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Mark4 promotes oxidative stress
“and inflammation via binding
‘to PPAR~ and activating NF-xB
e wa:pathway in mice adipocytes
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MAP/Microtubule affinity-requlating kinase 4 (Mark4) plays an important role in the regulation of
microtubule organization, adipogenesis and apoptosis. However, the role of Mark4 plays in oxidative

. stress and inflammation are poorly understood. In this study, we found Mark4 was induced by high fat

. diet (HFD) while PPAR~y was elevated significantly in mice adipocytes. Further analyses revealed Mark4

. impaired mitochondrial oxidative respiration and increased reactive oxygen species (ROS) production.

. At same time, the activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase

. (GPx) were greatly reduced. By treating cells with H,0, and vitamin E (VE), Mark4 accentuated oxidative
stress along with increased mRNA level of inflammatory factor interleukin-6 (IL-6) and decreased leptin

: mRNA. Furthermore, we found PPAR~ bind to Mark4 promoter region and inhibited Mark4 expression.

: We showed PPAR~ interacted with Mark4 and inhibited the stimulating effect of Mark4 on oxidative

. stress and inflammation. Finally, we demonstrated that the IKKo/NF-kB signal pathway was involved
in Mark4 induced oxidative stress and inflammation, while PTDC, a special inhibitor of NF-«B signal
pathway, reduced oxidative stress and inflammation. Thus, our study indicated that Mark4 was a
potential drug target for treating metabolic diseases.

© Microtubules affinity regulated kinase 4 (Mark4), one of the microtubule affinity-regulating kinases (MARKSs)
: family member, is expressed in multiple tissues'. These family members share similar structure, which can be
- divided into three parts: N the catalytic area, C side sequence and a combination of ubiquitin domain?. The func-
© tions of Mark2 and Mark3 are to regulate body glucose homeostasis and energy metabolism in knockout mice?.
Furthermore, studies indicate that Mark4 is the negative regulator of mTORCI which plays a central role in cell
growth*°. Recently, Mark4 knockout mice is resistance to high-fat diet (HFD) induced obesity and insulin resist-
ance®. Feng et al. (2014) further determines that Mark4 promotes adipogenesis and triggers adipocytes apopto-
sis’. These data establish that Mark4 increases body glucose homeostasis and energy metabolism. However, the
© regulatory role of Mark4 on body oxidative stress and inflammation, especially in extreme obese condition, has
. yetto be elucidated.
: Obesity, insulin resistance and type II diabetes are closely associated with chronic inflammation and charac-
© terized by abnormal cytokine production, increased acute-phase reactants, and activated a network of inflamma-
© tory signal pathways®. Dysfunction lipid metabolites, including free fatty acids (FFAs) and triglycerides (TGs),
. can induce cellular dysfunction through the production of reactive oxygen species (ROS) and the activation of
inflammation®. Oxidative stress plays critical role in the generation of various diseases!®!!. In obese individu-
als, oxidative stress impairs glucose uptake and decreases insulin sensitivity’?. ROS generation also triggers cell
- apoptosis by directly activating the mitochondrial apoptotic pathway'®. Additionally, our pervious data indicate
- that Mark4 promotes adipocytes apoptosis, thus we hypothesize that Mark4 increases adipose oxidative stress.
© Also inflammation is associated with cell apoptosis'*. Oxidative stress activates a variety of transcription fac-
* tors including NF-&B, AP-1, p53, PPAR~, and genes including various growth factors, inflammatory cytokines,
. chemokines, and cell cycle regulatory molecules'. Moreover, expression of PPAR~ is an early and pivotal event
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in the differentiation of adipocytes'®. Thiazolidinediones, the potent and selective agonist of PPAR~, promotes
adipocyte differentiation in pre-adipocytes and mesenchymal stem cell lines'”. PPAR~ is also a transcriptional
factor suppressing the production of inflammatory mediators'®. To date, the regulatory role of Mark4 in oxidative
stress and chronic inflammation is still unknown.

In this study, we found that Mark4 further increased the oxidative stress induced by H,O,. Mark4 also accen-
tuated adipose inflammation which induced by high glucose concentration. In addition, we found PPAR~ and
Mark4 interacted directly to inhibit adipose oxidative stress and inflammation. These findings illustrate a novel
function of Mark4 in the regulation of cell oxidative stress and energy balance, and Mark4 may serve as a potential
drug target for treating metabolic syndrome.

Results

Mark4 expression is increased along with adipose oxidative stress and inflammation.  To study
the effects of high fat diet (HFD) on Mark4 expression, we fed HFD to six-week-old male mice. Body weight was
increased during 10 weeks HFD feeding, and the epididymal fat pad is 80% higher than that of chow diet fed
mice (Fig. 1A,B). Tissue histology determination revealed that adipocyte size was larger in HFD mice (Fig. 1C).
Moreover, serum TG level was higher in HFD group (Fig. 1B). With 10 weeks HFD feeding, we found Mark4
mRNA level was elevated along with mRNA level of PPAR~ (Fig. 1D). Since HFD disrupted body metabolism,
we then examined the effect of HFD on oxidative stress and adipose inflammation, which showed HFD increased
the activities of SOD, MDA and ROS (Fig. 1E). These changes were also associated with elevated IL-6 mRNA
and MCP-1 mRNA, and reduced leptin mRNA (Fig. 1F). Thus, we concluded HFD induced energy imbalance,
elevated Mark4 and PPARy mRNA levels, and led to oxidative stress and adipose inflammation.

Marké4 blocks mitochondrial oxidative respiration in mice adipocytes. We first determined the
transfection efficiency of Mark4. Mark4 protein increased in HA-Mark4 group, while sh-Mark4 treatment
reduced Mark4 protein (Figs 2A and S1). Transfection of Mark4 for 48 h did not alter cell viability and Caspase3
mRNA significantly (Fig. 2B,C). Immunofluorescence assay for Cyt C showed that Mark4 reduced Cyt C content;
this result was also confirmed by western blot analysis (Fig. 2D,E). Mitochondrial membrane potential, which rep-
resented the oxidative respiration level, was decreased in HA-Mark4 group (Fig. 2F). The mtDNA was unchanged
by HA-Mark4 treatment (Fig. 2G). Consistent with reduced mitochondrial oxidative respiration, the activities of
mitochondrial Complex I and III were also decreased in HA-Mark4 group (Fig. 2H,I). Overexpression of Mark4
elevated ROS level and reduced mRNA of SOD, CAT and GPy (Fig. 2],K). Overlapping results were obtained in
the cells transfected another two shRNAs of Mark4, thus excluding the off-target effects of shRNA treatment
(Fig. S5). Thus, our data clearly showed that Mark4 increased mitochondrial oxidative respiration but had no
effect on mitochondrial biogenesis.

