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Abstract

Sepsis is the leading cause of death in the world. Recent reports suggest that in response to sepsis,
metabolism of macrophages switches from oxidative phosphorylation to aerobic glycolysis.
MAPK phosphatase (MKP)-1 (also known as DUSP1) localized in the nucleus and preferentially
dephosphorylates p38 and JNK. MKP-1 controls the expression of numerous inflammatory genes
and transcription factors, thereby regulating innate and adaptive immunity. MKP-1-deficient
animals exhibit aberrant metabolic responses following bacterial infections with a markedly
increased mortality in response to sepsis. Because metabolic reprogramming modulates immune
responses to TLR-4 activation, we investigated the effect of MKP-1 deficiency on mitochondrial
electron transport chains involved in oxidative phosphorylation and transcription factors regulating
mitochondrial biogenesis. Mitochondrial biogenesis is regulated by three nuclear-encoded
proteins, including transcription factor A (TFAM), nuclear respiratory factors (NRF-1), and
peroxisome proliferator—activated receptor y coactivator-1-a (PGC-1a). We show that MKP-1-
deficient mice/ macrophages exhibit, at baseline, higher expression of oxidative phosphorylation,
TFAM, PGC-1a, and NRF-1 associated with increased respiration and production of reactive
oxygen species as compared with wild-type mice. Surprisingly, MKP-1-deficient mice/
macrophages responded to Escherichia coli sepsis or LPS with an impaired metabolic switch;
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despite enhanced glycolysis, a preserved mitochondrial function and biogenesis are exhibited.
Furthermore, inhibition of p38 MAPK had no significant effect on TFAM and NRF-1 either in
MKP-1-deficient macrophages or in wild-type macrophages. These findings support the
conclusion that MKP-1 plays an important role in regulating proteins involved in glycolysis and
oxidative phosphorylation and modulates expression of mitochondrial transcription factors.

INTRODUCTION

Systemic inflammatory response, sepsis, septic shock, and multiorgan failure syndrome
(MOFS) collectively affect more than 750,000 patients annually in the United States.
Mortality due to this condition has been estimated between 30 and 50%, with an extensive
annual healthcare cost (1). Irrespective of the etiology, subjects suffering from systemic
inflammatory response/sepsis may subsequently develop MOFS, which is associated with a
high mortality in adults and children worldwide (2, 3). In addition to supportive therapy such
as early administration of antibiotics, there are no causal therapies for sepsis (4). Regardless
of the site and mechanism of injury, the host responds to the insults with an elevation of
circulating proinflammatory cytokines, leading to end organ damage and a shift toward a
stress response with profound metabolic derangements. In sepsis, there is an impaired
oxygen use leading to a shift from oxidative phosphorylation (OxPhos) toward glycolysis
(5), resembling aerobic glycolysis described first in cancer cells by O. Warburg (6). Our
group and others have shown that the switch to aerobic glycolysis is partly due to aberrant
OxPhos machinery during sepsis (7-9).

MKP-1 dephosphorylates TXY motifs on MAPKSs, thereby negatively regulating MAPKSs
that are involved in the synthesis of proinflammatory cytokines (10-12). Among
investigators, it is well accepted that MKP-1 (DUSP1) preferentially dephosphorylates p38
and JNK, but it also can regulate ERK (10, 13-15). The MKP-1 gene is an immediate-early
gene whose promoter region contains numerous consensus sequences, including hypoxia-
inducible factor (HIF), cAMP response elements (CRE), and glucocorticoid response
elements (GRE) (16, 17). MKP-1 controls the expression of numerous inflammatory genes
and transcription factors (18, 19) and plays a significant role in the pathogenesis of
inflammatory and metabolic diseases including sepsis, asthma, sarcoidosis, obesity, and type
1 diabetes (18, 20-22). MKP-1~/~ mice maintain lean body weight and do not develop
obesity (23, 24), but these mice are significantly more susceptible to sepsis and produce
substantially higher inflammatory cytokines and succumb to earlier death despite
appropriate antibiotic therapy (13, 14, 21). This picture of an augmented inflammatory
response and lack of improvement in response to antibiotic treatment in MKP-1 knockout
animal resembles what is often seen in septic patients, who develop MOFS and have poor
prognosis.

Recently, we have shown that bone marrow—derived macrophages (BMDMs) from MKP-1-
deficient mice exhibit higher expression of HIF-1a (25, 26). HIF-1a is an important
transcription factor and plays a critical role in adaptation to low oxygen tension and it
regulates the metabolic switch to aerobic glycolysis during inflammatory response after TLR
activation (27-30). We found significantly higher HIF-1a (25, 26), HIF-2a, and HIF-1p
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expression in MKP-17/~ mice and BMDM:s in normoxic culture condition. Based on our
novel data and previous observations that MKP-1 deficiency is associated with enhanced
production of cytokines including TNF-a, IL-1B, IL-6, and 1L-17 as well as increased
reactive oxygen species (ROS) and higher susceptibility to sepsis with higher mortality, we
investigated a possible role of MKP-1 on mitochondrial biogenesis and the OxPhos
machinery. We hypothesized that MKP-1 plays an important role in the maintenance of
inflammation (20, 31) through aberrant metabolic reprogramming and mitochondrial
function in response to LPS. Specifically, we focused on the role of MKP-1 in the regulation
of mitochondrial function in BMDM s in response to LPS. We found that BMDMSs from
MKP-1/~ at baseline express higher levels of the mitochondrial transcription factor A
(TFAM), the peroxisome proliferator—activated receptor y coactivator-1-a (PGC-1a), and
the nuclear respiratory factors 1 (NRF-1). These three transcription factors regulate
mitochondrial biogenesis, mitochondrial gene expression, and OxPhos (7, 32). The
increased levels of these transcription factors were associated with abundance of proteins
involved in OxPhos in MKP-17/~ at baseline. Wild-type (WT) and MKP-1—deficient
BMDMs responded to LPS treatment with a significant upregulation of genes in genes
related to glycolysis; this upregulation was much more profound in MKP-1 BMDMs. In
contrast, WT mice/BMDMs responded to sepsis and LPS treatment with downregulation of
OxPhos, followed by recovery of OxPhos. In contrast, MKP-1—deficient BMDMs responded
to LPS with a sustained OxPhos and minimal decreased in mitochondrial transcription
factors (TFAM, PGC-1a, and NRF-1) in response to TLR4 activation. In this study, we
show that MKP-1 deficiency leads a significant upregulation of glycolysis but a persistent
mitochondrial activity including mitochondrial biogenesis, OxPhos, and ROS production
after LPS stimulation.

