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Abstract

People are constantly exposed to environmental chemicals through contact with the
atmosphere or by ingestion of food. Therefore, when conducting safety assessments, the
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immunotoxic effects of combinations of chemicals in addition to toxicities produced by each butoxide
chemical alone shouid be considered. The objective of the studies reported here were to
demonstrate the combined effects of three well-known environmental immunotoxic chemicals History

~ methoxychlor (MXC), an organochlorine compound; parathion {PARA), an organophosphate
compound; and piperonyl butoxide (PBO), an agricultural insecticide synergist — by using a
short-term oral exposure method. Seven-week-old Balb/cAnN mice received daily oral exposure
to either one or two of the environmental immunotoxic chemicals for 5 consecutive days. On
Day 2, all mice in each group were immunized with sheep red blood cells (SRBC), and their
SRBC-specific IgM responses were analyzed by using an enzyme-linked immunosorbent assay
and plaque-forming cell assay. T- and B-cell counts in the mouse spleens were also assessed via
surface antigen expression. Mice that received MXC+ PARA and PBO + MXC treatment showed
marked decreases in SRBC-specific IgM production and T- and B-cell counts compared with
those in mice that received vehicle control or the corresponding individual test substance. This
suggests that simultaneous exposure to multiple environmental chemicals increases the
immunotoxic effects of the chemicals compared to individual exposure.
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Introduction

Humans are exposed daily to a vast range of products that contain
environmental agents (e.g. cosmetics, pesticides, drugs, and
biotechnology-derived products) and to multiple environmental
chemicals in the atmosphere and in food (Gilbert et al., 2011;
Groten et al., 1997; Kortenkamp et al., 2007; Teuschler et al.,
2002). Because of this constant exposure, when conducting
safety assessments one must take into consideration the effects
of combined exposure. For example, combined exposure to
pesticides and heavy metals is known to enhance overall toxicity
compared with that from exposure to the individual agents
(Institoris et al., 1999, 2002). Approaches to assess effects from
combined exposures have been described (Feron et al., 1995;
Groten et al., 2001; Hernandez et al., 2013; Simmons, 1995).
However, most toxicity assessments are conducted based on
exposure to individual substances and, as such, mechanisms of
effects from combined exposure to environmental chemicals
remain unclear. Therefore, the objective of the studies reported
here were to investigate the combined toxicologic effects of
multiple chemicals. '

In the study reported here, the toxic effects from combined
exposure to three common environmental chemicals were
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investigated by examining the impact on immune functions. It is
well known that exposure to environmental agents can comprom-
ise immunologic function (Fukuyama et al., 2010, 2013; Nishino
et al.,, 2013). For example, several animal studies have shown
there arc alterations of primary humoral responses induced by
immunotoxicants like dioxins and pesticides (Flipo et al., 1992;
Smialowicz et al., 1997). To avoid these risks, immunotoxicity
tests have been developed for evaluating the safely of environ-
mental chemicals and pharmaceuticals (Holsapple, 2003; Luster
et al., 1988). Based on those analyses, guidelines have been
introduced over the years to regulate exposure to many agents;
these include those published by the US Environmental Protection
Agency (EPA, 1998), the Food and Drug Adminiswation (FDA,
2002), the European Medicines Agency (Committee for
Proprietary Medicinal Products, 2000), and the International
Conference on Harmonization (ICH, 2006).

Our laboratories previously developed a short-term oral
exposure method for assessment of the immunosuppressive
potential of environmental chemicals (Fukuyama et al., 2013).
In the current study, using this method, we demonstrate the
combined immunotoxic effects of three well-known environinen-
tal chemicals, i.e. methoxychlor (MXC) — an aganochlorine
compound, parathion (PARA) — an organophosphate compound,
and piperonyl butoxide (PBO) — an agricultunl insecticide
synergist. These three chemicals were selected on the basis of
T-cells in the thymus (Takeuchi et al., 2002a,b); PARA markedly
inhibits antigen-specific IgM production (Casale et il., 1984); and
PBO depletes T-cells in the spleen and thymus, induces bone
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marrow hypoplasia, and inhibits T-cell proliferation in lymphoid
tissues (Diel et al., 1999; Battaglia et al., 2010; Mitsumori et al.,
1996). We also previously showed that MXC, PARA, and PBO
exposure results in increased thymocyte apoptosis, markedly
inhibited sheep red blood cell (SRBC)-specific IgM production,
and aggravation of immune disorders such as atopic dermatitis
and allergic airway inflammation (Fukuyama et al., 2011; Nishino
ct al., 2013).

Materials and methods
Chemicals

Standard MXC (C;sH,sCl30,, >97% pure), standard PARA
(C]()H14NO5PS, 99.5% purc), standard PBO (C19H3()05, >98%
pure), and dimethyl sulfoxide (DMSO) were purchased from
‘Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Corn oil was
purchased from Hayashi Chemicals (Tokyo, Japan). For the
in vivo portion of this study, MXC, PARA, or PBO diluted in corn
oil to a fixed final volume was orally administered to mice. Based
on the EPA Immunotoxicity Guidelines (1998) that states doses
should ‘not produce significant stress, malnutrition, or fatalities’,
doses used in this study were < 1/5 the median lethal dose (LDso;
dose at which >50% of animals would be expected to die) and
administered concurrently to avoid induction of clear general or
immune toxicity (i.c. changes in appearance, posture, behavior,
respiration, consciousness, neurologic status, temperature, excre-
tion, etc.) (Fukuyama ct al., 2013). The single-chemical dosages
used in this study were: MXC, 100 mg/kg day; PARA, 1.0mg/
kgday; and PBO, 100mg/kgday. Combination dosages were
prepared by mixing each chemical so that the final concentration
of each chemical was half that of the single dosage. Actually,
there were no abnormal signs during the cxamination period.
With regard to body weight measurements, treated groups’ values
were comparable with those of the vehicle control and intact
groups (data not shown). Therefore, we selected relatively
high doses compared with actual human exposures. Actual
doses and preparation of the test substances arc presented in
Table 1.

Animals

Balb/cAnN mice (female, 6-weeks-old) were purchased from
Charles River Laboratorics (Atsugi, Kanagawa, Japan) and
housed individually in cages under controlled lighting
(lights on, 07:00-19:00), temperature (22:£3°C), humidity
(55% £ 15%), and ventilation (at least 10 complete fresh-air
changes/h). Standard rodent chow (Certified Pellet Diet MF,;
Oriental Yeast Co., Tokyo) and filtered water were available
ad libitum.

Female mice were selected as the model for this study because
the EPA Immunotoxicity Guidelines (EPA, 1998) consider the
mouse a model species for use in immunotoxicity studies that
examine cffects of agricultural chemicals (sec Casale ct al., 1984;
Diel et al., 1999; Baltaglia et al., 2010). The guideline indicates
that cither rats or mice may be used. Additionally, if ADME
data are similar between species, then either rats or mice may be
used. According to our preliminary immunotoxicity study data
for MXC, PARA, and PBO, mice were more sensitive than rats.

