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ABSTRACT: In the course of measuring the concentrations of retinoic acids (RA) in bovine plasma, a major 
peak was observed which comigrated with 9-cis-RA on normal-phase high-performance liquid chroma- 
tography. Rechromatography of this retinoic on reverse-phase high-performance liquid chromatography 
showed that it was distinct from 9-cis-, 13-cis-, and all-trans-RA, but comigrated with 9-cis,l3-cis-retinoic 
acid (9,13-di-cis-RA). This retinoid was identified as 9,13-di-cis-RA based on its chemical, spectral, and 
chromatographic properties. Plasma concentrations of 9,13-di-cis-RA increased from 50.5 ng/mL at birth 
to 5-6 ng/mL by 48 h of age in the calf. The 9,13-di-cis-RA was also a major circulating product of 
9-cis-RA dosed intramuscularly to rats; conversely, intravenous administration of 9,13-di-cis-RA produced 
circulating 9-cis-RA in the rat. 9,13-Di-cis-RA had little or no affinity for cellular retinoic acid binding 
proteins types I and 11. This study establishes 9,13-di-cis-RA as a naturally-occurring retinoid under 
physiological conditions, shows that it undergoes interconversion with 9-cis-RA, and emphasizes a need 
for careful chromatography to resolve 9-cis-RA and 9,13-di-cis-RA. This is consistent with in vivo 13- 
cis isomerization operating to modify the concentration and perhaps the activity of 9-cis-RA in vivo. 

Retinoic acid (RA)' is an activated metabolite of retinol 
that modulates biological processes involved in embryogen- 
esis, skeletal development, cellular differentiation, and 
growth (Goss & McBumey, 1992; Morris-Kay, 1993; Rich- 
man, 1992; Summerbull & Maden, 1990; Wolf, 1984). 
Stereoisomers of RA induce transcription by binding to high- 
affinity intracellular receptors, which include two distinct 
families; RAR (Gigubre et al., 1987; Petrovich et al., 1987) 
and RXR (Mangelsdorf et al., 1990), each with multiple 
isoforms (Nagpal et al., 1992). Both all-trans-RA and 9-cis- 
RA can bind and activate RAR. The preferred ligand for 
RXR is 9-cis-RA (Heyman et al., 1992; Levin et al., 1992), 
which can transactivate RXR up to 40 times more efficiently 
than all-trans-RA (Heyman et al., 1992). Although the RAR 
and RXR act as ligand-activated transcription factors, there 
is evidence that RXR also acts as an accessory factor for 
other receptors. Through formation of heterodimers with 
RAR, vitamin D receptor, and thyroid hormone receptor, the 
RXR can promote high-affinity binding to respective hor- 
mone response elements (Glass et al., 1990; Liao et al., 1990; 
Murray & Towle, 1989; Yang et al., 1991). While this action 
requires the cognate ligand for RAR, vitamin D receptor, 
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and thyroid hormone receptor, it is not dependent upon the 
RXR ligand 9-cis-RA. 

Because of their ability to activate receptor-mediated 
transcription events, recent attention has focused on the 
biosynthesis and metabolism of all-trans-RA and 9-cis-RA. 
Derivatives of all-trans-RA that circulate in the plasma under 
physiological conditions include 13-cis-RA and the glucu- 
ronides of all-trans- and 13-cis-RA (Barua & Olson, 1986; 
Eckhoff & Nau, 1990; Tang & Russel, 1990). Although the 
relationships of these metabolites to retinoid function have 
not been established, these modifications may provide 
reservoirs of slowly-metabolized, low-activity retinoids which 
contribute to maintaining steady-state concentrations of all- 
trans-RA (Barua et al., 1989; Gunning et al., 1993; McCor- 
mick et al., 1983; Napoli et al., 1982). Because its role as 
a ligand for RXR was perceived only recently, less is known 
about the metabolism of 9-cis-RA. The present study 
demonstrates that 9,13-di-cis-RA is a physiologically-oc- 
curring retinoid which can be produced from 9-cis-RA and 
can also support 9-cis-RA synthesis in vivo. Like 13-cis- 
RA, 9,13-di-cis-RA has less affinity for CRABP types I and 
11, than its parent. These data suggest that 13-cis-isomer- 
ization in vivo may operate as a common mechanism for 
modifying the concentrations and activities of all-trans- and 
9-cis-RA. Nobably 9,13-di-cis-RA, which exceeds the 
concentration of 9-cis-RA in newbom bovine plasma, 
migrates closely to 9-cis-RA during normal-phase HPLC. 
Unless care is taken, 9,13-di-cis-RA may be mistaken for 
9-cis-RA. 

