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Abstract
The expression patterns of PPARβ/δ have been described, but the majority of these data are based
on mRNA data. To date, there are no reports that have quantitatively examined the expression of
PPARβ/δ protein in mouse tissues. In the present study, a highly specific PPARβ/δ antibody was
developed, characterized and used to examine tissue expression patterns of PPARβ/δ. As compared
to commercially available anti-PPARβ/δ antibodies, one of six polyclonal anti-PPARβ/δ antibodies
developed was significantly more effective for immunoprecipitation of in vitro translated PPARβ/
δ. This antibody was used for quantitative western blot analysis using radioactive detection methods.
Expression of PPARβ/δ was highest in colon, small intestine, liver and keratinocytes as compared
to other tissues including heart, spleen, skeletal muscle, lung, brain and thymus. Interestingly,
PPARβ/δ expression was localized in the nucleus and RXRα can be co-immunoprecipitated with
nuclear PPARβ/δ. Results from these studies demonstrate that PPARβ/δ expression is highest in
intestinal epithelium, liver and keratinocytes, consistent with significant biological roles in these
tissues.
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Introduction
Peroxisome proliferator-activated receptor-β/δ (PPARβ/δ) is a ligand activated transcription
factor with important biological functions. Ligand activation of PPARβ/δ improves glucose
tolerance [1], increases skeletal muscle fatty acid catabolism [2] and mediates terminal
differentiation of a number of cell types [3;4]. Thus, PPARβ/δ is a potential target for the
treatment of diseases including dyslipidemias, diabetes and cancer. One level of regulation of
PPARβ/δ is the presence of ligands that can activate the receptor through classic nuclear
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hormone receptor mechanisms [3]. However, another level of PPARβ/δ-dependent function is
the relative expression.

To date, there is limited quantitative data demonstrating the relative expression of PPARβ/δ
protein in tissues. The majority of studies that have examined relative expression patterns of
PPARβ/δ have focused on mRNA expression, which may or may not accurately reflect actual
protein levels. There are at least six studies that have examined tissue expression patterns of
PPARβ/δ in rodents [5;6;7;8;9;10]. Escher et al focused primarily on mRNA expression of
PPARs in rat but did perform one confirmatory western blot for PPARβ/δ demonstrating higher
expression of PPARβ/δ in rat liver after feeding [7]. More comprehensive analysis of PPARβ/
δ expression was performed using tissue microarray-based immunohistochemistry and
characterized cellular localization of PPARβ/δ [8]. However, PPARβ/δ protein expression has
not been examined using highly quantitative methods. For this reason, the focus of the present
study was to develop a highly specific PPARβ/δ antibody, and to use the antibody to examine
PPARβ/δ protein expression in mice using the most quantitative method for protein levels in
mammalian tissues, radioactive detection of protein blots.

Materials and methods
Anti-PPAR β/δ antibody characterization

Anti-serum from six rabbits (designated 8095–8100) immunized with a PPARβ/δ-specific
peptide (amino acids 1–29; sequence NP-035275) was obtained from Affinity Bioreagents.
Anti-serum was used to screen for PPARβ/δ immunoreactivity using western blot analysis.
COS-1 cells were transfected with a mouse PPARβ/δ expression vector, kindly provided by
Drs. Walter Wahli and Pallavi Devchand, and cell lysate used for a positive control for these
experiments. COS-1 cell lysate was separated using SDS-PAGE, transferred to a PVDF
membrane and blocked using 5% non-fat milk in Tris-buffered saline with 0.1% Tween-20.
After blocking, membranes were washed then incubated with anti-serum from one of the six
different rabbits. Following incubation in the primary antibody, membranes were washed three
times, incubated with biotinylated secondary antibody and then washed again before incubation
with 125I-streptavidin. Membranes were exposed to phosphorimager plates and the level of
radioactivity quantified with a Packard phosphorimager.

