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In infected tissues oxygen tensions are low. As innate immune cells have to operate under these conditions, we analyzed the abil-
ity of macrophages (M�) to kill Escherichia coli or Staphylococcus aureus in a hypoxic microenvironment. Oxygen restriction
did not promote intracellular bacterial growth but did impair the bactericidal activity of the host cells against both pathogens.
This correlated with a decreased production of reactive oxygen intermediates (ROI) and reactive nitrogen intermediates. Experi-
ments with phagocyte NADPH oxidase (PHOX) and inducible NO synthase (NOS2) double-deficient M� revealed that in E. coli-
or S. aureus-infected cells the reduced antibacterial activity during hypoxia was either entirely or partially independent of the
diminished PHOX and NOS2 activity. Hypoxia impaired the mitochondrial activity of infected M�. Inhibition of the mitochon-
drial respiratory chain activity during normoxia (using rotenone or antimycin A) completely or partially mimicked the defective
antibacterial activity observed in hypoxic E. coli- or S. aureus-infected wild-type M�, respectively. Accordingly, inhibition of the
respiratory chain of S. aureus-infected, normoxic PHOX�/� NOS2�/� M� further raised the bacterial burden of the cells, which
reached the level measured in hypoxic PHOX�/� NOS2�/� M� cultures. Our data demonstrate that the reduced killing of S. au-
reus or E. coli during hypoxia is not simply due to a lack of PHOX and NOS2 activity but partially or completely results from an
impaired mitochondrial antibacterial effector function. Since pharmacological inhibition of the respiratory chain raised the gen-
eration of ROI but nevertheless phenocopied the effect of hypoxia, ROI can be excluded as the mechanism underlying the anti-
microbial activity of mitochondria.

Although the content of oxygen in inhaled air is ca. 20%, the
physiologic oxygen levels encountered by cells in vivo are

rarely above 12% O2 and are, for the most part, between 3 to 5%
O2 (12, 13, 45, 77). Certain layers of the skin as well as cells from
the epithelial lining may even encounter oxygen tensions below 3
to 5% under physiological conditions (40, 58). In pathologically
altered tissues, in contrast, the oxygen tensions may drop to values
well below 2%. In order to avoid nomenclatural confusion, Herzen-
berg and coworkers suggested use of the term “hypoxic environ-
ment” for oxygen tensions below 2% O2 and the term “physiological
oxygen level” for oxygen tensions between 2 and 12% O2 (5).

Well-established pathological factors leading to severe tissue
hypoxia include cancer and ischemia (55, 63, 74, 76). Further-
more, infections in a living organism are frequently associated
with very low oxygen tensions in the afflicted tissues (32, 56, 65,
71). This raises the possibility that hypoxia may alter the ability of
the immune system to combat the invading pathogen.

Paul Ehrlich hypothesized in 1885 that “the protoplasm (of the
host cell), in its avidity for oxygen, may cut off the oxygen supply
of the bacteria and [. . .] thus remove the essential factor of their
life” (22). Nevertheless, to the best of our knowledge, no detailed
studies have been performed in macrophages (M�) in order to
confirm or refute this hypothesis. However, there are several lines
of evidence suggesting that hypoxia may negatively or positively
affect the ability of the host to control infections. Supporting the
notion that hypoxia may favor the host’s ability to clear off invad-
ing pathogens, hypoxia was found to increase the production of
the antimicrobial peptide cathelicidin in mouse blood leukocytes
(60) and, in the presence of Toll-like receptor (TLR)-dependent

stimulation, to upregulate the expression of inducible nitric oxide
synthase (iNOS or NOS2) in M� (54) in a hypoxia-inducible fac-
tor 1� (HIF1� or HIF1A)-dependent manner. The transcription
factor HIF1A plays a key role in allowing cells to adapt to hypoxic
conditions (39). Interestingly, hypoxia increased phagocytosis by
the RAW264.7 macrophage-like cell line in a HIF1A-dependent
manner (3). Intriguingly, even under normoxic conditions the
exposure of M�, dendritic cells, or granulocytes to bacteria or
lipopolysaccharide (LPS) led to an accumulation of HIF1A pro-
tein comparable to that seen with hypoxic stimulation. Further-
more, under normoxic conditions, inflammatory HIF1A was re-
quired for (i) the proinflammatory function of myeloid cells (16,
35, 59), (ii) the gene expression of NOS2 (21, 53), and (iii) the
control of infections with group A streptococci (16, 60). By boost-
ing HIF1A activity using a pharmacologic approach, the clinical
course of an infection with Staphylococcus aureus was improved
(86). Together, these data favor the hypothesis that bacterial in-
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fections in the presence of hypoxia may boost HIF1A activity and
thereby promote the antibacterial capacity of myeloid cells.

However, oxygen deprivation not only augments the accumu-
lation and transcriptional activity of HIF1A but also inhibits the
activity of the oxygen-dependent enzymes NOS2 and phagocyte
NADPH oxidase (PHOX) (2, 18, 41, 44, 66, 81). Since both en-
zymes are of paramount importance to controlling certain viral,
bacterial, protozoan or fungal infections in vivo (8, 9, 75), hypoxia
may inhibit the ability of myeloid cells to kill ingested microbes. In
lung and skin infection models with S. aureus it has been demon-
strated that systemic hypoxia inhibits the clearance of S. aureus (29,
38). In line with this observation granulocytes showed a reduced abil-
ity to kill bacteria (including S. aureus and Escherichia coli) under
hypoxic conditions (49). However, to the best of our knowledge, the
ability of primary M� to kill bacteria under hypoxic conditions has
not yet been studied. Furthermore, there are no reports on compar-
ative analyzes of the possible mechanisms by which hypoxia might
impair the bactericidal activity of myeloid cells.

In the present study we tested whether a reduced oxygen supply
affects the ability of M� to kill Gram-negative (E. coli) or Gram-
positive (S. aureus) bacteria. We found that under hypoxic conditions
M� are impaired to kill both pathogens. Unexpectedly, this defective
antibacterial activity could not be solely attributed to a reduced activ-
ity of PHOX or NOS2, but also resulted from an inhibition of the
mitochondrial respiratory function during hypoxia.

MATERIALS AND METHODS
Mouse strains. C57BL/6 wild-type (WT) mice were purchased from
Charles River Breeding Laboratories (Sulzfeld, Germany). Breeding pairs
of Cybb�/� Nos2�/� mice were kindly provided by W.-D. Hardt (ETH
Zurich, Switzerland), where Cybb represents cytochrome b-245 beta chain
(gp91phox). Cybb�/� Nos2�/� mice were generated by crossing B6.129S6-
Cybbtm1Din/J40 mice and B6;129P2-Nos2tm1Lau/J41 mice (both from
Jackson Laboratory) as described by Ackermann et al. (1). The Cybb�/�

Nos2�/� mice were bred at the Franz-Penzoldt Animal Center of the
Friedrich-Alexander-University Erlangen-Nürnberg. All mice were kept
under specific-pathogen-free conditions.

Preparation of M�. M� were grown from bone marrow tissues of
C57BL/6 WT and Cybb�/� Nos2�/� mice as described previously (85). To
control the purity of bone marrow (BM)-derived M�, the cells were sub-
jected to flow cytometry (FACSCalibur; BD Biosciences, Heidelberg, Ger-
many) after surface staining with fluorochrome-labeled antibodies (all
from BD Biosciences, unless otherwise stated): anti-CD11b (clone M1/
70) and anti-F4/80 (clone CI:A3; Serotec, Düsseldorf, Germany). The
specificity of the stainings was verified by the use of isotype control mono-
clonal antibodies. At day 7 of BM culture, M� were harvested and rou-
tinely yielded a population of �90% CD11bhigh F4/80high M�. The cells
were allowed to settle for at least 2 h in conventional polystyrene plates
(Greiner Bio One, Frickenhausen, Germany; Corning Costar, Amster-
dam, Netherlands). Where indicated, the cells were seeded in gas-perme-
able plates (Lumox Multiwell; Sarstedt, Nürnbrecht, Germany) or low-
attachment plates (Corning, Wiesbaden, Germany).

