunofluorescence. Results are expressed as the mean ± S.E.M. 
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upregulation in the protein levels of these molecules compared with 
under this condition alone (Fig. 2A). Further, the nuclear translocation 
of Nrf2 and HO-1 protein levels 6 h after exposure to hypoxia were 
increased by the CORM-2 treatment (Fig. 2B and C). 

2.3. CO mitigates hypoxia-induced tubular cell damage 

We next examined whether CO mitigates hypoxia-induced tubular 
cytotoxicity. The gene expression of the kidney injury molecule-1 (Kim- 
1), a marker for tubular cytotoxicity [43], was upregulated under hyp-
oxia condition, but the increase was significantly suppressed by CORM-2 
treatment (Fig. 3A). To determine the protective effect of CO derived 
from CORM-2 against tubular cell damage, we used hemoCD [44] (10 
μM), which is a complex of a cyclodextrin and iron porphyrin, in this 
experiment because it functions as a CO scavenger by coordinating CO to 
the iron porphyrin contained in this complex. As shown in Fig. 3A, the 
suppressive effect of CORM-2 on the gene expression of Kim-1 were 
canceled by the co-treatment with CORM-2 and hemoCD. This finding 
shows that hemoCD inhibited the intracellular translocation of CO 
derived from CORM-2 and possibly suppressed the activation of HIF-1α, 
AMPK and Nrf2, which resulted in the loss of the CO-induced cytopro-
tective effect. Further, the decreased cell viability under hypoxia con-
dition was restored by the CORM-2 treatment (Fig. 3B). Since 
intracellular ATP is mainly produced by oxidative phosphorylation with 
oxygen as a substrate, the levels of ATP were decreased under hypoxia 
condition, resulting in tubular cell damage [45]. Activated AMPK pro-
motes ATP production via mitochondrial oxidative phosphorylation 
[46]. Hence, we investigated the issue of whether CO enhances ATP 
production under hypoxia condition. The decreased ATP levels were 
restored by the CORM-2 treatment (Fig. 3C). One of the antioxidant 
capacities of CO is the inhibition of the protein levels of NADPH oxidase 
(NOX) [47]. Therefore, we evaluated NOX4, which is expressed at the 
highest level among the NOX isoforms in the kidney [48]. Increased 

NOX4 protein levels under hypoxia condition were decreased by the 
CORM-2 treatment (Fig. 3D), and this phenomenon was corroborated by 
the intracellular ROS levels (Fig. 3E). 

2.4. CO inhibits hypoxia-induced EMT 

We also examined whether CO exerts an antifibrotic effect on 
hypoxia-induced EMT. After exposing HK-2 cells to hypoxia for 96 h, the 
protein levels of α-SMA, a marker for activated fibroblasts [49], and 
TGF-β1 were increased while the protein levels of E-Cadherin, a marker 
for tubular epithelial cells [50], was decreased. In contrast, the treat-
ment of CORM-2 under hypoxia condition reversed their expression 
patterns (Fig. 3F). We next treated NRK-49F cells, rat renal fibroblasts, 
with the culture supernatant from HK-2 cells which had been treated 
with the presence or absence of CORM-2 under hypoxia condition. The 
protein levels of Collagen 1A1 (COL1A1) and α-SMA, both of which 
indicate the activation of fibroblasts [51], was significantly decreased in 
the culture supernatant from the HK-2 cells that had been treated with 
CORM-2 under hypoxia condition (Fig. 3G). 

2.5. Pre-administration of CO-RBC improves renal pathology in IR-AKI 

To apply CO-RBC in vivo, we first measured CO concentration in 
blood by gas chromatography after a single administration of CO-RBC 
(1400 mgHb/kg, iv). The concentration of CO in blood transiently 
increased and then gradually decreased to near the baseline value within 
90 min (Fig. 4A), suggesting that CO was distributed to the kidney with 
90 min after the administration of CO-RBC. We then measured the 
amount of CO in the kidney 90 min after the administration of CO-RBC. 
The CO-RBC administration increased the amount of CO by about 2-fold 
compared with that of the saline administration group (Fig. 4B). 

We prepared IR-AKI mice induced by renal IR, which is the most 
common cause of AKI [52,53]. Based on the result in Fig. 4B, the 

Fig. 2. CO activates HIF-1α, AMPK and Nrf2 under hypoxia condition. To examine the effect of CO on the activation of HIF-1α, AMPK, and Nrf2 under normoxia (N, 
21% O2) or hypoxia condition (H, 0.1% O2), HK-2 cells were treated with CORM-2 under hypoxia condition for 6 or 48 h, then analyzed by (A, C) immunoblot (n = 3/ 
group) and (B) immunofluorescence. Results are expressed as the mean ± S.E.M. 

T. Nagasaki et al.                                                                                                                                                                                                                               



Redox Biology 54 (2022) 102371

5

schedule of CO-RBC administration to IR-AKI mice was set at 90 min 
before reperfusion (Fig. 4C). The amount of CO in the kidney 1 day after 
IR was significantly increased in the CO-RBC administration group 
(Fig. 4D). The IR-induced gene expression of the Kim-1 was reduced in 
the CO-RBC administration group (Fig. 4E). Consistent with this result, 
IR-induced levels of blood urea nitrogen (BUN) and serum creatinine 
(SCr) were significantly reduced in the CO-RBC administration group 
(Fig. 4F and G). We further conducted PAS and TUNEL staining to 
evaluate renal histology and apoptosis, respectively. The characteristic 
findings of renal injury such as the formation of columnar, tubular 
apoptosis were observed in the saline administration group, while 

CO-RBC administration improved such findings (Fig. 4H). 

