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Abstract

Mitochondria are increasingly recognized as drivers of inflammatory responses. MAP kinase
kinase 3 (MKK3), a dual-specificity protein kinase, is activated in inflammation and in turn
activates p38 MAP kinase signaling. Here we show that MKK3 influences mitochondrial function
and acts as a critical mediator of inflammation. MKK3 deficient (MKK3~/~) mice and bone
marrow derived macrophages (BMDMs) secreted less cytokines than wild type (WT) after LPS
exposure. There was improved mitochondrial function, as measured by basal oxygen consumption
rate, mitochondrial membrane potential, and ATP production, in MKK3~/~ BMDMs. After LPS
exposure, MKK3~/~ BMDM did not show significant increase in cellular reactive oxygen species
(ROS) production as well as mitochondrial superoxide (MitoSOX) compared to WT. Activation of
two important inflammatory mediators i.e. the nuclear translocation of NF-xB and caspase-1
activity (a key component of the inflammasome), were lower in MKK3™~ BMDM:s. p-38 and
JNK activation were lower in MKK3~/~ BMDMs compared to WT after exposure to LPS.
Knockdown of MKK3 by siRNA in wild type BMDMSs improved mitochondrial membrane
potential, reduced LPS induced caspase-1 activation and attenuated cytokine secretion. Our studies
establish MKK3 as a regulator of mitochondrial function and inflammatory responses to LPS and
suggest that MKK3 may be a therapeutic target in inflammatory disorders like sepsis.

Keywords

Mitochondria; Sepsis; Acute lung injury; Oxidants; NF-kB; Inflammasome; Caspasel;
Inflammation

© 2015 Published by Elsevier Inc.
Corresponding Author: Praveen Mannam, MD, Pulmonary, Critical Care and Sleep Medicine, Department of Internal Medicine, Yale
University, School of Medicine. 333 Cedar Street, P.O. Box 208057, New Haven, Connecticut 06520-8057, USA,
praveen.mannam@yale.edu, Telephone #: (203) 785-3627, Fax #: (203) 785-3626.

Author Disclosure Statement

No conflicts of interest, financial or otherwise, are declared by the author(s).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srivastava et al. Page 2

Introduction

Mitochondria are considered central hubs of inflammation [1] and new paradigm shifts show
that mitochondria are capable of inducing multiple inflammatory pathways, reflecting their
origins as primitive archaebacteria [2]. Mitochondrial reactive oxygen species (ROS) have
been implicated in the activation of major inflammatory transcription factors such as NF-kB
(Nuclear Factor kappa B) and AP-1 (Activator Protein -1) [3]. In addition, mitochondrial
ROS, membrane potential, and the release of oxidized mitochondrial DNA activate another
important inflammatory pathway, the inflammasome and caspase-1 [4]. Mitochondrial
metabolism and innate immunity are intimately linked. Metabolic switching from OXPHOS
(oxidative phosphorylation) to glycolytic for ATP generation likely determines the
magnitude of an inflammatory response. For example, OXPHOS deficiency is associated
with increased inflammatory responses in adipocytes [5]. In macrophages and dendritic
cells, stimulation of the toll like receptor 4 (TLR4) by LPS inhibits mitochondrial activity
and induces a change in the metabolism from oxidative phosphorylation to glycolysis, which
is more inflammatory in nature [6, 7]. Thus it is speculated that maintenance of adequate
OXPHOS metabolism will enable reduced inflammatory response to stimulants such as
LPS, however the factors affecting mitochondrial function are not well known. Here we
investigate the role of MKK3 in regulation of inflammation through the modulation of
mitochondrial function.