Bacterial strains and growth conditions. E. coli strain HB101 and S.
aureus strain ATCC 25923 were used to infect M�. All bacteria were rou-
tinely grown in Luria-Bertani (LB) broth or on Mueller-Hinton plates at
37°C. Plasmid pDiGc was kindly provided by David Holden, London,
United Kingdom. The E. coli strain harboring the pDiGc plasmid was
grown in LB supplemented with carbenicillin (50 �g/ml) or LB broth
containing 0.2% arabinose where indicated.

Bacterial infection of M�. M� were infected with E. coli HB101 or S.
aureus ATCC 25293 grown to stationary phase. The concentrations of the
bacterial suspensions were adjusted by reading the optical density at 600
nm (OD600). The actual multiplicity of infection (MOI) of each experi-

ment was assessed by plating dilutions of the infection inocula onto agar
plates for the determination of the number of CFU. For synchronization
of infection, centrifugation at 1,400 rpm for 5 min was performed. M�
were infected at an MOI of 10 for 60 min at 37°C in 5% CO2. After
infection, the cells were washed twice with phosphate-buffered saline
(PBS) to remove noninternalized bacteria. To kill the residual extracellu-
lar bacteria, the cells were treated with RPMI 1640 medium supplemented
with 10% fetal calf serum, 0.05 mmol of 2-mercaptoethanol (2-ME)/liter,
and 10 mM HEPES containing gentamicin at a concentration of 100
�g/ml for 1 h, followed by treatment with 25 �g of gentamicin/ml for the
rest of the experiment. Two hours after infection, the cells were cultured
under normoxic conditions in a regular humidified incubator (37°C, 5%
CO2, 21% O2) or under hypoxic conditions (37°C, 5% CO2, 0.5% O2)
using an adjustable hypoxic humidified workbench suitable for cell cul-
ture experiments (invivo300; Ruskinn Technology, West Yorkshire,
United Kingdom). To examine the influence of reoxygenation, the cells
were first incubated for 8 h under hypoxic conditions and then kept under
normoxic conditions for the rest of the experiment. Where indicated,
rotenone dissolved in chloroform (R8875 [Sigma-Aldrich, Deisenhofen,
Germany], with a 100 mM concentration of stock solution) or antimycin
A dissolved in 100% ethanol (A8674 [Sigma-Aldrich], with a 50-mg/ml
concentration of stock solution) was added at a final concentration of 100
�M (rotenone) or 4 �g/ml (antimycin A) 2 h after infection. In these
experiments, cells incubated with the respective concentrations of chlo-
roform or ethanol alone served as controls.

Cells were lysed 2 and 24 h after infection using 0.1% Triton X-100 in
PBS to recover intracellular bacteria. The number of intracellular bacteria
was determined by serial 10-fold dilutions in 0.05% Tween 80 in PBS and
subsequent plating on a Mueller-Hinton (MH) agar plate to enumerate
the CFU. The killing rate of myeloid cells is given as a percentage of the
surviving bacteria and was calculated as follows: (average CFU at 24 h/av-
erage CFU at 2 h) � 100.

Monitoring of the growth of E. coli and S. aureus in LB media. The
proliferative behavior of E. coli and S. aureus under both normoxic and
hypoxic conditions was investigated by monitoring the growth of a di-
luted bacterial suspension. An overnight bacterial culture was diluted in
LB or cell culture medium in the same way as it was done for the infection
of M� (see above). The bacteria were incubated under normoxic or hy-
poxic conditions. To investigate the effect of rotenone and antimycin A,
each was added to the growth medium at a final concentration of 100 �M
(rotenone) and 4 �g/ml (antimycin A). At different time points, the
CFU/ml of each sample was determined by plating serial dilutions of an
aliquot of the bacterial suspension on MH agar plates.

Fluorescence dilution assays to detect the proliferation of intracel-
lular bacteria. To monitor the proliferative activity of intracellular E. coli,
M� were infected with an E. coli HB101 strain harboring a dual fluores-
cence reporter plasmid (pDIGc) (31). This strain shows a constitutive
expression of green fluorescent protein (GFP), whereas the expression of
the DsRed protein (red fluorescent protein) is arabinose inducible. There-
fore, the growth of the bacteria can be monitored by measuring the fluo-
rescence intensity of DsRed after transferring an arabinose-induced bac-
terial suspension to arabinose-free conditions. The GFP expression was
used to identify the bacteria during flow cytometric analysis. E. coli HB101
pDiGc strain was grown overnight in LB broth containing 0.2% arabi-
nose. Prior to infection, the bacteria were washed twice with PBS, and all
further steps were performed under arabinose-free conditions. At differ-
ent time points after infection, the cells were lysed with 0.1% PBS–Triton
X-100, and the DsRed fluorescence intensity of GFP-positive bacterium-
sized particles was measured via flow cytometry (DsRed, FL-2; GFP, FL-1
[10,000 events in the FL-1 gate]). As a control, the same amount of bac-
teria used to infect the M� was incubated in cell culture medium for 6 h
under normoxic and hypoxic conditions. As expected, an increase in bac-
terial counts was accompanied by a dilution of DsRed fluorescence in the
GFP-positive fraction under both conditions.

To analyze the replication dynamics of intracellular S. aureus, the bacteria
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were stained prior to infection with carboxyfluorescein diacetate (CFDA)
succinimidyl ester (CFSE) mixed isomers (C1157; Invitrogen, Carlsbad, CA).
To this end, 500 �l of an overnight grown S. aureus culture was washed twice
with PBS and incubated with PBS containing 5 �M CFSE for 15 min at 37°C
in the dark. Afterwards, the bacteria were washed twice with ice-cold PBS
containing 5% fetal calf serum (FCS) and then resuspended in cold PBS. The
cells were infected as described above using the CFSE-stained S. aureus. At the
indicated time points, the infected M� were lysed with PBS–0.1% Triton
X-100. To distinguish between cell debris and bacteria, the lysates were
stained with an S. aureus-specific antibody (AP00865PU-N, 1:100 rabbit anti-
S. aureus [Acris Antibodies, Herford, Germany]) in PBS containing 1% bo-
vine serum albumin (BSA) and 10% FCS for 1 h at 4°C. After incubation of
the lysates with a goat anti-rabbit IgG (H�L) Alexa Fluor 647-coupled sec-
ondary antibody (A21245; Invitrogen), diluted 1:500 in PBS containing 1%
BSA and 10% FCS for 1 h at 4°C in the dark, the CFSE fluorescence intensity
of Alexa Fluor 647-positive bacterial particles was analyzed by flow cytometry
(CFSE, FL-1; Alexa Fluor 647, FL-4 [10,000 events in the FL-4 gate]). As a
control, the same amount of bacteria that was used for infecting M� was
incubated in cell culture medium for 6 h under normoxic and hypoxic con-
ditions. As expected, an increase in bacterial counts was accompanied by a
dilution of CFSE fluorescence in the Alexa Fluor 647-positive fraction under
both conditions.

siRNA duplexes. Nonsilencing small interfering RNA (ns-siRNA) du-
plexes (catalog no.1027281 [Qiagen, Hilden, Germany]) were directed
against the following nonsense target sequence: AATTCTCCGAACGTG
TCACGT (sense, UUCUCCGAACGUGUCACGUdTdT; antisense, ACG
UGACACGUUCGGAGAAdTdT). Hif1a-specific, silencing siRNA mole-
cules were obtained from Dharmacon’s prevalidated siRNA database
(Hif1a-specific, prevalidated siRNA; catalog no. L040638). The duplexes
were dissolved in siRNA suspension buffer (Qiagen) to a final concentra-
tion of 0.3 �g/�l (20 �M), heated for 1 min to 90°C, and incubated at 37°C
for 60 min. Resolved duplexes were stored in aliquots at �80°C.

