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Quantitation of retinaldehyde in small biological samples using
ultrahigh-performance liquid chromatography MS/MS

Jinshan Wang?, Hong Sik Yool, Kristin M. Obrochta, Priscilla Huang, and Joseph L.
Napoli2

Graduate Program in Metabolic Biology, Nutritional Sciences and Toxicology, University of
California, Berkeley CA 94720

Abstract

We report an UHPLC-MS/MS to quantify all-trans-retinal in biological samples of limited size
(15-35 mg), which is especially advantageous for use with adipose. To facilitate recovery, retinal
and the internal standard 3,4-didehydroretinal were derivatized in situ into their O-ethyloximes.
UHPLC resolution combined with high sensitivity and specificity of MS/MS allowed
quantification of retinal-O-ethyloximes with a 5 fmol lower limit of detection and a linear range
from 5 fmol to 1 pmol. This assay revealed that extra-ocular concentrations of retinal range from
~2 to 40 pmol/g in multiple tissues: the same range as all-trans-retinoic acid. All-trans-retinoic
acid has high affinity (kg < 0.4 nM) for its nuclear receptors (RARa, B, v), whereas retinal has low,
if any affinity for these receptors, making it unlikely that these retinal concentrations would
activate RAR. We also show that the copious amount of vitamin A used in chow diets increases
retinal in adipose depots 2 to 5-fold relative to levels in adipose of mice fed a vitamin A-sufficient
diet, as recommended for laboratory rodents. This assay also is proficient for quantifying
conversion of retinol into retinal in vitro, and therefore provides an efficient method to study
metabolism of retinol in vivo and in vitro.
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INTRODUCTION

The dioxygenase BCO1 catalyzes central cleavage of -carotene and ~sixty other
carotenoids to generate the vitamin A (all-trans-retinol) precursor all-trans-retinaldehyde
(retinal)[1,2]. Cellular retinol binding protein type 2 (Crbp2) sequesters retinal generated in
the intestine and directs it to reduction into retinol, which is esterified and transported for
storage, mostly in liver[3]. Generating the visual pigment chromophore 11-cis-retinal

2To whom correspondence should be addressed: 119 Morgan Hall, Berkeley, CA 94720, jna@berkeley.edu, Phone: 510-642-5202.
These authors contributed equally to this work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be

discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 2

accounts for the quantitatively major use of vitamin A. The isomerohydrolase Rpe65
produces 11-cis-retinal from all-trans-retinyl esters in a concerted reaction[4]. 11-cis-Retinal
forms a Schiff’s base with rhodopsin to generate the protein opsin. Photoactivation of opsin
isomerizes 11-cis-retinal into all-trans-retinal, which prompts a neuronal signal and release
of all-trans-retinal. The released all-trans-retinal undergoes reduction into all-trans-retinol,
which undergoes re-esterification for re-use in the visual cycle. Thus, the eye consumes
most of an organisms’ vitamin A through production of retinal isomers to support the visual
cycle.

The aldehyde functional group of retinal isomers reacts readily in biological matrices to
form Schiff’s bases, which degrades extraction efficiency. To circumvent this impediment,
retinal isomers have been converted routinely into oxime derivatives before extraction from
tissues[5-7]. This generates syn and anti forms, not always in a consistent ratio. The anti-all-
trans-retinal oxime co-elutes with retinol and/or as a broad asymmetric peak. This issue has
been resolved by converting retinal isomers in situ into their O-ethyloxime derivatives[8,9].
Resolution of retinal isomers has been achieved with both normal and reverse phase HPLC
systems, which have been applied mostly to evaluating retinal isomers in the visual
cycle[10-14].

Retinal also serves as the intermediate for biosynthesis of the autocoid all-trans-retinoic acid
(atRA) from retinol[15,16]. Although this pathway seems quantitatively minor relative
vitamin A use in the visual cycle, all vertebrates require atRA for reproduction and
embryonic development, growth, and throughout post-natal life to maintain neurological
function, energy balance and immune system function[17,18]. Although atRA has been
established as the activated retinol metabolite that regulates the systemic functions of
vitamin A[19], several other metabolites have been proposed to contribute to the systemic
physiological actions of vitamin A. Relatively recently, a hypothesis has been proposed that
all-trans-retinal has signaling actions distinct from atRA that attenuate weight gain in
females through effects in adipose and liver[20]. All-trans-retinal concentrations in extra-
ocular tissues occur in nM levels[9]. Extraction and efficiency of oxime formation are
relatively low in samples of adipose tissue large enough to quantify by LC/UV. Therefore,
we developed an assay based on UHPLC/MS/MS to quantify all-trans-retinal in small
biological samples to facilitate study of its extra-ocular functions. This assay has the highest
sensitivity reported to date for quantifying all-trans-retinal in multiple biologic media.

