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A B S T R A C T

Renal ischemia/reperfusion injury (IRI) is a leading cause of acute kidney injury (AKI), a potentially fatal
syndrome characterized by a rapid decline in kidney function. Excess production of superoxide contributes to the
injury. We hypothesized that oral administration of a high dose of vitamin B12 (B12 - cyanocobalamin), which
possesses a superoxide scavenging function, would protect kidneys against IRI and provide a safe means of
treatment. Following unilateral renal IR surgery, C57BL/6J wild type (WT) mice were administered B12 via
drinking water at a dose of 50 mg/L. After 5 days of the treatment, plasma B12 levels increased by 1.2-1.5x, and
kidney B12 levels increased by 7-8x. IRI mice treated with B12 showed near normal renal function and mor-
phology. Further, IRI-induced changes in RNA and protein markers of inflammation, fibrosis, apoptosis, and
DNA damage response (DDR) were significantly attenuated by at least 50% compared to those in untreated mice.
Moreover, the presence of B12 at 0.3 μM in the culture medium of mouse proximal tubular cells subjected to 3 hr
of hypoxia followed by 1 hr of reperfusion in vitro showed similar protective effects, including increased cell
viability and decreased reactive oxygen species (ROS) level. We conclude that a high dose of B12 protects against
perfusion injury both in vivo and in vitro without observable adverse effects in mice and suggest that B12 merits
evaluation as a treatment for I/R-mediated AKI in humans.

1. Introduction

Vitamin B12 (B12 – cyanocobalamin), the last vitamin character-
ized, is the largest (MW1355) of all vitamins and has several unique
features. All cobalamins (vitamin B12 derivatives) contain the rare
transition metal, cobalt (Co), positioned in the center of a corrin ring.
While cobalamins are synthesized only in certain bacteria and archaea
[1], they are co-enzymes essential for all life, except in plants. In higher
vertebrates, methyl-cobalamin and 5′-deoxyadenosyl-cobalamin are
essential for the function of methionine synthase and methylmalonyl
CoA mutase, respectively [2]. Intestinal absorption, circulation, cellular
uptake, and function of dietary vitamin B12 requires complex systems
involving multiple binding proteins, cell surface receptors, lysosomal
transfer, and converting enzymes [3]. B12 deficiency caused by defects
in any of these systems can lead to megaloblastic anemia,

homocysteinemia, methylmalonic acidemia, and other conditions as-
sociated with reduced cellular energy metabolism and DNA synthesis
[4].

More recently, subclinically low B12 levels have drawn increasing
attention as a risk factor for subtle age-related conditions, including
neurological disorders, cognitive impairment, inflammatory conditions,
and cancer [4]. Once inside the cell, the oxidation state of the cobalt
atom is reduced from Co(III) to Co(II) and to Co(I). Importantly, one of
us reported that Co(II)balamin is a highly effective intracellular su-
peroxide (O2

• −) scavenger with a reaction rate close to that of super-
oxide dismutases (SOD) [5,6]. As superoxide is a major ROS in biolo-
gical systems [7], the role of B12 as an antioxidant may account for the
association between subclinical B12 deficiency and increased risk for
several age-related diseases, for many of which oxidative stress has
been implicated as playing a significant role [7].
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The daily requirement of B12 intake in humans is less than 5 μg [8].
The absorption of dietary B12 requires intrinsic factor (IF), a B12-
binding protein secreted by the gastric mucosa, which acts as an effi-
cient ligand for the B12 uptake receptor located in the intestine. Con-
sequently, the bioavailability of oral B12 may be limited by the avail-
ability of IF. However, Kuzuminski et al. have reported that when high
amounts of B12 (2 mg/day) are given orally to patients lacking IF,
approximately 1% of B12 was absorbed via an IF-independent me-
chanism [9]. Given its antioxidant property, a protective effect of B12
in ROS-induced cell injuries seems promising. However, although no
adverse effects have been noted with high doses of B12 and B12 is
generally considered safe by the FDA, studies exploring its therapeutic
use against cellular injury have been surprisingly scarce.

In the current study, we investigated the therapeutic effects of high-
dose dietary B12 in mice on kidney IRI, in which critical involvement of
ROS has been well established [10]. During the ischemic phase, the
absence of oxygen leads to the accumulation of metabolic inter-
mediates. During reperfusion, these metabolic intermediates react with
oxygen to produce a sudden increase in oxygen radicals, resulting in the
uncontrolled oxidation of cellular components [10]. Furthermore, im-
paired mitochondria electron transfer chain system and NADPH oxi-
dases (Nox) significantly contribute to ROS production during the
processes of IRI and repair [10]. Our results demonstrate that a high-
dose oral B12 administration significantly blunts the kidney damage
caused by I/R via marked suppression of ROS and associated in-
flammation, fibrosis, and apoptotic cell death.

