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Abstract

We report robust HPLC/UV methods for quantifying retinyl esters (RE), retinol (ROL) and retinal
(RAL) applicable to diverse biological samples, with lower limits of detection of 0.7 pmol, 0.2 pmol,
and 0.2 pmol, respectively, and linear ranges >3 orders of magnitude. These assays function well
with small, complex biological samples (10-20 mg tissue). Coefficients of variation range from:
intra-day, 5.9-10.0%; inter-day, 5.9-11.0%. Quantification of endogenous RE, ROL, and RAL in
mouse serum and tissues (liver, kidney, adipose, muscle, spleen, testis, skin, brain, and brain regions)
reveals utility. Ability to discriminate spatial concentrations of ROL and RE is illustrated with
C57BL/6 mouse brain loci (hippocampus, cortex, olfactory bulb, thalamus, cerebellum, and
striatum.) We also developed a method to distinguish isomeric forms of ROL to investigate precursors
of retinoic acid. The ROL isomer assay has limits of detection between 3.5-4.5 pmol and a similar
linear range and % CV as the ROL/RE and RAL assays. The assays described here provide for
sensitive and rigorous quantification of endogenous RE, ROL, and RAL to elucidate retinoid
homeostasis in disease states, such as Alzheimer’s disease, type 2 diabetes, obesity, and cancer.
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Introduction

Retinoid homeostasis involves balance among multiple retinoids in multiple tissues effected
through dietary intake, storage, mobilization, transport, and metabolism (1-5). Specific binding
proteins, enzymes, and receptors control flux through the central pathways of retinoid
homeostasis, ultimately to produce retinoic acid, an active form of vitamin A (Figure 1) (6—
7). RA effects awide range of physiological processes, including development, nervous system
function, immune response, cell proliferation, cell differentiation, and reproduction through
activation of type Il nuclear receptors (RAR, RXR, PPARB/S) (8-15). RA exerts additional
biological effects through dimerization of RXR with an array of other type Il nuclear receptors
(13). Various approaches have been used to determine effectors of retinoid metabolism, such
as genetic alteration of retinoid-binding proteins (16-21), enzymes (22-25), and receptors
(12,13,26), dietary manipulation of vitamin A intake (28), and exposure to xenobiotics (29—
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32). Quantifying how manipulation of retinoid metabolism effects the flux of retinoids through
metabolic paths and/or effects availability of substrate for RA production will provide insight
into retinoid homeostasis and metabolism, and thereby function. Dysfunctions in retinoid
homeostasis have been linked to dyslipidemia, diabetes, obesity, cancer, and Alzheimer’s
Disease (33-40).

To date, many reports of retinoid quantification by HPLC/UV have not included essential
supportive data, such as % recovery, % CV, standard curves defining linear ranges, illustration
of effectiveness, or verification for use with multiple tissues/matrices. We have developed
improved, simple, versatile HPLC/UV methods to measure endogenous levels of RE, ROL,
RAL and isomers of ROL. These methods coupled with RA quantification (41,42) will provide
opportunities for more complete and rigorous characterization of retinoid metabolism and
homeostasis.

Experimental

Materials

Solvents were purchased from Fisher Scientific. O-Ethylhydroxylamine and retinoids, except
9cROL, were purchased from Sigma-Aldrich. Retinoid standards were prepared the day of use.
Concentrations were verified spectrophotometrically using € values (43).

9cROL preparation—9cROL was prepared by reducing 9cRAL with excess NaBH, in 95%
tetrahydrofuran/methanol. Acetone was added to destroy excess NaBH,. The reaction mixture
was evaporated to dryness and resuspended in 50% hexane/water. The hexane layer containing
9cROL was removed and washed several times with water. Identity of 9cROL was confirmed
spectrophotometrically and chromatographically.

Animals and tissues

Extraction

Male SV129 mice (Charles River) were fed an AIN93G diet with 4 1U vitamin A/g as retinyl
palmitate from weaning and were bred from dams fed the same diet. Male C57BL/6 mice
(Charles River) were bred from dams fed a stock diet and were fed either a stock diet or an
AIN93G diet with 4 U vitamin A/g from weaning. The stock diet (Harlan Teklad Global, 18%
protein rodent diet) contained 30.9 IU vitamin A/g (15.4 1U/g retinyl acetate and 15.5 1U/g
retinol). Mice were fasted 16 hr prior to euthanasia. Tissues were dissected under yellow light.
Brain dissections were performed with a Nikon SMZ-10A dissection microscope equipped
with a Volpi (Auburn, NY) NCL 150 light source with a yellow filter. Tissues were frozen in
liquid nitrogen immediately after harvest and kept frozen at —80 °C until assay, within three
days of harvest. Tissues were homogenized on ice using ground glass homogenizers (Kontes,
Duall size 21), either manually or with a Heidolph motorized homogenizer (280 RPM) in cold
0.9% saline to produce 10-25% homogenates. Serum was recovered by centrifuging clotted
blood at 10,000 g for 10 min at 4 °C.