Mark4 promotes adipose oxidative stress.  We next addressed whether Mark4 was involved in oxida-
tive stress production. We first determined Mark4 transfection efficiency (Fig. S2). Then we used 100 nM H,0,
to establish the oxidative stress model (Fig. 3A). Under this stringent condition, elevated ROS production and
reduced activities of CAT, GPx and SOD as well as the GSH/GSSH ratio clearly confirmed that Mark4 increased
oxidative stress (Fig. 3B,C). These changes were associated with the elevated activities of MCP-1 and IL-6 and the
reduced level of leptin (Fig. 3C). To further determine the role of Mark4 on adipose oxidative stress, vitamin E
(VE) (2mM) was used to alleviate the oxidative stress (Fig. 3D). Our data showed that elevated Mark4 prevent VE
from alleviating oxidative stress; while reduced Mark4 allows VE to alleviate adipose oxidative stress (Fig. 3E).
Moreover, elevated Mark4 also reduced mitochondrial Complex I and III, further establishing the role of Mark4
on oxidative stress (Fig. 3F).

Mark4 aggravates inflammation response in mice adipocytes. Having determined that both PPAR~
and Mark4 were elevated after HFD feeding, we next asked whether there was a connection between Mark4
and PPAR~ in adipose inflammation response. Mark4 transfection efficiency was presented in Fig. S3A. We
first incubated adipocytes using glucose (15nM) for 24 h to establish an adipose inflammation model (Fig. 4A).
Inflammation key gene IL-6 mRNA was increased, whereas leptin mRNA was reduced. Although inflammation
had been linked to cell death, we found cell apoptosis genes Caspase3 and Bcl-2/Bax did not change significantly
in this adipose inflammation model (Fig. 4B). Moreover, PPARy mRNA level was lower while Mark4 mRNA
was elevated (Fig. 4B). Next we examined the oxidative stress in this adipose inflammatory model. Similarly,
Mark4 promoted ROS production and adipose oxidative stress (Fig. 4C). ELISA measurement of IL-6, TNF-«
and MCP-1 showed that elevated Mark4 enhanced adipose inflammation response (Fig. 4C). Rosiglitazone, the
potent and selective agonist of PPAR~ (Fig. 4D), was used to examine the regulatory role of PPAR~ on Mark4
functions. Figure 4E showed that rosiglitazone reduced adipose inflammation response and oxidative stress in
elevated Mark4 group (Fig. 4E). Thus, our data showed that Mark4 and PPAR~ played an opposing role in adipose
inflammation response and oxidative stress.

PPAR~ inhibits adipose oxidative stress and inflammation by interacting directly with
Mark4. We next explored whether Mark4 and PPAR~ interacted physically. With Genomatix software anal-
ysis, we found three potential binding sites of PPAR~ on Mark4 promoter region (Fig. 5A). Then using lucif-
erase reporter assay, we identified the —1400 ~ —800 region was the binding site for PPAR~ (Fig. 5A). Moreover,
rosiglitazone also reduced Mark4 mRNA (Fig. 5B). To verify the inhibiting effect of PPAR~ on Mark4, we used
pc-PPAR~ to treat cells, Fig. 5C indicated Mark4 was also down-regulated (Fig. 5C). Immunoprecipitation (IP)
assay showed Mark4 strongly interacted with PPAR~ (Fig. 5D). The interaction between Mark4 and PPAR~ was
also verified by the ChIP measurement (Fig. 5E). Finally, through co-transfection of HA-Mark4 and pc-PPAR~
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Figure 1. Mark4 expression is increased along with adipose oxidative stress and inflammation. (A) Body
weight of male mice fed HFD (n= 20 each). (B) EF pad representative picture of male mice fed HFD for 10
weeks. Mice serum TG content in both groups (HFD and chow diet, n=16). (C) Representative hematoxylin
and eosin (H&E) staining of EF pad tissue. And mean adipocyte area size (n = 16). (D) Relative mRNA level of
Mark4 and PPAR~ fed chow diet and HFD on 10th week (n= 16 each). (E) Activity of SOD, MDA, and ROS fed
on chow diet and HFD for 10 weeks (n= 16 each). (F) Relative mRNA level of leptin, IL-6 and MCP-1 fed on
chow diet and HFD on 10th week (n = 16 each). Values are means + SD. vs. control group, *p < 0.05.

into adipocytes, we found that Mark4 and PPAR~ played opposing role on adipose oxidative stress and inflam-
mation (Fig. 5EG).
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Figure 2. Mark4 blocks mitochondrial oxidative respiration in mice primary adipocyte. (A) Mark4
transfection efficiency detection in Control group, HA-Mark4 group and sh-Mark4 group after 48 h transfection
(n=3). (B) Cell viability measurement in Control group, HA-Mark4 group and sh-Mark4 group after
transfection with HA-Mark4 and sh-Mark4 for 12h, 24h and 48 h (n=3). (C) mRNA level of Caspase3 after
transfection with HA-Mark4 and sh-Mark4 for 48 h (n = 3). (D) Cyt C immunofluorescent staining after
transfection with HA-Mark4 and sh-Mark4 for 48 h in primary adipocyte isolated from WAT of chow diet fed
mice, and the detection of fluorescence intensity in control group, HA-Mark4 group and sh-Mark4 group. Scale
bar: 100 pm (n = 3). (E) Immunoblots of Mark4 and Cyt C after transfection with HA-Mark4 and sh-Mark4

for 48h in primary adipocyte (n= 3). (F) Immunofluorescent of JC-1 under a fluorescence microscope after
transfected with HA-Mark4 and sh-Mark4 for 48 h in primary adipocyte isolated from WAT of chow diet fed
mice, and the detection of fluorescence intensity in control group, HA-Mark4 group and sh-Mark4 group.
Scale bar: 100 pm (n= 3). (G) Copy number of mtDNA after transfection with HA-Mark4 and sh-Mark4 in
primary adipocyte for 48h (n = 3). (H,I) After transfection with HA-Mark4 and sh-Mark4 for 48 h, the activity
of mitochondrion complex I, IIT in primary adipocyte (n = 3). (J) The relative activity of ROS after transfection
with HA-Mark4 and sh-Mark4 for 48 h in primary adipocyte (n = 3). (K) Relative mRNA levels of SOD, CAT,
and GPx after transfection with HA-Mark4 and sh-Mark4 for 48 h in primary adipocyte. The level of total
GAPDH was determined as loading control. Control: no transfection group, HA-Mark4 group: overexpression
of Mark4 group, sh-Mark4 group: knock down of Mark4 group. Values are means = SD. vs. control group,

*p <0.05.

