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Abstract

Macrophages within adipose tissue play a key role in mediating inflammatory responses in
adipose tissue that are associated with obesity-related metabolic complications. In an effort to
identify novel proteins secreted from adipocytes that may negatively regulate macrophage
inflammation, we found that peroxiredoxin (PRX)-like 2 activated in M-CSF stimulated
monocytes (PAMM), a CXXC-type PRX-like 2 domain-containing redox regulatory protein, is a
novel secreted protein with potent anti-inflammatory properties. PAMM is secreted from mature
human adipocytes but not preadipocytes. Overexpression of PAMM significantly attenuated
lipopolysaccharide (LPS)-induced macrophage inflammation. Incubation of macrophages with
adipocyte-conditional medium treated with anti-PAMM antibody significantly enhanced LPS-
induced interleukin-12 (IL-12) expression in Raw264.7 cells. In addition, incubation of Raw264.7
cells with purified PAMM protein had a similar anti-inflammatory effect. Moreover, forced
expression of PAMM in Raw264.7 cells resulted in decreased LPS-induced ERK1/2, p38 and c-
Jun N-terminal kinase (JNK) phosphorylation, suggesting that PAMM exerted the anti-
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inflammatory function probably by suppressing the mitogen-activated protein kinase (MAPK)
signalling pathway. Mutations in the CXXC motif of PAMM that suppressed its anti-redox
activity were still able to suppress production of inflammatory cytokines in LPS-stimulated
macrophages, suggesting that PAMM’s anti-inflammatory properties may be independent of its
antioxidant properties. Finally, PAMM was highly expressed in both white (WAT) and brown
adipose tissues (BAT) and further increased in obesity status. Our results suggest that adipocyte-
derived PAMM may suppress macrophage activation by inhibiting MAPK signalling pathway.
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INTRODUCTION

Adipose tissue expansion during obesity is associated with increased macrophage infiltration
[1,2]. Cross-talk between adipocytes and macrophages significantly contributes to the
development of obesity, insulin resistance and diabetes [3,4]. Adipocyte-secreted factors
such as monocyte chemotactic protein-1 (MCP-1, also known as CCL2) and tumour necrosis
factor a (TNFa) promote macrophage infiltration and activation [5]. On the other hand,
factors derived from infiltrating macrophages alter adipocyte function and insulin sensitivity
[6]. As adipose tissue is an active endocrine organ, we hypothesized that adipose tissues
may also secrete proteins that negatively regulate macrophage-mediated inflammation. To
identify novel proteins secreted by adipocytes that exert anti-inflammatory effects on
macrophages, we studied the differentiation of preadipocytes (3T3-L1 cells) with a
combination of gene expression profiling and bioinformatic techniques to search for highly
induced genes that encoded proteins with putative signal peptides in mature adipocytes but
not preadipocytes. We identified 13 genes that were of interest. One gene, which encodes a
protein called PRX-like 2 activated in M-CSF stimulated monocytes (PAMM), was further
explored in the current study.

PAMM, a protein that is expressed in bone marrow monocytes on stimulation with
macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear factor
kappa-B ligand (RANKL), contains a CXXC motif-type peroxiredoxin (PRX)-like 2 domain
[7]. PRX, which is a scavenger of H,O, and alkyl hydroperoxides in living organisms,
exerts a protective antioxidant role in cells through its peroxidase activity, whereby H,0,,
peroxynitrite and a wide range of organic hydroperoxides are reduced and detoxified [8,9].
Mammalian PRX family members can be divided into six distinct groups (type 1 through
type VI) [8]. PRX Il is of particular interest because it appears to provide selective, specific
and localized control of receptor-mediated signal transduction [9]. PRX |1 deficient mice
have been shown to exhibit an over-responsiveness of macrophage inflammatory responses
and enhanced sensitivity to lipopolysaccharide (LPS)-induced lethal shock. This suggests
that PRX I1, through modulation of reactive oxygen species (ROS) synthesis via NADPH
oxidase activity, is an essential negative regulator of LPS-induced inflammatory signalling
that is crucial for the prevention of excessive host responses to microbial products [10].
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PAMM is a member of the PRX-like 2 containing protein family whose function has not
been well characterized. Previously, we have reported that overexpression of PAMM in
human embryonic kidney (HEK293) cells resulted in an increased GSH-GSSG ratio
indicating a shift toward a more reduced environment [7]. Moreover, expression of PAMM
in Raw264.7 cells protected them from hydrogen peroxide-induced oxidative stress,
indicating that PAMM regulates cellular redox status. Furthermore, M-CSF and RANKL
can induce up-regulation of PAMM in Raw264.7 cells and induces the cells to differentiate
into osteoclasts [7]. In the present study, we found that PAMM is a novel secreted protein
with potent anti-inflammatory properties. In contrast with PRX 11, whose anti-inflammatory
properties are highly dependent on its antioxidant activity, PAMM’s ability to inhibit
production of inflammatory cytokines in LPS-stimulated macrophages appears to be due to
the suppression of mitogen-activated protein kinase (MAPK) signalling pathways.