Total ROL/RE and ROL isomer—Samples were extracted with a two-step acid-base
method that recovers multiple retinoids. Here we describe only ROL and RE quantification,
but the protocol also extracts RA and RA metabolites. Approximately 100 pmol of internal
standard (5 pL of ~20 uM retinyl acetate in ethanol) was added to each sample. One to 3 ml
of 0.025 M KOH in ethanol was added to tissue homogenates (up to 500 pL) or serum (100-
200 pL). Ten ml of hexane were added to the aqueous ethanol phase. The samples were
vortexed and centrifuged for 1 to 3 min at 60 rpm in a Dunac centrifuge (Becton Dickinson)
to facilitate phase separation and to pellet precipitated protein. The hexane (top) phase
containing nonpolar retinoids (ROL and RE) was removed. If RA and RA metabolites were
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assayed from the same samples, 4 M HCI (60— 180 pL) was added to the aqueous ethanol
phase, and polar retinoids (RA and metabolites) were removed by extraction with a second 10
ml aliquot of hexane. Organic phases were removed under nitrogen while heating at ~25-30 °
C in a water bath (Organomation Associates Inc. model N-EVAP 112, Berlin, MA). ROL/RE
extracts were resuspended in 120 L acetonitrile for serum and tissues except liver. Liver ROL/
RE extracts were dissolved in 500 pL acetonitrile. Only glass containers, pipettes, and syringes
were used to handle retinoids. Measurements from 10-20 mg tissue produce rigorous data from
limited samples (e.g., embryo, brain regions), but routine assays from adult mice used 40-115
mg of tissue.

RAL-oxime method—RAL contains a reactive aldehyde group optimally converted to a
stable product for accurate quantification. O-ethylhydroxylamine was used to convert RAL
into an O-ethyl oxime derivative. One to 2 mL of methanol and 0.5-1 mL of 0.1 M O-
ethylhydroxylamine in 100 mM HEPES (pH 6.5) were added to homogenates (up to 500 uL)
or serum (50-200 uL). After vortexing, samples were allowed to stand for 15 min at room
temperature. RAL O-ethyloxime was extracted with 10 mL hexane. The organic phase was
removed under nitrogen with gentle heating at ~25-30 °C in a water bath. RAL O-ethyloxime
samples were resuspended in 120 uL acetonitrile. As little as 10 mg tissue or 50 pL serum
produced reliable data, but typically we used 10-80 mg tissue and 50-200 pL serum from adult
mice.

Chromatography

Total ROL/RE—ROL and RE were resolved by reverse-phase chromatography (Zorbax SB-
C18, 4.6 x 100 mm, 3.5 pm) on a Waters 2695 HPLC system and were quantified by UV
absorbance at 325 nm. Analytes were separated at 1 mL/min with 11% water/89% acetonitrile/
0.1% formic acid for 9 min followed by a linear gradient over 2 min to 100% acetonitrile. 100%
acetonitrile was maintained for 2 min, followed by a linear gradient over 2 min to 5%
acetonitrile/1,2-dichloroethane. Final conditions were held for 2 min before returning to initial
conditions. Injection volume was 100 pL for all samples, with the exception of liver. To
quantify liver RE accurately, a second 10 pL injection was necessary to ensure that the RE
signal occurred within the linear detection range. ROL eluted at 4.8 min, retinyl acetate (IS)
eluted at 8.9 min, and RE eluted at 16.5 min.

RAL O-ethyloxime—RAL (O-ethyl) oxime was resolved via reverse-phase chromatography
(Zorbax SB-C18, 4.6 x 100mm, 3.5 um) and quantified by UV absorbance at 368 nm. The
sum of the syn- and anti- isomers was used to quantify RAL O-ethyloxime. ROL was monitored
simultaneously at 325 nm. Analytes were separated at 1 mL/min with a linear gradient from
40% H,0/60% acetonitrile/0.1% formic acid to 5% H,0/95% acetonitrile/0.1% formic acid
over 5 min. Final conditions were held for 9 min. RAL O-ethyloximes eluted at 6.6 min
(anti-) and 10.9 min (syn-); ROL eluted at 7.2 min.