2.6. CO-RBC activates HIF-1α, AMPK and Nrf2 in IR-AKI 

We assessed the protein levels of HIF-1α, VEGF and the phosphory-
lation of AMPK to confirm the renoprotective mechanism for how CO- 
RBC improved the pathological condition of IR-AKI. The administra-
tion of CO-RBC significantly upregulated the protein levels of these 
molecules as well as the levels of ATP compared with saline adminis-
tration group (Fig. 5A and B). We next measured the antioxidant po-
tential of CO-RBC. The administration of CO-RBC tended to increase 

Fig. 3. CO mitigates hypoxia-inducible tubular cell damage. To examine the cytoprotective effect of CO on the tubular cell damage, cell viability, ATP levels, 
oxidative stress and EMT pathway under hypoxia condition, HK-2 cells were treated with CORM-2 under hypoxia condition for 48 or 96 h, then analyzed by (A) qRT- 
PCR (n = 3/group), (B) CCK-8 assay (n = 5/group), (C) ATP assay (n = 4/group), (D, F) immunoblot (n = 3/group), and (E) CM-H2DCF-DA assay. To examine the 
effect of CO on the interaction between tubular cells and fibroblast cells under hypoxia condition, NRK-49F cells were treated with the supernatant from HK-2 cells, 
which was cultured with or without CORM-2 under hypoxia condition for 96 h, then analyzed by (G) immunoblot (n = 3/group). Results are expressed as the mean 
± S.E.M. 
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protein levels of HO-1 and the nuclear translocation of Nrf2 (Fig. 5C and 
D). IR-induced renal NOX4 expression was significantly decreased in the 
CO-RBC administration group (Fig. 5C). We further performed immu-
nostaining for 4-hydroxynonenal (4-HNE) and nitrotyrosine (NO-Tyr), 
markers for oxidative stress in renal tissue [54,55]. The positive areas in 
the vicinity of the tubules were elevated in the saline administration 
group, whereas CO-RBC administration resulted in a decrease in such 
areas (Fig. 5D). The plasma level of diacron-reactive oxygen metabolites 
(d-ROMs) is an oxidative stress biomarker for AKI [56]. Consistence with 
the results of immunostaining with 4-HNE, NO-Tyr in renal tissue, the 
IR-induced levels of d-ROMs in plasma were attenuated in the CO-RBC 
administration group (Fig. 5E). 

2.7. CO-RBC suppresses inflammation in IR-AKI 

We examined the anti-inflammatory effects of CO-RBC. IR-induced 
the gene expression of inflammatory cytokines, i.e., TNF-α and IL-6, was 
decreased in the CO-RBC administration group (Fig. 5F and G). We 
further performed immunostaining for F4/80 (macrophages) and MPO 
(neutrophils) to assess the degree of infiltration of inflammatory cells. 
CO-RBC suppressed the IR-induced infiltration of these cells (Fig. 5I). 

The upregulation of the peroxisome growth factor-activating receptor γ 
(PPARγ) is partially attributed to the anti-inflammatory effects of CO 
[57]. The gene expression was significantly upregulated in the CO-RBC 
administration group (Fig. 5H). 

2.8. CO-RBC improves renal fibrosis in IR-AKI to CKD 

Three administrations of bardoxolone methyl, a Nrf2 activator, on 
every other day starting on 1 day after IR suppressed the pathological 
conditions of AKI to CKD [58]. Based on this administration schedule, 
we administered the CO-RBC (700 mgHb/kg, iv) to IR-AKI to CKD mice 
(Fig. 6A). Body weight loss is one of the physical findings that is typically 
observed during the acute exacerbation of CKD [59]. Although no 
variation in body weight was observed between the three groups 14 days 
after IR, the weight loss 7 days after IR was significantly suppressed in 
the CO-RBC administration group (Fig. 6B). Histopathological findings 
from PAS and TUNEL staining showed that the administration of 
CO-RBC improved the characteristic features of renal injury such as the 
development of columnar and tubular apoptosis (Fig. 6C). The staining 
of picrosirius red and masson’s trichrome as well as the quantification of 
hydroxyproline showed that the AKI to CKD-induced accumulation of 

Fig. 4. CO-RBC exerts a renoprotective effect against IR-AKI. (A) A schematic summary of the schedule used for CO-RBC administration and blood sampling. CO 
concentrations in blood were measured by gas chromatography (n = 3/group). (B) A schematic summary of the schedule used for saline or CO-RBC administration 
and kidney sampling. CO concentrations in kidney were measured by gas chromatography (n = 4/group). (C) A schematic summary of the administration schedule 
used for saline of CO-RBC against IR-AKI. (D) CO concentrations in kidney were measured (n = 5/group). To evaluate the effect of CO on the tubular cell damage, the 
kidney was analyzed, (E) qRT-PCR (n = 5/group) combined with staining for (H) PAS and TUNEL. (F, G) To measure the kidney function, plasma levels of BUN and 
SCr were evaluated (n = 5/group). Results are expressed as the mean ± S.E.M. 
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collagen was reduced in the CO-RBC administration group (Fig. 6D and 
E). To examine the issue of whether CO-RBC exerted an antifibrotic ef-
fect via the suppression of EMT, we conducted immunostaining for 
E-Cadherin and α-SMA. A decreased E-Cadherin protein levels and 
elevated α-SMA protein levels was observed 14 days after IR, while these 
expression patterns were reversed in the CO-RBC administration group 
(Fig. 6F). Moreover, AKI to CKD-induced TGF-β1 was decreased in the 

CO-RBC administration group (Fig. 6F). Consistent with the immuno-
staining results, the analysis of western blot further confirmed that the 
expression pattern of α-SMA and TGF-β1 in the CO-RBC administration 
group (Fig. 6G). 

