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Phospholipase A2 enzymes have long been implicated in the
promotion of inflammation by mobilizing pro-inflammatory
lipid mediators, yet recent evidence suggests that they also con-
tribute to anti-inflammatory or pro-resolving programs. Group
IID-secreted phospholipase A2 (sPLA2-IID) is abundantly
expressed in dendritic cells in lymphoid tissues and resolves the
Th1 immune response by controlling the steady-state levels of
anti-inflammatory lipids such as docosahexaenoic acid and its
metabolites.Here,we show that psoriasis and contact dermatitis
were exacerbated in Pla2g2d-nullmice, whereas theywere ame-
liorated in Pla2g2d-overexpressing transgenic mice, relative to
littermate wild-type mice. These phenotypes were associated
with concomitant alterations in the tissue levels of �3 polyun-
saturated fatty acid (PUFA)metabolites, which had the capacity
to reduce the expression of pro-inflammatory and Th1/Th17-
type cytokines in dendritic cells or lymph node cells. In the con-
text of cancer, however, Pla2g2d deficiency resulted in marked
attenuation of skin carcinogenesis, likely because of the aug-
mented anti-tumor immunity. Altogether, these results under-
score a general role of sPLA2-IID as an immunosuppressive
sPLA2 that allows themicroenvironmental lipid balance toward
an anti-inflammatory state, exerting beneficial or detrimental
impact depending upon distinct pathophysiological contexts in
inflammation and cancer.

Endogenous mechanisms that orchestrate the resolution of
inflammation are essential for tissue homeostasis. When the
resolution pathways are defective, acute inflammation can pro-
gress to chronic inflammation linked to fibrosis, metabolic
diseases, and cancer (1–3). Lipid mediators derived from
arachidonic acid (AA),2 including prostaglandins (PGs) and

leukotrienes, are well known for their promoting roles in vari-
ous inflammatory diseases, although they can also suppress
immune responses under certain conditions (4, 5). Resolution
of inflammation is also governed by specialized anti-inflamma-
tory or pro-resolving lipid mediators, such as �6 AA-derived
lipoxins and �3 polyunsaturated fatty acid (PUFA)-derived
resolvins, protectins, and maresins (6, 7). Uncontrolled anti-
inflammatory lipid programs perturb migration, clearance,
polarization, and functions of neutrophils, macrophages, den-
dritic cells (DCs), and lymphocytes, leading to exacerbation of
acute and chronic inflammation (8–14).
Phospholipase A2 (PLA2) is a group of lipolytic enzymes that

hydrolyze the sn-2 position of glycerophospholipids to yield
fatty acids and lysophospholipids. It has been established that
group IVA cytosolic PLA2 (cPLA2�) plays a central role in
releasing �6 AA toward eicosanoid generation (15–17). The
secreted PLA2 (sPLA2) family comprises the largest PLA2 sub-
group with 10 catalytically active isoforms, each of which dis-
plays distinct tissue distribution and substrate selectivity (18–
20). Although sPLA2s have been implicated in inflammation
over the last few decades, their precise biological roles have
remained enigmatic until recently. Recent studies using gene-
manipulated mice for sPLA2s have revealed that they display
pro- or anti-inflammatory functions or even inflammation-
unrelated functions by driving unique lipid pathways in
response to specific extracellular microenvironmental cues
(12, 14, 21–27). The mobilization of distinct lipids by sPLA2s
appears to rely not only on their intrinsic enzymatic proper-
ties, but also tissue- or disease-specific contexts such as the
lipid composition of target membranes or the spatial and
temporal availability of downstream lipid-editing enzymes
(18), which may account for why sPLA2s exert pro- or anti-
inflammatory functions with different lipid mediator pro-
files in distinct settings.
Group IID sPLA2 (sPLA2-IID) is preferentially and abun-

dantly expressed in DCs in lymphoid organs (12), suggesting its
regulatory role in acquired immunity. Indeed, a recent study
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using Pla2g2d�/�mice have revealed that sPLA2-IID alleviates
a Th1-driven immune response in the elicitation phase of con-
tact hypersensitivity (CHS) by decreasing the level of�3 PUFAs
and their metabolites such as DHA-derived resolvin D1 (RvD1)
in draining lymph nodes (LNs) (12). In addition, sPLA2-IID
prevents an anti-virus Th1 immune response by directing the
anti-inflammatory PGD2-DP1 (PGD2 receptor) axis, which
prevents DC migration and thereby enhances viral infection
and associated lung inflammation (28). Moreover, administra-
tion of sPLA2-IID-Fc protein to mice attenuates experimental
autoimmune encephalomyelitis and colitis (29). To extend our
understanding of the biological functions of sPLA2-IID, we
herein investigated the roles of this particular sPLA2 in several
disease models, including contact dermatitis, psoriasis, and
skin cancer usingPla2g2d-deficient (Pla2g2d�/�) andPla2g2d-
overexpressing transgenic (Pla2g2d-TG) mice. Our results
point to a general role of sPLA2-IID as an immunosuppressive
sPLA2 that alters the steady-state lipid balance toward an anti-
inflammatory state, thereby providing significant impacts on
inflammation and cancer.

Results

Aggravated LN Inflammation in the Late Stage of Irritant
Dermatitis in Pla2g2d�/� Mice—In a model of CHS, applica-
tion of the hapten antigen dinitrofluorobenzene (DNFB) to
abdominal skin (sensitization) followed by a second application
of the same antigen to ear skin (elicitation) elicits Th1-driven
ear swelling (13).Wehave recently shown that, in the elicitation
phase of CHS, the resolution of a pro-inflammatory Th1
response in the skin and regional LNs is markedly delayed in
Pla2g2d�/�mice (12). However, the role of sPLA2-IID in acute
inflammation remained unclear. We therefore examined the
effect of Pla2g2d ablation on acute inflammation in the sensiti-
zation phase of CHS, which is equivalent to irritant dermatitis,
as a model system.
Consistent with the view that Pla2g2d expression in DCs or