IKKa/NF-kB signal is essential for Mark4 activated adipose oxidative stress and inflamma-
tion. We further confirmed that the IKKa/NF-kB pathway was involved in Mark4 activated adipose oxida-
tive stress and inflammation. Specifically, overexpression of Mark4 increased the ratio of phosphorylated IKKa
(T23) to total IKKa protein and accompanying elevated NF-kB phosphorylation (Fig. 6A). Similarly results
were obtained in the cells overexpression another two shRNAs of Mark4, thus excluding the off-target effects of
shRNA treatment (Fig. S5). Despite with PTDC treatment which is a specific NF-k B pathway inhibitor, Mark4
still increased the activity of phosphorylated IKKa (T23) (Fig. 6A). In addition, IL-6 and MCP-1 protein were
both increased, along with reduced SOD, Cyt C and PGC1-« (Fig. 6B). Conversely, suppression of NF-xB by the
NF-k B specific inhibitor PTDC reduced IL-6 and MCP-1 protein expression in Mark4 overexpression group
(Fig. 6B). Protein expression of SOD, PGC1-« and Cyt C were also up-regulated in HA-Mark4 plus PTDC group
(Fig. 6B). Mark4 dead mutant (Mark4 DA) mRNA can be translated but inactive as specific amino acids were
mutated. We conducted a parallel experiment using the Mark4 dead mutant to confirm the effects of elevated
Mark4 in adipose oxidative stress and inflammation. As shown in Figure S4, Mark4 DA did not change protein
levels of IL-6, MCP-1, SOD and PGCl1-a compared with those in HA-Mark4 group or sh-Mark4 group (Fig. S4).
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Figure 3. Mark4 promotes adipose oxidative stress. (A) Primary adipocytes isolated from WAT of chow fed
diet mice were cultured and incubated for Oh, 12h, 24 h, 36 h and 48h in the presence of 100 nM or 200 nM
H,0,. Cell viability was detected by CCK-8 (n = 3). (B) The relative ROS and SOD activity of the primary
adipocytes incubated for 24 h in the presence of 100nM H,0, (n= 3). (C) Relative activity of ROS, CAT, GPx,
SOD, GSH/GSSG, leptin, MCP-1 and IL-6 after transfection with HA-Mark4 and sh-Mark4 for 48 h in primary
adipocyte. Before transfection primary adipocytes were pretreated with 100nM H,0, for 24h (n= 3 each).

(D) Isolated primary adipocytes were cultured and incubated for Oh, 12h, 24 h, 36 h and 48 h in the presence
of 2mM VE. Cell viability was detected by CCK8 (n = 3). (E) Relative activity of ROS, SOD, leptin and IL-6
after transfection with HA-Mark4 and sh-Mark4 for 48 h in primary adipocyte. Before transfection primary
adipocytes were pretreated with 2mM VE or 100 nM H,0, for 24h (n=3). (F) After transfection with HA-
Mark4 and sh-Mark4 for 48 h, the activity of mitochondrion complex I, II in primary adipocyte (n = 3). Before
transfection primary adipocytes were pretreated with 2mM VE or 100 nM H, O, for 24h (n= 3). Control: no
transfection group, HA-Mark4 group: overexpression of Mark4 group, sh-Mark4 group: knock down of Mark4
group. Values are means = SD. vs. control group, *p < 0.05, **p < 0.01.

Collectively, our data indicated IKKa/NF-kB pathway was participated in Mark4 activated adipose oxidative
stress and inflammation.
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Figure 4. Mark4 aggravates inflammation response in mice adipocytes. (A) Primary adipocytes isolated
from WAT of chow fed diet mice were cultured and incubated for 0h, 12h, 24 h, 36 h and 48 h in the presence of
5.6nM, 15nM and 30 nM glucose. Cell viability was detected by CCK-8 (n= 3). (B) Relative mRNA expression
of Caspse3, Bcl-2/Bax, leptin, IL-6, PPARY and Mark4 of the primary adipocytes incubated for 24 h in the
presence of 15nM glucose (n= 3). (C) Relative activity of ROS, SOD, CAT, MDA, IL-6, TNF-a, MCP-1 and
leptin after transfection with HA-Mark4 and sh-Mark4 for 48 h in primary adipocyte. Before transfection,
primary adipocytes were treated with 15nM glucose for 24h (n= 3). (D) Primary adipocytes were cultured

and incubated for 0h, 12h, 24 h, 36 h and 48 h in the presence of 100 nM rosiglitazone for 24 h. Relative mRNA
expression of PPAR~ was detected (n=3). (E) Relative activity of ROS, SOD, MCP-1 and IL-6 after transfection
with HA-Mark4 and sh-Mark4 for 48 h in primary adipocyte. Before transfection primary adipocytes were
pretreated with 15nM glucose or 100 nM rosiglitazone for 24h (n = 3). Control: no transfection group, HA-
Mark4 group: overexpression of Mark4 group, sh-Mark4 group: knock down of Mark4 group. Values are

means £ SD. vs. control group, *p < 0.05.

Discussion

Mark4, the fourth paralog in the MARK/PAR-1 kinase family, is involved in the regulation of dynamic biolog-
ical functions'®-.. Generally, Mark4 is associated with tissue development and is required for the initiation of
axoneme extension after the docking of ciliary vesicles to the mother centriole*>. Mark4 plays a critical role in
pathogenesis of many diseases such as Alzheimer’s disease and brain tumors**?*, Recently, the hypothesis that
excessive lipid accumulation directly contributes to metabolic syndrome in adipose tissues has gained much
attention. Our previous studies showed that Mark4 knockout mice were protected from obesity and insulin resist-
ance (IR) induced by HFD®. We found that Mark4 expression and the activity of ROS were significantly elevated
in HED group, along with increased expression of inflammatory cytokines. Excessive lipid accumulation induces
inflammation, mitochondrial dysfunction, and pathogenesis of IR in insulin-responsive tissues in obese rodent
models and humans?*~?. Our results showed that Mark4 impaired mitochondrial oxidative respiration by inhibit-
ing Cyt C expression, reducing membrane potential and blocking the respiratory chain. In addition, ROS activity
was also elevated by Mark4 overexpression. Conversely, Mark4 overexpression significantly reduced activities of
SOD, CAT, GPx and MDA which are associated with anti-oxidative stress in adipocytes.