Antisera were then screened for PPARβ/δ-specific cross-reactivity using western blot and
immunoprecipitation techniques. Three antisera having good reactivity and specificity for
mouse PPARβ/δ were selected (8095, 8099 and 8100) and affinity purified. These three positive
antibodies were further analyzed using western blot and immunoprecipitation techniques using
in vitro translated protein, as well as in primary mouse keratinocyte samples. In vitro
translations were carried out using TNT T7 coupled reticulocyte lysate system (Promega,
Madison, WI) using 35S-methionine. To initially characterize the relative ability of the three
affinity purified antibodies to immunoprecipitate, in vitro-translated PPARβ/δ was precleared
with 25–60 µL of protein A/G-agarose beads (Santa Cruz Biotechnologies, Santa Cruz, CA)
for 45 minutes at 4 °C followed by immunoprecipition with either 1, 2, or 3 µg of affinity-
purified anti-PPARβ/δ antibodies prebound with protein A/G-agarose beads for 1 hour at 4 °
C. Immunoprecipitations were then washed 4X in 0.5X RIPA buffer and resolved by SDS-
PAGE. To characterize the ability of the affinity purified antibodies to immunoprecipitate from
complex cellular extracts, lysate from COS-1 cells transfected with a mouse PPARβ/δ
expression vector, in vitro-translated PPARβ/δ or soluble keratinocyte protein was precleared
with 25–60 µL of protein A/G-agarose beads for 45 minutes at 4 °C. After preclearing, protein
samples were immunoprecipitated with 3 µg of affinity-purified 8099 anti-PPARβ/δ antibody
prebound with protein A/G-agarose beads for 1 hour at 4 °C. Immunoprecipitated protein was
resolved by SDS-PAGE and subjected to western blot analysis as described above. To compare
the relative efficacy of immunoprecipitation, affinity purified 8099 anti-PPARβ/δ antibody
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was compared with commercially available anti-PPARβ/δ antibodies (Affinity Bioreagents
PA1–823; Santa Cruz sc-1987; Santa Cruz sc-7197). In vitro-translated 35S-methionine-
labeled PPARβ/δ was precleared with 25–60 µL of protein A/G-agarose beads for 45 minutes
at 4 °C followed by immunoprecipition with three µg of affinity purified 8099 anti-PPARβ/δ
antibody or the commercial antibodies prebound with protein A/G-agarose beads for 1 hour at
4 °C. Immunoprecipitations were then washed 4X in 0.5X RIPA buffer, resolved using SDS-
PAGE and exposed to a phosphorimager plate as described above to quantify relative
immunoprecipitated PPARβ/δ.

Expression levels of PPAR β/δ in mouse tissues
Male C57BL6 mice, 8–10 weeks of age were euthanized by over-exposure to carbon dioxide.
Tissues were dissected and flash frozen in liquid nitrogen. Tissues were homogenized in RIPA
buffer with protease inhibitors and then centrifuged at 14,000 rpm for 30 minutes in 4 °C. For
examination of PPARβ/δ expression in keratinocytes, cells were obtained and protein isolated
as described previously [11]. Protein concentration was determined using a BCA kit (Pierce,
Rockford, IL). The supernatant from this centrifugation was used to assess relative tissue
distribution of PPARβ/δ using western blotting. Fifty micrograms of protein extract was
separated using SDS-PAGE, transferred to a PVDF membrane and blocked using 5% non-fat
milk in Tris-buffered saline with 0.1% Tween-20 (TBST). After blocking, membranes were
washed three times with TBST and then incubated with either an affinity purified 8099 anti-
PPARβ/δ antibody or an anti-LDH antibody in TBST. Following incubation in the primary
antibody, membranes were washed three times with TBST, incubated with biotinylated
secondary antibody diluted in TBST and then washed again before incubation with 125I-
streptavidin. Membranes were exposed to phosphorimager plates and the level of radioactivity
quantified with a Packard phosphorimager. Hybridization signals for PPARβ/δ were quantified
and normalized to the amount of protein loaded. Rather than normalizing to a loading control
such as LDH, hybridization signals for PPARβ/δ were normalized to the amount of protein to
allow for comparison between tissues since the level of LDH can vary from tissue to tissue.
This is feasible since the same amount of protein was loaded per lane per tissue sample, and
the loading control demonstrated relatively equal loading.