macrophages is down-regulated after cell activation (12, 29), its
steady-state expression in the LNs was very high (day �5, in
accordance with the procedure of CHS; Fig. 1A) and markedly
decreased 5 days after DNFB application (day 0) (Fig. 1A, bot-
tom panel). Acute dermal edema (Fig. 1B) and migration of
antigen-captured skin DCs to the regional LNs (12), which
occurred within 24 h after DNFB treatment, did not differ
between Pla2g2d�/� and Pla2g2d�/� mice. However, we
noticed that on day 0 (i.e. 5 days after DNFB treatment), LN
expression of the inflammatory DC/macrophagemarkers Itgax
(CD11c) and Itgam (CD11b) was significantly greater in
Pla2g2d�/�mice than in Pla2g2d�/�mice (Fig. 1C). When LN
cells isolated from DNFB-treated mice were cultured ex vivo,
Pla2g2d�/� cells produced more IFN-�, a signature Th1 cyto-
kine, than did Pla2g2d�/� cells over 48 h (Fig. 1D). These
results suggest that Pla2g2d deficiency results in exacerbation
of the late stage of acute inflammation toward aTh1 response in
skin-regional LNs, a tissue in which sPLA2-IID is abundantly
expressed. Although Pla2g2d deficiency did not profoundly
affect the increased (Ccl2 and Ccr5) or constitutive (Ccl19 and
Ccr7) expression of DC/macrophage-attracting chemokines or
chemokine receptors in the LNs on day 0, the expression of

Crth2, which encodes the pro-inflammatory chemotactic PGD2
receptor CRTH2/DP2 (30, 31), was robustly elevated in DNFB-
treated Pla2g2d�/� LNs over Pla2g2d�/� LNs (Fig. 1E). The
LN expression of Crth2 was much higher than that of Ptgdr
(DP1), another PGD2 receptor that prevents DCmigration (28,
32). In addition, the expression of Ptgds2, a major PGD2 syn-
thase in the LNs, was greater in Pla2g2d�/� mice than in
Pla2g2d�/�mice (Fig. 1E).
Electrospray ionization mass spectrometry (ESI-MS) analy-

sis of lipids in the regional LNs under the steady-state condition
(i.e. on day�5) revealed that the levels of �3 PUFAs and their
oxygenated metabolites were markedly reduced in Pla2g2d�/�
mice relative to Pla2g2d�/� mice (Fig. 1F). Although the level
of �6 AA was also lower in Pla2g2d�/� mice than in
Pla2g2d�/� mice, the levels of AA metabolites (i.e. PGs) were
barely affected by Pla2g2d deficiency. These lipid profiles are
consistent with our previous study and imply again that sPLA2-
IID is preferentially coupled with the production of �3 PUFA
metabolites, whereas PGs are mainly produced from an sPLA2-
IID-independent AA pool, most likely through the action of
cPLA2� (12). After 5 days of DNFB application (day 0), how-
ever, differences in the LN levels of PUFAs between the geno-
types became smaller (Fig. 1G), and the RvD1 level in
Pla2g2d�/� LNs was markedly decreased to a level similar to
that in Pla2g2d�/� LNs (Fig. 1H), being attributable, in part, to
the down-regulation of Pla2g2d expression (Fig. 1A). Excep-
tionally, the LN level of PGD2, but not PGE2, was greatly
increased in Pla2g2d�/� mice relative to Pla2g2d�/� mice on
day 0 (Fig. 1G), corroborating the increased expression of
Ptgds2 in the null mice (Fig. 1E). Moreover, when LN cells from
DNFB-treated mice on day 0 were stimulated with dinitroben-
zene sulfonic acid (DNBS; a water-soluble form of DNFB) for
24 h ex vivo, PGD2 production, which depends on cPLA2� (15–
17), was significantly greater in Pla2g2d�/� cells than in
Pla2g2d�/� cells (Fig. 1I). These results suggest that the lack of
sPLA2-IID exacerbates the late stage of LN inflammation in the
process of irritant dermatitis with augmentation of the pro-
inflammatory PGD2-CRTH2 axis and an immunological shift
toward an increased Th1 immune response, which may be de-
pendent on the steady-state reduction of�3 PUFAmetabolites.
Exacerbated Psoriasis in Pla2g2d�/� Mice—The marked

decrease in the steady-state level of �3 PUFA metabolites in
Pla2g2d�/� LNs suggests that sPLA2-IID could also influence
other types of immune response. To address this possibility, we
next examined the effect of Pla2g2d ablation on psoriasis, a
chronic inflammatory skin disease characterized by epidermal
hyperplasia (acanthosis) due to aberrant proliferation and dif-
ferentiation of keratinocytes, scaling, erythematous plaque for-
mation, and increased production of pro-inflammatory (e.g.
TNF�) andTh17-type (e.g. IL-17A, IL-22, and IL-23) cytokines.
In a model of imiquimod (IMQ)-induced psoriasis (33),
repeated IMQ challenges to mouse ears elicit psoriasis-like
acanthosis and dermal swelling with Th17-type immune
responses (a schema of the procedure is illustrated in Fig. 2A).
We found that IMQ-induced ear swelling and epidermal

hyperplasia were significantly greater in Pla2g2d�/�mice than
in Pla2g2d�/� mice (Fig. 2, A–C). On day 6, the sPLA2-IID
signal was colocalized inmost, if not all, CD11c�MHC-II� der-
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malDCs in the affected skin ofWTmice (Fig. 2D). Quantitative
RT-PCR of the skin and draining LNs revealed that the expres-
sion levels of Th17-related cytokines (Il17a and Il22) and
chemokine (Ccl20) were substantially higher in IMQ-treated
Pla2g2d�/� mice than in Pla2g2d�/� mice (Fig. 2, E and F),
implying an increased Th17-type immune response in null
mice. However, in contrast to sPLA2-IIF, an epidermal sPLA2
whose gene ablation leads to perturbed keratinocyte differenti-
ation and activation (24), Pla2g2d deficiency did not affect the
expression of the keratinocyte differentiationmarkerKrt1 (Fig.
2E). Consistent with the anti-inflammatory aspect of sPLA2-
IID (see above), LN expression of Pla2g2d in WT mice tended
to decrease following IMQ treatment (Fig. 2F). Flow cytometry
of IL-17A- or IL-22-expressing CD3�� T cells in the skin fur-
ther supported the greater Th17 response in IMQ-treated and

even IMQ-untreated Pla2g2d�/� mice than in replicate
Pla2g2d�/�mice (Fig. 2G). Lipidomics analysis of the affected
skin revealed substantial reductions of DHA-derived metabo-
lites such as RvD1 (7,8,17-trihydroxy-DHA) and RvD5 (7,17-
dihydroxy-DHA) but notAA-derived eicosanoids such as PGE2
andPGD2 inPla2g2d�/�mice relative toPla2g2d�/�mice (Fig.
2H). Thus,Pla2g2ddeficiency leads to exacerbation of theTh17
immune response in psoriasis, accompanied by selective reduc-
tion of �3 PUFA metabolites.
Attenuated Psoriasis and CHS in Pla2g2d-TG Mice—To

obtain additional evidence for the immunosuppressive func-
tion of sPLA2-IID, we generated Pla2g2d-overexpressing TG
mice in accordance with the procedure depicted in Fig. 3A (for
details, see “Experimental Procedures”). An example of PCR
genotyping is shown in Fig. 3B. As a result of theCre/loxP reac-