2. Materials and methods

Mice: Wild type male mice (C57BL/6J) at age of 12–16 weeks were
housed in standard cages on a 12 h light/dark cycle and were allowed
free access to food and water. Rodent chow [(Cat# 3002909–203,
PicoLab, Fort Worth, Texas) contained B12 at 79 μg/kg. All experiments
were carried out in accordance with the National Institutes of Health
guideline for use and care of experimental animals, as approved by the
IACUC of the University of North Carolina at Chapel Hill.

Renal ischemia/reperfusion (I/R) procedure: Mice were an-
esthetized with isoflurane (1.5%) inhalation, and core body tempera-
ture was maintained at 37 °C by using a homeothermic blanket. After a
midline laparotomy, in I/R groups, the left renal pedicle was occluded
by using microaneurysm clamps for 30 min, then the incision was
double-sutured after the clamps were removed. In sham-operated
groups, renal pedicle was not occluded, but the abdomen was kept open
for 30 min. After waking from the surgery, mice with I/R or sham
surgery were randomly enrolled into either vehicle (water)-treatment
groups or B12 treatment groups at dose of 50 mg/L via drinking water.
Body fluid and tissues were collected for analyses 5 days after surgery.

Biochemical analyses: Plasma creatinine and BUN were measured
by Vet Axcel (Diagnostic Technologies, LLC, West Coldwell, New
Jersey). B12 and cystatin C were measured by ELISA kits (#
MBS762328, MyBioSource INC, San Diego, CA; #NR-E10516,
Novateinbio, Woburn, MA).

Immunohistochemistry (IHC): Rabbit antibodies against phospho-
histone H2A.X (#9718, Cell Signaling), cleaved Caspase-3 (#9664,
5A1E, Cell Signaling) and F4/80 (#70076, Cell Signaling) were used.
IHC was performed in the Bond fully-automated slide staining system
(Leica Biosystems Inc. Vista, CA). Antigen retrieval was performed at
100 °C in Bond-epitope retrieval solution 1 pH6.0 (AR9961) for 20 min.
Positive and negative controls (no primary antibody) were included for
each antibody. IHC stained sections were digitally imaged (20x objec-
tive) in the Aperio ScanScope XT using line-scan camera technology
(Leica Biosystems) [11].

Morphological examination: Tissues were fixed with 4% paraf-
ormaldehyde, paraffin sectioned (5 μm), and stained with hematoxylin
and eosin, or with Masson's Trichrome. Semi-quantification of tubular
injury was scored using a scale of 0–4: 0, no injury; 1,< 25%; 2,

25–50%; 3, 50–75%; 4,> 75%. Scoring was done by one nephrologist
and one renal-pathologist who were blinded to the experimental groups
[12].

Cell culture, In vitro hypoxia/reperfusion (H/R) experiment:
BU.MPT cells, a conditionally immortalized mouse kidney proximal
tubular epithelial cell (PTEC) line, were used [13]. For H/R experi-
ments, briefly, cells were grown to ≥90% confluence at 39 °C, in the
absence of IFN-γ, as described elsewhere [13]. Under these conditions,
BU.MPT cells behave like primary cultures of PTEC [13]. At confluence,
cells were starved for 24 h without FBS. Cells were then randomly di-
vided into 4 groups: (1) normal culture conditions (21% oxygen, 10%
FBS, and 4.5 g/L glucose in medium); (2) normal culture condition with
0.3 μM cyanocobalamin (B12); (3) hypoxia/reperfusion (H/R); (4) H/R
with 0.3 μM B12. Hypoxia was induced by placing cells in an anaerobic
chamber equilibrated to approximately 1% O2, 5%CO2, and 94% N2

using culture medium lacking glucose and FBS with or without B12.
After 3 h of hypoxia, cells were returned to normoxic culture conditions
with addition of glucose (4.5 g/L) and FBS (10%, v/v) for a period of 1
hr, which was regarded as reperfusion [14]. Medium and cells were
then collected for analysis.

Quantitative RT-PCR: Total RNA from tissues or cells was ex-
tracted using Trizol (Life Technologies, St. Paul, MN) following the
manufacturer's instruction. mRNA was quantified with TaqMan real-
time quantitative RT-PCR (7500 real time PCR system, Applied
Biosystems, Foster City, CA) by using the one-step RT-PCR Kit (Bio Rad,
Hercules, CA) with 18s as the reference gene in each reaction [11]. The
primer and probe sequences are listed in Table S2.