Mitogen activated protein kinases (MAP kinases) are integral to intracellular signaling
pathways mediating inflammation, cell survival/death, proliferation and differentiation in
response to a wide variety of signals such as cytokines, growth factors, UV light, osmotic
stress and lipopolysaccharide (LPS) [8]. MKK3 (MAP Kinase Kinase 3) is a major upstream
kinase of the p38 MAP kinase and phosphorylates p38 in response to LPS. MKK3 and p38
MAP kinase are ancient and evolutionarily conserved components of metazoan defense
against pathogen attack which predated the canonical Toll-like-receptors [9]. We have
previously described the role of MKKS3 in sepsis, a syndrome of excessive and inappropriate
inflammatory response to infection. We also found that MKK3 deficiency leads to less lung
inflammation and better survival in various models of sepsis such as cecal ligation and
puncture (CLP) and LPS exposure [10]. Additionally, we found that MKK3 deficient
endothelial cells have a larger pool of healthy mitochondria as shown by higher mitophagy,
clearance of dysfunctional mitochondria, and increased mitochondrial biogenesis [11]. It has
been reported that mitochondrial ROS regulates MKK3 and p38 but MKKS3 regulation of
mitochondrial function has not been reported, to the best of our knowledge [12]. Thus, we
hypothesized that MKK3 deficiency will have specific effects on mitochondria and this in
turn potently modulates inflammation.

We sought to examine the effect of MKK3 deletion on mitochondrial function and cytokine
secretion after LPS exposure in bone marrow derived macrophages (BMDMs), which
provide a good cell model to study inflammatory responses and mitochondrial function [13].
We show that MKK3 deletion leads to better mitochondrial function, lower production of
ROS, and a reduction in NF-xB activation and caspase-1 activity, and lower cytokine release
after LPS stimulation. Thus, we conclude that mitochondrial dysfunction contributes to LPS-
induced inflammatory responses in BMDMs and that MKK3 plays an important role.
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Materials and Methods

Animal Experiments

The MKK3™/~ mice were originally provided by R. Davis (University of Massachusetts
Medical School, Worcester, MA) and R. Flavell (YYale University, New Haven, CT) and
have been backcrossed onto a C57BL/6 background for >15 generations. We have
previously described how the MKK3™~ mice were generated [10]. MKK3~/~ mice
expressed normal levels of MKK6, MKK4, JNK, and p38 MAP kinases [14]. The mice were
divided into 4 groups of 3 each, i.e. wild type control (C57BL/6 background), wild type LPS
treated, MKK3™/~ control, and MKK3~/~ LPS treated. LPS (Escherichia coli 055:B5;
Sigma-Aldrich) was given at single acute dose 40 mg/kg i.p. (LD1gp). Blood was collected
after 3h of LPS treatment for serum cytokine analysis. All experiments were conducted in
accordance with the NIH guidelines and approved by the institutional Animal Care and Use
Committee.

Bone marrow derived macrophage (BMDM) isolation and culture

BMDMs were isolated and differentiated using standard protocols. Primary macrophages
were derived from bone marrow cells and were cultured for 7 days in RPMI11640 media
containing 30% L929 cell conditioned medium, 10% fetal bovine serum and Penicillin/
Streptomycin (Pen/Strep). L929 cell conditioned medium was prepared by growing L929
cells in RPMI11640 containing 10% fetal bovine serum and Pen/Strep for 10 days. BMDMs
were harvested by treating with ice cold DPBS containing 5uM EDTA and plated as per
experimental requirement.

Mitochondrial Membrane Potential (MMP)

BMDMs were seeded at a density 0.5x10° cells per well in a 96-well plate and exposed to
LPS (0.1pg/ml) after 16h. Estimation of mitochondrial membrane potential (Ayp,) was
performed using JC-10 (Enzo Life Sciences), a membrane permeable fluorescent probe.
JC-10 enters selectively into mitochondria and exists as two forms, monomeric or aggregate,
depending upon Ayp,. The JC-10 monomer form predominates in mitochondria with low
Ay, and emits in the green wavelength (525-530 nm). The JC-10 aggregate form
accumulates in mitochondria with high Ay, and emits in the orange wavelength (590 nm).
The JC-10 aggregate/monomer ratio is proportional to MMP. The final concentration of
JC-10 used was 5 UM in the media and incubated for 30 min before reading the fluorescence
in a SpectraMax Gemini XS spectroflurometer (Molecular Devices).

