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Regulation of Oxidative Stress by Methylation-
Controlled J Protein Controls Macrophage
Responses to Inflammatory Insults
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Mitochondria contribute to macrophage immune function through the generation of reactive oxygen species, a
byproduct of the mitochondrial respiratory chain. MCJ (also known as DnaJC15) is a mitochondrial inner
membrane protein identified as an endogenous inhibitor of respiratory chain complex I. Here we show that
M(] is essential for the production of tumor necrosis factor by macrophages in response to a variety of Toll-
like receptor ligands and bacteria, without affecting their phagocytic activity. Loss of MCJ in macrophages
results in increased mitochondrial respiration and elevated basal levels of reactive oxygen species that cause
activation of the JNK/c-Jun pathway, lead to the upregulation of the TACE (also known as ADAM17) inhibitor
TIMP-3, and lead to the inhibition of tumor necrosis factor shedding from the plasma membrane. Consequent-
ly, MCJ-deficient mice are resistant to the development of fulminant liver injury upon lipopolysaccharide
administration. Thus, attenuation of the mitochondrial respiratory chain by MCJ in macrophages exquisitely

regulates the response of macrophages to infectious insults.
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Macrophages play critical roles in the response to infec-
tion. They become activated in response to a variety of
stimuli and in turn amplify and maintain the inflamma-
tory response [1], and they are critical for the clearance
of microorganisms through phagocytosis [2].
Mitochondria are essential engines of the cells, serv-
ing as a source of energy through adenosine triphos-
phate synthesis by oxidative phosphorylation and the
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generation of reactive oxygen species (ROS), that influ-
ence the immune response to pathogens [3-10]. Thus,
in response to lipopolysaccharide (LPS), mitochondria
are recruited to phagosomes and contribute to anti-
bacterial ROS production [11]. Stimulation with LPS
also induces the downregulation of the mitochondrial
uncoupling protein, UCP2, in macrophages, increasing
ROS production [5, 12]. Consequently, mitochondrial
defects result in poor antimicrobial responses. Thus,
the partial knockdown of GRIM-19, a component of
complex I of mitochondria, results in a higher rate of
infection in mice and an imbalanced cytokine response
to microorganisms [4].

MC]J (methylation-controlled ] protein; also known
as DnaJCl15 is a mitochondrial protein that belongs to
the DnaJ C family of co-chaperones [13-16]. MC]J is a
small-sized protein with a transmembrane domain tar-
geted to the inner membrane of mitochondria [13, 15].
We have recently identified the ortholog of human MC]J
in mice and shown that is highly expressed in heart,
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liver and kidney. Within the immune system, MC]J is predomi-
nantly expressed in CD8" cells [17]; however, its expression in
the myeloid lineage has not been reported. MCJ associates with
and represses the function of complex I of the mitochondrial
electron transport chain [13], making it the first defined endog-
enous inhibitor of complex L.

Herein, we show that MC]J is present in mitochondria in mac-
rophages and is essential for the production of tumor necrosis
factor (TNF). The absence of MC] in macrophages results in in-
creased mitochondrial respiration and, consequently, elevated
levels of ROS and ROS-mediated activation of the JNK/c-Jun
pathway. This increased activity results in the upregulation of
the specific TNF-a~converting enzyme (TACE; also known as
ADAM17) inhibitor, TIMP-3, which effectively prevents the
shedding of TNF from the plasma membrane. Thus, the ab-
sence of MCJ results in decreased production of soluble TNF
and, importantly, reduced liver damage upon injection with
LPS/D-galactosamine (GalN). MCJ is therefore a critical regula-
tor of mitochondrial homeostasis in macrophages during their
response to bacterial infection.

METHODS

Mice

MC]J-deficient mice on a C57Bl/6 (B6) background [13] and
wild-type B6 mice were bred at the University of Massachu-
setts—Amherst and CIC bioGUNE. The institutional animal
care and use committees at the University of Massachusetts—
Amberst and CIC bioGUNE approved all procedures involving
animals.

ShMCJ Plasmid Construction

The pCAGGS vector (Addgene, Cambridge, MA) was used to
clone the target sequence against mouse MCJ (Table 1) under
the influence of the H1 promoter.

Cells

Bone marrow-derived macrophages (BMMs) were generated as
described elsewhere [18], using recombinant macrophage colo-
ny-stimulating factor. RAW264.7 cells and their derivatives
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Life Technologies) supplemented with 10% fetal bo-
vine serum and 1% penicillin-streptomycin.