RNA interference studies. RNA interference was performed as de-
scribed previously (35, 36, 85). M� were harvested, washed four times
with Opti-MEM (Invitrogen), and resuspended at a concentration of 4 �
107 cells/ml. Then, 20-�l portions of a 20 �M solution of the respective
siRNA duplexes were transferred to a 4-mm cuvette (Peqlab, Erlangen,
Germany), and the final volume was adjusted to 50 �l with Opti-MEM. A
total of 50 �l of the cell suspension (containing 2 � 106 cells) was added
and pulsed in a Gene Pulser Xcell apparatus (Bio-Rad). The pulse condi-
tions were 400 V, 150 �F, and 100 �. After electroporation, the cells were
transferred into serum-free RPMI 1640 cell culture medium. After 1 h, an
equal amount of RPMI 1640 medium supplemented with 20% FCS was
added. After 24 h, electroporated M� were infected as described above.

RNA extraction and cDNA synthesis. At various time points, total
RNA was isolated by phenol-chloroform extraction using Trifast (Peqlab)
according to the manufacturer’s instructions. Briefly, the cells were
washed with PBS and rinsed off the plate with Trifast. The phenolic sus-
pension was mixed with a 1/5 volume of chloroform and centrifuged for
15 min at 12,000 � g and 4°C. The upper, aqueous phase was transferred
into a new reaction tube. By adding 1 volume of isopropanol and incu-
bating the sample for 10 min at room temperature, the RNA was precip-
itated and pelleted by centrifugation (12,000 � g) at 4°C for 15 min. After
the pellet was washed with 75% ethanol, the RNA was resuspended in
RNase-free water and incubated at 60°C for 10 min. Then, 1 to 2 �g of
total RNA was reverse transcribed using a high-capacity cDNA archive kit
(Applied Biosystems, Darmstadt, Germany).

Real-time PCR. After RNA extraction and cDNA synthesis, real-time
PCR was performed using an ABI Prism 7900 sequence detector (Applied
Biosystems) with TaqMan Universal Mastermix and Assays-on-Demand
(Applied Biosystems), which include forward and reverse primers and
the FAM-labeled probe for the target gene, respectively. The following
assays were used: murine hypoxanthine guanine phosphoribosyl trans-
ferase 1 (Hprt1; Mm00446968_m1), phosphoglycerate kinase 1 (Pgk1;
Mm01225301_m1), and Hif1a (Mm01283760). Each cDNA was ampli-

fied and measured in duplicates or triplicates with 50 to 100 ng of cDNA/
well in a reaction volume of 15 �l and the following cycle conditions: 2
min at 50°C, 10 min at 95°C, and then 15 s at 95°C and 60 s at 60°C for 40
cycles. mRNA levels were calculated using SDS 2.1 software (Applied Bio-
systems). The amount of mRNA for each gene was normalized to the
housekeeping gene Hprt1.

Detection of reactive nitrogen intermediates (RNI). The production
of reactive nitrogen species was investigated by measuring the nitrite ac-
cumulation of M� 24 h after infection by the Griess reaction using sodium
nitrite as a standard (20).

Measurement of intracellular ROI using CM-H2DCFDA. For the de-
tection of intracellular reactive oxygen intermediates (ROI), M� were
infected as described above. After 24 h, the cells were stained with CM-
H2DCFDA [5-(and 6)-chloromethyl-2=,7=-dichlorodihydrofluorescein
diacetate, acetyl ester; Invitrogen], a fluorescent dye that shows a higher
fluorescence intensity when reacting with intracellular ROI. To avoid re-
oxygenation of the hypoxic samples, all staining steps were performed in
the hypoxia chamber, and all buffers and reagents were equilibrated for at
least 6 h to hypoxic conditions. After the cells were washed twice with PBS,
the M� were loaded with ROI-sensitive dye by incubation in PBS contain-
ing 20 �M CM-H2DCFDA for 15 min at 37°C and 5% CO2 under hypoxic
or normoxic conditions. Loading of the cells was stopped by two washes
with PBS. The cells were then covered with RPMI 1640 culture medium
containing 10% FCS, 0.05 mM 2-ME, and 10 mM HEPES and placed for
15 min at 37°C, 5% CO2, and either normoxia or hypoxia. As a positive
control, some of the cells were treated with phorbol myristate acetate (100
ng/ml) for the final 15 min. The samples were fixed with 3.5% paraform-
aldehyde (PFA), and the CM-H2DCFDA fluorescence intensity of whole
cells was analyzed by flow cytometry (10,000 events; FL-1).

Analysis of the mitochondrial membrane potential. Changes in the
mitochondrial membrane potential (��M) were measured using JC-1 dye
(JC-1 mitochondrial membrane potential assay; Biomol, Hamburg, Ger-
many). A total of 100,000 macrophages were seeded in a black-pigmented,
flat-bottom 96-well plate with a transparent bottom (Brand Plates,
Wertheim, Germany). M� were infected as described above and subjected to
hypoxia or treated with 100 �M rotenone. At least 24 h after infection, JC-1
staining was performed according to the manufacturer’s instructions in 100
�l of medium under the respective pO2. Briefly, 10 �l of JC-1 staining solu-
tion was added to the cells for 15 min. The cells were washed twice with the
assay buffer; finally, 100 �l of assay buffer was added, and the 96-well plate
was sealed with an adhesive clear seal suitable for quantitative (real-time)
reverse transcriptase PCR (qRT-PCR) applications (4titude, Wotton, United
Kingdom) in order to preserve the respective atmospheric condition. Imme-
diately thereafter, the fluorescence was read at an excitation of 485 nm and an
emission of 538 nm (green) and at an excitation of 530 nm and an emission of
590 nm (red) in a Fluoroskan Ascent FL microplate fluorescent reader (Lab-
systems, Frankfurt, Germany). The ratio of red to green was calculated and is
given as the ��M in arbitrary units.

Immunoblotting. At the indicated time points, M� cell monolayers
were lysed using a PE lysis buffer (6.65 M urea, 10% glycerin, 1% sodium
dodecyl sulfate [SDS], 10 mM Tris-HCl [pH 6.8], 5 mM dithiothreitol) in the
presence of a protease inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany). Lysates were diluted with SDS-PAGE sample buffer. Then, 60 �g
of protein was separated by SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane (Millipore, Schwalbach, Germany). NOS2 (iNOS) was
detected using an NOS2-specific antibody (U.S. Biologicals, catalog no.
N5350-10B.100). Actin was detected by using an actin-specific antibody from
Sigma-Aldrich (catalog no. A2066). HIF1A (HIF-1�) was detected by using
an HIF1A-specific antibody (Cayman Chemical, Ann Arbor, MI, catalog no.
10006421). HIF2A (HIF-2�) was detected by using an HIF2A-specific anti-
body (Novus Biologicals, distributed by Acris Antibodies, Germany, catalog
no. NB 100-122). Bound antibodies were visualized by using enhanced
chemiluminescence technology.

