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A B S T R A C T

The oxidant hydrogen peroxide (H2O2) serves as a signaling molecule that alters many aspects of cardiovascular
functions and contributes to cardiovascular diseases. Recent studies suggest that cytoglobin – a member of the
globin family - may promote electron transfer reactions with proposed functions in H2O2 decomposition. In the
present study, we directly examined the ability of cytoglobin to decompose H2O2. Carotid arteries from cyto-
globin knockout mice were more sensitive to glycolytic inhibition by H2O2 than arteries from wild type mice. In
addition, the ectopic expression of cytoglobin in cultured cells limited the inhibitory effect of H2O2 on glycolysis
and reversed the oxidative inactivation of the glycolytic enzyme GAPDH. Cytoglobin facilitated the reduction of
the thiol-based H2O2 sensor Hyper7 after H2O2 challenge. The specific substitution of one of two cysteine resi-
dues on cytoglobin (C83) inhibited its antioxidant activity, as did the substitutions at the proximal and distal
histidine residues. In vitro, direct measurements of H2O2 concentrations indicated that purified cytoglobin
consumes H2O2 at rates comparable to that of peroxiredoxin 2 and that it competitively inhibits the hyper-
oxidation of peroxiredoxin 2. We propose that cytoglobin may serve as a regulator of intracellular redox signals
initiated by H2O2.

1. Introduction

Although reactive oxygen species (ROS) have been implicated in the
etiology of cardiovascular disease (CVD) [1], their specific roles in
promoting pathological hallmarks such as vascular remodeling and
atherosclerosis are still unclear. For example, whether overproduction
of ROS simply contributes to undifferentiated oxidative injury or more
specifically dysregulates redox signals that are important for disease
progression is still open for discussion. Clearly, significant progress has
been made over the past two decades in the characterization of oxidant
producing enzymes and the antioxidant systems that might provide
counter-regulation. Redox signaling that requires 2 electron oxidation
reactions often involve hydrogen peroxide (H2O2) as the chemical
signal. Thus, an increasing list of oxidative post-translational

modifications sensitive to H2O2 have been identified and shown to
regulate key aspects of vascular physiology and pathophysiology. This
includes regulation of blood pressure, hypertension, and vascular
remodeling [2–6]. The exact mechanism by which H2O2 and other ROS
might propagate redox signals is only beginning to be deciphered. In
some cases, this might require reversible inhibition of antioxidant sys-
tems to allow for diffusion and reaction of the oxidant with its target [7,
8]. Alternatively, conversion of H2O2 to organic hydroperoxides may be
required to escape reductive inactivation [9]. New concepts have also
emerged that paradoxically implicate antioxidant systems such as the
peroxiredoxins in propagating redox signals [10,11]. Finally, some
protein targets might be able to directly react with H2O2 and serve as
redox sensors [12,13].

Past studies suggest that cytoglobin (CYGB) may be uniquely
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positioned to support the handling of ROS in the vasculature. It is
expressed in vascular smooth muscle cells [14–16] and its reaction with
nitric oxide (NO), nitrite (NO2

− ), superoxide (O2
− ), and H2O2 have all

been proposed to underpin its function in regulating vascular tone and
injury [15–18]. Although the role of cytoglobin as an NO dioxygenase is
relatively well established, the exact mechanism by which it may
regulate H2O2 is less clear. One reason is that the second order rate
constant for the reaction of H2O2 with cytoglobin is several orders of
magnitude slower than known heme and thiol-based peroxidases such as
catalase and peroxiredoxins [19]. This would preclude a direct role for
cytoglobin as a physiologically relevant scavenger or target of H2O2,
unless alternative mechanisms exist. There is little doubt that the dele-
tion of cytoglobin in mouse models is associated with increased oxidant
burden but these effects might be secondary and related, for example, to
a dysregulated inflammatory response [20]. Alternatively, cytoglobin
loss has been associated with changes in gene expression both in vivo and
in cell cultures with apparent preferential changes in genes related to
antioxidant systems [21–23], which might also explain the increase in
resistance to H2O2.

In a recent study, we showed that vascular smooth muscle cytoglobin
relocates from the cytosol to the nucleus in response to serum stimula-
tion [16]. Once in the nucleus, cytoglobin may regulate gene tran-
scription and DNA damage response pathways through interaction with
the chromatin remodeler HMGB2 [16]. Significantly, we also estab-
lished that the serum-dependent nuclear accumulation of cytoglobin
required the H2O2 producing enzyme NOX4. This could be recapitulated
in the absence of serum through treatment with H2O2. This led us to
propose an alternative function for cytoglobin as a H2O2 sensor. In the
present study, we establish that cytoglobin can directly remove H2O2
inside cells. We show that cytoglobin reverses the inhibitory effect of
H2O2 on the glycolytic pathway. In vitro, we show that the reaction of
H2O2 with cytoglobin is rapid enough to compete with the hyper-
oxidation of peroxiredoxin 2. Our results are consistent with a role for
cytoglobin as a physiological target of H2O2.

2. Results

2.1. Loss of cytoglobin increases the sensitivity of the glycolytic pathway
to H2O2 in mouse vessels

Past studies have shown that several glycolytic enzymes are highly
sensitive to H2O2 mediated inhibition [12,13,24–26] and we reasoned
that examination of glycolytic activity may serve as a surrogate to test
for H2O2 sensitivity in isolated vessels and cells. In vessels, glycolysis
provides a significant fraction of the basal bioenergetic requirement,
even under fully aerobic conditions and in the absence of force gener-
ation [27]. Thus, in the first set of experiments, we determined whether
cytoglobin deletion increased the sensitivity of isolated mouse carotid
arteries to the H2O2-mediated inhibition of glycolysis (Fig. 1a). Indirect
immunostaining of cytoglobin protein in wild-type mice confirmed the

expression of cytoglobin in the media consistent with SMC association.
However, we also found significant staining in the adventitia (Fig. 1b).
To unequivocally establish the expression of cytoglobin in SMCs, we
isolated carotid arteries from transgenic mice that express a
tamoxifen-inducible Cre-recombinase driven by the SMC-specificMyh11
promoter combined with a Cre-responsive zsGreen inserted at the
ROSA26 locus. Using this system, SMCs are permanently labeled with
zsGreen once the mice are administered tamoxifen. We stained carotid
artery cross sections for cytoglobin by indirect immunofluorescence and
showed that cytoglobin immunostaining co-associated with ZsGreen
positive medial cells (Fig. 1c). The expression of cytoglobin in cells
populating the adventitia was also explored through
co-immunofluorescence staining for dermatopontin (Dpt) mRNA, a
fibroblast marker [28]. As shown in Fig. 1c, there was also significant
co-association of Dptwith CYGB in the adventitia suggesting widespread
expression of cytoglobin in adventitial fibroblasts in the mouse carotid.

Next, cytoglobin wild-type and knockout mice littermates (Cygb WT
and Cygb KO mice) were generated as previously described [15].
Cytoglobin loss was verified by Western blot and indirect immunofluo-
rescence analysis (Supplementary Figs. 1a and b). We performed a dif-
ferential gene expression analysis on a bulk RNA seq from isolated left
common carotid arteries. We queried this data set for the expression of
globins (Fig. 1d) and established that cytoglobin mRNA exceeded the
expression of any other globin transcripts by more than 10-fold. Deletion
of cytoglobin did not alter the expression of the other globin transcripts
(Fig. 1d).