Table 1. Chemicals and dose settings.
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Therefore, we selected mice for the current study. Furthermore,
in immunotoxicity studies, only one gender need be evaluated;
in general, females are considered to yield more consistent
outcomes than male animals when evaluating humoral immune
responses. Consequently, Balb/cAnN mice were selected because
our laboratory has historical immunotoxicity study data for our
selected chemicals on this strain (data not shown). All aspects of
the current study were conducted in accordance with the Animal
Care and Use Program of the Institute of Environmental
Toxicology, Japan (IET IACUC Approval No. 12027).

Chemical exposure of mice

After a 1-week acclimatization period, mice (now 7-weeks-old)
were allocated randomly to two groups (n=1_§ mice/group):
treatment/vehicle control and to a no treatment (intact group).
On Days 1-5, mice were given an oral dose (by gavage, without
anaesthesia) of a single or combination test solution (MXC,
PARA, PBO, MXC +PARA, PARA+PBO, PBO+MXC) or
vehicle only. On Day 2, a solution of SRBC (6 x 107 cells/animal;
Nippon Bio-Supp. Center, Tokyo) was injected via the tail vein
into all test and control mice for immunization, One day after the
final oral administration (i.e. on Day 6 of study), all mice were
anaesthetized with Isoflurane and blood samples taken from the
inferior vena cava. Serum samples were assayed for SRBC-
specific serum IgM. After exsanguination from the abdominal
aorta, the thymus of each animal was carefully removed and
weighed. The spleen was removed and placed in phosphate-
buffered saline (PBS, pH 7.4; Life Technologies Co., Ltd.,
Tokyo). Single-cell splenocyte suspensions in iml modified
Eagle’s medium supplemented with 5% heat-inactivated fetal
bovine serum (FBS, Life Technologies) were prepared by passage
through a stainless-stecl screen and sterile 70-pm nylon cell
strainer (Falcon, Tokyo). Numbers of lymphocytes in each
suspension were determined using a Z2 Coulter Counter
(Beckman Coulter, Tokyo).

Determination of serum SRBC-specific IgM response

Levels of SRBC-specific IgM in the serum were determined using
a modified version of the method of Temple et al. (1993). In brief,
SRBC-membrane antigen was extracted with Tris-HCl and 0.1%
sodium dodecyl sulfate in PBS. The samples were then dialyzed
for 2 days against PBS. The protein content of each conjugated
sample was determined using the method of Lowryet al. (1951).
SRBC-specific IgM levels were then measured by means of
enzyme-linked immunosorbent assay (ELISA) in flat-bottomed
microplates (Nalge Nunc, Tokyo) whose wells had been coated
with SRBC-membrane antigen (2pg/ml coating buffer; BD
Pharmingen, Tokyo) during an overnight incubation at 4°C.
Following washing of each well 5-times with wash buffer
(BD Pharmingen) and blocking of potential non-specific binding
by incubation for 2 h at room temperature (RT) withassay diluent
(BD Pharmingen), a dilution of cach mouse scrum sample
(in assay diluent, from 1:4 0 1:16384) was added toeach well and
the plates incubated a further 2h at RT. After gentle rinsing
with wash buffer to remove all unbound materials, peroxidase-
conjugated anti- mouse IgM (secondary antibody, Rockland Inc.,
Gilbertsville, PA; dilution 1:15000) was added to cach well and

Test substance Type LDso (mg/kg) Dose (mg/kg day)
Methoxychlor (CyH;5Ci302) Organochlorine compound 2900 100
Parathion (C;oH4NOsPS) Organophosphate pesticide 5 1
Piperonyl butoxide (Cy9H300s) Insecticide synergist 2600 100
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the plate incubated for 2 h at RT. The wells were then rinsed again
to remove non-adherent anti-mouse IgM. Finally, to quantify the
amount of bound antibodies in each well, tetramethylbenzidine
(100 pl/well) was added to each well and the plate incubated in
the dark at RT for 30 min. Optical density was then measured at
450 nm by in a Spectra MAX 190 microplate reader (Molecular
Devices, Osaka). '

Assessment of the splenocyte IgM plaque-forming cell
response to SRBC

The IgM plaque-forming cell (PFC) response to SRBC was
determined using a modified version of the methods of
Cunningham (1965) and Jerne & Nordin (1963). Briefly,
~1x 10% cells were incubated with 1% SRBC and a 1:30
dilution of guinea pig complement (Denka Seiken Co., Tokyo)
for 10min at 4°C. The cells were then applied to a
Cunningham chamber (Takahashi Giken Glass Co., Tokyo)
and incubated for 1.5h at 37°C in a 5% CO, atmosphere. The
number of plaques in each sample was then counted using a
stereomicroscope.

Flow cytometric analysis

Isolated splenocytes were stained all at one time with fluorescein
isothiocyanate (FITC)- conjugated anti-peanut agglutinin (Vector
Laboratories, Inc., Burlingame, CA) and the wmonoclonal
antibodies (MAb) phycoerythrin-cyanine-7-conjugated anti-
mouse CD4 (PE-Cy7, clone RM- 4-5), allophycocyanin-cya-
nine-7-conjugated anti-mousc CD8 (APC-Cy7, clone 53-6.7),
APC-conjugated anti-mouse CD3 (clone 145-2C11), and peridi-
nin chlorophyll protein-Cy5.5-conjugated rat anti-mouse CD19
(PerCP-Cy5, clone 1D3 (all BD Pharmingen). To avoid non-
specific binding, 10° cells were incubated with | ug Mouse F,
BlockTM (BD Pharmingen) for 5min at RT, followed by
incubation with MAD for 30min at 4°C in the dark. Cells were
then washed twice with 5% FBS in PBS, re-suspended at 10° cells/
tube in 500l PBS and then analyzed on a FACSVerse flow
cytometer (BD Pharmingen) using FACSuite software. A min-
imum of 20000 events/sample was collected and analyzed for
antigen expression.

Statistical analysis

All data are expressed as meanzstandard deviation (SD).
Analysis of variance (ANOVA) was used to evaluate the results.
For significant results, differences between vehicle control
and treatment groups were then assessed using a Dunnett’s
multiple comparison test. Statistical significance of differences
between single-chemical and combination-treatment groups was

Figure 1. Absolute thymus weights. Mice 80+
were treated with nothing (intact naive), o
vehicle, methoxychlor (MXC), parathion
(PARA), piperonyl butoxide (PBO), or com-
binations of the agents (two at a time).
Absolute thymus weights are expressed as
mean £ SD (mg; n =28 per group). **p<0.01
(Dunnett’s multiple comparison test) vs

N
o
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determined using a Student’s rtest. p values <0.05 were
considered significant in each test.

Results
Overall toxicity of the various treatments to the mice

Throughout the studies, there were no abnormal clinical signs
(e.g. decreased activity) or changes in body weightor body weight
gain due to any of the treatment regimens.

Thymus weights

Thymus weights are shown in Figure 1. All treatment groups had
significantly (p<0.01) decreased values compared with those
seen with the vehicle control mice. The MXC + PARA mice did
display a significant decrease (~22.2%, p<001) compared
against the values for the PARA treatment mice, and also a
decrease of 8.1% versus MXC mice; however, this decrease was
not significant. The PBO +MXC mice had average decreases of
thymus weight of x13.0% vs the PBO hosts, but this decrease
too was not significant. Thymus weights in the PARA +PBO
mice were comparable with those of the PARA or PBO hosts.