ROL isomers—This method separates ROL isomers, total RE, and RA isomers. ROL, RE,
and RA were resolved by normal-phase chromatography (Zorbax SIL, 4.6 x 250 mm, 5 um)
with a Waters HPLC system (600 series pump, 717 series autosampler, and 2485 UV detector)
and were quantified by UV absorbance at 325 nm, 325 nm, and 340 nm, respectively. Analytes
were resolved using 0.4% 2-propanol/hexane at 2 mL/min. ROL isomers eluted at: 20.9 min,
13cROL; 27.0 min, 9cROL; 28.9 min, atROL. Other retinoids eluted at: 2.0 min, RE (retinyl
palmitate and other retinyl esters); 3.6 min, retinyl acetate; 10.9 min, 13cRA; 12.1 min, 9cRA,;
13.1 min, atRA.

Anal Biochem. Author manuscript; available in PMC 2009 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kane et al. Page 4

Results and Discussion

We have previously developed a quantitative RA assay with attomol detection limits (41,42).
Here we discuss methods for RE/ROL and RAL quantification. The diversity in chemical
properties and endogenous retinoid concentration ranges (see Figure 1), renders it impractical
to perform accurate quantification of RE/ROL/RAL/RA in a single chromatographic run. The
vastly different concentrations of RE and ROL in some tissues requires two different volume
injections for RE and ROL to be quantifiable in their linear ranges, e.g., a 10 yL injection for
RE and a 100 pL injection for ROL in liver samples. In addition, the resuspension solvent must
be chosen to accommodate solubility differences between RE and ROL. Acetonitrile
solubilizes both RE and ROL, whereas methanol fails to fully solubilize RE. The ROL/RE and
RAL reverse-phase methods, as well as the normal-phase method for ROL isomers, have been
developed for accurate tissue measurements, but can be applied easily to cell culture or sub-
cellular fractions. Many previous assays focus on separations but do not rigorously characterize
analytical performance. Other assays focus on identification of retinoid species and are non-
quantitative. Here, we aim to provide analytically robust methods to identify and quantify key
retinoids of interest.

Sample Preparation

Samples should be harvested, handled, and extracted under yellow or red light to prevent
isomerization and/or degradation. A red or yellow filter should be used with dissecting
microscopes. Tissues not extracted immediately should be frozen immediately after harvest in
liquid N5 and stored whole at —80 °C until assay. Tissue and/or serum can be stored at least
one week at —80 °C without significant retinoid degradation. Frozen tissues should be thawed
on ice before homogenization, homogenized on ice, and extracted immediately. Homogenized
samples will undergo degradation after 2 h at 4 °C from matrix effects (41,44). Samples should
not be frozen, thawed, and re-frozen. Extracts resuspended in acetonitrile remain stable in a
room temperature autosampler (amber vials/yellow lights and/or shielded from light) for at
least three days. Resuspended samples can be stored at —20 °C for one week without significant
degradation. Total ROL/RE and ROL isomers use the same extraction method, whereas RAL
relies on conversion to a stable oxime derivative for optimal extraction.

Conversion of RAL to RAL-oxime

O-ethylhydroxylamine was used to convert retinal into a stable oxime product for accurate
quantification (Figure 2). RAL has a reactive aldehyde group, susceptible to promiscuous
reactions in the sample matrix, preventing efficient extraction. Reaction with hydroxylamine
or (O-alkyl)hydroxylamines produces syn- and anti- isomers (45-47). It is more desirable to
generate RAL oximes from (O-alkyl)hydroxylamines (e.g. (O-ethyl) hydroxylamine) instead
of the non-alkylated hydroxylamine, because the anti- retinaloxime isomer of the latter tends
to co-elute with retinol and/or elute as a broad asymmetrical peak in both reverse and normal
phase HPLC. Not only can co-elution of anti- retinaloxime with ROL interfere with ROL
quantification, but also the syn- retinaloxime contributes inconsistently to the total retinal
oximes.

