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RXR is a nuclear receptor that plays a central role in cell signaling by pairing with a host
of other receptors. Previously, 9-cis-retinoic acid (9cRA) was defined as a potent RXR
activator. Here we describe a unique RXR effector identified from organic extracts of
bovine serum by following RXR-dependent transcriptional activity. Structural analyses
of material in active fractions pointed to the saturated diterpenoid phytanic acid, which
induced RXR-dependent transcription at concentrations between 4 and 64 ,uM. Although
200 times more potent than phytanic acid, 9cRA was undetectable in equivalent amounts
of extract and cannot be present at a concentration that could account for the activity.
Phytenic acid, another phytol metabolite, was synthesized and stimulated RXR with a
potency and efficacy similar to phytanic acid. These metabolites specifically displaced
[3H]-9cRA from RXR with Ki values of 4 ,uM, indicating that their transcriptional effects
are mediated by direct receptor interactions. Phytol metabolites are compelling candi-
dates for physiological effectors, because their RXR binding affinities and activation
potencies match their micromolar circulating concentrations. Given their exclusive di-
etary origin, these chlorophyll metabolites may represent essential nutrients that coor-
dinate cellular metabolism through RXR-dependent signaling pathways.

INTRODUCTION

Nuclear receptors are transcription factors that regu-
late gene expression in response to lipophilic ligands
such as steroid hormones (Yamamoto, 1985). Ligand
binding increases the receptor affinity for hormone-
responsive DNA elements (HREs) near target genes
that promote specific transcriptional control (Glass,
1994). A large family of receptors coordinates cell
physiology through these hormone-regulated gene

networks (Evans, 1988). The kindred includes struc-
turally related "orphan" nuclear receptors whose ac-
tivators are unknown (O'Malley, 1989, 1990). Al-
though most orphan receptor genes were isolated by
low-stringency hybridization techniques (Arriza et al.,
1987), some, like COUP and HNF-4, initially were
described as transcriptional regulators for specific
genes (Wang et al., 1989; Sladek et al., 1990).
Activators for orphan receptors have been found by

testing compounds in cells transfected with the corre-

1 Abbreviations used: ATRA, all-trans retinoic acid; FBS, fetal
bovine serum; 9cRA, 9-cis retinoic acid; RAR, retinoic acid re-

' Corresponding author. ceptors.
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sponding receptor and HRE-linked reporter genes
(Giguere et al., 1986; Green and Chambon, 1987). Al-
dosterone, retinoic acid, and ecdysone are some of the
ligands matched with receptors via these "cis-trans"
assays (Arriza et al., 1987; Giguere et al., 1987; Petkov-
ich et al., 1987; Koelle et al., 1991). The nanomolar
affinities of these ligands contrast with the micromolar
amounts of fatty acids or prostaglandin J2 required to
activate PPARa and PPARy, respectively (Gottlicher et
al., 1992; Keller et al., 1993; Forman et al., 1995b;
Kliewer et al., 1995). Similarly, metabolites of farnesyl
pyrophosphate (farnesoids) are needed at micromolar
levels to induce FXR (Forman et al., 1995a). Fatty acids
and farnesoids have been argued as candidate physi-
ological effectors for PPAR and FXR (Keller and Wahli,
1993; Weinberger, 1996). Although many genes regu-
lated by PPAR are linked to fatty-acid metabolism and
fatty acids have been detected in PPAR-inducing chro-
matographic fractions from human plasma (Banner et
al., 1993), direct interactions of fatty acids with PPARs
have not yet been demonstrated.
RXR is a unique member of this orphan receptor

family that facilitates many signaling pathways by
heterodimerizing with receptors activated by thyroid
hormones, retinoids, vitamin D, fatty acids, and far-
nesoids (Manglesdorf and Evans, 1995). RXR partners
also include the orphan receptors COUP (Kliewer et al.,
1992), NGFIb/nurrl (Forman et al., 1995c; Perlmann and
Jansson, 1995), and UR/LXR subfamily members (Song
et al., 1994; Teboul et al., 1995; Willy et al., 1995). The
variety of these interactions suggests that RXR performs
a key regulatory role in cell physiology.
Surveys of chemical compounds revealed all-trans-

retinoic acid (ATRA)1 as an RXR inducer (Mangles-
dorf et al., 1990). However, ATRA did not bind RXR
with high affinity, supraphysiological levels were re-
quired for activity, and receptors for retinoic acid
(RAR) had already been identified (Giguere et al.,
1987; Petkovich et al., 1987). Thus, it was proposed that
ATRA might be metabolized to a more active form
(Manglesdorf et al., 1990). Indeed, ATRA isomerizes to
9-cis-retinoic acid (9cRA), which activates RXR with a
greater potency (Heyman et al., 1992; Levin et al.,
1992), but activation of RXR and RAR by 9cRA limits
its physiological specificity (Allegretto et al., 1993).
Identification of RXR-specific synthetic "retinoids"
and methoprene acid (Lehmann et al., 1992; Boehm et
al., 1994, 1995; Harmon et al., 1995), coupled with an
inability to detect 9cRA in rat serum (Kojima et al.,
1994), may argue for the existence of other endoge-
nous RXR-selective terpenoids.
An important question emerging from receptor li-

gand searches is the following: How are the pharma-
cological and physiological activators to be distin-
guished? Receptor specificity is one measure, but
matching the ligand potency with its abundance in
biological tissues is equally critical. That is, the intra-

cellular concentrations of ligands must be within the
ranges of receptor binding affinities and activation
potencies. For example, T3 and T4 circulate in human
plasma at 2 and 100 nM, respectively (Scully et al.,
1980), but T4 activates the thyroid hormone receptor
with a 50-fold reduced potency, as compared with T3
(Shih et al., 1991). Consequently, a low-affinity recep-
tor ligand such as T4 should not be dismissed as
nonphysiological on the basis of potency alone, pro-
vided that its total effector activity is similar to that of
a less abundant but more active one like T3.
Circulating levels of steroid and thyroid hormones,

retinoids, and vitamin D in animal sera are within the
ranges of their receptor-activation potencies. There-
fore, orphan receptor activators have been sought
from biological tissues such as plasma (Shih et al.,
1991; Banner et al., 1993) as well as by a survey of
chemical compounds. Chromatographic separation
methods can be used to compare the candidate chem-
ically synthesized receptor activators with those ex-
tracted from biological tissues to assess their physio-
logical significance. Here we report that a search for
RXR activators from bovine serum only revealed ones
chromatographically distinct from 9cRA. These phytol
metabolites are compelling candidates for physiolog-
ical RXR effectors, because they satisfy the above cri-
teria for molecules circulating at concentrations poten-
tially relevant for RXR binding and activation.