Oxidative stress plays an important role in the pathogenesis of various diseases?®?. Excessive lipid deposition
increases oxidative stress causing dysregulation of adipocytokines, and consequently developing into metabolic
syndrome®®3L. In this study, we focus on the influence of Mark4 on mitochondrial oxidative stress. By treating adi-
pocytes with H,O,, we induced adipose oxidative stress, as expected Mark4 aggravated this process by increasing
ROS activity and reducing the activities of CAT, GPx, SOD and GSH/GSSG ratio. Although this effect was atten-
uated by VE, an antioxidant, Mark4 still significantly impaired mitochondrial oxidative respiration and induced
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Figure 5. PPAR~ inhibits adipose oxidative stress and inflammation by interacting directly with Mark4.
(A) Fragments of Mark4 promoter fused to a luciferase reporter gene were co-transfected into cells together
with PGL3-basic (control) or pc-PPAR~ (n = 3). Luciferase activity was corrected for Renilla luciferase activity
and normalized to control activity (n=3). (B) Relative mRNA expression of Mark4 and PPAR of the primary
adipocytes incubated for 24 h in the presence of 100 nM rosiglitazone (n= 3). (C) Relative mRNA expression of
Mark4 and PPARy of the primary adipocytes with pc-PPAR~ transfected for 48h (n= 3). (D) Mark4 interacted
with PPAR~. Immunoprecipitation (IP) analysis was performed in HA-Mark4 and pc-PPAR~ transfected cells
(n=23). (E) ChIP analysis of Mark4 and PPAR~ in adipocytes (n = 3). (F) Relative activity of ROS and SOD
after transfection with HA-Mark4 and pc-PPAR~ for 48 h in primary adipocyte (n=3). (G) Relative mnRNA

of leptin and IL-6 after transfection with HA-Mark4 and pc-PPAR~ for 48h in primary adipocyte (n= 3).
Control: transfection of pcDNA3.1-vector group, HA-Mark4 group: overexpression of Mark4 group, pc-PPAR~:
overexpression of PPAR~ group. Values are means = SD. vs. control group, *p < 0.05.

oxidative stress. Many diseases including inflammation, sepsis and septic shock are associated with alterations in
the production of reactive nitrogen and ROS*»*. Inflammation is a series of cellular and molecular responses that
defend the body from infections or other impairments***. Obesity usually is associated with mild chronic inflam-
mation and this is consistent with our data in HFD group?®. Our results revealed that activation of oxidative stress
caused by Mark4 led to increased inflammatory cytokines MCP-1, IL-6 and TNF-a secretion. Conversely, leptin
expression was decreased in respond to HFD or Mark4 overexpression. Studies report that overexpression of
Mark4 triggers kinds of cell reduction of cell viability*’-*. We found that elevated Mark4 caused mild cell viability
reduction and did not alert the mRNA of Caspase 3 significantly in mice adipocytes. Our study indicated Mark4
remarkably accentuated adipose oxidative stress and aggravated adipose inflammation response. We speculated
that the accumulation of ROS and inflammation responses will trigger adipocyte apoptosis in a further step*0-*.

PPAR~ is a member of the nuclear receptor family. It is a transcription factor among a diverse group of
proteins which mediate ligand-dependent transcriptional activation and repression'®*’. PPAR~ is also highly
expressed in the adipocytes and plays an anti-inflammatory role through inhibition of IKK pathway®*. It seems
that HFD increased expression of Mark4 and PPAR~ independently. We also found that rosiglitazone, a PPAR~
agonist, reversed Mark4 induced oxidative stress and inflammation. With bioinformatics software, PPAR~ was
identified as a transcription factor of Mark4, and as expected PPAR~ significantly inhibited Mark4 promoter
activity. By ChIP and immunoprecipitation assays, we also found that PPAR~ interacted with Mark4 and attenu-
ated Mark4 induced oxidative stress and inflammation.
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Figure 6. IKKo/NF-kB signal is essential for Mark4 activated adipose oxidative stress and inflammation.
(A) Representative immunoblots and densitometric quantification for Mark4, p-IKKa (T23) and p-NF-«kB
(8337) after transfection with HA-Mark4, sh-Mark4 and PTDC for 48 h in primary adipocyte (n=3).

(B) Representative immunoblots and densitometric quantification for IL-6, MCP-1, SOD, Cyt C and PGC1-«
after transfection with HA-Mark4, sh-Mark4 and PTDC for 48 h in primary adipocyte (n= 3). The level of total
GAPDH was determined as loading control. Control: no transfection group, HA-Mark4 group: overexpression
of Mark4 group, sh-Mark4 group: knock down of Mark4 group. Values are means =+ SD. vs. control group,
*p<0.05.

Nuclear

Figure 7. Summary of Mark4 in the regulation of oxidative stress and inflammation via IKKo/NF-xB
signaling pathway in murine adipocytes. And PPAR~ binding to Mark4 as a transcriptional suppressor in this
regulation progress.

The Ik B kinase (IKK)/NF-« B signaling pathway plays an important role in immune regulatory functions**#-°,

NF-xB exists in the cytoplasm in an inactive form associated with regulatory proteins called Ik B, while the phos-
phorylation of I B molecules by IKK promotes their degradation. Then NF-xB translocates to nucleus and pro-
motes target genes transcription®*2. Our data showed that Mark4 increased the phosphorylation of IKKa/NF-xkB
signal pathway. PTDC, a specific inhibitor of NF-« B signal pathway attenuated this effect. Mitochondrial oxida-
tive stress and inflammation related factors were also reduced with Mark4 or PTDC treatment. This indicates
IKK/NF-kB signal pathway is involved in Mark4 regulation of adipocytes oxidative stress and inflammation.
Moreover, parallel experiments were performed using Mark4-mutant, demonstrated that elevated oxidative stress
and inflammation were due to Mark4 kinase activity.