Finally, glycolytic rates in vessels were assessed by measuring
extracellular acidification rates (ECAR) using Seahorse XF technology.
We isolated 2-mm length carotid artery segments and measured basal
ECAR following the sequential addition of a blank, the mitochondrial
uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP) and a combination of two respiratory chain inhibitors rotenone
and antimycin A (Fig. 1e). Addition of FCCP in the presence of glucose
increased ECAR suggesting that the basal glycolytic rate of these vessels
is limited by a low resting demand that can be increased through
mitochondrial uncoupling with FCCP. The lack of effect of rotenone and
antimycin A on ECAR indicated the absence of contribution from
oxidative phosphorylation. There was also no difference in basal ECAR
or FCCP-stimulated ECAR between wild-type and knockout mice
(Supplementary Fig. 2). Treatment of the vessels with H2O2 resulted in a
decrease in ECAR (Fig. 1f). However, the extent of the decrease in ECAR
was significantly greater in cytoglobin knockout vessels compared to
wildtype (Fig. 1f, g, and h). We also noted a collapse in FCCP-stimulated
ECAR (Fig. 1f and g) and the vessels with cytoglobin deletion were
unable to sustain a measurable increase, past a few minutes (Fig. 1g).
Altogether, these results indicated a protective effect of cytoglobin
against H2O2-mediated inhibition of glycolysis in mouse carotid arteries.

Fig. 1. Loss of cytoglobin increases the sensitivity of glycolysis to hydrogen peroxide in isolated mouse carotidarteries. a, Schematic of the proposed effect of
hydrogen peroxide and cytoglobin on the glycolytic pathway. See Text for details. b, Representative indirect immunofluorescence staining for cytoglobin (red) in
serial sections - 20, 120, and 220 μm from the bifurcation between the internal and external carotid artery - obtained from the left common artery of wildtype mice;
scale bar is 200 μm; inset shows enlargement of the middle picture with cytoglobin staining in both the adventitia and media; white dotted line delineate the limit of
the media, based on laminas autofluorescence. c, Representative indirect immunofluorescence staining for cytoglobin (CYGB), ZsGreen positive cells, and in situ
hybridization (ISH) for dermatopontin (Dpt) mRNA in mouse carotid artery from tamoxifen-induced Myh11 ERT2 cre ZsGreen mice. Scale bar is 200 μm; L = lumen.
d, Bulk RNA seq analysis was performed on the left common carotid artery of cytoglobin wildtype (Cygb WT) and knockout (Cygb KO) mouse littermates and results
were queried for globin mRNA and plotted as the Log2 signal for each transcript. Statistical analysis was performed using two-way ANOVA with Tukey’s multi-
comparisons test. e, Representative tracing of extracellular acidification rate (ECAR) measurements obtained from the carotid artery of WT mice. Arrows indicate
sequential addition of PBS (Blk), FCCP, and rotenone with antimycin A (R/A). Insert, representative image of an isolated length of the mouse carotid artery prepared
for metabolic flux analysis. f and g, Extracellular acidification profiles obtained from carotid arteries from cytoglobin wildtype (Cygb WT, f) and knockout (Cygb KO,
g) mouse littermates. Arrows indicate the sequential addition of hydrogen peroxide (H2O2, 200 μM) and FCCP. h, Quantitation of the change in ECAR (ΔECAR)
following the addition of hydrogen peroxide on carotid arteries obtained from cytoglobin wildtype (Cygb WT) and knockout (Cygb KO) mice. The time points used to
calculate ΔECAR were the first and third points after addition of hydrogen peroxide. Each data point indicates one mouse. Statistical analysis was performed using
unpaired Student’s t-test.
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2.2. Expression of cytoglobin decreases the sensitivity of the glycolytic
pathway to H2O2 in cultured cells

To further confirm the role of cytoglobin in protecting against H2O2-
mediated inhibition of glycolysis, HEK293 cells were transfected with
plasmids to stably express human cytoglobin (hCYGB) or a control
plasmid (EV, Empty Vector). The expression of cytoglobin was verified
by indirect immunofluorescence (Fig. 2a). We also examined the spec-
tral properties of HEK293 cells expressing cytoglobin using a spectro-
photometer equipped with an integrating cavity [29]. Cells expressing
cytoglobin showed characteristic spectral features for cytoglobin at the
Soret peak with shift of the 417 nm peak to 428 nm following reduction
by sodium dithionite (Fig. 2b). In addition, differential spectra between
cells with empty vectors and those expressing human cytoglobin
revealed primary peaks at 540 and 578 nm, consistent with oxy-
cytoglobin (CygbFe2+-O2; Fig. 2c). Again, reduction of the cell suspen-
sion with dithionite led to the formation of deoxycytoglobin with the
expected shift at 532 and 560 nm (CygbFe2+, Fig. 2c). Interestingly,
treatment of cells expressing cytoglobin with cyanide, which binds ferric
heme, resulted in spectral changes consistent with the formation of
cytoglobin ferric-cyanide heme (Supplementary Fig. 3a.). However, the
sequential addition of increasing concentrations of H2O2 did not result
in any significant changes in the spectral characteristic of intracellular
cytoglobin (Supplementary Fig. 3b).

We found that addition of bolus H2O2 inhibited the extracellular
acidification produced by HEK293 cells with empty vector (Fig. 2d) and
cells expressing cytoglobin showed decreased inhibition at the highest
concentration of H2O2 tested (Fig. 2e and f). To confirm these results, we
performed a targeted metabolomic analysis of glycolytic intermediates
in cells following exposure to bolus H2O2 for 10 min H2O2 treatment
increased all metabolites concentrations tested, irrespective of cytoglo-
bin expression (Fig. 2g). However, a key feature of the metabolic profile
following H2O2 treatment, was the accumulation of metabolites directly
upstream of GAPDH at much higher concentrations than those imme-
diately downstream of GAPDH (20 μM G3P compared to ~3 μM for xPG
with H2O2). This was consistent with past studies showing that the
reversible oxidative inhibition of GAPDH is a primary determinant of the
inhibition of the glycolytic pathway by H2O2.

12 This difference was
significantly reduced in cells expressing cytoglobin. H2O2 treatment also
increased levels of ribose-5-phosphate and sedoheptulose-7-phosphate,
two intermediates of the pentose monophosphate pathway and this
was reversed upon expression of cytoglobin (Supplementary Fig. 4). It is
noteworthy that the sensitivity of cells to H2O2 was different in the two
assays utilized (ECAR vs. metabolomics). This might reflect differences
in treatment procedures (96 well format for ECAR compared to larger
plate format for the metabolomics). The determination of ECAR is
obviously a more global assessment of glycolytic fitness that relies on
hydrogen ion production while the metabolomic mass spectrometry
measures specific metabolic intermediates. In total, these results showed
an attenuation of the inhibitory effect of H2O2 on glycolysis by
cytoglobin.

2.3. Cysteine and heme requirements for the decomposition of
intracellular H2O2

To further elucidate the mechanism by which cytoglobin decreases
intracellular H2O2, we examined the oxidation of the genetically enco-
ded H2O2 sensor Hyper7-NES (NES, nuclear exclusion sequence for
cytosolic localization, Fig. 3a) [30,31]. We found that baseline values for
Hyper7-NES were lower in cytoglobin expressing cells compared to EV
controls suggesting a more reduced intracellular environment (Fig. 3b
and c). Although this effect could have been produced through
quenching of Hyper7 fluorescence by cytoglobin, this possibility could
be safely eliminated since only very limited changes were obtained with
myoglobin overexpression (Supplementary Fig. 5). Addition of H2O2
increased Hyper7-NES oxidation in control and cytoglobin expressing
cells (Fig. 3d). Remarkably, cytoglobin expression was also associated
with a sharp increase in Hyper7-NES reduction rates compared to con-
trol such that approximately 25 min following the addition of H2O2,
values were returned to baseline (Fig. 3b–d and e). This suggested
increased metabolism of intracellular H2O2. This was most evident at the
100 and 200 μM final concentrations of H2O2 tested (Fig. 3e), with no
statistically significant differences at 20 and 50 μM. Independent of
cytoglobin expression, decrease in thioredoxin 1 protein levels through
siRNA or inhibition of thioredoxin reductase with auranofin inhibited
the reduction of Hyper7-NES (Supplementary Fig. 6) in accordance with
previous studies30.
In vitro, cytoglobin ligand binding and reactivity require a functional

heme center that is stabilized by a proximal and distal histidine residue
[32]. In addition, heme chemistry is allosterically regulated by an
intramolecular disulfide bridge between Cys38 and Cys83 [33–38].
Thus, we generated cell lines expressing cytoglobin variants with spe-
cific point mutations including H81G, H113G, C38G, and C83G (Fig. 3f).
Equal levels of protein expression were confirmed by Western blot
except for the double mutant, which was excluded from subsequent
experiments (Fig. 3g). Consistent with an essential role for the heme
center [19], Hyper7-NES kinetics were restored to those of the control
cells lacking cytoglobin following the expression of the H81G (distal
histidine residue) or H113G (proximal histidine residue) variants in HEK
cells (Fig. 3h). Importantly, while the C38G mutant was functional, the
C83G mutant lacked antioxidant activity, (Fig. 3h). To confirm these
results, we directly measured the activity of GAPDH. In agreement with
the Hyper7 results, the protective effect of cytoglobin on H2O2-mediated
inhibition of GAPDH was reversed in H81G, H113G, and C83G variants
but not C38G (Fig. 3i).