Chromatography

Three methods were developed to quantify RE, ROL, and RAL in mouse tissues: total ROL
and RE; RAL as RAL O-ethyloxime; and ROL isomers. Both total ROL/RE and RAL rely on
reverse-phase HPLC separations that use the same mobile phase solvents and analytical column
for simplicity and to allow for rapid switching between analyses, with no hardware or solvent
reservoir changes. Reverse-phase separation was chosen for its resolution and superior
retention time stability, compared to normal-phase. The ROL isomer method was developed
for determining the isomeric distribution of retinol. We found that normal-phase HPLC had
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better resolving power in a shorter analysis time than reverse-phase for ROL isomers. Figure
3 shows examples of retinoid standards for each method with total ROL/RE (Figure 3A), RAL
(Figure 3B), and ROL isomers (Figure 3C). All three methods use similar preparation with
total ROL/RE and ROL isomers using the same extraction procedure, whereas RAL analysis
relies on a simple conversion to a stable oxime derivative before extraction. UV detection after
HPLC separation of retinoids offers analysis specificity because very few compounds absorb
at wavelengths characteristic of retinoids. The intrinsic absorption of most compounds in the
sample milieu is significantly more blue (maxima at shorter wavelength) than that for retinoids.
Peak identity/instrument performance for each method is verified daily by injecting a mixture
of authentic retinoid standards. Within the course of an analysis, retention times remain stable
within £ 0.1 min for all methods.

Total ROL and RE—The total ROL/RE reverse-phase method was modified from previous
methods to use an acetonitrile/water/formic acid mobile phase that transitions to an acetonitrile/
dichloroethane mobile phase (31,48). The acetonitrile/water/formic acid mobile phase gives
sharper ROL peaks than previous methanol/water-based ROL separations (Figure 4). Water in
the mobile phase retains the polar retinol; transition to dichloroethane facilitates elution of the
non-polar RE. ROL elutes at 4.8 min, retinyl acetate (IS) elutes at 8.9 min, and RE elutes at
16.5 min (Figure 3A). All endogenous RE are not resolved using this method: it is intended to
quantify only total RE. Figure 3A shows retinyl palmitate only, which is up to 90% of the
endogenous ester. Retinyl oleate coelutes with retinyl palmitate, whereas other esters, such as
retinyl linoleate, retinyl myristate, and retinyl stearate elute just before or after retinyl palmitate.
The sum of all ester peaks was used to calculate total RE. Retinyl palmitate is used as the
calibrant to calculate total ester, because retinyl palmitate and other retinyl esters have similar
absorbance maxima (43).

RAL (RAL O-ethyloxime)—This reverse-phase method for RAL quantification uses the
same mobile phase solvents and column as the total ROL/RE assay, but with a different
gradient. Both anti- and syn- RAL O-ethyloximes are resolved from each other and ROL, are
monitored at 368 nm, and elute at 6.8 min and 10.9 min, respectively (Figure 3B). ROL, eluting
at 7.6 min, also can be quantified with this method and is monitored concurrently at 325 nm.
Syn- and anti- RAL O-ethyloxime isomers are summed and quantified from a calibration curve
generated from standard amounts of RAL O-ethylhydroxylamine. Note that the column needs
to be flushed periodically when quantifying ester-rich tissue (e.g., liver) to reduce RE
accumulation.

ROL isomer—The ROL isomer method is an isocratic normal-phase separation that can
quantify the isomeric distribution of retinol, which may be of interest when investigating
precursors to RA isomers. This method resolves 13cROL (21.1 min), 9cROL (27.0 min), and
atROL (29.0 min) as well as retinyl palmitate (1.9 min) and retinyl acetate (1S, 3.0 min) (Figure
3C). Retinyl palmitate can be quantified using the ROL isomer method, but because of its
minimal retention and the possible background contribution from minimally retained matrix
components, the total ROL/RE method described here is preferable for RE quantification. RA
isomers can be separated using the ROL isomer chromatography method by concurrently
monitoring at 340 nm (Figure 3C). RA isomers elute at: 13cRA (10.6 min), 9cRA (12.0 min),
and atRA (12.9 min). Although levels of RA in vivo are not detectable above background and/
or are the same magnitude as random/interfering peaks, this method is useful for applications
in which RA is high, such as enzyme assays. Quantification of in vivo levels of RA is best
accomplished with more sensitive detection methods (41,42).
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Performance

Application

The analytical performance of each assay was evaluated for: limit of detection (LOD), limit of
quantification (LOQ), linearity, intra-assay coefficient of variation, inter-assay coefficient of
variation, accuracy, and extraction efficiency. The sensitivity of each method was obtained by
measuring standard solutions prepared on the day of use with spectrophotometrically verified
concentrations. The LOD is defined as a signal to noise ratio of 3:1, whereas the LOQ is defined
as a signal to noise ratio of 10:1 (Table 1). The total ROL/RE and RAL methods have sub-
pmol detection limits (0.2 to 0.7 pmol) and are 10-fold more sensitive than the detection limits
for the ROL isomer method (3.5 to 4.5 pmol). Similarly, total ROL/RE and RAL methods have
lower LOQs (0.4 to 1 pmol), compared to the ROL isomer method LOQ (1 to 5 pmol).