Splenic CD8" T cells, CD4" T cells, and CD11b" cells were
purified by positive selection, using biotinylated anti-CD8,
anti-CD4, and anti-CD11b (BD Biosciences, San Diego, CA);
anti-biotin microbeads (Miltenyi Biotec, Auburn, CA); and
the MACS system (Miltenyi Biotec). Cells were transfected
using X-tremeGENE DNA Transfection Reagent (Roche Diag-
nostics, Barcelona, Spain) and selected in medium containing
400 pg/mL of G418 (Amresco, Solon, OH) or 3.5-4 pg/mL of
puromycin (Sigma Chemical, St. Louis, MO).

Table 1. Primers and Oligonucleotides Used in This Study
Purpose/
Sequence
Gene Sequence Type
Actb 5-GAC GAT GCT CCC CGG GCT GTATTC- RT-PCR
3/
5-TCT CTT GCT CTG GGC CTC GTC ACC- Real-time
& gPCR
Dnajc15 5-ACG CCG ACATCG ACC ACA CAG-3"  RT-PCR

5-AAT CTT CCT TGC TGT TGC CGT G-3’
Tnf 5-AGC CCA CGT CGT AGC AAACCA C-3' Real-time

5"-ATC GGC TGG CAC CACTAG TTGGT-3  9PCR
Adam17 5-TGG GAC ACA ATT TTG GAG CA3’ Real-time

5'-CCT CCT TGG TCC TCATTT GG-3' aPCR
Timp-3  5-GGC CTC AAT TAC CGC TAC CA-3’ Real-time

5'-CTG ATA GCC AGG GTACCC AAAA-3r  9PCR

Dnajc15 5'-GAT CCC C G CGA GAG GCT AGT CTT siRNA
ATT T TCA AGA GA AAT AAG ACT AGC
CTCTCGCTITTTG GAA a-3’

Abbreviations: gPCR, quantitative polymerase chain reaction; RT-PCR, reverse-
transcription polymerase chain reaction; siRNA, small interfering RNA.

Bacteria

Borrelia burgdorferi 297 and 914 [19] were cultured in BSK-H
medium (Sigma Chemical). Staphylococcus aureus ATCC13709
(ATCC, Manassas, VA) was cultured in Bacto Heart Infusion
broth (BD Biosciences).

In Vitro Stimulation

Cells (10° cells/mL) were stimulated with Porphyromonas gingi-
valis LPS (1 pg/mL), Escherichia coli LPS (100 ng/mL), S. aureus
lipoteichoic acid (LTA; 500 ng/mL), poly I:C (1 pg/mL; Invivo-
gen, San Diego, CA), S. aureus (multiplicity of infection [MOI],
10), and B. burgdorferi strain 297 (MOI, 25). Where noted, cells
were pretreated for 1 hour with FCCP, rotenone, N-acetyl cys-
teine (NAC; Sigma Chemical), or SP600125 (Tocris Bioscience,
Bristol, United Kingdom).

Enzyme-Linked Immunosorbent Assay (ELISA)

Serum and cell culture supernatants were collected and assayed
for cytokines by ELISA for mouse TNF (BD Bioscience and
R&D Systems, Minneapolis, MN).

Reverse-Transcription Polymerase Chain Reaction (PCR)

and Real-Time Quantitative PCR (qPCR)

Total RNA was extracted from cells with Trizol (Life Technol-
ogies) and was reverse transcribed using Superscript IIT (Life
Technologies). The expression of mouse genes was assessed
by real-time qPCR, using SYBR Green PCR Master Mix (Life
Technologies) on an ABI Prism 7000 Sequence Detection Sys-
tem thermocycler (Life Technologies). Fold-changes in levels of
gene expression were normalized to expression of the gene
encoding actin and were quantified by the change-in-threshold
method (AACT). The primers used are listed in Table 1.
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Immunoblotting

Cells were lysed in lysis buffer (50 mM Tris, pH 7, 150 mM
NaCl, 0.5% sodium deoxycholate, and 1% Triton) containing
a protease inhibitor cocktail (Sigma Chemical). For subcellular
fractionation experiments, cells (5 x 10°) were resuspended in
extraction buffer (270 mM sucrose, 26 mM MOPS, pH 6.6,
1 mM EGTA) containing protease inhibitors and disrupted
with a Dounce homogenizer. The cleared suspension was sub-
jected to 16 000 x g for 20 minutes at 4°C. The resulting pellet
(mitochondrial fraction) and the subsequent 100 000 x g super-
natant (cytosolic fraction) were analyzed by immunoblot.

