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Lipocalin-2 (Lcn2), a critical component of the innate immune
response which binds siderophores and limits bacterial iron acqui-
sition, can elicit spillover adverse proinflammatory effects. Here we
show that holo-Lcn2 (Lcn2–siderophore–iron, 1:3:1) increases mito-
chondrial reactive oxygen species (ROS) generation and attenuates
mitochondrial oxidative phosphorylation in adult rat primary car-
diomyocytes in a manner blocked by N-acetyl-cysteine or the
mitochondria-specific antioxidant SkQ1. We further demonstrate
using siderophores 2,3-DHBA (2,3-dihydroxybenzoic acid) and 2,5-
DHBA that increased ROS and reduction in oxidative phosphoryla-
tion are direct effects of the siderophore component of holo-Lcn2
and not due to apo-Lcn2 alone. Extracellular apo-Lcn2 enhanced the
potency of 2,3-DHBA and 2,5-DHBA to increase ROS production and
decrease mitochondrial respiratory capacity, whereas intracellular
apo-Lcn2 attenuated these effects. These actions of holo-Lcn2 re-
quired an intact plasmamembrane andwere decreased by inhibition
of endocytosis. The hearts, but not serum, of Lcn2 knockout (LKO)
mice contained lower levels of 2,5-DHBA compared with wild-type
hearts. Furthermore, LKO mice were protected from ischemia/
reperfusion-induced cardiac mitochondrial dysfunction. Our study
identifies the siderophore moiety of holo-Lcn2 as a regulator of
cardiomyocyte mitochondrial bioenergetics.
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Defective myocardial energy metabolism is a major cause of
heart failure and, as such, represents a long-standing ther-

apeutic target (1, 2). In particular, a shift toward glycolysis, rather
than mitochondrial oxidative metabolism, is important in the
development of cardiac energy insufficiency leading to heart
failure (3). An increase in reactive oxygen species (ROS) ema-
nating from sources such as mitochondria, xanthine oxidase, or
nicotinamide adenine dinucleotide phosphate oxidase (NADPH)
has been proposed as a central driver of myocardial metabolic
defects (4). Thus, enhancing our knowledge of the mecha-
nisms leading to mitochondrial dysfunction could lead to new
therapeutic strategies.
Recent work has increased our appreciation of the importance

of bacteria–host interactions in controlling metabolism (5).
Bacteria rely on secretion of siderophores to obtain iron from
the infected host (6, 7). A host innate immune response involves
neutrophil secretion of the siderophore-sequestering protein
lipocalin-2 (previously known as siderocalin) (8). Elevated cir-
culating Lcn2 levels strongly correlate with various forms of
heart failure (9), and Lcn2 knockout (LKO) mice are protected
from developing cardiovascular diseases by mechanisms that are
not yet fully understood (10). Although our knowledge of how
the gut microbiome influences human physiology has grown
exponentially (11), it has been speculated that specific tissue

microbiomes exist that may influence susceptibility to disease
development (12).
Gut microbiota composition can influence development of

heart disease, but a more mechanistic understanding of this
correlation is needed (13, 14). One example of bacteria–host
communication involves the release of trimethylamine-N-oxide
and short-chain fatty acids (13, 15). Another possibility may be
siderophores, which can have direct cellular effects such as sta-
bilizing the hypoxia-inducible factor (HIF) transcription factors
responsible for secretion of proinflammatory cytokines (16–18).
Increasing our understanding of crosstalk between bacteria and
the host, and the role of innate immunity, could provide valuable
insights for guiding current interest in prebiotics (19) and post-
biotics (20) as agents to treat metabolic disease.
In this study, we compared the effects of apo-Lcn2 and holo-

Lcn2 on mitochondrial respiration and ROS generation in adult
rat primary cardiomyocytes, examined siderophore contents of
the circulation and heart tissues of WT and LKO mice, and
tested mitochondrial respiration in WT and mutant hearts sub-
jected to ischemia/reperfusion (IR) injury. Our data provide new
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insight into holo-Lcn2 actions and identify the potential impor-
tance of siderophores in cardiac disease development.