EXPERIMENTAL

Cell culture

Reagents

The murine macrophage cell line Raw264.7 was obtained from the A.T.C.C. and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 100 units/ml of
penicillin and streptomycin and 10% FBS (endotoxin < 1 ng/ml; Sigma). 3T3-L1
preadipocytes were cultured in DMEM supplemented with 10%FBS, 100 units/ml penicillin,
100 pg/ml streptomycin in a 5% CO, humidified atmosphere and allowed to reach
confluence. Differentiation of 2-day postconfluent preadipocytes was induced by incubation
with a cocktail of 5 pg/ml insulin, 1 UM dexamethasone and 0.5 mM 3-isobutyl-1-
methylxanthine for 10 days. Human primary preadipocytes and adipocyte differentiation
medium were purchased from Cell Applications. HEK293 cells were cultured in DMEM
medium supplemented with 100 units/ml of penicillin and streptomycin and 10% FBS
(Sigma).

Antibodies against f-actin, phospho-ERK1/2, ERK1/2, phosphor-p38, p38, phospho-c-Jun
N-terminal kinases (JNK), were purchased from Cell Signaling Technology. Anti-C100rf58
(PAMM) antibody (HPA009025), anti-Flag antibody and LPS were purchased from Sigma.
PAMM ELISA kit was purchased from MyBiosource.

Microarray hybridization

Plasmids

Genome-wide expression screening was conducted to identify genes up-regulated during
3T3-L1 differentiation. In brief, total RNA was extracted from 3T3-L1 cells and
differentiated adipocytes. The RNA was used as a template to generate mixed cDNA probes
by reverse transcription. These probes were hybridized to the mouse MG-U74Av2 chip from
Affymetrix, according to the manufacturer’s instructions, at the Microarray Center in
University of Texas Southwestern Medical Center.

Flag-tagged human PAMM expression plasmid was generated by inserting human PAMM
coding fragment into pPCMV-MAT-Tag-FLAG-1 vector (Sigma) at Hindlll and BamHI
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sites. PAMMCB88G mutant plasmid was previously generated [7]. Flag-MCPIP1 plasmid
was generated in the laboratory as described previously [11].

Transfection

Transient transfection into Raw264.7 cells was performed by electroporation following the
manufacturer’s instruction (Amaxa, MD). Briefly, Raw264.7 cells were grown to confluence
in DMEM medium supplemented with 10% FBS. Cells were collected and washed once
with DMEM medium, and re-suspended with the electroporation buffer (Amaxa). After
electroporation, the cells were plated on 6-well plates and the transfection efficiency was
monitored by fluorescent microscopy. Over 60% of cells were GFP positive.

Northern blot

Total RNA was isolated from mouse tissues using RNA STAT-60 reagent (Tel-Test)
following the manufacturer’s instruction [11]. Fifteen micograms of total RNA was
denatured and electrophoresed on 1% agarose-formaldehyde gels. Uniformity of sample
loading was verified by UV visualization of ethidiumbromide-stained gels before transfer to
Nylon membranes. The cDNA probes for PAMM were amplified by PCR using a cDNA
clone from A.T.C.C. as templates. 32P-labelled cDNA was prepared using the random
priming method (Invitrogen). Hybridization was performed using QuckHyb buffer
(Strategene) at 65°C for 2 h or overnight. Then membranes were washed once with 2 x SSC
and once with 0.1 x SSC, 1% SDS for 20 min at 65°C.