MATERIALS AND METHODS

Reagents
Fatty acids and other chemicals for enzyme assays were purchased
from Sigma Chemical (St. Louis, MO). Cell culture reagents were
obtained from Life Technologies (Gaithersburg, MD).

Cell Culture and Transfections
CHO Kl cells were cultured at 37'C in a 5% CO2 atmosphere in
Dulbecco's modified Eagle medium (DMEM)/F12 supplemented
with 5% fetal bovine serum (FBS), penicillin (50 units/ml), and
streptomycin (50 ,ug/ml). Dextran-coated charcoal was used to ad-
sorb lipids from FBS in extract addition experiments (Samuels et al.,
1979). Transfection assays were performed with N,N-bis-(2-hy-
droxyethyl)-2-aminoethanesulfonic acid (BES)/calcium chloride
(Chen and Okayama, 1988). Briefly, cells were plated at 30% con-
fluence 1 d before transfection. DNA (3.5 jig) in 200 ,ul of the
DNA/calcium phosphate coprecipitate mixture was added to cells
growing in 2-ml media/well of a 6-well tissue culture plate (Falcon,
Oxnard, CA). Cells were incubated for 7-8 h at 37°C and washed
twice with phosphate-buffered saline (PBS) before ligand or extract
additions in fresh media containing 5% charcoal-adsorbed FBS.
Methanol (c 2% final concentration in media) was used for dissolv-
ing extracts and ligands. Liposome-mediated transfection of DNAs
into CV-1 cells was performed with N-[1-(2,3)-dioleoyloxylpropyl-
N,N,N-trimethylammonium methyl sulfate (DOTAP) according to
the manufacturer's instructions (Boehringer Mannheim, Indianapo-
lis, IN). Liposomes were removed after 2 h, and cells were subse-
quently treated for 40 h with DMEM-FBS alone or with the indi-
cated compounds. Transfected cells were seeded at 7000 cells per
well of a microtiter plate. For the GAL-hRXRa plate, 300 ng TK-
(UASG)4-LUC, 500 ng CMX-13-gal, and 100 ng CMX-GAL4-hRXRa
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plasmid DNAs were added per 105 transfected CV-1 cells. For the
TK-(CRBPII)-LUC plate, 300 ng TK-(CRBPII)-LUC, 500 ng CMX-,3-
gal, and CMX-hRXRa were added per 105 transfected CV-1 cells.

Enzyme Assays
Transfected cells incubated with extracts or ligands for 24 h were
washed with PBS two times and then harvested by scraping into 1.2
ml of isotonic buffer (150 mM NaCl, 40 mM Tris-HCl, pH 8, and 1
mM EDTA). Cells were centrifuged briefly (5000 x g, 30 s), and the
cell pellets were resuspended in 50 ,ul of 0.25 M Tris-HCl, pH 8.
Cells were then subjected to three freeze/thaw cycles (dry ice-
ethanol/37°C) before a final centrifugation step (10,000 x g, 3 min).
Different volumes of supernatants were used to measure CAT ac-
tivity (20 p.l; Seed and Sheen, 1988) or ,B-galactosidase activity (2 ,ul;
Herbomel et al., 1984). Luciferase activity was measured as de-
scribed in Berger et al. (1992).

Bovine Serum Extraction
FBS (Life Technologies) or serum from bovine blood (freely grazing
steer raised on silage at North Carolina State University School of
Veterinary Medicine) were extracted with chloroform and methanol
solvents (Bligh and Dyer, 1959). Briefly, 10 ml of serum was mixed
with 37.5 ml of chloroform and methanol (2:1) and vigorously
shaken for 15 min. The mixture was centrifuged at 2000 x g for 20
min. To the supernatant was added 12.5 ml each of water and
chloroform to separate the phases. The mixture was centrifuged at
9000 x g for 15 min, and the chloroform phase was collected.
Alternatively, serum was saponified (2 M KOH at 70°C for 30 min)
and twice extracted with diethyl ether. Next, the aqueous solution
was acidified with concentrated HCI and then extracted with ether
again. Chloroform, methanol, or ether was removed by rotary evap-
oration under vacuum (Buchi Rotavapor R-124 or Speed Vac
SC21OA; Savant, Farmingdale, NY).

High Performance Liquid Chromatography
Pure chemical standards or bovine serum extracts were resus-
pended in 80% methanol and injected into a 1 ml Rheodyne sample
loop connected to a Beckman System Gold high-performance liquid
chromatography unit (HPLC). The LC system consisted of an RP18
guard column (15 x 3.2 mm, RP18; Alltech, Deerfield, IL) linked to
a separation column (4.6 x 25 cm, Econosphere C18, 5 ,u particle
size; Alltech) and a Gilson FC 203B fraction collector (Middleton,
WI). UV absorbance was monitored with a Beckman diode array
detector module 168. The sample was eluted with an 80% metha-
nol/20% 10 mM ammonium acetate mobile phase for 5 min, after
which a linear gradient (80-100% methanol, 20 min) was applied
and held at 100% methanol for 10 min. Fractions were collected,
dried, and dissolved in DMEM/F12 containing 5% dextran-coated
charcoal-absorbed FBS for measurement of CAT activity in the
cis-trans assay.

Silica Gel Chromatography
Pure phytanic acid or a chloroform extract of bovine serum was
loaded on a silica gel column (4 cm wide x 10 cm height) and eluted
with 20% ethyl acetate/80% hexane. In all, 8-ml fractions were
collected in 13 x 100-mm glass test tubes, dried by rotary evapora-
tion, resuspended in media containing charcoal-adsorbed FBS, and
tested in the cis-trans assay as described.

Mass Spectroscopy
Gas chromatography/mass spectrometry (GC/MS). The trimethyl-
silyl (TMS) derivative of serum fraction 23 and the phytanic acid
standard were prepared by reacting 5 ilI of each sample with 10 ,lI
of N,O-bis(trimethylsilyl)trifluoroacetamide (Supelco, Bellefonte,
PA). Reaction mixtures were heated at 70°C for 15 min. An aliquot