FIGURE 1. Increased LN inflammation in the late phase of irritant dermatitis in Pla2g2d�/� mice.A, schematic representation of the procedure (top panel)
and the LN expression of Pla2g2d, with the expression on day�5 being regarded as 1 (n� 4–5) (bottom panel), in the CHS model. The sensitization phase
(irritant dermatitis) was analyzed in this study. The elicitation phase was detailed in our previous report (12). B, time course of ear swelling in Pla2g2d�/� and
Pla2g2d�/� mice with or without a single application of DNFB (n � 6). C, quantitative RT-PCR of Itgax and Itgam in the draining LNs of Pla2g2d�/� and
Pla2g2d�/� mice treated for the indicated periods with DNFB, with Rn18s as a normalization control (n � 3–4). D, IFN-� production by LN cells that were
obtained fromDNFB-treated Pla2g2d�/� and Pla2g2d�/�mice on day 0 and then stimulatedwith DNBS for 24 or 48 h ex vivo (n� 4). E, quantitative RT-PCR of
genes related to chemokines and lipid mediators in the LNs of Pla2g2d�/� and Pla2g2d�/�mice, with Rn18s as a normalization control (n� 3–6). F, ESI-MS
analysis of the steady-state levels of PUFAs and theirmetabolites in the LNs of Pla2g2d�/� and Pla2g2d�/�mice,with the level of each lipid in Pla2g2d�/�mice
as 1 (n� 5).G andH, ESI-MS analysis of PUFAs and their metabolites in the LNs of Pla2g2d�/� and Pla2g2d�/�mice after treatment with DNFB for 5 days (G) or
for the indicated periods (H) (n� 3–5). I, PGD2 production by LN cells that were obtained from DNFB-treated Pla2g2d�/� and Pla2g2d�/�mice on day 0 and
then treated with or without DNBS for 24 h ex vivo (n� 4). Values are mean� S.E. *, p� 0.05, and **, p� 0.01.
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tion, the amplified fragment for the Pla2g2d transgene shifted
froma 1,300-bp band (for silentLNL-Pla2g2d) to a 170-bp band
(for active Pla2g2d). Pla2g2d expression in various tissues as
well as in bone marrow-derived macrophages and DCs was
markedly higher in Pla2g2d-TGmice than in control mice (Fig.
3C). In the LNs, the steady-state levels of �3 PUFAmetabolites
were consistently (�2-fold) elevated in Pla2g2d-TGmice com-
pared with WT mice, although the levels of some �6 AA-de-
rived metabolites also tended to be slightly higher in the TG
mice (Fig. 3D). Pla2g2d-TGmice were born normally and were
fertile, showing normal serum biochemical parameters over 6
months under normal housing conditions.
We then subjected Pla2g2d-TG mice and littermate WT

mice to the models of psoriasis (Fig. 4, A–F) and CHS (Fig. 4,
G and H). In sharp contrast to Pla2g2d�/� mice (Fig. 2),
IMQ-induced ear swelling was significantly ameliorated in
Pla2g2d-TGmice compared withWTmice (Fig. 4A). In both
skin and LNs, Pla2g2d expression was markedly higher in
Pla2g2d-TG mice than in WT mice, irrespective of IMQ

challenge (Fig. 4B). The LN expression of Il17a and IL-22
was substantially lower in IMQ-treated Pla2g2d-TG mice
than in replicate WT mice (Fig. 4C). This observation was
further supported by flow cytometry, where the IMQ-in-
duced increase in IL-17A- or IL-22-expressing CD3�� T
cells was significantly reduced in Pla2g2d-TG skin relative to
WT skin (Fig. 4, D and E). Furthermore, the skin level of
RvD1 was substantially higher in IMQ-treated Pla2g2d-TG
mice than in WT mice (Fig. 4F).
In the elicitation phase of CHS, Pla2g2d ablation results in

delayed resolution of Th1-driven dermatitis (12). Conversely,
DNFB-challenged Pla2g2d-TGmice displayed an earlier recov-
ery from ear swelling than did replicate WT mice, although
progression of the edema during the initial 2 days was compa-
rable between the genotypes (Fig. 4G). Moreover, on day 5, skin
expression of inflammatory markers, including Ifng, S100a9,
Itgax, and Itgam, was consistently lower in Pla2g2d-TG mice
than in WT mice (Fig. 4H). These results fully reciprocate the
CHS phenotypes observed in Pla2g2d�/� mice (12) and sub-

FIGURE 2. Exacerbation of IMQ-induced psoriasis in Pla2g2d�/� mice. A, schematic representation of the procedure (top panel) and the kinetics of ear
swelling inPla2g2d�/�andPla2g2d�/�micewithorwithout IMQtreatment for the indicatedperiods (n�20) (bottompanel).B,earhistology inPla2g2d�/�and
Pla2g2d�/�mice with or without IMQ treatment for 6 days. C, evaluations of the area (top panel) and thickness (bottom panel) of Pla2g2d�/� and Pla2g2d�/�

epidermis on day 6 (n� 5).D, confocal immunofluorescence of sPLA2-IID (red), DCmarkers (CD11c andMHC-II; green), and theirmerged images in IMQ-treated
WTmice on day 6. E and F, expression of various genes in the skin (E) and LNs (F) of Pla2g2d�/� and Pla2g2d�/�mice on day 6, with Gapdh as a normalization
control (n� 3–4). G, flow cytometry of IL-17A- or IL-22-expressing T cells in the skin of Pla2g2d�/� and Pla2g2d�/�mice on day 6 (n� 3), with representative
FACS profiles (left). H, ESI-MS analysis of AA-derived PGs and DHA-derived Rvs in the skin of IMQ-treated Pla2g2d�/� and Pla2g2d�/�mice on day 6 (n� 8).
Values are mean� S.E., *, p� 0.05, and **, p� 0.01. B and D, representative images in two independent experiments are shown.
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stantiate the notion that sPLA2-IID has an immunosuppressive
role in various types of immune responses.
Effects of PUFAs and Their Metabolites on Th17-type Immu-