MATERIALS AND METHODS 

General. High-performance liquid chromatography was 
performed with a Waters ALCJGPC 204 liquid chromato- 
graph. Retinoids were detected at 340 nm. The analytical 
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normal-phase column was an Econosphere Silica 3 pm (0.45 
x 15 cm) from Alltech Assoc. (Deerfield, IL). The analytical 
reverse-phase column was a Suplex pkg-100 5 pm (25 x 
4.6 mm) from Supelco, Inc., (Bellefonte, PA). The prepara- 
tive reverse-phase column was a Zorbax ODS (2.2 x 25 cm) 
and the preparative normal-phase HPLC column was a 
Zorbax Si1 (2.2 x 25 cm); each was purchased from Dupont 
Co. (Wilmington, DE). Solvents were HPLC grade and were 
purchased from Fischer Scientific (Itasca, IL). ['HINMR 
were determined on a Varian Unity 500 MHz spectropho- 
tometer. 

Animals. Sample collection and processing were per- 
formed under yellow lights to minimize isomerization of 
endogenous RAs. A total of 15 mL of blood was collected 
into a heparinized tube from each of 12 Jersey calves at 6-h 
intervals from birth until 48 h of age. The calves received 
approximately 2 L of maternal colostrum at birth and at 12-h 
intervals. Blood was immediately spun in a refrigerated (4 
"C) centrifuge at lOOOg, and the plasma was harvested. 

Plasma pharmacokinetic studies were conducted with male 
weanling rats (150-160 g) (Sprague-Dawley, Madison, WI) 
maintained on a stock diet (Lot 5012, Purina Mills Inc., St. 
Louis, MO). 

Compounds. The 9-cis-RA was either a gift from Hoff- 
man-La Roche (Nutley, NJ) or synthesized as described 
below. The 9-cis- and 9,13-di-cis-RA were prepared by 
oxidation of 9-cis-retinal (Sigma Chemical Co., St. Louis, 
MO) with Tollens reagent (Barua & Barua, 1964). The 
Tollens reagent was prepared immediately prior to use by 
combining equal volumes of 10% w/w AgN03 and 10% w/w 
NaOH. N a O H  was added dropwise to dissolve the 
precipitated AgOH. A total of 4 mL of Tollens reagent was 
added slowly to 10 mL of 9-cis-retinal in methanol (5  mgl 
mL) and incubated in stoppered tubes at 37 "C for 6 h. 
Isomerization was catalyzed by the strong alkaline conditions. 
The reaction was quenched by acidification with 4 N HC1. 
The products were extracted twice with 3 vol of hexane. The 
hexane fractions were combined, the solvent was evaporated, 
and the residue was applied to a Zorbax ODS preparative 
column eluted in acetonitrile/methanoYwater/acetic acid (30: 
50:20:0.6) at 9 mL/min. In this system, the 9,13-di-cis-RA 
eluted 420-460 mL, and 9-cis-RA eluted 480-520 mL. The 
appropriate fractions were combined and submitted for NMR 
analysis. From 5 mg of 9-cis-retinal, 1.2 mg of 9-cis-RA 
and 0.35 mg of 9,13-di-cis-RA were obtained routinely. The 
identities of the products as 9-cis-RA and 9,13-di-cis-RA 
were verified by UV and NMR analyses. 9-Cis-RA: UVEOH 
= 349 nm; ['HINMR (CDCls) 1.02 (s, C16,17-dimethyl), 
1.73 (s, C18-methyl), 1.95 (s, C19-methyl), 2.35 (s, C20- 
methyl), 5.78 (s, 14H), 6.05 (d, lOH), 6.24 (d, 7H), 6.63 (d, 
8H), 7.1 (dd, 11H), 6.28 (d, 12H). 9,13-Di-cis-RA: UVE~OH 
= 348 nm; ['HINMR (CDC13) 1.02 (s, C16,17-dimethyl), 
1.73 (s, C18-methyl), 1.99 (s, C19-methyl), 2.07 (s, C20- 
methyl), 5.65 (s, 14H), 6.16 (d, lOH), 6.27 (d, 7H), 6.63 (d, 
8H), 7.09 (dd, l lH),  7.65 (d, 12H). 