MATERIALS AND METHODS

Materials

LC-MS grade acetonitrile, formic acid (= 95%), all-trans-retinal (= 98%) and O-
ethylhydroxylamine (= 97%) were purchased from Sigma-Aldrich. 3,4-Didehydro retinal
was purchased from Toronto Research Chemicals Inc. LC/MS grade water and other
solvents were purchased from Fisher Scientific. Retinoid standards were prepared on the day
of use. Concentrations were determined spectrophotometrically using published
values[21,22].
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Animals and tissues

One group of male C57BL/6 mice (originally purchased from Jackson Laboratory) was fed
an AIN93G diet with 4 1U/g vitamin A (retinyl palmitate) over ten generations. Another
group of male C57BL/6 mice (Jackson Laboratory) was fed a stock diet (Teklad Gobal 18%
protein rodent diet, 15 IU vitamin A acetate/g). Tissues were dissected under yellow light
and frozen in liquid nitrogen immediately after harvest. Samples were kept frozen at =80 °C
until assay.

Retinal derivatization and extraction

Tissue samples were homogenized on ice using a Duall size 21 glass homogenizer (Kontes),
either manually or with a Heidolph motorized homogenizer (280 rpm), in cold 0.9% saline
to generate 10% homogenates. Serum was recovered by centrifuging clotted blood 10 min at
10,000 x g at 4 °C. After addition of the internal standard (10 pL of a 50 nM solution of all-
trans-3,4-didehydroretinal), one ml methanol and 2 ml 0.1 M O-ethylhydroxylamine in 100
mM Hepes (pH 6.5) were added to the homogenates (typically 300 pl) or sera (100-200 pl)
samples to convert retinals into their O-ethyl oxime derivatives. The resulting suspension
was mixed thoroughly (vortex) and incubated 20 min at room temperature. Retinal O-
ethyloximes were extracted with 10 ml hexane. After centrifuging, the hexane (upper) layer
was transferred to a glass tube and evaporated under nitrogen with gentle heating at 25 to 30
°C in a water bath (model N-EVAP 112, Organomation Associates, Berlin, MA, USA). The
residue was suspended in 40 pl acetonitrile: 5 pl was used for UHPLC-MS/MS analysis.
Typically,15 to 35 mg tissue or 100 to 200 ul serum from adult mice generated reliable data.

Liver microsomes

Wild-type C57BL/6 mice fed a purified AIN93G diet ad-libitum were sacrificed at 11 AM.
Liver was homogenized in a buffer of 10% sucrose, 10 mM Tris-HCI, 1 mM EDTA and 1.5
mM DTT, pH 7.4, using a Heidolph motorized homogenizer at 1240 rpm for 6 strokes, 8-10
sec each, while on ice. The homogenate was centrifuged 10 min at 2,000 x g (4 °C). The
resulting supernatant was centrifuged 1 hr at 100,000 x g (4 °C). The microsomal pellet was
resuspended in homogenizing buffer and frozen. Retinal biosynthesis assay. Assay buffer
(20 mM Hepes, 150 mM KCI, 2 mM EDTA, pH 7.4, with 2 mM freshly added DTT),
protein, and retinol substrate (delivered at 1:1000 ratio in DMSO) (total volume, 0.5 ml)
were preincubated 5 min at 37 °C in a water bath shaker at 65 rom. NAD* and NADP™ co-
factors were added in assay buffer to a final concentration of 1 mM each. At the end of the
assay, internal standard was added and O-ethyloximes were formed by adding 1 mL
methanol and 1.5 mL of 0.1 M O-ethylhydroxylamine in 100 mM Hepes, pH 6.5.