LDH release assay. To analyze the viability of the cells under the cer-
tain conditions, the release of the cytosolic lactate dehydrogenase (LDH)
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was measured. Therefore, the supernatants of the cells were collected 24 h
after infection, and the extracellular LDH content was determined by
using a cell death detection kit (Roche) according to the manufacturer’s
instructions. To take into account that an intracellular induction of the
LDH expression might lead to an increase in the release of this enzyme, the
intracellular LDH activity was also investigated after lysing the cells using
0.1% Triton X-100. To evaluate the relative LDH release, the OD492 of the
supernatant was divided by the OD492 of the cell lysate derived from the
same sample. Afterward, the relative LDH release of the control sample
(untreated cells under normoxic conditions) was set to 1. Referring to this
value, the change in the relative release of LDH was calculated.

Annexin V and propidium iodide assay. Approximately 500,000 cells
were stained in 100 �l of 1� annexin V binding buffer (BD Biosciences)
with annexin V APC (1:100; BD Biosciences) for 15 min at room temper-
ature in the dark. Immediately before analysis of the cells with a flow
cytometer, 1 �g of propidium iodide (Sigma-Aldrich)/ml was added.

Statistical analysis. Statistical analysis was performed using the Stu-
dent t test.

RESULTS
M� are impaired in their ability to kill ingested S. aureus and E.
coli under hypoxic conditions. S. aureus and E. coli are known to
be readily killed by murine M� under normoxic conditions (47,

61). We assumed that directly after a bacterial infection in vivo
physiological oxygen tensions will prevail, whereas during the
progression of the infection the oxygen tension will progressively
drop to low levels. In order to mimic this situation in vitro, we
subjected infected M� to hypoxic conditions from 2 h after infec-
tion with E. coli HB101 or S. aureus onward until the time point of
readout (24 h after infection) (Fig. 1A). Under hypoxic conditions
we recovered more bacteria from M� than under normoxic con-
ditions (Fig. 1B; see also Table S1 in the supplemental material).
However, the amount of intracellular bacteria retrieved from cells
that had been exposed to hypoxia for 8 h and then subjected to
normoxic conditions for 16 h (reoxygenation) was indistinguish-
able from infected cells that had only been cultivated under nor-
moxic conditions (Fig. 1B; see also Table S1 in the supplemental
material). This indicates that the effect of hypoxia on the survival
of intracellular bacteria is fully reversible.

Hypoxia does not promote the bacterial growth within M�.
Next, we wanted to clarify whether the increased survival of S.
aureus and E. coli was due to an increased bacterial proliferation
within the host cells under hypoxic conditions or to the impair-
ment of an antibacterial mechanism. Therefore, we analyzed the

FIG 1 Impaired ability of murine bone marrow-derived macrophages (M�) to kill intracellular bacteria under hypoxic conditions. (A) Schematic representation
of the experimental setup for assaying intracellular survival of E. coli and S. aureus under normoxic and hypoxic conditions. M� were infected with either E. coli
or S. aureus at an MOI of 10. One hour after infection extracellular bacteria were removed by a wash with PBS, followed by gentamicin treatment. At 2 h after
infection the cells were exposed to either normoxia (N) or hypoxia (H; 0.5% oxygen). For reoxygenation (Re) the cells were first incubated for 8 h under hypoxic
conditions and then kept in normoxia. Cell lysates were prepared 2 and 24 h after infection to determine the amount of CFU inside the cells. (B) The graphs shows
the percentage of intracellular bacteria in M� under the indicated conditions. Relative survival was calculated by dividing the amount of intracellular bacteria
recovered 24 h after infection related to the amount of intracellular bacteria determined 2 h after infection. The data are means � standard errors of the mean
(SEM) of five independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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bacterial growth of E. coli and S. aureus grown under normoxic
and hypoxic conditions in LB broth. Hypoxia did not increase the
growth of E. coli or S. aureus compared to normoxic conditions
(see Fig. S1 in the supplemental material). Next, we analyzed the
intracellular replication dynamics of E. coli and S. aureus in M�.
To this end, we used (i) an E. coli strain harboring a reporter
plasmid (pDiGc) and (ii) CFSE-labeled S. aureus. The dual fluo-
rescence reporter plasmid (pDiGc) encodes a reporter system in
which the production of DsRed protein is arabinose inducible,
whereas the expression of eGFP is constitutive (31). The prolifer-
ation of pDiGc-harboring E. coli can be monitored by measuring
the dilution of DsRed fluorescence after the bacterial suspension is
transferred to arabinose-free conditions for 6 h (Fig. 2A). After
labeling of S. aureus with CFSE, the replication of S. aureus can be
assayed by dilution of CFSE-fluorescence for 6 h (Fig. 2C). When
M� were infected with pDiGc harboring E. coli or CFSE-labeled S.
aureus, we could not detect a dilution of DsRed or CFSE fluores-

cence irrespective of whether the infected cells were cultured un-
der normoxic or hypoxic conditions (Fig. 2B and D). Taken to-
gether, these findings demonstrate that hypoxia does not promote
intracellular bacterial proliferation but impairs the host’s antibac-
terial capacity.

HIF1A accumulation in S. aureus-infected M� does not ac-
count for the impaired killing of S. aureus under hypoxic con-
ditions. HIF1A accumulation has been demonstrated to be a com-
mon feature of infected tissues (83) and has been associated with an
antibacterial function of myeloid cells (16, 60). Furthermore, it has
been shown that macrophages accumulate HIF2A as well and that
HIF2A plays an important role in the regulation of M� function (33,
79). Therefore, we analyzed the status of both HIF-� isoforms
(HIF1A and HIF2A) in E. coli- and S. aureus-infected M�.

	nfection with either pathogen under normoxic conditions re-
sulted in the accumulation of HIF1A and HIF2A (Fig. 3A). Hy-
poxic incubation of infected cells did not further induce HIF2A

FIG 2 Hypoxia does not improve the bacterial growth within M�. (A and B) To study the replication dynamics of E. coli, a strain was used harboring a dual
fluorescence reporter plasmid (pDiGc) in which the production of DsRed protein is arabinose inducible, whereas the expression of eGFP is constitutive. The
proliferation of bacteria can be monitored by measuring the dilution of DsRed fluorescence after placing the bacterial suspension to arabinose-free conditions.
Growing E. coli (pDiGc) strains were analyzed immediately (0 h) after placement into arabinose-free medium (RPMI) and 6 h thereafter. (A) GFP-positive,
bacterium-sized particles were identified by flow cytometry and in that population the DsRed fluorescence was analyzed. (B) M� were infected with pDiGc-
containing E. coli. After different time points, the cells were lysed, and the DsRed fluorescence of GFP-positive, bacterium-sized particles was measured by flow
cytometry. The results of a representative experiment out of at least two similar experiments are displayed. (C and D) The replication of S. aureus was investigated
by labeling the bacteria with CFSE. (C) Bacteria were identified after an S. aureus-specific staining. The proliferation of CFSE-labeled S. aureus in medium (RPMI)
was accompanied by a reduction in CFSE fluorescence intensity. (D) M� were infected with CFSE-labeled S. aureus. At different time points, the cells were lysed,
the bacteria were identified by S. aureus-specific staining, and S. aureus-positive, bacterium-sized particles were analyzed for CFSE fluorescence. The results of a
representative experiment out of at least two similar experiments are displayed.
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accumulation. Therefore, we conclude that it is very unlikely that
HIF2A accounts for the impaired antibacterial capacity under hy-
poxic conditions.