MATERIALS AND METHODS

Chemicals and Abs

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless specified
otherwise. LPS was purchased from InvivoGen (San Diego, CA). SB302580, specific p38
inhibitor was purchased from Sigma-Aldrich. SP600125, HRP-conjugated anti-mouse and
anti-rabbit 1gG secondary Abs were purchased from Cell Signaling Technology (Beverly,
MA) and anti-goat 1gG secondary Abs were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). p-Actin Ab was purchased from Thermo Fisher Scientific (Waltham,
MA). Abs against mitochondrial complexes, cytochrome ¢ oxidase subunit | (COXI) and
COXIV were purchased from MitoSciences (Eugene, OR). NRF-1, TFAM, pp38, and
PGC-1a Abs were purchased from Santa Cruz Biotechnology. Superoxide dismutase
(SOD)2 (manganese SOD [MnSOD]) Ab was purchased from Proteintech (Rosemont, IL).
SOD1 Ab (copper-zinc SOD [Cu/ZnSOD]) was purchased from MilliporeSigma (Billerica,
MA). Glucose transporter (Glut)1 Ab was purchased from Invitrogen (Carlsbad, CA).

Mice and isolation of BMDMs

Animal studies were approved by the corresponding University Committee of the Columbus
Children’s Research Institute on Use and Care of Animals. BMDMs from mice were
prepared as described previously (25, 33, 34). Briefly, femurs and tibias from 6- to 12-wkold
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mice were dissected, and the bone marrow was flushed out. Macrophages were cultured with
IMDM media supplemented with 30% L929 supernatant containing macrophage-stimulating
factor, glutamine, sodium pyruvate, 10% heat-inactivated fetal FBS, and antibiotics for 5-7
d. BMDMs were replated at a density of 2 x 106 cells per well the day before the
experiment.

Mouse model of Escherichia coli sepsis

WT mice and the MKP-17/~ mice were infected with or without £, colias previously
described (35). Briefly, £. coli (055:B5, ATCC 12014) purchased from American Type
Culture Collection (Manassas, VA) was grown in Luria broth at 37°C for 18 h, washed three
times with PBS, and suspended in PBS. E. coliwas injected into the tail veins of mice at 2.5
x 107 CFU/g body weight. Infected mice were euthanized using by pentobarbital.

Protein extraction and immunoblotting

Following treatments, the cells were harvested and washed twice with PBS.
Radioimmunoprecipitation assay buffer containing a protease inhibitor and antiphosphatase
mixture inhibitors Il and 111 (Sigma Chemicals) was added for protein extraction. The
protein concentration was measured using the bicinchoninic acid assay (Thermo Fisher
Scientific, Sacramento, CA). Proteins (10-25 pg) were then mixed with equal amounts of 2x
sample buffer (20% glycerol, 4% NaDodSO4, 10% 2-BME, 0.05% bromophenol blue, and
1.25 M Tris-HCI [pH 6.8]). The proteins were fractionated on a 10% NaDodSO4—
polyacrylamide gel and transferred to polyvinylidene difluoride membrane using a semi-dry
transfer cell (Bio-Rad Laboratories), which was run at 18 V for 1 h. The membranes were
blocked for 1 h in 5% nonfat dry milk in TBST (0.1% Tween 20) and washed. The
polyvinylidene difluoride membranes were incubated with the primary Ab overnight at 4°C.
The blots were washed three times with TBST and incubated for 2 h with the HRP-
conjugated secondary anti-lgG Ab (1/5000 in 5% nonfat dry milk in TBST) at room
temperature. Following this incubation, the membranes were washed three times in TBST
and incubated for 5 min with a chemiluminescent reagent (GE Healthcare) to visualize
immunoreactive bands. Images were captured on HyBlot CL film (Denville Scientific,,
Metuchen, NJ) using JPI automatic x-ray film processor model JP-33. OD analysis of
signals was carried out using ImageJ software. Equal loading of blots was shown by total
p38 and B-actin.

Separation of cytoplasmic and nuclear fractions.

Cytoplasmic and nuclear fractions were separated as described previously (36). Briefly, after
treatment, the cells were resuspended in a hypotonic buffer (10 mm HEPES [pH 7.9], 0.5%
IGEPAL, 2 mm MgCl,, 10 mm KCI, 0.1 mm EDTA, 0.5 mm PMSF, 1.0 ug/ml leupeptin,
and 1.0 pg/ml aprotinin) and incubated on ice for 10 min. After centrifugation at 14,000 x g
for 1 min at 4°C, the supernatant (cytoplasmic) and the pellets (nuclear fraction) were
collected.
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Oxygen consumption rate and extracellular acidification rate measurements.