2.4. Cytoglobin inhibits peroxiredoxin hyperoxidation and maintains
active peroxiredoxin 2 in cells

A sensitive method to measure changes in intracellular redox state in
response to H2O2 is by examining the conversion of cytosolic peroxir-
edoxins to different oxidation states [39]. Briefly, the catalytic cycle of
conventional peroxiredoxins consists of the oxidation of a peroxidatic
cysteine residue by H2O2 to yield the initial sulfenic acid intermediate
[40]. This promotes peroxiredoxin homodimerization through

Fig. 2. Cytoglobin desensitizes glycolysis from hydrogen peroxide-mediated inhibition in cultured cells. a, Representative indirect immunofluorescence staining for
cytoglobin (CYGB; red) from HEK293 cells without (Empty Vector) or with cytoglobin (CYGB) expression. Green staining is a membrane marker to delineate cells. b,
UV–Vis spectra obtained from live HEK293 cells without (EV) or with cytoglobin (CYGB) expression, in the absence or presence of dithionite (dithio). c, CYGB minus
EV difference spectra for live HEK293 cells with or without dithionite as shown in panel b. d and e, Representative tracing of extracellular acidification rate (ECAR)
measurements obtained from HEK293 cells without (d, Empty Vector) or with (e, CYGB) cytoglobin expression. Arrows indicate addition of hydrogen peroxide
(H2O2) at different final concentrations. Each time-point and bar represent the average and standard error for at least 4 wells per time point (technical replicates). f,
Quantitation of the change in ECAR over time following the addition of hydrogen peroxide (H2O2, 150 and 350 μM). Each point represents independent experimental
replicates. Statistical analysis was performed using two-way ANOVA with Tukey’s multicomparisons test. g, Metabolic response of control HEK293 cells (EV = Empty
Vector) and HEK293 cells expressing cytoglobin (CYGB) following exposure to 150 μM hydrogen peroxide for 10 min. Concentrations of intracellular glycolytic
metabolites were determined by mass spectrometry. Abbreviations: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F1, 6P, Fructose-1-6-biphosphate; G3p,
Glucose-3-phosphate; xPG, 2/3-phosphoglycerate; PEP, phosphoenolpyruvate. All graphs show mean ± SEM of four independent experimental replicates. Statistical
analysis was performed using two-way ANOVA with Tukey’s multicomparisons test.
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formation of an intermolecular disulfide with a resolving cysteine res-
idue. The disulfides are then reduced by the thioredoxin/thioredoxin
reductase system to regenerate the thiolate on the peroxidatic cysteine
residues. The catalytic activity of mammalian peroxiredoxins is also
accompanied by the progressive oxidation of cysteine sulfenic in-
termediates to sulfinic and sulfonic acid moieties (termed hyper-
oxidation), which leads to inactivation of their peroxidase activity
[41–43]. We reasoned that if cytoglobin were to promote the degrada-
tion of intracellular H2O2, it could be competitive with peroxiredoxins.

Hyperoxidation of peroxiredoxins was monitored on Western blots

using an antibody directed against stable peroxiredoxin sulfinic and
sulfonic residues [44]. We found that cytoglobin expression was asso-
ciated with a decrease in hyperoxidation following treatment of the cells
with H2O2 (Fig. 4a). Next, we followed the monomeric/dimeric states of
the two primary cytosolic peroxiredoxins, peroxiredoxin 1 and 2. This
can be achieved through post-treatment of cells with N-ethylmaleimide
(NEM) followed by non-reducing SDS PAGE of the lysates [39]. The
monomeric and dimeric forms of the two peroxiredoxins were observed
in both control and cytoglobin expressing HEK293 cells (Fig. 4b and c).
The high percentage of peroxiredoxin 2 dimers in resting cells compared

(caption on next page)
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to peroxiredoxin 1 was evident. This could not be attributed to arte-
factual oxidation of the samples used for peroxiredoxin 2 determination
because the Western blots for peroxiredoxin 1 and 2 were generated
from the same NEM-treated lysates. This suggested different sensitivity
of the two isoforms to basal conditions and possibly preferential acti-
vation of peroxiredoxin 2. For these experiments, HEK293 cells were
maintained on growth media until treatment with H2O2 in serum-free
media, possibly favoring continued growth factor-mediated receptor
activation and sustained basal H2O2 production preferentially sensed by
peroxiredoxin 2. This would be in agreement with past work indicating
that peroxiredoxin 2 activity responds to lower levels of H2O2 than
peroxiredoxin 1 [45].

Peroxiredoxin 1 responded to the addition of H2O2 with a sharp in-
crease in the dimeric form at 2 min (Fig. 4b). Following the addition of
H2O2, active dimers in control cells were lost following the addition of
H2O2 due to progressive hyperoxidation of the monomeric peroxir-
edoxin [46]. Peroxiredoxin 1 activity was unaffected by cytoglobin
expression (Fig. 4b). However, we found that the loss of dimeric per-
oxiredoxin 2 was delayed in the presence of cytoglobin with the 2 min
time-point reaching statistical significance (Fig. 4c). Overall, our results
indicate that the antioxidant activity of cytoglobin is sensitive enough to
specifically alter peroxiredoxin 2 activity through a decrease in the rate
of inactivation of the active dimeric form.

2.5. Peroxidase activity of cytoglobin in vitro

In this last set of experiments, the ability of cytoglobin to compete
with peroxiredoxin 2 and to consume H2O2 was determined in vitro using
purified recombinant proteins. First, assessment of protein mobility in
non-reducing SDS-PAGE confirmed that recombinant human cytoglobin
migrated as two distinct bands that were assigned to monomers with an
intramolecular disulfide bridge (MS-S, lower band) or with reduced
cysteine residues (MSH, upper band, Supplementary Fig. 7a, left panel),
as previously described [35]. In accordance, cytoglobin migrated as a
single band in reducing gels, just below the 25 kDa molecular weight
marker (Supplementary Fig. 7a, right panel) while the C38G and C83G
variants migrated as single bands under non-reducing and reducing
conditions. UV-VIS spectroscopy confirmed that purified recombinant
human cytoglobin was present in the ferric state, which was reduced by
dithionite to oxyferrous cytoglobin (Supplementary Fig. 7b).