For gradient sucrose fractionation experiments, cells were re-
suspended in 200 pL of extraction buffer and disrupted by pass-
ing through a 26-gauge needle. The precleared supernatant was
laid on top of a discontinuous sucrose gradient (120 uL 54%
sucrose, 320 uL 40% sucrose, 250 uL 33% sucrose, 250 uL
24% sucrose, and 175 uL 15% sucrose) and centrifuged at
100 000 x g for 3 hours at 4°C, using an SW-41 rotor (Beckman
Coulter). One hundred-microliter aliquots from the top were
precipitated with 10% trichloroacetic acid and washed with ac-
etone before analyzed by immunoblotting. Inmunoblots were
probed with antibodies against MCJ [13], calnexin, Na"/K"-AT-
Pase, TACE, Actin, GAPDH, TIMP-3 (Santa Cruz Biotechnol-
ogy), COX 1V, c-Jun, p-c-Jun, JNK, and p-JNK (Cell Signaling).

Microscopy

Cells were seeded onto 8-chamber slides, washed, fixed in 3.7%
paraformaldehyde for 10 minutes and blocked with 5% bovine
serum albumin for 60 minutes. Cells were stained with anti-
MCJ and mounted with Prolong Gold Anti-fade mounting re-
agent (Life Technologies). Photomicrographs were taken using
a Zeiss Axiovert 200M inverted microscope (Thornwood, NY)
equipped with an Apotome and a Hamamatsu Orca camera
(Bridgewater, NJ). Some samples were analyzed with a Zeiss
LSM 510 Meta Confocal System (Carl Zeiss, Thornwood, NY).

Phagocytosis Assay

BMMs (105/mL) were cultured in serum- and antibiotic-free
medium with B. burgdorferi 914 at different MOIs for 6 hours,
as described [20]. The cells were analyzed using an LSR II flow
cytometer (BD Biosciences) and FlowJo for Mac, version 8.6
(TreeStar, Ashland, OR).

Intracellular Staining

WT and MC]J-deficient BMMs were stimulated with live
B. burgdorferi for 12 hours. Brefeldin A was added during the
last 5 hours of the experiment. Cells were surface stained with
anti-CD11b-fluorescein isothiocyanate (BD Biosciences), fol-
lowed by intracellular cytokine staining with anti-TNF-Alexa
Fluor 647 (BD Biosciences) or an immunoglobulin G isotype
control (eBioscience), using the BD Cytofix/Cytoperm Kit
(BD Biosciences).

TACE Activity

Cells (1 x 10°) were incubated with 10 uM of TACE FRET Sub-
strate I (Anaspec, Fremont, CA) in black NUNC polystyrene 96-
well microtiter plates (Fisher Scientific). Nonspecific TACE
activity was determined in cells treated with the metalloprotei-
nase inhibitor TAPI-2 (50 uM; Enzo Life Sciences, Farmingdale,
NY). Enzyme activity was monitored using a BioTek Synergy
HT microplate fluorescence reader (BioTek, Winooski, VT) at
a hex of approximately 355 nm and a A, of approximately
500 nm. Results are expressed as specific activity resulting
from subtracting nonspecific activity from total activity.

Seahorse Mitochondrial Flux Analyses

Cells were seeded at a density of 100 000 cells/well in 24-well
Seahorse assay plates in DMEM without carbonate. After 1
hour at 37°C without CO,, 3 baseline oxidative consumption
rate (OCR) and extracellular acidification rate (ECAR) measure-
ments were performed in a Seahorse metabolic flux analyzer
(Seahorse Biosciences, North Billerica, MA), followed by injec-
tion with rotenone (1 uM) to determine nonmitochondrial res-
piration. The values obtained were normalized for the amount
of cellular protein.

Detection of ROS

Cells (5 x 10°) were incubated with 5 uM CellROX Deep Red
Reagent (Life Technologies) for 30 minutes at 37°C, washed,
and analyzed by flow cytometry.