Results
Apo-Lcn2 and Holo-Lcn2 Have Differing Effects on Mitochondrial
Respiration and ROS Generation in Rat Cardiomyocytes. Escher-
ichia coli strains BL21 and XL1-Blue were used to produce
recombinant apo-Lcn2 (without siderophores or iron) (Fig. 1A) and
holo-Lcn2 (with siderophores and iron) (Fig. 1B), respectively (21,
22). The native mass spectrum of holo-Lcn2 purified from XL1-
Blue indicated a specific holo-protein complex corresponding to
apo-Lcn2 protein bound to three 2,3-DHBA (2,3-dihydroxybenzoic
acid) molecules and one iron molecule (Fig. 1B). Although no

structure is available for mouse holo-Lcn2, its arrangement is
expected to be homologous to the human protein–2,3-DHBA–iron
complex. Next, we used high-resolution respirometry (Oxygraph-
2k; O2k; Oroboros Instruments) to examine the effects on mi-
tochondrial respiration of treating cultured rat primary adult
cardiomyocytes with 1 μg/mL recombinant apo- or holo-Lcn2. As
indicated in the respiratory traces shown in Fig. 1 C and D,
treatment with holo-Lcn2 significantly decreased ADP-stimulated
mitochondrial respiration when supported by complex I (NADH
from pyruvate/malate and glutamate) and complex II (FADH2,
succinate). In contrast, treatment with apo-Lcn2 did not exert any
deleterious effect on mitochondrial respiration. Western blot
analysis revealed increased protein expression of complex II in the
multiprotein OXPHOS complex (Fig. 1 E and F), suggesting that a
compensatory mechanism is activated upon respiratory suppres-
sion by holo-Lcn2.
Lcn2 has been shown to increase ROS production (23). Ac-

cordingly, we found that pretreatment of cardiomyocytes with
N-acetyl-cysteine (NAC), a general ROS inhibitor, attenuated the
decrease in mitochondrial respiration induced by holo-Lcn2 (Fig.
1D). To further investigate the source of ROS associated with
holo-Lcn2 function, we pretreated cardiomyocytes with apocynin,
a specific NADPH oxidase inhibitor, or SkQ1, a specific inhibitor
of mitochondrial ROS production (24). SkQ1, but not apocynin,
prevented the reduction in mitochondrial function induced by
holo-Lcn2 (Fig. 1D). To validate the differential effects of apo- versus
holo-Lcn2 on mitochondrial respiration, we used the Seahorse
XF method to measure changes to respiration in the embryonic
ventricular cardiomyocyte cell line H9C2. We obtained similar
results in that only holo-Lcn2 treatment significantly reduced
mitochondrial respiration in H9C2 cells (Fig. 1G).
To visualize ROS production, we used the CellROX Green

probe (25), which detects both superoxide and H2O2 and is
engineered to bind to DNA, and thus fluorescence appears
mainly nuclear or mitochondrial. We found that treatment with
holo-Lcn2, but not apo-Lcn2, induced ROS generation in cul-
tured cardiomyocytes (Fig. 2 A and B). Both immunofluorescent
images and quantitative analysis showed this was attenuated by
addition of NAC or SkQ1 but not apocynin. Similar results were
observed when the ROS fluorophore DCF-DA (2,7-dichlor-
odihydrofluorescein diacetate) (26) was used to determine ROS
production in H9C2 cells (Fig. 2C).