In conclusion, our results demonstrate that Mark4 promotes mitochondrial oxidative stress and adipose
inflammation via activating IKKo/NF-k B signal pathway. Moreover, we find that PPAR~ is a novel transcrip-
tional suppressor of Mark4 and it alleviates oxidative stress and adipose inflammation by binding to Mark4 pro-
moter region (Fig. 7). These finding shed new light on the study of molecular mechanism of metabolic disease.
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Materials and Methods
Animal experiment.  Six-week-old Kunming male mice were purchased from the Laboratory Animal Center
of the Fourth Military Medical University. All mice were carried out in accordance with applicable guidelines and
regulations approved by the Animal Ethics Committee of Northwest A&F University. Mice were allowed ad libi-
tum access to water and standard chow laboratory diet for the first two weeks to allow them to adjust to the new
environment. Mice were subsequently randomly assigned into two groups: a high-fat diet fed group (87.5% chow
diet +10% lard +2% cholesterol +0.5% bile salt; Animal Center of the Fourth Military Medical University) or
a chow diet fed group (Animal Center of the Fourth Military Medical University) for the next 10 weeks. Animal
room was maintained under controlled conditions of temperature at 25°C =+ 1°C, humidity at 554 5%, anda 12h
light/12-dark cycle.

Body weight was recorded once a week. Serum triglyceride (TG) level was measured using the Infinity
Triglyceride kit (Sigma, St. Louis, USA). H&E staining of white adipocyte was from epididymal fat pad.

Cell culture. Epididymal white adipose tissues were harvested, visible fibers and blood vessels were removed
and the adipose tissue was washed three times with PBS buffer containing 200 U/mL penicillin (Sigma, St. Louis,
USA) and 200 U/mL streptomycin (Sigma, St. Louis, USA). Then the adipose tissue was minced into fine sections
(1 mm?) with scissors and incubated in 10 mL digestion buffer containing dulbecco’s modified eagle medium
(DMEM)/E-12 (Gibco, California, USA), 100 mM HEPES (Sigma, St. Louis, USA), 1.5% bovine serum albumin
(Sigma, St. Louis, USA), 2 mg/mL type I collagenase (Sigma, St. Louis, USA) for 50 min at 37 °C in a water bath.
After the incubation, growth medium (DMEM/F-12 (50:50)), 10% fetal bovine serum (Sigma, St. Louis, USA),
100 U/mL penicillin and 100 U/mL streptomycin were added to the digestion flask. Flask contents were mixed
and filtered through nylon screens with 250 pm and 20 pm mesh openings to remove undigested tissues and large
cell aggregates. The filtered cells were centrifuged at 1, 300 x g for 7 min at room temperature to separate floating
adipocytes from cell pellets. Isolated cell pellets were suspended in growth medium. Finally, cells were seeded in
culture plates at a density of 5 x 10%cells/cm? and incubated at 37 °C under a humidified atmosphere of 5% CO,
and 95% air until confluence. The medium was changed every other day.

Transfection of adipocytes with plasmids. Mark4 forced expression plasmid vector HA-Mark4 was kept
in our lab. shRNA sequence against Mark4 was contrived and synthesized by Genepharma Company (Shanghai,
China) using pGPU6/Neo shRNA expression vector named sh1-Mark4, sh2-Mark4 and sh3-Mark4. Then by
transfection efficiency detection, the optimal shRNA of Mark4 was chosen and named sh-Mark4. Plasmids vec-
tors used as control vectors were pcDNA3.1-vector and negative-shRNA. To exclude off-target effects of ShRNA
treatment, we used the other two Mark4 shRNAs, sh1-Mark4 and sh3-Mark4 which targeting different sequences
of Mark4 mRNA compared with shRNA-Mark4°. Mark4 DA (dead mutant) was made as described previously”.
In HA-Mark4 DA group, mark4 protein was translated inactively with specific amino acid mutations called dead
mutant. 2 pug interference or expression plasmids DNA were mixed with 2 pul X-treme GENE HP Reagent (Roche,
Switzerland) and Opti-MEMI media (Invitrogen, California, USA) and then added into the culture dish for 24 h
or 48 h according to the protocol.

Cell viability assay and drug treatment. Cell viability was measured by cell counting kit (CCK-8,
Vazyme, China) assay. The transfected cells were seeded in 96-well plate at a density of 5 x 10° and cultured for
12h. 10l CCK-8 solution was added into each well and incubated for 1 hour at 37 °C. Absorbance was quantified
at 450 nm by Vector 5 (Bio-TechInstruments, USA).

H,0,, Vitamin E (VE) and glucose were purchased from Sigma (St. Louis, MO, USA). H,O, working solution
(100nM) and glucose working solution (5.6 1M, 15nM, 20nM) and Vitamin E (2nM) were prepared to treat cells
for 24 h before plasmids transfection.

Measurement of Oxidative Stress. The intracellular level of ROS test was performed using a
cell-permeable non fluorescent probe 2, 7’-dichlorofluorescin diacetate (DCFH-DA) (Beyotime, Nanjing, China).
The dye loading was performed by incubating the adipocytes with 10 M DCFH-DA at 37 °C for 60 min. The
production of ROS was examined using a spectrophotometer by measuring the fluorescence intensity of DCF at
an excitation wavelength of 488 nm and emission wavelength of 525 nm.

For the key oxidative enzyme activity detection, cells were harvested after the medium removed, and washed
with ice-cold PBS three times and lysed with cell lysis buffer. The lysate was centrifuged at 10,000 g for 5min.
Then malondialdehyde (MDA) concentration, superoxide dismutase (SOD) activity, catalase (CAT) activity,
glutathione peroxidase (GPx) activity measurements were performed using the commercially available kits
from Beyotime Co. (China). For GSH/GSSG ratio measurement, the GSH and GSSG Assay Kit (Beyotime Co.
(Nanjing, China)) was used.

Mitochondrial analysis. Fluorescent probe JC-1 (Beyotime, Nanjing, China) was used to estimate A¥m.
Cells were incubated at 37 °C for 10 min with 5p.g/mL JC-1, then washed twice with PBS and placed in fresh
medium without serum. Images were scanned by a Fluorescence Microscope (Nikon TE2000-U, Japan). The ratio
of red/green fluorescent intensity was calculated.