ATP measurement

Total ATP was determined using the ATP Fluorometric assay kit (BioVision). BMDMs,
0.5x108 cells per well in six well cell culture plate, after 24h LPS treatment were lysed in
100 pL of ATP assay buffer and centrifuged. The supernatant (50 pL) was mixed with ATP
Probe, ATP Converter, and Developer Mix and incubated for 30min at room temperature in
dark. The fluorescence was read at Ex 535/Em 587nm using a spectroflurometer (Vmax,
Molecular Devices). The values were calculated against the provided standard.
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Measurement of mitochondrial bioenergetics

An XF96 Analyzer (Seahorse Biosciences, North Billerica MA) was used to measure
bioenergetic function in intact BMDMs in real time. BMDMs were seeded into Seahorse
Bioscience XF96 cell culture plates at the seeding density of 10,000 cells in 80pl media and
allowed to adhere and grow for 24h in a 37°C humidified incubator with 5% CO,.
Measurements of extracellular flux were made in unbuffered media. Extracellular
acidification rate (ECAR) was calculated at baseline to compare the rate of glycolysis.
Mitochondrial function was analysed by sequentially adding pharmacological inhibitors of
oxidative phosphorylation. The resultant bioenergetic profile provides detailed information
on individual components of mitochondrial bioenergetic components.

Measurement of cellular ROS and mitochondrial superoxide in BMDMs

The cellular level of ROS and mitochondrial superoxide were determined using CM-
H,DCFDA and MitoSOX, respectively. BMDMSs were cultured in 96-well plate at a density
of 10,000 cells per well. After 16h the media was changed and CM-H,DCFDA (final
concentration 1uM) and MitoSOX (final concentration 2uM) were added along with nuclear
stain Hoechst (5ug/ml). After 60 min the cells were washed twice and suspended in DPBS
and fluorescence was read at Ex 352/Em 461nm for Hoechst, Ex 492/Em 527nm for CM-
H,DCFDA, and Ex 510/Em 580nm for MitoSOX. The cellular ROS and mitochondrial
superoxide data were normalized to the nuclear stain and quantified.

Caspase-1 activity

BMDMs were seeded at 0.5x10° cells per well in 6-well cell culture plate. After 24h the
media was changed and LPS (0.1ug/ml) treatment was done for 6h with the addition of ATP
(5uM) for last 15 min. Cells were lysed with cell lysis buffer provided in the Caspase-1
Fluorometric Assay Kit (ab39412, Abcam). Caspase-1 activity was determined using 100g
cell lysate protein with the manufacturer’s protocol. The assay is based on
spectrophotometric detection of the chromophore p-nitroanilide (p-NA) after cleavage from
the labeled substrate YVAD-p-NA which absorbs at 405nm. Standard curve of pNA was
prepared and data expressed as pNA released (UM)/mg protein.

NF-xB nuclear translocation immunostaining and image analysis

BMDMs were cultured on a coverslip in 6-well cell culture plate at about 70% confluency.
Cells were treated with LPS (0.1ug/ml) for 45min and cells were washed with DPBS twice
and fixed in 4% paraformaldehyde for 15 min. After fixation cells were washed with DPBS
and permeabilised with 0.3% triton-X100. After blocking with DAKO protein-free blocking
buffer for 1h, p-NF-xB (p65) antibody (Cat# 3031 Cell Signaling Tech., Inc.) was added to
the blocking buffer and incubated overnight. After two DPBS washes, anti-rabbit AF-488
(Cat# A11008, Invitrogen) secondary antibody was incubated for 1h and washed with DPBS
and mounted with mounting media containing DAPI. Images were taken by confocal
microscopy and quantified using CellProfiler software, Broad Institute, MA. The amount of
p-NF-kB staining within the nucleus was quantified and plotted.

Free Radic Biol Med. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srivastava et al. Page 5

Cytokine Analysis

Blood was collected by cardiac puncture in BD Microtainer serum separator tubes without
additive. The blood samples were allowed to clot at room temperature for 30 minutes before
centrifugation (2200g, 4°C, 10 min) and the serum was collected and stored at —80°C until
analyzed. BMDM media (0.5%106 cells per well in 6 well cell culture plate) was collected
after 24h LPS (0.1ug/ml) treatment and analyzed for cytokine levels using luminex
fluorescent bead based technology (Bio-Rad). The cytokine standards were run along with
samples to calculate the amounts in pg/ml.

MKK3 siRNA

For depletion of MKK3 in BMDMs, MEK-3 siRNA (m) (Santa Cruz, Cat# 35908) was
used. Nonspecific siRNA scrambled duplex probes (sense, 5'-
GCGCGCUUUGUAGGAUUCG-3; antisense, 5-CGAAUCCUACAAAGCGCGC-3')
were synthesized by Dharmacon Research Inc. as previously described. BMDMs (70%
confluence) were transfected with the sSiRNAs (50nM) using the Mirus TransIT-TKO®
reagent (Mirus, Madison, WI) according to the manufacturer’s manual for 48h. The
experiments were performed after fresh media change.