Infection with S. aureus

Groups of 6-8-week-old MCJ-deficient mice and wild-type lit-
termates were infected by intramuscular injection of 1 x 10° S.
aureus cells (suspended in 0.1 mL of Hank’s balanced salt sol-
ution [HBSS]) in the right posterior thigh [21]. Mice were eu-
thanized 25 hours after infection, and the thigh muscle at the
site of infection was aseptically collected and homogenized in
250 pL of HBSS with a Kontes Pellet Pestle (Fisher Scientific).
Aliquots of serial dilutions were plated on Difco Heart Infusion
Agar plates (BD Biosciences) to calculate colony-forming units
per gram of tissue. Sera were collected at euthanized and ana-
lyzed for TNF by ELISA.

Treatment with LPS/GalN and Analysis of Liver Damage
Groups of MCJ-deficient and WT mice were injected intraper-
itoneally with LPS (32 mg/kg) in GalN (800 mg/kg; Sigma
Chemical) and analyzed 6 hours after treatment. Levels of ala-
nine aminotransferase (ALT) and aspartate aminotransferase
(AST) were determined in serum. Histological examination
was performed in formalin-fixed liver sections stained with
hematoxylin-eosin. Apoptotic cell death was determined on
frozen liver sections by TUNEL assay using the In-Situ-Cell-
Death Detection Kit (Roche Diagnostics).
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Statistical Analysis

The results are presented as means * standard errors. Signifi-
cant differences between means were calculated using Graph-
Pad Prism v 5.0 (San Diego, CA) using the Student t test.
P values of <.05 were considered statistically significant.

RESULTS

MCJ Is a Mitochondrial Protein in Macrophages

Although macrophages are not highly metabolically active, mi-
tochondria in these cells play an important role in regulating
ROS levels [9]. We therefore sought to determine whether MCJ
is expressed in macrophages. The analysis of splenic CD11b"

cells showed that MC]J is expressed in these cells (Figure 1A
and 1B). Messenger RNA (mRNA) transcripts for Dnajcl5
(Figure 1C) and MC]J protein (Figure 1D) were also detected in
RAW cells and primary BMMs, as well as in purified human
CD14" monocytes, by real-time qPCR (data not shown).

Sucrose gradient analysis of cell extracts from RAW cells
revealed that MCJ colocalized in the same fraction as the mito-
chondrial marker CytC (Figure 1E). Confocal analysis con-
firmed the colocalization of MC]J with the mitochondrial
marker p22 BID-GFP (Figure 1F). Furthermore, differential
centrifugation of cell extracts showed the localization of MCJ
within the mitochondrial fraction (Figure 1G). These data indi-
cate that MC]J is a mitochondrial protein in macrophages.
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Figure 1. MCJ is a mitochondrial protein expressed by murine macrophages. A, Real-time quantitative polymerase chain reaction (PCR) showing the
relative expression levels of Dnajc75in splenic CD4* T, CD8* T, and CD11b* cells. Expression of Dnajc15is shown as relative to the level detected in CD4* T
cells. B, ApoTome microscopy of splenic cell populations probed with a rabbit anti-murine MCJ antibody. Blue staining indicates the nuclei of the cells. C,
Expression of Dnajc15 in RAW cells and murine bone marrow—derived macrophages (BMMs), detected by PCR. The control represents a reaction in the
absence of complementary DNA. D, Confocal microscopy showing expression of MCJ in both RAW cells and BMMs. E, Sucrose gradient showing cofrac-
tionation of CytC and MCJ. The fractions taken from the top are marked, as are the increasing concentrations of sucrose. The samples were probed for the
membrane marker Na*, K*, ATPase and the endoplasmic reticulum marker calnexin. F, Colocalization by confocal microscopy of MCJ (red) and the mito-
chondrial marker p22-BID in RAW cells transfected with a construct containing p22-BID fused with green fluorescent protein (green). Colocalization of both
proteins was determined with J-Image and is marked as white. The cell displayed is shown in the image taken under diffraction light. G, Total (T),
mitochondrial (M), and cytosolic (C) fractions of RAW cells were obtained by differential centrifugation and tested by Western blotting for MCJ, the
mitochondrial marker COX IV, and actin.
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Figure 2. MCJ regulates tumor necrosis factor (TNF) production in response to proinflammatory stimuli. A, shMCJ cells, generated by stable transfection
with a plasmid containing small interfering RNA sequences targeting MCJ, show decreased levels of the protein by Western blotting. B, TNF production of
RAW (blue bars) and shMCJ (red bars) cells in response to stimulation with several Toll-like receptor (TLR) ligands: PgLPS, lipopolysaccharide (LPS) from
Porphyromonas gingivalis; EcLPS, LPS from Escherichia coli; PolylC, polyinosinic-polycytidylic acid; and LTA, lipoteichoic acid from Staphylococcus aureus. C,
Analysis by immunoblotting of MCJ protein levels in bone marrow—derived macrophages (BMMs) from wild-type (WT) and MCJ knockout (KO; MCJ—/—)
mice. D, Levels of expression of CD11b and F4/80 in BMMs differentiated from WT and MCJ KO mice. E, TNF production by WT (blue bars) and MCJ KO (red
bars) BMMs in response to live Borrelia burgdorferi (Bb; multiplicity of infection [MOQI], 25), S. aureus (Sa; MOI, 10), and the TLR ligands LTA and LPS.
*P<.05. F, Phagocytosis of B. burgdorferiby WT (black lines) and MCJ-deficient (red lines) BMMs at 2 different MOls: 10 (continuous lines) and 20 (broken
lines). The gray histogram represents a 4°C control to determine binding but not internalization, as well as cell washing efficiency. The histogram on the left
shows a representative experiment. The graph on the right corresponds to the percentage of green fluorescent protein (GFP)—expressing cells in triplicates.
The experiments are representative of at least 3 performed in each case. Abbreviation: Unst, unstimulated.