Methylation. Methylation of the RA stereoisomers was 
performed using the MNNG-diazomethane kit from Aldrich 
Chemical Co. (Milwaukee, WI). The methylated RA deriva- 
tives were separated using normal- and reverse-phase 
analytical HPLC. The normal-phase HPLC columns were 
eluted in hexane/isopropyl ether (99.75:0.25), and the 
reverse-phase columns were eluted in acetonitrile/methanol/ 
watedacetic acid (60: 15:25:0.5). 
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Pharmacokinetics. Plasma 9-cis- and 9,13-di-cis-RAs 
were monitored in two groups of animals (six ratdgroup) 
receiving either 9-cis-RA (80 pg injected into the semimem- 
branous muscle) or 9,13-di-cis-RA (80 pg intrajugularly). 
The injections were given in 50 pL of ethanol. Each group 
of six rats was subdivided into two groups of three. Bleeding 
times were alternated between the two subgroups so that no 
rat was bled more than four times during the course of the 
experiments. Blood (1 mL) was collected from the jugular 
vein in a heparinized syringe while the rats were maintained 
under isoflurane anesthesia. 

Isolation of 9,lS-Di-cis-RA from Neonatal Calf Serum. 
Three liters of newborn calf serum (Lot 30P1029) was 
purchased from Gibco Laboratories (Grand Island, NY). 
Aliquots (500 mL) of serum were transferred to 4-L brown 
glass bottles with screw caps. Proteins were precipitated by 
the addition of 500 mL of ethanol. The serudethanol 
mixture was acidified with 124 mL of 4 N HC1. The RAs 
were extracted by adding 2 L of hexane to each bottle and 
vigorously shaking them for three 30-s intervals, allowing 
the phases to separate between each interval. The hexane 
phase was removed, transferred to a round-bottom flask, and 
evaporated under vacuum. The lipid residue was dissolved 
in 24 mL of hexane. A total of 0.5 mL of this hexane 
solution was applied to each of the 48 silica Sep-Paks 
(Waters Associates, Inc., Milford, MA). The flask was 
washed with an additional 24 mL of hexane, which was also 
applied to the Sep-Paks. Neutral lipids were eluted by the 
addition of 12 mL of hexane methylene chloride (75:25). 
The RAs were eluted with 8 mL of hexane/methylene 
chloride/acetic acid (95:5:1) and collected in 13 x 100 glass 
tubes. The tubes containing the RA fraction were combined, 
and the solvent was removed under vacuum. The residue 
was dissolved in 4 mL of hexane/methylene chloride acetic 
acid (95:5:0.5) and applied to a preparative normal-phase 
HPLC system, which was preequilibrated and standardized 
with the same solvent. At a flow rate of 9 mL/min, the RAs 
eluted between 62 and 70 min. Final purification of the 
extracted retinoids was achieved with analytical normal- and 
reverse-phase HPLC. The overall yield of 9,13-di-cis-RA 
from 3 L of newborn calf serum was about 10 pg. 
RA Assays. Plasma retinoids were measured using a 