Serum SRBC-specific IgM responses

Serum SRBC-specific IgM responses are shown in Figure 2.
In the PARA, PBO, and PARA + PBO treatment groups, SRBC-
specific IgM responses were comparable with that of the vehicle
control group. However, the MXC+PARA and PBO +MXC
treatment groups displayed significantly decreased (p<0.05)
SRBC-specific IgM responses compared with that by the vehicle
controls — decreases of =~409% and 29.5%, respectively.
Furthermore, the MXC + PARA- treated mice had a significantly
decreased (x41.8%) response compared with that of the MXC-
only mice. Further, while the MXC 4 PARA micc displayed a
decreasing trend in response compared with that by the PARA-
only mice, the net difference (a decrease of ~363%) was not
significant. Similarly, the PBO 4+MXC mice had a significantly
decreased response compared with the PBO =292%, p<0.05)
and MXC (30.6%, p <0.01) treatment mice.

Splehocyte IgM PFC response to SRBC

Splenocyte IgM PFC responses to SRBC are showsn in Figure 2.
All treatment groups had significantly (p <0.01) lower IgM PFC
responses to SRBC compared with the vehicle control mice.
The MXC + PARA mice had decreases of x22.7% vs the MXC
and 29.9% vs the PARA groups, but the decreases were not
significant. However, PBO +MXC treatment did cause a signifi-
cant decrease (~38.3%, p<0.01) from PBO mice values; there
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Figure 2. Serum and splenic IgM responses. {a) Serum (1))
Mice were (treated as described in the )
Figure 1 legend. (a) Serum and (b) spleen D
IgM responses are shown. IgM responses are
expressed as mean == SD (titre; n =8 per .
group). IgM responses in the spleen are 2 600
expressed as mean == SD (» =8 per group). ‘E'
*n<0.05 and **p<0.01 (Dunnett’s multiple & k3
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was a decrease of x~34.1% vs MXC mice values, but this was
not significant. Splenocyte PFC responses with PARA +PBO
mice were comparable to that seen with their PARA- or PBO-only
counterparts.

Splenocyte T-cell counts

To evaluate the level of T-cell immunosuppression following the
single or combination treatments, isolated lymphocytes were
stained with anti-CD3, -CD4, and -CD8§ antibodies. The numbers
of total, helper, and cytotoxic T-cells are shown in Figure 3. In the
MXC, PARA, PBO, PARA -+ PBO, and PBO+MXC trcatment
groups, all T-cell counts were comparable with those of the
vehicle control group. The PBO + MXC group showed a decrease
in T-cell counts, but this was not statistically significant. The
MXC 4+ PARA group had significantly decreased total (p<0.01),
helper (p <0.05), and cytotoxic (p<0.01) T-cell counts compared
with those of control, MXC, and PARA mice — decreases of,
respectively, &52.5, 42.8, and 58.0% vs control; 42.1, 26.1, and
49.9% vs MXC alone; and 33.2, 20.0, and 39.6% vs PARA alone.

Splenocyte B-cell counts

To evaluate B-cell immunosuppression following the single
or combination treatments, isolated lymphocytes were stained
with anti-CD19 and anti-peanut agglutinin (PNA) antibodies
(Figure 4). In the MXC, PARA, PBO, PARA+PBO, and

PBO-+MXC treatment groups, total B-cell (CD19™") counts
were comparable with that in the vehicle controls. The
PBO +MXC group had a decrecase in total B-cell counts,
but this was not significant. The MXC+PARA group had
significantly decreased total B-cell counts (p<0.01) compared
with the vehicle control, MXC, and PARA groups - decreases of,
respectively, =50.9, 36.1, and 33.8%.

In all of the groups given a test substance, germinal
center B-cell (CDI9YPNA™) counts were lower than that in the
vehicle control mice. In addition, the MXC (»p<0.05) PBO
(p<0.05), MXC + PARA (p<0.05), and PBO + MXC (p <0.01)
groups had significantly decreased germinal center B-cell counts
comparcd with that of the vehicle controls. The PBO -+ MXC
treatment mice also had significantly decreased (p<0.05)
germinal center B-cell counts compared with the PBO and
MXC weatment group ~— decreases of =427 and 49.2%,
respectively.

Discussion

Our objective was to provide new insights inlo effects of
combined exposures to three well-known environmental chem-
icals: methoxychlor, parathion, and piperonyl butoxide, This study
examined immunotoxic effects of these chemicals in Balb/cAnN
mice using a short-term oral exposure protocol. Changes in host
immune status were assessed by measures of effects on thymus
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AFigure 3. T-cell sub-type counts in spleens.
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Mice were treated as described in the
Figure 1 legend. (a) Total, (b) helper, and
(c) eytotoxic T-cell counts are shown. Results
for intact. vehicle, and individual agent-
treated mice are included in each chart. Cell
counts are expressed as mean == SD (2 =8 per
group). *p<0.05 and **p <0.01 (Dunnett’s
multiple comparison test) vs vehicle control
group; $p<0.05 and ®Pp <0.01 (Student’s
t-test) vs single test substance groups.
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weight, anti-SRBC IgM responses, and T- and B-cell counts in
serum and spleen.

Based on our previous report (Fukuyama et al., 2010),
immunosuppressive environmental chemicals induce thymocyte
apoptosis and reduced thymus weights. Thus, changes in thymus
weights were analyzed as a general measure of in situ
immunotoxicity from the test agents here as the thymus is a key
lymphoid organ, and precursor T-cells migrate there to undergo

maturation (Janeway et al., 2004). In our study, compared to what
was seen with vehicle control mice, all treatments induced
significant decreases in thymus weight. Among the combined
exposure groups, the MXC + PARA mice had values significantly
decreased compared with those of PARA-only mice (but not vs
MXC mice). In contrast, while PBO +MXC mice had a trend
toward decreasing values vs the same PBO hosts, the decrease
was not significant. PARA +PBO mice had values not altered
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Figure 4. Total B-cell and germinal center
B-cell counts in spleens. Mice were treated as m
described in the Figure 1 legend. (a) Total
B-cell and (b) germinal center B-cell counts
are shown. Results for intact, vehicle, and
individual agent-treated mice are included
in each chart. Cell counts are expressed as
mean = SD (n =18 per group). *p<0.05 and
*%p < 0.01 (Dunnett’s multiple comparison
test) vs vehicle control group; $p<0.05 and
PPp < 0.01 (Student’s t-test) vs single test
substance groups.
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from their individual agent counterparts. These results suggested
to us that, at the level of thymocyte damage (i.e. potential
apoptosis), there was little to no interactive effect from the
combined exposures to PARA 4-PBO and PBO +MXC expos-
ures. In contrast, as MXC <4 PARA exposure appeared to have
induced a more severe effect compared with exposure to each
individual chemical, it is likely that some interactive effect (most
likely synergistic) was occurring in situ to amplify the toxicities
of each individual test agent. As will become clear below, this
preferentially strong toxicity by MXC + PARA compared to the
other combinational regimens becomes evident in several other
aspects of these studies.