Microarray analyses: After H/R treatment, cells were collected and
total RNA was isolated using Trizol as described above. RNA was pur-
ified using RNeasy Mini Kit (QIAGEN), and RNA samples were sub-
mitted to the microarray core at UNC-CH to assess RNA quality and
analyze the transcriptome using Clariom™ S Mouse WT (Affymetrix).
The data has been deposited in GEO (GSE142674).

Superoxide and ROS measurement: Dihydroethidium (DHE)
(10 μM) was added to the culture medium of four groups of cells in
glass-bottom 96-well plates (#655891, Fisher) treated according to the
H/R protocol described above. Fluorescence was detected after 1 hr of
reperfusion using a Cytation 5 imaging reader (BioTeck, Vermont)
using a filter cube and LED with λex = 405 nm and λem = 560–580 nm
to minimize ethidium fluorescence interference [15]. Another batch of
four groups of cells, and kidneys collected at 5 days after surgery, was
subjected to high performance liquid chromatography (HPLC) analysis
of 2-hydroxyethidium (2-OH-E) as described previously [16]. Detailed
methods are described in Supplementary material.

Western blot (WB): The antibodies used in the study including: p-
H2A.X (#9718, Cell Signaling), p-Chk1 (#2348; Cell Signaling), cas-
pase 3 (#9665; Cell Signaling), cleaved caspase 3 (#9664; Cell
Signaling), β-actin (#5125; Cell Signaling), catalase (#12980S; Cell
Signaling). Detailed methods are described in Supplementary material.

Cell viability assay: Cells were cultured in 96-well plates under
four different conditions as described above. After 1 hr of reperfusion,
CCK-8 solution (#96992, Sigma) was added to each well (final 1/10
dilution) and incubated for 1hr. The absorbance was measured at
450 nm using a microplate reader (SpectraMax M5 Microplate Reader,
Molecular Devices). The percent cell viability in individual treatment
groups was determined from the optical density (OD) relative to the
optical density of control cells, whose mean was set as one.

Statistical analysis: Data are presented as mean ± SEM.
Multifactorial ANOVA test was used to assess statistical significance
with the program JMP 13.0 (SAS Institute Inc. Cary, NC). Post hoc
analyses were done using the Tukey–Kramer Honest Significant
Difference test.
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3. Results

3.1. Oral B12 supplementation at a high dose increases kidney B12 content

We first evaluated how different amounts of vitamin B12 given in
the drinking water would influence the plasma and tissue levels in adult
C57BL/6J WT male mice for five days. The murine diet contains
~80 μg/kg of B12. Since food and water consumption did not differ
among the groups (data not shown), daily B12 intake was estimated
using 4 g of feed and 4 ml of water. Neither plasma nor kidney B12
increased with up to 67 μg/day of dietary B12, but significant increases
were observed at 200 μg/day (Fig. 1). Plasma B12 levels in mice on
200 μg/day were ~2x higher than those of mice with no supplement.
Kidney B12 levels increased by ~6x at 200 μg/day intake and by ~11x
in mice fed 600 μg/day compared to those without supplement (Fig. 1).
Based on these data, we selected a dose of 200 μg/day (50 mg/L in
drinking water) in our experiments.

3.2. B12 lessens kidney IRI

A burst of superoxide production in the early reperfusion stage has
been considered as the source of the variety of ROS, but excess ROS
production continues during the cellular damage and repair processes.
While in some I/R events, such as kidney transplantation, are pre-
dictable, most acute renal injuries are unpredictable. To examine
whether B12 can prevent post I/R kidney damage, we provided mice
with B12(cyanocobalamin) in drinking water after mice recovered from
surgery at a dose of 50 mg/L. Plasma B12 levels on day 5 were in-
creased by ~1.5x, and kidney levels were increased by ~6x in both
sham and experimental mice (Fig. S1). Renal tubular necrosis and cast
formation subsequent to I/R (Fig. 2C, E & S2) were significantly miti-
gated by B12 (Fig. 2D and E). Moreover, while I/R surgery reduced
renal function, as indicated by elevated plasma creatinine and cystatin
C levels (Fig. 2F and G), mice receiving B12 had significantly lower
plasma creatinine and cystatin C levels (Fig. 2F and G) than untreated I/
R mice. B12 had no effect on renal morphology and function of sham

mice (Fig. 2A, B, E, F, & G).
Kidney injury molecule-1 (KIM-1), a type 1 transmembrane protein

with an immunoglobulin and mucin domain, is abundantly expressed in
post-ischemic kidneys, and sustained upregulation of Kim1 is an ex-
cellent marker of kidney damage including peritubular inflammation
and interstitial fibrosis [17,18]. mRNA levels of Kim1 in the kidneys
subjected to I/R were increased ~30x compared to sham mice. B12
halved the induction of Kim1 dramatically in the kidneys of I/R mice,
but had no effect on Kim1 expression in sham kidneys (Fig. 2H).