modification of the assay of Napoli (1986, 1990). To 1 vol 
of plasma was added 15 ng of a RA analog (Ro-23-6457, 
Hoffman-La Roche, Nutley, NJ) in 50 pL of ethanol as an 
internal standard. Plasma proteins were precipitated with 1 
vol of ethanol, followed by acidification of the mixture with 
0.25 vol of 4 N HC1. The lipids were extracted from the 
mixture with 3 vol of hexane. The hexane phase was 
evaporated under vacuum. The residue was suspended in 
0.5 mL of hexane and applied to a silica Sep-Pak. To 
optimize recovery, the tube containing the lipid pellet was 
washed with an additional 0.5 mL of hexane, which was 
also applied to the Sep-Pak. Neutral lipids were eluted from 
the Sep-Pak with 10 mL of 75:25 hexane/methylene chloride. 
The RAs were eluted with 5 mL of 95:5:1:2 hexane/ 
methylene chloride/2-propanol/acetic acid. The solvent was 
evaporated, and the residue was applied to an analytical 
normal-phase HPLC column eluted with hexane/methylene 
chloride/acetic acid (95:5:0.2) at 2 " i n .  Using this 
system, the 13-cis-, 9-cis-, 9,13-di-cis-, and all-trans-RAs 
eluted at 12.8, 13.4, 13.5, adn 14.4 min, respectively (Figure 
1A). Because the 9-cis-RA and 9,13-di-cis-RA were not 
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FIGURE 1: (A) Typical HPLC chromatogram of RA isomers 
extracted from 2 mL of plasma collected from calves at 48 h of 
age. Arrows indicate the elution of authentic standards. The 
column used was a normal-phase Econosphere 3 pm column (0.45 
x 15 cm) from Alltech, developed in hexane/methylene chloride/ 
acetic acid (95:5:0.2) at 2 " i n .  (B) Second HPLC analysis of 
RA stereoisomers in bovine plasma. Material corresponding to the 
elution of the RAs (the 12- 15-min region in panel A) was collected 
and applied to a reverse-phase column (Suplex pkb-100 5 pm, 25 
x 4.6 mm) eluted in acetonitde/methanol/water/chloro€orm/acetic 
acid (17:68:10:5:0.6) at 2 mL/min. Elution positions of authentic 
standards are indicated. 

resolved on the normal-phase system, the region containing 
the RA isomers (the 12-15-min region) was collected and 
subjected to a reverse-phase HPLC system eluted with 
acetonitrile/methanoUwater/chloroform/acetic acid (17:68: 10: 
5:0.6). In this system, all the RA isomers of interest were 
resolved (Figure 1B). 

Preparation of CRABP (Types I and II ) .  Expression of 
Escherichia coli-derived apo-CRABP (types I and 11), their 
purification, and fluorescence titration were performed as 
described previously (Fiorella & Napoli, 1991 ; Fiorella et 
al., 1993). The Kd values for RA binding to CRABP were 
calculated by the method of Cogan et al. (1976). 

RESULTS 

The most abundant RA isomer in bovine plasma migrated 
closely with 9-cis-RA on normal-phase HPLC (Figure 1A). 
The migration of this isomer, however, was slightly slower 
than that of 9-cis-RA and was more characteristic of 9,13- 
di-cis-RA migration. Because the normal-phase system did 
not provide adequate resolution of 9-cis-RA and 9,13-di- 
cis-RA, the fraction from the normal-phase system, which 
corresponded to the elution of 13-cis-, 9-cis-, 9,13-di-cis-, 
and all-trans-RAs, was collected and subjected to reverse- 
phase HPLC. Initial attempts to separate the RA isomers 
by reverse-phase HPLC involved an Altech Econosphere 3 
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FIGURE 2: UV spectrum of 9,13-di-cis-RA purified from newbom 
calf serum (in vivo) or chemically synthesized (standard). The 
spectra were taken in ethanol with a Beckman DU-70 spectropho- 
tometer. 