Western Blotting

0.5x108 BMDM s per well in six well cell culture plate were treated with LPS (0.1ug/ml) for
60 min and washed twice with DPBS before making the lysate. Total cellular lysate was
prepared using RIPA buffer (50 mM Tris—HCI, pH 7.4/150 mM NaCl/1% Triton X-100/1%
deoxycholate/0.1% SDS/1% aprotinin) with protease and phosphatase inhibitors (Roche).
20pg protein was separated on precast mini-PROTEAN TGX gels, 4-20% (BioRad), and
transferred to PVDF membrane (Millipore). The membrane was incubated for 1h at room
temperature with 5% non-fat milk in tris buffered saline with 0.05% tween-20 (TBS-T) to
block, and then incubated with primary antibodies. Secondary antibodies tagged with HRP
were used as appropriate for primary antibody host. The blots were developed by
chemiluminescent substrates (ECL, Amersham). The primary antibodies used were p38
(9212), p-p38 (9211), INK (9252), p-JNK (9251), ERK (4372), p-ERK (4376), caspase-1
(2225), cleaved caspase-1 (4199) and p-NF-xB (3031) procured from Cell Signaling
Technologies, Inc., Danvers, MA and HRP tagged f-actin antibody (sc-47778) was from
Santa Cruz Biotech.

Statistical analysis

All the data are presented as the means + S.E.M. The statistical analysis was performed
using t-test analysis and p<0.05 was considered significant.

Results

Serum from MKK3~~ mice show attenuated inflammatory response against LPS injury

We compared the inflammatory response of MKK3~/~ mice with wild type mice. The mice
were treated with LPS and blood was collected after 3h to analyze serum cytokine levels.
MKK3~/~ mice had significantly lower serum levels of IL-1a, IL-1f, IL-5, IL-12 (p70),
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IL-17, Eotaxin, GM-CSF, IFN-y, MIP-1a and MIP-1f compared to wild type mice. The
other measured cytokines, IL-3, IL-4, IL-10, IL-12 (p40), and IL-13, were not significantly
different but showed a similar trend. There were no differences in the baseline levels of any
of the cytokines between the wild type and MKK3~/~ mice (Figure 1).

MKK3~~ BMDMs display reduced inflammatory response after LPS stimulation

To further study the inflammatory response at a cellular level we used BMDMs from
MKK3~/~ mice. BMDMs were exposed to LPS for 24h and media was collected to measure
the cytokine levels. In both MKK3™~ and wild type BMDMs LPS stimulation lead to
increased secretion of cytokines in the media. However, the BMDMs from MKK3~/~ mice
showed attenuated inflammatory response against LPS exposure which was more prominent
than that found in the in vivo study. The levels of IL-1a, IL-10, IL-2, IL-3, IL-4, IL-6, IL-12
(p40), IL-12 (p70), IL-13, Eotaxin, G-CSF, GM-CSF, IFNy, KC, MCP-1, RANTES,
MIP-1p, and TNFa were significantly lower in MKK3~/~ BMDM media compared to WT at
baseline as well as after stimulation with LPS. The IL-9 and IL-17 levels were not different
at baseline but after LPS stimulation MKK3~~ BMDMs had significantly lower levels
compared to WT. The IL-10, an anti-inflammatory cytokine, level was significantly higher
in MKK3~~ BMDM s at baseline and also after LPS stimulation compared to WT (Figure
2). The results indicate that MKK3 regulates cytokine response to LPS stimulus.