Next, we followed the oxidation of reduced recombinant peroxir-
edoxin 2 by H2O2 in the presence of increasing concentrations of cyto-
globin (Fig. 5a). As previously shown by others, Western blotting
indicated that pre-reduced recombinant peroxiredoxin 2 consisted of the
reduced monomeric subunit at ~22 kDa and homodimer linked by one
disulfide bridge (Fig. 5a, upper panel) [47]. The latter band has been
shown to be due to the reaction of peroxiredoxin 2 with adventitious

H2O2 that might be present during the purification process. Importantly,
there was no evidence of hyperoxidation in freshly isolated peroxir-
edoxin 2, based on Western blotting with a primary antibody directed
against hyperoxidized peroxiredoxin (Fig. 5a, lower panel). Addition of
a 10-fold excess of H2O2 (25 μM) to peroxiredoxin 2 promoted the
transition of the reduced monomer to the homodimer linked with one or
two disulfide bridges. Hyperoxidation of the homodimer with one di-
sulfide bridge was now evident. Significantly, cytoglobin inhibited the
hyperoxidation of peroxiredoxin 2 such that addition of a 6-fold excess
of cytoglobin almost completely inhibited peroxiredoxin 2 hyper-
oxidation and the formation of the one-disulfide link homodimer. These
results indicated that the reaction of H2O2 with cytoglobin is competi-
tive with the hyperoxidation of peroxiredoxin 2. Using the antibody
against hyperoxidized peroxiredoxin, we also observed a band at 25
kDa, which we attributed to cross-reactivity of the antibody with
oxidized cytoglobin since the peroxiredoxin 2 monomer disappears with
H2O2 addition.

Finally, we used the ferrous oxidation xylenol assay [48] to compare
the rates of H2O2 degradation by recombinant cytoglobin and peroxir-
edoxin 2, as described by Kang et al. [49]. We found that cytoglobin (2.5
μM final concentration) promoted the decomposition of H2O2 (25 μM;
Fig. 5b) at rates that were comparable to human peroxiredoxin 2 (2.5 μM
final concentration). The reducing agent DTT was included as an elec-
tron donor to maintain the activity of peroxiredoxin 2. Cytoglobin ac-
tivity did not require DTT (Fig. 5b) and was inhibited by treatment with
cyanide, a ligand to ferric cytoglobin (Fig. 5c). We found that the C83G
mutant decomposed H2O2 at a rate slower than the wildtype protein
(Fig. 5d) but the C38G mutant was indistinguishable from the wildtype.
Lastly, another proposed activity for cytoglobin is superoxide scav-
enging [18]. However, additional experiments to evaluate superoxide
dismutation by purified human cytoglobin failed to detect any super-
oxide dismutase activity compared to SOD1 (Supplementary Fig. 7 c-f),
consistent with other studies [50,51].

3. Discussion

The protection afforded by cytoglobin against the cytotoxic and pro-
fibrotic effects of H2O2 has been documented extensively following
initial demonstration that cytoglobin has significant peroxidase activity
[16,52–59]. However, later work determined that the second order rate
constant for the reaction of cytoglobin with large excess of H2O2 was
~300 M− 1 s− 1 19. This is several orders of magnitude slower than the
reaction of H2O2 with conventional intracellular heme and thiol-based
peroxidases [47]. This specific result argued against a direct role for
cytoglobin as a physiologically relevant H2O2 scavenger. In the present
study, we carefully reassessed the ability of cytoglobin to consume
H2O2. We show that cytoglobin decomposes H2O2 at rates comparable to

Fig. 3. Cytoglobin facilitates the reduction of the cytosolic hydrogen peroxide sensor Hype7-NES. a, The genetically encoded hydrogen peroxide sensor Hyper7
contains two cysteine residues that are reversibly oxidized by hydrogen peroxide, leading to ratiometric changes in fluorescence excitation. b, Representative pseudo-
color images of the ratiometric measurement of Hyper7 fluorescence in control (EV = Empty Vector) HEK293 cells or cells stably expressing human cytoglobin
(CYGB), both with transient expression of Hyper7-NES (NES, nuclear exclusion signal). Pictures were taken just before (0 min), and 5 or 30 min following the
addition of 200 μM hydrogen peroxide. One cell is shown for each condition. c, Baseline values of ratiometric determination of Hyper7-NES fluorescence. Each data
point represents an independent replicate and measurements for 4 to 6 cells were collected for each replicate with bar as mean ± SEM. Statistical analysis was
performed using unpaired Student’s t-test. d, Representative profile of the ratiometric measurement of Hyper7 fluorescence over time in control (EV = Empty Vector)
HEK293 cells or cells stably expressing human cytoglobin (CYGB), both with transient expression of Hyper7-NES (NES, nuclear exclusion signal) and treated with
bolus hydrogen peroxide (H2O2, dashed line). e, HEK293 cells with or without cytoglobin expression were treated with different concentrations of hydrogen peroxide
and Hyper7 ratiometric changes were recorded over time and quantified at the 20 min time-point. Each point represents an independent experimental replicate with
bar as mean ± SEM and two-way ANOVA with Tukey’s multicomparisons test. f, Schematic of the primary structure of cytoglobin depicting the N- and C-terminal
ends, and the position of the proximal (H113) and distal histidine residues (H81), and the two cysteine residues. g, Multiplex Western blot analysis of lysates from
HEK293 cells stably expressing cytoglobin cysteine and histidine variants using β-actin (gene code ACTB) as an internal reference. h, HEK293 cells expressing the
cytoglobin variants were transiently transfected with Hyper7-NES followed by treatment with 200 μM hydrogen peroxide. Ratiometric changes were recorded over
time and quantified at the 20 min time-point. Each point represents independent experimental replicates with bar as mean ± SEM and one-way ANOVA with Tukey’s
multicomparisons test. i, Control (EV = Empty Vector) and cytoglobin (CYGB) expressing HEK293 cells were exposed to 200 μM hydrogen peroxide for 10 min and
lysates were prepared for determination of GAPDH activity. Each point represents independent experimental replicates. Statistical analysis was performed using two-
way ANOVA with Tukey’s multicomparisons test.
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that of the thiol-peroxidase peroxiredoxin 2 and that it competitively
inhibits peroxiredoxin 2 hyperoxidation. We show that cytoglobin
counteracts the H2O2-mediated re-routing of glycolysis towards the
pentose monophosphate pathway in cells and isolated mouse arteries.
The antioxidant activity of cytoglobin requires one of the two surface
cysteine residues (C83), in addition to the heme center. Overall, our
results support a role for cytoglobin as a physiological target of H2O2 and
possible regulator of H2O2 redox signaling.

The expression of cytoglobin in vascular cells has been documented
in both rodent and human vessels [15,60–62]. Immunofluorescent

studies have shown association of cytoglobin protein immunoreactivity
with the medial layer of rat and mouse vessels including the aorta, ca-
rotid, and mesentery [15,63]. The present work indicates that cytoglo-
bin is by far the most abundant globin transcript in mouse carotid
arteries. Moreover, we used a smooth muscle lineage tracing mouse line
to assert cytoglobin protein expression in medial vascular smooth
muscle cells. However, our results also indicate that cytoglobin
co-associates with adventitial cells in mouse vessels including adventi-
tial fibroblasts, based on co-association of cytoglobin with cells that
express dermatopontin, a fibroblast marker [28]. Past studies suggest

Fig. 4. Cytoglobin decreases peroxiredoxin hyperoxidation and maintains active peroxiredoxin 2. a, Control (Empty Vector) and cytoglobin (CYGB) expressing
HEK293 cells were exposed to hydrogen peroxide for 10 min followed by the addition of NEM. Lysates were used for non-reducing SDS PAGE and Western blotting to
examine protein levels of hyperoxidized peroxiredoxins (Prx-SO2/3) using beta actin (ACTB) as an internal reference. Cytoglobin levels (CYGB) are also shown. Right
panel, quantitation of experiments described in left panel. b and c, Control (Empty Vector) and cytoglobin (CYGB) expressing HEK293 cells were exposed to 150 μM
hydrogen peroxide for various amounts of time followed by the addition of NEM. Lysates were used in reducing and non-reducing SDS PAGE and Western blotting to
examine protein levels of peroxiredoxin 1 (b, PRXD1) and 2 (c, PRXD2). Arrows indicate the position of the dimers and monomers. Right panels, quantitation of
experiments represented in left panels. All graphs show mean ± SEM and each point represents one independent experimental replicate. Statistical analysis was
performed using two-way ANOVA with Tukey’s multicomparisons test.
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that cytoglobin plays anti-fibrotic functions in the liver and kidney and
regulates extracellular matrix deposition by fibroblasts [53,56,64–67].
The role of cytoglobin in regulating perivascular fibrosis has yet to be
determined but our findings clearly provide support for further
investigation.