Quantitative real-time PCR

After removing genomic DNA using DNAse | (Ambion), 2.4 ug of total RNA from
RAW264.7 cells was reverse transcribed to cDNA using a commercially available kit
(Applied Biosystems). Quantitative real-time PCR was performed with a 7900HT fast real-
time PCR system (ABI) using 2 x SYBR Green master mixture (Bio-Rad). Forty cycles
were conducted as follows: 95°C for 30 s, 60°C for 30 s, preceded by 1 min at 95°C for
polymerase activation. Primer sequences for all genes we measured in this report are
available upon request. Quantification was performed by the dCT method, with B-actin used
for normalization.

Protein isolation and Western blot

After washing twice with PBS, cells were gently scraped with a rubber policeman into 5 ml
of ice-cold PBS, and centrifuged at 1000 g for 5 min at 4°C. Cells from each 10-cm dish
were then resuspended and lysed in 0.5 ml of lysis buffer containing 50 mM NaH,PQOy,
pH7.6, 250 mM NaCl, 50 mM NaF, 10 mM imidazole, 0.5% Nonidet P-40, 1 pg/ml
leupeptin and 1 mM phenylmethylsulfonyl fluoride. The cell lysate was left on ice for
approximately 20 min and then sonicated and centrifuged at 10000 g for 10 min at 4 °C.
Protein concentrations were determined by the Bradford method (Bio-Rad Laboratories),
with bovine serum albumin (BSA) as the standard. For Western blotting, proteins (50 pg)
were separated by SDS/PAGE and transferred onto nitrocellulose membranes in transfer
buffer containing 0.1% SDS. The membranes were blocked with 5% nonfat dry milk in
0.05% Tween 20 in TBS (TTBS) for 2 h and incubated with the primary antiserum at a
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1:1000 dilution in the blocking buffer for 1 h. After being washed with TTBS three times for
10 min each, the membranes were incubated with a 1:2000 dilution of secondary antibody in
TTBS for 1 h. Following three 10-minwashes with TTBS, membranes were incubated with
SuperSignal West Pico Chemiluminescent Substrate (Pierce) and exposed to X-ray film.

Measurement of GSH-GSSG ratio

Raw264.7 cells were transiently transfected with control plasmid or PAMM or
PAMMCS88G. The GSH-GSSG ratio was measured with the glutathione reductase/5,5'-
dithiobis-(2-nitrobenzoic acid; DTNB) assay kit (Bioxytech GSH-412, OXIS International)
according to the manufacturer’s instructions. In brief, total GSH (GSH;) and GSSG
(oxidized GSG) concentrations were derived from GSH and GSSG standard curves and
converted to nanomoles per milligram of protein. Reduced GSH concentrations were found
by subtracting GSSG from GSH;. Finally, the GSH-GSSG ratio was calculated by dividing
the difference between GSH; and GSSG concentrations by the GSSG concentration [ratio =
GSHt - 2 (GSSG)/GSSG]. A decreased GSH-GSSG ratio is an indicator of oxidative stress.

Purification of PAMM from BL21 E. coli

Statistics

RESULTS

pET28a-human PAMM plasmid was transformed into competent BL21 Escherichia coli
cells, and transfectants were isolated on agar plates containing kanamycin (30 pg/ml). Cells
were grown to log phase (D = 0.6-0.7) in LB broth with kanamycin. Isopropyl-$-o-
thiogalactopyranoside (IPTG; 1 pg/ml) was then added to the medium to induce the T7
promoter. Cells were harvested after 2 h and the human PAMM protein was purified by the
His-bind purification kit. The protein was eluted with imidazole (300 mM, pH 6.0) and
dialysed against water. Cell lysates and purified protein were subjected to examination by
Coomassie Blue staining and Western blot analysis.

Data are expressed as mean * S.D. Statistical analysis between two groups was performed
by an unpaired Student’s t-test. Comparison between three or more groups was performed
by one-way ANOVA followed by an unpaired Student’s t-test. A value of P < 0.05 was
considered statistically significant.