SRBC is a common antigen used to evaluate general immune
status. After immunization with SRBC, SRBC-specific IgM
responses in serum and spleen can be assessed using ELISA and
PFC assays, respectively (Temple et al., 1993; White et al., 2010).
Use of these two assays allows for evaluation of the mechanisms
of action of xenobiotic-induced immunotoxicities (Herzyk &
Holsapple, 2007). Compared with the vehicle control mice,
MXC +PARA and PBO -+ MXC mice had significant decreases
in serum SRBC-specific IgM responses, whereas MXC, PARA,
PBO, and PARA +PBO mice did not. In addition, the IgM
responses with the MXC-PARA mice were significantly
decreased vs that of MXC mice, and PBO + MXC treatment led
to significant decreases relative to those seen with PBO and MXC
mice. In contrast, in all groups given a test substance, spleen
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SRBC-specific IgM PFC responses were significantly decreased
relative to those seen with the vehicle control group. In addition,
the SRBC-specific IgM responses with spleens from  the
PBO +MXC mice were significantly decreased compared to
that of organs from PBO mice. Based on our historic data
(Fukuyama et al., 2013), the peak response to SRBC for the
SRBC-specific IgM ELISA occurs ~2 days after the maxima that
would be used to optimize results for a PFC. Thus, as we utilized a
protocol that was focusing mainly on the PFC assay, it is not
a complete surprise that the SRBC-specific IgM ELISA
responses were weaker than the PFC ones. Under these condi-
tions, MXC+PARA and PBO-+MXC led o significant
decreases relative to those seen with PBO and MXC in serum
SRBC-specific IgM responses. These results suggesied to us that
MXC 4 PARA or PBO + MXC exposures induced 1 more severe
reduction in humoral immune responses compared with exposure
to any of the three individual chemicals.

To further clarify mechanisms of MXC+PARA- or
PBO + MXC-induced immunosuppression, total, helper, and
cytotoxic T-cell counts, as well as total and gemminal center
B-cell counts in the spleens were analyzed-via flow cytometry
based on cell-specific surface makers (Janeway ct al., 2004).
It was clear that the MXC + PARA combined treatment damaged
T-cells. Total, helper, and cytotoxic T-cell counts in hosts
that received this combined treatment were decreased compared
with those in vehicle control, MXC, and PARA mice, In contrast,
RIGHYTS Lix

PR



LU personal use onty.

DOI: 10.3109/1547691X.2013.851747

in the PBO + MXC hosts, the counts were comparable to those
in PBO- and MXC-only mice. Similarly, in PARA + PBO mice,
all sets of counts were comparable to those in PARA and PBO
mice. These latter sets of results indicated that the toxicities
of these two chemical combinations, at least in regard to impacts
on T-cell populations in situ, were similar to those of any of their
single chemical constituents. It is interesting to note that, with the
MZXC + PARA regimen, the changes in cell counts corresponded
with the observed changes in SRBC-specific IgM responses.
On the other hand, in the PBO +MXC group, although SRBC-
specific IgM responses were decreased compared to the control,
PBO, and MXC mice, there were no similar correspondence
with the T-cell measures. This might suggest that the combined
action of the PBO and MXC may have been directed more
against the B-cell aspects of humoral responses than against
T-cells; however, this still remains to be verified in more detailed
studies.

In an immune response, local activated B-cells act as antigen-
presenting cells for helper or cytotoxic T-cells (Goutet et al.,
2005), proliferate, and differentiate into plasma cells to secrete
antigen-specific antibodies. Some B-cells are activated at the
T/B-cell border and migrate to form germinal centers (in primary
follicles; Janeway et al., 2004); therefore, changes in the numbers
of germinal centers and associated B-cells can reflect major
responses to exposure to antigens or toxicants (Vieira &
Rajewsky, 1990; Takahashi et al., 1998). A marked decrease in
total B-cell counts was seen in the MXC + PARA-treated mice
compared with that in MXC and PARA mice. Neither other
combinational treatment had a similar significant effect. At the
germinal center level, both MXC+PARA and PBO-+MXC
led to significant reductions in B-cell levels; PARA +PBO had
no significant impact. Compared to their individual agents,
MXC +PARA treatment caused even greater reductions in total
B-cell levels, but had no effect at the germinal center level. This
contrasts with PBO 4-MXC that had the opposite effect, i.e. no
impact at total B-cell level but significantly-so at germinal
centers. While these opposing outcomes are without explanation
at this point, the upshot is that the combinational treatments with
PBO +MXC or MXC+PARA are toxic to B-cells in situ.
Toxicity from PARA + PBO is nominal at best.

The findings with the PBO+MXC mice supports our
contention cited in the early paragraphs about potentially more
selective effects on B-cells. That the MXC+ PARA regimen
also impacted on B-cells (beyond above-noted effects on thymic
weights, T-cell counts, and IgM responses) suggested that this
specific combination displayed a far more immunotoxic targeting
than the other combined regimen. Whether such a divergent effect
is due to differences in synergizing effects from each individual
agent is an interesting possibility. Future studies with gradational
combinations of each test chemical should allow us to ascertain
which of the individual agents is driving any synergisms.

Conclusions

Our data show that combined exposure to certain-environmental
chemicals can induce immunotoxicity, as shown by effects on
SRBC-specific IgM responses and T- or B-cell counts, compared
to that by individual exposure to the chemicals in mixtures.
However, this toxicity appears to differ, depending on which
chemicals are combined. In particular, it was clear that, among the
three combinations, MXC + PARA presented the most immuno-
toxic profile in the murine hosts. The combined toxicity may
be affected by chemical structure, receptor binding, and immune
pathways involved; further studies are currently in progress.
It is expected that the results of this study will help others
in their evaluation of immunotoxic combinational effects
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when conducting assessments of the safety of environmental/
occupational chemicals.
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Abstract

Long-term moderate consumption of red wine is associated with a reduced risk of developing lifestyle-related diseases suchas
cardiovascular disease and cancer. Therefore, resveratrol, a constituent of grapes and various other plants, has attracted
substantial interest. This study focused on one molecular target of resveratrol, the peroxisome proliferator activated receptora
(PPARa). Our previous study in mice showed that resveratrol-mediated protection of the brain against stroke requires activation of
PPARa; however, the molecular mechanisms involved in this process remain unknown. Here, we evaluated the chemical basis of
the resveratrol-mediated activation of PPARa by performing a docking mode simulation and examining the structure-activity
relationships of various polyphenols. The results of experiments using the crystal structure of the PPARa ligand-binding domain and
an analysis of the activation of PPARa by a resveratrol analog 4-phenylazophenol (4-PAP) in vivo indicate that the 4'-hydroxyl
group of resveratrol is critical for the direct activation of PPARa. Activation of PPARa by 5 M resveratrol was enhanced by
rolipram, an inhibitor of phosphodiesterase (PDE) and forskolin, an activator of adenylate cyclase. We also found that resveratrol
has a higher PDE inhibitory activity (ICsg = 19 uM) than resveratrol analogs trans-4-hydroxystilbene and 4-PAP (ICsg = 27-28 pM),
both of which has only 4'-hydroxyl group, indicating that this 4'-hydroxyl group of resveratrol is not sufficient for the inhibition of
PDE. This result is consistent with that 10 uM resveratrol has a higher agonistic activity of PPARa than these analogs, suggesting
that there is a feedforward activation loop of PPAR« by resveratrol, which may be involved in the long-term effects of resveratrol in
vivo.
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Introduction

The phytoalexin resveratrol (3, 5, 4-trinydroxystilbene) [1] possesses antioxidant properties and has multiple effects, including the
inhibition or suppression of cyclooxygenase (COX) [2], [3], and the activation of peroxisome proliferator activated receptors
(PPARSs) [4] and the NAD*-dependent protein deacetylase sirtuin 1 (SIRT1) [5]. Previous studies show that resveratrol can prevent
or slow the progression of various cancers, cardiovascular diseases, and ischemic injuries, as well as enhancing stress resistance
and extending lifespan [6], [7].