nity in Primary Culture—Next, we used bone marrow-derived
DCs (BMDCs) and primary LN cells in ex vivo culture to assess
the roles of sPLA2-IID and its potential lipid products in the
Th17-type immune response in the context of psoriasis. After a
6-h stimulation with IMQ, an agent that induces the psoriasis-
like Th17 response (see above), expression of Il6 and Il23a was
induced more robustly in Pla2g2d�/�DCs than in Pla2g2d�/�
DCs (Fig. 5A). Additionally, Pla2g2d�/� DCs expressed more
Il12a (a Th1 cytokine) than did Pla2g2d�/� DCs at each time
point regardless of IMQ treatment (Fig. 5A), suggesting that
sPLA2-IID alleviates the Th1 immunity even under the basal
state.
WhenWT-derivedBMDCswere stimulatedwith IMQ in the

presence of various lipids, the expression of Il6 and Il23a was
reducedmodestly by�3/�6 PUFAs andmarkedly by several�3
eicosapentaenoic acid (EPA) and DHA metabolites, including
18-hydroxy-EPA, RvD1, RvD2 (7,16,17-trihydroxy-DHA), pro-
tectin D1 (10,17-dihydroxy-DHA), and 10-hydroxy-DHA,
whereas AAmetabolites, including several PGs, leukotriene B4,
and lipoxin A4 (LXA4), failed to affect their expression signifi-
cantly (Fig. 5B). Although EPA-derived RvE1 (5,12,18-trihy-
droxy-EPA) had no significant effects on the expression of Il6
and Il23a (Fig. 5B), it significantly increased that of Il10, an
anti-inflammatory cytokine, in BMDCs (Fig. 5C). Expression of
the psoriasis-related cytokines Tnf and Il22 in IMQ-treated LN
cells was reduced to varying degrees by various AA, EPA, and

DHAmetabolites aswell as byDHA itself, whereasAAandEPA
modestly enhanced the expression of Il22 (Fig. 5D). Further-
more, RvD1, rather than its precursor DHA, reduced the secre-
tion of IL-17A protein by IMQ-stimulated LN cells (Fig. 5E).
Thus, although the effects of various PUFAs and their metabo-
lites were not entirely identical and appeared to depend on the
experimental conditions or cellular sources employed, it is
likely that several �3 (and even �6) PUFAmetabolites have the
capacity to potently block the Th17-driven inflammatory
response.
sPLA2-IID Exacerbates Skin Cancer by Attenuating Anti-tu-

mor Immunity—The aforementioned results, together with
those of our previous study (12), suggest that sPLA2-IID atten-
uates various types of inflammatory response (LN inflamma-
tion in irritant dermatitis, Th1-driven CHS, and Th17-driven
psoriasis) through the production of pro-resolving lipidmetab-
olites. However, this beneficial immunosuppressive property of
sPLA2-IID is conversely disadvantageous in certain situations
such as host defense, as demonstrated by the finding that
sPLA2-IID suppresses an anti-viral Th1 immune response,
leading to increased coronavirus infection and thereby aug-
mented lung inflammation (28). We therefore speculated that,
as in the case of anti-viral immunity, sPLA2-IID might prevent
anti-tumor immunity, thereby promoting tumor development.
To this end, we applied a model of chemical carcinogenesis

induced by 9,10-dimethylbenz(a)anthracene (DMBA) and
12-�-tetradecanoylphorbol-13-acetate (TPA) to Pla2g2d�/�
mice and littermateWTmice on aBALB/c background, a strain
that is sensitive to this model (a schema of the procedure is

FIGURE 3. Increased �3 PUFA metabolite levels in the LNs of Pla2g2d-TG mice. A, generation of Pla2g2d-TG mice. Details of the procedure are described
under “Experimental Procedures.” B, representative PCR genotyping of WT control, LNL-Pla2g2d-TG, and Pla2g2d-TG mice.MW,molecular weight. C, quanti-
tative RT-PCR of Pla2g2d relative to Rn18s in various tissues and cells of Pla2g2d-TG and WT mice (n � 3). D, ESI-MS analysis of various lipids in the LNs of
Pla2g2d-TG and WTmice (n� 9–10). Values are mean� S.E., *, p� 0.05, and **, p� 0.01.
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depicted in Fig. 6A). At 24 weeks, Pla2g2d�/�mice were highly
protected from the development of skin tumors (Fig. 6B).
Tumor incidence and multiplicity over time were delayed (Fig.
6, C and D), and the average tumor volume at 24 weeks was
apparently small (Fig. 6E) in Pla2g2d�/� mice relative to
Pla2g2d�/� mice. Among the knock-out mouse lines for sev-
eral sPLA2s, the significant reduction of tumor development
was evident in Pla2g2d�/� (tumor weight and number) and
Pla2g2f�/� (tumor weight) mice but not in Pla2g2e�/�,
Pla2g5�/�, and Pla2g10�/�mice (Fig. 6, F andG). The protec-
tion of Pla2g2f�/� mice against skin cancer was ascribed to
decreased keratinocyte hyper-growth by the absence of epider-
mal sPLA2-IIF, as we have reported recently (24).
At 4weeks, an early timepointwhenpapillomaswere still not

apparent, the DMBA/TPA-induced epidermal thickening was
already milder in Pla2g2d�/� mice than in Pla2g2d�/� mice
(Fig. 7, A and B). Notably, the expression of Arg1 and Cd206,

markers for tumor-promoting M2-like macrophages (34), but
not Cd68, a marker for tumor-suppressing M1-like macro-
phages, was substantially lower in Pla2g2d�/� skin than in
Pla2g2d�/� skin at 4 weeks after DMBA/TPA treatment (Fig.
7C). Consistent with this, flow cytometry of splenic (Fig. 7D)
and LN (data not shown) cells revealed a reduction of M2-like
macrophages (CD11cloCD206hi) and an increase of M1-like
macrophages (CD11chiCD206lo) in Pla2g2d�/� mice than in
Pla2g2d�/�mice even under the steady-state condition. Quan-
titative RT-PCR of the regional LNs further confirmed the
lower expression of the M2-like macrophage marker Arg1 in
Pla2g2d�/�mice than in Pla2g2d�/�mice in both control and
disease settings (Fig. 7E). In addition, CD8��IFN-�� T cells in
the regional LNs tended to be more abundant in DMBA/TPA-
treated Pla2g2d�/� mice than in replicate Pla2g2d�/� mice
(Fig. 7F).Moreover, the steady-state levels of RvD2 andmaresin
1, which are DHA-derived lipid mediators that promote M2