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
in adherent macrophages with a XF96 Extracellular Flux Analyzer (Seahorse Bioscience,
Billerica, MA) as described previously (37). BMDMs obtained from WT and MKP-17/~
mice were seeded in 12 wells of a XF® 24- cell culture microplate (Seahorse Bioscience) at a
density of 100 x 103 cells per well in 200 pl of media. The cells were stimulated with LPS
(100 ng/ml). After 24 h at 37°C in 5% CO> incubator, XF assay medium was then added to
the plate and incubated at 37°C for another hour in a non-CO» incubator. The plate was
placed onto the calibrated XF€ Extracellular Flux Analyzer (Seahorse Bioscience) for
analysis. The OCR and ECAR were measured simultaneously to comprehensively profile
the metabolic function of the cells. The measurement parameters were 3-min mix time, 2-
min wait time, and 3-min measure time. The sensor cartridge for the XF€ analyzer was
hydrated with XF calibrant (pH 7) at 37° C on a CO, incubator 24 h before each experiment.
The injection port A on the sensor cartridge was loaded with 1 uM oligomycin (complex V
inhibitor), 1 uM FCCP was loaded to port B, and 1 uM rotenone/antimycin A (inhibitors of
complex I and complex 111) was loaded to port C (29).

Mitochondrial ROS measurements.

BMDMs were stimulated with LPS (100 ng/ml). To measure ROS, cells were incubated with
5 UM of CM-H2DCFDA (Invitrogen) for cytosolic ROS (cROS) and 1 uM of MitoSOX
(Invitrogen) for mitochondrial ROS (mROS) in the dark for 20 min at 37°C. BMDMs were
washed three times in PBS, and immediately resuspended in live-cell imaging media
(Invitrogen). CM-H2DCFDA Green fluorescence emission at 530 nm under 495 nm
excitation was recorded using a Synergy microplate reader. MitoSOX Red fluorescence
emission at 595 nm under 510 nm excitation was recorded using a microplate reader (7).
Experiments were performed at least in triplicate. Data presented as relative fluorescence
intensity of CM-H2DCFDA or MitoSOX fluorescence.

Statistical analyses.

RESULTS

Statistical analyses were performed using SPSS software, version 25.0 (SPSS, Chicago, IL).
One-way ANOVA test and post hoc repeated measure comparisons (least significant
difference) were performed to identify differences between groups. For all analyses, two-
tailed p values <0.05 were considered significant.

MKP-1 is not only a critical regulator of innate and adaptive immunity, but is also involved
in a multitude of metabolic processes, including fatty acid metabolism and lipogenesis (18,
21, 24, 38, 39). Sepsis is associated with profound metabolic derangements. One hallmark of
sepsis is an impaired oxygen use leading to a shift toward glycolysis (5). Our group and
others have shown that the switch to aerobic glycolysis is partly due to aberrant OxPhos
during sepsis (7-9). In a murine model of gram (-) sepsis, MKP-17/~ mice exhibit
substantially enhanced inflammation and increased mortality (21, 35). We recently have
shown that MKP-1~/~ mice exhibit dysregulated fatty acid metabolism during gram negative
sepsis (35). Given the fact that metabolic reprogramming plays an important part in the
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response to sepsis (40, 41), we hypothesize that an aberrant metabolisms in MKP-1~/~ mice/
cells contributes, at least in part, to the observed hyperinflammation and higher mortality in
sepsis in these mice/cells. To explore the role of MKP-1 deficiency on the metabolic
adaptation in sepsis, we induced sepsis in WT and MKP-1-deficient mice as previously
described (35). RNA sequencing was conducted using hepatic RNA extracts. We focused on
gene expression of glycolytic and OxPhos pathways because of their importance in sepsis.
Comparing the genes between WT and MKP-1~/~ mice at baseline and in response to £. coli
sepsis using differential expression analysis for sequence count and considering a false
discovery rate of <1%, we identified large sets of genes involved in glycolysis (Fig. 1A) and
OxPhos (Fig. 1B) that were differentially expressed. In response to sepsis, WT mice showed
a clear shift of expression of genes involved in OxPhos toward genes involved in glycolysis.
This switch, also known as Warburg-like effect, is one of the hallmarks in sepsis (6, 29).
MKP-17/~ mice failed to downregulate genes related to OxPhos; instead, we observed a
significant upregulation of genes involved in glycolysis. Similarly, in MKP-1~/~ mice, we
observed increased gene expression for several subunits of OxPhos complexes (Fig. 1B).
These data suggest a maladaptive response to LPS challenge in MKP-1 deficiency.

Mitochondrial transcription factors (NRF-1 and TFAM and PGC-1a) are highly expressed in
MKP-17/~ BMDMs