3.3. B12 reduces kidney inflammation and fibrosis

Inflammation response plays pivotal roles in the I/R injury process
and transition from AKI to chronic kidney disease (CKD) [19]. At post I/
R day 5, the kidneys of I/R mice contained abundant infiltrating mac-
rophages, as demonstrated by prominent immunostaining of F4/80, a
pan-macrophage marker, around injured tubules (Fig. 3C). B12 sig-
nificantly reduced the F4/80 staining in I/R kidneys (Fig. 3D). The
staining in kidneys from sham mice, both treated and untreated with
B12, was very low (Fig. 3A and B). Quantitative RT-PCR confirmed
these results. I/R increased the level of F4/80 mRNA about 7x in I/R
kidneys relative to sham, and B12 reduced this induction to ~2.5x
(Fig. 3E). Together, these data indicate that B12 strongly limited the
number of infiltrating macrophages. Consistent with this observation,
expression of Ccl2, the gene encoding monocyte chemoattractant pro-
tein-1 (MCP1), which attracts monocytes to the site of damaged tissues,
was induced ~20x in I/R kidneys compared to sham, with B12 de-
creasing the induction of Ccl2 by more than 50% (Fig. 3F). Similar
patterns of enhanced expression were seen in I/R kidneys for several
other genes involved in inflammation and innate immunity. Suppres-
sion by B12 was approximately 50% for Tlr4, Icam1, and Tnfα
(Fig. 3G–I), while suppression was almost complete in the case of Il6
(Fig. 3J).

Proximal tubular cells injured by I/R undergo epithelial-to-me-
senchymal transition (EMT) and express vimentin, the major cytoske-
letal component of mesenchymal cells [20]. Kidneys subjected to I/R
expressed ~7x increased levels of Vimentin mRNA as compared to sham
kidneys. B12 reduced this increase to ~2x in I/R kidneys, and had no
effect on Vimentin expression in sham kidneys (Fig. 4A). Tgfβ1, a well-
known inducer of EMT, showed the same pattern of expression as Vi-
mentin (Fig. 4B).

Activated myofibroblasts secrete extracellular matrix proteins in-
cluding collagen and fibronectin during IRI [18]. The mRNA levels of
Fibronetin and Col1 (coding collagen1) were markedly increased to 10x
and 20x, respectively, in I/R kidneys. B12 reduced the induction of
these two genes by ~50% (Fig. 4C&D). Collagen deposition detected by
Masson's Trichrome staining was increased in the kidneys of untreated
I/R mice (Fig. 4E) but was markedly less in the kidneys of I/R mice
treated with B12 (Fig. 4E). Collagen staining did not differ between
sham groups with or without B12 (Fig. 4E).

3.4. B12 suppresses DNA damage response (DDR) and apoptosis

Several molecules, known to be involved in the DDR, were upre-
gulated in the kidneys of mice subjected to I/R [14]. These included p-
H2A.X, as detected by Immunohistochemistry (IHC) (Fig. 5C and E),
and phosphorylated checkpoint kinase 1 (p-Chk1), as detected by
western blotting (WB) (Fig. 5F and G). Treatment with B12 significantly
decreased expression of both p-H2A.X (Fig. 5D and E) and p-Chk1
(Fig. 5F and G) in the kidneys of I/R mice. B12 did not alter the renal
expression of p-H2A.X or p-Chk1 in sham mice (Fig. 5A, B, E, F, & G).

Activation of the DDR contributes to renal tubular cell apoptosis
[14]. The kidneys of I/R mice showed markedly increased staining for
cleaved caspase 3 (c-Cas3), the main effector of apoptosis. B12 sig-
nificantly decreased cleaved caspase 3 in I/R kidneys (Fig. S3 C&D).
Cleaved caspase 3 could not be detected in sham mice, regardless of

Fig. 1. Dose effect of oral B12 intake on plasma and kidney B12 content.
B12 was administered to WT male mice via drinking water for 5 days and dose
per day was calculated as 4 ml of water intake. A) plasma concentration of B12.
B) B12 level in kidneys. n ≥ 5. *p < 0.05, **p < 0.01 by Tukey–Kramer
Honest Significant Difference test. Error bars indicate group mean ± SEM.
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treatment with B12 (Fig. S3 A&B). As assessed by densitometry, treat-
ment with B12 reduced the ratio of cleaved/full length caspase 3 in I/R
kidneys from ~15x to levels not significantly different from those seen
in sham kidneys (Fig. 5H and I). p53, a key component of apoptosis,
contributes to activation of the mitochondrial pathway of apoptosis,
resulting in cytochrome C release from mitochondria and subsequent
activation of caspases [21]. The mRNA levels of p53 were increased
more than 3x in the kidneys of I/R mice, as compared to the sham
kidneys, and B12 reduced the extent of induction (Fig. 5G). Finally,
neither I/R nor B12 altered mRNA levels of renal Bcl2 (data not shown).