Resveratrol is a calorie-restriction mimetic [8] with potential anti-aging and anti-diabetogenic properties; therefore, its ability to
activate SIRT1 has attracted particular interest. However, the activation of SIRT1 by resveratrol in vitro appears to be an artifact
generated by the use of fluorophore-tagged substrates [9], [10]. A recent study reported that cAMP-dependent phosphodiesterase
(PDE) is a direct target of resveratrol and suggested that the metabolic effects of the compound are mediated by PDE inhibition
[11]; however, this proposal remains unconfirmed. Previous studies by our group focused on the hypothesis that the beneficial
effects of resveratrol require the direct activation of PPAR« [4], [12], [13], which is supported by reports that PPARa mediates some
of the effects of calorie restriction [14].

PPARs are members of a nuclear receptor family of ligand-dependent transcription factors [15]. The three PPAR isoforms, PPARa
(NR1C1), B/5 (NR1C2), and y (NR1C3), show distinct tissue distributions and play various roles in lipid and carbohydrate
metabolism, cell proliferation and differentiation, and inflammation, and are considered molecular targets for the treatment of
lifestyle-related diseases [15], [16]. The ligand-binding domains of the PPAR isoforms share 60-70% sequence identity, although all
three isoforms bind naturally occurring fatty acids [17). The prostaglandin Do-derived metabolite, 15-deoxy-A12, 14- prostaglandin



Jo, is a potent natural ligand of PPARY [18], [19]. We previously reported that this metabolite suppresses lipopolysaccharide-
induced expression of COX-2, a key inflammatory enzyme in prostaglandin synthesis, in macrophage-like U937 cells but notin
vascular endothelial cells [20]. We also demonstrated that the expression of COX-2 is regulated by negative feedback mediated by
PPARY, especially in macrophages [20]. These findings indicate that PPARSs participate in the cell type-specific control of COX-2
expression [3], which led us to hypothesize that resveratrol is a direct activator of PPARs. This proposal is supported by the results
of in vitro reporter assays in bovine arterial endothelial cells (BAECs) [21], which demonstrated that 5 uM resveratrol activaies
PPARGa, B/5, and y [4], [13]. In a study using PPARa-knockout mice, resveratrol treatment (20 mg/kg weight/day for 3 days)
protected the brain against ischemic injury through a PPARa-dependent mechanism, indicating that resveratrol activates PPARa in
vivo [4]. Moreover, we also demonstrated that the resveratrol tetramer, vaticanol C, activates PPARa and PPARB/S both in vitro (5
UM) and in vivo (0.04% of the diet for 8 weeks), although no effects on SIRT1 were observed [13].

In light of the findings described above, the aim of this study was to evaluate the chemical basis of the activation of PPARa by
resveratrol.

Materials and Methods

Reagents and cell culture

Resveratrol was purchased from Sigma and the other plant polyphenols were purchased from Wako Chemicals (Japan).
Azobenzene and 4-phenylazophenol (4-PAP) were purchased from Tokyo Chemicals, and trans-4-hydroxystilbene (T4HS) was
synthesized as reported previously [22]. A 100 mM stock solution of each compound was prepared in DMSO and the stock was
diluted to the working concentration before use. BAECs (Cell Applications, San Diego, CA) were grown in DMEM supplemented
with 10% fetal calf serum.

Transcription assays and construction of mutated PPARa expression vectors

BAECs were transfected with 0.15 pg of the tk-PPREx3-Luc reporter plasmid, 0.15 pg of the human PPARa expression vecior
pGS-hPPARa (GeneStorm clone L02932; Invitrogen), and 0.04 g of the pSV-Bgal vector, using Trans IT-LT-1 (Mirus) as described
previously [20], [23]. Twenty-eight hours after transfection, the BAECs were incubated with the relevant chemical for 24 h, after
which the cells were harvested and lysed, and luciferase and B-galactosidase activities were measured. The luciferase activiies
were normalized to those of the B-galactosidase standard. The validity of this reporter assay was previously confirmed using Wy-
14643, GW501516, and pioglitazone, which are synthetic agonists of PPARa, /5, and vy, respectively [23]. Site-directed
mutagenesis of PPARa to form 1241A, L247A, F273A, 1317A and 1354A was performed using an inverse PCR method, the KOD-
Plus-Mutagenesis Kit (Toyobo, Japan), pGS-hPPARa as a template, and mutagenic primers. Mutagenic primers used were: F273A
5'- gctecactgetgecagtgeacgtecagtggagacegtcac-3'(forword), 5'- gatgeggacctcegecaccaagttcaggatgecattgg-3'(reverse); 1354A 5-
gccatggaacccaagtttgattttge catgaagticaat-3' (forword), 5'- atcacagaacggtttccttaggctttttaggaattcacg-3'(reverse); 1241A 5'-
gcacatgatatggagacactgtgtatg-3' (forword), 5'- tgcgacaaaaggtggattgttactg-3' (reverse); L247A 5'- agcatgtatggctgagaagacgcetgg-3'
(forword), 5'- gccatacatgctgtctccatatcatgtatgac-3' (reverse); 1317A 5'- geattcgecatgetgtcttetgtg-3' (forword), 5'-
tgcggcectcataaactecgtatittage-3' (reverse). All mutations were confirmed by DNA sequencing.

Docking mode prediction and free energy calculations

The docking modes of resveratrol were predicted using the GOLD 3.0 docking program [24]. The protein co-ordinates were taken
from the PPARa-GW409544 complex structure (PDB ID: 1K7L) and the amino acid residues within 12 A of GW409544 were
assumed to be the target binding site. The docking procedure with GOLD 3.0 was repeated 150 times, and the 150 docking poses
were clustered to obtain four representative poses. Molecular dynamics simulations were performed using the AMBER 8 program
and the Cornell force field 94. The solvent water was the SPC model and the cubic periodic boundary condition was used. The
Coulomb interaction was evaluated using the particle mesh Ewalt method. The protein-ligand complex structure was movedwith a
time step of 2 femtoseconds and hydrogens were constrained with the SHAKE algorithm. After standard minimization and
equilibration of the protein-ligand complex, simulation was performed for 1 nanosecond and 1,000 snapshots were collected A
Molecular Mechanical/Poisson-Boltzmann Surface Area analysis [25] was performed with a standard protocol. Computational
alanine scanning was performed in a similar manner to that described above, mutating each amino acid in turn.