To further assess the molecular basis for metabolic maladaptation in MKP-1 deficiency at
the cellular level, we further delineated the effect of LPS on BMDMs derived from WT and
MKP-1~/~ mice. The mitochondrial transcription machinery is complex and regulated by
several nuclear-encoded transcription factors. The TFAM is a nuclear-encoded protein that
governs mitochondrial biogenesis and the expression of both mitochondrial and nuclear-
encoded proteins (42, 43). TFAM plays an important role in activating transcription at the
two major promoters of mitochondrial DNA, the light strand promoter and the heavy strand
promoter 1. In addition, TFAM plays an important role in organizing mitochondrial DNA
(44). PGC-1a and NRF-1 and -2 regulate gene expression involved in maintenance of
OxPhos and expression of mitochondrial gene that integrate cellular functions with a wide
range of metabolic demands (7, 45). NRF-1 regulates numerous genes involved in OxPhos
machinery in response to oxidative stress and is a key player in the transcriptional cascade
involved in regulating mitochondrial biogenesis (7, 32). PGC-1a functions as a
cotranscriptional regulation factor and activates NRF-1, which, in turn, induces the
expression of TFAM (45). For these reasons, we investigated the levels of NRF-1, TFAM,
and PGC-1a and the effect of MKP-1 deficiency on these transcription factors (TFs) in WT
and MKP-17/~ BMDM s in response to LPS challenge. BMDMs from WT and MKP-17/-
mice were cultured side by side and challenged with LPS for different time periods. Total
cell lysates were subjected to immunoblotting using specific Abs against NRF-1 (Fig. 2A,
2B), TFAM (Fig. 2C, 2D), and PGC-1a (Fig. 2E, 2F). As shown at baseline, MKP-1-
deficient BMDMs exhibited higher levels for all three TFs. In WT BMDMs, we observed a
time-dependent increase in NRF-1 protein levels after LPS challenge (Fig. 2A, 2B). The
effect of LPS on NRF-1 in WT BMDMs was in line of our previous report (7). In contrast,
NRF-1 was highly expressed at baseline in MKP-1~/~ BMDMs, but upon LPS stimulation,
its expression decreased in a time-dependent manner (Fig. 2A, 2B). We have observed
similar trends in TFAM and PGC-1a expression (Fig. 2C-F).
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MKP-17/~ BMDMs exhibit higher expression of mitochondrial transcription factors (TFAM,
NRF-1, and PGC-1a) in the cytosolic and nuclear fractions

Next, we assessed the cytosolic and nuclear accumulation of mitochondrial transcription
factors (TFAM, NRF-1, and PGC-1a) at baseline and in response to LPS stimulation for 3 h
in BMDMs from WT and MKP-1-deficient mice. BMDMSs were cultured under same
conditions and nuclear and cytosolic fractions were subjected to Western blot analysis.
TFAM, NRF-1, and PGC-1a levels were significantly increased at baseline and in response
to LPS both in the cytosolic and nuclear fractions of MKP-1~/~ BMDMs compared with WT
BMDMs (Fig. 3A). Fig. 3B-D show the densitometric values expressed as fold changes for
TFAM, NRF-1, and PGC-1a in the cytosolic and nuclear fractions.

Higher basal protein levels of OxPhos and aberrant response to LPS challenge

The formation of the cellular energy carrier ATP is the result of both anaerobic and aerobic
processes. Anaerobic ATP generation is catalyzed by phosphoglycerate kinase and pyruvate
kinase, and GTP is produced by succinyl CoA synthetase. Under normal physiologic
conditions in mammals, ~95% of cellular energy is generated through the aerobic pathway
(8). Because we have seen higher mitochondrial transcription factors in MKP-17/~ BMDMs
as compared with WT cells, we hypothesize that MKP-17~ BMDMs may exhibit higher
OxPhos proteins. BMDMSs from WT and MKP-1~/~ mice were challenged with LPS for
different time periods and protein extracts were used for immunoblotting and analysis for
subunits of OxPhos complexes. As shown, the NDUFB6, which is the subunit B6 of NADH
(ubiquinone oxidoreductase complex 1) was significantly increased at baseline in MKP-17/~
BMDMs as compared with WT BMDMs. NADH is the key enzyme in cellular energy
metabolism and provides ~40% of the proton-motive force that is used during mitochondrial
ATP production (46). The complex | plays a major role in the production of ROS. In
response to LPS challenge, MKP-1~/~ BMDM:s did not increase NDUFB6 protein levels
(Fig. 4A, 4B). In contrast, we observed a lower expression with for NDUFBG6 in WT
BMDMs, which increased in response to LPS after 3h (Fig. 4A, 4B). Complex /1 is also
called succinate ubiquinone oxidoreductase or, more commonly, succinate dehydrogenase
complex; it is the key mitochondrial enzyme connecting the tricarboxylic acid cycle and the
electron transport chain (ETC) (47). We assessed the levels of complex 11-70 kDa Flp in cell
lysates of WT and MKP-17/~ BMDMs. After normalization to B-actin, we observed an
increased basal expression for complex |1 protein in MKP-17~ BMDMs as compared with
WT. Surprisingly, the expression of complex 11 protein in MKP-1"~ BMDMs was not
affected after LPS challenge up to6h and then decreased significantly at 24 h (Fig. 4C, 4D).
Similarly, complex 111-50 kDa protein levels were significantly elevated at baseline in
MKP-1~/~ BMDM:s. In response to LPS, complex 111 protein was induced at 6 h in WT
BMDMs, whereas MKP-17~ BMDMs showed a significant decrease in complex I11 protein
as early as 1 h after LPS stimulation (Fig. 4E, 4F). Cytochrome ¢ oxidase (complex 1V) is
the terminal enzyme of the ETC. COXI is the catalytic subunit and we have shown
previously that inflammation, including TNF-a and LPS, negatively regulates its activity (7,
8). Surprisingly, we observed that MKP-1-deficient macrophages as compared with WT
macrophages that exhibit significantly higher COXI expression at baseline (Fig. 4G, 4H).
Consistent with our previous report (7), LPS challenge led to a time-dependent increase in
COXI protein levels in WT macrophages. In contrast, MKP-1-deficient macrophages failed
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to augment COXI protein expression in response to LPS challenge. Furthermore, MKP-1-
deficient BMDMs showed a significant decrease of COXI after 24 h after LPS challenge
(Fig. 4G, 4H).