3.5. B12 dampens kidney oxidative stress induced by IRI

Excess ROS production in post I/R tissues aggravates the kidney
injury, and oxidative stress is directly connected to Inflammation, fi-
brosis, DNA damage and apoptosis. Cellular amounts of antioxidant
enzymes thus play important roles in preventing the damage due to
oxidative stress. We assessed the level of superoxide by its reaction with
dihydroethidium (DHE) to produce the fluorescent product, 2-hydro-
xyethidium (2-OH-E). B12 decreased the production of 2-OH-E in kid-
neys subjected to I/R (Fig. 6A). In addition, mRNA levels of Gpx1
(encoding glutathione peroxidase 1), Sod1 (encoding superoxide dis-
mutase 1), and Sod2 (encoding superoxide dismutase 2), were all re-
duced significantly by I/R to ~0.4-0.6x those of sham. They were
normalized by B12 (Fig. 6B–D). No significant changes in the expression
of Sod3 (encoding superoxide dismutase 3, extracellular SOD) were
altered by either I/R or B12 (Fig. 6E). Rac1-GTP dependent NADPH

oxidase (Nox2) mRNA level was increased ~8x in I/R kidneys con-
sistent with previous reporting [10,22], and B12 halved the induction
of this gene (Fig. 6F). Finally, protein levels of catalase were not dif-
ferent among the four groups (data not shown).

3.6. B12 mitigates hypoxia/reperfusion (H/R) injury in vitro

While our observations are consistent with the SOD mimetic action
of B12, characterization of ROS in tissues in vivo at post day 5 is com-
plex due to kidneys being composed of multiple cell types that may
differ in pathological features. Proximal tubular cells are more sensitive
to IRI than other types of cells in the kidney [23,24]. We therefore used
mouse proximal tubular cells (BU.MPT), a conditionally immortalized
proximal tubular cell line, to test the effects of B12 on the acute phase
of reperfusion. At a B12 concentration of 0.3 μM, which is close to the
maximal plasma B12 level seen in mice with saturation of the B12
transport system [25], B12 prevented cell death induced by H/R
(Fig. 7A). 2-OH-E was below the detection limit by HPLC in cells.
However, we observed a decrease in DHE-probed-fluorescence of B12-
treated cells, which was induced by H/R, using a filter that maximizes
the specificity for 2-OH-E by minimizing interference from ethidium
(λex = 405 nm, λem = 560–580 nm) [15](Fig. 7D&E). Control cells,
regardless of B12, had very low signals (Fig. 7B&C).

Fig. 2. Functional and morphological protection from kidney ischemia/reperfusion (I/R) injury with B12. A-D) Histological assessment of the tubular
structures of the 4 groups of mice; Sham operated with or without B12 and I/R operated with or without B12. Hematoxylin and eosin staining. Yellow arrows:
necrotic tubules. #: protein casts. E) Semi-quantitative injury score of the kidneys of the four groups of mice. n ≥ 3. F) Plasma creatinine concentration in the four
groups of mice. n ≥ 57. G) Plasma cystatin C concentration in the four groups of mice. n ≥ 7. H) Kim1 mRNA levels in kidneys of the four groups of mice. n ≥ 9.
longer line: I/R vs. sham; shorter line: I/R + B12 vs I/R. *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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3.7. B12 modulates H/R induced chemokine gene expression in cultured
proximal tubular cells

To gain insight on how B12 influences early H/R events, we globally
examined genes that are differentially expressed in the four groups of
BU.MPT cells. Microarray analysis identified 6641 genes whose ex-
pression significantly differed in at least one group versus the others by
ANOVA (F-test p < 0.05). Among these differentially expressed genes,
H/R increased the transcripts of 595 genes more than 2x compared to
control, while it reduced the transcripts of another 592 genes to less
than 0.5x. The genes induced by H/R were enriched with those that
function in transcriptional regulation (9E-15), kinase activities (1.2E-
11), and oxidoreductase activities (3.3E-7). Although genes suppressed
by H/R were overall less related to each other, they were enriched with
mitochondrial proteins involved in metabolic pathways (2E-7), such as
electron transport NADH dehydrogenases (1.5E-7). This pattern of gene
expression is generally consistent with that observed by others [26].
The heatmap of the 33 most up- and down-regulated genes are illu-
strated in Fig. S4.

As compared to the H/R response, the number of genes responding
to treatment with B12 was extremely limited. The transcripts of only 20
genes were increased more than 2x in cells treated with B12 as com-
pared to control cells, while the transcripts of 13 were reduced to less
than 0.50x. However, none of these B12 effects was significant by the
Tukey-Kramer HSD test.