FIGURE 4. Attenuated psoriasis and CHS in Pla2g2d-TG mice. Pla2g2d-TG and littermate WTmice were subjected to the psoriasis (A–F) and CHSmodels (G
and H). A, time course of ear swelling in Pla2g2d-TG and WTmice with or without IMQ treatment for the indicated periods (n� 9–16). B, quantitative RT-PCR
of Pla2g2d relative toGapdh in the LNs and skin of Pla2g2d-TG andWTmicewith orwithout IMQ treatment for 6 days (n� 3–4). C, quantitative RT-PCR of Th17
cytokines in the LNs and skin of Pla2g2d-TG and WT mice treated with IMQ for 6 days, the expression in WT being regarded as 1 (n � 3–4). D and E, flow
cytometryof T cells expressing IL-17A (D) or IL-22 (E) in the skinofPla2g2d-TGandWTmicewithorwithout IMQ treatment for 6days (n�4),with representative
FACSprofiles (left). F,ESI-MSanalysis of theRvD1 level in the skinofPla2g2d-TGandWTmice treatedwith IMQ for 6days (n�3–4).G, timecourseof ear swelling
in Pla2g2d-TG and WT mice that were sensitized with DNFB on day�5 and then re-challenged with DNFB for the indicated periods (n� 16). H, quantitative
RT-PCR of inflammatorymarkers in the skin of Pla2g2d-TG andWTmice on day 5 after DNFB re-challenge, with Rn18s as a normalization control (n� 3). Values
are mean� S.E., *, p� 0.05, and **, p� 0.01.
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macrophage polarization (40–45), were reduced in the LNs of
Pla2g2d�/� mice compared with Pla2g2d�/� mice (Fig. 7G).
This difference was not seen in the DMBA/TPA-treated group
as the levels of these lipid mediators in Pla2g2d�/� mice were
decreased to their levels in Pla2g2d�/�mice, most likely due to
down-regulation of Pla2g2d expression (see above). These
results suggest that the absence of sPLA2-IID results in aug-
mentation of anti-tumor immunity by decreasing tumor-pro-
moting M2-like macrophages and increasing tumor-suppress-
ing M1-like macrophages and cytotoxic T cells.
We then appliedPla2g2d-TGmice (C57BL/6 background) to

the DMBA/TPA-induced skin carcinogenesis model. Beyond
the limitation that the C57BL/6 strain is relatively insensitive to
this model, constitutive expression of Arg1 was elevated (Fig.
7H) andDNBA/TPA-induced expression of Ifngwas dampened
(Fig. 7I) in Pla2g2d-TG skin compared with WT skin. Thus,
as opposed to Pla2g2d deficiency, its TG overexpression shifts
the immune balance toward suppression of the anti-tumor
immunity.

Discussion

Impairment of the counter-regulatory pathways against pro-
inflammatory immune responses is often detrimental and
results in various diseases associated with chronic inflamma-
tion.With regard to themechanismsunderlying the effect of�3
PUFAs on resolution mediator networks, it has been consid-
ered that resolvins and protectins, a family of�3 PUFA-derived
local mediators with unique anti-inflammatory activities and
temporal profiles, occupy a position between the early response
to inflammatory challenge and the resolution pathways where
the initiating programs signal the termination (7, 35). As our
understanding of the pro-resolving lipidmediator pathways has
increased, there has been an emerging interest in the roles of
PLA2s that can supply�3PUFAsupstreamof their biosynthetic
conversion to pro-resolving lipid mediators. Our recent efforts
to clarify the biological functions of various PLA2s using knock-
out and/or transgenic strategies in combination with compre-
hensive lipidomics approaches have shown that two particular

FIGURE 5. Effects of PUFAs on Th1/Th17 cytokine expression in DCs and LN cells. A, quantitative RT-PCR of cytokines in BMDCs from Pla2g2d�/� and
Pla2g2d�/�mice after stimulation for the indicated periods with (�) or without (�) IMQ (n� 3). B–D, quantitative RT-PCR (B–D) or ELISA (E) of cytokines in
BMDCs (B and C) or LN cells (D and E) after stimulation for 6 hwith IMQ in the presence or absence (�) of the indicated lipids (10 nM) (n� 5).Dashed lines in B–E
indicate the expression level of each cytokinewithout additionof lipids. In quantitative RT-PCR, values are normalizedwith Rn18s (A) orGapdh (B–D). Values are
mean� S.E. *, p� 0.05, and **, p� 0.01. �LN, �-linolenic acid; 15d-PGJ2, 15-deoxy-PGJ2.
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sPLA2s in specific locations, i.e. sPLA2-IID in lymphoid DCs
and sPLA2-X in the colorectal epithelium, do mobilize �3
PUFAs in vivo, thereby protecting against delayed-type hyper-
sensitivity and colitis, respectively (12, 14).
Our recent study has demonstrated that sPLA2-IID, a DC-

expressed “resolving sPLA2,” retards the resolution of Th1-
driven inflammation in the skin and draining LNs by preferen-
tially mobilizing DHA-derived pro-resolving lipid mediators
(12). To gain further insights into the function of sPLA2-IID, we
have herein extended our study to other disease models using
Pla2g2d�/�mice as well as newly generated Pla2g2d-TG mice
and obtained evidence that sPLA2-IID ameliorates various
types of immune response in general, including LN inflamma-
tion in acute irritant dermatitis, Th1-dependent CHS, and

Th17-dependent psoriasis. This function could be explained, at
least partly, by the ability of sPLA2-IID to mobilize �3 PUFA
metabolites that dampen the Th1- or Th17-type immune
responses. The lack of sPLA2-IIDmarkedly reduces the steady-
state levels of �3 PUFAs and their metabolites and skews
macrophages toward an M1-like subtype in lymphoid tissues,
suggesting that the constitutive supply of�3 PUFAmetabolites
by this sPLA2 may put a brake on the ongoing DC-driven
acquired immunity.
In contrast to its suppressive roles in CHS and psoriasis,

sPLA2-IID accelerates the development of skin tumors, proba-
bly because this enzyme attenuates anti-tumor Th1 immunity.
This is reminiscent of the role of sPLA2-IID in host defense
against viral infection, where the reduction of anti-viral Th1