Identification of PAMM as a novel secreted protein from adipocytes

3T3-L1 is a well-established preadipocyte cell line. After incubation with a cocktail of DMI
(dexamethasone, methylxanthine and insulin), 3T3-L1 cells can be fully differentiated into
adipocytes (Figure 1A). To identify the putative novel proteins secreted by adipocytes, we
first performed microarray analysis to compare differences in gene expression profiles in
differentiated adipocytes compared with undifferentiated 3T3-L1 cells. Genes that were up-
regulated by more than 5-fold in adipocytes compared with 3T3-L1 cells were initially
identified. We then restricted our analysis to genes that encoded proteins containing putative
signal peptides, indicating that these proteins are likely to be secreted (Figure 1B). PAMM, a
protein that contains a CXXC type PRX-like 2 domain, was selected for further study.
Human PAMM protein has 229 amino acids with a putative signal peptide at its N-terminal
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(Figure 1C). The predicted molecular mass of PAMM is ~24 kDa. To determine if PAMM is
a secreted protein, we generated an expression plasmid encoding Flag-PAMM fusion
protein. We transiently transfected HEK293 cells with this plasmid and a control plasmid
encoding Flag-MCPIP1. Flag-MCPIP1 was selected as a control because we have
extensively studied this cellular protein, which is not secreted [12]. We collected whole cell
lysates and cultured medium from transfected cells for Western blot analysis. As shown in
Figure 1D, both Flag-PAMM and Flag-MCPIP1 appeared in whole cell lysates, but only
Flag-PAMM appeared in concentrated conditional cultured medium, suggesting that PAMM
is a secreted protein. To further determine if endogenous PAMM protein is secreted from
human adipocytes, human primary preadipocytes were differentiated into mature adipocytes
by incubation with the differentiation medium for 15 days. The PAMM levels in the cultured
medium were measured by ELISA. As shown in Figure 1(E), PAMM was not detectable in
undifferentiated preadipocyte cultured medium (data not shown), but significantly increased
in the cultured medium after 12 days and 15 days differentiation. Furthermore, PAMM was
found at low levels in cultured medium from TNFa and H,O,-stimulated Raw264.7 cells
(Figure 1F). Taken together, these results suggest that PAMM is a novel secreted protein
from mature adipocytes but not preadipocytes.

PAMM is a negative regulator of macrophage inflammation

Previously, Xu et al. [7] reported that PAMM is a redox regulatory protein that modulates
osteoclast differentiation. However, the role of PAMM in macrophage-mediated
inflammation remains unknown. Consequently, we examined the effects of PAMM
overexpression on the expression of inflammatory cytokines in LPS stimulated Raw264.7
cells. Raw264.7 cells were transiently transfected with Flag-PAMM expression plasmid or
control plasmid. After 24 h, transfected cells were stimulated with 1 ug/ml of LPS for 8 h.
RNA and cell lysates were harvested from the treated cells for Q-PCR and Western blot
analysis. PAMM overexpression in Raw264.7 cells was confirmed by Western blot with
anti-Flag antibody (Figure 2A). As determined by Q-PCR (Figure 2B), overexpression of
PAMM markedly attenuated LPS-induced mRNA expression for IL-1f, interleukin-6 (IL-6),
IL-12 and inducible nitric oxide synthase (iNOS). These results suggest that PAMM
functions as a potent negative regulator of inflammatory responses in LPS stimulated
macrophages. To further determine if adipocyte-derived PAMM negatively regulates
macrophage inflammation, we first collected the conditional cultured medium from
differentiated 3T3-L1 adipocytes and then treated the medium with anti-PAMM or control
IgG to neutralize PAMM protein in the medium. Raw264.7 cells were incubated with the
treated medium for 30 min and then stimulated with or without LPS for 8 h. As shown in
Figure 2(C), Western blot showed that PAMM protein could be detected in the cultured
medium from mature 3T3-L1 adipocytes. As shown in Figure 2(D), neutralized PAMM in
the cultured medium by anti-PAMM significantly increased LPS-induced IL-12 expression
in Raw264.7 cells, suggesting that secreted PAMM exerted an inhibitory effect on LPS-
induced macrophage activation.