(0.5 ,ul) of the reaction mixture was injected onto a Quadrex meth-
ylphenyl 5 capillary GC column (30 X 0.25 mm ID, 0.25 mm film) in
a Hewlett-Packard 5880 gas chromatograph equipped with a J&W
on-column splitless injector and connected to a Finnigan 700 Ion
Trap Detector. Full-scan data were obtained over the mass range
40-650 daltons, at a scan rate of 2 s/scan. We used the following
temperature program: initial temperature 40°C (1 min hold); pro-
grammed to 300°C at 10°/min; hold at 300°C for 30 min.
Fast atom bombardment. A VG ZAB-4F magnetic sector instrument
was used to obtain fast atom bombardment (FAB) data at an accel-
erating voltage of 8 kV. An Ion Tech atom gun and xenon atoms
were used to bombard the sample. The samples were introduced
into the mass spectrometer via a coaxial continuous-flow FAB in-
terface. This interface uses a coaxial arrangement of fused silica
capillaries to independently deliver the FAB matrix (glycerol) and
the analytes. The instrument was scanned from 1000 to 100 daltons
at 5 s/decade to acquire the full-scan negative ion data.
Electrospray/ionization MS. Measurements were made on a
Fisons-VG Quattro BQ triple-quadrupole mass spectrometer
equipped with a pneumatically assisted electrospray ion source
operating at atmospheric pressure. The HPLC fractions containing
biologically active material and phytanic acid were reconstituted in
acetonitrile and mixed with equal volumes of the LC mobile phase
(80% acetonitrile/20% water containing 1% ammonium hydroxide).
Samples were introduced by loop injection into the mobile phase at
a flow rate of 8 ,ul/min, and spectra were acquired in the negative
ion continuum-mode scan rate. The mass scale was calibrated with
polyethylene glycol with an average molecular weight of 400 atomic
mass units (amu). Theoretical isotope distributions were computed
with Fisons Instruments Opus software.

Synthesis of Phytenic Acid
Phytenic acid was prepared from phytol (Sigma) by adapting a
two-step MnO2 oxidation procedure (Corey et al., 1968). Phytol was
oxidized to phytal by using activated MnO2 (Aldrich Chemical,
Milwaukee, WI) to give an -60:40 mixture of geometric isomers by
nuclear magnetic resonance (NMR). The isomers were partially
separated by chromatography on silica gel, with 5% ethyl acetate in
hexane as eluent. The partially purified phytal isomers were each
further oxidized to the corresponding methyl ester by treatment
with MnO2 NaCN methanol. Chromatography on silica gel with 2%
ethyl acetate in hexane gave the individual isomers. Saponification
of the methyl esters by KOH in 70:30 methanol/water yielded the
free acids. The major isomer was assigned trans stereochemistry on
the basis of comparison of the 'H NMR chemical shifts of the methyl
and methylene groups attached to the double bond. As examples,
for the trans methyl ester, the chemical shift of the methyl group is
2.11 parts per million (ppm), and the chemical shift for the methyl-
ene group is 2.07 ppm. For the cis isomer, the methyl group is
relatively shielded by the carbonyl group (1.84 ppm), and the meth-
ylene group is relatively deshielded (2.56 ppm).

Hormone Binding
[3H]-ATRA or [3H1-9cRA binding to baculovirus-expressed RAR(a,
f3, y) or RXR(a, ,3, y) polypeptides was measured as described
previously (Allegretto et al., 1993). Receptor genes expressing these
recombinant proteins were all of human origin except RXR,B and
RXR,y, which were derived from the mouse. The assay buffer con-
sisted of 8% glycerol, 120 mM KCI, 8 mM Tris-HCl, 5 mM CHAPS,
4 mM dithiothreitol, and 0.24 mM phenylmethylsulfonyl fluoride,
final pH 7.4 (room temperature). The final volume for binding
assays was 250 ,ul, which contained 10-40 ,ug of protein extract plus
5 nM of [3HI-ATRA for RARs or 10 nM [3H]-9cRA for RXRs, plus
varying concentrations of competing ligands. Incubations were per-
formed at 4°C until equilibrium was achieved. Nonspecific binding
is defined as that binding remaining in the presence of 1 p.M of the
appropriate unlabeled retinoid isomer. At the end of the incubation,
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50 ,ul of 6.25% hydroxylapatite was added in the appropriate wash
buffer (100 mM KCl, 10 mM Tris-HCl, and either 5 mM CHAPS
[RXRs] or 0.5% Triton X-100 [RARs]) to bind the receptor-ligand
complexes. Mixtures were vortexed and incubated at room temper-
ature for 30 min and centrifuged, and the supernatants were re-
moved. Hydroxylapatite pellets were washed two more times with
wash buffer, and the receptor-ligand complexes were determined
by liquid scintillation counting of the pellets. After correcting for
nonspecific binding, IC50 values were determined. The IC50 value is
defined as the concentration of competing ligand required to de-
crease specific binding by 50%, which is determined graphically
from a computer-based log-logit plot of the data (Cheng and Pru-
soff, 1973).

RESULTS

RXR Effector Activity from Bovine Serum
We initially attempted to identify activators from bo-
vine serum (Shih et al., 1991) for an orphan receptor
called OR6, which binds to an AGGTCA direct repeat
HRE separated by 4 bp (DR4), but only in the presence
of RXR (Umesono et al., 1991). CHO cells were trans-
fected with a DR4-linked CAT reporter plasmid DNA
along with an OR6 expression vector, and CAT activ-
ity was measured. A lipid extract of FBS was added
(Bligh and Dyer, 1959), but this had no effect on CAT
activity (our unpublished observations). Although the
extract stimulated activity eightfold when RXR was
added, RXR alone showed a similar effect (our unpub-
lished observations). These results suggested that the
bovine serum activator was mediating its effects
through RXR.
Therefore, the serum effector was compared with

9cRA, a previously described RXR effector from liver
(Heyman et al., 1992). The chloroform extract of serum
was separated by reverse-phase HPLC, and the eluted
fractions were tested for RXR effector activity. Unex-
pectedly, the RXR activator had a retention time (Rt)
between 19 and 22 min (Figure 1), which did not
coincide with the elution profile for a 9cRA standard
(Rt = 7 min). Because 9cRA is chemically similar to
ATRA, we added a tracer amount of [3H1-ATRA (1
nM) to a serum sample to ask whether retinoic acid
could be extracted by this method. Nearly all of the
radioactivity (83%) was found in the chloroform frac-
tion, thus supporting the utility of the Bligh and Dyer
method for extracting retinoids (our unpublished ob-
servations).