The H2O2-mediated re-routing of the glycolytic pathway towards the
pentose monophosphate pathway is an important cellular mechanism
that regulates the provision of reducing equivalents in response to
changes in intracellular H2O2 concentrations [12,13,24,25,68]. We
found that carotid arteries isolated from cytoglobin global knockout
mice were more sensitive to H2O2 challenge. This is important because it
indicates that the amount of cytoglobin expressed in vessels was suffi-
cient to contribute to H2O2 decomposition. Consistent with these results,
we showed that the expression of cytoglobin in cultured cells promoted
glycolysis in the presence of exogenous H2O2. Although there might
exist several mechanisms of how glycolysis inhibition is achieved

through H2O2, past studies indicate that the oxidative inactivation of
GAPDH is an important component [12,13]. Our metabolomic studies
confirmed the increase in glycolytic intermediates following treatment
with H2O2 and inactivation of GAPDH was reflected by the 5 to 7-fold
difference in concentrations between glyceraldehyde 3-phosphate and
1,3 biphosphoglycerate, the reaction intermediates of GAPDH activity.
Reversal of effect by cytoglobin was documented not only based on the
metabolomic analysis but also by directly measuring GAPDH activity.
Mechanistically, our results also suggest major differences between C38
and C83 in their contribution to cytoglobin activity against H2O2. In
cells, the C83G mutation had strong inhibitory effects, based on the
oxidation of the H2O2 detector Hyper-7 and inhibition of GAPDH ac-
tivity. This would suggest a unique mechanism in which C83 would play
an important role in regulating cytoglobin activity, independent of the
formation of an intramolecular disulfide bridge as previously demon-
strated in vitro [35,36,38].

Fig. 5. The peroxidase activity of cytoglobin is competitive with peroxiredoxin 2 hyperoxidation in vitro. a, Non-reducing SDS-PAGE gels of reduced peroxiredoxin 2
(2.5 μM) incubated with hydrogen peroxide (H2O2, 25 μM) for 5 min in the presence of increasing concentrations of cytoglobin. Representative of three independent
experiments. b, Time-dependent decomposition of hydrogen peroxide (25 μM) by cytoglobin (CYGB; 2.5 μM) or peroxiredoxin 2 (PRDX2; 2.5 μM) with DTPA (100
μM) and 100 mM phosphate buffer, in the presence or absence of DTT (2 mM). The reduction of hydrogen peroxide in the presence of DTT alone is also shown. c,
Effect of potassium cyanide (KCN; 100 μM) on the decomposition of hydrogen peroxide (25 μM) by cytoglobin (1.25 and 2.5 μM). d, Peroxidase activity of WT, C38G,
and C83G cytoglobin (1.25 μM each) with 25 μM hydrogen peroxide. Results are means of triplicates.
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In light of the sensitivity of GAPDH and Hyper-7 to cytoglobin, we
considered whether intracellular cytoglobin could alter the redox state
of peroxiredoxin 1 and 2, two important thiol-based peroxidases that
function in H2O2 detoxification in the cytosol [69]. We found that the
ectopic expression of cytoglobin delayed the oxidative inactivation of
peroxiredoxin 2 following bolus addition of hydrogen peroxide, indi-
cating that cytoglobin could compete with the hyperoxidation of per-
oxiredoxin 2 under these conditions. The observation that cytoglobin
did not affect peroxiredoxin 1 activity is more difficult to interpret.
These peroxiredoxins share similar structure and catalytic steps. How-
ever, peroxiredoxin 2 activity responds to lower levels of H2O2 than
peroxiredoxin 1 [45] and the rate of disulfide bond formation for per-
oxiredoxin 2 is ten-fold slower than for peroxiredoxin 1 [45,70]. This
may facilitate competition between cytoglobin and peroxiredoxin 2 for
reaction with H2O2 and inhibition of peroxiredoxin 2 hyperoxidation by
cytoglobin. We did not explore whether cytoglobin can modify the ac-
tivity of other intracellular antioxidants such as catalase or the gluta-
thione peroxidases. Kinetic studies have shown that catalase is likely
involved in the decomposition of relatively high concentrations of H2O2
[71,72]. In contrast glutathione peroxidase activities – like the perox-
iredoxins - are saturated at much lower concentrations [71,72]. Thus, a
more detailed biochemical and cellular characterization of cytoglobin
antioxidant activity will be required to determine how it may affect
intracellular H2O2 or the extent to which its function as a target of H2O2
may be affected by other intracellular antioxidants.
In vitro, we found that the rate of H2O2 decomposition by cytoglobin

was comparable to that of peroxiredoxin 2 (with DTT as the reductant),
suggesting a much faster reaction than previously thought. Overall, the
sensitivity of the reaction to KCN indicates a heme-based mechanism
like the one described for hemoglobin and myoglobin in which ferryl
heme is formed following reaction with H2O2 [73–76]. The formation of
such intermediates has been observed for cytoglobin [19] and the
reduction step required for the catalytic activity of purified cytoglobin
might occur through reaction with buffer components [77]. However,
this does not account for the contribution of C83 to H2O2 removal,
although the effect was much smaller with purified cytoglobin than in
cells. The formation of a disulfide bridge between C38 and C83 can be
excluded because the C38 mutant was as active as the wild type cyto-
globin. The fact that DTT had no effect on the antioxidant activity of
purified cytoglobin suggests that C83 might be directly oxidized to the
sulfinic acid (-SO2H) that is insensitive to reduction by DTT. DeMartino
et al. previously found that half of the cytoglobin thiol content was
unavailable for disulfide formation after H2O2 treatment in oxygenated
solutions [38]. They further proposed that the hyperoxidation of at least
one of the two cysteines occurred [38]. Altogether, these results indicate
two important sites for the reaction of cytoglobin with H2O2, the heme
center and C83. Whether the reactions at these two sites occur inde-
pendently or involve coordinated electron transfer from the heme center
to C83 will need to be clarified in future studies.

In summary, our results suggest that cytoglobin stands out against
other mammalian globins due to its higher reactivity for H2O2. A second
order rate close to that of peroxiredoxin 2 hyperoxidation (12 000 M− 1

s− 1) [41] is proposed based on our competition experiments (Fig. 5).
This suggests that cytoglobin plays a significant role in H2O2 -mediated
redox signaling through direct sensing of intracellular H2O2. It is
important to note that the intracellular concentration of cytoglobin is
likely to be much lower than peroxiredoxin 2 in native systems,
including in vessels. This suggests that the antioxidant activity of cyto-
globin might require specific molecular interactions and subcellular
associations that may facilitate its effect on peroxiredoxin 2 or even on
GAPDH. In support, analysis of cytoglobin protein interactome by
immunoprecipitation and mass spectrometry identified peroxiredoxin 2
as a protein interactor, while peroxiredoxin 1was absent from this
dataset [16]. Previously, we showed that cytoglobin is actively trans-
located to the nucleus through a redox signal initiated by serum stim-
ulation and driven by the NADPH oxidase NOX4 [16] in human vascular

smooth muscle cells. This could be recapitulated in the absence of serum
through exogenous addition of H2O2

16. We propose that defining the
specific role of the cytoglobin/H2O2 reaction in promoting cytoglobin
nuclear translocation and downstream signals will be key to under-
standing cytoglobin’s functions in the vasculature and elsewhere.

4. Materials and methods

4.1. Supplies and reagents

All supplies and reagents are listed in Supplementary Table 1.