MKK3~~ BMDMSs show higher basal respiration and ATP production

To understand the role of mitochondrial function in inflammatory response we measured the
oxygen consumption rate (OCR) in MKK3~/~ and WT BMDMs by Seahorse Biosciences
Extracellular Flux Analyzer. We observed higher OCR in MKK3~/~ BMDMs compared to
WT (Figure 3A). We analyzed the basal respiration rate and ATP production, both of which
were significantly higher in MKK3~/~ than the WT (Figure 3C and D). The data shows
higher oxygen demand in MKK3~/~ with concomitantly higher production of ATP. The
extracellular acidification rate (ECAR), a measure of glycolysis, was also higher in
MKK3~~ BMDMs, which correlates with higher mitochondrial respiration (Figure 3B).
These results indicate a higher metabolic rate in MKK3~/~ BMDMs. After LPS stimulation
we did not observe any changes in mitochondrial function compared to the baseline, in both
WT and MKK3~/~ BMDMs. There was a drop in the mitochondrial membrane potential
(MMP) of WT BMDMs after LPS treatment but not in MKK3~/~ BMDMs (Figure 3E). ATP
content was higher in MKK3~/~ BMDMs compared to WT and there was no change after
LPS treatment (Figure 3F).

Lower cellular ROS and mitochondrial superoxide in MKK3~~ BMDMs

To compare the difference in oxidant levels in MKK3~/~ and WT BMDMs we measured
ROS after LPS exposure. WT BMDMs showed significant increase in ROS and MitoSOX
levels but not the MKK3~/~. Even at baseline, MKK3~/~ BMDM:s had lower levels of total
cellular ROS and MitoSOX (Figure 4).
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MKK3~~ BMDMs show lower NF-xB nuclear translocation after LPS treatment

As nuclear translocation of NF-xB is a critical event in the activation of inflammatory gene
response to inflammatory stimuli we studied it in our model system. BMDMs were treated
with LPS and probed by immunocytochemistry for p-NF-«xB along with nuclear staining.
The slides were imaged by confocal microscopy and quantified by CellProfiler software.
WT BMDMs after LPS treatment showed a significant increase in nuclear p-NF-xB but
there was not a significant increase in MKK3~/~ BMDM s (Figure 5). This suggests that the
attenuated inflammatory response in MKK3~~ BMDMs after LPS stimulation is at least
partly due to lower activation/nuclear translocation of p-NF-xB.

Lower caspase-1 activity in MKK3~/~ BMDMs after LPS injury

Caspase-1 is a key component of the inflammasome, which drives the maturation of
cytokines for extracellular secretion. We did not find significant activation of caspase-1 after
LPS treatment in both WT and MKK3~~ BMDMs. When ATP was added for last 15 min of
LPS treatment we observed a significant increase in caspase-1 activity in WT BMDMSs but
not in MKK3™~(Figure 6A). Furthermore, MKK3~/~ BMDM LPS+ATP treatment group
had significantly lower cleaved caspase-1 than the WT as shown by western blot (Figure
6B). This data indicates that MKK3 also influences caspase-1 activation either directly or
indirectly under inflammatory conditions.

MKK3 affects MAP kinase response to LPS

To study the effect of MKK3 on LPS-induced downstream signaling events we studied the
MAPK (Mitogen Activated Protein Kinase) family. The MAPK family consists of the
ERKZ1/2 (Extracellular Signal-Regulated Kinase), p38, and JNK (Jun N-terminal kinase).
After LPS stimulation MKK3~~ BMDMs had lower induction of p-p38 and p-JNK
compared to WT. There was no difference in p-ERK response in MKK3™~ and WT
BMDMs (Figure 7). These results indicate that MKK3 affects activation of p38 and JNK,
which in turn affects NF-xB phosphorylation.

MKK3 siRNA treatment in WT BMDMs confirms the MKK3™~ phenotype

To confirm our findings, we treated WT BMDMs with MKK3 siRNA and checked
mitochondrial function and inflammatory responses. MKK3 siRNA treatment caused 70%
decrease in MKK3 level as measured by PCR whereas there was no change in non-specific
SIRNA (NS siRNA)-treated BMDMs (Data not shown). MMP was higher in MKK3 siRNA-
treated BMDMSs compared to NS siRNA-treated BMDMs (Figure 8A). NF-xB nuclear
translocation as well as caspase-1 activation in response to LPS was lower in MKK3 siRNA
BMDMs compared to NS siRNA-treated BMDMs (Figure 8B and C). The baseline levels of
IL-1a, IL-1B, IL-4, MCP-1, G-CSF, MIP-1a, MIP-18, KC, and RANTES were lower in
MKK3 siRNA-treated BMDMs. LPS exposure resulted in an increase of all the cytokines
and chemokines measured but the response was significantly attenuated in MKK3 siRNA-
treated BMDMs (Figure 8D). These results clearly implicate MKK3 in the inflammatory
response of BMDMs after LPS stimulation.
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Discussion