MCJ Regulates Macrophage Responses to Infectious cells) that efficiently repressed the expression of the protein
Agents and Microbial Components (Figure 2A). We stimulated shMC]J cells and control cells
We generated a stably transfected line of RAW cells expressing  with several bacterial components and analyzed TNF produc-
small interfering RNA (siRNA) targeting Dnajcl5 (shMC]  tion by ELISA. Regardless of the stimulus, shMC]J cells
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Figure 3. MCJ regulates tumor necrosis factor (TNF) secretion through the modulation of TACE activity. A, Real-time quantitative polymerase chain
reaction (qPCR) of wild-type (WT; blue bars) and MCJ knockout (KO; red bars) bone marrow—derived macrophages (BMMs) either left unstimulated
(Unst) or stimulated with lipopolysaccharide (LPS) and live Borrelia burgdorferi (Bb; multiplicity of infection [MOI], 25). Relative expression levels were
calculated relative to expression among unstimulated WT BMMs. B, Intracellular staining of TNF in WT and MCJ KO BMMs stimulated with live B. burg-
dorferi (MOI, 25) for 16 hours. The cells were stimulated in the presence of brefeldin A for the last 5 hours of the assay, prior to being stained for surface
CD11b, fixed, permeabilized, and stained for intracellular TNF. C, Relative Adam17 gene expression levels in RAW, shMCJ, WT, and MCJ KO BMMs,
measured by real-time gPCR. D, Immunoblots of RAW, shMCJ, WT, and MCJ KO BMMs cell extracts for detection of TACE. Equal loading was determined
using an anti-GAPDH antibody. £, TACE activity in RAW and WT BMMs (blue bars) or shMCJ cells and MCJ KO BMMs (red bars). The cells were incubated
with a FRET-TACE substrate and analyzed for their activity by fluorescence. The specific activity was determined in relation to nonspecific activity deter-

mined with the use of the TACE inhibitor TAPI. Abbreviation: Unst, unstimulated.

produced lower levels of TNF, compared with control cells
(Figure 2B).

We also generated BMMs from wild-type and MCJ knockout
(KO) mice [13]. BMMs from MCJ KO mice did not express de-
tectable levels of MCJ protein (Figure 2C). The absence of MCJ
did not affect the generation of BMMs, as assessed by the number
of cells differentiated (data not shown) or the expression levels of
the surface markers CD11b and F4/80 (Figure 2D). We then
measured TNF production in BMMs upon stimulation with bac-
teria and bacterial components. The levels of TNF in the culture
supernatant of MCJ] KO BMMs were significantly lower upon
stimulation with B. burgdorferi or S. aureus, compared with
wild-type macrophages (Figure 2E). Similarly, TNF production
was significantly reduced in MCJ] KO BMMs stimulated with
LTA or LPS, compared with controls (Figure 2E). Since

macrophage proinflammatory responses to B. burgdorferi depend
on their ability to phagocytose the spirochete [20, 22-24], we
analyzed the capacity of MC] KO BMMs to internalize the bac-
terium. Phagocytosis of B. burgdorferi was comparable in MCJ
KO and wild-type BMMs at 2 different MOIs (10 and 20;
Figure 2F). Overall, these data indicate that MCJ regulates the
response of macrophages to proinflammatory stimuli.