Linearity—Figure 5 shows representative calibration curves for each analyte using (A) total
ROL/RE method, (B) RAL (RAL (O-ethyl)oxime) method, (C) ROL isomer method. Each
point represents either 23 replicates and r2 values are >0.99. Linear ranges are: (A) ROL 0.4—
1000 pmol, RE 1-1000 pmol; (B) RAL 0.4-600 pmol, ROL 0.5-900 pmol; (C) atROL 4-1000
pmol, 9cROL 4-1000 pmol, 13cROL 4-1000 pmol, RE 1-600 pmol. Each linear detection
range spans the physiological range of each analyte (Figure 1 and Figure 5).

Intra- and inter-assay coefficients of variation—Reproducibility was assessed
according to intra-assay (same day) coefficients of variation and inter-assay (consecutive days)
coefficients of variation recovered from tissue samples, to reflect assay variability, including
sample preparation and chromatographic analysis. These results were generated from groups
of 3-10 samples prepared separately from a single mouse liver (Table 1). Intra-assay
coefficients of variation ranged from 5.9 to 10.0%, whereas inter-assay coefficients of variation
ranged from 5.9 to 11.0%.

Accuracy—Accuracy, the agreement between applied and measured amounts, was >95% for
all analytes.

Extraction Efficiency—Retinyl acetate was used as an internal standard to assess handling
losses and extraction efficiency for the total ROL/RE. Typical average recoveries (average
SEM) ranged from 60 £ 8 % (n = 6, adipose) to 92 + 3% (n =9, serum). Retinyl acetate reflected
RE recovery accurately for all tissues investigated. For adipose and other lipid-rich tissue
tissues, retinyl acetate also accurately reflected the recovery of ROL. However, retinyl acetate
did not always accurately reflect ROL recovery from liver and was thus not used to adjust liver
ROL values. Exogenous ROL spiked into liver homogenate before extraction was recovered
94 + 4 % (n = 3). Retinyl acetate accurately reflected RE recovery from liver with a value of
86 + 10 % (n = 10). Retinyl acetate can be used as an internal standard for the ROL isomer
method with similar performance. No internal standard was needed for the RAL O-ethyloxime
method, because the recovery of the O-ethyloximes routinely exceeded >95%.

Each method was used to quantify retinoids in mouse tissue. Figure 6 shows representative
chromatograms of various tissues: (A) adipose using total ROL/RE method, (B) liver using
the RAL O-ethyloxime method, (C) liver using the ROL isomer method. Note that each of the
analytes is easily identified. Table 2 summarizes retinoid levels in a variety of tissues from
mice fed a diet containing 4 IU vitamin A/g. It should be noted that diet has a profound effect
on retinoid levels and the diet of the dam influences the diet of the offspring. Stock diets contain
copious vitamin A (~30 U vitamin A/g—15.4 1U retinyl acetate plus 15.5 U retinol). The
AIN recommends diets with 4 U vitamin A/g, a slightly higher level than the minimum amount
required for mice of 2.4 1U/g (49,50). Mice fed stock diets or bred from mothers fed stock diets
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will have substantially higher RE and higher ROL levels than those bred from dams fed a 4 U
vitamin A/g diet, which can often complicate and/or obscure effects on retinoid metabolism.

RE values are the highest in liver, the main storage site for vitamin A, with 562.6 + 75.9 nmol/
g. Kidney and spleen have 1.8 £ 0.2 and 1.2 + 0.1 nmol/g RE, respectively, with 300-500-fold
lower RE levels than liver. Other tissues range from 0.25 £ 0.03 nmol/g (muscle) to 0.99 +
0.21 nmol/g (brown adipose). Circulating RE levels are 0.22 + 0.02 nmol/mL. RE levels in
brain vary by region as do ROL levels, consistent with region-dependent RA levels (41,42).

Compared to RE, ROL levels are higher only in skin (50%) and serum (3.7-fold). Other tissues
have ROL levels that range from equivalent (white adipose) to 4-fold lower (cortex), with the
exception of liver which has ~60-fold lower ROL than RE. ROL levels were highest in liver
at 9.6 + 0.9 nmol/g. Other tissue ROL levels ranged from 0.08 + 0.01 nmol/g (testis) to 0.64 £
0.21 nmol/g (brown adipose), 15- to 120-fold lower than liver ROL levels. Circulating levels
of ROL are 0.81 + 0.04 nmol/mL.