Fig. 5. CO-RBC activates HIF-1α, AMPK and Nrf2 against IR-AKI. To assess the hypoxia response, energy metabolism, redox balance and inflammation, kidney was 
collected 24 h after renal IR with or without CO-RBC treatment, then analyzed by (A, C) immunoblot (n = 5/group), (B) ATP assay (n = 5/group), (D, I) immu-
nostaining, and (F–H) qRT-PCR. (n = 5/group). (E) The plasma level of d-ROMs was measured (n = 5/group). Results are expressed as the mean ± S.E.M. 
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2.9. CO-RBC regulates energy metabolism and oxidative stress in IR-AKI 
to CKD 

HIF-1α is a renoprotective molecule that improves tissue hypoxia 
[13]. However, a constant expression of HIF-1α induces renal fibrosis via 

upregulating inflammatory gene expression [60]. Thus, we examined 
the issue of whether CO-RBC affects the HIF-1α protein levels in IR-AKI 
to CKD. The increased HIF-1α 14 days after IR was reduced in CO-RBC 
administration group (Fig. 7A). The protein levels of phosphorylation 
of AMPK and the levels of ATP were enhanced in the CO-RBC 

Fig. 6. CO-RBC exerts antifibrotic effect against IR-AKI to CKD. (A) A schematic summary of the administration schedule used for saline or CO-RBC against IR-AKI to 
CKD. (B) Weight fluctuations were monitored until 14 days after IR (n = 5/group). To assess the tubular cell damage, collagen accumulation and EMT pathway, 
kidney was collected 14 days after renal IR with or without CO-RBC treatment, then analyzed by (C) PAS and TUNEL staining, (D) picrosirius red and masson’s 
trichrome staining, (E) quantification of hydroxyproline (n = 5/group), (F) immunostaining and (G) immunoblot (n = 5/group). Results are expressed as the mean ±
S.E.M. #p < 0.01 compared with control group vs saline administration or CO-RBC administration group. *p < 0.05 compared with saline administration group vs 
CO-RBC administration group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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administration group (Fig. 7A and B). Further, the elevated the number 
of Ki-67 positive cells, a marker of cell proliferation [61], 14 days after 
IR was reduced in the CO-RBC administration group (Fig. 7C). To 
examine the extent of oxidative stress in renal tissue, we conducted 

western blotting for NOX4 and HO-1, and immunostaining for Nrf2. The 
increased protein levels of these molecules 14 days after IR were reduced 
in the CO-RBC administration group (Fig. 7D). Consistent with these 
results, positive regions for 4-HNE and NO-Tyr were reduced in the 

Fig. 7. CO-RBC maintains oxygen, redox and energy homeostasis in the kidney of IR-AKI to CKD. To investigate the effect of CO-RBC on the chronic hypoxia, 
disruption of energy metabolism, renal disorders, and renal redox balance, kidney was collected 14 days after renal IR with or without CO-RBC treatment, then 
analyzed by (A, D) immunoblot (n = 5/group), (B) ATP assay (n = 5/group), and (C, E) immunostaining. Results are expressed as the mean ± S.E.M. 
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CO-RBC administration group (Fig. 7E). 

3. Discussion 

We have previously demonstrated the therapeutic effect of CO-RBC 
on rhabdomyolysis- or crash syndrome-induced AKI model [38]. In 
this study, we report that CO-RBC prevents the progression to CKD from 
IR-induced AKI or AKI to CKD. Our data show the therapeutic mecha-
nisms responsible for how the bioinspired CO delivery system supplies 
CO to tubular cells and subsequently suppresses hypoxia-induced cell 
damage via the activation of HIF-1α, AMPK and Nrf2 pathways. 

The amount of CO was increased in the kidney from the IR-AKI mice 
with or without CO-RBC administration (Fig. 4D). Consistence with the 
report by Chen, H. et al. [62], we demonstrated that renal HO-1 was 
upregulated by IR (Fig. 5C). Since there is close correlation between the 
amount of CO and the protein levels of HO-1 [63], we speculated that 
the increased level of CO in the kidney is dependent on the IR-induced 
HO-1 protein levels. Although endogenous CO acts protectively 
against tubular cell damage, the saline administration group did not 
improve the pathological condition of IR-AKI under our experimental 
conditions (Fig. 4E–H). In contrast, the CO-RBC administration group 
showed a significant renoprotective effect on IR-AKI (Fig. 4E–H). These 
data indicate that the CO-RBC administration delivered a sufficient 
amount of CO into the kidney to allow for IR-induced tubular cell 
damage to be improved. 

The findings reported herein demonstrate that CO-RBC is able to 
supply CO to the kidneys of mice at 1 day after reperfusion (Fig. 4D). 
Since IR damage occurs in the first few seconds or minutes after reper-
fusion, discussing the causal relationship between the presence of CO 
and the protection against IR-induced kidney damage based on our data 
which involves assessing the CO concentration in the kidney at 1 day 
after reperfusion would be insufficient. However, our current pre-
liminary experiments clearly showed that the amount of CO in the 
kidney of healthy mice was increased at 90 min after CO-RBC admin-
istration (S. Fig. 3). In addition, the administration of only CO-RBC at 90 
min before reperfusion had a renoprotective effect on IR-AKI (S. Fig. 4). 
These results suggest that CO-RBC has the potential to protect tubular 
cells from the damage that occurs immediately after reperfusion. 

It is also necessary to consider the effects of carriers that deliver CO, 
such as iCORM-2 and RBC, on cells to demonstrate the authentic effects 
of CO. Wang, B. et al. reported that iCORM-2 exerts antioxidant activity 
by decomposing hydrogen peroxide as well as capturing free radicals in 
a cell free medium [64]. In contrast, we found that the renoprotective 
effect of CORM-2 against hypoxia-induced tubular cell damage, as evi-
denced by the gene expression of Kim-1, was completely abolished in the 
case of a combination with the CO scavenger, hemoCD (Fig. 3A). 
Considering that a pretreatment with the antioxidant, N-acetylcysteine, 
protects cells from the hypoxia-induced cell death [65], the major factor 
to evoke hypoxia-induced cell damage is assumed to be the generation of 
intracellular oxidative stress. These findings indicate that the antioxi-
dant activity of iCORM-2 had a negligible effect on our in vitro experi-
ment about the hypoxia-induced tubular cell damage. 