RXR Effector Activity Is Distinct from 9cRA
Because the retinoic acid in serum may have been
resistant to extraction by the Bligh and Dyer method,
a procedure specifically used to isolate retinoids was
used here to characterize the RXR effector (Kojima et
al., 1994). We also wanted to exclude vitamin supple-
ments as potential sources for exogenous retinoids
that are sometimes given to donor herds. Therefore,
serum from a freely grazing steer was saponified and
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Figure 1. Identification of an RXR effector activity from bovine
serum. RXR effector activity profile from chloroform extract of FBS
fractionated by reverse-phase HPLC. The chloroform fraction from
a Bligh and Dyer extract of 20 ml of FBS was separated by reverse-
phase HPLC methods, as described in MATERIALS AND METH-
ODS. Two-minute fractions were pooled and tested for RXR effector
activity with the cotransfection assay. Subconfluent (30%) CHO cells
were transfected with 1.25 jig of SV-(DR4)3-CAT reporter plasmid
(Umesono et al., 1991), 0.25 ,ug of human pRS-OR6 or 0.25 ,ug of
CMX-mouse RXRa, 1.25 ,ug of pCH111, and 0.5 ,ug pGEM4 DNAs.
The pCH111 plasmid (Yao et al., 1993) expressing ,B-galactosidase
was included to correct for differences in transfection efficiency.
Normalized CAT activity was plotted against column fraction as-
sayed. A 9cRA standard had a retention time of 7 min via this
method. The experiment was performed three times with similar
results. Note that the coefficient of variation for CAT activity mea-
surements is typically <15%.

ether extracted, and then the aqueous phase was acid-
ified and extracted with ether again. [3H1-ATRA in a
parallel sample was quantitatively extracted by ether
(95%) from the acidified aqueous solution, marking
this as another effective means for retinoid isolation.
In contrast, RXR-inducible CAT activity was found
only in the ether extract of the basic solution (our
unpublished observations). This material was sepa-
rated by the HPLC conditions described above (Fig-
ure 1), and the 1-min fractions were collected and
tested for RXR effector activity. An RXR-specific
activator (Rt = 23-24 min, Figure 2A) was identified
that eluted later than ATRA or 9cRA (Rt = 8.8 and
7.5 min, respectively). Therefore, both saponified
and nonsaponified serum extracts contained an RXR
activator with chromatographic properties distinct
from 9cRA.

It was conceivable that retinoids were destroyed
by this rigorous extraction method. Therefore,
DNAs for the human retinoic acid receptor (RARa)
and f3RARE-CAT reporter were transfected into
cells to permit detection of the RAR activators
ATRA and retinol (Giguere et al., 1987; Sucov et al.,
1990). Activities coincident with 9cRA, ATRA (Rt =
7. 5 and 8.8 min), and retinol (Rt = 20 min) were
confined to the acidified extract (Figure 2B); none
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Figure 2. RXR and RAR activators in bovine serum can be ex-
tracted by saponification and ether extraction. Bovine serum (10 ml)
was saponified (2 M KOH, heated at 70'C for 30 min) and extracted
with diethyl ether. The aqueous phase was acidified, and ether was
extracted again. Basic and acidic ether extracts were dried and
fractionated separately by reverse-phase HPLC, as described in
MATERIALS AND METHODS. (A) Separation of RXR activators
from bovine serum by reverse-phase HPLC. One-minute fractions
were collected and dried, and a portion (5%) was taken up in a
medium containing 5% charcoal-adsorbed FBS for testing by cis-
trans assay, as described in Figure 1. (B) Characterization of RAR
activators from bovine serum by reverse-phase HPLC. Three-
minute fractions were tested by cotransfecting an SV-(f3RARE)2-
CAT reporter plasmid and a plasmid DNA expressing the human
RARa receptor into CHO cells, essentially as described in Figure 1.
Symbols: shaded bars, acidic extract; closed bars, basic extract. Fold
induction values are relative to control samples containing metha-
nol vehicle. A control sample in B containing 200 nM ATRA showed
a 4.9-fold induction by comparison.

was found in the ether extract of the basic solution
in which the RXR effector activity was observed. In
addition, a broad range of activity more polar (Rt <
20 min) than retinol was seen. This material may
correspond to hydroxylated retinol metabolites,

such as 4-oxo-retinol, the acid derivative of which
was shown to activate RAR (Pijnappel et al., 1993).
Nevertheless, although peaks of activity cannot be
assigned, it is clear that RAR and RXR activators
have distinct pH-dependent partitioning character-
istics in ether. Moreover, the functional integrity of
RAR activators is maintained during extraction. By
inference, 9cRA should have been found in the
acidic fraction, but no corresponding RXR effector
activity was detected here (our unpublished obser-
vations). These results suggest that the bovine se-
rum activator is distinct from 9cRA, but they do not
exclude the possibility that 9cRA may still be an
intracellular signal in the liver or kidney, where it
was originally described (Heyman et al., 1992).

Fatty Acids Copurify with RXR Effector Activity
To characterize the molecular structure of the RXR
activator, the active fraction of the basic ether extract
(Rt = 23 min) and two adjacent inactive ones (Rt = 22
and 25 min) were analyzed by various mass spectro-
metric techniques. Negative ion electrospray spectra,
obtained by flow-injection analyses of these fractions,
contained ions of m/z 283 and 311 (Figure 3A). The
abundance of the m/z 311 ion corresponded to the
RXR activities in these fractions (Figure 2A), whereas
the abundance of the m/z 283 ion did not follow the
RXR activities. Relative isotopic abundance measure-
ments for these negative ions predicted the molecular
formulas C18H3602 and C20H4002 for the molecular
weight 284 and 312 Da components, which are consis-
tent with the elemental compositions of stearic acid
and phytanic acid, respectively (our unpublished ob-
servations). The same two prominent (M-H)- ions,
m/z 283 and 311, were also observed by negative-ion
fast atom bombardment mass spectrometry (our un-
published observations).
GC/MS analysis of the TMS-derivatized saponified

sample showed a peak corresponding in mass to the
(M-CH3)+* fragment ion (m/z 369) of the TMS deriv-
ative of phytanic acid, as well as a low-abundance
peak corresponding to the molecular ion (m/z 384).
The full-scale mass spectrum and the retention time of
this component were in agreement with those of the
TMS derivative of authentic phytanic acid (Figure 3B),
run under identical conditions. Cochromatography of
the sample and the phytanic acid standard gave a
single peak in the reconstructed ion chromatogram for
m/z 369, as well as for other characteristic ions.