Animal experiments

Male 8-week-old SV/129-strain (wild-type) and PPARa-knockout mice (Jackson Laboratory) were housed in a room at 24 + 2°C
with a 12 h/12 h light/dark cycle and were fed the AIN93-G diet or the same diet supplemented with 0.04% 4-PAP. Food andwater
were available ad libitum. After 8 weeks of feeding, the mice were anesthetized with isoflurane, and euthanized by collectinga
blood sample using a syringe. Livers were removed and stored in RNA later solution (Ambion, USA) at -30°C. Body weight, food
consumption and liver weight were not significantly different between 4-PAP-fed mice and control. In addition, plasma AST and ALT
level of 4-PAP-fed mice were same level as control (data not shown). This study was carried out in accordance with the guideline
for Care and Use of Laboratory Animals published by Minister of the Environment Government of Japan (No. 88 of April 28, 2006).
All experimental procedures were approved by the Animal Care Committee of Nara Women's University. All efforts were made to
minimize suffering.

Real-time PCR

Total RNA was isolated using the acid guanidinium thiocyanate procedure. Real-time RT-PCR was performed using the Mx3005
system (Stratagene) as described previously [23]. Expression levels of each mRNA were normalized to those of GAPDH mRNA.
PCR primers used were: GAPDH 5'- ggtgaaggtcggagtcaacgga-3' (forword), 5'- gagggatctcgetectggaaga-3' (reverse); Acyl CoA
oxidase 1 5~ gggagtgctacgggttacatg-3' (forword), 5'- ccgatatcceccaacagtgatg-3' (reverse); Carnitine palmitoyltransferase 1A §-
cttccatgacteggcetctte-3' (forword), 5'- aaacagttccacctgetget-3' (reverse); Adiponectin receptor type 2 5'- acccacaaccttgcticate-3'
(forword), 5'- ggcagctceggtgatataga-3 (reverse); Fatty acid binding protein 1 5'- aagtaccaattgcagagccagga-3' (forword), 5™
ggtgaactcattgcggacca-3’ (reverse); Long-chain acyl CoA dehydrogenase 5'- cagttgcatgaaaccaaacg-3' (forword), 5'-
gacgatctgtcttgcgatca-3' (reverse); SIRT1 5- gtcagataaggaaggaaaac-3' (forword), 5'- tggctctatgaaactgtict-3' (reverse).

PDE inhibition assay

The PDE inhibition assay was performed using the PDE-GloTM Phosphodiesterase assay (Promega). Bovine brain-derived PDE,
majority of which was PDE4 isozyme [26], was purchased from Sigma. One milliunit of PDE was pre-incubated with varying
concentrations of rolipram (Wako Chemicals, Japan), resveratrol, T4HS or 4-PAP for 30 min at room temperature, and then 1 uM

CcAMP substrate was added and the reactions were incubated for a further 90 minutes at 37°C. Luminescence was measured using
the Tecan Infinite 200 plate-reader.

Statistical analysis

All results are expressed as the mean + SD. Comparisons between groups were performed using unpaired t-tests or two-way
ANOVA with post-hoc Bonferroni multiple comparison test. Values were deemed to be statistically significantly different at p <0.05.



Results and Discussion

The 4"hydroxyl group of trol is required for the activation of PPARa in vitro

First, we investigated whether resveratrol and its related compounds (Fig. 1A) are able to activate PPARa in‘a cell-based luciferase
reporter assay. BAECs were transiently transfected with the PPRE-luc reporter vector, the human PPARa expression vector GS-
hPPARa, and pSV-B-gal as an internal control, and then incubated with 5, 10 uM resveratrol or its related compounds for 24 h. The
activation of PPARa by resveratrol was suppressed by the addition of a 3™-hydroxyl group (to form piceatannol), by the replacement
of the 3,5-hydroxyl groups with methoxy groups (to form pterostilbene), and by deletion of the 3,4-hydroxyl groups from resveratrol
(to form T4HS) (Fig. 1A, B). The activation of PPARa by 4-PAP, which has a chemical structure similar to that of T4HS instead of
the stilbene to azobenzene backbone (Fig. 1A), was similar to that by T4HS, and that, the level of activation was reduced futher
following deletion of the hydroxyl group (to form azobenzene) These compounds showed the dose-dependent increase of PPARa
activation except for azobenzene (Fig. 1A, B).
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Fig 1: The 4'-hydroxyl group of resveratrol is required for the activation of PPARa in vitro.

(A) The chemical structures of resveratrol and its related compounds containing a 4'-hydroxyl group (shown in red). (B) The
activation of PPARa by exposure of BAECs transiently transfected with PPRE-luc, GS-hPPARa, and pSV-B-gal to the
compounds (5, 10 pM) shown in (A). Data were statistically evaluated using the unpaired #-test. ** p < 0.01, ***p < 0.001
compared with cells treated with 5 uM resveratrol. +11p < 0.001 compared with cells treated with 10 uM resveratrol. ###p<
0.001 compared with cells treated with 4-PAP. (C) The chemical structures of the flavonoids studied. (D) The activation of
PPARa by exposure of BAECs transiently transfected with PPRE-luc, GS-hPPARa, and pSV-B-gal to 5 uM of resveratrol or to
5 uM of the flavonoids shown in (C). Data were statistically evaluated using the unpaired t-test. *p < 0.05, ***p < 0.001
compared with cells treated with flavone. (B) and (D) were presented as the relative luciferase activities normalized to those
of the B-galactosidase standard, and represent the mean + SD of three independent wells of cells. Similar results were
obtained by two additional experiments. )
doi:10.1371/journal.pone.0120865.g001

Next, we compared the PPARa-activating ability of other polyphenols with a flavone backbone (Fig. 1C) with that of resveratrol. The
compounds studied were as follows: apigenin, which has a similar 4-hydroxyl group to that of resveratrol; kaempferol and luteolin,
both of which have chemical structures similar to that of apigenin but contain an additional one or two hydroxyl groups, respectively;
a flavone with no hydroxyl group; and tangeretin and nobiletin, which have four or five methoxy groups, respectively, one of which
replaces the 4'-hydroxyl group of resveratrol (Fig. 1C). The abilities of apigenin, kaempferol, and luteolin to activate PPARa were
approximately 20-35% lower than that of resveratrol (Fig. 1D). The flavone that lacked hydroxyl groups displayed 55% of the
activating ability of resveratrol and the ability of flavone to activate PPARa was significantly lower than that of apigenin, kaempferol
and luteolin. The abilities of these compounds to activate PPARa at 10 uM were higher than 5 uM except for tangeretin and



nobiletin (chemicals with no “corresponding 4'-OH"). These results indicate that the 4'-hydroxyl group of resveratrol is functionally
important for the activation of PPARa although the contribution of this 4'-hydroxyl group may differ between the stilbene and flavone
backbones.