4.2. Mice

All procedures related to mice were approved by the Institutional
Animal Care and Use Committee at Albany Medical College. The cyto-
globin “knock out first” allele was obtained from the University of
Toronto, Canada, and global wild-type and cytoglobin knockout mice
littermates (Cygb WT mice and Cygb KO) were generated from hetero-
zygous breeding pairs. Both males and females were used and randomly
assigned to experimental groups. Myh11-CreERT was a kind gift from Dr.
Singer (Albany Medical Center) and ROSA26-zsGreen reporter mice
were obtained from the Jackson Laboratory. Myh11-CreERT transgenic
mice and ROSA26-zsGreen were bred to generate tamoxifen-inducible
SMC-specific zsGreen reporter mice. ZsGreen expression is induced in
mice by administering 2 mg tamoxifen for 5 days by peritoneal injection.
Mice were housed in pathogen-free rooms with controlled light-dark
cycle, temperature, and humidity. Mice were kept in cages in groups
of five or fewer with ad libitum access to food and water. Eight-to
thirteen-week-old mice were euthanized and the thoracic aorta, left
common carotid artery, heart, liver and spleen were collected for
immunoblotting, imaging, and metabolic flux studies.Mouse genotypes
were confirmed with PCR. Briefly, tail snips were digested with
DirectPCR (tail) reagent supplemented with Proteinase K from Viagen.
PCR was run with GoTaq G2 mastermix on a BioRad Mycycler
thermocycler.

4.3. Generation of HEK 293 clones, cell culture, and treatment with
hydrogen peroxide

A pcDNA 3.1 plasmid containing the full length human cytoglobin
gene was purchased from GenScript. The empty vector control and
specific point mutations of this plasmid were also generated by Gen-
Script. Plasmids were transformed with Invitrogen’s One Shot Top10
chemically competent cells, streaked onto LB agar plates with ampicillin
selection and incubated overnight at 37◦C to achieve colonies. Individ-
ual colonies were selected and cultured overnight in 5 mls aliquots of LB
broth containing 100 μg/ml Ampicillin. The overnight cultures were
used to inoculate fresh LB broth containing 100 μg/ml Ampicillin and
incubated at 37◦C with shaking overnight. Plasmid DNA was recovered
from the LB broth with a Machery-Nagel NucleoBond Xtra Midi plus kit
as per their protocol. HEK293 cells were transfected with Dharmafect
kb; stably expressing human Cytoglobin cell lines were established
through limiting dilution cloning. Cells were maintained in DMEM
supplemented with 10 % fetal calf serum, 2 mM L-glutamine, and 750
μg/ml Geneticin for selection.

For most experiments using adherent HEK 293 clones, one million
cells were seeded in 60 mm dishes containing four mls of DMEM sup-
plemented as above. Forty-eight hours post seeding the growth media
was replaced with 4 mls of serum free media and cells were treated with
20–200 μM H2O2 for 2–20 min. For Seahorse experiments cells were
seeded into poly-L lysine coated 96 well flux plates at a density of 1 ×

104 cells/well in 10 % media as described above. Cells were returned to
the incubator for 48 h. One hour prior to experimentation the growth
media was replaced with seahorse XF media supplemented with 10 mM
glucose and cells were equilibrated without CO2 buffering at 37◦C for 1
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h. Each measurement included 3 min mix and 3 min measure for 3
rounds.

4.4. Generation of recombinant human cytoglobin and recombinant
human peroxiredoxin 2

pET-28a(+) HIS tagged plasmids for human cytoglobin,C38G
mutant,C83G mutant and peroxiredoxin 2 were acquired from Gen-
script. Plasmids were transformed with Invitrogen’s BL21 chemically
competent E-coli cells, streaked onto LB agar plates with 50 μg/ml
kanamycin and incubated overnight at 37◦C to generate individual
colonies. Well defined colonies were selected and cultured overnight in
5 mls aliquots of LB broth containing 50 μg/ml Kanamycin. The over-
night cultures were used to inoculate fresh LB/Kanamycin broth to an
OD600 between 0.05 and 0.1, these expanded cultures were returned to
the incubator until they reached mid log phase OD600–0.4 (2–3 h). At
this point, protein expression was induced by the addition of 0.5 mM
IPTG. To enhance cytoglobin expression 500 μM 5-aminolevulinic acid
hydrochloride (ALA) a precursor for heme biosynthesis was also added
to each cytoglobin samples. The cultures were incubated for an addi-
tional 12–18 h at room temperature prior to collection of bacterial
pellets by centrifugation at 10 000 x G for 15 min at 4◦C. The recom-
binant proteins were purified with a Thermo Scientific HisPur Ni-NTA
Purificaton kit as per manufacturer’s instructions. Proteins were desal-
ted with Zeba Spin Desalting/Buffer Exchange columns following the
manufacturer instructions, working aliquots were snap frozen in liquid
nitrogen and stored at − 80◦C.

4.5. Spectrophotometric analysis of cytoglobin in cells

Spectral analysis of cytoglobin in HEK293 clones was performed as
previously described with some modifications [78]. Briefly, absorbance
spectra of whole cell suspensions from 1 × 106 to 1 × 107 cells/ml were
read using an Olis-Clarity VF spectrophotometer with an eight-ml
cuvette. Apparent absorbance values were recorded relative to a
buffer baseline. Live cell spectra were recorded before and after the
addition of 2.5 mM dithionite, 125, 250 and 500 μM hydrogen peroxide,
or 100 μM potassium cyanide. Spectra subtraction between cells with
empty vector and cells expressing cytoglobin was performed using Olis
software and plotted using Graph Pad Prism v9.

4.6. Transcriptomic analysis

RNA was quantified using a Qubit RNA HS Assay kit and Flex Fluo-
rometer. Library preparation was performed using an Ion Chef System
followed by sequencing using an Ion GeneStudio S5 Plus System both
following manufacturer’s suggested protocols for the Ion AmpliSeq
Transcriptome Mouse Gene Expression Kit for mouse left common ca-
rotid artery or Ion AmpliSeq Transcriptome Human Gene Expression Kit
for HEK293 cells (All from Thermo Fisher Scientific, San Jose, CA).

4.7. Reducing and non-reducing immunoblotting

After adherent HEK 293 clones were treated with hydrogen peroxide
for the specified times, 50 mM NEM was added to each plate and
incubated for 2 min at RT. Media was aspirated and each plate was
washed with 1 ml of 50 mM NEM in DPBS. Cells were lysed in 500 μL of
RIPA buffer supplemented with 50 mM NEM and HALT protease/
phosphatase inhibitors (1:100). Lysates were spun at 12 000 x G for 20
min at 4◦C. The cleared supernatants were transferred to fresh tubes
prior to protein quantification with the Pierce BCA protein assay.
Samples were divided into two; one received an equal volume of 2X SDS
sample buffer with 720 mM β-mercaptoethanol (reducing) and the other
2X SDS-sample buffer without β-mercaptoethanol (non-reducing);
samples were heated to 95◦C for 5 min. Equal amounts of total protein
were electrophoresed on 4–20 % gradient gels until the dye front

reached the bottom. Proteins were transferred to PVDF membranes at
100 V for 1 h. Membranes were blocked overnight with 5 % NFM/TBST
at 4◦C. Blots were incubated with primary antibodies for PRX-SO2/3
(1:1500), PRDX1(1:10 000), PRDX2 (1:10 000) or CYGB (1:2000) for 1 h
at room temperature, washed 3 × 15 min, incubated with either goat
anti mouse or goat anti rabbit-HRP secondary antibodies (1:2500) for 1
h at RT, washed 3 × 15 min, then visualized using BioRad Clarity
Western ECL substrate on a BioRad ChemiDoc MP imaging system. Blots
were rinsed with tap water then washed again and re-probed with an
anti-β-Actin peroxidase antibody (1:25 000) for 30 min at room tem-
perature, after a final set of washes blots were visualized as before.