Under normoxic conditions infection of M� with E. coli re-
sulted in a higher HIF1A protein content compared to an infec-
tion of M� with S. aureus. This resulted in an increased expression
of the HIF1A target gene Pgk1 (Fig. 3A and B). In S. aureus-in-
fected cells hypoxia further unregulated the level of HIF1A pro-
tein, which was not the case in E. coli-infected cells (Fig. 3A).

Accordingly, hypoxia increased the expression of the HIF1A target
gene Pgk1 mRNA in S. aureus infected M� but not in E. coli-
infected host cells (Fig. 3B).

Since the impaired antibacterial capacity of the host cells under
hypoxic conditions correlated with an increased accumulation of
HIF1A in S. aureus-infected cells, we investigated whether HIF1A
accounts for this hypoxia-induced phenotype using an RNA in-
terference approach. Silencing of Hif1a in S. aureus-infected M�
failed to restore the antibacterial activity under hypoxic condi-
tions (Fig. 3C). As described earlier (35–37), knockdown effi-
ciency was evaluated by analyzing HIF1A protein, Hif1a mRNA,
and the HIF1A-dependent metabolic target gene Pgk1 (see Fig. S2
in the supplemental material). There was also no effect of Hif1a
silencing on the killing of S. aureus by normoxic host cells (Fig.
3C). From these data we conclude that the impaired antibacterial
capacity of M� under hypoxic conditions is independent of the
increased HIF1A accumulation.

Hypoxia abrogates the production of ROI and RNI by M� in
response to infection. Since NOS2 and PHOX are oxygen-depen-
dent enzymes (2, 18, 41, 44, 51, 66, 81), we analyzed the produc-
tion of ROI and RNI in infected M�. As expected, infection of M�
with E. coli under normoxic conditions induced a robust genera-
tion of NO, which was severely impaired in a hypoxic environ-
ment. However, if the cells were reoxygenated for 16 h after an
initial 8 h period of hypoxia, NO levels reached normoxic levels
again (Fig. 4A). Next, we tested whether the impaired NO produc-
tion under hypoxia results from a reduced NOS2 activity or from
a diminished NOS2 protein induction under hypoxic conditions.
Infection with E. coli led to a comparable NOS2 protein expression
under both normoxic and hypoxic conditions, strongly suggesting
that hypoxia incapacitates the enzyme activity of NOS2. In con-
trast to infection with E. coli, infection of M� with S. aureus hardly
caused an induction of NOS2 protein and NO production (Fig. 4A
and B).

Next, we quantified the production of ROI by M� using the
CM-H2DCFDA fluorochrome, which is a nonselective detector of
various reactive oxygen species. In order to assess the ROI produc-
tion under hypoxic conditions and to avoid any assay related re-
oxygenations, we were particularly careful to ensure that the entire
staining procedure of the hypoxia-treated samples was performed
in the hypoxia chamber and that all buffers and reagents were
equilibrated to hypoxic conditions. After loading of the dye and
incubation under the respective oxygen tension, the samples were
fixed with equilibrated PFA and subjected to flow cytometry. Fix-
ation with PFA neither generated fluorescence signals nor inhib-
ited the fluorescence of CM-H2DCFDA (data not shown). Under
hypoxic conditions we could not detect any production of ROI
after infection with E. coli and S. aureus, whereas ROI were readily
detectable under normoxic conditions (Fig. 4C). Together, our
data show that hypoxia prevents the production of RNI and ROI
in response to a bacterial infection of M�, as expected from the
oxygen dependency of NOS2 and PHOX.

A PHOX- and NOS2-independent, oxygen-dependent anti-
microbial mechanism contributes to the control of E. coli and S.
aureus in M�. In order to investigate whether the reduced anti-
bacterial capacity of M� during hypoxia simply results from an
absent NOS2 and PHOX activity, we infected M� deficient for
both NOS2 and PHOX (Cybb�/� Nos2�/�) and tested the impact
of hypoxia versus normoxia on the survival of E. coli or S. aureus in
these cells. First, we confirmed that a deficiency in NOS2 and

FIG 3 Hypoxia augmented the HIF1A activity of S. aureus-infected M� but
does not contribute to the impaired killing of S. aureus under hypoxic condi-
tions. (A) Cellular lysates were prepared of M� infected with E. coli or S. aureus
under normoxic or hypoxic conditions for 24 h, and immunoblotting for
HIF1A and HIF2A was performed. Equal loading is demonstrated in HIF1A
immunoblots by incubating the blots with an actin-specific antibody. To dem-
onstrate equal loading in blots probed for HIF2A, a nonspecific band (n.s.) of
the HIF2A antibody is shown. The results of a representative experiment out of
at least three similar experiments are displayed. (B) M� were infected with E.
coli or S. aureus under normoxic (N) or hypoxic (H) conditions for 24 h, and
qRT-PCR was performed with Pgk1 as the target and Hprt1 serving as the
internal control. The data are means � the SEM of four experiments. *, P �
0.05; **, P � 0.01; ***, P � 0.001. (C) ns-siRNA (ns) or Hif1a-specific (Hif1a)
siRNA was transferred into M�, or the cells were left untreated (untreated).
After 24 h, the cells were infected with S. aureus and subjected to normoxic (N)
or hypoxic (H) conditions. Cell lysates were prepared 2 and 24 h after infection
to determine the CFU count inside the cells. The relative survival was calcu-
lated by dividing the amount of intracellular bacteria recovered 24 h after
infection related to the amount of intracellular bacteria determined 2 h after
infection. The data are means � the SEM of four experiments. *, P � 0.05; **,
P � 0.01; ***, P � 0.001.
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PHOX resulted in a decreased production of RNI and ROI (see
Fig. S3 in the supplemental material). Second, Cybb�/� Nos2�/�

and WT M� did not differ in apoptosis or necrosis rates after
infection with E. coli or S. aureus under normoxic conditions (see
Fig. S4 in the supplemental material). Third, we analyzed whether
an infection with E. coli or S. aureus or incubation under hypoxia
affects the viability of Cybb�/� Nos2�/� and WT host cells. To this
end, we measured the LDH activity in the culture supernatant and

the lysates of infected M�. Neither the infection nor the hypoxic
culture condition significantly reduced the viability of WT or
Cybb�/� Nos2�/� M� (see Fig. S5 in the supplemental material).

Finally, we compared the ability of M� from WT and Cybb�/�

Nos2�/� mice to control an infection with E. coli or S. aureus
under normoxic, hypoxic, or reoxygenated conditions. Normoxic
Cybb�/� Nos2�/� M� were impaired in their ability to clear S.
aureus compared to normoxic WT cells (Fig. 5A). More impor-
tantly, however, the survival of S. aureus in hypoxic Cybb�/�

Nos2�/� M� was significantly higher than in normoxic Cybb�/�

Nos2�/� cells and also clearly increased compared to hypoxic WT
cells (Fig. 5A). These data indicate that, apart from PHOX and
NOS2, an additional oxygen-dependent antimicrobial effector
mechanism accounts for the killing of S. aureus by M�, which
becomes particularly evident in the absence of PHOX and NOS2.