Purified PAMM protein inhibited inflammatory genes expression in Raw264.7 cells

To further confirm that extracellular PAMM exerts anti-inflammatory effect on
macrophages, PAMM protein was purified using the BL21 E. coli system, and purified
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PAMM was confirmed by both Coomassie Blue staining and Western blot analysis with
anti-PAMM antibody. As shown in Figure 3(A), human PAMM protein was purified from
both supernatants and cell pellets from BL21 E. coli broth cultures. Next, Raw264.7 cells
were pretreated with 0, 0.1 or 0.5 pg/ml of purified PAMM protein for 30 min, then
stimulated with 0.1 pg/ml of LPS or PBS (negative control) for 8 h. Total RNA was isolated
from treated cells and controls for QPCR analysis. As shown in Figure 3(B), purified
PAMM protein dose-dependently suppressed the mRNA expression of IL-1f and IL-6 in
LPS-stimulated Raw264.7 cells. These results suggest that the inflammatory response of
macrophages can be suppressed by exposure to PAMM secreted by other cell types (e.g.
adipocytes).

Overexpression of PAMM inhibited the MAPK signal pathways

To define the mechanisms by which PAMM suppresses LPS-induced expression of
inflammatory cytokines in Raw264.7 cells, we analysed the effect of overexpression of
PAMM on LPS-induced activation of NF-xB and MAPK signal pathways. Raw264.7 cells
were transiently transfected with Flag-PAMM expression plasmid or control plasmid. After
24 h, transfected cells were stimulated by 1 ug/ml of LPS for different time points as
indicated in Figure 3, and cell lysates were harvested for Western blot analysis. As shown in
Figure 3, overexpression of PAMM significantly attenuated LPS-induced phosphorylation
of ERK1/2, p38 and JNK, but not IKKf and p65 (data not shown) in Raw264.7 cells. These
results suggest that PAMM suppressed the LPS-induced MAPK signalling pathways. Given
the critical role of MAPK signalling in responses of macrophages to various inflammatory
stimuli, it appears that PAMM suppresses inflammatory responses in LPS-stimulated
macrophages by suppressing the MAPK signalling pathways (Figure 4).

The anti-inflammatory property of PAMM is not dependent on its anti-redox activity

As previously reported, PAMM contains a CXXC-type PRX-like 2 domain [7].
Overexpression of PAMM, shifts the redox status of transfected cells towards a more
reduced environment [7]. In contrast, overexpression of a PAMMCB88G mutant, in which a
cysteine residue was substituted by glycine at position 88 in the CXXC motif, failed to shift
the redox status of transfected cells towards a more reduced environment [7]. These results
suggest that PAMM functions as a redox regulatory protein and that the CXXC motif is
essential for its anti-redox activity [7]. To further define the mechanisms by which PAMM
suppresses macrophage inflammation, we transiently transfected Raw264.7 cells with a
PAMM expression plasmid, a PAMMCS88G mutant plasmid or a control plasmid.
Transfected cells were stimulated with HoO, for 24 h, then GSH-GSSG ratios were
measured. GSH is a major tissue antioxidant that is converted to GSSG under conditions of
oxidative stress. Thus, reduced GSH-GSSG ratios indicate oxidative stress. As shown in
Figure 5(A), overexpression of either PAMM or PAMMCS88G failed to affect the GSH-
GSSG ratio in normal cells. H,O, treatment, in contrast, significantly decreased the ratio of
GSH-GSSG, indicating oxidative stress. Overexpression of PAMM, but not PAMMCS88G,
significantly prevented H,O,-caused decreases in the GSH-GSSG ratio, suggesting that
PAMM has the capacity to decrease oxidative stress. To examine if PAMM’s anti-
inflammatory property is dependent on its anti-redox activity, we transiently transfected
Raw264.7 cells with PAMM, PAMMCS88G or control plasmids. 24 h later, the transfected
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cells were stimulated with 1 ug/ml of LPS for 8 h, and total RNA was harvested for QPCR
analysis. As shown in Figure 5(B), overexpression of either PAMM or the PAMMCB88G
mutant, inhibited LPS-induced expression of IL-6 and IL-1f. Since the C — G mutation in
PAMMCS88G abolishes PAMM’s antioxidant properties, the capacity of PAMMCS88G to
suppress IL-6 and IL-1f expression in LPS stimulated macrophages suggests that PAMM’s
ability to suppress inflammatory cytokine production in LPS-stimulated macrophages is
unrelated to its antioxidant properties.