pm ODS column (0.45 x 15 cm), eluted in acetonitrile/ 
methanol/water/acetic acid (50:30:20:0.6). Using this HPLC 
system, the suspected 9,13-di-cis-RA comigrated with 13- 
cis-RA (data not shown). Reverse-phase HPLC with the 
Suplex pkb-100 column resolved 13-cis-, 9,13-di-cis-, 9-cis-, 
and all-trans-RAs and showed that the most abundant isomer 
comigrated with 9,13-di-cis-RA (Figure 1B). With this 
system, we determined also that plasma 9-cis-RA concentra- 
tions were low to undetectable. To confirm that the most 
abundant RA isomer had the 9,13-di-cis configuration, the 
retinoid was purified from newborn calf serum. The UV 
spectrum of the isolated compound was similar to synthetic 
9,13-di-cis-RA (Figure 2) with a UV,, at 348 nm. Further 
confirmation of the chemical structure was provided by 
comigration of the methyl esters of the unknown and 
synthetic 9,13-di-cis-RA on normal- and reverse-phase HPLC 
(Figure 3). 

The relative abundance of 9,13-di-cis-RA isolated from 
newbom calf serum prompted further experiments to evaluate 
changes in its plasma concentrations during the first 48 h of 
life in neonatal calves. 9,13-Di-cis-RA was present at low 
(10.5 ng/mL) but detectable concentrations at birth. Withm 
12 h following birth, the plasma concentrations began to rise 
and reached 5-6 ng/mL by 48 h of age (Figure 4). Because 
of limited availability of synthetic 9-cis-RA, rats instead of 
calves were used to determine whether 9,13-di-cis-RA is a 
metabolite of 9-cis-RA. Following intramuscular injection 
of 9-cis-RA (80 pg), peak plasma concentrations of 9,13- 
di-cis-RA trailed the increase in 9-cis-RA by approximately 
1.5 h and remained detectable through at least 24 h (Figure 
5). In contrast, the 9-cis-RA concentrations decreased below 
detection (<OS ng/mL) by 12 h. Attempts were also made 
to obtain similar data using intravenous and intraperitoneal 
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FIGURE 3: Comigration of the methyl esters (Me) of 9,13-di-cis-RA with authentic standards on normal- and reverse-phase HPLC. The 
9,13-di-cis-RA was purified from 2 mL of normal bovine serum as described in Materials and Methods by extraction with hexane, elution 
through a Sep-Pak, and sequential elution through preparative normal-phase and analytical normal- and reverse-phase HPLC columns. The 
in vivo metabolite was methylated with diazomethane and compared with the ME of authentic standards by normal- and reverse-phase 
HPLC. (A) Authentic 13-cis-, 9-cis-, 9,13-di-cis-, and all-trans-MeRA (50 ng each) eluted from a normal-phase column (3 pm Econosphere, 
0.45 x 25 cm) with 0.25% isopropyl ether in hexane at 2 d m i n .  (B) Co-injection of 50 ng of 9,13-di-cis-MeRA isolated from bovine 
plasma with 50 ng each of authentic 13-cis-, 9-cis-, 9,13-di-cis-, and all-trans-MeRA eluted through a normal-phase column as described 
in panel A. (C) Authentic 13-cis-, 9-cis, 9,13-di-cis-, and all-trans-MeRA (50 ng each) eluted from a reverse-phase column (5 pm Suplex 
pkb-100, 0.46 x 25 cm) with acetonitrile/methanoVwater/acetic acid (60:15:25:0.5) at 2 mL/min. (D) Co-injection of 50 ng of 9,13-di- 
cis-MeRA isolated from bovine Dlasma with 50 ng each of authentic 13-cis-, 9-cis-, 9,13-di-cis-, and all-trans-MeRA eluted through a 
reverse-phase column as describLd in panel C. 

administration of 9-cis-RA. These experiments never re- 
sulted in detectable plasma 9-cis-RA when the 80-pg dose 
was given. However, in one of three experiments conducted 
with intravenously dosed 9-cis-RA, plasma 9,13-di-cis-RA 
was detected at the 18-24-h time points (data not shown). 