Siderophore Functions Underlie the Differential Effects of Apo- and
Holo-Lcn2 on Mitochondrial Respiration. The holo-Lcn2 used in our
cardiomyocyte experiments contained apo-Lcn2 protein plus 2,3-
DHBA (siderophore) and iron, which led us to propose that the
distinct effects on cells of holo-Lcn2 must be due to the presence
of either the iron or siderophore. High concentrations of iron
can induce ROS production (27), making it logical to hypothe-
size that iron present in holo-Lcn2 might trigger ROS generation
leading to mitochondrial dysfunction. We found that ferric iron,
used at an amount equimolar to that in 1 μg/mL holo-Lcn2
(50 nM), did not reduce mitochondrial respiration as measured
by O2k analysis (Fig. 3A). It is likely that the free iron-binding
capacity of ferritin in the cytosol easily buffered this amount of
iron. When we pretreated cardiomyocytes with the iron chelator
2,2′-bipyridyl (DPD), the effects of holo-Lcn2 treatment were
not prevented, further suggesting that iron does not play a role
(Fig. 3A). Moreover, ferric iron treatment did not result in sig-
nificant ROS production, and DPD pretreatment did not inhibit
holo-Lcn2–induced ROS generation (Fig. 3B). A potential lim-
itation of this work is lacking combined use of powerful chelators
of Fe2+ and Fe3+. Treatment of primary cardiomyocytes with
holo-Lcn2 or 50 nM ferric iron did not significantly alter the level
of intracellular ferritin whereas, as expected, positive control of
higher-dose FeSO4 did (Fig. 3C).
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Fig. 1. Holo-Lcn2 decreases mitochondrial respiration in rat primary car-
diomyocytes. (A and B) MS analysis of recombinant apo-Lcn2 (A) and holo-Lcn2
(B) proteins. Compared with apo-Lcn2, the mass of holo-Lcn2 was increased by
517 Da and corresponded approximately to three DHBA molecules (3 × 154
Da) and one iron molecule (56 Da). Protein Data Bank (PDB) simulation of
holo-Lcn2 shows Lcn2 protein present with DHBA and iron in a 1:3:1 ratio. r.int.
(%), percentage of relative intensity. (C) Representative O2k traces detecting
O2 consumption in rat primary cardiomyocytes treated without (Left) or with
holo-Lcn2 (Right) for 2 h. Cytc, cytochrome c. (D) Quantitation by O2k assay of
cardiomyocyte respiration that was stimulated by ADP (D; 5 mM) and sup-
ported by pyruvate (P; 5 mM; Left), glutamate (G; 5 mM; Center), or succinate
(S; 20 mM; Right) in the presence of malate (M; 0.5 mM). Respiration was
evaluated after 2-h treatment (+) or not (−) with 1 μg/mL apo-Lcn2 or holo-
Lcn2 in the presence (+) (30-min pretreatment) or absence (−) of the ROS in-
hibitors NAC (500 nM), apocynin (100 μM), or SkQ1 (20 nM), as indicated (n =
8). (E and F) Western blot analysis (E) and quantitation (F) of changes to mi-
tochondrial OXPHOS complexes in cardiomyocytes treated with holo-Lcn2 in
the presence or absence of NAC, as indicated (n = 4). β-Actin, loading control.
(G) Oxygen consumption rate (OCR) as measured by Seahorse XFe24 Analyzer
of H9C2 cells treated for 2 h with 1 μg/mL apo-Lcn2 or holo-Lcn2 in the absence
or presence (30-min pretreatment) of NAC (500 nM), as indicated (n = 3).
Quantitative data are the mean ± SEM and *P < 0.05 versus control.
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We next tested the ability of siderophores to inhibit mitochondrial
respiration in primary cardiomyocytes. 2,3-DHBA is produced by
many bacteria, while 2,5-DHBA has been proposed to be an en-
dogenous mammalian siderophore (21, 28). Data obtained from
both O2k and Seahorse analyses showed a decrease in cardiomyocyte
mitochondrial respiratory capacities in response to 50 nM 2,3-DHBA
[pyruvate malate and ADP (PM-D), P = 0.076; pyruvate malate
ADP and glutamate (PMD-G), P = 0.067; and significant for py-
ruvate malate ADP glutamate and succinate (PMD-GS)] or 2,5-
DHBA (significant for PM-D, PMD-G, and PMD-GS) treatment
(Fig. 3 D and E). Of note, the magnitude observed was less than
in cells treated with holo-Lcn2. In contrast to 2,3-DHBA or 2,5-
DHBA, exposure to 50 nM pyoverdine, a siderophore that does not
bind to Lcn2, did not significantly elevate intracellular ROS (Fig. 3 F
and K). Treatment of permeabilized cardiomyocytes with 50 nM
2,3-DHBA markedly decreased respiration (O2k) in the absence
of ADP, suggesting that 2,3-DHBA acutely induced a proton leak
possibly through an uncoupling mechanism (Fig. 3G). Pretreatment
of cells with apo-Lcn2 to allow its internalization and an in-
crease in its intracellular level prevented ROS production in
response to 2,3-DHBA, whereas cotreatment of cells with 2,3-
DHBA plus apo-Lcn2 (such that apo-Lcn2 and 2,3-DHBA
bound together extracellularly and were internalized via receptor-
mediated endocytosis) enhanced ROS production (Fig. 3H). In
keeping with this observation, apo-Lcn2 potentiated the effects of
2,3-DHBA, 2,5-DHBA, and enterobactin on ROS generation at
concentrations less than 50 nM (Fig. 3 I–K). These data imply that
Lcn2 has an important facilitatory role in DHBA-induced ROS
production and impairment of mitochondrial respiration.