Cyt C immunofluorescence analysis was performed after cells were washed three times with PBS, and fixed
with 10% neutral formalin for 30 min and washed with PBS, then incubated with the rabbit against rat Cyt C anti-
body (ab133504, Abcam, Cambridge, UK) for 12 h at 4°C. After incubation, cells were washed twice with PBS for
3 min, and then incubated for 1 h at room temperature with fluorescein isothiocyanate-conjugated goat against
rabbit IgG antibody (Boster, China) diluted 1:100 in PBS, and then washed again in PBS. Finally the cells were
then illuminated with the appropriate laser line and photographed with a TE2000 Nikon fluorescence microscopy
(Tokyo, Japan).
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mtDNA copy number was detected using QPCR method. A pair of primers for the Cox2 mtDNA region: F:
TGA CAG TCC ACC TACTTA CAA T; R: CTC CAC CAA TGA CCT GAT AT. For the adipocyte mitochondria
isolation, cells were harvested and washed with cool-PBS twice, and then suspended in the ice-cold isolation
buffer for 15min. After the cells were homogenized, the homogenate was centrifuged at 1,000 g for 10 min at
4°C, collected the supernatant and centrifuged at 11,000 g for 10 min at 4 °C. The mitochondria were collected in
the sediments. The activities of the mitochondrial complexes were determined using the Mito Complex I and IIT
Activity Assay Kits (GenMed Scientifics Inc., China).

Enzyme-linked immunosorbent (ELISA) assay. For the IL-6, TNF-o and MCP-1 proteins detection,
we used the commercial ELISA kits (R&D Systems, USA). Cells were harvested and disrupted by ultrasonication
(28 KHz, 30 min).

Immuoprecipitation (IP) and Chromatin Immunoprecipitation (ChIP) assays. Cells were trans-
fected with HA-Mark4 plasmid, pc-PPAR~ plasmid, or both. Cell lysates were obtained in RIPA buffer 48 h after
transfection. Mark4 protein and PPAR~ protein were immunoprecipitated using the anti-HA antibody (ab9110)
and anti-PPAR~ antibody separately (Abcam, Cambridge, UK). Mark4 and PPAR~ were western blotted using
anti-PPAR and anti-HA antibody.

Adipocytes were prepared for chromatin immunoprecipitation (ChIP) assay using a ChIP assay kit (Abcam,
England) according to the manufacturer’s protocol. Primary antibodies of PPAR~ (ab41928, Abcam, Cambridge,
UK) or IgG (ab171870, Abcam, Cambridge, UK) were used. DNA-protein crosslinking complexes were collected,
and purified DNA was subjected to gPCR with SYBR green fluorescent dye (Invitrogen, Californian, USA).

Luciferase report assay. The mouse Mark4 promoter was amplified and inserted into the Kpn I and Hind
I1T sites of pGL3-basic (Takara, Dalian, China). Cells were cultured in 24-well plates and co-transfected with
PPAR~ plasmid, HA-Mark4 plasmid or pGL3-basic plasmid (control reporter). pc-PPAR~ plasmid was kept in
our lab. After 48 h, cells were harvested and measured using the Dual-Luciferase Reporter assay system (Promega,
USA), and luciferase activity was divided by all luciferase assay experiments, which were performed three times
at least, and each conducted in triplicate.

Real-time quantitative PCR analysis. Total RNA was extracted with TRIpure Reagent kit (Takara,
Dalian, China) and 400 ng of total RNA was reverse transcribed using the M-MLV reverse transcriptase kit
(Takara, Dalian, China). Primers for Mark4, PPAR~, leptin, IL-6, MCP-1, SOD, CAT, GPy, Caspase 3, Bcl-2 and
Bax were synthesized by Shanghai Sangon Ltd (Shanghai, China). Quantitative PCR was performed in 25pL reac-
tions containing specific primers and SYBR Premix EX Taq (Takara, Dalian, China). The levels of mRNAs were
normalized to 3-actin. The expression of genes was analyzed by method of 2-AAC,

Protein extraction and Western blot Analysis. Cells were lysed in RIPA buffer for 40 min at 4°C.
Removing insoluble material by centrifugation at 12,000 x g for 15 min at 4°C, and the supernatants were used
to assay protein levels. Protein samples (50 g) were separated by electrophoresis on 12% and 5% SDS-PAGE
gels using slab gel apparatus and then transferred to PVDF nitrocellulose membranes (Millipore, USA) blocked
with 5% skim milk powder/Tween 20/TBST at room temperature for 2h. Primary antibodies against Mark4
(ab124228) and GAPDH (ab181602) were purchased from Abcam (Cambridge, UK). Antibodies against IL-6
(ab6672), PGCl-a (ab54481), SOD (ab8866), MCP-1 (ab25124), IKK« (ab32041), phospho-IKKa (T23)
(ab38515), NF-kB (ab32360), phospho-NF-kB (S337) (ab28849) and Cyt C (ab133504) were all form Abcam
(Cambridge, UK). And NF-k B specific inhibitor PTDC was from Sigma (St. Louis, USA). Membranes were
incubated with primary antibodies at 4 °C overnight and then incubated with the appropriate HRP-conjugated
secondary antibodies (Boaoshen, China) for 2h at room temperature. Proteins were visualized using chemilumi-
nescent peroxidase substrate (Millipore, USA), and then the blots were quantified using ChemiDoc XRS system
(Bio-Rad, USA) and Quantitative analysis of immune-blotted bands was performed using Quantity One software
(Bio-Rad, USA).

Statistical analysis. Statistical analyses were conducted using SAS v8.0 (SAS Institute, Cary, NC). Data were
analyzed using one-way ANOVA. Comparisons among individual means were made by Fisher’s least significant
difference (LSD). Data were presented as mean &= SD. p < 0.05 was considered to be statistically significant.

References

1. Hurov, J. & Piwnica-Worms, H. The Par-1/MARK Family of Protein Kinases. Cell Cycle 6, 1966-1969 (2007).

2. Naz, F, Anjum, F, Islam, A., Ahmad, F. & Hassan, M. I. Microtubule Affinity-Regulating Kinase 4: Structure, Function, and
Regulation. Cell Biochem Biophys 67, 485-499 (2013).

3. Hurov, J. B. et al. Loss of the Par-1b/MARK?2 polarity kinase leads to increased metabolic rate, decreased adiposity, and insulin
hypersensitivity in vivo. Proc Natl Acad Sci USA. 104, 5680-5685 (2007).

4. Li, L. & Guan, K. Microtubule-associated Protein/Microtubule Affinity-regulating Kinase 4 (MARK4) Is a Negative Regulator of the
Mammalian Target of Rapamycin Complex 1 (mTORC1). J Biol Chem. 288, 703-708 (2013).