Examination of nuclear and cytosolic PPARβ/δ
To determine whether PPARβ/δ was present in either the nucleus or cytosol, differential
centrifugation of tissue protein samples was performed followed by western blot analysis.
Briefly, tissue from male mice, 8–10 weeks of age, were homogenized in buffer containing
250 mM sucrose, 10 mM Tris HCl, 1 mM EDTA and centrifuged at 1,000 X g for 10 minutes
at 4 °C. The supernatant from this centrifugation was then centrifuged at 100,000 X g for 60
minutes and this supernatant was used for analysis of cytosolic PPARβ/δ. For the nuclear
fraction, the pellet from the first centrifugation at 1,000 X g was resuspended in the buffer
described above, overlaid on a 1 M sucrose gradient, and centrifuged for 5 minutes at 1,600 X
g at 4 °C. The pellet from this centrifugation was resuspended in buffer containing 150 mM
sucrose, 10 mM Tris HCl, 1 mM EDTA and 1% NP-40 and centrifuged at 21,000 X g for 10
minutes at 4 °C. The supernatant from this centrifugation was used for analysis of nuclear
PPARβ/δ. Western blot analysis was performed as described above, except that an anti-lamin
antibody was used to confirm the relative purity of the nuclear preparations and an anti-LDH
antibody was used to confirm the relative purity of the cytosolic preparations.

To determine whether the nuclear PPARβ/δ detected was potentially heterodimerized with
retinoid X receptor-α (RXRα), nuclear extracts from liver were subjected to
immunoprecipitation. Nuclear extracts were precleared with 25–60 µL of protein A/G-agarose
beads for 45 minutes at 4 °C followed by immunoprecipitation with 3 µg of affinity-purified
8099 anti-PPARβ antibody or IgG control prebound with protein A/G-agarose beads for 1 hour
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at 4 °C. Immunoprecipitated protein was resolved by SDS-PAGE and subjected to western
blot analysis for detection of either PPARβ/δ or RXRα (Santa Cruz Biotechnologies, Santa
Cruz, CA) as described above.

Results
All six of the anti-serum obtained from Affinity Bioreagents were immunoreactive with the
COS-1 cell lysate with high PPARβ/δ expression (Fig.1A). Of the six anti-sera examined, rabbit
sera 8095, 8099 and 8100 were selected for further characterization after affinity purification.
All three affinity purified antibodies immunoprecipitated in vitro translated PPARβ/δ, with the
percentage of immunoprecipitated protein ranging from 12–32% (Fig. 1B), which is quite
efficient relative to other antibodies. The affinity purified 8099 anti-PPARβ/δ antibody was
most efficient at immunoprecipitating PPARβ/δ from soluble keratinocyte protein (Fig. 1C).
This antibody was also markedly better for immunoprecipitation of in vitro translated
PPARβ/δ as compared to three other commercially available anti-PPARβ/δ antibodies (Fig.
1D). The affinity purified 8099 anti-PPARβ/δ antibody was used for the remaining quantitative
analysis of PPARβ/δ expression in mouse tissues.