The Effects of Holo-Lcn2 on Mitochondria Depend on Receptor-
Mediated Endocytosis. Two putative receptors of Lcn2 are
24p3R and megalin (29). When we treated permeabilized car-
diomyocytes with holo-Lcn2, no changes to mitochondrial res-
piration were observed (Fig. 4A). These data suggested that an
intact cell membrane and binding between Lcn2 and a receptor
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cotreated with apo-Lcn2 plus enterobactin (50 nM; Ent.), as indicated (n = 4).
(K, Right) Representative CellROX Green analysis of ROS production. (Scale bar:
20 μm.) Quantitative data are the mean ± SEM and *P < 0.05 versus control.
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are needed for holo-Lcn2’s effects. Western blot analysis revealed
that treatment with holo-Lcn2 (but not apo-Lcn2) increased
megalin and 24p3R protein levels in both primary cardiomyocytes
and H9C2 cells (Fig. 4 B and C). We then pretreated cells with
Pitstop 2, an inhibitor of clathrin-mediated endocytosis, and found
that the internalization of apo- and holo-Lcn2 were significantly
reduced in both cell types (Fig. 4 D and E). Importantly, holo-
Lcn2–induced ROS production was also markedly attenuated by
Pitstop 2 pretreatment (Fig. 4 F and G).
At the molecular level, determination of native electrospray

mass spectra at pH 2.5 indicated that the apo-Lcn2 and holo-
Lcn2 proteins remain folded even under low-pH conditions (Fig. 5
A and B). We incubated purified apo-Lcn2 protein with various
siderophores and used mass spectrometry (MS) to determine
in vitro binding affinities. We found that apo-Lcn2 was able to
bind to 2,3-DHBA and enterobactin in vitro (Fig. 5 C and D).

Somewhat surprisingly, it did not bind to 2,5-DHBA or pyo-
verdine, likely due to the in vitro conditions used (Fig. 5 E and F).

Hearts of LKO Mice Show Reduced Siderophore Content and IR-
Induced Mitochondrial Respiratory Dysfunction. Previous studies
have established that cardiac function in LKO mice is enhanced
compared with that in WT controls (30). Using O2k analysis, we
determined that hearts of LKO mice tended to exhibit increased
mitochondrial respiration, but this difference from WT controls
was not statistically significant (Fig. 6A). After IR challenge via
coronary artery ligation, mitochondrial respiration capacities in
terms of ADP- (total), glutamate- (complex I), and succinate-
(complex II) driven respiration were largely preserved in LKO
mice (Fig. 6A). Based on the striking impact on mitochondrial
function of 2,3-DHBA and 2,5-DHBA, we then examined heart
tissues and sera of untreated WT and LKO mice using MS. LKO
hearts showed a lower total DHBA content than WT hearts, but
the relative levels of these siderophores in sera of WT and mu-
tant mice were comparable (Fig. 6 B–D). These results suggest
the intriguing possibility that it is the delivery of siderophores
into heart tissue by holo-Lcn2 that disrupts cardiomyocyte me-
tabolism and sets the stage for heart failure.