Increased ROS in MKP-1-deficient macrophages

The mitochondrial OxPhos process includes an ETC in which O, functions as the terminal
electron acceptor and is reduced to water (8). As a byproduct of the OxPhos process, an
estimated 1-2% of cellular O, is converted into superoxide anions. ROS, including
superoxide, hydrogen peroxide (H,0,), and hydroxyl radicals, constantly cause damage to
biological molecules, including DNA. LPS-induced ROS is involved in macrophage
activation through enhancement of p38 and INK MAPKSs (21, 48). To determine the changes
in cROS or mROS production, BMDMs from MKP-1~/~ and WT mice were cultured for 1
and 24 h in the presence and absence of LPS. The results in Fig. 5A, 5B clearly show that
both cROS and mROS production are significantly increased (2-fold) at the basal level in
MKP-17/~ BMDM:s. Interestingly, in response to 1 h LPS challenge, WT BMDM:s enhanced
both cROS and mROS (2-fold). In line with our previous observations (25), MKP-17/~
macrophages exhibited higher mROS and cROS production at baseline, which, in response
to LPS, increased by 35% (Fig. 5A, 5B). As shown in Fig. 5C, 5D, 24 h after LPS challenge
MKP-1~/~ BMDM s did not significantly augment cROS and mROS production (~15%). In
contrast, WT BMDMs responded to LPS challenge after 24 h with a modest increase (38%)
in cROS and mROS (Fig. 5C, 5D).

MKP-1-deficient BMDMs exhibit aberrant OCR and ECAR at baseline and in response LPS

OCR measures mitochondrial respiration, whereas ECAR is an indicator of glycolysis. To
determine the effects of MKP-1 deficiency on OCR and ECAR, BMDMs obtained from WT
and MKP-17/~ mice were cultured for 3 and 24 h in the absence and presence of LPS (100
ng/ml). Basal levels of OCR and ECAR are significantly increased in MKP-1-deficient
BMDM s (Fig. 6A, 6B). Increased OCR and ECAR in MKP-1~/~ macrophages indicate that
both mitochondrial respiration and glycolysis are elevated at the baseline and in response to
LPS. The results in Fig. 6A show that in the presence of LPS, OCR in WT BMDMs only
minimally altered, whereas in MKP-1~/~ BMDMs OCR is slightly reduced. In contrast,
ECAR is elevated both in WT and MKP-1/~ macrophages after 3 h in response to LPS (Fig.
6B). Similarly, the results in Fig. 6C, 6D show that higher basal levels of OCR and ECAR in
MKP-17/~ macrophages. After 24 h, LPS stimulation MKP-1~/~ macrophages exhibited
significantly higher ECAR but a reduced OCR, suggesting increased aerobic glycolysis. In
the presence of LPS, the OCR is significantly reduced both in WT and MKP-17/~
macrophages (Fig. 6C), whereas ECAR is significantly increased both in WT and MKP-17/~
macrophages in response to LPS (Fig. 6D). The results demonstrate that MKP-1 deficiency
enhances basal mitochondrial respiration and in response to LPS glycolysis is induced.

Increased levels of SOD proteins and Glutl in MKP-17/~ BMDMs

During mitochondrial respiration, electrons may leak during rapid electron flux and
transferred to molecular oxygen to form superoxide anions. SODs are a class of antioxidant
enzymes responsible for catalyzing of dismutation of superoxide anions (O,7) to form
hydrogen peroxide (H,05) (42). CuZnSOD (SOD1 protein) is a highly conserved enzyme
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that is the primary cytoplasmic scavenger of superoxide radicals (O,7) (42, 43). MnSOD
(SOD2 protein) is localized in the mitochondria, which produced more than 95% of
superoxide radicals during OxPhos, and is the major antioxidant enzyme in the cells (49).
Our group and others have shown that LPS challenge leads to rapid induction of SOD1 and
2 at the transcriptional and protein levels (7, 50, 51). This serves as a protective mechanism
to prevent damage from excess ROS accumulation in the cell. To assess whether decreased
SOD1 and/or SOD2 levels are responsible for the elevated ROS seen in MKP-17/
macrophages, we cultured BMDMs of WT and MKP-17"~ in presence of absence of LPS for
different time points. Total cell lysates were analyzed by immunaoblotting using Abs for
SOD1 and SOD2. MKP-1~/~ BMDMs exhibit higher level of SOD1 as compared with WT
BMDMs at baseline (Fig. 7A, 7B). Densitometric analysis of the ratio of SOD1/B-actin is
shown in Fig. 7B. Interestingly, WT cells responded to LPS challenge with an enhanced
SOD1 protein level. In contrast, we observed an abundance of SOD1 in MKP-17/~ BMDMs
at baseline that did not further enhance upon LPS challenge. A similar pattern was observed
for SOD2 (Fig. 7C, 7D). Additionally, WT BMDMs show increased levels of SOD1 and
SOD2 in response to LPS, whereas MKP-1~/~ BMDM s fail to show such upregulation.
These data collectively indicate that increased ROS measurement in MKP-17~ BMDMs is
not due to lack of SODs.

GLUT1 facilitates the transports of glucose and ascorbic acid across the cell and
mitochondrial membranes; it has been shown that in response to TLR activation, the
expression of GLUT1 at the gene (SLC2AI) and protein levels increases. Because GLUT1
plays a critical role in glucose uptake in macrophages and derives the enhanced glycolysis
during sepsis, we evaluated GULT1 expression in WT and MKP-1~/~ BMDMs in response
to LPS. As shown in Fig. 7E, 7F, GLUT1 in WT BMDMs was less abundant at baseling,
LPS challenge led to rapid induction of GLUT1. In contrast, MKP-1~/~ BMDM:s exhibited
higher level of GLUT1 protein, but LPS challenge did not further augment expression of
GLUTL1.