We additionally conducted an experiment that was designed to 
confirm whether iCORM-2, which was prepared by the incubation of 
CORM-2 in DMSO for 18 h, was uncapable of releasing CO. Based on a 
report by Taguchi, K. et al. [66], a 1 ml portion of a 100 μM CORM-2 
solution (DMSO) was sealed and incubated in a 10 ml vial under 5% 
CO2 at 37 ◦C, and the concentration of CO in headspace of the vial was 
then measured by gas chromatography at each time point. The analysis 
showed that the concentration of CO in the headspace reached a plateau 
after a 4 h incubation, and that the value was constant for periods of up 
to 24 h (S. Fig. 5). Southam, M. et al. also showed that CO derived from 
the CORM-2 was nearly exhausted after a 4 h period of incubation in 
DMSO [67]. We further confirmed that the treatment of HK-2 cells with 
iCORM-2 did not activate HIF-1α, AMPK, and Nrf-2, all of which were 
activated by the CORM-2 treatment (S. Fig. 2A and B). We therefore 

concluded that the iCORM-2, which was used in our study, has no ability 
to release CO. 

CO is produced in the process of heme metabolism by the action of 
HO-1 [21]. In addition, there is a close correlation between the amount 
of CO and the protein levels of HO-1 [63] since heme proteins, such as 
RBC, upregulate the protein levels of HO-1 [68], resulting in an 
enhancement in heme metabolism and the subsequent production of CO. 
To determine whether the CO liberated from CO-RBC is responsible for 
the increase in renal CO levels after the administration of CO-RBC, we 
first analyzed the kidneys of healthy mice at 90 min after the adminis-
tration of saline or O2-RBC or CO-RBC (S. Fig. 6A). In the case of the 
administration of O2-RBC, the renal CO levels were significantly low 
compared with the data for the administration of CO-RBC (S. Fig. 6B). In 
addition, HIF-1α, AMPK and Nrf2 in the kidney were not activated at 6 h 
after the O2-RBC administration (S. Fig. 6C–E). These results were 
confirmed by increased protein levels of VEGF and HO-1 in the kidney 
(S. Fig. 6D). We further confirmed that O2-RBC had no therapeutic effect 
on impaired kidney function in IR-AKI mice (S. Fig. 7A–C). CO-RBC 
upregulated the renal protein levels of HIF-1α, VEGF, HO-1, and the 
phosphorylation of AMPK in IR-AKI mice, while O2-RBC had no such 
ability (S. Fig. 7D). O2-RBC also had no ability to downregulate 
IR-induced renal NOX4 expression (S. Fig. 7D). In addition, the nuclear 
translocation of Nrf2 was not increased by the administration of O2-RBC 
(S. Fig. 7E). These findings suggest that the RBC (1400 mgHb/kg), which 
were used in our experimental conditions, is an insufficient amount to 
produce the CO in the kidney and to induce the downstream proteins of 
the CO signaling pathways. We therefore concluded that an increase in 
renal CO levels derived from CO-RBC exerted therapeutic effects on this 
type of kidney injury. 

Regarding the IR-AKI to CKD mice, it is essential to clarify whether 
CO-RBC suppressed the progression to CKD independent of the onset of 
AKI. The pathological condition of AKI to CKD was suppressed by the 
administration of three doses of CO-RBC every other day starting 1 day 
after IR (Fig. 6). On the other hand, the pathological condition of AKI 
was not suppressed in the case of the administration of CO-RBC 60 min 
after IR (S. Fig. 4). This led us to conclude that the therapeutic inter-
vention based on our administration schedule of CO-RBC clearly reflects 
the therapeutic effects on AKI to CKD without having any impact of the 
onset of AKI. 

CO-RBC administration resulted in increased ATP production and 
caused a reduction in the number of Ki-67-positive cells in IR-AKI to CKD 
mice (Fig. 7A–C). The levels of ATP in damaged tubular cells determine 
the degree of renal pathology [12]. In fact, Suzuki, T. et al. reported that 
MA-5, a drug that causes an increase in ATP production, ameliorates 
IR-induced tubular cell damage [69]. Since there is a positive correlation 
between the number of Ki-67-positive cells and the degree of renal 
damage [70], we conclude that our data regarding the decrease in the 
number of Ki-67-positive cells confirms the renoprotective effect of 
CO-RBC. 

Mitochondrial oxidative phosphorylation is known to be one of the 
representative ATP production pathways [71] and is positively regu-
lated by AMPK [72]. Recent studies have revealed that CO can enhance 
oxidative phosphorylation in endothelial cells [73] and that it also has 
an effect on the activation of AMPK in embryonic fibroblasts [29]. 
However, no evidence has yet been made available concerning the 
mechanism by which CO promotes ATP production in tubular cells. The 
findings reported in this study show that a CO treatment activated AMPK 
and promoted the production of ATP, both in in vitro and in vivo 
(Figs. 2A, 3C, 5A and B, 7A and B). Therefore, our data points to the 
possibility that a part of the increase in ATP production is due to 
mitochondrial oxidative phosphorylation. On the other hand, it is also 
known that glycolysis is a mitochondria-independent pathway for ATP 
production [71] and is positively regulated by HIF-1α [74]. Consistent 
with previous report by Correa-Costa, M. et al. [75], CO upregulated the 
protein levels of renal HIF-1α (Fig. 5A). These findings indicate that CO 
also enhances ATP production via glycolysis. To clarify the effect of CO 
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on ATP production in more detail, additional experiments with the 
objective of evaluating the oxygen consumption rate [76], an indicator 
of mitochondrial oxidative phosphorylation, and the extracellular 
acidification rate [76], an indicator of glycolysis, will be needed in the 
future. 