Discussion
Metabolic dysfunction is a prominent pathophysiological feature
of heart failure, and LKO mice are protected from heart failure
induced by various stresses (10, 30). An increase in circulating
Lcn2 is observed in obese patients with metabolic disorders as well
as in patients with various forms of heart failure (31, 32). Previous
studies using mouse models of heart failure have revealed de-
creased mitochondrial damage in LKO hearts compared with WT

-
- -

-+
+

-
- -

-+
+

-
-
-

-
-

- -
- +

-
-
+ ++

+
+

- + -
-
-

-
-

- -
- +

-
-
+ ++

+
+

- +

non-permeabilized cell permeabilized cell
   PM-D
Complex I

   PMD-G
Complex I

   PMD-GS
Complex I+II1.5

1.0

0.5

0

1.5

1.0

0.5

0

1.5

1.0

0.5

0

2.0

*

   
 R

es
pi

ra
tio

n
(fo

ld
s 

vs
 c

on
tro

l)
A

Primary cardiomyocytes Primary cardiomyocytes H9C2

H9C2

Megalin

24p3R

Lcn2

β-actin

β-actin

apo-Lcn2
holo-Lcn2

Megalin

24p3R

Lcn2

β-actin

β-actin

apo-Lcn2
holo-Lcn2

Lcn2

β-actin

apo-Lcn2
holo-Lcn2
Pitstop 2

ap
o-

Lc
n2

Pitstop 2 Pitstop 2

Pitstop 2 Pitstop 2

C
on

tro
l

ho
lo

-L
cn

2

ap
o-

Lc
n2

C
on

tro
l

ho
lo

-L
cn

2

ap
o-

Lc
n2

C
on

tro
l

ho
lo

-L
cn

2

ap
o-

Lc
n2

C
on

tro
l

ho
lo

-L
cn

2

Anti-Lcn2 Anti-Lcn2

CellRox Green CellRox Green

B

C

D E

F G

*

holo-Lcn2 +- +- +- +- +- +-

*

Fig. 4. Inhibition of endocytosis attenuates the decrease in mitochondrial
respiration induced by holo-Lcn2. (A) O2k analysis as in Fig. 1D of mito-
chondrial respiration in primary cardiomyocytes that underwent per-
meabilization (or not) and were treated with holo-Lcn2 (n = 3). (B and C)
Western blot to detect the indicated proteins in primary cardiomyocytes
(B) and H9C2 cells (C) treated with 1 μg/mL apo- or holo-Lcn2, as indicated.
(D and E) Western blot (Top) and immunofluorescence staining (Bottom)
analyses to detect Lcn2 in primary cardiomyocytes (D) and H9C2 cells
(E) pretreated with Pitstop 2 (10 μM) and treated with apo- or holo-Lcn2, as
indicated. (F and G) Representative CellROX Green analyses of ROS pro-
duction by the cells in D and E, respectively. Quantitative data are the
mean ± SEM and *P < 0.05 versus control. (Scale bars: D–G, 20 μm.)

A B

C

E

r.i
nt

.(%
)

r.i
nt

.(%
)

r.i
nt

.(%
)

r.i
nt

.(%
)

90

30

60

0
1500 2000 2500 3000 3500 4000

90

30

60

0
1500 2000 2500 3000 3500 4000

m/z

90

30

60

0
1500 2000 2500 3000 3500

r.i
nt

.(%
)D

4000
m/z

90

30

60

0
1500 2000 2500 3000 3500 4000

m/z

90

30

60

0
1500 2000 2500 3000 3500 4000

m/z

90

30

60

0
1500 2000 2500 3000 3500 4000

m/z

unfolded
apo-Lcn2

unfolded
apo-Lcn2

apo-Lcn2

apo-Lcn2

apo-Lcn2
apo-Lcn2

apo-Lcn2 apo-Lcn2

apo-Lcn2 at pH 2.5 holo-Lcn2 at pH 2.5

+enterobactin +2,3-DHBA and iron

+2,5-DHBA and iron +pyoverdine

holo-Lcn2 
(Lcn2+three 
2,3-DHBAs+one Fe3+)