Inhibition of p38 phosphorylation has no effect on LPS-induced mitochondrial
transcription factors (NRF-1 and TFAM) expression

Next, we tested the effects of a specific p38 inhibitor (SB203580) on NRF-1 and TFAM
protein expression in response to LPS. BMDMs derived from WT and MKP-1~/~ mice were
treated with SB203580 (10 uM) for 30 min prior to LPS stimulation for 3 h. Whole protein
lysates were immunoblotted with specific Abs against pp38 (Thrl89/Tyr182) NRF-1, and
TFAM. As shown in Fig. 8A, LPS-mediated p38 phosphorylation was completely inhibited
in the presence of SB203580 in both WT and MKP-17/~ BMDM:s. In contrast, SB203580
had no effect on LPS-modulated NRF-1 and TFAM expressions (Fig. 8C, 8E).
Densitometric analysis for pp38, NRF-1, and TFAM are shown in Fig. 8B, 8D, and 8F,
respectively. Because MKP-1 also has been to modulate JNK activity, we also evaluated the
effect of a INK inhibitor on TFAM and NRF-1. When we used a specific inhibitor for INK,
we observed similar results as using p38 inhibitor (data not shown). These data suggest that
neither p38 or JNK inhibition cannot abrogate the effect of MKP-1 deficiency on higher
expression of TFAM and NRF-1.
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DISCUSSION

Sepsis is associated with a profound derangement of metabolism, including enhanced
aerobic glycolysis with simultaneous suppression of OxPhos. The exact molecular
mechanisms of this metabolic switch, also termed Warburg-like effect, during sepsis is
poorly understood (52). It has been suggested that this metabolic switch associated with the
severity of lactic acidosis may contribute to organ failure and mortality (53). The majority of
shock-related deaths occur during this phase, likely because of bioenergetics failure,
immune hyperresponsiveness, or the failure to contain the bacterial infection despite
antibiotic treatment (7, 29, 54). Recent work suggests that immune hyperresponsiveness and
mitochondrial dysfunction plays a central role in sepsis (55, 56). We have shown that septic
MKP-1-deficient mice exhibit immune hyperresponsiveness but defective bacterial
clearance and aberrant fatty acid metabolism (21, 35).

Our current data show that MKP-1"~ BMDM s have higher basal oxygen consumption and
ECARs and produced more ROS than WT BMDMs. Among the transcriptional regulators,
NRF-1 and TFAM govern mitochondrial gene expression, especially genes involved in
OxPhos (7). NRF-1 and TFAM both showed higher expression in MKP-1-deficient
macrophages. Furthermore, we discovered that mitochondrial TFs including, TFAM, NRF-1,
and PGC-1a are robustly upregulated in MKP-1~/~ BMDM s at baseline. Similarly, we
observed higher levels of ETC (complex I-1V) proteins. In contrast, WT macrophages
exhibited lower expression of mitochondrial transcription factors (TFAM, NRF-1, and
PGC-1a) along with lower ETC proteins. Similar to our previous report (7), we observed
that levels of these proteins reversed in response to LPS challenge: WT macrophages
increased expression for complex | (NDUFBG6), complex 111, and COXI after 6 h LPS
treatment. Whereas MKP-17/~ BMDMs responded with a decreased expression of these
proteins. Similarly, £.coliinduced sepsis in WT mice led to clear upregulation of genes
related to glycolytic pathways and downregulation of genes related to OxPhos (Fig. 1). In
contrast, MKP-1—-deficient mice failed to respond to sepsis with an incomplete metabolic
switch. These genes also failed to tone down their expression in MKP-1 knockout mice
following infection. Similar patterns were observed in MKP-17/~ BMDM:s. Interestingly,
pretreatment of macrophages with p38 inhibitor (SB 203580) did not affected expression of
both transcription factors in neither WT nor MKP-1-deficient macrophages at baseline and
in response to LPS, suggesting that abundance of NRF-1 and TFAM may not be due to
increased p38 activation. Similarly, inhibition of JNK did not grossly change the expression
of NRF-1 and TFAM in response to LPS (data not shown). Several investigators underlined
the role of MKP-1 in metabolism even in the absences of sepsis (57). For instance, it has
been shown that MKP-1~/~ mice are resistant to age- and high-fat diet-induced obesity and
do not develop fatty liver (37). Our results support the notion that MKP-1—deficient mice/
macrophages have a higher metabolic rate with an increase in respiration, higher OxPhos,
and increased ROS production. SOD1 and -2 are detoxifying enzymes located in the outer
and inner mitochondrial membrane, respectively. SODs catalyze the dismutation of the
superoxide (O57) radicals into H,O». In response to higher ROS production or LPS
stimulation, SODs are rapidly induced to regulate dismutation of enhanced superoxide
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production (52). Our data suggest that the increased ROS in MKP-17~ BMDMs was not due
to lack of scavenger enzymes, as SOD1 and 2 were highly expressed.