MCJ Regulates TACE-Mediated Secretion of TNF

To analyze whether the regulation of TNF occurs at the gene
expression level, we analyzed by real-time qPCR the levels of
Tnf mRNA upon stimulation with LPS or B. burgdorferi. Inter-
estingly, the level of Tnf mRNA was similar in MCJ KO and
wild-type BMMs (Figure 3A). Intracellular staining of TNF
also showed similar levels in MCJ KO and control BMMs in
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activity (F) and tumor necrosis factor (TNF) induction by lipopolysaccharide (LPS; G) in RAW cells and stable transfectants with shMCJ and/or shTIMP-3.

Abbreviation: Unst, unstimulated.

response to B. burgdorferi stimulation (Figure 3B). Newly
formed TNF is translocated to the plasma membrane, where
it is released because of the action of the metalloproteinase
TACE [25, 26]. The absence of MCJ did not affect the levels
of Adam17 mRNA (Figure 3C) or TACE protein (Figure 3D)
in either BMMs or RAW cells. However, TACE activity was
significantly reduced in shMC]J cells and MCJ KO BMMs, com-
pared with controls (Figure 3E), as well as the human monocyt-
ic cell line THP-1, transfected with a plasmid containing
shRNA for MCJ (not shown), indicating a functional control
of the enzyme by MC]J.

The Absence of MCJ Results in Augmented TIMP-3 Expression
TACE activity is inhibited by TIMP-3, a member of the tissue in-
hibitor of metalloproteinase family [27]. We measured Timp-3
mRNA levels by real-time qPCR in wild-type and MCJ] KO
BMMs. Cells with repressed expression of MCJ contained in-
creased levels of Timp-3 mRNA (Figure 4A) and protein (Fig-
ure 4B), compared with controls. Since TIMP-3 expression is
regulated by c-Jun [28], a member of the AP-1 transcription fac-
tor, we examined the levels of c-Jun. shMCJ cells and MCJ KO

BMMs expressed increased levels of c-Jun, compared with con-
trol cells (Figure 4C). Furthermore, luciferase reporter assays for
AP1-mediated transcription showed increased AP1-transcrip-
tional activity in shMC]J cells, compared with controls (Figure 4D).
Thus, loss of MCJ resulted in elevated c-Jun activity in
macrophages.

To determine whether the reduced TACE activity in the ab-
sence of MCJ was due to the increased expression of TIMP-3,
we used an shRNA plasmid targeting the inhibitor. Transfection
with shTIMP-3 resulted in reduced levels of TIMP-3 (Fig-
ure 4E). Importantly, TACE activity was significantly increased
in shMC]/shTIMP-3 cells (Figure 4F), accompanied with high-
er levels of TNF in the cell culture supernatants (Figure 4G).
These results demonstrate that the upregulation of TIMP-3 ex-
pression is responsible for the decreased secretion of TNF by
macrophages in the absence of MC]J.

Increased JNK Activity in the Absence of MCJ Results in the
Accumulation of ¢-Jun

JNK activity regulates c-Jun protein stability and expression lev-
els [29]. We therefore analyzed the phosphorylation status of
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Figure 5. Increased JNK activity in the absence of MCJ results in the accumulation of c-Jun. A, Western blot analysis of RAW and shMCJ cells for the
levels of pJNK, total JNK, pc-Jun, and MCJ. B, RAW and shMCJ cells were treated with 2.5 pM of SP600125 for 6 hours, and the levels of ¢-Jun were
assessed by immunoblotting. C, Seahorse analysis of RAW (blue bars) and shMCJ (red bars) cells. The cells were analyzed under basal conditions and upon
addition of rotenone (Rot) for oxygen consumption rates (OCRs) and extracellular acidification rates (ECARs). D, Total reactive oxygen species (ROS) levels in
RAW (black histogram) and shMCJ (red histogram) cells. The bar graph in the inset represents the average + standard error of triplicates and is represen-
tative of at least 3 independent experiments. £, ROS levels in shMCJ cells pretreated with the NADPH oxydase inhibitor, apocynin (1 pM; red histogram)
compared to control-treated cells (black histogram). Fand G, shMCJ cells were treated with the antioxidant N-acetyl cytosine (NAC; 20 uM). The levels of
c-Jun (F) and TIMP-3 (G) were then determined by immunoblotting after 5 hours and 24 hours of treatment, respectively. H, shMCJ cells and MCJ knockout
BMMSs were treated with the specified concentrations of rotenone for 16 hours, and the levels of c-Jun were then determined by immunoblotting. /, RAW
(blue bars) and shMCJ (red bars) cells were stimulated with live Borrelia burgdorferi (Bb; multiplicity of infection, 25) in the presence of increasing con-
centrations of the mitochondrial uncoupler FCCP. After 6 hours, the levels of tumor necrosis factor (TNF) were measured in the cell culture supernatants by
enzyme-linked immunosorbent assay. Abbreviations: MFI, mean fluorescence intensity; NS, not significant.