Identification of a pl

The X-ray crystal structure of the PPARa LBD as a complex with its synthetic agonist GW409544 and a co-activator motif from
steroid receptor co-activator 1 was reported previously [27]. The hydrogen bonds between the carboxylate of GW409544, Tyr314
on helix 5, and Tyr464 on the AF2 helix, act as a molecular switch that activates the transcriptional activity of PPARa [27]. The
docking modes of resveratrol were predicted using the GOLD 3.0 docking program [24] and protein co-ordinates from the PPARa-
GW409544 complex structure (PDB ID: 1K7L). Four modes were predicted; the four orientations of the nearly planar molecule are
horizontal or vertical mirror images (Fig. 2A). Of the four predicted modes, modes | and Il, which are vertical mirror images, seem
feasible for two reasons. First, when the calculated docking mode It of resveratrol was superimposed on the PPARa-GW409544
complex structure, the configuration of resveratrol (Fig. 2B; orange) partially overlapped that of GW409544 (Fig. 2B; green).
Second, the 4'-hydroxyl group of resveratrol was in the vicinity of the hydroxyl groups of Tyr314 and Tyr464, suggesting the
possibility of hydrogen bond formation between them. The 3,5-hydroxyl groups of resveratrol were located near to hydrophobic
amino acid residues, suggesting that they do not contribute much to the binding affinity for PPARa. This proposal is consistent with
the finding that removing these groups (to form T4HS) had a slight but significant suppressive effect on the ability of resveratrol to
activate PPARa (Fig. 1B). The binding features were also consistent with the experimental observation that the 4'-hydroxyl group is
a crucial functional moiety for PPARa activation (Fig. 1).

ing model and i of F273 and 1354 as PPARa residues involved in resveratrol binding
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Fig 2. Docking models and analysis of PPARa residues required for binding to resveratrol.

(A) The four docking modes of resveratrol predicted using the GOLD 3.0 docking program [24] with protein co-ordination data
from the PPARa-GW409544 complex structure (PDB ID: 1K7L) and a standard docking protocol. (B) Superimposition of
docking mode 11 of resveratrol (orange) on the structure of PPARa bound to GW409544, a potent PPARa agonist (green).
Only the amino acids located near to GW408544 are displayed. The hydrogen bonds of Tyr314 and Tyr464 are shown as
dashed green lines. (C) Binding free energies (AAGbind (kcal/mol)) of the indicated PPARa amino acid residues, calculated
by alanine scanning using data for the four predicted docking modes. (D) Activation of wild-type (WT) PPARa and its mutants
by 5, 50 uM resveratrol or Wy-14643. BAECs were transiently transfected with PPRE-luc, wild-type or mutant GS-hPPARg,
and pSV-B-gal. The data are presented as relative luciferase activities normalized to those of the B-galactosidase standard
and as 1 for cells treated with DMSO (control), and represent the mean x SD of three independent wells of celis. Similar
results were obtained by two additional experiments. The data were calculated the relative luciferase activity in cells
transfected with wild-type PPARa.

doi:10.1371/journal.pone.0120865.g002

In modes il and IV, which are horizontal mirror images of modes Il and |, respectively, the 4’-hydroxyl group would be located
further away from Tyr314 and Tyr464; therefore, these modes may not be compatible with the apparent importance of this group to
PPARa activation. However, the binding free energies predicted using a Molecular Mechanical/Poisson-Boltzmann Surface Area
analysis [25] showed that modes |l (-10.28 + 9.12 kcal/mol) and IV (-15.64 + 9.31 kcal/mol) are more plausible than mode | (-1.28 £
11.12 kcal/mol), although it is worth noting that the free energy for GW409544 binding is-35.63 + 11.79 kcal/mol. Ideally, these
calculations should be based on crystallographically determined complex co-ordinates, although we resorted to docking predictions
here. Taken together, this information suggests that mode 1l is the most plausible docking model for resveratrol (Fig. 2C).



A computational alanine scanning technique was then used to examine the contribution of each PPARa amino acid residue around
the ligand. We were predicted that the residues F273 and 1354 were the most favorable sites for binding the free energy of
resveratrol in mode Il whereas the residues 1241, 1247 and 1317 were not favorable sites in mode Il. Consistent with these
predictions, site-directed mutagenesis of either of these residues (F273A or I354A) reduced the activation of PPARa by resveratrol
compared with others (1241A, L247A, and 1317A) (Fig. 2D) in BAECs transiently transfected with the PPRE-luc reporter. Onthe
other hand, all mutants (1241A, L247A, F273A, 1317A, and 1354A) were suppressed by Wy-14643. These results provide additional
evidence that docking mode Il of resveratrol is plausible, and that its 4-hydroxy! group is functionally important for PPARa
activation. In this study, we did not show that resveratrol directly binds to PPARa, however, our collaborated study showed the
direct interaction between resveratrol and PPARYy by X-ray crystal structure analysis (unpublished data), which is also recently
reported by another group [28].

4-PAP induces the expression of PPARa-dependent genes and SIRT1

Next, the importance of the 4"-hydroxyl group of resveratrol to the activation of PPARa in vivo was examined. A previous study
demonstrated that exposure of wild-type mice to 0.04% vaticanol C, a resveratrol tetramer, upregulates the hepatic expression of
PPARa-responsive genes such as fatty acid binding protein 1. However, this response was not observed in PPARa-knockout mice,
indicating that vaticanol C activates PPARa in vivo [13]. Similarly, we recently found that exposure of wild-type mice (but not
PPARa-knockout mice) to 0.04% resveratrol for 4 weeks upregulates the hepatic expression of SIRT1 and PPAR-responsive genes
such as Acyl CoA oxidase 1, Long-chain acyl CoA dehydrogenase, and Fatty acid binding protein 1 (unpublished data), indicating
that resveratrol also activates PPARa in vivo. Here, a resveratrol analog 4-PAP, which has a 4'-hydroxyl group on an azobenzene
backbone (Fig. 1A), was used to examine the importance of this group to the activation of PPARa in vivo. Compared with wild-type
mice fed a control diet, those exposed to 0.04% 4-PAP for 8 weeks showed significantly higher hepatic expression levels of the
PPARGa-responsive genes such as Acyl CoA oxidase 1, Carnitine palmitoylitransferase 1A and Adiponectin receptor type 2 and a
tendency toward higher expression levels of the genes such as Fatty acid binding protein 1 and Long-chain acyl CoA
dehydrogenase (Fig. 3). These responses were not observed in PPARa knockout mice, indicating that 4-PAP activates PPARa in
vivo (Fig. 3). Interestingly, similar to the results of our experiments using resveratrol (unpublished data), there was significanily 4-
PAP-induced upregulation of SIRT1TmRNA expression in wild-type, but not PPARa knockout mice (Fig. 3), indicating that PPARa-
dependent upregulation of SIRT1 mRNA is attributable to SIRT 1-activation by resveratrol in vivo.
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Fig 3. 4-PAP induces PPARa-dependent genes and SIRT1 in vivo.