It has been shown that in response to endotoxemia the glucose uptake is rapidly augmented
and increased expression of GLUT1 (SLC2A1) is the GLUT in macrophages (29, 53). Upon
glucose uptake through the GLUT1 transporter, glucose is converted into pyruvate through a
series of enzymatic reactions to generate pyruvate and two ATPs. Our current data show a
significant higher expression of GLUT1 under basal conditions in MKP-1/~ macrophages,
which only moderately increases in response to LPS challenge. During endotoxemia a
metabolic switch from OxPhos to glycolysis occurs. This process is coordinated by a
complex transcriptional program in which HIF-1a plays a central role (29, 34). Recently, we
have shown that under normoxic conditions MKP-1~/~ macrophages exhibit higher HIF-1a
expression and activity (26), increased ROS and cytokine production and an increased
OxPhos capacity. This was accompanied by increased protein levels and function of
mitochondrial transcription factors including TFAM and NRF-1 (7, 58). MKP-17/~ mice/
cells have preserved OxPhos and increased B-oxidation but also exhibit increased anaerobic
glycolysis. In contrast, in response to sepsis, WT mice showed severely decreased
expression of genes involved in OxPhos and upregulation of genes involved in glycolysis,
known as Warburg effect. Furthermore, we have recently shown that in response to sepsis
MKP-17/~ mice exhibit markedly disrupted lipid metabolism (35). In addition to enhanced
GLUT1 expression in MKP-17/~ mice/cells, we identified enhanced expression of several
key enzymes shown to be important in sepsis mediated glycolysis. We identified that
hexokinase isoforms are highly upregulated in MKP-1. Similarly, we observed increased
expression of several key enzymes in the glycolysis pathway, including, pyruvate kinase
(PKM), phosphofructokinase (PFK), and aldehyde dehydrogenase (ALDH1A3 and
ALDH3AL). Several of these enzymes are under the transcriptional regulation of HIF-1a
(54, 55). These data suggest that lack of MKP-1 changes the transcriptional landscape
related to glycolysis. The regulation and contribution of these key enzymes need further
investigation. Given the fact that MKP-1~/~ mice exhibit markedly increased mortality
associated with septic shock (13, 14, 21), we propose that disrupted metabolic pathways
may play a major role in the poor outcome of these mice. In this study, we show that
MKP-1-deficient mice/macrophages have defects in adaptive metabolism in response to
bacterial sepsis or LPS. In response to sepsis the MKP-1 deficient mice are unable to
downregulate OxPhos despite augmented glycolysis. Previously, we have shown that in a
murine model of gram (-) sepsis, MKP-17/~ mice exhibit substantially enhanced
inflammation, aberrant metabolism, increased mortality, and decreased bacterial clearance
(14, 21, 35). Recently, it has been shown that the changes in metabolism toward aerobic
glycolysis are important step in macrophage function and the clearance of bacteria (29, 56,
57). Alternative explanations for decreased bacterial clearance in MKP-17/~ mice might be a
relatively preserved OxPhos.

Our work provides a new layer to the complexity of the MKP-1 role in innate, adaptive, and
metabolism. MKP-1 is a crucial gatekeeper of the innate immune response, which centered
to its negative regulatory role as phosphatase (18). Because of its critical role of the innate
immune response in the development of the adaptive immunity, it is not surprising that the
MKP-1 has a profound impact on shaping adoptive immune responses (38). However, the
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role of MPK-1 in metabolism and mitochondrial function appears to be more complex and
multifaceted (22, 58). It has been shown that MKP-1 knockout mice/cells show lean body
weight and resistance to high-fat diet-induced obesity. Similarly, our current data
corroborate with these data showing enhanced OxPhos and ROS production and increased
GULT1 expression. How MKP-1 regulates mitochondrial transcription factors and the
OxPhos deserves further investigation.
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FIGURE 1. Livers of MKP-1"/~ mice exhibit aberrant expression profiles for genes involved in
glycolysis and OxPhos.

WT mice respond to £. colisepsis with an increased expression of glycolysis genes,
decreased expression for OxPhos genes. In contrast, MKP-17~ mice show upregulation of
glycolysis but dysregulated OxPhos. (A) Major genes involved in glycolysis. (B) Selected
genes involved in OxPhos. Data represent four animals in each group.
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FIGURE 2. Increased protein levels of mitochondrial transcription factors (NRF-1, TFAM, and
PGC-la)in MKP-17/~ BMDMs as compared with WT BMDMs.

BMDM s derived from WT and MKP-17/~ were cultured and treated with LPS (100 ng/ml)
for 30 min and 1, 3, 6, and 24 h. Whole-cell extracts were prepared and subjected to Western
blot analysis using specific Abs against NRF-1 (A), TFAM (C), and PGC-1a (E). Equal
loading was performed using p-actin. Densitometric values expressed as fold changes of the
ratio of NRF-1/p-actin (B), TFAM/B-actin (D), and PGC-1a/B-actin (F). As shown,
MKP-1"-~ BMDM:s exhibited a significant increase in protein levels of all the transcription
factors at basal levels. In contrast, in response to LPS treatment WT BMDMs responded
with a time-dependent increase in NRF-1, TFAM, and PGC-1a protein level, whereas
MKP-1-deficient macrophages failed to do so. Data represent mean + SEM of at least four
independent experiments. *p < 0.05.
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FIGURE 3. MKP-1"~ BMDMs exhibit increased protein levels of mitochondrial transcription
factors (TFAM, NRF-1, and PGC-1a) in cytosolic and nuclear fractions.