PAMM was broadly expressed but highly enriched in adipose tissues

To examine the expression pattern of PAMM mRNA in mouse tissues, we isolated total
RNA from adult mouse tissues. Northern blot analysis showed that PAMM mRNA was also
broadly expressed in virtually all tissues examined from mice, but was most highly
expressed in adipose tissues (Figure 6A). In addition, we observed that PAMM mRNA was
up-regulated during 3T3-L1 differentiation (Figure 6B). To examine the expression of
PAMM mRNA in adipose tissues under obese status, wild-type C57/BL6 mice at the age of
one month were fed with high-fat diet (D12492, containing 60 kcal%fat) for four months
[13]. The white adipose tissues (WAT) were collected for Northern blot analysis. As shown
in Figure 6(C), PAMM mRNA was significantly increased during high-fat diet-induced
obesity, suggesting that PAMM expression is associated with obesity.

DISCUSSION

It is now broadly accepted that low-grade, chronic inflammation associated with obesity
leads to the onset of insulin resistance and Type 2 diabetes mellitus [14,15]. Obesity-
associated inflammation is characterized by an increased abundance of macrophages in
adipose tissue along with production of inflammatory cytokines [1,2]. Macrophages in
adipose tissue secrete inflammatory mediators such as TNFa and IL-6 that interfere with
adipocyte function by inhibiting responses to insulin [5]. Adipocytes also secrete many
inflammatory or anti-inflammatory mediators, such as resistin and adiponectin, that interfere
with macrophage function [16,17]. The focus of this study was to search for novel proteins
secreted by adipocytes that negatively regulate responses of macrophages to inflammatory
stimuli. To accomplish this, we first analysed alterations in gene expression between 3T3-L1
preadipocytes and differentiated 3T3-L1 adipocytes. Genes that had not been previously
characterized and that were up-regulated by more than 5-fold in adipocytes compared with
undifferentiated 3T3-L1 cells were selected for analysis by SignalP 3.0 and SMART
programs. Genes that met these criteria were then examined to determine whether they
encoded proteins with putative signal peptides, indicating that they are likely to be secreted
by adipocytes. Several genes meeting all of these criteria were identified, but one in
particular, attracted our interest, and the remainder of the study focused on the product of
this gene. PAMM is a poorly characterized protein with a putative signal peptide and a
PRX-like 2 domain. Microarray analysis demonstrated that PAMM mRNA expression was
up-regulated by 8-fold in differentiated 3T3-L1 adipocytes compared with undifferentiated
3T3-L1 cells, and Northern blots confirmed that PAMM was significantly up-regulated
during 3T3-L1 cell differentiation. PAMM mRNA was expressed in virtually all mouse
tissues examined, but it was particularly abundant in adipose tissue. The present study
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demonstrated that PAMM is a secreted protein that can inhibit the production of
inflammatory cytokines in LPS-stimulated macrophages.

There are five CXXC-motif containing PRX isoforms recognized in mammals [18]. On the
basis of the peptide regions that harbour a conserved cysteine residue, they can be classified
into typical and atypical CXXC motif-containing PRXs. Peroxiredoxin I, II, 111 and 1V are
typical 2-Cys PRXs, whereas PRX V is an atypical 2-Cys PRX [19]. Both PRX I and Il lack
a putative signal sequence and localize in the cytosol. However, they can be released from
lysed cells and presented to natural killer (NK) cells through an unknown receptor to
enhance the cytotoxic activity of NK cells [20]. Unlike PRX | and PRX I, PRX IV has a
distinct hydrophobic N-terminal signal sequence that distinguishes it from the other
mammalian PRXs and suggests that it is actively secreted from cells and functions in the
extracellular space [21]. In addition, proteomic and molecular studies suggest that 2-Cys
PRXs are secreted by many helminth pathogens [22-26]. In the present study, we first
identified PAMM as a novel secreted protein that contains a PRX-like 2 domain. In addition
to its anti-redox activity, PAMM also has the capacity to potently inhibit production of
inflammatory cytokines by LPS-stimulated macrophages. We hypothesize that PAMM,
secreted by adipocytes, may play an important role in controlling the activation and function
of macrophages that infiltrate adipose tissue in vivo. Since it is broadly expressed in other,
non-adipose tissues, though at substantially lower levels, PAMM may also provide an anti-
inflammatory function in these tissues, but this will require additional investigation.