RT-gPCR was used to determine the mRNA levels of the indicated genes in liver samples from wild-type (WT, filied columns)
and PPARa-knockout (PPARa KO; open columns) mice fed the control AIN-93G diet (C) or the same diet supplemented with
0.04% 4-PAP for 8 weeks. Data represent the mean + SD from 7—8 mice in each group (WT) and from 4 mice in each group
(PPARa KO). Data were statistically evaluated using the unpaired two-way ANOVA with post-hoc Bonferroni multiple
comparison test. *p < 0.05 compared with wild-type mice fed the control diet. #p < 0.05 compared with wild-type mice fed the
4-PAP-supplemented diet. For each mRNA, data were normalized to the expression levels in wild-type mice fed the contra
diet.

doi:10.1371/journal.pone.0120865.9003

Inhibition of PDE enhances the activation of PPAR« by resveratrol

Finally, the inhibitory effect of PDEs on the activation of PPARa by resveratrol was examined using a luciferase reporter assay.
BAECs were transiently transfected with the PPRE-luc reporter vector, the human PPARa expression vector GS-hPPARa, and
pSV-B-gal as an internal control, and then incubated with varying concentrations of resveratrol, T4HS or 4-PAP for 24 h. At higher
concentrations (from 10 uM to 40 uM), resveratrol had a more potent effect on the activation of PPARa than the others (Fig. 4A,
left), on the other hand, resveratrol, T4HS and 4-PAP had the similar effect at lower concentrations (from 1.25 to 2.5 pM) (Fig. 4A,
right). These results suggest that the 4'-hydroxyl group of resveratrol contributes to the activation of PPARa at up to 2.5 yM
concentration, however, this 4-hydroxyl group is not sufficient for the PPARa-activation at over 10 pM concentration.
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Fig 4. Inhibition of PDE enhances the activation of PPAR«a by resveratrol, especially at higher doses.

(A) The dose-dependent activation of PPARa by resveratrol, T4HS and 4-PAP in BAECs transiently transfected with PPRE-
luc, GS-hPPARa, and pSV-B-gal. Following transfection, the cells were incubated for 24 h with resveratrol, T4HS or 4-PAP at
the indicated concentrations. Data were normalized to the B-galactosidase standard and represent the mean + SD of three
independent wells of cells. The right graph corresponds to the lower area marked by a dashed rectangle in left graph. (B)
cAMP-dependent enhancement of PPARa activation by resveratrol, T4HS or 4-PAP. BAECs transiently transfected with
PPRE-luc, GS-hPPARG, and pSV-B-gal were incubated for 24 h with 5 uM compounds in the presence or absence of 25 M
rolipram, a PDE4 inhibitor, or 25 uM forskolin, an adenylate cyclase activator. Luciferase data were normalized to the B-
galactosidase standard and represent the mean + SD of three independent wells. *p < 0.05, ***p < 0.001 (unpaired t-test)
compared with control cells treated with the same compound. (C) The inhibition of PDE by resveratrol, T4HS, and rolipram.
Data represent the mean £ SD of three independent wells of cells. Similar results were obtained by two additional
experiments. The ICsg values are shown in the Table. ***p < 0.001 (unpaired ttest) compared with rolipram. ##p < 0.001
(unpaired t-test) compared with resveratrol. Similar results were obtained by two additional experiments in (A-C).
doi:10.1371/journal.pone.0120865.g004

Arecent study reported that resveratrol inhibits PDE isozymes, PDE3 (ICsp = 10 pM) and PDE4 (ICs0 = 14 M), respectively[11]. It
is therefore possible that the more potent effect of higher concentrations of resveratrol on the activation of PPARa is dependent on
the inhibition of PDE, which will be contributed to the subsequent increase in intraceliular cAMP levels. The activation of PPARa by
5 uM resveratrol, T4HS, or 4-PAP was enhanced by rolipram, a PDE4 inhibitor, or forskolin, an adenylate cyclase activator, both of
which increase intraceliular cAMP levels, although rolipram or forskolin alone could not activate PPARa (Fig. 4B). These results
indicate that the activation of PPARa by resveratrol or its related compound is enhanced by cAMP. Thus, PPARa activation by
resveratrol at an early point serves as a trigger to enhance the activation of PPARa in advance of the inhibition of PDE by
resveratrol. Our PDE inhibition assay (Fig. 4C) revealed that resveratrol is a more potent inhibitor (ICso = 19.0 pM) than T4HS (ICsp
= 27.8 yM; p = 0.00012) and 4-PAP (ICsp = 26.5 uM; p = 0.00022), which explains the relatively greater effect of higher 10 M
concentration of resveratrol on the activation of PPARa (Fig. 4A). Zhao et al. recently reported that by different PDE4 assay using
3H-cAMP, resveratrol is more potent inhibitor (ICs0 = 14.0 pM) than pterostilbene (Fig. 1A) (ICs0 = 27.0 pM) [28], which is similar to
our PDE inhibitory data of T4HS and 4-PAP (Fig. 4C), indicating that the 4'-hydroxyl group of resveratrol partly contributes, but not
sufficient, to inhibition of PDE.

This study investigated the molecular mechanisms involved in the activation of PPAR«a by resveratrol. An examination of the
structure-activity relationships of resveratrol-related compounds revealed that the 4-hydroxy! group of resveratrol is functionally
important for the direct activation of PPARa (Fig. 1). This result was confirmed by a docking model simulation and a subsequent
experiment using the crystal structure of the PPARa LBD (Fig. 2), as well as by an in vivo investigation of PPARa activation by
resveratrol analog 4-PAP (Fig. 3). Remarkably, the induction of SIRT1 mRNA depends on the activation of PPARa by 4-PAP (Fig. 3)
and resveratrol (unpublished data). Although direct activation of SIRT1 by resveratrol was unclear [9], [10], SIRT1 was reported to
bind to PPARa and enhanced the transcriptional activity of PPARa with its co-activator PGC-1a and promotes fatty acid oxidation
[30]. Therefore, there may be a feedforward activation of PPARa by resveratrol via activation of SIRT1.

Whereas the 4'-hydroxyl group of resveratrol directly contributes to PPARa activation, this 4'-hydroxyl group partly contributes to
inhibition of PDE since the pattern of inhibition differed between resveratrol, T4HS and 4-PAP (Fig. 4). Activation of PPARa by
resveratrol was enhanced by its inhibition of PDE. This feedforward activation of PPARa by resveratrol may provide a reasonable
explanation why long-term intake of resveratrol at concentrations lower than those used for in vitro assays induces the activalion of
PPARa in vivo. Fig. 5 shows an ongoing hypothesis on long-term activation of PPARa by resveratrol in vivo. As a short-term effect,
resveratrol activates PPARa, which induces PPARa responsive genes involved in lipid metabolism. Activation of lipid metabolism
finally increases intracellular ratio of ATP/ADF, and will decrease intracellular cAMP levels, which may feedback control of PPARa—
activation with a time lag. As a long-term effect, resveratrol inhibits PDE, which will enhance the PPARa-activation. At present, we
do not have sufficient evidences for this hypothesis, especially feedback regulation of PPARa in vivo. Further study will need lo
evaluate this hypothesis.
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Fig 5. Possible relationship among resveratrol, PPARa and PDE.
These diagrams present our hypothesis about short- and long-term effects of resveratrol, as shown in the text.
doi:10.1371/journal.pone.0120865.g005
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