FIGURE 6. Reduced skin carcinogenesis in Pla2g2d�/� mice. A, schematic representation of the procedure for DMBA/TPA-induced skin cancer. B, gross
appearances of Pla2g2d�/� and Pla2g2d�/�mice at 24 weeks. C andD,monitoring of tumor incidence (C) and numbers (D) in DMBA/TPA-treated Pla2g2d�/�

and Pla2g2d�/� skins at various time points (n� 12). E, average tumor volumes in DMBA/TPA-treated Pla2g2d�/� and Pla2g2d�/� skins at 24 weeks (n� 12).
F and G, tumor weights (upper panels) and numbers (bottom panels) in various sPLA2 knock-out mice and their littermate controls at 24 weeks (F). Represent-
ative images of gross appearances are shown (G). Values are mean� S.E. *, p� 0.05, and **, p� 0.01.
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immunity through the action of this sPLA2 increases the infec-
tion and eventually worsens pulmonary inflammation (28).
Given that some �3 PUFA metabolites facilitate M2 polariza-
tion of macrophages (36, 37), our observations suggesting that
tumor-associated M2-like macrophages, which promote can-
cer progression by releasing a panel of factors that prevent the
recruitment or functions of cytotoxic T and NK cells (34), are
reduced in Pla2g2d�/� mice and conversely increased in
Pla2g2d-TG mice also fit with the current view. Thus, the
immunosuppressive function of sPLA2-IID provides favorable
or unfavorable outcomes in distinct disease settings, thereby
protecting against inflammation and exacerbating infection
and cancer.
Reportedly, ectopic administration of �3 PUFA metabolites

(38–40) or systemic overproduction of these lipids in mice
transgenic for Fat-1 (an �3 PUFA synthase in Caenorhabditis
elegans) (41) confers protective effects against infection-based
inflammation or cancer xenograft by facilitating phagocytotic

clearance of hazardous materials by innate immune cells such
as neutrophils and macrophages. Apart from this systemic
effect of �3 PUFAs, the spatiotemporal supply of �3 PUFAs by
sPLA2-IID, which is expressed preferentially and constitutively
in DCs in local niches (particularly those in lymph tissues), may
exert a distinct impact on acquired immunity by suppressing
the functions of DCs, T cells, or their interactions. Indeed,mul-
tiple �3 PUFA metabolites could attenuate the production of
cytokines crucial for Th1/Th17 responses (this study) and
reduce the migration or activation of DCs (12, 13, 28) and the
functions of T andB cells (42, 43). Although themolecular basis
underlying the actions of individual �3 PUFA metabolites still
remains elusive, it is tempting to speculate that they may exert
their specific functions by acting on distinct receptors or
through other mechanisms in different target cells. In this
regard, the proposed mechanistic actions of �3 PUFAmetabo-
lites include specific signaling through lipid-sensing receptors
(9, 10, 44, 45), attenuation of lipotoxicity-induced endoplasmic

FIGURE 7. sPLA2-IID augments anti-tumor immunity. A and B, epidermal thickness (n � 3) (A) and representative hematoxylin/eosin staining (B) of skin
sections from Pla2g2d�/� and Pla2g2d�/�mice with or without DMBA/TPA treatment at 4 weeks. C, quantitative RT-PCR of macrophage markers in DMBA/
TPA-treatedPla2g2d�/� andPla2g2d�/� skins at 4weeks,withRn18s as anormalization control (n�6).D, flowcytometry ofM1- orM2-likemacrophages in the
spleenof Pla2g2d�/� and Pla2g2d�/�micewith orwithoutDMBA/TPA treatment for 4weeks (n� 7),with representative FACSprofiles inwhich F4/80-positive
cells were sorted for expression of CD11c (M1) or CD206 (M2). E–G, quantitative RT-PCR of Arg1 (E), flow cytometry of cytotoxic T cells (F), and lipidomics
detection of RvD2 and maresin 1 (G) in the LNs of Pla2g2d�/� and Pla2g2d�/� mice with or without DMBA/TPA treatment for 4 weeks (n � 7). H and I,
quantitative RT-PCR of Arg1 (H) and Ifng (I) in the skin of Pla2g2d-TG and WT mice with or without DMBA/TPA treatment for 4 weeks (n � 4–8). Values are
mean� S.E. *, p� 0.05, and **, p� 0.01.
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reticulum stress (46), and an increase in membrane fluidity
leading to alterations of transmembrane or intracellular signal-
ing (47), among others. In fact,�3 PUFAs themselves can block
Th17 cytokine production by lamina propria lymphocytes in
colitis (14) and inflammasome activation in obesity (48–50)
through the fatty acid receptor GPR40 or GPR120.
Nonetheless, the possibility that sPLA2-IID exerts its anti-

inflammatory function through mobilization of other lipids,
including certain �6 PUFA-derived metabolites or lysophos-
pholipids that were not tested in this study, cannot be fully
ruled out. Indeed, sPLA2-IID appears to be coupled with the
AA-PGD2-DP1 axis in the lung LNs during pulmonary viral
infection (28). Also, some lysophospholipid species, such as
lysophosphatidylserine, have anti-inflammatory effects on
innate and acquired immune responses through specific recep-
tors (51, 52). Whether the immunosuppressive function of
sPLA2-IID could be linked to the generation of these anti-in-
flammatory lipids under particular disease conditions remains
to be elucidated and requires further investigations.
The dual roles of sPLA2s in promoting or attenuating dis-

eases may be dictated by the cells they are secreted from, the
target membranes they act on, the types of lipid metabolites
they generate, or when and how these lipid metabolites are
linked to particular biological processes in cell-, tissue-, or dis-
ease-specific contexts. For instance, sPLA2-IIA, a prototypic
sPLA2 isoform that is inducible by pro-inflammatory stimuli,
amplifies sterile inflammation by hydrolyzing membranes in
microparticles, particularly extracellular mitochondria (53),
whereas it has a protective effect against infection-induced
inflammation such as sepsis and pneumonia by degrading
membranes in invading bacteria (54). sPLA2-V, which is
induced by Th2 cytokines or metabolic stress, promotes M2
macrophage polarization and Th2 immunity by altering the
local balance of unsaturated versus saturated fatty acids or by
facilitating phagocytosis of harmful components, thereby
aggravating Th2-driven asthma and attenuating Th1/Th17-re-
lated anti-fungal defense, arthritis, and obesity (23, 26, 27, 55,
56). sPLA2-X exacerbates asthma by mobilizing AA metabo-
lites in the lung (25), while protecting against colitis by mobi-
lizing �3 PUFAs in the colon (14). From these standpoints,
sPLA2-IID represents another example of the “good” and “bad”
faces of this extracellular lipolytic enzyme family, by spatiotem-
porally supplying �3 PUFAs in local tissue microenvironments
where DC-driven acquired immunity plays fundamental roles
in inflammation or in host defense against infection and cancer.
Overall, our current studies point to potential prophylactic

or therapeutic use of an agent thatwould specifically stabilize or
inhibit sPLA2-IID according to disease contexts. Nonetheless,
targeting sPLA2-IID, as well as other sPLA2s in general, will be
a challenge, because these enzymes appear to play highly selec-
tive and often opposite roles in specific organs and disease
states.