levels of ROS in shMC]J cells, compared with controls. shMCJ
cells contained significant increased levels of cellular ROS (Fig-
ure 5D), which were not reduced in the presence of the NADPH
oxidase inhibitor apocynin (Figure 5E), suggesting a mitochon-
drial origin. The treatment of shMCJ cells with the antioxidant
N-acetyl cysteine resulted in reduced levels of c-Jun (Figure 5F)
and TIMP-3 (Figure 5G), indicating that the enhanced mito-
chondria-derived oxidative stress resulting from the repressed
expression of MC]J induces increased TIMP-3 expression. In-
deed, the use of the mitochondrial inhibitor rotenone resulted

both JNK and its substrate, c-Jun. Both JNK and c-Jun appeared
hyperphosphorylated under basal conditions in shMC]J cells,
relative to controls (Figure 5A). Treatment with the JNK inhib-
itor SP600125 resulted in a reduction in the levels of c-Jun in
both RAW and shMCJ cells (Figure 5B), indicating that the in-
creased JNK activity in the absence of MCJ results in augmented
levels of c-Jun. The activation of JNK proteins can occur both
through external and internal signals, most predominantly
under stress conditions [30], including oxidative stress [7, 31].
The bioenergetic analysis of RAW and shMC]J cells showed

that the absence of MC]J resulted in higher OCR, indicative of
elevated cellular respiration (Figure 5C), while the ECAR, indic-
ative of glycolysis, was not affected (Figure 5C). Since increased
respiration could lead to augmented ROS levels, we assessed the

in decreased c-Jun levels in both shMC]J cells and MCJ KO
BMMs, compared with their respective controls (Figure 5I), in-
dicating that the increased levels could be associated with aug-
mented mitochondrial function. Furthermore, the use of the
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MCJ-deficient mice are resistant to bacterial product—induced inflammation. Groups of wild-type (WT; blue bars) and MCJ knockout (KO; red

bars) mice were infected intramuscularly in the left thigh with 1x 10% Staphylococcus aureus ATCC13709. After 25 hours, the sera levels of TNF were
determined by enzyme-linked immunosorbent assay (A4), and the bacterial burdens in the injected thigh were determined by serial dilutions (B). C, cd11b-
Diphtheria toxin (DT) transgenic mice were treated with dyphtheria toxin and infected with S. aureus (Sa), as before, followed by sera TNF determination. D
and F, Groups of WT and MCJ KO mice were injected with lipopolysaccharide (LPS)/D-galactosamine (GalN). After 6 hours, the levels of TNF in the sera (D),
as well as levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST; F), were determined. £, Mortality rates of WT and MCJ-deficient
mice treated with LPS/GalN. G and H, Hematoxylin-eosin—stained sections (G) and results of a TUNEL assay on frozen sections (H) of WT and MCJ KO
mouse livers treated with LPS/GalN after 6 hours, compared with untreated controls (0 hours). Abbreviations: CFU, colony-forming units; Sa, staphylococcus

aureus; U, uninfected.

mitochondrial uncoupler FCCP also resulted in increased pro-
duction of TNF in response to B. burgdorferi by shMC]J cells to
levels comparable to those obtained in RAW cells (Figure 5H).
Overall, these data suggest that the control of mitochondrial
activity by MCJ regulates the level and transcriptional activity
of c-Jun, as well as the production of TNF in response to proin-
flammatory stimuli.

MCJ KO Mice Are Resistant to Proinflammatory Insults

To assess the role of MC]J in the production of TNF in vivo, we
first used an acute infection model with S. aureus [21]. Groups
of wild-type and MCJ KO mice were infected with S. aureus
ATCC13709 intramuscularly in the left thigh. The mice were
analyzed 25 hours later for thigh bacterial burdens and sera
TNF levels. The absence of MCJ resulted in significantly de-
creased sera levels of TNF (Figure 6A) without an appreciable
effect on bacterial burdens (Figure 6B). TNF production was de-
pendent on macrophages, since infection of macrophage-
depleted mice resulted in highly decreased sera TNF levels

(Figure 6C). These data demonstrated that MCJ regulates the
activity of macrophages in vivo during bacterial infection.