When 9,13-di-cis-RA was given intravenously to rats, a 
9,13-di-cis-RA decay curve was observed with an estimated 
disappearance half-time of about 4 h (Figure 6). The 9-cis- 
RA concentrations followed the same trend but were only 
-3% of the 9,13-di-cis-RA concentrations. To determine 
if sample preparation could account for the presence of 9-cis- 
RA in 9,13-di-cis-RA-treated animals, 3 pg of 9,13-di-cis- 
W m L  (values similar to that observed during the early 
stages of the 9,13-di-cis-RA plasma disappearance study) 
was added to rat plasma that had no detectable endogenous 
9-cis- and 9,13-di-cis-RA. Concentrations of RA isomers 
were determined following sample extraction and quantitation 
by HPLC as described above. The data showed that 10.5% 
conversion of 9,13-di-cis-RA into 9-cis-RA occurred as a 
result of extraction and HPLC. 

Potential binding of 9,13-di-cis-RA with CRABP (types I 
and 11) was measured and compared with the binding of all- 
trans-, 9-cis-, and 13-cis-RA by quenching of CRABP 

" 

fluorescence (Figure 7). As expected from previous work 
(Fiorella & Napoli, 1991; Fiorella et al., 1993), the three 
retinoids bound to both binding proteins with nominal Kd 
values of 20, 60, and 213 nM, respectively, for CRABP(1) 
and 40, 120, and 250 nM, respectively, for CRABP(I1). 
Under the same circumstances, 9,13-di-cis-RA in concentra- 
tions up to 3 mM (Le., twice as much ligand as binding 
protein) produced little quenching of CRABP fluorescence. 

DISCUSSION 
The transcriptional activation functions of RAR and RXR 

are mediated in large part by their ligands. all-trans-RA 
serves as a ligand for the RAR, while 9-cis-RA can serve as 
a ligand for both RAR and RXR. The experiments described 
herein were done to gain further insight into the presence of 
all-trans-FL4 and cis-RA isomers in plasma. We determined 
that 13-cis- and all-trans-RA are present in neonatal bovine 
plasma and were surprised to find that the most abundant 
circulating RA isomer is 9,13-di-cis-RA. Although 9,13- 
di-cis-RA was synthesized chemically as early as 1958 
(Matsui et al., 1958), this paper provides the f i s t  demonstra- 
tion of this isomer in vivo. The structural assignment of the 
9,13-di-cis-RA was based on physical information showing 
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FIGURE 4: Time-dependent appearance of 9,13-di-cis-RA in plasma 
of calves during their f i s t  48 h of life. Each point represents the 
mean f SE, n = 12. Calf plasma (2  mL) was extracted, and 9,- 
13-di-cis-RA was measured as described in Materials and Methods 
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FIGURE 5: Plasma appearance of 9-cis- and 9,13-di-cis-RA fol- 
lowing dosing with 9-cis-RA. Rats were given an intramuscular 
injection of 9-cis-RA (80 pg). Each point represents the mean f 
SE, n = 3. Rat plasma (about 0.5 mL) was analyzed as described 
in Materials and Methods under RA Assays: (0) 9-cis-RA; (+) 9,- 
13-di-cis-RA. Note the different scales for 9 4 s -  and 9,13-di-cis- 
RA. 

that the retinoid had the spectroscopic properties of authentic 
9,13-di-cis-RA and, as a free acid, migrated with authentic 
standard through these HF’LC systems (a preparative normal- 
phase, an analytical normal-phase, and analytical reverse- 
phase) and, upon methylation, comigrated with authentic 
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FIGURE 6: Plasma 9 4 s -  and 9,13-di-cis-RA following the admin- 
istration of 80 p g  of 9,13-di-cis-RA. Each point represents the 
mean f SE of three rats dosed intravenously with 80 pg of 9,13- 
di-cis-RA. Note the differences in the two y-axis scales. Measure- 
ments were made as indicated in the legend to Figure 6: (0) 9-cis- 
RA: (+) 9.13-di-cis-RA. 