Unlike the S. aureus infection model, Cybb�/� Nos2�/� M�
showed a reduced rather than an increased survival of E. coli under
normoxic conditions compared to WT cells at the time point of anal-
ysis (24 h after infection) (Fig. 5B). Although we observed a limited
NOS2/PHOX-dependent killing of E. coli at early time points of in-
fection (up to 2 h [data not shown]), NOS2 and PHOX were clearly
dispensable for the ultimate control of E. coli by 
� in vitro. During
hypoxia the bacterial burden not only increased in E. coli-infected

FIG 4 Hypoxia interferes with the production of oxygen radicals and nitrogen
production in response to infection of M�. M� were infected with E. coli or S.
aureus at an MOI of 10. One hour after infection, the extracellular bacteria
were removed by washing with PBS, followed by gentamicin treatment. At 2 h
after infection, the cells were exposed to either normoxia (N) or hypoxia (H;
0.5% oxygen). For reoxygenation (Re), the cells were first incubated for 8 h
under hypoxic conditions and then kept in normoxia. (A) After 24 h, the
supernatants were collected, and nitrite was measured using the Griess reac-
tion. The data are means � the SEM of five experiments. *, P � 0.05; **, P �
0.01; ***, P � 0.001. (B) Cellular lysates were prepared, and immunoblotting
was performed for NOS2 and actin. The results of a representative experiment
from at least three similar experiments are shown. (C) Cells were infected as
described in panel A. After 24 h, the cells were labeled with CM-H2DCFDA,
fixed with 3.5% PFA, and analyzed by flow cytometry. The gray-shaded curve
indicates the FL-1 fluorescence of uninfected labeled cells under normoxic
conditions. The dotted black curve indicates the FL-1 fluorescence of CM-
H2DCFDA-labeled cells under hypoxic conditions, and the solid line curve
indicates the FL-1 fluorescence of CM-H2DCFDA-labeled cells under nor-
moxic conditions. The results of a representative experiment out of at least
three similar experiments are displayed.

FIG 5 Inhibition of the phagocyte oxidase and NO synthase does not solely
explain the impaired killing of S. aureus under hypoxic conditions and is not
related with the impaired killing of E. coli in M�. (A) M� from Cybb�/�

Nos2�/� or WT littermate controls were infected with S. aureus at an MOI of
10. At 1 h after infection, the extracellular bacteria were removed by washing
with PBS, followed by gentamicin treatment. At 2 h after infection, the cells
were exposed to either normoxia (N) or hypoxia (H; 0.5% oxygen). For reoxy-
genation (Re), the cells were first incubated for 8 h under hypoxic conditions
and then kept in normoxia. Cell lysates were prepared 2 and 24 h after infection
to determine the amount of CFU inside the cells. The relative survival was
calculated by dividing the amount of intracellular bacteria recovered 24 h after
infection relative to the amount of intracellular bacteria determined 2 h after
infection. The data are means � the SEM of at least four experiments. *, P �
0.05; **, P � 0.01; ***, P � 0.001. (B) M� from Cybb�/� Nos2�/� or WT
littermate controls were infected with E. coli as described in panel A. The data
are means � the SEM of two experiments. *, P � 0.05; **, P � 0.01; ***, P �
0.001.
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WT M� but also in Cybb�/� Nos2�/� M� (Fig. 5B). From these data,
we conclude that the control of E. coli by M� is due to a PHOX- and
NOS2-independent, but oxygen-dependent effector mechanism.

Hypoxia inhibits the activity of the mitochondrial respira-
tory chain in E. coli- or S. aureus-infected M�. Mitochondrial
activity is impaired under hypoxia (14). Sonoda et al. demonstrated
that M� that are genetically defective for mitochondrial ROI produc-
tion show a decreased capacity to degrade intracellular L. monocyto-
genes compared to WT M�, even in the presence of an inhibitor of
NOS2 or PHOX (78). In order to determine the mitochondrial activ-
ity of infected M�, we determined the mitochondrial membrane po-
tential (��M) by using JC-1 dye. The lipophilic, cationic dye JC-1 can
selectively enter into mitochondria and reversibly change color from
green to red as the membrane potential increases. In cells with a high
��M, JC-1 spontaneously forms complexes known as J-aggregates
with intense red fluorescence. In cells with a low ��M, JC-1 remains
in the monomeric form, which shows only green fluorescence. The
ratio of this red/green fluorescence is independent of mitochondrial
shape, density, or size but depends only on the membrane potential

(15). Since this dye is not suitable for fixation, we sealed the plates
harboring the infected cells with an adhesive clear seal suitable for
qRT-PCR applications in order to preserve the respective normoxic
and hypoxic condition. We observed that in infected M� the ��M

decreased in rotenone- and hypoxia-treated cells (Fig. 6A). However,
the hypoxic impairment of ��M was not due to toxic effects because
within 5 min of reoxygenation (i.e., removal of the adhesive seal), we
observed a substantial increase of��M in S. aureus-infected (data not
shown) and E. coli-infected (see Fig. S6 in the supplemental material)
M�. Thus, we conclude that hypoxia works in analogy to rotenone
and interferes with mitochondrial activity.

Inhibition of the mitochondrial respiratory chain com-
pletely or partially mimics the effect of hypoxia on the killing of
E. coli and S. aureus, respectively. Next, we analyzed the fate of E.
coli in M� after inhibition of mitochondrial respiration. For that
purpose, we used rotenone that binds to the ubiquinone binding
site of complex I and thereby interferes with electron transport.
We used different concentrations of rotenone (10 �M, 100 �M,
and 1 mM) and correlated this treatment with the bactericidal

FIG 6 Hypoxia impairs mitochondrial activity in M�, and inhibition of the mitochondrial respiratory chain completely or partially mimics the effect of hypoxia
on the killing of E. coli or S. aureus by M�, respectively. (A) M� were infected with E. coli or S. aureus at an MOI of 10. At 1 h after infection, extracellular bacteria
were removed by washing with PBS, followed by gentamicin treatment. At 2 h after infection, the cells were exposed to either normoxia (N) or hypoxia (H; 0.5%
oxygen) in the absence or presence of rotenone (100 �M). After at least 24 h, the cells were stained with JC-1. The mitochondrial membrane potential (��M) was
determined and is given in arbitrary units (AU). The data are means � the SD out of three similar experiments performed in triplicate. *, P � 0.05; **, P � 0.01;
***, P � 0.001. (B and C) Cells were infected with E. coli (B) or S. aureus (C) and treated as described in panel A. Cell lysates were prepared 2 and 24 h after
infection to determine the number of CFU inside the cells. The relative survival was calculated by dividing the amount of intracellular bacteria recovered 24 h after
infection related to the amount of intracellular bacteria determined 2 h after infection. The data are means � the SEM of six experiments. *, P � 0.05; **, P � 0.01;
***, P � 0.001. (D and E) Cells were infected with E. coli (D) or S. aureus (E). At 2 h after infection, the cells were exposed to either normoxia (N) or hypoxia (H;
0.5% oxygen) in the absence or presence of antimycin A (4 �g/ml). Cell lysates were prepared 2 and 24 h after infection to determine the number of CFU inside
the cells. The relative survival was calculated by dividing the amount of intracellular bacteria recovered 24 h after infection related to the amount of intracellular
bacteria determined 2 h after infection. The data are means � the SEM of at least four experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (F) M� were left
untreated or treated with rotenone (100 �M) and subjected to normoxic or hypoxic conditions. After 24 h, the cells were labeled with CM-H2DCFDA, fixed with
3.5% PFA, and analyzed by flow cytometry. The gray-shaded curve indicates the FL-1 fluorescence of labeled cells under normoxic conditions. The black dotted
curve indicates the FL-1 fluorescence of CM-H2DCFDA-labeled cells after stimulation with rotenone and incubation under hypoxic conditions, and the black
solid curve demonstrates the FL-1 fluorescence of CM-H2DCFDA-labeled cells after stimulation with rotenone and incubation under normoxic conditions.
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activity of E. coli-infected M�. Rotenone at 10 �M barely inhib-
ited the bactericidal activity. However, 100 �M rotenone robustly
impaired the antibacterial capacity (see Fig. S7 in the supplemen-
tal material). Rotenone at 1 mM appeared to be toxic to the host
cells. For further experiments, we therefore used a 100 �M con-
centration, which proved to sufficiently inhibit mitochondrial ac-
tivity (Fig. 6A). For the control of host cell viability, we analyzed
the relative LDH release rate and NO production under normoxic
and hypoxic conditions in the absence or presence of rotenone. At
the concentrations used we could not detect any toxicity of rote-
none in LDH release assays (see Fig. S5 in the supplemental ma-
terial). Moreover, inhibition of mitochondrial respiration did not
affect NO production upon infection (see Fig. S8 in the supple-
mental material). In order to exclude that rotenone inhibits bac-
terial cell division and viability in vitro, we analyzed the growth of
E. coli in the absence or presence of rotenone. We found that E. coli
grew equally well in the presence or absence of rotenone (see Fig.
S9 in the supplemental material) as described previously (27).
When rotenone was added to E. coli-infected M� under normoxic
conditions, we found that the bacterial survival rate exactly
reached the level observed in hypoxic M� without rotenone. Im-
portantly, the addition of rotenone to hypoxic cultures did not
further inhibit the antimicrobial activity of M� (Fig. 6B).
However, treatment of S. aureus-infected WT M� with rote-
none under normoxic conditions did not lead to the same in-
crease of S. aureus, as seen in hypoxic M� cultures in the ab-
sence of rotenone (Fig. 6C).