Phytanic Acid Is the Serum RXR Activator
A single chromatographic step was deemed unlikely
to have separated the RXR activators from other se-
rum components. Nonetheless, the above results
prompted us to examine a collection of fatty acids for
RXR activation. Although linoleic, oleic, stearic, farne-
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Figure 3. Fatty acids copurify with RXR effector activity. (A) Comparison of molecular ion abundances in HPLC samples near RXR effector
activity peak. The material remaining from the HPLC-separated fractions (22, 23, 25) in Figure 2A was used for electrospray-ionization mass
spectrometry in the negative ion continuum mode (see MATERIALS AND METHODS). Molecular ions (m/z) are plotted against their
relative abundances in each sample. (B) Electron impact mass spectra of the major component of the RXR-active fraction from bovine serum
extract and authentic phytanic acid standard, obtained from GC/MS analyses of the TMS-derivatized samples. Insets show the reconstructed
ion chromatograms for m/z 369, the (M-CH3)+ ion of the TMS derivative of phytanic acid.

soic, palmitic, and arachidonic acids (40 gtM) were
without effect, a similar amount of phytanic acid pro-
duced a fivefold induction of CAT activity with the
RXR-specific CRBPII-CAT reporter (Figure 4A). Phy-
tanic acid responsiveness was RXR dependent, using
both DR4-CAT and CRBPII-CAT reporters (Figure
4B). The dynamic range for phytanic acid activation of
mouse RXRa was between 4 and 64 ,uM, with cellular
toxicity exhibited at higher doses. Other compounds
with phytyl side chains were tested, including phytol,
vitamin E, and vitamin K1, but these failed to activate
RXR when added at 50 ,uM concentrations (our un-
published observations).
Absorbance profiles depicting the retention times

for phytanic acid, its metabolic precursor phytenic
acid, and 9cRA have been included for reference (Fig-
ure 4C). Note that the retention time for pure phytanic
acid (Rt = 22.5 min) coincides with that of the serum
RXR activator (Figure 2A). The time difference be-
tween the phytanic acid absorbance and the RXR
effector activity is due to a 30 sec delay time in this
LC system. As further evidence for identity, a phy-

tanic acid standard coeluted with the serum RXR
activator when separated by silica gel chromatogra-
phy with 20% ethyl acetate in hexane as the devel-
oping solvent (Figure 4D). Together these results
suggest that the RXR activator in serum corresponds
to phytanic acid.

Detection of Phytenic Acid
The DR4-CAT reporter plasmid was originally se-
lected for isolating RXR activators from bovine se-
rum in favor of CRBPII-CAT because of its more
robust induction in CHO cells (Figure 4A). Despite
its RXR dependency, DR4 had not been previously
described as an RXR-responsive element, and thus
its use here might be judged inappropriate. There-
fore, we sought to confirm the presence of phytanic
acid in bovine serum extracts by using assays de-
signed with greater RXR specificity. Four copies of
the DNA binding site (upstream activating sequence
UASG) for the yeast GAL4 gene product or a CRBPII
response element were separately inserted in the
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Figure 4. Phytanic acid is the RXR activator from bovine serum. (A) RXR activation by fatty acids. Various fatty acids were tested for
RXR-specific activity by using the CRBPII-CAT reporter plasmid DNA (Manglesdorf et al., 1991) and mouse RXRa (Manglesdorf et al., 1992).
Arachidonic, farnesoic, linoleic, oleic, palmitic, and phytanic acids (40 iM; Sigma) were added to CHO cells transfected as described in Figure
1. CAT activities are the averages from duplicate transfected plates. (B) Phytanic acid dose-response curves. Phytanic acid dilutions were
added to CHO cells transfected with either SV-(DR4)3-CAT [DR4I or SV-(CRBPII)-CATiCRBPII] reporter plasmids in the absence or presence
of mouse RXRa. Open squares: CRBPII, no RXR; open circles: CRBPII, +RXR; closed squares: DR4, no RXR; closed circles: DR4, +RXR.
Assays were performed as described in Figure 1. Results are expressed as averages from duplicate plate lysates. (C) Retention time for
phytanic acid and 9cRA standards separated by reverse-phase HPLC. One micromole of a phytanic acid standard (Sigma) and 20 nmol of
synthetic phytenic acid were injected separately into a sample loop and fractionated as described in MATERIALS AND METHODS.
Absorbance was monitored at 220 nm (solid lines) with a Beckman diode array detector module 168. One nanomole of 9cRA was separately
injected, and absorbance was monitored at 325 nm (dotted line). Note that the delay time between absorbance measurement and fraction
collection is -30 s. Measured retention times: 9cRA (7.5 min); phytenic acid (20.5 min); phytanic acid (22.3 min) (D) RXR effector activity and
phytanic acid coelute by silica gel chromatography. FBS (500 ml) was extracted by the method of Bligh and Dyer. The chloroform-soluble
fraction was applied to a silica gel column (40 ju particle size, 4 X 10 cm bed volume) in 2 ml. The column was developed with 500 ml of 20%
ethyl acetate in 80% hexane. Eight-milliliter fractions were collected, and the dried material from two adjacent fractions was taken up in
methanol; 5% was tested as described in Figure 1. The relative fold induction of CAT activity for each sample compared with control
methanol vehicle (solid bars) is presented. An authentic phytanic acid standard (5 mg; Sigma) subsequently was separated, and its absorbance
(open circles) was monitored at 220 nm. The experiment was repeated, and a similar profile was obtained.
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herpes simplex virus thymidine kinase promoter
that was linked to the firefly luciferase gene (For-
man et al., 1995c). These reporter plasmids were

independently cotransfected into CV-1 cells with
CMX-GAL4-RXR (Forman et al., 1995c), a chimeric
receptor fusing the GAL4 DNA-binding domain to
the human RXRa ligand-binding domain, or with
CMX-human RXRa (Yao et al., 1993) as the respec-
tive receptor plasmids.
A chloroform extract of FBS (Bligh and Dyer, 1959)

was separated by reverse-phase HPLC as described in
Figure 2B, but this time the eluate was collected in 0.3
min fractions to afford greater analytical resolution.
The material was divided in half, each was added to
the two sets of CV-1 cells cotransfected as described
above, and normalized luciferase activities were mea-
sured. The superimposable profiles contained two
peaks of activity (19.0 and 21.6 min; Figure 5) corre-

sponding to the absorbance profiles for phytenic acid
and phytanic acid, respectively (Rt = 18.2 and 20.8
min for this particular column). The amounts of serum
extract used for these assays were -10-fold greater
than those used earlier (Figure 2, A and B). Thus, the
cytotoxicity shown in two adjacent fractions (Rt -21
min) may have been due to increased amounts of
stearic acid that elutes just before phytanic acid (Fig-
ure 3A). Nevertheless, phytenic acid now became de-
tectable, but as before (Figure 2A), a peak coincident
with 9cRA (Rt = 7 min) was not found. Thus, these
data confirm and extend the results previously ob-
tained with the DR4-CAT reporter plasmid to define
both phytanic acid and phytenic acid in bovine serum

extracts.