Experimental Procedures

Mice—All mice were housed in climate-controlled (23 °C)
specific pathogen-free facilities with a 12-h light-dark cycle,
with free access to standard laboratory food (CE2 Laboratory
Diet, CLEA, Japan) and water. Pla2g2d�/�, Pla2g2e�/�,

Pla2g2f�/�, Pla2g5�/�, and Pla2g10�/� mice and their litter-
mate controls, backcrossed to C57BL/6 or BALB/c mice (Japan
SLC) for more than 12 generations, were described previously
(12, 14, 22–24). All animal experiments were performed in
accordance with protocols approved by the Institutional Ani-
malCare andUseCommittees of theTokyoMetropolitan Insti-
tute of Medical Science in accordance with the Japanese Guide
for the Care and Use of Laboratory Animals.
Generation of Pla2g2d-TG Mice—The strategy for genera-

tion of sPLA2-overexpressing TG mice has been reported pre-
viously (57). In brief, mouse Pla2g2d cDNA was inserted into
the EcoRI site (downstream of the CAG (cytomegalovirus
immediate early enhancer-chicken �-actin hybrid) promoter)
in the pCALNL5 vector (Fig. 3A) (58). The plasmid, containing
the transgene downstream of a neomycin cassette (Neor) with
LoxP sites at both ends, was excised at the HindIII and SalI sites
to produce a 6-kb CAG-LoxP-Neor-LoxP-Pla2g2d (LNL-
Pla2g2d) fragment. Then the DNA was injected into fertilized
eggs. Genotyping was performed on genomic DNA from tail
biopsies by PCR using the primer pairs 5	-TGGTTATTGT-
GCTGTCTCATCATTT-3	 and 5	-GGCTTTCTTCCCCGT-
CATGTGT-3	 (Sigma Genosys), which amplified a 1,300-bp
fragment specific for LNL-Pla2g2d. The reaction was con-
ducted at 95 °C for 10 s and then 35 cycles at 95 °C for 0 s and
65 °C for 1 min on an Applied Biosystems 9800 Fast Thermal
Cycler (Applied Biosystems). The PCR products were analyzed
by 1.5% (w/v) agarose gel electrophoresis with ethidium bro-
mide. Male founders were mated with female C57BL/6 mice to
confirm germ line transmission by PCR genotyping, and those
with successful germ line transmission (LNL-Pla2g2d-TG)
were then crossedwith femaleCAG-Cretg/�mice, which carry a
Cre recombinase transgene under control of theCAGpromoter
(58). This step resulted in removal of theNeor cassette from the
LNL-Pla2g2d transgene, thereby allowing activation of the
Pla2g2d transgene in the whole body of the offspring.
Pla2g2d-TGmice were inbred with C57BL/6mice. Phenotypes
that appeared in Pla2g2d-TG mice, which carried the active
Pla2g2d transgene, but not in LNL-Pla2g2d-TGmice, in which
the Pla2g2d transgene remained silent, were regarded as events
caused by the overexpressed sPLA2-IID.
Quantitative RT-PCR—Total RNA was extracted from tis-

sues and cells using TRIzol reagent (Invitrogen). First-strand
cDNA synthesis was performed using a high capacity cDNA
reverse transcriptase kit (Applied Biosystems). PCRs were car-
ried out using a Power SYBR Green PCR system (Applied Bio-
systems) or a TaqMan Gene Expression System (Applied Bio-
systems) on the ABI7300 Quantitative PCR system (Applied
Biosystems). The probe/primer sets used are listed in Table 1.
Histological Analysis—Histological analysis was performed

as described previously (12). In brief, mouse tissues were fixed
with 100 mM phosphate buffer (pH 7.2) containing 4% (w/v)
paraformaldehyde, embedded in paraffin, sectioned, mounted
on glass slides, deparaffinized in xylene, and rehydrated in eth-
anol with increasing concentrations of water. Hematoxylin and
eosin staining was performed on the 5-�m-thick cryosections,
and the stained sections were analyzed using a BX61 micro-
scope (Olympus). Epidermal layer thickness was measured
using DP2-BSW software (Olympus).
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Confocal Laser Microscopy—Mouse frozen tissues, mounted
in OCT compound (Sakura Finetek), were cut into 20-�m-
thick sections using a cryomicrotome (CM3050S; Leica). The
sections were incubatedwith 1.5
BlockAceR (DS Pharma Bio-
medical) in 10 mM Tris-HCl (pH 7.4) containing 150 mM NaCl
(TBS) for 30 min and then with rabbit anti-mouse sPLA2-IID
antibody (59), phycoerythrin-labeled hamster anti-mouse
CD11c antibody (N418; eBioscience), or FITC-labeled rat anti-
mouse MHC class II (MHC-II) antibody (M5/114.15.2; Bio-
Legend) in TBS containing 0.1% (w/v) bovine serum albumin
(TBS/BSA) overnight at 4 °C. The sections were then treated
with 1 �g/ml Alexa 647-labeled goat anti-rabbit IgG (Invitro-
gen) in TBS/BSA for 1 h, mounted in a Vectashield mounting
medium (Vector Laboratories), and analyzed with a confocal
laser scanning microscope (LSM510 META; Carl Zeiss). The
specificity of the anti-sPLA2-IID antibody was confirmed by
absence of sPLA2-IID staining in the spleen, LNs, and skin of
Pla2g2d�/�mice (12).
Flow Cytometry—Flow cytometry was performed as