Compared to ROL, RAL levels range from equivalent (testis) to 60-fold lower (liver). RAL
levels are highest in liver and kidney with 160.9 £+ 14.3 pmol/g and 187.3 + 31.2 pmol/g RAL,
respectively. Testis levels are approximately half (90.7 £ 10.1 pmol/g) and adipose levels are
approximately one-third (63.5 = 5.2 pmol/g) that of liver and kidney. Circulating RAL levels
are 32.2 £ 6.2 pmol/g. RAL levels are 4-fold (liver) to 12-fold (kidney) higher than RA levels
(42).

Table 3 provides data for ROL isomers in tissues from mice fed a stock diet with 30 IU vitamin
Alg. atROL values ranged from 0.90 = 0.11 nmol/g (serum) to 20.7 + 2.9 nmol/g (liver). Note
that all atROL values are higher than those in Table 2 because of the higher vitamin A content
of the mouse diet, by 10%, 2-fold, and 3-fold, respectively, in serum, liver, and adipose. The
majority of ROL is present as atROL with 87.4% (adipose) to 94.7% (liver) of total ROL.
9cROL and 13cROL were detected in animals fed diets with 30 IU vitamin A/g at a small
percentage of the total ROL: 9cROL, between 1.2% (liver) and 8.7% (adipose) and 13cROL,
between 1.4% (liver) and 3.9% (adipose). 9cROL levels are 0.03 + 0.01 nmol/g (serum) to 0.25
+ 0.01 nmol/g (liver) and 13cROL levels are 0.04 + 0.01 nmol/g (serum) to 0.30 £ 0.04 nmol/
g (liver). 9cROL and 13cROL levels in tissue from mice fed a diet with 4 U vitamin A/g are
lower than those in Table2 or below the limit of quantification/detection for the assay.

To address the possibility that these isomers are artifacts of the extraction process, exogenous
retinoids were added to tissue samples before/during homogenization to evaluate isomerization
during sample preparation (Figure 7). Addition of atROL increased only atROL, whereas
addition of 9cROL increased only 9cROL. Addition of either atRAL or 9cRAL did not cause
any increase in either atROL or 9cROL.

Comparison to Other Methods

The ROL/RE quantification obtained values similar to those by other methods of analysis.
Liver ROL obtained from mice fed a stock diet (20.7 nmol/g, Table 3) was similar to those fed
a comparable copious vitamin A diet, ranging from 6-81.5 nmol/g (16,18,22-25,31,32,44,
48). Mice fed a 4 IU vitamin A/g diet had 9.6 nmol/g ROL in liver, less than half that of the
30 1U vitamin A/g stock diet, reflecting the lower level of vitamin A in the diet. Serum and
adipose ROL in mice fed a stock diet (serum, 0.9 nmol/g; adipose, 1.8 nmol/g; Table 3) was
similar to literature values ranging from 0.6-1.58 nmol/g (22,23,44,48,51) and 1.67-2.9 nmol/
g (22,23), respectively. Serum and adipose values in mice fed a 4 1U vitamin A/g diet were
slightly lower and one-third lower, respectively, of the stock diet. Extrahepatic tissue ROL and
RE were comparable to those produced by other methods (22,23). Liver RE in mice fed a 41U
vitamin A/g diet was 562 nmol/g, which was comparable to or lower than RE values reported
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with a stock diet (473-5500 nmol/g) (16,17,22-25,31,32,44,48). Previous stock diet adipose
and liver RAL values were 0.15-0.8 nmol/g and 0.9 nmol/g, respectively, 2- to 6-fold higher
than adipose (0.064 nmol/g) and liver (0.161 nmol/g) values obtained from mice fed a 41U
vitamin A/g diet (17,36).

Both the ROL/RE and RAL methods have sensitivity comparable to that reported for HPLC/
MS/MS (52) and better than that listed for HPLC/MS (51,53) or HPLC/UV (44). Many assays
do not provide information on sensitivity (16,17,19,23-25,30,31,36) or illustrate deficits in
sensitivity by reporting large tissue requirements (36). For example, Ziouzenkova, et al.
quantified RAL by HPLC with PDA UV detection (RAL MS/MS data reported therein was
for analyte ID only) indicating the need to pool adipose fat pad samples for quantification and/
or identification (36). Our analysis required only ~60 mg adipose tissue for RAL quantification,
a fraction of one typical adipose fat pad. Our other sample requirements ranged from 10-80
mg for tissue and 50-200 pL serum, slightly better than Schmidt et al., who cited typical use
of 200-300 mg tissue and 400 pL serum (44).