External calibration

A stock standard solution was prepared by dissolving all-trans-retinal in absolute ethanol.
Absorption was measured spectrophotometrically at 383 nm. Samples were diluted with
ethanol to an absorbance value of ~0.5. Concentrations of stock solutions were calculated
according to Bier’s law using an e value of 42,880[21,22]. Retinal was converted into its O-
ethyl oxime derivative by reaction with 0.1 M O-ethylhydroxylamine in 100 mM Hepes, pH
6.5, as described above. After hexane extraction, the organic phase was evaporated under
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nitrogen and the residue was dissolved in acetonitrile. The solution was diluted into a series
of working solutions with acetonitrile and applied directly to UHPLC-MS/MS to generate a
calibration curve.

To determine coefficients of variation, 1.2 g of liver were homogenized in 12 ml saline. Six
hundred pL of 50 nM 3,4-didehydroretinal were added and the mixture was divided into 12
aliquots, 6 of which were assayed immediately. The other 6 aliquots were stored at —80 °C

and then assayed individually over 6 consecutive days to determine interassay variation.

Ten uL of 500 nM 3,4-didehydroretinal was added to 1 mL of 10% liver homogenate or 1
mL of saline (6 repeats for each group). The samples were derivatized and analyzed as
described above. Recovery was determined by comparing 3,3-didehydroretinal oxime
measured in tissues to the amounts quantified in saline blanks.

All-trans-retinal-O-ethyloxime or all-trans-3,4-didehydroretinal-O-ethyloxime were
resolved via reverse-phase chromatography with an Agilent 1290 system (Santa Clara, CA),
equipped with an on-line degasser, binary pump, column compartment and auto sampler.
The column compartment was maintained at 25 °C, whereas samples were kept in the
autosampler at 10 °C. UHPLC separation was achieved with an analytical Eclipse plus C18
RRHD column (Agilent, 2.1 x 150 mm, 1.8 ym) at a flow rate of 0.4 ml/min. Mobile phases
were: (A) 0.1% formic acid in water; (B) 0.1% formic acid in acetonitrile. The following
gradient was applied over a total run time of 25 min: 0-2 min, 80% B; 2-2.5 min, 80% B to
85% B; 2.5-17.5 min, 85% B to 95% B; 17.5-18 min, 95% B to 100% B; 18-20 min, holding
at 100% B; 20-20.5 min, back to 80% B and re-equilibrating for 3.5 min.

MS/MS analysis

Analytes were detected using an AB Sciex API-4000 triple-quadrupole mass spectrometer in
positive APCI mode. The instrument was controlled by Analyst v1.6 software and operated
in multiple reaction mode (MRM). Retinal oxime was monitored using an m/z 328.5 to
236.4 transition, whereas 3,4-didehydroretinal oximes were monitored using an m/z 326.6 to
234.4 transition. The optimized MS variables were: curtain gas, 10; collision gas, 7; gas 1,
70; nebulizer current, 1; source temperature, 350 °C; declustering potential, 55; entrance
potential, 10; collision energy, 17; collision exit potential, 5.

Test for potential matrix effects

Mouse liver (200 mg) was homogenized in 2 ml cold 0.9% saline and was divided into 2
equal portions. Methanol (1 ml) was added to each of the two. One portion was treated with
0.1 M O-ethyl hydroxylamine in 100 mM Hepes, pH 6.5 (2 ml); the other was treated with
100 mM Hepes, pH 6.5, 2 ml without O-ethylhydroxylamine. After 20 min incubation at
room temperature, both portions were extracted and analyzed in the absence of added IS.
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RESULTS AND DISCUSSION

Sample Preparation

Retinoids are very susceptible to isomerization and oxidation, and are handled optimally
under yellow or red light and allowing contact only with glass and stainless steel containers
and transfer syringes[22—24]. Extracts suspended in acetonitrile can be stored at =20 °C for
1 week without significant degradation and remain stable in a =10 °C autosampler shielded
from light for at least two days.

Retinal Oxime

O-Ethylhydroxylamine was used to convert retinal into stable O-ethyl oxime derivatives
(anti and syn) to enhance recovery (Figure 1). Retinal has a reactive aldehyde group
susceptible to promiscuous reactions in biological matrices, preventing efficient extraction.
Generating retinal O-alkylhydroxylamine instead of the nonalkylated hydroxylamine avoids
problems associated with the non-alkylated anti-retinal oxime, which can elute as a broad
asymmetrical peak during chromatography. We also observed that forming retinal oximes in
solution such as methanol/water, rather than a tissue homogenate, generated a significantly
higher syn/anti ratio. The difference probably relates to the immediate microenvironment of
the aldehyde group during nucleophilic attack of hydroxylamine[6].