Lcn2 + 
enterobactin

Lcn2+two 
2,3-DHBAs
+one Fe3+

Lcn2+three 
2,3-DHBAs+one Fe3+

r.i
nt

.(%
)

m/z

F

Fig. 5. In vitro binding affinities of apo-Lcn2 for siderophores. (A and B) MS
analyses of recombinant (A) apo-Lcn2 and (B) holo-Lcn2 at pH 2.5. (C–F) MS
analyses of binding in vitro between apo-Lcn2 and (C) enterobactin, (D) 2,3-
DHBA plus iron, (E) 2,5-DHBA plus iron, and (F) pyoverdine at the ratios
described in SI Methods.

Song et al. PNAS | February 13, 2018 | vol. 115 | no. 7 | 1579

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720570115/-/DCSupplemental


controls (30). Our findings show that the holo-Lcn2 complex
containing siderophores and iron enters cardiomyocytes and can
directly modulate mitochondrial bioenergetics. Treatment with
exogenous holo-Lcn2 inhibits complex I- and II-mediated respira-
tion in cultured adult rat primary cardiomyocytes. The prevention
of this impairment by the mitochondria-targeted antioxidant SkQ1
demonstrates that siderophores induce the generation of sub-
stantial mitochondrial ROS that impair oxidative energy pro-
duction. Furthermore, this inhibitory effect is directly due to the
siderophore component of holo-Lcn2, as neither the Lcn2 moiety
(apo-Lcn2) nor the low concentrations of iron in this complex on
its own altered mitochondrial bioenergetics. Higher levels of
iron, such as in iron overload conditions, can of course impact
mitochondrial function. Moreover, treatment of cells with puri-
fied siderophores mimicked the effects of holo-Lcn2. These data
are in line with the observation that LKO mice show a reduced
degree of inhibition of mitochondrial respiration following IR
injury. Given the known link between mitochondrial dysfunction
and cardiomyopathy induced by IR (33), our work now suggests
that siderophore production by the host or microbiome may con-
tribute to cardiac dysfunction by impairing cardiac mitochondrial
bioenergetics.
ROS production is rapidly elevated upon infection as part of the

innate immune response (34). In addition to harming microbes
that invade tissues, these increased ROS act as secondary mes-
sengers signaling for inflammatory and immune responses (35).
Neutrophils can generate ROS after their surface N-formyl pep-
tide receptors make contact with the N-formyl groups of bacterial
proteins (36). In addition to producing ROS, a mammalian host

fights infection by up-regulating Lcn2, the major function of
which is to prevent invading bacteria from acquiring host iron.
To thrive after infecting a host, bacteria secrete various side-
rophores that capture host iron (37). The apo-Lcn2 protein binds
to these siderophores with their captured iron, creating the holo-
Lcn2 complex that is associated with bacterial demise. However,
our work has shown that the siderophore component of holo-Lcn2
can contribute to mitochondrial dysfunction in cardiomyocytes.
Indeed, in our experiments, the holo-Lcn2 complex itself was more
potent in decreasing mitochondrial respiration and ROS pro-
duction than was any siderophore alone. Our data obtained using
the antioxidant SkQ1 demonstrate that siderophores accumulating
in cardiac tissue can elicit ROS generation by mitochondria. In this
light, it is interesting to note that, although mitochondria origi-
nated in bacteria (38), the specific sites targeted by siderophores to
induce ROS generation remain unclear.
Concentrations of 2,5-DHBA are reduced in hearts of LKO