Among the 595 genes up-regulated by H/R, two were significantly

modulated by B12: Lrig1 (Leucine rich repeat and Ig like domain,
p = 0.0061), a negative regulator of epidermal growth factor receptor
signaling [27], and Tob1 (Transducer of ErbB2-1, p < 0.008), which
negatively regulates cell proliferation [28]. When the analysis was
broadened to include genes up-regulated by H/R more than 1.62x as
compared to control, we found significant modulation by B12 in an
additional 5 genes (p < 0.05) (Fig. S5). Among the 592 genes down-
regulated by H/R, 11 were significantly modulated by B12. These in-
cluded Romo1 (ROS modulator 1, p = 0.005), a positive regulator of
ROS metabolism required for mitochondrial fusion and for normal in-
tegrity of cristae; Vamp7 (Vesicle associated membrane protein 7,
p = 0.005), which plays a role in ER to Golgi protein transport and
vesicle fusion as well as in the regulation of autophagy and mi-
tochondrial homeostasis [29]; and Tram1 (Translocation associated
membrane protein 1, p = 0.003), an ER component that facilitates the
secretion of proteins across the ER membrane and the alleviation of ER
stress [30]. The number of B12-modulated genes expanded to 28 when
the threshold for down-regulation by H/R was relaxed to less than
0.62x that of control cells (Fig. S5). Notably, while B12 modulated
expression of these genes in the setting of H/R, B12 did not significantly
affect their expression in control cells.

Although those with highly significant p-values are worth further
consideration, dampening of the expression of only a small number of
genes that responded to H/R suggests possibilities that either early ef-
fects of B12 on gene transcription are subtle or the major effects are at
the level of protein modifications. We therefore performed qRT-PCR

Fig. 3. Supression of ischemia/reperfusion (I/R)-induced inflammation with B12. A-D) Immunostaining for F4/80 (pan-macrophage marker) in kidneys of the
four groups of mice. E-J) mRNA levels of inflammatory genes in kidneys of the four groups of mice. n ≥ 9. longer line: I/R vs. sham; shorter line: I/R + B12 vs I/R.
*p < 0.05, **p < 0.01.

F. Li, et al. Redox Biology 32 (2020) 101504

5



analyses for some genes of interest, such as those of the chemokine
family and TGFβ1 signaling, to determine whether B12 influences
pathways known to play a role in the early H/R injury process.
Confirming the microarray data, Cxcl1 (encoding chemokine [C-X-C
motif] ligand 1] and Ccl2, were significantly up-regulated by H/R. As
opposed to our microarray analysis, qRT-PCR detected a significant
dampening effect of B12 for Cxcl1 induction (p < 0.003), and a trend
towards reduction for Ccl2 induction (p = 0.044, one-tail) (Fig. 7F&G).
Since CXCL1 is a strong chemoattractant for neutrophils, limiting local
production of CXCL1 with consequent mitigation of inflammatory
cascades may be an important early contribution of B12. TGFβ1-de-
pendent signaling induced EMT is another early process in H/R. In
contrast to microarray analysis, which showed induction of Tgfb2 and
Tgfb3, but not Tgfb1, by H/R, qRT-PCR revealed a significant induction
of Tgfb1 by H/R that was further modulated by B12 (Fig. 7H). In ad-
dition, while microarray analysis detected B12-induced upregulation of

Tgfbr1 (encoding TGFβ receptor 1) but not of Tgfbr2 (p = 0.055, Tukey
Kramer HSD). qRT-PCR detected a significant modulation of Tgfbr2 by
B12 (Fig. 7I). Although these expression data are not fully consistent,
they do suggest in aggregate a role of these pathways in early re-
perfusion injury.

4. Discussion

Our in vivo studies demonstrate dietary loading can increase kidney
B12 content more than 6x. Because B12 was provided after I/R, our
results show that B12 has reno-protective effects even when given after
IRI, making our findings translationally relevant. The beneficial effects
of B12 were evidenced by multiple criteria, including decreased tubular
injury and decreased plasma creatinine and cystatin C levels, as well as
inhibition of markers of inflammation, fibrosis, apoptosis, and DDR at 5
days following IRI. In addition, our in vitro data using cultured proximal
tubular cells revealed that B12 decreased ROS level induced by H/R,
resulting in increased cell survival. Taken together, our in vitro and in
vivo data suggest that B12 may be directly protective in the early stages
of I/R injury, at least in part through suppression of ROS.