The relative expression of PPARβ/δ was highest in colon, small intestine, liver and
keratinocytes (Fig. 2, Table 1). Expression of PPARβ/δ was also detected in brain, skin, kidney,
lung and testes. Relatively weak expression of PPARβ/δ was detected in spleen and thymus.
In quadricep muscle, no immunoreactive PPARβ/δ protein was detected at the appropriate
molecular weight, but a weak immunoreactive protein of a slightly higher molecular weight
was detected (Fig. 2). Similarly, in heart, no immunoreactive PPARβ/δ protein was detected
at the appropriate molecular weight, but an immunoreactive protein of a slightly higher
molecular weight was detected (Fig. 2). To determine whether PPARβ/δ was present in either
the nucleus or cytosol, western blot analysis of protein samples subjected to differential
centrifugation was performed. Results from this analysis clearly demonstrate that PPARβ/δ
was detected in the nuclear fraction of protein in colon, small intestine, liver, skin, brain, heart,
testis and kidney (Fig. 3A). Very weak or no expression of PPARβ/δ was observed in cytosolic
fractions. In contrast to the results obtained from the tissue extracts, relatively weak expression
of PPARβ/δ protein was detected in heart and this protein was the correct molecular weight
(Fig. 3A). The reason for this difference is uncertain but may reflect differences in the protein
preparations and/or increased sensitivity of PPARβ/δ detection in the nuclear protein
preparations that may be more enriched for PPARβ/δ. The results obtained from all of this
analysis were highly consistent with the relative expression of lamin, a marker of nuclear
proteins, and LDH, a marker of cytosolic proteins. Interestingly, western blot analysis of
immunoprecipitated nuclear PPARβ/δ using the affinity purified 8099 anti-PPARβ/δ antibody
demonstrates the immunoprecipitation pulled down both PPARβ/δ and its heterdimerization
partner, RXRα in liver (Fig. 3B) and intestine (data not shown). Results from analysis of protein
samples from PPARβ/δ-null mice also demonstrate the specificity of the affinity purified 8099
anti-PPARβ/δ antibody as no PPARβ/δ expression was detected in nuclear fractions from the
null mouse samples (Fig. 4).

Discussion
Previous studies by others have described the expression patterns of PPARβ/δ mRNA in rat
and mouse tissues with some variability noted. For example, one of the first studies that
examined expression of PPARβ/δ mRNA by northern blot analysis of rat samples noted the
highest expression in adrenal gland, heart and intestine, with modest expression in brain, kidney
and spleen, and low expression in liver and testis [10]. In mice, expression of PPARβ/δ mRNA
was highest in mouse liver, with modest expression being observed in kidney and brown
adipose tissue, and low expression in brain, spleen, intestine, heart and spleen, as measured by
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an RNase protection assay [9]. In a more limited analysis, expression of PPARβ/δ mRNA was
found to be highest in colon as compared to small intestine and liver in mice, using an RNase
protection assay [12]. More comprehensive analysis of PPARβ/δ expression was accomplished
using in situ hybridization and immunohistochemistry of rat tissues [5]. In this work, expression
patterns of PPARβ/δ were described ranging from tissue to cellular distribution. These studies
showed that expression of PPARβ/δ was highest in testicular Sertoli cells, followed by
moderately high expression of PPARβ/δ in brain, intestine, kidney and spleen [5]. Expression
of PPARβ/δ was modest in heart and liver and reportedly low in colon [5]. More recently, the
same group described quantitative mRNA data from tissue from fasted and fed rats [7]. Some
differences were observed between fed and fasted rat tissue, but the highest expression of
PPARβ/δ mRNA was found in colon, intestine, kidney, heart, esophagus and liver; although
expression of PPARβ/δ mRNA in kidney and liver was lower in tissues from fasted rats [7].
Expression of PPARβ/δ mRNA was less than 50% of the highest expression in adipose, brain,
adrenal, lung, skeletal muscle, testis, thymus and spleen [7]. Combined, all of these studies
have demonstrated some modest variability of PPARβ/δ expression, primarily at the mRNA
level in different tissues, with some variation being reported between studies. Results from the
present studies extend these findings by establishing the relative quantitative expression levels
of PPARβ/δ protein in similar tissues. This is particularly true because the present studies used
the most quantitative methodology for accurately determining protein levels on protein blots
using biotinylated secondary antibody and 125I-streptavidin. Expression of PPARβ/δ protein
is highest in small intestine, keratinocytes, liver, colon, skin and kidney based on quantitative
western blotting (Table 1). Significantly high expression of PPARβ/δ protein was also observed
in brain, heart, lung and testis (Table 1). Expression of PPARβ/δ in quadricep muscle, spleen
and thymus was lower as compared to all of the other tissues examined (Table 1). Several
studies support the results from the present studies at the mRNA level. For example, expression
of mRNA encoding PPARβ/δ is relatively high in rat and mouse intestine in a number of studies
[5;7;10;12], but other findings suggest low expression of mRNA in the intestine [9] or colon
[5]. The reason for this difference could be related to differences in mRNA translation or
possible issues relating to degradation of mRNA. Data from these studies also illustrate that
the 8099 anti-PPARβ/δ antibody can be used to examine expression of the receptor in specific
cell types within a specific tissue. For example, while modest expression of PPARβ/δ was
detected in skin, significantly higher expression of PPARβ/δ was detected in keratinocytes.