WT and MKP-1-deficient macrophages were cultured under similar conditions and
challenged with LPS (100 ng/ml) for 3 h. Cytosolic and nuclear extracts were prepared and
subjected to SDS-PAGE. Western blot analyses were performed using specific Abs to
TFAM, NRF-1, and PGC-1a transcription factors. Equal loading was confirmed with -
actin (A). Densitometric values expressed as fold changes of the ratio of NRF-1/p-actin (B),
TFAM/B-actin (C), and PGC-1a/p-actin (D). MKP-1 deficient macrophages exhibited
marked increase in protein levels of all three transcription factors in cytosolic and nuclear
fractions at baseline and in response to LPS challenge. Data represent mean = SEM of at
least four independent experiments. *p < 0.05.
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FIGURE 4. Higher protein levels of OxPhos complexes in MKP-1"~ BMDMs as compared with

WT BMDMs.

WT and MKP-17/~ BMDMs were treated with LPS (100 ng/ml) for 30 min and 1, 3, 6, and
24 h. Whole-cell extracts were prepared and Western blot analysis performed using specific
Abs against complex | NADH: ubiquinone oxidoreductase subunit 6 (NDUFB6) (A),
Complex Il succinate dehydrogenase—70 kDa Flp (C), complex IlI- ubiquinol: cytochrome ¢
oxidoreductase-50 kDa (E), and complex IV-COXI (G). Equal loading was confirmed
using Ab against p-actin. Densitometric values expressed as fold changes of the ratio of the
corresponding complexes (I-1V)/B-actin (B, D, F, and H). As shown, MKP-1~/~ BMDMs
exhibited increased protein levels of all the complexes at baseline as compared with WT
BMDMs. In response to LPS, WT BMDMs showed an increased induction of OxPhos. In
contrast, MKP-17~ BMDMs show no significant upregulation (complex | NDUFBS6) or a
decrease in protein expression for complexes I1-1V as compared with WT BMDMs. Data
represent mean = SEM of at least four independent experiments. *p < 0.05.
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FIGURE 5. MKP-1"~ BMDM:s exhibit higher ROS production as compared with WT BMDM:s.
WT and MKP-17/~ BMDMs were treated with and without LPS (100 ng/ml) for 1 and 24 h,

followed by measurement of ROS production using H2DCFDA and MitoSOX fluorescence
intensity. Basal ROS production is significantly higher in MKP-17~ BMDMs compared
with WT BMDMs. LPS challenge for 1 h induced ROS production both in WT and
MKP-1"- BMDM:s (A and B). ROS production at baseline and after LPS challenge for 24 h
is not significantly different between WT and MKP-1/~ BMDMs (C and D). Data represent
mean + SEM of three independent experiments. *p < 0.05.
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FIGURE 6. MKP-1-deficient BMDMs exhibit higher OCR and ECAR as compared with WT
BMDM:s. Basal OCR and ECAR were measured on a Seahorse XF€ bioanalyzer.

WT and MKP-17~ BMDMs were treated with vehicle or LPS (100 ng/ml) for 3 h, followed
by measurement of OCR and ECAR expressed per 100,000 cells in picomoles per minute
and milli-pH per minute (A and B). Basal OCR and acidification rate are increased in
MKP-1~/~ BMDMs. LPS treatment resulted in significant decrease in OCR in MKP-17/~
BMDMs as compared with WT BMDMs. In contrast, LPS-induced ECAR significantly
increased in both WT and MKP-1~/~ BMDM s (A and B). Additionally, LPS (100 ng/ml) for
24 h decreased OCR and increased ECAR significantly in both WT and MKP-17~ BMDMs
(C and D). Data represent mean + SEM of six independent experiments. *p < 0.05.
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FIGURE 7. MKP-1"/~ BMDM:s exhibit higher SOD1 and SOD2 protein levels in response to
LPS.

BMDM s derived from WT and MKP-17/~ mice were cultured and treated with LPS (100
ng/ml) for 30 min and 1, 3, 6, and 24 h. Whole-cell extracts were prepared and subjected to
Western blot analysis using specific Abs against SOD1 and SOD2. Equal loading was
confirmed using Ab against B-actin. As shown, MKP-1~/~ BMDM:s exhibited higher protein
levels of SOD1 and SOD2 hoth at baseline and in response to LPS (A and C). Densitometric
values expressed as fold changes of the ratio of SOD1/p-actin and SOD2/B-actin (B and D).
WT and MKP-1 deficient BMDMs were treated with LPS (100 ng/ml) for 30 min and 1, 3,
6, and 24 h. Whole-cell extracts were subjected to immunoblotting using Abs against
GLUT1 and B-actin (E). Densitometric values are expressed as fold changes of the ratio of
GLUT1/B-actin (F). Data represent mean + SEM of at least three independent experiments.
*p<0.05.
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FIGURE 8. Inhibitor of p38 MAP kinase has no effect on LPS-mediated NRF-1 and TFAM
protein levels in WT and MKP- 17/~ BMDMs.

BMDMs derived from WT and MKP-1-deficient mice were cultured in the presence and
absence of SB203850 (10 uM), followed by a challenge with LPS for 3 h. Western blot
analysis was performed using phospho-specific Ab against p38 (Thrl8%/Tyr182) and equal
loading was confirmed with total p38 Ab (A). Densitometric values expressed as fold
increase of the ratio of pp38/p38 (n7=3) (B). Western blot analysis was performed using
specific Ab against NRF-1 (C). Densitometric values expressed as fold increase of the ratio
of NRF-1/p-actin (/7= 3) (D). Western blot analysis was performed using specific Ab against
TFAM (E). Densitometric values expressed as fold increase of the ratio of TFAM/B-actin (n
= 3) (F). Results indicate that pretreatment with SB203850 had no effect on the LPS-
induced NRF-1 or TFAM transcription factors. Data represent mean + SEM of three
independent experiments. *p < 0.05.
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