MS conditions

We have reported an HPLC/UV assay for retinal quantification in serum and tissues with
low pmol detection limits[9]. Here we report a more sensitive LC/MS/MS assay using
selected reaction monitoring to quantify retinal with a detection limit of 5 fmol. We used
positive ion APCI because of its favorable ionization efficiency for retinoids, which
provides higher sensitivity and lower background noise than ESI or negative APCI[25,26].
The fragmentation and MS/MS ion transitions for retinal and the IS (internal standard)
oximes were optimized for maximum sensitivity, leading to 100-1000 fold reduction in
background[27]. The fragmentation patterns of protonated ([M+H]*) retinal and 1S oximes
are shown in Figure 2. The most intensive transition with the lowest accompanying
background was m/z 328.5 — 236.4 for retinal oximes and m/z 326.6 — 234.4 for IS.

Chromatography

To achieve higher sensitivity, miniaturization in liquid chromatography is becoming
increasingly popular. Both small stationary-phase particles and reducing column diameter
improve resolution. In this study, several C18 and C8 columns with and without UHPLC
capacity were evaluated with mobile phases including methanol, water, acetonitrile, acetic
acid and formic acid. Baseline resolution of anti- and syn-O-ethyloximes of retinal and 1S
was achieved adequately only with an Eclipse plus C18 (1.8 um particle size) column
(Figure 3). A mobile phase of acetonitrile/water/0.1% formic acid provided optimum
sensitivity and resolution, and allowed for rapid switching between our RA assay[28] and
the retinal oxime analyses without hardware or solvent reservoir changes. The current
method optimized resolution between anti- and syn-oxime conformers of each O-ethyl
oxime and signal intensity. Within the course of a given analysis, retention times remain
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stable within + 0.2 min. Syn- and anti-retinal O-ethyloxime isomers were summed and
quantified from a calibration curve generated with standard amounts of retinal O-ethyl
oxime. Baseline peak identity and instrument performance were verified by injecting retinal
and IS oximes both individually and as a mixture before each sample analysis.

Performance

Application

This assay was unaffected by matrix interference as shown by observing an all-trans-retinal
signal only after O-ethyloxime derivatization (Figure 4). Thus, the authenticity of the
analyte signal is verified by its reacting with O-ethyloxime, co-migrating with authentic
standards in UHPLC, having the appropriate molecular ion, and having the expected product
fragment (m/z 328.5 to 236.4). The lowest limit of detection (LOD), defined as a signal-to-
noise ratio of 3, was 5 fmol. The lowest limit of quantification (LOQ), defined as a signal-
to-noise ratio of 10, was 20 fmol (Figure 5).

A representative calibration curve for retinal oxime using UHPLC-MS/MS illustrates the
linear dynamic range (Figure 6). The best-fit line coincided with the data even at the low end
of the linear working range.

The internal standard (IS) improved accuracy by adjusting for sample loss during
derivatization, extraction, and handling. We chose all-trans-3,4-didehydroretinal as the IS
because of its structural similarity to retinal and its well-resolved retention time in our
chromatographic conditions. Average recovery (+ SEM) for tissue retinal for a test sample
(liver) was 92% =+ 5% (SE, n = 6), which is similar to our previously reported recovery from
tissues of 95%[9]. In the hands of a different user, average recovery (+ SEM) for multiple
simultaneous assays ofmultiple tissues was 72% + 15% (n = 80). Thus, the individual
performing the assay and the total number of samples handled affect recovery. Coefficients
of variation were (n = 6): inter assay, 7.9 %; intra assay, 5.8%. As little as 15-35 mg (wet
weight) of tissue generate rigorous data.