Sustained HIF-1α which is caused by chronic hypoxia in the kidney 
contributes to the development of CKD [77]. In fact, Li, L. et al. reported 
that the HIF-1α protein levels were enhanced at 1–2 weeks after IR in 
kidney [78]. The present study also provides data to show that IR-AKI to 
CKD mice showed a marked increase in renal HIF-1α (Fig. 7A). Mean-
while the protein levels were reduced in the CO-RBC administration 
group (Fig. 7A), but the mechanism responsible for this is unclear. 
Recent studies reported that CO has, not only vasodilatory effects via 
activation of soluble guanylate cyclase (sGC) [79], but also angiogenic 
effects via induction of HIF-1α/VEGF pathway [80]. Interestingly, an 
HIF-1α stabilizer improves renal hypoxia in the early-stage of CKD [81], 
and the sGC stimulator suppresses renal fibrosis [82]. Considering this 
body of evidence, coupled with our data showing that CO-RBC induced 
HIF-1α and VEGF protein levels in IR-AKI mice corresponding to the 
early-stage of CKD (Fig. 5A), it appears that CO-RBC improved the 
AKI-induced chronic hypoxia and decreased the protein levels of HIF-1α 
after ameliorating pathological conditions through vasodilatory and 
angiogenic effects of CO. 

We demonstrate herein that Mito-TEMPO attenuated the protein 
levels of CO-induced HIF-1α in HK-2 cells, but not the CO-induced 
phosphorylation of AMPK or the nuclear translocation of Nrf2 (Fig. 1C 
and E). These results indicate that CO activates AMPK and Nrf2 and that 
this activation is independent of the mtROS pathway in HK-2 cells. 
Interestingly, we found that ATP production was slightly decreased in 
HK-2 cells 3 h after the CORM-2 treatment (S. Fig. 8). This characteristic 
result has also been reported for metformin [83]. Metformin can in-
crease the AMP/ATP ratio through the transient suppression of the 
mitochondrial respiratory chain complex I, thereby inducing the AMPK 
phosphorylation and the nuclear translocation of Nrf2 [84]. Given that 
CO also can transiently inhibit the mitochondrial respiratory chain 
complex IV [85], CO may operate via a metformin-like mechanism in 
HK-2 cells. 

The protein levels of NOX4 is increased under hypoxia condition via 
enhancing the secretion of TGF-β1[86] while NOX4-derived ROS in-
duces the secretion of TGF-β1[87]. Therefore, hypoxia could be 
responsible for the positive feedback mechanism between TGF-β1 and 
NOX4. Hovater, M. et al. reported that CO attenuates the TGF-β1-in-
duced activation of Smad by reducing the membrane expression of the 
TGF-β receptor in vascular smooth muscle cells [88]. Hemin, an HO-1 
inducer, alleviates hypoxia-induced ROS [89]. In this study, we found 
that CORM-2 and CO-RBC induced Nrf2/HO-1 pathway, both in vitro 
and in vivo, respectively (Fig. 1A and B, 5C and D). We further found that 
treatment of HK-2 cells with CORM-2 under hypoxia condition reduced 
intracellular ROS levels and the protein levels of TGF-β1 and NOX4 
(Fig. 3D–F). Accordingly, the suppressive effect of CO on the protein 
levels of NOX4 may be due not only to the reduction in membrane 
expression of the TGF-β1 receptor, but also to a decrease in TGF-β1 
expression through the suppression of intracellular ROS via the 
CO-induced Nrf2/HO-1 pathway. 

The increased TNF-α and IL-6 gene expression in IR-AKI mice was 
suppressed in the CO-RBC administration group (Fig. 5F and G). Of note, 
PPARγ gene expression significantly increased in this condition 
(Fig. 5H). Haschemi, A. et al. and Nizamutdinova, I. et al. reported that 
CO exerts an anti-inflammatory effect on macrophages [90] and endo-
thelial cells [91] through the induction of PPARγ, respectively. On the 
other hand, Toll-like receptor (TLR) signaling is involved in the pro-
duction of inflammatory cytokines such as TNF-α and IL-6. In a previous 
study, we reported that CO-RBC suppressed the extracellular leakage of 
HMGB-1, a TLR substrate, in a mouse model of acute liver injury [37]. 
Nakahira, K. et al. also reported that CO suppresses the translocation of 
TLR4 into lipid rafts in macrophages through the reduction of ROS 

production [92]. Thus, these collective findings show that CO exerts a 
direct or indirect anti-inflammatory effect via the induction of PPARγ or 
the attenuation of the TLR pathway, respectively. 

Tissue hypoxia is also involved in fibroblast activation, which 
eventually leads to the development of renal fibrosis [93]. The HO-1 
inducer improves myocardial fibrosis via the inhibition of fibroblast 
activation [94]. In the present study, a CORM-2 treatment under hyp-
oxia condition not only elevated HO-1 protein levels but also suppressed 
the protein levels of α-SMA and COL1A1 (S. Fig. 9). Since CO has 
excellent cell membrane permeability, CO can easily gain access to cells 
regardless of the cell type. Based on this property, CO would be expected 
to exert a renoprotective effect via acting not only on tubular cells, 
which are the origin of renal pathology, but also on a variety of other 
cells such as fibroblasts and macrophages, both of which is attributed to 
the development of renal fibrosis. 

Correa-Costa, M. et al. reported that the inhalation of 250 ppm CO 
for 1 h did not cause renal hypoxia in healthy mice [75]. In addition, 
Weideman, A. et al. applied a 1 h inhalation of 1000 ppm CO to create 
physiological hypoxia conditions [95]. Our present data show that the 
maximum blood concentration of CO after the administration of CO-RBC 
to healthy mice was 60 ppm, and this concentration decreased to the 
baseline value after 90 min of administration (Fig. 4A). Based on these 
data, CO-RBC administration would not be expected to cause renal 
hypoxia. However, an experiment showing whether CO-RBC cause renal 
hypoxia would be important in terms of understanding the mechanism 
responsible for how CO-RBC ameliorates the pathological conditions of 
AKI or AKI to CKD. In the future, experiments designed to evaluate 
whether or not CO-RBC has an effect on oxygen saturation and renal 
hypoxia in healthy mice will be needed using a pulse oximeter [96] and 
pimonidazole [97], respectively. 