Phytol Metabolites Bind and Activate RXR
These and other phytol metabolites derived from the
phytyl chain of chlorophyll (Figure 6A) were com-
pared for dose-dependent stimulation of RXR, using
CRBPII-CAT as the reporter plasmid. Synthetic
phytenic acid, consisting of 40% cis and 60% trans
isomers, was tested along with phytanic acid, pristanic
acid, and 9cRA. The dose responses for RXR activation
by phytenic and phytanic acids were similar, having
EC50 values of 15 ,tM, whereas pristanic acid, a phy-
tanic acid metabolite, stimulated with a lower potency
and efficacy (Figure 6B). By comparison, 9cRA in-
duced activity at a concentration -200-fold lower than
that for either of phytanic acid or phytenic acid. Test-
ing of the separated isomers of phytenic acid at 32 ,tM
revealed that the trans-isomer induced RXR effector
activity 4.5-fold, which paralleled that of phytanic
acid, whereas the cis isomer was nearly inactive (our
unpublished observations).
Direct interaction of phytanic acid with RXR was

measured by displacing ['HI-9cRA bound to bacu-
lovirus-expressed RXR proteins with unlabeled
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Figure 5. Detection of phytenic acid in bovine serum extracts. FBS
(40 ml) was extracted by the method of Bligh and Dyer (1959) (see
MATERIALS AND METHODS). The dried chloroform extract was
dissolved in 400 ,ul of methanol and separated into 0.3-min fractions
by the reverse-phase HPLC conditions described in Figure 1. Two
plates of CV-1 cells (700,000 cells per microtiter plate) were trans-
fected with either TK-(CRBPII)-LUC reporter and human RXRa
receptor (closed circles) or TK-(UASG)4-LUC reporter and GAL4-
hRXRa chimeric receptor (open circles) plasmid DNAs by liposome-
mediated transfer, as described in MATERIALS AND METHODS.
Each plate was incubated with one-half of the fractionated extracts
for 40 h. Portions of the cell lysates were used to assay luciferase,
13-galactosidase, and cytotoxic activities as described (Berger et al.,
1992). Single-point luciferase measurements were performed, which
typically exhibit 10% variations in this assay. Fold induction is
expressed as the relative luciferase activity in the presence of
fractionated extracts as compared with untreated cells. The cyto-
toxicity in two fractions at 21 min is denoted by zero inductions.
Duplicate control wells to which the FXR activator JH III (40 ,uM)
was added showed onefold inductions; those to which the RXR-
specific ligand LG69 (100 nM; Boehm et al., 1995) was added
produced 25-fold and 110-fold inductions by using CRBPII-CAT
or GAL4-CAT reporters, respectively. Elution positions for
phytenic acid and phytanic acid (corresponding to absorbance
peaks measured at 220 nm) were Rt = 18.2 and 20.8 min, respec-
tively, and are denoted by arrows.

9cRA or phytol and its metabolites (Allegretto et al.,
1993). Phytenic acid and phytanic acid competed
one-half of the [3H]-9cRA binding to human RXRa
with a Ki of -2.3 and 4.4 ,uM, whereas pristanic acid
did so only at 15.1 ,uM (Table 1). The Ki for phytol
was 67.2 ,tM, suggesting that it is an ineffective
9cRA competitor. Moreover, the binding affinities of
phytanic acid and phytenic acid for the individual
RXRs were similar. In contrast, phytol metabolites
did not displace [3H]-ATRA from RAR even at 100
,uM, which demonstrates their binding specificity.
Finally, the binding affinity of 9cRA for RXR is 200
times greater than that of phytanic acid or phytenic
acid (Table 1), which is similar to their relative
potencies for RXR activation (Figure 6B). We con-
clude that the transcriptional effects of phytol me-
tabolites are specifically transduced by directly
binding to RXR.