Sepsis is an acute systemic inflammatory condition [15]. This life-threatening condition
leads to more than 200,000 deaths in US, making it the leading cause of mortality in ICU
patients. The hallmark of sepsis is a dysregulated and overwhelming inflammatory response,
characterized by massive cytokine release, oxidative stress, and mitochondrial dysfunction
[16]. Several lines of evidence, genetic and functional, suggest that the mitochondrial
function is the primary target during acute inflammation and that it is a central determinant
of clinical outcome. It is proposed that inflammatory signaling leads to the phosphorylation
of cytochrome oxidase (COX) and other mitochondrial targets followed by the suppression
of mitochondrial function, reduced mitochondrial membrane potentials (MMP), and energy
failure [17-19]. It has been shown that in animal models of severe inflammation ATP levels
were significantly reduced compared with controls [20]. Similar results were reported in
septic patients where reduced ATP levels were found in the “non-survivors” group
compared to “survivors” group [21]. In addition organ failure in sepsis is linked to ATP
depletion, as LPS induced lung injury is associated with reduced ATP [20, 22]. In a recently
published study on gene expression profiling to identify genes associated with sepsis in
human patients found that components of mitochondrial respiratory complex | (NDUFBS,
NDUFC2, and NDUFS6) and ATP synthase (ATP5I) are down regulated in septic patients
with a concomitant increase in the components of chemokine signaling pathway i.e.
Forkhead box 3, Signal transducer and activator of transcription 3, and v-raf-1 murine
leukemia viral oncogene homolog 1 [23]. In this context, we have earlier shown that
MKK3~/~ mice are resistant to septic injury [10]. Moreover the MKK3~/~ cells and tissues
showed higher mitochondrial biogenesis and mitophagy leading to a larger pool of healthy
mitochondria [11]. In this study we show that MKK3 negatively affects mitochondrial
function, which could be the driver of inflammatory outcome under septic conditions. The
MKK3~~ BMDMs showed higher oxygen consumption at baseline and also had higher ATP
production. The MMP and ATP levels were higher in MKK3~~ BMDMs, indicative of
better mitochondrial function. This could be an important reason for the attenuated cytokine
response against LPS-induced inflammation.

ROS contribute to inflammatory responses by activating key signaling pathways including
the redox sensitive transcription factor pathway of nuclear factor kB (NF-xB) and the
inflammasome [24]. Mitochondria produce more than 90% of the body’s energy needs in the
form of ATP, via oxidative phosphorylation. The majority of ROS production occurs within
mitochondria during ATP generation. Also, being the major source of intracellular ROS,
mitochondria are a major target of ROS-mediated damage. Mitochondrial ROS (mtROS) are
important for cellular signaling but can also cause cell damage, and so are tightly regulated
by endogenous antioxidant scavenging systems that limit damage [25]. Under conditions of
stress or disease, ROS production is increased, antioxidant protection is decreased,
mitochondrial damage occurs, and inflammation increases, creating a vicious cycle [26].
This self-sustaining and amplifying cycle between ROS generation, inflammatory responses,
and mitochondrial impairment contributes to organ failure in patients with sepsis [19]. The
MKK3~~ BMDMs showed lower levels of ROS and MitoSOX at baseline as well as after
LPS treatment which could be due to either better ROS scavenging mechanisms or higher
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efficiency of respiratory complexes leading to reduced ROS production. Although ROS are
clearly part of the septic sequence their specific role and importance relative to the energy
crisis component has to be further examined. Based on our data it is apparent that MKK3
has dual effects on mitochondrial function and ROS generation as well as activation of MAP
kinases, p-38 and JNK, affecting the inflammatory outcome.