Since severe damage appears immediately after the onset of AKI, 
many cases in which the therapeutic agents were administrated after the 
onset resulted in an insufficient therapeutic effect on renal injury [58, 
98–100]. In fact, in this study, we did not detect any renoprotective 
effects by the administration of CO-RBC, even at 60 min after reperfu-
sion, corresponding to immediately after the onset of AKI (S. Fig. 4). On 
the other hand, we speculate that the pre-administration of CO-RBC 
could be used in AKI patients for which onset is predictable. For 
example, the incidence of ischemic AKI is 30% in cardiac surgery [101] 
and 20–80% for kidney transplantation [102]. These ischemic AKI 
induced by IR injuries occurs during some surgeries due to the tempo-
rary interruption of blood flow and reperfusion. Intriguingly, a phase III 
clinical trial is currently underway that is designed to prevent the onset 
of AKI by pre-administering QPI-1002, p53 siRNA, in cardiac surgery 
(https://clinicaltrials.gov/). In addition, Nakao, A. and co-workers et al. 
demonstrated that a CO treatment is effective in cases of kidney trans-
plantation [103–106]. Based on these reports, we pre-administered 
CO-RBC to IR-AKI mice in our study (Fig. 4C). These findings serve to 
confirm that our study more closely mimics a clinical situation. 

Vera, T. et al., in an in vivo study, showed that a CO donor amelio-
rated the kidney injury induced by ischemic AKI [99]. They only dis-
cussed the potential effect of HO-1 induced by a CO donor as the 
therapeutic mechanism. In the present study, we demonstrated that 
CO-RBC activated, not only HO-1, but also HIF-1α, AMPK and Nrf2 in 
kidney or tubular cells (Fig. 5A and D, S. Fig. 1E and F). Moreover, the 
data reported in this study points to the possibility that these proteins 
improved the pathological condition of not only IR-AKI, but also IR-AKI 
to CKD. Thus, our study provides a better understanding of the thera-
peutic mechanism for how CO ameliorates kidney injury. 

Nakao, A. and colleagues et al. reported on the protective effect of CO 
on a model of kidney transplantation-induced IR injury [103–106]. 
Consistent with their reports, CO-RBC improved the conditions associ-
ated with IR-AKI (Fig. 4C–H). It should, however, be noted that there are 
differences in the animal species and pathological models between our 
experiments and theirs, these findings indicate that CO-RBC has a 
pharmacological effect that is comparable to those of other CO 
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applications. Nakao, A. and colleagues et al. utilized CO inhalation and 
ex vivo CO exposure as a method for administering CO [103–106]. Based 
on these reports, clinical trials of CO inhalation for kidney trans-
plantation have been conducted (https://clinicaltrials.gov/). However, 
CO has not yet been used in clinical practice. One possible reason for this 
is that these methods that are used to deliver CO have limitations in that 
hospitals would need specific equipment and specialists to avoid respi-
ratory depression. To overcome this limitation, we used CO-RBC for this 
delivery, because CO-RBC can be easily prepared by exposing purified 
RBC to CO gas for a period of 10 min, and the dosage of CO can be easily 
adjusted based on the amount of hemoglobin in the sample. In addition, 
CO-RBC would be expected to function as an O2 carrier after the disso-
ciation of CO from the hemoglobin of RBC. In fact, CO-RBC reduced the 
extent of lethality in rats with massive hemorrhagic shock and this 
reduction was equivalent to that for O2-RBC [39]. We also confirmed 
that no respiratory depression due to CO-RBC administration was 
detected in the present study. Therefore, we believe that CO-RBC has the 
potential for being used to deliver CO in a clinical setting and that no 
specialized equipment would be needed to achieve this. 

Experiments using CO gas is the best way to demonstrate the actual 
effects of CO. However, the current study was aimed at establishing 
another clinically applicable CO preparation method due to several 
limitations with the clinical use of CO gas. Therefore, we established CO- 
RBC and designed in vitro or in vivo experiments using iCORM-2 or O2- 
RBC as a negative control, respectively, to investigate the rigorous ef-
fects of CO (S. Figs. 2, 6 and 7). Our findings clearly showed that CO 
contributed to the activation of HIF-1α, AMPK, and Nrf-2, and the sub-
sequent pharmacological effect on IR-induced AKI. Given that levels of 
oxygen saturation which is defined as the ratio of oxy-hemoglobin to the 
total concentration of hemoglobin are about 95% or more in normal 
mice [107], the difference in pharmacological effects between RBC and 
O2-RBC would be predicted to be negligible. 

4. Conclusion 

In this study, we demonstrate that CO-RBC improves the patholog-
ical conditions associated with AKI and AKI to CKD. Our bioinspired CO 
delivery system has the potential for serving as an effective cell therapy 
for the progression to CKD regardless of the primary disease. 

5. Materials and methods 

5.1. Cell and treatment 

HK-2 and NRK-49F cells were bought from American Tissue Type 
Culture Collection (Manassas, VA, USA). The cells were grown in 
DMEM/F12 (Wako Pure Chemical, Ltd., Wako, Osaka, Japan) supple-
mented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, 
USA), penicillin (100 U/ml, Invitrogen), and streptomycin (100 μg/ml, 
Invitrogen). Culture conditions were maintained at 37 ◦C in a humidi-
fied atmosphere at 5% CO2. HK-2 cells were treated with CORM-2 
(Sigma-Aldrich, Sigma, St. Louis, MO, USA) and Mito-TEMPO (Sigma) 
to examine the effect of CO-driven mtROS on the activation of HIF-1α, 
AMPK and Nrf2. For exposing HK-2 or NRK-49 cells to hypoxia, the cells 
were incubated in a hypoxia chamber (0.1% O2, 5% CO2 and 94% N2) 
(Mitsubishi Gas Chemical Co. Inc., Tokyo, Japan), and treated with O2- 
RBC, CO-RBC, CORM-2 and hemoCD (Doshisha University, Kyoto, 
Japan). Inactive CORM-2 (iCORM-2) was prepared as described by 
Sawle, P. et al. [108]. Briefly, CORM-2 was dissolved in DMSO for 18 h 
at 37 ◦C in a 5% CO2 humidified atmosphere to liberate CO. 