4.8. Multiplex immunoblotting

Reduced, untreated cell lysates were prepared in RIPA/HALT lysis
buffer, electrophoreses and transferred as outlined above with one
exception, the regular PVDF membrane was replaced with low fluores-
cent PVDF membrane. After overnight blocking in 5 % non-fat milk/
TBST the blots were incubated with anti-rabbit Cytoglobin (1:2000) for
1 h at room temperature, washed 3 × 15 min in TBST. Incubated with a
cocktail of the secondary goat anti rabbit StarBright Blue 700 antibody
(1:3000) and anti-Actin hFAB Rho (1:3000) for 1 h at room temperature,
washed 3 × 15 min in TBST, allowed to dry and imaged with the BioRad
ChemiDoc MP imaging system using the Multi Red Blue and Green
program.

4.9. Metabolic flux studies and GAPDH activity

Ex vivo studies of metabolic fluxes in isolated vessels were performed
as previously described with some modifications [79]. Briefly, the left
common carotid arteries were collected from 8 to 13 weeks old CYGB
WT and KO mouse littermates after perfusion with PBS under isoflurane
anesthesia. The carotid arteries were cleared of exterior fat under a
dissecting microscope and cut into two mm sections. Individual wells of
XF96 culture plates precoated with CELL-TAK were loaded with 180 μL
of XF Base Media containing 10 mM glucose pH 7.4 then equilibrated for
1 h at 37◦C in an incubator without CO2 buffering. The 2 mm carotid
artery sections were placed in the wells and briefly spun at 500 rpm for
30 s to adhere vessels to the bottom of the wells. Test compounds were
loaded into the corresponding ports of the Sensor cartridge prior to in-
strument calibration. Acidification rates were measured on a SeaHorse
XFe96 analyzer (Agilent Technologies). Titration experiments were
performed to establish the optimal dosage H2O2 (200 μM), FCCP (1 μM),
and the rotenone/antimycin A mixture (0.5 μM). We found that oligo-
mycin did not provide reproducible results, most likely due to limited
penetrance. Each extracellular acidification rate measurement included
3 min of mixing, 3 min wait time, and 3 min of continuous measurement
with at least three measurement rounds per injection. Following the
measurements, images of each vessel were taken for determination of
vessel length to normalize ECAR data to vessel surface area. For each
experiment, at least two 2-mm pieces were used per mouse and aver-
aged. Biological replicates were individual mice, both males and females
were used for these experiments.

For adherent HEK 293 clones the growth media was replaced with
seahorse XF media supplemented with 10 mM glucose and cells were
equilibrated without CO2 buffering at 37◦C for 1 h. Basline measure-
ments included 3 rounds of 3 min of mixing and 3 min of continuous
measurements, this cycle was increased to 4 rounds after injection of 0,
50, 150 and 300 μM H2O2.

GAPDH was measured with a GAPDH Activity Assay kit from Sigma
Aldrich according to manufacturer’s instructions. Briefly, the HEK 293
clones including EV, hCYGB, C38G, C83G, HIS81G and HIS113G were
seeded into 60 mm culture plates at a density of 1 × 106 and cultured
under selection for 48 h. Cells were harvested and counted. 1 × 106 cells
were homogenized in 100 μL of ice cold GAPDH assay buffer, incubated
on ice for 10 min, insoluble material was removed by centrifugation at
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10 000 x G for 5 min at 4◦C. The resulting supernatant was assayed for
GAPDH activity according to kit directions. The absorbance was recor-
ded at 450 nm for 10–60 min at 37◦C on a Cytation 5 plate reader
(Agilent Technologies).

4.10. Metabolomics mass spectrometry analysis

Methods were performed as described previously [80]. Briefly, snap
frozen cell pellet samples were kept in the − 80 ◦C freezer until time of
extraction. To extract metabolites, samples were extracted with 1 ml of a
chilled 40:40:20 ACN:MeOH:water. Samples were lysed by sonication
for 20 s at 4 ◦C, then centrifuged at 4 ◦C for 2 min at a speed of 14 000 x
G. Then 200 μL of the supernatant from each tube was transferred into a
low volume amber borosilicate glass autosampler vial with tapered
insert and dried by vacuum concentrator. Samples were resuspended in
100 μL of water for LC-MS/MS analysis. A mixture of standards was
prepared at 12 concentrations and used for quantification.

For each sample, 10 μL was loaded onto an IonPac AS-11 HC strong
anion-exchange analytical column (2 mm × 250 mm, 4 μm particle
diameter, Thermo Scientific) with AG-11 HC guard column (2 mm × 50
mm) heated to 40 ◦C. An Ultimate (Thermo) LC system was used for
applying a 0.35 ml/min gradient of mobile phase A (Water, degassed)
and mobile phase B (100 mM NaOH, degassed): hold 12.5 % B for 5 min,
increase to 20 % over 5 min, increase to 27.5 B over 7.5 min, increase to
42.5 % B over 5 min increase to 95 % B over 10 min, hold at 95 % B for
9.5 min, then returning to 12.5 % B over 0.5 min. Post column eluent
was passed through a 2 mm AERS 500e suppressor operated via a
reagent-free controller (RFC-10, Dionex) set to 50 mA, a binary pump
(Agilent 1100) was used to deliver water at 0.5 ml/min for external
water regeneration mode. Then eluent was ionized by electrospray
ionization to be analyzed by a TSQ Quantiva mass spectrometer
(Thermo Scientific). The following source settings were used: 350 ◦C
vaporization temperature, 350 ◦C ion transfer tube temperature, 18
units Sheath Gas, 4 unit Aux Gas, 1 unit Sweep gas, polarity switching |
3800 V| (1.5–45 min), and Use Calibrated RF Lens option. MS was
operated in single reaction monitoring mode with specified transitions,
retention time windows and collisions energies, using 0.7 FWHM reso-
lution for Q1 and 1.2 FWHM for Q3, 0.8 s cycle time, 1.5 mTorr CID gas,
and 30 s Chrom Filter. Raw files were processed using Xcalibur Quan
Browser (v4.0.27.10, Thermo Scientific); The prepared mixture of
standards was used to locate appropriate peaks for peak areas analysis.

4.11. Real-time imaging

HEK 293 cells expressing human cytoglobin or empty vector were
seeded between 2 × 103 and 4 × 103 into poly-L-lysine coated 35 mm
MatTek glass bottom culture dishes with antibiotic free DMEM supple-
mented with 10 % Fetal Calf Serum and 2 mM L-Glutamine. Cells were
transfected with the pCS2+Hyper7 plasmid using Dharmafect kb
transfection reagent according to the manufacturer’s recommendations.
Twenty-four hours post-transfection, culture medium was replaced with
1.2 ml of HBSS supplemented with 20 mM HEPES. For some experi-
ments, cells were pre-treated with 10 μM final concentration auranofin
for 30 min prior to HyPer7 analysis. The 1 mM Auranofin stock was
prepared in 100 % EtOH. For other experiments, cells were transiently
transfected with the small interfering RNA (siRNA) oligonucleotide
against Thioredoxin 1 or a nontarget control using Dharmafect1 ac-
cording to manufactures recommendations. The cells were silenced for
48 h in Opti-MEM supplemented with 5 % fetal bovine serum prior to a
24 h transfection with the Hyper7 NES as outlined above. Cell imaging
was performed using a Leica DMI 8 Thunder microscope, equipped with
an HC PL APO 63×1.4NA oil objective at 37 ◦C. Samples were excited
sequentially via 440/15 and 510/15 band-pass excitation filters. Emis-
sion was collected every 20 s using a 519/25 bandpass emission filter.
After 5–10 images were acquired, a small volume of hydrogen peroxide
was carefully added to obtain a final concentration of 200 μM. The time

series were analyzed via Fiji freeware (https://fiji.sc). The background
was subtracted from 440 to 510 nm stacks. Every 510 nm stack was
divided by the corresponding 440 nm stack frame-by-frame. The
resulting stack was depicted in pseudo-colors using a “16-colors” lookup
table. The Plasmid pCS2+HyPER7-NES was a gift from Vsevolod
Belousov (Addgene plasmid # 136 467; http://n2t.net/addgene
:136467; RRID:Addgene_136 467).