The relatively high expression of PPARβ/δ protein in colon, small intestine, keratinocytes and
liver is of interest, because significant roles for PPARβ/δ in these tissues have recently been
established [3;4;13;14]. For example, PPARβ/δ can modulate terminal differentiation in the
intestine and skin [3;4;14], which is consistent with the observed expression pattern. PPARβ/
δ can also inhibit inflammation, which may be important in epithelial tissue and liver [3;4;
13]. Additionally, PPARβ/δ is important in the liver for protecting against liver toxicity [13]
and for regulating glucose homeostasis [1]. Collectively, the relatively high expression of
PPARβ/δ in colon, small intestine, keratinocytes and liver supports the idea that this receptor
has important constitutive roles in these tissues.

The observation that PPARβ/δ localized in the nuclear fraction of tissues examined is consistent
with less quantitative analysis performed using immunohistochemistry where similar nuclear
localization was observed in many tissues [8]. Given the nuclear localization, this provides
further support for the idea that constitutive PPARβ/δ may be transcriptionally active. This
idea is strongly supported by the observation from the present study that immunoprecipitated
PPARβ/δ from nuclear extracts is also bound with its heterodimerization partner, RXRα,
coupled with the finding by others that fatty acids, which may serve as endogenous ligands,
are found tightly bound with PPARβ/δ [15]. However, nuclear PPARβ/δ could also be
transcriptionally silent in the absence of ligands, via association with co-repressors [16].
Alternatively, nuclear PPARβ/δ could be both constitutively active on some target genes via
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association with co-activators and silent on others because of association with co-repressors.
A similar mechanism has recently been described for PPARγ whereby aP2 expression occurs
constitutively in adipocytes but glycerol kinase expression is only increased in response to
ligand activation [17]. These ideas should be examined in greater detail.

It is also worth noting that there was significant cross-reactivity of the effective anti-PPARβ/
δ antibody using cellular extracts from different tissues. This illustrates the need for including
a positive control for all western blots using anti-PPARβ/δ antibodies. This cross-reactivity
may cause problems for immunoprecipitation of PPARβ/δ, in particular when using
heterogeneous cellular preparations. This also suggests that immunohistochemistry using anti-
PPARβ/δ antibodies may not be suitable unless analysis of null mouse samples is included for
control.