mice, and 2,5-DHBA has been proposed as the only endogenous
mammalian siderophore able to bind to Lcn2 (21, 28). In-
terestingly, although this interaction occurs in vivo, we found
that purified recombinant Lcn2 did not bind to 2,5-DHBA
in vitro. Understanding exactly how endogenous siderophores
bind to Lcn2 is important because siderophores may have wide-
ranging metabolic effects. The formation of endogenous 2,3- and
2,5-DHBAs is catalyzed in humans by the P450 enzymes, in-
cluding the 2C8, 2C9, and 2C19 isoforms (39). Notably, when
WT obese mice were treated with sulfaphenazole, a selective
inhibitor of P450 2C9, endothelial function improved. This im-
provement was due to blockage of the effects of Lcn2 on aortic
endothelial-dependent relaxation and contraction in response to
insulin or acetylcholine, as well as endothelial NOS uncoupling,
a process sensitive to ROS elevation (40). In this context, an-
other interesting observation from our study is that pretreatment
of cells with apo-Lcn2 to increase its intracellular level signifi-
cantly reduces DHBA-induced ROS production, suggesting that
intracellular apo-Lcn2 acts as a siderophore–iron chelator. When
Lcn2 rises during infection or inflammation, the prevention of a
response to DHBAs might be important to avoid further damage
to the host. Indeed, LKO mice have a lower DHBA content and
are protected from IR-induced mitochondrial dysfunction.
Levels of mitochondrial and cytosolic iron are tightly regulated

by iron storage and transport proteins such as ferritin and mito-
ferrin-1 and -2 (41). High iron levels can elevate ROS, yet in our
study treatment of cells with 50 nM FeCl3 did not exert detri-
mental effects on respiration via ROS production, suggesting that
the amount of iron delivered by 1 μg/mL holo-Lcn2 does not
mediate effects of this complex. Unlike in bacteria, no cell-surface
receptors for siderophores have been identified on mammalian
cells, making it likely that Lcn2 is an important vehicle for bringing
siderophores into cells. The unsuccessful treatment of pathogen-
induced infections with siderophore-conjugate drugs implies that
the amount of siderophore gaining entrance to a cell is critical to
its effects (42). Furthermore, certain direct biological conse-
quences of siderophore import are now beginning to be realized.
Enterobactin stabilizes HIF-1α in respiratory cells in vitro, thereby
inducing the expression of proinflammatory cytokines and en-
hancing Lcn2-mediated inflammation (18).
In summary, we have shown that holo-Lcn2, but not apo-Lcn2,

induces mitochondrial ROS generation and suppresses oxidative
phosphorylation in a manner mimicked by DHBAs but not by
iron. This effect of holo-Lcn2 is not attenuated by iron chelation,
indicating that siderophores can have direct effects on mito-
chondria. This identification of the interplay between Lcn2, iron,
and siderophores in regulating cardiomyocyte mitochondrial
bioenergetics may have important physiological implications,
such that therapeutic targeting of this interplay may in the future
decrease heart failure in susceptible patients.
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Methods
Full details on the majority of methods are available in Supporting In-
formation, with brief details given here.

Adult Wistar male rats (age 6 to 10 wk) were used for isolation of primary
cardiomyocytes using a protocol approved by the Animal Care Committee at
York University. Mitochondrial respiration was assessed in isolated car-
diomyocytes using the high-resolution respirometer Oxygraph-2k (Oroboros
Instruments) and in H9C2 cells with the XFe24 SeahorseMetabolic FluxAnalyzer
(Agilent). ROS determination was performed using the CellROX or DCF-DA
assay. Native mass spectra of apo- and holo-Lcn2 were captured on a Waters
Synapt G2-S instrument. The LC-MS platform used to detect DHBAs consisted
of a Dionex UltiMate 3000 UHPLC system and a Q Exactive mass spectrometer
equipped with a HESI-II source (Thermo Scientific). Control of the system and

data handling were performed using Thermo Xcalibur 2.2 software and
Chromeleon 7.2 software. Liquid chromatography was conducted on a Hypersil
Gold C18 column (Thermo Scientific). Ligation of the left anterior descending
artery was used to induce ischemia/reperfusion injury in mice.
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