The mechanisms by which PAMM inhibits the expression of inflammatory cytokines in
macrophages had been unknown. It is well established that H,O, can function as a second
message to inflammatory stimuli, mediating receptor-initiated signal transduction including
nuclear factor-xB (NF-xB) and MAPK signal pathways [27,28]. However, we demonstrated
that PAMM’s ability to inhibit production of inflammatory cytokines by LPS-stimulated
macrophages is independent of its antioxidant properties. Specifically, we observed that
overexpression of PAMM inhibited the phosphorylation of ERK1/2, p38 and JNK, key
molecules in the MAPK signalling pathway, which is critical to the ability of macrophages
to respond to various inflammatory stimuli. The mechanism by which extracellular PAMM
actually inhibits the MAPK pathway is uncertain. It has previously been reported that the 2-
Cys PRX from Plasmodium berghei was shown to interact with the toll-like receptor-4 on
macrophages, leading to the production of pro-inflammatory cytokines [29]. Consequently,
it is reasonable to speculate that PAMM binds directly to specific membrane receptors such
as toll-like receptor 4 to suppress the MAPK pathway.

In summary, our present work identified PAMM as a novel secreted protein with potent anti-
inflammatory properties. PAMM inhibits production of inflammatory cytokines by LPS
stimulated macrophages, and we have evidence that this occurs through inhibition of the
MAPK signalling pathway, rather than via its antioxidant properties. PAMM is highly
expressed in adipose tissue, and is broadly expressed in all other mouse tissues investigated,
suggesting that it may have essential roles in other tissues. In addition, PAMM expression in
adipose tissues is highly associated with obesity, suggesting that the inflammatory
environment of obese adipose may increase PAMM expression. However, why increased
PAMM expression fails to turn off the macrophage inflammation needs to be further
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studied. Also, although we have shown that PAMM was an inhibitor of the MAPK pathway,
the exact molecular mechanisms by which PAMM inhibited MAPK remain to be
discovered.
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Abbreviations

JNK c-Jun N-terminal kinase
DMEM Dulbecco’s modified Eagle’s medium
DMI dexamethasone, methylxanthine and insulin
HEK?293 human embryonic kidney
IL-6 interleukin-6
iNOS inducible nitric oxide synthase
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
MCPIP1 monocyte chemotactic protein induced protein 1
M-CSF macrophage-colony stimulating factor
NK natural killer
PAMM PRX-like 2 activated in M-CSF-stimulated monocytes
PRX peroxiredoxin
RANKL receptor activator of nuclear factor kappa-B ligand
TNFa tumour necrosis factor a
TTBS 0.05% Tween 20 in TBS
WAT white adipose tissue.
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Figure 1. Identification of PAMM as a secreted protein from adipocytes
(A) 2-day post-confluent 3T3-L1 cells were incubated with a cocktail of DMI for 10 days to

induce differentiation into adipocytes. The cells were stained by Oil O and the images were
taken by Nikon microscope system. (B) Affymatrix microarray analysis of gene expression
in 3T3-L1 cells and adipocytes. Uncharacterized genes that were up-regulated by more than
5-fold in adipocytes and encoded proteins containing putative signal peptides are listed in
this table. (C) Scheme of human PAMM protein structure. Human PAMM is a 229 amino
acid protein containing a putative signal peptide and a PRX-like 2 domain. (D) HEK293
cells were transiently transfected with Flag-PAMM or Flag-MCPIP1. Whole cell lysates and
culture medium were analysed for Flag-PAMM and Flag-MCPIP1 by Western blot analysis
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with anti-Flag antibody. The results are representative of three independent experiments,
which showed similar results. (E) Human primary preadipocytes were incubated with
adipocyte differentiation medium for different days as indicated. The cultured media were
collected and concentrated for ELISA analysis of PAMM protein. Data are presented as
mean £ S.D. (F) Raw264.7 cells were stimulated with or without 10 ng/ml TNFa or 400 pM
H,0, for 4 h. Whole cell lysates and culture medium were collected for Western blot
analysis with PAMM and B-actin antibodies.
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Figure 2. Overexpression of PAMM inhibited inflammatory gene expression in Raw264.7 cells
(A) Raw264.7 cells were transiently transfected with Flag-PAMM expression plasmid or