100 

75 

50 

25 

0 0  
0 2 4 6 8 I 

Retinoid (pM) 
FIGURE 7: Relative affinities of CRAl3P (types I and 11) for RA 
isomers. apo-CRABP(I), upper panel, and apo-CRABP(II), lower 
panel, were titrated with all-trans-RA (0), 9-cis-RA (A), 1 3 4 s -  
FL4 (0), or 9,13-di-cis-RA (0). Experiments were done in 20 mM 
Tris-HC1, pH 7.4, with 1.5 pM CRABP(1) or 1.7 pM CRABP(II) 
as described (Fiorella & Napoli, 1991; Fiorella et al., 1993). 

standard on reverse- and normal-phase analytical HPLC 
systems. 
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The plasma concentrations of 9,13-di-cis-RA were low 
(about 0.5 ng/mL) but detectable at birth and were elevated 
to 5-6 ng/mL by 48 h of age (Figure 4). The reasons for 
the dramatic rise are unknown, and the relative high 
abundance of this RA isomer in the bovine neonate prompted 
several questions regarding precursors and potential role(s) 
in either directly-mediating or indirectly-reflecting cellular 
events. For example, 9-cis-RA given intramuscularly to rats 
consistently produced elevations in plasma 9,13-di-cis RA. 
This suggests that one source of 9,13-di-cis-RA was me- 
tabolism of 9-cis-RA. The presence of 9,13-di-cis-RA may, 
therefore, be an indirect indicator of the cellular concentration 
and/or metabolism of 9-cis-RA. Conversely, 9,13-di-cis-RA 
appeared to act as an in vivo precursor for 9-cis-RA (Figure 
6). Based on this latter observation, 9,13-di-cis-RA may be 
exploited therapeutically as a prodrug supporting in vivo 
9-cis-RA synthesis and thereby indirectly controlling RXR 
and/or RAR-specific gene regulation. The 9,13-di-cis-RA 
could also have inherent biological activity mediated through 
a known or unidentified receptor. 

There are few studies of 9,13-di-cis-RA activity or 
function. One study concluded that 9,13-di-cis-RA is at least 
as active as all-trans-RA in inhibiting growth and stimulating 
the differentiation of HL-60 cells (Murayama et al., 1993). 
Another study (Yen et al., 1986) concluded that 9,13-di-cis- 
RA is not effective at inducing HL-60 cell differentiation. 
Perhaps the different findings are attributable to the degree 
that the test retinoid isomerized in culture. It seems 
reasonable to propose that 13-cis-isomerization would have 
the same effect on 9-cis-RA potency as 13-cis-isomerization 
has on the potency of all-trans-RA. For example, conversion 
of all-trans-RA into 13-cis-RA reduces the ability to induce 
F9 cell differentiation by 10-fold (Williams et al., 1987). 
Indeed, 13-cis-RA seems to have ‘10% of the potency of 
all-trans-RA in disrupting human development with respect 
to central nervous system malformations and postnatal death, 
growth reduction, and behavioral dysfunction (Adams, 1993). 
A combination of relatively low toxicity and activity, a longer 
elimination half-life than all-trans-RA, and conversion into 
all-trans-RA in vivo suggests that 13-cis-RA serves as a 
reduced-activity reservoir of all-trans-RA (McCormick et 
al., 1983; Sandberg et al., 1994). The current work has 
demonstrated that 9,13-di-cis-RA is derived from and more 
abundant than 9-cis-RA and apparently is eliminated more 
slowly than 9-cis-RA (Figure 5). In these respects and with 
respect to binding to CRABP(1 and 11), the relationship 
between 9 4 s -  and 9,13-di-cis-RA parallels the relationship 
between all-trans- and 13-cis-RA. These data are consistent 
with the hypothesis that 13-cis-isomerization may serve to 
reversibly modify and, therefore, maintain the concentrations 
of the more active all-trans- and 9-cis-RA. 