Molecular Biology of the Cell

lll

-- ;;~~~~~

~~~~t~~~.

.9 ,

1160



Chlorophyll Metabolite RXR Activators

0A~~~~~~~~
chlorophyll

l CH20H

phytol

COOH

phytenic acid

COOH

phytanic acid

COOH
pristanic acid

B

2:,.5
0

60,000

40,000

20,000

0

io-9 1o4 10-' 104

[activator], M

Figure 6. Various chlorophyll metabolites activate
abolic pathway from chlorophyll to pristanic acid. Fi
ester is hydrolyzed, which is followed by oxidation to
Phytenic acid is then hydrogenated to phytanic acid ai
lation; oxidation leads to pristanic acid. Pristanic z
metabolized by fatty acid (3-oxidation pathways. The
of phytol and phytenic acid are illustrated here. (B)
activity induced by phytol metabolites and 9cR
amounts of 9cRA, phytanic acid, phytenic acid (
trans isomer mixture), and pristanic acid were al
transfected with the RXR-specific CRBPII-CAT rep
and mouse RXRa. CAT activity was measured fr
wells in an assay configured similarly to that descri
1. Average values for CAT activity from duplical
plates are plotted against increasing activator cc
Symbols: circles, 9cRA; diamonds, phytenic acid;
tanic acid; triangles, pristanic acid.

Refsum's Disease
AN/< The diterpenoid structure of phytanic acid (Sonneveld
,MgN \ et al., 1962; Lough, 1964) suggested that it might be

q N synthesized from mevalonate, but neither endogenous
biosynthetic routes nor intestinal microbes contribute
to circulating pools in mammals (Steinberg, 1965,
1967). Phytol metabolites in animal tissues are exclu-
sively derived from the phytyl side chain of chloro-
phyll. Phytanic acid may be elevated 50-fold and con-
stitute >20% of the fatty acids in patients with
Refsum's disease, an inherited metabolic disorder
characterized by an a-hydroxylase gene defect that
prevents phytanic acid conversion to pristanic acid
(Figure 5A; Steinberg, 1983). The neuropathological
signs in these patients may be caused by demyeli-
nation induced by a-oxidation of phytanic acid in
nerve cells that maintain a preference for long-chain
(> C20) fatty acid substrates (Steinberg, 1983). Tonic
RXR stimulation by these grossly elevated levels of
phytanic acid may also play a specific pathological
role, but rats given 1% dietary phytol showed no
changes in nerve functions (Steinberg et al., 1966).
Because these diets raised phytanic acid levels to
30% of total fatty acids just as in Refsum's disease,
targeted disruption of the a-hydroxylase gene may
provide a better approach for understanding the
pathological effects.

Phytol Metabolites as Transcriptional Signals

Phytanic acid and phytenic acid levels in normal hu-

man serum are 6 ,uM and 2 ,tM, respectively (Avig-
nan, 1966). Like other fatty acids, 70% of the phytanic
acid probably exists as triacylglycerol or phospholipid
esters that are rapidly oxidized and that vary with
dietary conditions (Mohrhauer and Holman, 1963;
Mize et al., 1966, 1969). Although the estimated free
phytanic acid (2 ,uM) is only at the threshold for RXR

io-5 104 stimulation (Figure 4B), equipotent phytenic acid may
also contribute to the RXR effector pool (Mize et al.,
1966). In addition, the charcoal-treated serum used in

RXR. (A) Met- this bioassay may have adsorbed some of the added
rst, the phytol phytanic acid, thereby reducing its effective concen-
phytehnicacid. tration. Phytol is unlikely to be an RXR effector be-
nda-hydroxy-

acid is finally cause at 50 ,uM it neither bound nor activated RXR,
trans isomers whereas at higher concentrations it showed cytotoxic
RXR effector effects. Finally, the limited effector activity shown byA. nci/rasing pristanic acid suggests that other phytanic acid metab-

dded to cells olites, such as a-hydroxyphytanic acid or c-carboxy-
orter plasmid lated derivatives, may also be RXR inducers (Billimo-
om duplicate ria et al., 1982).

te transfected The EC50 values for RXR activation by phytol me-tncentrations. tabolites were estimated assuming that the dose-
squares, phy- response maxima were reached at 64 ,uM (Figure 3A).

These nonsaturating dose-response curves are
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Table 1. Competition of phytol and metabolites for [3HI-ATRA and [3H1-9cRA binding to RXRs

Ki

Compound RARa RAR,B RARy RXRa RXR,B RXRy

ATRAa 18.2 ± 2.1 17.3 ± 1.8 14.6 ± 1.8
9-cis RAa 10.2 ± 1.5 22.1 ± 2.3 19.8 ± 0.6

Phytolb > 100 70 ± 30 > 100 67.2 ± 32.8 41.9 ± 0.2 47.1 ± 12.6
Pristanic acidb > 100 74.8 ± 25.3 88 ± 12 15.1 ± 8.6 13.3 ± 3.3 25.6 ± 17.2
Phytanic acidb > 100 > 100 > 100 4.4 ± 0.7 4.1 ± 0.2 3.6 ± 0.7
Phytenic acidb > 100 > 100 > 100 2.3 ± 0.4 3.7 ± 1.1 2.4 ± 0.4

a Values are in nM and represent the mean ± SEM of two determinations.
b Values are in ,LM and represent the mean ± SEM of two determinations, except for phytanic and phytenic acid binding to RXRs, where
n = 3.

Binding assays were performed as previously described (Allegretto et al., 1993).

probably due to cellular toxicity in which, above 64
,uM, the limits for fatty-acid binding to serum albu-
min were exceeded (Herndon et al., 1969; Spector et
al., 1969). Alternatively, some of the natural isomers
of phytanic acid (Baxter and Milne, 1969) may in-
hibit RXR binding. Integration of the effector activ-
ities produced by each of these isomers in the tested
sample of phytanic acid may thus give rise to the
nonsaturable activity profile. Nevertheless, given
that their plasma levels approximate their RXR
binding affinities and activation potencies, phytanic
acid and phytenic acid remain compelling candi-
dates for humoral RXR effectors.
The units of RXR effector activity caused by phy-

tanic acid were only crudely assessed in our experi-
ments, but the activity caused by the injected serum
sample (Figure 2A) can be accounted for by the peak
of activity found in fractions 23 and 24. The contribu-
tion of phytanic acid to the total serum activity can be
estimated on the basis of its concentration (5 mg/100
ml) in bovine plasma (Avignan, 1966). Five percent
(0.5 ml) of the 10 ml-extracted serum sample was
assayed for RXR effector activity by using the DR4-
CAT reporter plasmid (Figure 2A). Thus, the esti-
mated phytanic acid (0.025 mg or 80 nmol) in fractions
23 and 24 (Figure 2A) in 4 ml of media is 20,uM, which
approximates the EC50 value in the dose-response
curve. Importantly, the induction in this experiment
was submaximal, evidence for which is given by the
threefold increase (Figure 2A) as compared with the
16-fold maximum induction seen in Figures 1 and 4B.
Because phytanic acid and phytenic acid constitute the
only RXR-inducing molecular species in serum (Fig-
ure 5), both seem to define the bulk of activity.

Distinct Humoral Diterpenoid Activators for RAR
and RXR
Circulating ATRA levels are 6 nM (Napoli et al., 1985;
Tang and Russel, 1990), which are sufficient for RAR

stimulation (Giguere et al., 1987) but not for RXR ac-
tivation (Manglesdorf et al., 1990; Allegretto et al.,
1993). In contrast, retinol binds RAR 35 times less
potently than ATRA (Repa et al., 1993), and 1000 times
more retinol is required for RAR activity (Giguere et
al., 1987). Although the circulating retinol in human
plasma (2 gM) may seem more than adequate for RAR
induction (Miller et al., 1984), its effective concentra-
tion may be limited by retinol-binding proteins such
as CRBPII (Ong, 1987). The RAR activators from the
acidified ether extracts of serum described here may
support both ATRA and retinol as circulating effectors
(Figure 2B). Activators more polar than retinol could
be hydroxylated metabolites such as 14-hydroxy-4,14-
retro-retinol (Buck et al., 1991) and 13,14-dihydroxy-
retinol that would likely have retention times less than
that of retinol (Derguini et al., 1995). Description of the
ATRA metabolites 4-oxo-retinoic acid and 3,4-didehy-
dro-retinoic acid as RAR inducers may also support
this hypothesis (Allenby et al., 1993; Pijnappel et al.,
1993). Further fractionation of these extracts might
help to establish the identities of these RAR activators.
At the same time, our findings seem to diminish

support for retinoids as circulating RXR activators in
bovine serum. A peak of RXR effector activity corre-
sponding to 9cRA was not detected with our methods,
a result that agrees with its reported absence in normal
rat serum (Kojima et al., 1994). Based on the dose
response curve in Figure 6B as well as from others
(Heyman et al., 1992; Pijnappel et al., 1993), 50 nM
9cRA should have been detectable with our assay