Our study shows that MKK3 deficiency significantly reduced inflammatory responses by
down regulating two major inflammatory pathways i.e. the NF-xB and the inflammasome.
Inflammatory responses to stimuli can be seen as a two-step process. First, the pathogen
associated molecular patterns (PAMPS) (including LPS, a prototypical PAMP) induce a
transcriptional response with production of cytokine mRNA and proteins which is mediated
by transcription factors such as NF-xB. The other step is, inflammasome activation,
mediated by damage associated molecular patterns (DAMPS), which helps secretion of
mature cytokines. Mitochondria are central to inflammatory responses by affecting both
these steps [27]. It is known that the inflammatory transcription factors such as NF-xB are
redox sensitive and are activated by mitochondrial ROS. We observed reduced activation of
NF-kB after LPS exposure in MKK3™~ BMDMs which could be due to insufficient
increase in ROS. Damaged mitochondria release DAMPS such as oxidized mitochondrial
DNA into the cytoplasm that revs up the inflammatory response by activation of
inflammasome [28]. The inflammasome is a caspase-1-activating multi-protein complex that
promotes cleavage of many pro-cytokines to their biologically active forms [29] [30]. In
addition, active caspase-1 cleaves other substrates like caspase-7 and sterol regulatory
element-binding proteins (SREBP), therefore playing an important role in cell death and
survival [31]. Our data suggests that improved mitochondrial function in MKK3~/~ BMDMs
prevents the activation of caspase-1, which is instrumental in inflammatory cytokine release
after LPS exposure. There are reports supporting this argument where it has been shown that
in the presence of activated NF-xB, mitochondrial ROS and oxidized mtDNA are important
players in activation of inflammasome [32, 33].

Given the important role mitochondria have in generating inflammation, modulators of
mitochondrial function could be potential anti-inflammatory agents. Several mitochondria-
targeted therapies have been tested including treatment with mitochondrial substrates (e.g.,
carnitine, succinate, and MgCIl,—ATP), cofactors (e.g., coenzyme Q and a-lipoic acid),
antioxidants and ROS scavengers (e.g., MitoQ, SkQ, phenyl-tert-butylnitrone, N-
acetylcysteine, and Tempol), and membrane stabilizers (e.g., cyclosporine A and melatonin),
which restore mitochondrial function to some extent [34, 35]. However, interfering with
inflammatory signaling along with mitochondrial function might result in better outcomes.
For example, the synthetic cortisol homologue dexamethasone, which affects several
signaling pathways including Wnt/B-cateninin, NFxB, MAPK/Erk, and PI3K signaling, was
shown to partially rescue COX function 24 h after cecal ligation and puncture in the cortex
and outer stripe of the outer medulla of mouse kidneys [36]. Based on our results it is
apparent that MKK3 can be a potential target for reducing inflammation under septic
conditions. Kinases are well known and druggable targets with many kinase inhibitors
currently being developed [37]. Mitogen activated protein kinases (MAP kinases, MAPKs
and p38), have been the focus of intense but ultimately unsuccessful search for inhibitors for
anti-inflammatory and anti-sepsis applications. A limiting factor is that p38 inhibitors have
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significant side effects that restrict their clinical use [38]. MKKS3 inhibition does not show
any side effects associated with p38 inhibition because downstream signaling is tuned
differently between the two kinases [39].

In conclusion, we demonstrate that MKK3 mediates LPS induced inflammatory responses
through the improvement in mitochondrial function. Thus, MKK3 represents an attractive
therapeutic target for the treatment of sepsis.
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Figure 1. Attenuated inflammatory responses in MKK3
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mice against LPS induced injury

LPS

After 3h of LPS (40mg/kg) intra peritoneal injection in mice, serum was collected to analyze

levels of cytokines. MKK3~~ mice showed attenuated inflammatory response compared to

wild type mice after LPS injury. The baseline cytokine levels in MKK3~/~ mice were not
different than WT mice. * represents significance between control and LPS treated within
same genotype and # represents significance between the genotypes with control and LPS
treatment groups, * or # represents significance at p<0.05 and ** or ## represents
significance at p<0.01. Measurements were done from serum of 3 mice per group.
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Figure 2. Reduced inflammatory responses in MKK3™~ BMDMs against LPS stimulation
BMDM cell media was collected after 24h LPS (0.1ug/ml) treatment and cytokine levels

were measured. MKK3~/~ BMDMs showed lesser cytokine release after LPS treatment and
also at baseline. * represents significance between control and LPS treated within same
genotype and # represents significance between the genotypes with control and LPS

treatment groups, * or # represents significance at p<0.05 and ** or ## represents
significance at p<0.01. Data is representative of 3 independent experiments done in

triplicates.
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Figure 3. Improved mitochondrial bioenergetics in MKK3™~ BMDMs
Mitochondrial bioenergetic profile of BMDMs was studied using the “Mito stress kit”,