described previously (12, 24). Briefly, mouse inguinal LNs or
spleen were excised and minced in Hanks’ solution (Nissui
Pharmaceutical) with 2% (v/v) heat-inactivated fetal bovine
serum (FBS; Invitrogen) and 0.05% (w/v) sodium azide (Nak-
alai Tesque). Mouse ear skin was incubated with 0.25% (w/v)
trypsin-EDTA (Sigma) for 60 min at 37 °C to separate the
dermis from the epidermis. These tissues were then incu-
bated with 400 units/ml collagenase type II (Worthington)
with shaking for 30 min at 37 °C. After adding 10 mM EDTA,
the resulting cell suspensions were passed through a 70-�m

nylon cell strainer (FalconTM) and then centrifuged at 300

g for 5 min at 4 °C. The isolated LN cells or splenocytes were
treated for 2 min on ice with 10 mM Tris-HCl (pH 7.0) con-
taining 0.84% (w/v) ammonium chloride to lyse red blood
cells, centrifuged, and suspended in Hanks’ solution. The
cells were blocked with mouse BD Tc BlockTM (BD Biosci-
ences), incubated with marker antibodies (listed in Table 2),
and analyzed with a FACSAria III (BD Biosciences) and
FlowJo (Tree Star) software.
Hapten-induced Contact Dermatitis—On day �5, mice

(C57BL/6 background, 8–12-week-old males) were sensitized
with 50�l of 0.5% (w/v) DNFB (Sigma) in acetone/olive oil (4/1;
v/v) on the shaved abdominal skin (sensitization phase). On day
0, the dorsal and ventral surfaces of the ears were challenged
with 20 �l of 0.3% DNFB (elicitation phase). Ear thickness was
monitored with a micrometer. To examine irritant dermatitis
(corresponding to the sensitization phase of CHS), the ears
were subjected to a single challenge with 50 �l of 0.5% DNFB.
At the appropriate time points, the skin and regional LNs from
the scarified mice were subjected to quantitative RT-PCR,
histochemistry, flow cytometry, and lipidomics analysis, as
described previously (12, 24).
IMQ-induced Psoriasis—Mice (C57BL/6 background, 8–12-

week-old males) received a daily topical application of 12.5 �g
of 5% (w/v) IMQ (Mochida Pharma) on the dorsal and ventral
surfaces of the ears over 4 days (total 50 �g of IMQ cream per
mouse). Ear thickness was monitored at various time points
with a micrometer. On day 6, the skin and LNs from the scari-
fiedmice were subjected to quantitative RT-PCR, histochemis-
try, flow cytometry, and lipidomics analysis, as described pre-
viously (24).
Skin Carcinogenesis—The back skin of mice (BALB/c back-

ground, 8-week-old female) was shavedwith an electric clipper.
One week later, 200 �l of 2 mM DMBA (Sigma) in acetone was
applied to the shaved skin. After 1 week, 200 �l of 80 �MTPA
(Sigma) in acetone was applied to the skin twice a week over
24 weeks. Cutaneous papillomas were counted and scored
weekly. At appropriate time points, the skin and LNs from
the scarified mice were subjected to quantitative RT-PCR
and histochemistry, as described previously (24). Flow
cytometry of M1/M2-type macrophages and CD8� T cells in
the LNs was performed in accordance with the procedure
described previously (60).
Cell Culture—Mouse LN cells were cultured in RPMI 1640

medium (Invitrogen) containing 10% heat-inactivated FBS, 2
mM L-glutamine, 25 mM Hepes, 50 �M 2-mercaptoethanol, 1
mM nonessential amino acids, 1 mM sodium pyruvate, 100
units/ml penicillin, and 100 �g/ml streptomycin. Bonemarrow
cells were cultured with mouse GM-CSF (10 ng/ml; Pepro-
Tech) for 9 days and with mouse M-CSF (100 ng/ml; Kyowa
Kirin) for 3 days to obtain BMDCs and macrophages, respec-
tively (61). The cells (2 
 106 cells/ml) were treated with or
without 5 �g/ml IMQ or 100 �g/ml DNBS (Sigma) for appro-
priate periods. RNA extracted from the cells was taken for
quantitative RT-PCR, and the supernatants were subjected to
enzyme immunoassay for IFN-� and IL-17A (eBioscience) or
PGD2 (Cayman Chemicals). As required, the cells were pre-
treated with 10 nM lipids (Cayman Chemicals) for 30 min and

TABLE 1
List of primers used in quantitative RT-PCR
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then stimulated in 200 �l of serum-free X-VIVO medium
(Lonza) in the continued presence of the lipids in 96-well
U-bottomplates (Iwaki). These procedureswere detailed in our
previous study (12).
ESI-MS—Samples for ESI-MS of lipids were prepared and

analyzed as described previously (12, 24). Briefly, tissues were
soaked in 10 volumes of methanol and then homogenized with
a Polytron homogenizer. After overnight incubation at�20 °C,
water was added to the mixture to give a final methanol con-
centration of 10% (v/v). As an internal standard, 1 nmol of
d5-labeled EPA and d4-labeled PGE2 (Cayman Chemicals) was
added to each sample. The samples in 10% methanol were
applied to Sep-Pak C18 cartridges (Waters), washed with 10ml
of hexane, eluted with 3 ml of methyl formate, dried up under
N2 gas, and dissolved in 60% methanol. Analysis of PUFAs and
their metabolites was performed using a 4000Q-TRAP quadru-
pole-linear ion trap hybrid mass spectrometer (AB Sciex) with
liquid chromatography (LC-20AP; Shimadzu) combined with
an HTC PAL autosampler (CTC Analytics). The samples were
applied to a Develosil C30-UG column (1 
 150 mm inner
diameter, 3-�m particle) (Nomura Chemical) coupled for ESI-
MS/MS. The samples injected by an autosampler (10 �l) were
separated using a step gradient with mobile phase C (water
containing 0.1% acetic acid) and mobile phase D (acetonitrile/
methanol� 4:1; v/v) at a flow rate of 50 �l/min at 45 °C. Iden-
tification was conducted using multiple reaction monitoring
transition and retention times, and quantification was per-
formed based on the peak area of the multiple reaction moni-
toring transition and the calibration curve obtained with an
authentic standard for each compound (12, 24).
Statistical Analyses—All values are given as the mean� S.E.

Differences between the two groups were assessed by unpaired
Student’s t test or Mann-WhitneyU test using the Excel Statis-
tical Program File ystat 2008 (Igaku Tosho Shuppan, Tokyo,
Japan). Differences at p values of less than 0.05 were considered
statistically significant.
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