5. Rovina, D. et al. Microtubule-associated protein/microtubule affinity-regulating kinase 4 (MARK4) plays a role in cell cycle
progression and cytoskeletal dynamics. Eur J Cell Biol. 93, 355-365 (2014).

6. Sun, C. et al. Inactivation of MARK4, an AMP-activated protein kinase (AMPK)-related kinase, leads to insulin hypersensitivity and
resistance to diet-induced obesity. ] Biol Chem. 287, 38305-38315 (2012).

7. Feng, M., Tian, L., Gan, L., Liu, Z. & Sun, C. Mark4 promotes adipogenesis and triggers apoptosis in 3T3-L1 adipocytes by activating
JNK1 and inhibiting p38MAPK pathways. Biol Cell. 106, 294-307 (2014).

8. Hotamisligil, G. S. Inflammation and metabolic disorders. Nature 444, 860-867 (2006).

9. Matsuoka, T. A. et al. Glycation-dependent, reactive oxygen species-mediated suppression of the insulin gene promoter activity in
HIT cells. J Clin Invest. 99, 144 (1997).

SCIENTIFICREPORTS | 6:21382 | DOI: 10.1038/srep21382 10



www.nature.com/scientificreports/

10.
11.
12.
. Kujoth, G. et al. Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging. Science 309, 481-484 (2005).
14.
15.
16.
17.

18.
19.

20.
21.
22.
23.

24.

25.
26.
27.
28.
29.
. Furukawa, S. et al. Increased oxidative stress in obesity and its impact on metabolic syndrome. J Clin Invest. 114, 1752-1761 (2004).
31.
32.

33.
34.

35.
36.

37.

38.

44,
45.
46.
47.

48.
49.

50.
51.
52.

Matsuoka, T. A. et al. Members of the large Maf transcription family regulate insulin gene transcription in islet 3 cells. Mol Cell Biol.
23, 6049-6062 (2003).

Fiaschi, T. & Chiarugi, P. Oxidative stress, tumor microenvironment, and metabolic reprogramming: a diabolic liaison. Int J Cell
Biol. 2012, 762825 (2012).

Furukawa, S. et al. Increased oxidative stress in obesity and its impact on metabolic syndrome. J Clin Invest. 114, 1752-1761 (2004).

Woodworth, C. D. et al. Inhibition of the epidermal growth factor receptor increases expression of genes that stimulate
inflammation, apoptosis, and cell attachment. Mol Cancer Ther. 4, 650-658 (2005).

Reuter, S., Gupta, S. C., Chaturvedi, M. M. & Aggarwal, B. B. Oxidative stress, inflammation, and cancer: how are they linked? Free
Radic Biol Med. 49, 1603-1616 (2010).

Tontonoz, P., Hu, E. & Spiegelman, B. M. Stimulation of adipogenesis in fibroblasts by PPAR~2, a lipid-activated transcription factor.
Cell 79, 1147-1156 (1994).

Lehmann, J. M. et al. An antidiabetic thiazolidinedione is a high affinity ligand for peroxisome proliferator-activated receptor ~y
(PPARR). ] Biol Chem. 270, 12953-12956 (1995).

Jiang, C., Ting, A. T. & Seed, B. PPAR-~ agonists inhibit production of monocyte inflammatory cytokines. Nature 391, 82-86 (1998).
Lizcano, J. M. et al. LKB1 is a master kinase that activates 13 kinases of the AMPK subfamily, including MARK/PAR-1. EMBO J. 23,
833-843 (2004).

Trinczek, B., Brajenovic, M., Ebneth, A. & Drewes, G. MARK4 is a novel microtubule-associated proteins/microtubule affinity-
regulating kinase that binds to the cellular microtubule network and to centrosomes. ] Biol Chem. 279, 5915-5923 (2004).
Goodwin, J. M., Svensson, R. U,, Lou, H. J., Winslow, M. M., Turk, B. E. & Shaw, R. J. An AMPK-independent signaling pathway
downstream of the LKB1 tumor suppressor controls Snaill and metastatic potential. Mol Cell. 55, 436-450 (2014).

Kuhns, S. et al. The microtubule affinity regulating kinase MARK4 promotes axoneme extension during early ciliogenesis. J Biol
Chem. 200, 505-522 (2013).

Yu, W,, Polepalli, J., Wagh, D., Rajadas, J., Malenka, R. & Lu, B. A critical role for the PAR-1/MARK-tau axis in mediating the toxic
effects of AB on synapses and dendritic spines. Hum Mol Genet. 21, 1384-1390 (2012).

Fontana, L., Rovina, D., Novielli, C., Maffioli, E., Tedeschi, G., Magnani, I. & Larizza, L. Suggestive evidence on the involvement of
polypyrimidine-tract binding protein in regulating alternative splicing of MAP/microtubule affinity-regulating kinase 4 in glioma.
Cancer Lett. 359, 87-96 (2015).

Bonnard, C. et al. Mitochondrial dysfunction results from oxidative stress in the skeletal muscle of diet-induced insulin-resistant
mice. ] Clin Invest. 118, 789-800 (2008).

Anderson, E. J. et al. Mitochondrial H,0, emission and cellular redox state link excess fat intake to insulin resistance in both rodents
and humans. J Clin Invest. 119, 573-581 (2009).

Houstis, N., Rosen, E. D. & Lander, E. S. Reactive oxygen species have a causal role in multiple forms of insulin resistance. Nature
440, 944-948 (2006).

Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 414, 813-820 (2001).

Finkel, T. & Holbrook, N. J. Oxidants, Oxidants, oxidative stress and the biology of ageing. Nature 408, 239-247 (2000).

Nair, U., Bartsch, H. & Nair, J. Lipid peroxidation-induced DNA damage in cancer-prone inflammatory diseases: a review of
published adduct types and levels in humans. Free Radic Biol Med. 43, 1109-1120 (2007).

Volk, T., Hensel, M., Schuster, H. & Kox, W. . Secretion of MCP-1 and IL-6 by cytokine stimulated production of reactive oxygen
species in endothelial cells. Mol Cell Biochem. 206, 105-112 (2000).

Halliwell, B. Free radicals, antioxidants, and human disease: curiosity, cause, or consequence? The lancet 344, 721-724 (1994).
Krebs, M. & Roden, M. Molecular mechanisms of lipid-induced insulin resistance in muscle, liver and vasculature. Diabetes Obes
Metab. 7, 621-632 (2005).

Wellen, K. E. & Hotamisligil, G. S. Inflammation, stress, and diabetes. J Clin Invest. 115, 1111-1119 (2005).