The ROL isomer method described here was based on previous work (54), focused on
separation of various ROL and dehydroretinol isomers, which reported the distribution of
isomers in livers of fresh water fish. Our measurements generated similar values for mouse
liver. Stancher and Zonta also saw less than 1% isomerization of ROL into other isomers during
handling (Figure 7). Wang et al. (53) report data for atROL and 9cROL by LC/MS, but our
experience with a similar mobile phase found atROL and 13cROL co-eluted (data not shown).
The ROL isomer method described here had sensitivity similar to HPLC/MS detection (53).

Methods described here have several additional advantages. The majority of measurements
use the ROL/RE method and the RAL method, which use the same solvents and analytical
column, allowing for seamless transition between the two analyses. Both the ROL/RE and the
RAL methods have run times of 25 min, including re-equilibration, which is shorter than other
methods, for which some separations take >100 min (17,18,22-25,30,31,48,51,53,55).
Additionally, our limits of detection/quantification and linear working ranges have been
characterized rigorously for each analyte, and the analyte concentration is determined from a
standard curve spanning the physiological range of the analyte. External standard methods are
far less analytically rigorous and provide only a ratio with a single standard concentration and
should be avoided (36).

Sample preparation described here simplifies the sample matrix sufficiently to assay complex
matrices (i.e., tissue samples) as well as simple matrices (i.e., serum) without deterioration of
analytical performance. Schmidt et al. also provide evidence of an analytically rigorous assay
appropriate for tissue retinoid quantification (44), whereas other assays have only been
assessed for simpler matrices, such as serum (51,52,55), and/or have not been comprehensively
characterized for analytical performance (16,17,19,22-25,30,31,36,54). Simplification of the
sample matrix also enhances accuracy and the lives of guard and analytical columns. Other
assays cite frequent changing of guard columns (44,52), whereas we typically get greater than
100-fold more injections per typical guard column lifetime.

Analyses which use saponification—an alkaline digestion that frees retinoids from the
stabilizing matrix and lipids while hydrolyzing RE to ROL to yield a total ROL measurement
—can be problematic. The elevated temperature and exposure to alkali often causes retinoid
degradation and isomerization of 4-40% (2). This loss is illustrated by 30-65% lower total
ROL values obtained after saponification, compared to the sum of ROL and RE values obtained
separately (16,22).

The method of RAL quantification described here converts RAL into a RAL O-ethyloxime,
which is optimal for efficient extraction of the reactive and labile aldehyde group and separates
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both syn- and anti-retinaloxime isomers for accurate quantification. Other methods have used
hydroxylamine instead of an (O-alkyl)hydroxylamine, which causes the anti-oxime RAL
isomer to co-elute with ROL, and report potentially inaccurate quantification using only one
RAL isomer peak (36). Other methods have not converted to an oxime (16,17,48) and/or have
not provided in vivo data for RAL (44).

The methods described here provide simple, analytically robust procedures for quantifying
retinoids from complex matrices and require only small amounts of tissue sample. These
methods should significantly assist elucidation of retinoid function and characterization of
alterations in retinoid metabolism and homeostasis during diseases, such as diabetes, obesity,
cancer, and Alzheimer’s Disease.
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LRAT Retinyl ester
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Figure 1.
Structures of analytes in the central pathway of retinoid metabolism. Typical in vivo levels of
each analyte are listed. Ranges reflect variation among tissues.

Anal Biochem. Author manuscript; available in PMC 2009 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kane et al.

S SN S OHO CHCH,ONH,  —

retinal O-ethylhydroxylamine

Figure 2.
Conversion of RAL into RAL(O-ethyl)oxime.
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Figure 3.

HPLC/UV chromatograms of standard solutions. (A) Total ROL/RE method: ROL (4.8 min)
and RE (16.5 min). (B) RAL-oxime method: anti-RAL-(O-ethyl)oxime (6.6 min), ROL (7.2