5.2. Western blotting 

The lysate of cells and kidney tissues were prepared in a Mammalian 
Protein Extraction Reagent (M-PER, Thermo Fisher Scientific, Thermo, 
Waltham, MA, USA) in the presence of a protease inhibitor (1:100, 

Nacalai Tesque, Kyoto, Japan) and a phosphatase inhibitor (1:100, 
Nacalai Tesque). The samples were centrifuged at 12,000 rpm for 10 min 
at 4 ◦C, then the quantification of protein was implemented by a BCA 
protein assay (Wako). Protein (30 μg) were applied to SDS-PAGE 10%, 
followed by transfer to Immobilon-P (0.45 μm, Millipore, Temecula, CA, 
USA). Primary antibodies were added followed by secondary antibodies. 
After reaction with SuperSignal West Pico substrate (Thermo) or 
ImmunoStar LD (Wako), the images of visualized protein were acquired 
using a FUSION (Vilber Lourmat, Marne-laf-Vallée, France). The data 
were quantified using ImageJ Fiji software. β-actin or GAPDH was used 
for loading controls. The primary and secondary antibodies are provided 
in Supplemental Table 1. 

5.3. Immunostaining analysis 

HK-2 cells were fixed using 4% paraformaldehyde, followed by 
permeabilization using 0.3% TritonX-100 in PBS at room temperature 
(RT) for 30 min. Next, the cells were blocked with PBS containing 1% 
BSA at RT for 30 min, then reacted with an anti-Nrf2 (1:50, Abcam, 
ab31163) antibody overnight at 4 ◦C. The cells were incubated at 37 ◦C 
for 1 h with Alexa Fluor 647 anti-rabbit IgG antibody (H + L) (1:200, 
Invitrogen, A-21443) and DAPI (1:100, Dojindo Lab, Kumamoto, 
Japan). Immunofluorescent or immunohistochemical staining was per-
formed to paraffin embedded-kidney sections. To immunofluorescently 
stain with anti-Nitrotyrosine (NO-Tyr, 1:50, Merck Millipore, AB5411, 
Burlington, MA, USA), MPO heavy chain (1:50, Santa Cruz, sc-16128-R), 
E-Cadherin (1:50, R&D Systems, ab5694, Minneapolis, MN, USA), and 
α-SMA antibodies, antigen retrieval was conducted by HistoVT One 
(Nacalai Tesque) at 95 ◦C for 30 min. To permeabilize the antibodies, the 
sections were reacted with 50 mM Tris/HCl plus 0.1% Tween-20 (T-TB), 
then conducted blocking using 4% Block Ace (KAC, Kyoto, Japan) at 
37 ◦C for 30 min. The kidney sections were reacted with the primary 
antibody overnight at 4 ◦C, then washed with T-TB, followed by reaction 
with Alexa Fluor 647 anti-rabbit IgG antibody (H + L) or Alexa Fluor 
647 anti-goat IgG antibody (H + L) (1:200, Invitrogen, A-21447) at RT 
for 1.5 h. To perform the immunohistochemical staining with anti-Ki-67 
(1:50, CST, 12202), 4-hydroxynonenal (4-HNE, 1:50, Bioss Antibodies, 
bs-6313R, Woburn, MA, UA), F4/80 (1:50, Thermo, 14-4801-82), NO- 
Tyr, Nrf2 and TGF-β1 antibodies, antigen was retrieved. The kidney 
sections were reacted with 3% H2O2/methanol solution at RT for 30 min 
to inhibit endogenous peroxidase and were reacted with the primary 
antibody overnight at 4 ◦C. The kidney sections were then reacted with 
peroxidase-conjugated anti-rabbit IgG or anti-rat IgG antibody (Histo-
fine Simple Stain MAX-PO, Nichirei Biosciences, Tokyo, Japan) at RT for 
30 min, followed by reaction with DAB solution at RT for 3 min. All 
images of slides were acquired with a BZ-X710 (Keyence, Osaka, Japan). 
The positive cells number of Ki-67 were qualified in an area of 270 ×
360 μm (original magnification, x400). At minimum ten areas of kidney 
specimens from each mouse were used in the analysis. 

5.4. Quantitative real-time polymerase chain reaction (qRT-PCR) 
analysis 

The gene expression of Kim-1, TNF-α, and IL-6 were measured by 
qRT-PCR. All primers were purchased from Takara Bio (Tokyo, Japan). 
The RNA extracted from HK-2 cells and kidney was prepared using 
RNAiso plus (Takara Bio), then reverse transcribed by means of Prime-
Script RT Master Mix (Takara Bio). After reaction with SYBR Premix Ex 
Taq II (Takara Bio), qRT-PCR was conducted with an iCycler thermal 
cycler (Bio-Rad, Hercules, CA, USA). The qRT-PCR method has been 
previously described [109]. GAPDH was used as an internal control. The 
sequences of the oligonucleotide primers are provided in Supplemental 
Table 2. 
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5.5. Cell viability assay 

The rate of living cells was qualified by means of a Cell Counting Kit- 
8 (CCK-8) assay (Dojindo Lab). HK-2 cells were incubated in 96-well 
with or without CORM-2 (100 μM) under hypoxia condition for 96 h. 
After adding CCK-8 reagent, the 96-well was maintained at 37 ◦C for 2 h. 
To acquire the absorbance at 450 nm, a Microplate reader (Bio Rad) was 
used. 