Xu, H. et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J Clin Invest.
112, 1821-1830 (2003).

Schneider, A. et al. Identification of regulated genes during permanent focal cerebral ischaemia: characterization of the protein
kinase 9b5/MARKL1/MARKA4. ] Neurochem. 88, 1114-1126 (2004).

Naz, F. et al. Cloning, Expression, Purification and Refolding of Microtubule Affinity-Regulating Kinase 4 Expressed in Escherichia
coli. Appl Biochem Biotechnol. 172, 2838-2848 (2014).

. Naz, E et al. Microtubule affinity-regulating kinase 4: structure, function, and regulation. Cell Biochem Biophys. 67, 485-499 (2013).

. Buttke, T. M. & Sandstrom, P. A. Oxidative stress as a mediator of apoptosis. Immunol Today 15, 7-10 (1994).

. Kujoth, G. C. et al. Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging. Science 309, 481-484
(2005).

. Poh Loh, K. et al. Oxidative stress: apoptosis in neuronal injury. Curr Alzheimer Res. 3, 327-337 (2006).

. Chandra, J., Samali, A. & Orrenius, S. Triggering and modulation of apoptosis by oxidative stress. Free Radic Biol Med. 293, 23-333
(2000).
Atreya, R. et al. Blockade of interleukin 6 trans signaling suppresses T-cell resistance against apoptosis in chronic intestinal

inflammation: evidence in crohn disease and experimental colitis in vivo. Nat Med. 6, 583-588 (2000).

Pan, Y. et al. Inhibition of JNK Phosphorylation by a Novel Curcumin Analog Prevents High Glucose-Induced Inflammation and
Apoptosis in Cardiomyocytes and the Development of Diabetic Cardiomyopathy. Diabetes 63, 3497-3511 (2014).

Verfaillie, T., Garg, A. D. & Agostinis, P. Targeting ER stress induced apoptosis and inflammation in cancer. Cancer Lett. 332,
249-264 (2013).

Lemberger, T., Desvergne, B. & Wahli, W. Peroxisome proliferator-activated receptors: a nuclear receptor signaling pathway in lipid
physiology. Annu Rev Cell Dev Biol. 12, 335-363 (1996).

Neels, J. G. & Olefsky, J. M. Inflamed fat: what starts the fire? J Clin Invest. 116, 33-35 (2006).

Greten, F. R. & Karin, M. The IKK/NF-& B activation pathway—a target for prevention and treatment of cancer. Cancer Lett. 206,
193-199 (2004).

Baeuerle, P. A. & Henkel, T. Function and activation of NF-kappaB in the immune system. Annu Rev Immunol. 12, 141-179 (1994).
Baker, R. G., Hayden, M. S. & Ghosh, S. NF-k B, inflammation, and metabolic disease. Cell metab. 13, 11-22 (2011).

Tak, P. P. & Firestein, G. S. NF-xB: a key role in inflammatory diseases. ] Clin Invest. 107, 7-11 (2001).

Acknowledgements

This work was supported by grant from Major National Scientific Research Projects (2015CB943102) and
National Nature Science Foundation of China (31572365 and 31172185). And we expressed our gratitude to
Professor Chingyuan Hu and Douglas L. Vincent from University of Hawaii at Manoa and Prof. Shimin Liu form
The University of Western of Australia in helping us revise the paper.

SCIENTIFICREPORTS | 6:21382 | DOI: 10.1038/srep21382 11



www.nature.com/scientificreports/

Author Contributions

All the authors are contributed to this manuscript. Planned experiments: C.S. and Z.L.; Performed experiments:
L.G.and Z.L,; Analyzed data: Y.C,, L.G. and X.L,; Contributed reagents or other essential material: Z.Z., W.C., Z.Z.
and D.L.; Wrote the paper: Z.L. and L.G.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Liu, Z. et al. Mark4 promotes oxidative stress and inflammation via binding to PPAR~
and activating NF-xB pathway in mice adipocytes. Sci. Rep. 6, 21382; doi: 10.1038/srep21382 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:21382 | DOI: 10.1038/srep21382 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Mark4 promotes oxidative stress and inflammation via binding to PPARγ and activating NF-κB pathway in mice adipocytes

	Results

	Mark4 expression is increased along with adipose oxidative stress and inflammation. 
	Mark4 blocks mitochondrial oxidative respiration in mice adipocytes. 
	Mark4 promotes adipose oxidative stress. 
	Mark4 aggravates inflammation response in mice adipocytes. 
	PPARγ inhibits adipose oxidative stress and inflammation by interacting directly with Mark4. 
	IKKα/NF-κB signal is essential for Mark4 activated adipose oxidative stress and inflammation. 

	Discussion

	Materials and Methods

	Animal experiment. 
	Cell culture. 
	Transfection of adipocytes with plasmids. 
	Cell viability assay and drug treatment. 
	Measurement of Oxidative Stress. 
	Mitochondrial analysis. 
	Enzyme-linked immunosorbent (ELISA) assay. 
	Immuoprecipitation (IP) and Chromatin Immunoprecipitation (ChIP) assays. 
	Luciferase report assay. 
	Real-time quantitative PCR analysis. 
	Protein extraction and Western blot Analysis. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Mark4 expression is increased along with adipose oxidative stress and inflammation.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Mark4 blocks mitochondrial oxidative respiration in mice primary adipocyte.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Mark4 promotes adipose oxidative stress.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Mark4 aggravates inflammation response in mice adipocytes.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ PPARγ inhibits adipose oxidative stress and inflammation by interacting directly with Mark4.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ IKKα/NF-κB signal is essential for Mark4 activated adipose oxidative stress and inflammation.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Summary of Mark4 in the regulation of oxidative stress and inflammation via IKKα/NF-κB signaling pathway in murine adipocytes.



 
    
       
          application/pdf
          
             
                Mark4 promotes oxidative stress and inflammation via binding to PPARγ and activating NF-κB pathway in mice adipocytes
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21382
            
         
          
             
                Zhenjiang Liu
                Lu Gan
                Yizhe Chen
                Dan Luo
                Zhenzhen Zhang
                Weina Cao
                Zhongjie Zhou
                Xueting Lin
                Chao Sun
            
         
          doi:10.1038/srep21382
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep21382
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep21382
            
         
      
       
          
          
          
             
                doi:10.1038/srep21382
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21382
            
         
          
          
      
       
       
          True
      
   