IRI is a leading cause of AKI, a common clinical condition associated
with an increased risk for developing chronic kidney disease (CKD) and
end stage renal disease (ESRD) [31]. Agents considered as an optimal
treatment for AKI must not only minimize the acute injury, but also
promote adaptive repair, with inhibition of inflammation and fibrosis,
thereby preventing/halting progression to CKD and ESRD. Currently,
no effective therapeutic strategies are available for AKI [32]. This is
especially true for agents administered after the initial injury has oc-
curred. Notably, in our studies, B12 administered after surgical IRI not
only ameliorated the course of AKI, but also reduced markers of in-
flammation and fibrosis, suggesting that B12 has tremendous potential
as a treatment for AKI.

Many agents with antioxidant capacity have been tested in animal
models of I/R and have shown similar degrees of benefit to those of B12
as observed by us [33–35]. In the majority of these reports, treatment
was started at the same time or prior to I/R, in part because of the
widely accepted belief that ROS are produced during the reperfusion
stage. However, IRI and repair are both ongoing processes, with on-
going production of ROS. Our experiments suggest that redox mod-
ulation even at later stages following IRI can be strongly beneficial.
Synthetic mimetics of SOD, including those specifically targeted to
mitochondria, have been examined for their protective effects in ani-
mals, with some currently under preclinical and clinical development
for diseases including cancers [36], central nervous system diseases
[37], diabetes, and radiation injury [38]. The efficacy and safety of
these agents will take significant time to be established. B12, a naturally
occurring SOD mimetic that distributes in both cytoplasm and mi-
tochondria, is an excellent alternative. Indeed, recent publications have
demonstrated the benefits of B12 in animal models of DiGeorge syn-
drome [39], Parkinson's disease [40], optical neuropathy [41], and
methylcobalamin prevents mutant human SOD1 (G93A) induced motor
neuron death in vitro [42].

Our demonstration that orally administered B12 can achieve blood
and tissue levels sufficient to exert protection post I/R has significant
implications. Daily intake of approximately 0.32 μg of B12 is enough for
WT mice to have normal physiological function. However, production
of ROS during IRI overwhelms and/or impairs the normal antioxidant
defense system. Since absorption of dietary B12 is limited by a small
amount of intrinsic factor available, we hypothesized that pharmaco-
logical/supraphysiological doses of B12 will be needed to overcome this
limitation and have protective effects on IRI. A pro-oxidant environ-
ment under I/R might also reduce the rapid conversion of cob(III)
alamin to cob(II)alamin, requiring more cobalamin substrate is needed
to see a significant antioxidant effect. Importantly, we selected dose of
200 μg/day in our study, since the B12 levels in plasma and kidneys
after administration of B12 via drinking water in WT mice was

Fig. 4. Suppression of ischemia/reperfusion (I/R)-induced fibrosis with
B12. A-D) mRNA levels of fibrotic genes in kidneys of the four groups of mice.
n ≥ 9. longer line: I/R vs. sham; shorter line: I/R + B12 vs I/R. *p < 0.05,
**p < 0.01. E) Representative Masson's Trichrome stain of kidneys in the four
groups of mice.
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substantially increased at this dose, and further increased at a dose of
600 μg/day. Further evaluations are required to determine whether
there is a threshold of B12 availability to initiate its superoxide
scavenging function and/or a lower dose exerts protection effects in I/
R.

The effects of high-dose B12 supplementation has been tested in
diabetic patients [43]. These trials, which generally used 1 mg/day of
B12 in combination with B6 and B9, failed to establish clinical efficacy,
despite a reduction in plasma homocysteine levels. The dose used in our

study with mice translates to approximately 50 mg/day in humans
[44]. In previous work by Kira et al., B12 was given to Japanese pa-
tients with multiple sclerosis at 60 mg/day [45]. Although the reduc-
tion in clinical symptom was not satisfactory, the authors reported no
adverse effects of B12 at this high level. Therapeutic benefits seen in
animals do not always translate to patients. Multiple reasons for this
have been suggested, including species differences [46]. In this regard,
we note that humans have two circulating B12 binding proteins,
transcobalamin 1 and 2 (TCN1 and TCN2) of which only TCN2 can bind

Fig. 5. Suppression of ischemia/reperfu-
sion (I/R)-induced DNA damage re-
sponse (DDR) and apoptosis with B12. A-
D) Representatives of immunostaining of p-
H2A.X (a hallmark of DDR) in kidneys of
the four groups of mice. E) semi-quantifi-
cation of positive staining of p-H2A.X.
n = 3. F) Western blot and G) densitometric
quantitation of p-Chk1. n = 8. H) Western
blot of cleaved caspase 3 (c-Cas3, effector of
apoptosis) and caspase 3 (Cas3) and I) the
ratios of their densitometrically quantitated
amounts in kidneys of four groups of mice.
n = 4. G) mRNA level of p53 in the kidneys
of the four groups of mice. n ≥ 9. longer
line: I/R vs. sham; shorter line: I/R + B12
vs. I/R. *p < 0.05, **p < 0.01.
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to cellular receptors for B12. Unlike in humans, Tcn1 is a pseudogene in
rodents and therefore only TCN2 carries circulating B12 in rodents
[47]. Although TCN1-deficient humans show no symptoms [48], the
efficacy of cellular delivery of high-dose B12 into cells in humans also
requires detailed evaluation.