Furthermore, we used antimycin A to inhibit the coenzyme
Q/cytochrome c/oxidoreductase, which is located in complex III
of the respiratory chain. Antimycin A did not interfere with bac-
terial cell division and viability in vitro (see Fig. S11 in the supple-
mental material). After treatment of E. coli-infected macrophages
with antimycin A, bacterial survival reached exactly the level of
hypoxia-treated macrophages (Fig. 6D). However, treatment of S.
aureus-infected WT M� with antimycin A did not lead to the same
increase of S. aureus as seen in hypoxic M� cultures in the absence
of antimycin A (Fig. 6E). Therefore, we conclude that inhibition of
mitochondrial activity completely or partially mimicked the de-
fective antibacterial capacity observed in hypoxic E. coli- or S.
aureus-infected WT M�.

Inhibition of the mitochondrial respiratory chain and not
mitochondrial ROI account for rotenone’s effects on bacteri-
cidal activity. Next, we wanted to clarify whether mitochondrial
respiration or mitochondrial ROI accounts for our observation.
In accordance with the findings from West et al. (84), we observed
an increased production of ROI after treatment of M� with rote-
none under normoxic conditions (Fig. 6F). However, we did not
observe a significant ROI production of M� infected with E. coli or
S. aureus under hypoxic conditions (see Fig. S3 in the supplemen-
tal material; Fig. 4C). Thus, treatment of macrophages with rote-
none and hypoxic treatment led to a change in ROI levels in op-
posite directions. Since hypoxia and rotenone induced similar
effects on the mitochondrial and bactericidal killing, we conclude
that mitochondrial respiration and not mitochondrial ROI ac-
counts for our findings.

Inhibition of the mitochondrial respiratory chain is the
PHOX- and NOS2-independent component of the impaired
killing of S. aureus by M� during hypoxia. Having seen that a
lack of PHOX and NOS2 activity only partially explains the re-
duced antibacterial activity of M� against S. aureus during hyp-

oxia (Fig. 5), we performed the reverse experimental approach
and tested the effect of inhibition of mitochondrial respiratory
chain activity on the survival of S. aureus. Treatment of S. aureus-
infected WT M� with rotenone under normoxic conditions did
not lead to the same increase of S. aureus, as seen in hypoxic M�
cultures in the absence of rotenone. Furthermore, exposure of S.
aureus-infected WT M� to rotenone during hypoxia caused an
additional significant increase in the bacterial load compared to
the normoxic or rotenone-free hypoxic controls (Fig. 7). In
Cybb�/� Nos2�/� M� cultures rotenone treatment raised the bac-
terial numbers by a factor of 2.5 during normoxia but was ineffec-
tive under hypoxic conditions. These data demonstrate that
PHOX and NOS2, as well as an oxygen-dependent mitochondrial
antibacterial killing mechanism, contribute to the control of S.
aureus in M�.

DISCUSSION

To the best of our knowledge, the present study demonstrates for
the first time that hypoxia impairs the bactericidal activity of pri-
mary M�. A related observation has previously been made with
human neutrophils, which turned out to be poor killers of E. coli
and S. aureus under anaerobic conditions (49). McGovern et al.
attributed this reduced killing of granulocytes to an inhibition of
the PHOX-dependent respiratory burst (51). Our present data
obtained with primary M� illustrate that, in addition to PHOX
and NOS2, the mitochondrial respiratory chain is highly relevant
for the antibacterial activity of phagocytes. Collectively, these in
vitro observations with myeloid cells offer an explanation for the
aggravated course of S. aureus lung and skin infections following
systemic hypoxia in vivo (29, 30, 38). Interestingly, hypoxia—a
milieu often encountered in estuarine marine habitats—also in-
hibits the elimination of Vibrio campbellii in the economically
important shellfish species Crassostera virginica (48). This indi-
cates that oxygen availability is of general importance for the con-
trol of bacterial pathogens by host organisms.

FIG 7 Inhibition of the mitochondrial respiratory chain is the PHOX- and
NOS2-independent component of the impaired killing of S. aureus by M�
during hypoxia. M� from Cybb�/� Nos2�/� or WT littermate controls were
infected with S. aureus. At 1 h after infection, extracellular bacteria were re-
moved by washing with PBS, followed by gentamicin treatment. At 2 h after
infection, the cells were exposed to either normoxia (N) or hypoxia (H; 0.5%
oxygen) in the absence or presence of rotenone (100 �M). Cell lysates were
prepared 2 and 24 h after infection to determine the amount of CFU inside the
cells. The relative survival was calculated by dividing the amount of intracel-
lular bacteria recovered 24 h after infection relative to the amount of intracel-
lular bacteria determined 2 h after infection. The data are means � the SEM of
at least four experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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Hypoxia and antibacterial activity. It is important to empha-
size that hypoxia does not uniformly impair the control of all
bacteria by host cells. Infection of Hep-2 cells with C. pneumoniae
under hypoxic conditions supported the recovery of infectious
elementary bodies from these cells (68). Unlike infections with E.
coli and S. aureus, hypoxia did not impede the killing of Staphylo-
coccus epidermidis, viridans streptococci, or enterococci in neutro-
phils or M� (49, 60), which clearly points to a critical role of
oxygen-independent antimicrobial mechanisms such as the cat-
ionic bactericidal/permeability-increasing protein of neutrophils
(24, 82). Our data also show that a large portion of the entire
inoculum of E. coli and S. aureus was killed even under hypoxic
conditions, which underscores the existence of oxygen-indepen-
dent mechanisms also in M�. However, the available data and our
work do not support Paul Ehrlich’s general assumption that hyp-
oxia per se promotes the antibacterial capacity of host cells (22).
Therefore, we conclude that tissue oxygenation is an important
environmental factor that enables the innate immune system to
sweep off invading bacteria.