control plasmid. Cell lysates from transfected cells were analysed by Western blot with anti-
Flag antibody. The same membrane was probed by anti-actin antibody and served as a
loading control. (B) Transfected Raw264.7 cell were stimulated with or without 1.0 ug/ml
LPS for 8 h. Relative mRNA levels of IL-1f, IL-6, IL-12 and iNOS were detected by QPCR.
Data represent mean £ S.D., n = 3, **P <0.001 compared with control group. (C) 2-day
post-confluent 3T3-L1 cells were incubated with a cocktail of DMI for 10 days to induce

Biochem J. Author manuscript; available in PMC 2016 December 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Guo et al.

Page 16

differentiation into adipocytes. The cell lysates and cultured media were collected for
Western blot analysis of PAMM protein with anti-PAMM. (D) The conditional cultured
medium from above experiments was pre-incubated with anti-PAMM (1.0 ng/ml) or control
IgG for 1 h, then the medium was added into Raw264.7 cells and incubated for 1 h. Then the
cells were stimulated with or without 1.0 ug/ml LPS for 8 h. Relative mRNA level of IL-12
was detected by QPCR. Data represent meant S.D., n= 3, **P <0.001 compared with
control 1gG group.
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Figure 3. Purified PAMM protein attenuated inflammatory gene expression in Raw264.7 cells
(A) PAMM was purified from BL21 E. coli by Akata wash. Purified PAMM was examined

by Coomassie Blue staining and Western blot analysis with anti-PAMM antibody. M:
marker; 1: supernatant; 2: pellet. (B) Raw264.7 cells were incubated with 0, 0.1 or 0.5 pg/ml
of purified PAMM protein for 30 min and then stimulated with or without 0.1 pg/ml of LPS
for 8 h. Relative mRNA levels of IL-1p and IL-6 were detected by QPCR. Data represent
meanz S.D., n = 3, *P <0.05, **P <0.001 compared with LPS without PAMM group.
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Figure 4. Overexpression of PAMM inhibited the MAPK signalling pathway
Raw264.7 cells were transiently transfected with PAMM expression plasmid or control

plasmid. After 24 h, the transfected cells were incubated overnight, then stimulated with 100
ng/ml LPS for 0, 15 and 60 min as indicated. Cell lysates were extracted and Western blot
was performed to detect the phosphorylation of ERK1/2 (A), p38 (B) and pJNK (C) with
specific antibodies as indicated. Total protein levels of ERK1/2, p38 and JNK were also
detected to serve as loading controls. Three independent experiments showed similar results.
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Figure5. The anti-inflammatory property of PAMM isnot dependent on its antioxidant activity
(A) Raw264.7 cells were transiently transfected with PAMM or PAMMCB88G expression

plasmids or control plasmid. After 24 h, transfected cells were treated with or without 400
UM of H,05, for 2 h. The GSH-GSSG ratio was measured in the cytosolic fraction from
these cells. Data represent meanx S.D., n = 3, **P <0.001 compared with control group. (B)
The transfected cells were stimulated with or without 1 pg/ml of LPS for 8 h. Relative
mMRNA levels of IL-6, IL-1f and iNOS were detected by QPCR. Data represent mean +
S.D., n=3, **P <0.001 compared with control group.
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Figure 6. PAMM isbroadly expressed but highly enriched in adipose tissues
(A) Northern blot analysis of PAMM mRNA expression in mouse tissues. BAT, brown

adipose tissue. (B) Northern blot analysis of PAMM mRNA expression during DMI-induced
3T3-L1 differentiation. (C) C57/BL6 mice at 1-month age were fed with a high-fat diet. The
white adipose tissues were collected at different time points as indicated for Northern blot
analysis of PAMM mRNA.
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