Previously, one of us showed that reduced B12 reacts with super-
oxide at a rate approaching that of SOD [5], and proposed that B12 acts
as a second line of defense in conditions of oxidative stress [6]. For
cobalamin to directly react with superoxide, it needs to be reduced to
cob(II)alamin first [5]. Intracellular processing of cobalamin includes
removal of the β-axial ligand; for alkylcobalamins and cyanocobalamin
it is accomplished by the methylmalonic aciduria and homocystinuria
type C (MMHAC) protein, concomitantly with reduction of the metal
center of cobalamin [49–51]. While many of the intracellular forms of
cobalamin will not directly scavenge superoxide, up to 80% of mi-
tochondrial cobalamin could be in its cob(II)alamin reduced form [52].
In endothelial cells the mitochondrial coenzyme, adenosylcobalamin,
was shown to be higher than the cytosolic methylcobalamin [53].

Importantly, in the current work, we showed evidence of decreased
superoxide levels in the I/R kidneys of B12-treated mice, supporting the
idea that enough cob(II)alamin could be acting as a second line of de-
fense when ROS levels increase due to I/R. However, we also observed
increasing effects of B12 treatment on antioxidant genes, including
Sod1 and Sod2, as well as the opposite effect on the superoxide pro-
ducing Nox2 gene. An increase in superoxide dismutases and/or a de-
crease in generation of superoxide could also account for the deceased
levels of superoxide. Although we did not specifically assess the protein
levels of genes we analyzed, the literature suggests a good correlation
between mRNA and protein levels. For example, Yi et al. has reported a
correlation between mRNA and protein levels for Sod1, Sod2 and Gpx
[54]. Wan et al. has similarly reported that the mRNA levels of Nox2
correlate with its protein levels [55]. Additionally, one of us has also

reported that a correlation among mRNA, protein level and enzyme
activity for SOD1 in a model of arterial injury [56].

An increase in superoxide dismutase activity and/or a decrease in
generation of superoxide could also account for the decreased levels of
superoxide. Although reduced tissue injuries and macrophage infiltra-
tion account for at least parts of these results, B12 could also be con-
tributing to the reno-protective effects through other functions than
direct superoxide scavenging. In this regard, our attempts to analyze
early changes in gene expression by proximal tubular epithelial cells,
although limited in scope, suggest that chemokines, ER stress, and EMT
are among the early processes for which B12 may exert a protective
role. These processes are likely ongoing and continue to contribute to
IRI long after reperfusion has occurred. Importantly, transcription of
chemokine genes such as CXCL1 and CCL2 are under the regulation of
the transcription factor, nuclear factor κB (NFκB). The early phases of
oxidative stress have been shown to induce NFκB activation in multiple
ways. For example, H2O2 activates NFκB mainly through the classical
IKK-dependent pathway. Moreover, phosphorylation of Ser-276 on the
p65 subunit of NFκB has been shown to be ROS-dependent and is re-
quired for transcriptional expression of some NFκB target genes, in-
cluding CXCL1 and CCL2 [57]. Although exposure to sustained oxida-
tive stress may inhibit NFκB activation as Wu et al. has shown [58],
superoxide scavenging by B12 could effectively suppress early chemo-
kine expression and recruitment of inflammatory cells to the site of IRI.

5. Conclusion

We have demonstrated that high-dose B12 improves the function
and morphology of kidneys in mice injured by I/R. B12 effectively
suppressed inflammation, fibrosis, and apoptosis, all of which are as-
sociated with ROS generation. Because B12 is generally regarded as safe
in humans, it merits further evaluation for the prevention and/or

Fig. 6. Normalization of antioxidant capacities in ischemia/reperfusion (I/R) kidneys with B12. A) The levels of 2-OH-E in kidneys of the four groups of mice.
UD: undetectable. n = 5. B-D) B12 normalized the mRNA levels of Gpx1, Sod1, and Sod2 that were down-regulated in kidneys by I/R. E) Neither I/R nor B12 had
effects on Sod3 mRNA level in kidneys. F) B12 decreased the mRNA levels of Nox2 that were up-regulated in the kidneys by I/R. n ≥ 9. longer line: I/R vs. sham;
shorter line: I/R + B12 vs. I/R. *p < 0.05, **p < 0.01. n.s.: non-significantly different.
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treatment of human AKI mediated by IRI.
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