min), and syn-RAL-(O-ethyl)oxime (10.9 min). The solid line indicates absorbance at 368 nm
(left Y-axis); the dashed line indicates absorbance at 325 nm (right Y-axis). (C) ROL isomer
method: RE (2.0 min), IS (retinyl acetate, 3.6 min), 13cRA (10.9 min), 9cRA (12.1 min), atRA
(13.1 min), 13cROL (20.9 min), 9cROL (27.0 min), and atROL (28.9 min). The RE standard
shown is retinyl palmitate. Absorbance of ROH isomers was monitored at 325 nm (left Y-axis);
absorbance in the overlay showing RA isomers was monitored at 340 nm (right Y-axis).
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Comparison of (A) methanol-based ROL/RE mobile phase with (B) acetonitrile-based ROL/
RE mobile phase. (A/B) are identical mouse kidney samples with ROL (4.5min/4.8 min), IS
(retinyl acetate, 7.5 min/8.9 min) and RE (11.7 min/16.6 min). The methanol-based mobile
phase in (A) uses the same gradient as the acetonitrile-based mobile phase in (B) with methanol/
water/1,2-dichloroethane.
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ROL isomer method. All r2 values were >0.99.
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HPLC/UV chromatograms of mouse tissue. (A) Total ROL/RE method measuring adipose:
ROL (4.8 min), IS (retinyl acetate, 8.9 min), and RE (16.6 min). (B) RAL-oxime method
measuring liver: anti-RAL-(O-ethyl)oxime (6.6 min), ROL (7.2 min), and syn-RAL-(O-ethyl)
oxime (10.9 min). (C,D) ROL isomer method measuring liver: 13cROL (20.9 min), 9cROL
(27.0 min), atROL (28.9 min). Top panel in (C) is a magnified view showing 13cROL and

9cROL more clearly.
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Figure 7.
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Addition of exogenous retinoids to mouse liver before homogenization to show 9cROL is not
formed artifactually. Left panel of each pair is a magnified view of the right panel to show
9cROL more clearly. (A) Addition of 9cROL increases 9cROL only. (B) Addition of atROL
increases atROL only. (C, D) Addition of either 9cRAL or atRAL does not increase either

9cROL or atROL.
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Endogenous retinoids in mouse tissues

Table 2

Page 21

Serum/Tissue RE (nmol/g) ROL (nmol/g) RAL (pmol/g)
Esorum? 0.22 +0.02 (69) 0.81+ 0.04 (70) 322462 (6)
liver 562.6 + 75.9 (55) 9.6 £ 0.9 (60) 160.9 + 14.3 (26)
kidney 1.8+0.2(37) 0.60 + 0.04 (37) 187.3+31.2 (12)
adipose (white) 0.59 £0.09 (29) 0.63+0.03 (37) 63.5+ 5.2 (12)
adipose (brown) 0.99 £ 0.21 (5) 0.64+£0.21 (5) ---
muscle 0.25 +0.03 (31) 0.15 +0.02 (38)
spleen 1.2+0.1(26) 0.60 + 0.06 (26) ---
testis 0.31+0.02 (27) 0.08 +0.01 (27) 90.7 +10.1 (12)
skin 0.2240.02 (5) 0.3220.01 (5)
"brain 0.84 £ 0.16 (19) 0.68 £ 0.23 (19)
**hippocampus 0.70 £ 0.05 (27) 0.30 £ 0.03 (27) ---
" cortex 0.35 £ 0.04 (18) 0.08 £ 0.01 (18)
~olfactory bulb 0.63+0.03 (4) 0.20+0.02 (4)
thalamus 0.47£0.06 (4) 0.20+ 0.04 (4)
**cerebellum 0.73+0.10 (8) 0.42 +0.08 (8) -
**striatum 0.41+0.08 (4) 0.21 +0.05 (4)

&Data were obtained from 2 to 4 month-old male SVV129 mice fed and bred from dams fed an AIN93G diet with 4 IU vitamin A/g.

Fk

Data were obtained from 2 to 4-month-old male C57BL/6 mice fed an AIN93M with 4 1U vitamin A/g from weaning and bred from dams fed a stock
diet (>30 IU vitamin A/g). VValues are means = SEM. The numbers in parentheses indicate the number of samples assayed. Each sample was obtained
from an individual mouse.

---, not measured.

# . .
serum RE and ROL values are expressed in nmol/mL and RAL values are expressed in pmol/mL.
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Table 3
Endogenous ROL isomers in mouse tissues
Data were obtained from 2 to 4 month-old male C57BL/6 mice fed and bred from dams fed a stock diet with the
equivalent of 30 IU vitamin A/g. Values are means = SEM. The numbers in parentheses indicate the number of samples
assayed. Each sample was obtained from an individual mouse.

Serum/Tissue atROL (nmol/g) 9cROL (nmol/g) 13cROL (nmol/g)
serum? 0.90 £0.11 (13) 0.03+0.01 (13) 0.04 +£0.01 (13)
liver 20.7+£2.9(18) 0.25+0.01 (18) 0.30+0.04 (18)
adipose (white) 1.8+0.3(4) 0.18 £0.01 (4) 0.08 +0.01 (4)

# .
serum ROL values are expressed in nmol/mL
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