system. Because no peak of RXR effector activity cor-
responding to 9cRA was observed with a 20-ml extract
sample (Figure 5), 9cRA must be present in bovine
serum at concentrations lower than 0.5 nM as tested in
the 200-,ul well.
Our data do not exclude the possibility that 9cRA

may be an intracellular signal. Support for 9cRA as a
physiological RXR effector comes from a cochromato-
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graphing 350-nm absorbance peak detected in mouse
liver and kidney extracts (Heyman et al., 1992). Al-
though 9cRA binds and activates RXR with high af-
finity and potency (Heyman et al., 1992; Levin et al.,
1992), the fractions corresponding to this absorbance
peak were not tested for RXR activation. Endogenous
levels of 9cRA were estimated as 4 ng/g (13 nM) of
liver and 30 ng/g (100 nM) of kidney by measuring
the areas of absorbance peaks (Heyman et al., 1992). By
using the estimate for 9cRA in bovine serum (0.5 nM)
calculated above, humoral 9cRA must be 25 times
lower than that found in liver. If ATRA serves as the
precursor for 9cRA, this cellular metabolite must ac-
cumulate against a considerable concentration gradi-
ent. Nevertheless, a cellular enzyme may catalyze this
isomerization, and, thus, both humoral phytol metab-
olites and 9cRA synthesized in cells may cooperate to
mediate physiological effects through RXR. Molecular
structure determination of the RXR effectors extracted
from other animal tissues may help to resolve this
issue.

Candidate Essential Fatty Acids
Chlorophyll is best recognized as an energy trans-
ducer in plants that captures sunlight for oxygen,
sugar, and lipid synthesis and thereby establishes the
foundation for animal food chains. Phytol metabolites
may now strengthen this link between heterotrophs
and autotrophs by integrating the dietary state of the
animal with RXR-dependent signaling systems to bal-
ance the lipid stores in adipose tissue against cellular
needs. Insights into the functions of phytol metabo-
lites may emerge from comparisons with linoleic acid
and other unsaturated fatty acids that are important
dietary factors synthesized by plants (Burr and Burr,
1929, 1930; Aaes-Jorgensen, 1961).
Although they serve as important precursors for

prostaglandin synthesis (Bergstrom, 1966), unsatur-
ated fatty acids may also share equally crucial roles as
receptor signals. For example, linoleic and arachidonic
acids activate PPARa with a potency of 30 ,tM (Got-
tlicher et al., 1992; Banner et al., 1993; Keller et al., 1993).
Linoleic acid may contribute as much as 20% (40 ,uM)
of the total fatty acids (200 ,uM) in human or rat sera
(Swell et al., 1961; Scully et al., 1980). Although these
levels are within PPARa activation range, other li-
gands have been noted for PPARy, such as prostaglan-
din J2 (Forman et al., 1995b; Kliewer et al., 1995). The
distinct pharmacological characteristics noted for dif-
ferent PPARs (Kliewer et al., 1994) may be specified by
unique subsets of dietary or endogenously synthe-
sized fatty acids and their oxidized and cyclized me-
tabolites. A strategy similar to that outlined here could
also guide the isolation of PPAR effectors from tissue
extracts.

Phytanic acid is obtained only from dietary sources
and is rapidly oxidized just like other fatty acids, but
its specific nutritional requirement is unknown. Abun-
dant sources of phytanic acid in human diets are milk,
cheese, and especially butter (Lough, 1977). The ca-
loric value of phytanic acid is only fractionally that of
linoleic acid because of their abundance differences,
and thus its contribution to cellular energy reserves
must be low. It remains uncertain whether patholog-
ical states will develop in animals fed phytanic acid-
deficient diets. This might be expected, given the num-
ber of signaling pathways converging with RXR.
Potential pathological signs could overlap those pro-
duced by deficiencies of linoleic acid, thyroid hor-
mones, vitamins A and D, or other ligands whose
receptors cooperate with RXR. Preparation of diets
lacking phytol and its metabolites will be critical for
these nutritional studies. Like the fat-soluble vitamins
A and E, it may also be necessary to maintain animals
on phytanic acid-deficient diets for prolonged times to
deplete stored forms of the fatty acid.

It may be of interest to note that linoleic acid defi-
ciency retards animal growth and that butter effi-
ciently restores the weight lost in rats given fat-free
diets (Burr and Burr, 1930; Aaes-Jorgensen, 1961). Al-
though linoleic acid has been shown to be one active
component, phytanic acid may represent another of
their postulated "vitamine F" growth-promoting sub-
stances (Evans and Burr, 1928). Phytanic acid could
also serve as a growth factor for cells in culture, be-
cause linoleic acid replacement of serum albumin and
its bound fatty acids has been shown to increase their
plating efficiency in serum-free media (Ham, 1963).

Dietary Lipids as Nutritional Signals
Phytol metabolites, unsaturated fatty acids, retinol,
and farnesoids may form a unique class of micromolar
cellular metabolites that also serve as signals for RXR
and some of its receptor partners. Linoleic acid and
other unsaturated fatty acids are candidate physiolog-
ical PPAR effectors that regulate the genes for en-
zymes involved in lipid metabolism (Keller and
Wahli, 1993). The carotenoid metabolite retinol may be
an important RAR signal, as discussed above. Simi-
larly, metabolites of farnesyl pyrophosphate (FPP)
have been postulated to regulate isoprenoid synthesis
through FXR interactions (Forman et al., 1995a; Wein-
berger, 1996). FPP in liver (0.4 ,uM) (Bruenger and
Rilling, 1988) is slightly lower than the micromolar
farnesoids needed for FXR induction, but activation of
a farnesoid metabolic shunt could increase the pool of
FXR effectors in some dietary states. Critical evalua-
tion of this hypothesis will require measurements of
cellular farnesoid levels and their FXR-binding poten-
tials. Finally, phytol metabolites may be nutritional
signals linking the animal's dietary state with a variety
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of endocrine and intracrine signaling pathways
through the nuclear receptor RXR. As a model, we
propose that these dietary lipids may coordinate gene
expression for fatty-acid biosynthetic and oxidative
enzymes by PPAR and RXR interactions. In conjunc-
tion with farnesoids and FXR, these networks could
regulate the flux of acetyl CoA from intermediary
metabolism to meet cellular lipid needs during vari-
able dietary conditions.

Defining Physiological Receptor Ligands
The fat-soluble vitamins retinol, cholecalciferol, a-to-
copherol, and phylloquinone were isolated more than
60 years ago when nutritionally-deprived animals
served as the physiological assays guiding their puri-
fication (Evans and Bishop, 1923). The cis-trans assay
now provides a modern means to identify hormones
and vitamins for orphan receptors like RXR. Our pro-
posal for phytol metabolites as physiological effectors
rests on the findings that their circulating levels may
be relevant for RXR binding and activation. Moreover,
these were the only activators found in bovine serum.
It may be premature to attach physiological signifi-
cance to these chlorophyll metabolites at this time.
However, our results minimally suggest that the ab-
solute potency of an activator is less important than its
potency relative to its natural abundance. Measure-
ments of steady-state intracellular levels of phytol me-
tabolites in various tissues during different nutritional
states could be compared with their RXR-binding
properties to further test this hypothesis.
To more firmly establish their physiological rele-

vance, these and other orphan receptor ligands must
also comply with a broader set of postulates analo-
gous to those identifying the etiologic roles of bacteria
for animal diseases. Physiological effects mediated by
phytanic acid must first be described. Animals raised
on phytanic acid-depleted diets may offer one way to
identify these cell functions specifically controlled by
RXR. These assayable end points might then lead to
the purification of phytol metabolites from tissue ex-
tracts, just as uterine cell changes in ovariectomized
mice guided the isolation of estrogenic substances
(Allen and Doisy, 1923).
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