4.12. Real time PCR

To confirm silencing of Thioredoxin 1 in the real time imaging ex-
periments (Supplementary Fig. 6), HEK 293 cells expressing cytoglobin
or empty vector were seeded into standard 35 mm dishes at 5 × 104.
Briefly, cells were transiently transfected with siTXN or Scr (non-target
control) according to the dharmafect1 protocol. Seventy-two hours post
silencing the cells were collected into 1 ml of TRIzol reagent, total RNA
was isolated according to standard protocol. Reverse transcription was
carried out with a QuantiTect Reverse Transcriptase kit as per package
instructions. qPCR was run with SsoAdvanced Universal SYBR Green
supermix on a BioRad CFX Connect Real Time System. Gene specific
primers; human TXN sense: 5′-CTT GGA CGC TGC AGG TGA TA-3′ and
antisense 5′-AGC AAC ATC ATG AAA GAA AGG CT-3’. Human RPS18
was used as the house keeping gene to determine relative expression of
Thioredoxin 1. Sense 5′-ATG GGC GGC GGA AAA TAG C-3 and antisense
5′-TCT TGG TGA GGT CAA TGT CTG C-3’.

4.13. Immunofluorescence

For tissues, 10 μm tissue sections were cut from prepared OCT blocks
using a Leica CM1850 cryostat and transferred to charged microscope
slides, dried at room temperature and stored at − 80oc. Slides were
removed from the freezer, air dried, fixed with ice cold acetone for 10
min then dried again. After outlining the sections with a hydrophobic
barrier pen, they were briefly rehydrated with PBS and blocked with 5 %
sera representing the secondary antibody species for at least 1 h. Blocked
tissues were incubated with either cytoglobin primary antibody (PTG
Lab 1:100) or a matched isotype control for 1 h at room temperature,
washed in PBST, then with Goat anti Rabbit AlexaFluor 594 or 647
secondary antibody (1:200) for 1 h at room temperature. Slides were
washed once with PBST once with a 50:50 PBS/water mix then stained
with 1 μM DAPI for 15 min at room temperature. After a final rinse in the
50:50 PBS/water mixture they were cover slipped with VectaShield
Antifade Mounting Medium; sealed with clear nail polish and stored
protected from light at 4◦C.

For cellular immunofluorescence studies, cells were plated in poly-L-
lysine coated 8 well glass bottom Ibidi slides with 400 μL of DMEM
supplemented with 10 % FBS and 2 mM L-glutamine then returned to
37◦C CO2 incubator to attach overnight. Cells were fixed in 4 % form-
aldehyde for 15 min at room temperature washed with PBS then per-
meabilized in PBS/0.2 % Triton-X100 for 5 min at room temperature,
blocked with 5 % serum representing the secondary antibody for at least
1 h. Rabbit anti-cytoglobin primary antibody (PTG Lab 1:200) or a
matched isotype control was added for 1 h at room temperature, washed
again in PBST, incubated with Goat anti Rabbit AlexaFluor 594 sec-
ondary antibody (1:200) for 1 h at room temperature, washed once with
PBST, once with a 50:50 PBS/water mix then stained with 1 μM DAPI for
15 min. After one final wash in the 50:50 mixture the slides were cover
slipped using VectaShield Antifade Mounting media, sealed with clear
nail polish and stored at 4◦C in the dark until imaging.

Fluorescence in situ hybridization staining for dermatopontin tran-
scripts was performed using Advanced Cell Diagnostics RNAscope™
Multiplex Fluorescent V2 Assay with the Mm-Dpt probe (catalog 56 429)
the positive control probe Mm-Ppib (catalog 313 911) and the negative
control probe DapB (catalog 310 043) using the standard protocol.
Following completion of the in-situ hybridization protocol, sections
were then stained for Cygb (as above).
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4.14. Peroxidase and superoxide dismutase activity assays

Hydrogen peroxide degradation was measured in triplicate with a
Quantitative Peroxide Assay kit from Pierce following the manufactures
protocol. A standard curve of H2O2 ranging from 0 to 50 μM was pre-
pared fresh for each experiment in 100 mM Phosphate buffer with 100
μM DTPA. 20 μL of each standard were added in triplicate to the cor-
responding wells of a 96 well plate. Recombinant human Cytoglobin,
C38G, C83G or Peroxiredoxin 2 proteins were diluted to a final con-
centration of 1.25 or 2.5 μM in 100 mM Phosphate buffer containing
100 μM DTPA. Where noted, 2 mM DTT or 100 μM cyanide were added
to the phosphate/DTPA buffer prior to diluting the protein. 18 μL of the
2.5 μM protein sample were added to the corresponding wells on a flat
bottom 96 well plate. To begin the time course 2 μL of 250 μM H2O2
were added to the 5-min samples followed by the 4-, 3-, 2-, and 1-min
samples. At time 0, 200 μL of working reagent was quickly added to
all the wells with a multichannel pipet, samples were incubated for 20
min at room temperature and read at 595 nm on a Cytation 5 (Agilent
Technologies). 25 μM samples of H2O2 were included as a positive
control and phosphate/DTPA buffer was used as the blank. After sub-
tracting the blank from all standards and samples, the hydrogen
peroxide concentrations were extrapolated from the prepared stand
curve.

The superoxide dismutase activity of recombinant cytoglobin was
determined by following the reduction of 50 μM ferricytochrome c at
550 nm using a Shimadzu UV-1601 PC spectrometer, as previously
described [81]. Xanthine oxidase (0.070 μM final concentration) and
hypoxanthine (50 μM final concentration) were used as the superoxide
generator in 50 mM phosphate buffer containing 50 μM DTPA at 25 ◦C.

4.15. Peroxiredoxin 2/cytoglobin competition assay

Aliquots of recombinant human peroxiredoxin 2 and cytoglobin (30
μM each) were reduced with 40-fold excess TCEP on ice for 1 h. TCEP
was removed by passing the reduced proteins through freshly prepared
2 ml Zeba Columns. Column preparation included an initial spin at 1000
X G for 2 min to remove storage buffer followed by a wash with 1 ml of
ddH2O. Possible exogenous H2O2 was removed by passing 1 ml of 100
mM Phosphate buffer containing 10 μg/ml catalase through each col-
umn. The columns were then equilibrated with four − 1 ml washes of
100 mM catalase cleared phosphate buffer containing 100 μM DTPA
(100 μM Phosphate buffer pH 7.4 was briefly incubated with 10 μg/ml
catalase, the buffer was then cleared of catalase by passing it thru a Pall
Macrosep advanced 10 000 MWCO filter). 500 μL of each reduced
protein was added to the corresponding Zeba columns and spun into
fresh tubes. The concentration of peroxiredoxin 2 was determined with a
pierce BCA protein kit and the cytoglobin concentration was calculated
using the extinction coefficient at the 532 nm peak for CygbFe2+.
Competition reactions were set up as follows: 2.5 μM peroxiredoxin 2
was mixed with 0, 2.5, 5, 10 and 15 μM recombinant cytoglobin (final
concentration), each reaction was treated with 25 μM H2O2 for 5 min
followed by the addition of 20 mM NEM. 4X non reducing SDS sample
buffer was added to each sample and proteins were electrophoresed on
12 % gels until the dye front reached the bottom. The gels were trans-
ferred to PVDF membranes and blocked overnight. The primary anti-
bodies were peroxiredoxin 2 (1:15 000), PRX-SO2/3 (1:1500), secondary
HRP antibodies were either goat anti mouse or goat anti rabbit at
1:2500).

4.16. Statistical analysis

Statistical analyses were performed with GraphPad Prism 9.0. The
specific statistical test used to analyze each data set is specified in in-
dividual figure legends and p-values are shown in figures. A p-value less
than 0.05 was considered statistically significant.
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