Seahorse Biosciences. MKK3™~ BMDMs showed higher Oxygen consumption rate (OCR)
compared to wild type (WT) (A). There was corresponding increase in extracellular
acidification rate (ECAR) in MKK3~/~ BMDMs (B). Basal respiration and ATP production
was calculated based on the OCR profile and we found that they were higher in MKK37~/~
BMDM s (C and D). The MMP and ATP were measured in MKK3~/~ and WT BMDM s after
LPS treatment. MMP as well as ATP content was higher in MKK3~/~ BMDMs compared to
WT at baseline and after LPS treatment MMP dropped in WT but not in MKK3~/~ BMDMs
(E and F). ** represents significance at p<0.01. Data is representative of 3 experiments done
in at least 4 replicates.
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Figure 4. Lower levels of reactive oxygen species (ROS) and mitochondrial superoxide in
MKK3~/~ BMDM s after LPS treatment

BMDMs were treated with LPS (0.1 pg/ml) for 60 min and stained with CM-H,DCFDA and
MitoSOX. Cells were fixed and imaged with confocal microscopy and quantified using
CellProfiler software. MKK3™~ BMDMs have lower levels of both cellular ROS as well as
mitochondrial superoxide after LPS exposure. * and ** represents significance at p<0.05
and 0.01, respectively. Data is representative of atleast 20 images.
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Figure 5. Lower NF-kB nuclear translocation in MKK3~/~ BMDMs after LPS stimulation

Page 17

BMDMs were treated with LPS (0.1 pg/ml) for 45 min and immuno-stained with p-NF-xB
antibody. Slides where imaged with confocal microscopy and quantified using CellProfiler

software. There was an increase in nuclear p-NF-xB in WT but to a lesser extent in

MKK3~~ BMDMs compared to respective controls. * represents significance at p<0.05.
Data is representative of 3 experiments done in at least duplicates.
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Figure 6. Reduced caspase-1 activation in MKK3™~ BMDMs after LPS + ATP injury
BMDMs were treated with LPS and ATP to check the activation of caspase-1. Caspase-1

activity was significantly increased in WT after LPS (0.1 pug/ml) + ATP (5uM) treatment but
MKK3~/~ BMDM s did not show any significant change compared to control (A). The levels
of cleaved caspase-1 were lower in MKK3™~ BMDMs compared to WT after LPS + ATP
treatment (B). * represents significance between control and LPS treated within same
genotype and # represents significance between the genotypes within LPS treatment groups,
and ** or ## represents significance at p<0.01. Data is representative of 3 experiments done
in at least triplicates.
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Figure 7. MKK3~~ BMDM:s show reduced activation of MAPK signaling after LPS stimulation
The MKK3™/~ BMDMs after LPS (0.1 ug/ml) treatment showed lower levels of p-p38 and

p-JNK compared to WT. There was no difference in p-ERK response after LPS treatment in
both MKK3~/~ and WT BMDMs. Data was normalized to b-actin content. Data is
representative of 3 experiments done in at least triplicates with multiple western blotting
runs.
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Figure 8. MKK3 siRNA produces MKK3™~ phenotype in WT BMDMs
WT BMDMs transfected with MKK3 siRNA show higher MMP compared to control i.e.

non-specific SIRNA (NS siRNA) transfected (A). NF-xB nuclear translocation was lower in
MKK3 siRNA transfected BMDMs compared to control after LPS treatment (0.1 ug/ml)
(B). Caspase-1 activation was lower in MKK3 siRNA transfected BMDM s after LPS (0.1
ug/ml) + ATP (5 uM) injury compared to control (C). Cytokine release was lower in LPS
(0.1 pg/ml) exposed MKK3 siRNA treated BMDMs compared to NS siRNA treamtment
(D). For MMP graph * represents significance at p<0.05. For Caspase-1 activity and NF-xB
graph * represents significance among treatments within same genotype at p<0.05. For
cytokine graphs * represents significance between control and LPS treated within same
siRNA treatment and # represents significance between different SiRNA treatment with
control and LPS treatment groups, * or # represents significance at p<0.05 and ** or ##
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represents significance at p<0.01. Data is representative of 3 experiments done in at least
triplicates.
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