The liver can become sensitive to LPS derived from the gut
microbiota. Tissue damage is mediated by LPS-induced TNF
production in GalN-sensitized mice and induces fulminant
hepatitis [32]. We therefore determined whether the absence
of MCJ would result in decreased liver injury in response to
the injection with LPS/GalN. Male MCJ KO and wild-type
mice were injected with a combination of LPS and GalN and
analyzed after 6-8 hours. The levels of TNF were significantly
reduced in the sera of mice with absent MC]J expression (Fig-
ure 6D). Analysis of survival from LPS-mediated liver injury
showed a significantly increased survival of MC] KO mice, com-
pared with wild-type mice (P <.001, by the log-rank Mantel-
Cox test; Figure 6E). The levels of ALT and AST as markers
of liver damage were significantly reduced in mice lacking
MCJ expression (Figure 6F). Similarly, hematoxylin-eosin
staining of liver sections demonstrated lower levels of inflam-
mation in MCJ KO mice, compared with controls (Figure 6G).
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These results correlated with decreased TUNEL staining in the
livers of MCJ KO mice (Figure 6H). Together, these data dem-
onstrate that the absence of MCJ results in decreased liver injury
in response to an endotoxin insult.

DISCUSSION

In this report, we uncover a mechanism that regulates proinflam-
matory cytokine production in macrophages mediated by MCJ, a
negative regulator of complex I activity [13]. We show that the
loss of MCJ causes a prominent reduction in the production of
TNF by macrophages in response to different stimuli. However,
MC]J does not affect Tnf gene expression, but affects TACE activ-
ity and TNF shedding. While regulation of an enzymatic activity
at the cell surface by a mitochondrial protein seems paradoxical,
we show that this effect is mediated through upregulation of the
expression of the TACE-inhibitor Timp-3 as a result of increased
mitochondria respiration, increased ROS production, and activa-
tion of the JNK/c-Jun pathway. These data show a novel mecha-
nism by which mitochondrial respiratory chain activity regulation
in macrophages can have a major impact in the production of
proinflammatory cytokines in response to infectious agents,
through the generation of ROS.

An acute increase in ROS is known to have a proinflamma-
tory effect in phagocytic cells and induces the initiation of
proinflammatory signaling cascades [33]. However, our results
show that the augmented levels of ROS in the absence of MC]J
under basal conditions could also have an antiinflammatory
effect (ie, reduced production of TNF) through the induction
of the JNK/c-Jun pathway and upregulation of molecules such
as TIMP-3. These results suggest that sustained increased basal
levels of ROS may have a regulatory effect on the overall re-
sponse to infectious agents and microbial products, resulting
in a state of tolerance that prevents the persistent induction of
a strong proinflammatory response.

The relevance of the function of MC]J in vivo is substantiated
with a model of infection-induced hepatic pathology induced
by the injection of LPS/GalN. In this model, hepatic damage
and cell death is induced by the stimulation of hepatic macro-
phages with LPS through the production of TNF [32]. The
model mimics endotoxin inclusion into the liver by intestinal
bacterial products that reach through the portal vein and that
can be exacerbated under increased leakiness conditions.
These results underscore the importance of a strict metabolic
control of macrophages under normal and pathological
conditions.

Overall, these data show that the control of mitochondrial
ETC function profoundly affects the proinflammatory response
mediated by macrophages. Our data also situate MC]J as a target
of potential therapeutic intervention during pathological condi-
tions in which macrophages are involved. The only confirmed
mechanism by which the expression of MCJ is regulated

involves hypermethylation of CpG islands at the promoter
and first exon of the gene in cancer cells, which has been dem-
onstrated in several cancer cell types [14, 16, 17, 34]. It is cur-
rently unknown whether MCJ expression is regulated under
physiological or infection-induced conditions, as are the mech-
anisms by which this may occur. Further knowledge and con-
trol of MCJ expression could lead to specific therapies against
exaggerated proinflammatory production in response to infec-
tious agents, while maintaining the capacity of these cells to
eliminate microorganisms by phagocytosis.
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