In closing, results from the present study clearly demonstrate that expression of PPARβ/δ is
relatively high in colon, small intestine, keratinocytes and liver and that PPARβ/δ expression
is localized in the nucleus of tissues examined in these studied. Further studies are needed to
examine potential differences in PPARβ/δ expression in different cell types within tissues, to
determine the potential constitutive role of PPARβ/δ expression in these tissues in addition to
the effect of endogenous and exogenous ligand activation.
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Fig. 1.
Characterization of specific anti-PPARβ/δ antibody. (A) Western blot analysis using the six
different anti-sera. Lysate from COS-1 cells transfected with a mouse PPARβ/δ expression
vector was used as a positive control. (B) Immunoprecipitation of in vitro translated PPARβ/
δ using three different affinity purified anti-PPARβ/δ antibodies. % IP = percentage of
immunoprecipitation based on the 10% input. (C) Western blot analysis of immunoprecipitated
PPARβ/δ. Lysate from COS-1 cells transfected with a mouse PPARβ/δ expression vector was
used for the first lane (COS-1), in vitro translated PPARβ/δ was used for the second lane (in
vitro) and soluble protein from mouse primary keratinocytes was used for the third lane
(keratinocyte) for each of the three different affinity purified antibodies (8095, 8099 and 8100).
Immunoprecipitated protein was detected by western blot analysis as described in Materials
and Methods. (D) Comparison of immunoprecipitation of several commercially available anti-
PPARβ/δ antibodies. Affinity purified 8099 anti-PPARβ/δ antibody was compared with
Affinity Bioreagents anti-PPARβ/δ antibody (ABR PA1–828), Santa Cruz anti-PPARβ/δ
antibody (sc-7197) or Santa Cruz anti-PPARβ/δ antibody (sc-1987) for their relative ability to
immunoprecipitate using 35S-labeled in vitro translated PPARβ/δ.
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Fig. 2.
Quantitative expression of PPARβ/δ in male mouse tissues. Crude protein samples were
prepared and analyzed by quantitative western blot analysis as described in Materials and
Methods. Hybridization signals for PPARβ/δ protein was normalized to LDH and the
normalized values are presented as the mean ± S.E.M. below the tissue samples. + = lysate
from COS-1 cells transfected with a mouse PPARβ/δ expression vector as a positive control.
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Fig. 3.
Nuclear and cytosolic localization of PPARβ/δ in male mouse tissues. (A) Nuclear and
cytosolic protein preparations were prepared and analyzed by quantitative western blot analysis
as described in Materials and Methods. + = lysate from COS-1 cells transfected with a mouse
PPARβ/δ expression vector as a positive control. Blots were probed with anti-lamin antibody
to demonstrate enriched nuclear fractions and anti-LDH to demonstrate enriched cytosolic
fractions. (B) Immunoprecipitation of PPARβ/δ was performed using the 8099 anti-PPARβ/
δ antibody or IgG control and nuclear extract from liver and then separated by SDS-PAGE.
Immunoblots were then probed with either the 8099 anti-PPARβ/δ antibody or RXRα. Digital
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light units (DLU) for each immunoprecipitation (PPARβ/δ or RXRα) were corrected for
background and non-specific binding from the IgG control.
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Fig. 4.
Lack of PPARβ/δ expression in PPARβ/δ-null mouse small intestine. Nuclear and cytosolic
protein preparations from small intestine were prepared from wild-type and PPARβ/δ-null mice
and analyzed by quantitative western blot analysis as described in Materials and Methods. +
= lysate from COS-1 cells transfected with a mouse PPARβ/δ expression vector as a positive
control. Blots were probed with anti-lamin antibody to demonstrate enriched nuclear fractions
and anti-LDH to demonstrate enriched cytosolic fractions.
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Table 1
Relative expression patterns of PPARβ/δ in male mouse tissues.

Tissue Relative PPARβ/δ expression*
Small intestine 27584 ± 2121
Keratinocyte 20491 ± 2509

Liver 10910 ± 685
Colon 7496 ± 305
Kidney 6414 ± 153

Skin 6220 ± 897
Brain 3742 ± 180
Heart 3156 ± 102
Lung 3069 ± 173
Testes 2936 ± 485

Quadricep muscle 1756 ± 72
Spleen 1190 ± 130

Thymus 666 ± 197
*
Values are presented as the average number of digital light units per µg of protein ± S.E.M based on analysis of four independent samples.
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