5.6. ATP assay 

Intracellular ATP levels in HK-2 cells and kidney were determined by 
means of an ATP assay kit (Cosmo Bio). Cell or tissue was treated with 
ATP extraction reagents. After the extracted solution was reacted with 
the luminescent reagent, the luminescence intensity was measured with 
a luminometer (Promega, Madison, WI, USA). Each ATP levels per 
protein was standardized by the value of control group. 

5.7. Measurement of ROS 

Intracellular ROS levels in the HK-2 cells were measured by a CM- 
H2DCF-DA probe (Thermo). HK-2 cells were grown on a glass-base dish 
(IWAKI, Shizuoka, Japan) with or without CORM-2 under hypoxia 
condition for 48 h. The culture media was replaced with D-PBS con-
taining 2 μM CM-H2DCF-DA and incubated at 37 ◦C for 30 min. After 
incubation, stained cells were observed by BZ-X710. 

5.8. Animals 

ICR mice (male, 6 weeks, 20–24 g, SLC Japan, Inc., Shizuoka, Japan) 
were used for all experiments, and the animals were housed in a room 
with food and drinking water on a 12-h light/dark cycle while main-
taining a temperature (18–24 ◦C) and a relative humidity (40–70%). All 
animal experiments were approved by the Animal Experiments Com-
mittee of Kumamoto University and were conducted in accordance with 
the National Institutes of Health (NIH). 

5.9. Preparation of O2-RBC and CO-RBC 

The solution of O2-RBC and CO-RBC were purified as described in a 
previous report [39]. 

5.10. Quantification of CO amount in blood and kidney 

To perfectly dissociate CO from Hb or hemoprotein, blood (0.02 ml) 
and kidney (whole kidney) samples were mixed with PBS (0.48 ml) 
containing saponin (0.01 ml, 16.7 mg/ml, Nacalai Tesque) or saponin (5 
ml) in a vial (10 ml), respectively. Blood and kidney samples were 
incubated for 2 or 4 h respectively. The concentration of CO in head-
space of vial was qualified by gas chromatography with a TRIlyzer mBA- 
3000 (Taiyo Instruments, Inc., Osaka, Japan). 

5.11. Experimental procedure for IR-AKI or IR-AKI to CKD mice 

IR model mice were prepared in a procedure based on the previous 
reports [110]. Body temperature was maintained at 37 ◦C during the 
procedure. To clamp both renal pedicles for 35 min, midline abdominal 
incision was conducted. After the clamping, occlusion of blood flow was 
confirmed by monitoring renal color change. 

To examine the validity of the AKI model, the ischemic duration was 
set at 35 min and BUN as an index of renal function was measured at 
each time point (0, 1, 3, 12, and 24 h) after IR (S. Fig. 10). BUN levels 
showed a significant increase 24 h after IR, so the reperfusion duration 
was set at 24 h. CO-RBC was administrated (1400 mgHb/kg, iv) to IR- 
AKI mice 90 mine before reperfusion (Fig. 4C). 

To investigate the renoprotective effects of CO-RBC on AKI to CKD, 

we first determined when renal fibrosis is detected after IR-induced AKI. 
When the levels of BUN decreased near the base line 14 days after IR (S. 
Fig. 11A), picrosirius red and masson’s trichrome staining, both of 
which are used to detect collagen, showed evidence for interstitial 
fibrosis in renal tissue (S. Fig. 11B). These data were corroborated by the 
contents of renal hydroxyproline which is a main component of collagen 
(S. Fig. 11C). Thus, evaluation points for renal fibrosis were set at 14 
days after IR. CO-RBC was administrated (700 mgHb/kg, iv) three times 
to IR-AKI to CKD mice on every other day starting on the first day after 
IR (Fig. 6A). 

5.12. Analysis of renal function 

To obtain plasma samples, blood samples from mice were centri-
fuged at 6000 rpm for 10 min at RT and the supernatant was then 
collected. Plasma levels of BUN and SCr were examined with FUJI DRI- 
CHEM 7000 (FUJIFILM, Tokyo, Japan). 

5.13. Histological assessment of renal tissue 

To dehydrate, 10% phosphate buffered formalin-fixed kidney tissues 
were processed with various concentration of ethyl alcohol. Kidney 
sections embedded in paraffin were prepared at 2 μm. Morphologic 
assessment was performed by staining of periodic acid-Schiff (PAS), 
picrosirius red, and masson’s trichrome. Stained sections were observed 
with a BZ-X710. 

5.14. d-ROMs test 

The d-ROMs level in plasma was measured using an analyzer of free 
radical (FREE carpe diem, Wismerll, Tokyo, Japan). 

5.15. TUNEL staining 

Kidney sections were stained with TUNEL reagent (Roche, Basel, 
Switzerland) for the in situ detection of apoptosis. The sections were also 
stained with DAPI. The image of slides was obtained using BZ-X710. 

5.16. Quantification of hydroxyproline levels in the kidney 

Kidney was removed from mice 14 days after IR, and 5% trichloro-
acetic acid in milli-Q water was added for homogenization. After placing 
the samples on ice for 20 min, the supernatant was removed by centri-
fugation at 10,000 rpm for 4 ◦C at 10 min. The pellet was incubated with 
10 N HCl at 110 ◦C for 12 h. The dried pellets were resuspended in milli- 
Q. The resulting suspension was incubated with a solution of 
chloramine-T (1.4% chloramine T, 4.1% sodium acetate, 10% Iso-
propanol) for 20 min at RT and Ehrlich’s reagent for 15 min at 65 ◦C. The 
absorbance at 540 nm as a content of hydroxyproline was acquired with 
a Microplate reader (Bio Rad). 

5.17. Statistics 

The data are expressed as the mean ± SE. Two group data were 
compared using the Student’s t-test. More than two groups were 
compared using analysis one-way ANOVA followed by Tukey’s multiple 
comparison. 
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