Hypoxia and the role of HIF-� for bacterial killing. The re-
sults of the present study demonstrate that the impaired antimi-
crobial capacity is not causally related to the enhanced HIF1A
activity observed under hypoxic conditions. This finding contrasts
with two previous reports on the role of HIF1A in bacterial infec-
tions (16, 60). However, several experimental differences may ac-
count for the divergent results. First, in these earlier studies
HIF1A-deficient M� were used; details on the genetic background
of these mice were not given. Second, the killing assays were per-
formed with group A or B streptococci and Pseudomonas aerugi-
nosa rather than E. coli and S. aureus and were restricted to 2-h
infection time points. Third, a 4-fold-lower MOI (i.e., 2.5) for
streptococci and a 2.5-fold-higher MOI (i.e., 25) for P. aeruginosa
were used (16, 60). That details of the experimental setup can have
a striking influence on the role of HIF1A in bacterial infections is
further supported by the fact that a pharmacological upregulation
of HIF1A activity boosted the bactericidal capacity in a mouse skin
infection model with S. aureus (86), whereas HIF1A inhibition
after induction of a S. aureus peritonitis ameliorated the outcome
of this infection (83).

Intriguingly, compared to hypoxic stimulation, the infection
of M� with E. coli and S. aureus under normoxic conditions re-
sulted in a very robust accumulation of HIF2A. This suggests that
HIF2A may play an important role in the bactericidal activity of
myeloid cells. This is supported by recent data showing that
HIF2A regulates the inflammatory activity of macrophages (33).
To date, there is no information on a possible antimicrobial effect
of HIF2A in macrophages. Further studies are needed to address
this issue.

Role PHOX and NOS2 for the killing of bacteria. Prior to the
present study, it was fair to assume that Cybb�/� Nos2�/� myeloid
cells will replicate the phenotype of reduced bacterial killing under
hypoxic conditions based on the oxygen dependency of PHOX
and NOS2. Indeed, oxygen deprivation was demonstrated to in-
hibit the activity of both NOS2 and PHOX (2, 18, 41, 44, 51, 66,
81). Furthermore, it was shown that Cybb�/� Nos2�/� peritoneal
exudate M� have an impaired antibacterial capacity, as assessed 4
h after infection with E. coli HB101. This reduced in vitro killing
capacity correlated with the occurrence of spontaneous E. coli ab-
scesses in Cybb�/� Nos2�/� mice (75). In our study, in contrast,
normoxic Cybb�/� Nos2�/� M� were even more potent than M�

from WT littermates in killing E. coli, as determined 24 h after
infection (Fig. 5B). A time course analysis, however, revealed an
impaired killing of E. coli by Cybb�/� Nos2�/� M� within the first
2 h after infection, which was no longer detectable at later time
points (data not shown). Considering that the PHOX-dependent
respiratory burst reaches its maximum within 30 min of stimula-
tion (19, 80) and that E. coli exhibits various mechanisms of resis-
tance to ROI and RNI (10, 50, 51, 64), it appears obvious that the
ultimate control of E. coli by M� is PHOX and NOS2 indepen-
dent. Also, as the exposure to hypoxia was only started at 2 h after
infection in our experimental setting (see Fig. 1), it follows that the
increased survival of E. coli in M� during hypoxia results from the
defect of an oxygen-dependent, but PHOX- and NOS2-indepen-
dent antimicrobial effector mechanism.

S. aureus effectively triggers PHOX activity (73) and, depend-
ing on the context, is a potent inducer of NOS2 (17). In vivo, mice
deficient for either PHOX or NOS2 have an increased susceptibil-
ity to S. aureus infections (52, 69, 70). Macrophages from mice
with an individual knockout of the PHOX or NOS2 gene showed
an unaltered ability to kill S. aureus in vitro compared to WT M�
(42), whereas neutrophils from PHOX-deficient mice were inef-
fective in killing S. aureus (23, 34, 62). Our present data with
Cybb�/� Nos2�/� double-deficient M� demonstrate that S. au-
reus is partially controlled by PHOX and NOS2. However, in hy-
poxic WT M� the killing of S. aureus was more severely impaired
than in normoxic Cybb�/� Nos2�/� M�. This strongly argues for
the operation of an oxygen-dependent, PHOX/NOS2-independent
mechanism, as already seen in E. coli-infected M�.

Antibacterial effector function of mitochondria. In the pres-
ent study the mitochondrial respiratory chain contributed to the
antimicrobial activity of M� to a different extent depending on
the microbial species (E. coli versus S. aureus). Its antimicrobial
role was unambiguously documented by the use of inhibitors of
mitochondrial respiration, which in normoxic WT M� infected
with E. coli or Cybb�/� Nos2�/� M� infected with S. aureus mim-
icked the respective hypoxia phenotype. This finding is entirely in
line with the observation that hypoxia inhibits the function of
mitochondria, notably mitochondrial complex I activity, which
involves a miR-210-mediated repression of iron-sulfur enzymes
(14). Earlier studies had already suggested that the mitochondrial
respiratory chain and/or mitochondrial ROI participate in the de-
fense against Listeria monocytogenes or Toxoplasma gondii (4, 67,
78). Most recently, West et al. described yet another facet to the
role of mitochondria in antibacterial defense. They were able to
demonstrate that the activation of M� by TLR ligands leads to the
recruitment of mitochondria toward the phagosome and to the
augmentation of mitochondrial ROI production. Inhibition of
this process by deletion of required adaptor molecules impaired
the killing of intracellular Salmonella (84). Our present work ex-
tends these findings by demonstrating that in M� from normal
WT mice a functional mitochondrial respiratory chain is crucial
for full antimicrobial activity, as demonstrated by the effects of
hypoxia and rotenone.

Together, these findings shed new light on the role of mito-
chondria in myeloid cells. Already at the beginning of the 20th
century several studies documented that myeloid cells are highly
dependent on aerobic glycolysis for energy generation and func-
tion (6, 16, 28, 46, 72), whereas an inhibition of mitochondrial
activity failed to influence their energy generation (11, 57). Ac-
cordingly, neither gamma interferon nor LPS stimulation pro-
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moted fatty acid �-oxidation (43, 78) but instead increased mito-
chondrial ROI production in M� (25, 78). This strongly suggests
that mitochondrial function may be beyond energy generation.
We propose that in the presence of ample oxygen myeloid cells can
utilize mitochondria for antimicrobial defense because they can
shift the energy generation from mitochondria to aerobic glycol-
ysis resembling a metabolic process induced in transformed cells
(“Warburg effect”).

There are at least two clinical situations in which an impaired
mitochondrial activity in M� may account for the occurrence of
severe infections. First, the Barth syndrome, a rare X-linked reces-
sive disorder, is associated with mitochondrial dysfunction. Car-
diac failure and septicemia are the leading causes of death of chil-
dren suffering from this disease (7). Until now neutropenia has
been considered as the main factor predisposing these patients to
septicemia. However, mitochondrial dysfunction of M� and
hence a reduced bactericidal activity may very well contribute to
the fatal infections. Second, mitochondrial damage has been asso-
ciated with poor outcome in sepsis patients (26). Mitochondrial
dysfunction may be a consequence of hypoxia and hypoxic signal-
ing, which is commonly encountered in the tissues of septic pa-
tients, or induced by pathogens, their products, and/or inflamma-
tory mediators. It is tempting to speculate that the predisposition
of septic patients to opportunistic infections in intensive care
units may be associated with the dysfunction of mitochondria in
mononuclear phagocytes, which normally keep commensal bac-
teria at bay.

In summary, hypoxia shuts down not only the enzyme activity
of PHOX and NOS2 but also the antibacterial effector function of
mitochondria. Further studies are needed to precisely investigate the
mechanisms by which mitochondria promote oxygen-dependent
bacterial clearance and to determine how hypoxia interferes with that
process in mononuclear phagocytes.
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