The order of binding affinities for both CRABP(1) and 
CRABP(I1) was all-trans-RA >> 9-cis-RA > 13-cis-RA >> 
9,13-di-cis-RA. This agrees with previous work which 
concluded that all-trans-RA binds stoichiometrically with 
excess CRABP (types I and 11) (Bailey & Siu, 1988; Ong & 
Chytil, 1978; Sani & Banerjee, 1978) and isomerization 
greatly decreases affinity for CRABP(1) and CRABP(II), with 
13-cis-isomerization having more impact than 9-cis-isomer- 
ization (Fiorella et al., 1993). Although these relative 
affinities are apparent, the precise differences in affinities 
between stoichiometric binding retinoids (all-trans-RA) and 
equilibrium binding retinoids (9-cis-RA and 13-cis-RA) 
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cannot be determined by equilibrium binding methods 
because in the presence of excess CRABP, all-trans-RA does 
not equilibrate between binding protein and solvent. If 
estimates of CRABP affinity for retinol can be used as a 
general guide for affinity between stoichiometrically binding 
retinoids and retinoid binding proteins, then the underesti- 
mates of affinity for stoichiometric binding retinoids may 
be 2 orders of magnitude (Li et al., 1991). Thus, the Kd of 
all-trans-RA would be closer to 0.2 and 0.4 nM than the 20 
and 40 nM indicated by equilibrium binding techniques for 
CRABP(1) and CRABP(II), respectively. On the other hand, 
the Kd values of 9-cis-RA and 13-cis-RA of 60 and 213 nM, 
respectively, for CRABP(1) and 120 and 250 nM, respec- 
tively, for CRABP(I1) probably are reasonably accurate 
because these retinoids are “equilibrium binding” retinoids. 
Therefore, 9-cis-RA and 13-cis-RA would likely have -300- 
and -600- 1000-fold less affinity for CRABP(I) and CRABP- 
(11), respectively, than all-trans-RA. The negligible affinity 
of 9,13-di-cis-RA supports this inference by revealing that 
dual isomerization increases the Kd values for CRABP(1) and 
CRABP(I1) to more than the 600 nM and 1.2 pM, respec- 
tively, predicted (%fold for 9-cis-isomerization times and 
10-fold for 13-cis-isomerization) if the nominal & values 
were accurate for all-trans-RA. 

The lack of binding of 9,13-di-cis-RA to CRABP should 
be considered in view of the relationship among CRABP(1) 
concentrations, the rate of all-trans-RA metabolism, and the 
potency of all-trans-RA. CRABP(1) seems to attenuate RA 
action by sequestering the hormone and acting as a conduit 
for its efficient metabolism (Boylan & Gudas, 1991, 1992; 
Fiorella & Napoli, 1991; Williams & Napoli, 1985; Winston, 
1989). The inconsequential binding of 9,13-di-cis-RA to 
CRABP(1) indicates that it would not affect the metabolism 
of all-trans-RA by displacing it from CRABP. 

The presence of 9,13-di-cis-RA in vivo does not confound 
measurement of all-trans-RA because either normal- or 
reverse-phase HPLC can resolve all-trans-RA from its cis 
isomers. But 9,13-di-cis-RA does pose potential problems 
for quantifying 9-cis-RA and 13-cis-RA in biological samples. 
The normal-phase HPLC column used in this work as well 
as columns from other vendors (data not shown) did not 
resolve 9,13-di-cis-RA from 9-cis-RA. We have also found 
that the reverse-phase Suplex HPLC column used in this 
work was atypical, insomuch as it could readily resolve all 
four isomers in question (all-trans-RA, 9-cis-RA, 13-cis- 
RA, and 9,13-di-cis-RA); reverse-phase columns from 
several other vendors could not resolve 9,13-di-cis-RA from 
13-cis-RA. Consequently, analysis with a single HPLC 
column could result in misidentification of 9,13-di-cis-RA 
as 9-cis-RA or 13-cis-RA. 

This paper describes 9,13-di-cis-RA as the most abundant 
RA isomer in neonatal bovine plasma. One metabolic 
pathway leading to 9,13-di-cis-RA likely proceeds through 
9-cis-RA. The presence of circulating 9,13-di-cis-RA may, 
therefore, be an indirect indicator of 9-cis-RA presence or 
metabolism in tissues. This work also emphasizes the need 
for the use of chromatographic systems with adequate 
selectivity when monitoring RA isomers in biological 
samples. 
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