This method was applied to quantify retinal in mouse tissues and serum and retinal
generated from retinol by mouse liver microsomes. Representative MRM chromatograms of
retinal oxime derivatized from endogenous retinal in mouse brown adipose tissue and serum
demonstrate the in vivo utility of the assay with small biological samples (Figure 7). The
assay was applied to compare retinal reference values from tissues of adults male C57BL/6
mice fed a stock diet containing 15 IU vitamin A/g vsa purified AIN93G diet containing 4
IU vitamin A/g (Figure 8). Our data show that copious levels of vitamin A, as occur in chow
diets, increased retinal in adipose 2 to 5-fold relative to levels in the vitamin A-sufficient
diet recommended for laboratory rodents, but did not affect the other tissues assayed, except
spleen.

Data using mouse liver microsomes illustrate the in vitro utility of the assay (Figure 9).
Retinal biosynthesis within two min can be quantified using 10 pg mouse liver microsomal
protein.
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Comparison to previous assays

We found only one validated assay that reported efficacy with tissues other than the eye and
a combination of LOD, LOQ), intra- and interassay variation, recovery, and the linear
dynamic range (Table 1). Most validated retinal assays focused on eye and/or reported only
standards, and/or did not report pertinent information, as presented in detail here. The most
complete assay relied on UV detection and therefore had an LOD 20-fold less sensitive than
the current assay, and did not include an internal standard [9]. This literature review reveals
that the current assay is both the most completely validated and most sensitive reported to
date for quantifying all-trans-retinal in multiple tissues other than the eye.

CONCLUSIONS

We report a sensitive assay to quantify all-trans-retinal in small biological samples,
applicable for tissue and in vitro analyses. This assay allows quantification using much
smaller biological samples than previously reported assays, and can be applied to a variety
of tissues, which is especially advantageous for quantifying retinal in adipose tissue. This
assay validated retinal concentrations in mouse tissues in the range ~2 to 40 pmol/g tissue,
i.e. about the same range as RA. Retinal has low, if any, affinity for RAR compared to RA,
which has a kg for RAR <0.4 nM[29-31]. Therefore, if retinal has biological activity in its
own right, it seems unlikely to function by activating RAR, because of unfavorable
competition with RA. This method provides a powerful method to study retinoid metabolism
in vivo and enzyme activity in vitro.
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Figure 1. Structures of all-trans-retinal and internal standard (all-trans-3,4-didehydroretinal)
showing formation of the O-ethyloxime derivative of retinal
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Figure 2. Mass spectra of the oxime derivatives of: A) all-trans-retinal; B) all-trans-3,4-

didehydroretinal
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Figure 3. Chromatograms of the O-ethyloximes of all-trans-retinal and all-trans-3,4-
didehydroretinal

Reverse-phase UHPLC relied on an Eclipse plus C18 RRHD column (Agilent, 2.1 x 150
mm, 1.8 um) at a flow rate of 0.4 ml/min. Mobile phase A was 0.1% formic acid in water; B
was 0.1% formic acid in acetonitrile. Total run time was 25 min with 80% B from 0-2 min,
80% B to 85% B from 2-2.5 min, 85% B to 95% B from 2.5-17.5 min, 95% B to 100% B
from 17.5-18 min, 100% B from 18-20 min, 100% to 80% B from 20-20.5 min, re-
equilibrating for 3.5 min.
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Figure 4. Lack of matrix interference
A) Analysis of a mouse liver extract for the m/z 328.5 to 236.4 transition of all-trans-retinal

O-ethyloxime in the absence of sample derivatization. B) Analysis of an extract of the same
homogenate after sample derivatization. C and D) Analyses for the m/z 326.6 to 234.4
transition of 1S with the same samples analyzed in A and B. C and D show results in absence
and presence of derivatization, respectively. IS was not added to any samples.
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Figure 5. Lowest limit of detection (LOD) and lowest limit of quantification (LOQ) for O-

ethyloximes of all-trans-retinal
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Figure 6. Representative calibration curve for all-trans-retinal O-ethyloxime
The Y-axis shows the sum of the areas of the anti and syn peaks generated by the m/z 328.5

to 236.4 transition of all-trans-retinal O-ethyloximes monitored by MS/MS as a function of
the total molar amount of oximes analyzed. The fit did not deviate from linearity (r% =
0.994) over the range tested of 5 to 1040 fmol. A) total range; B) lower range. The lines
were fit by linear regression analysis using GraphPad Prism.
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Figure 7. Representative MRM chromatograms of retinal oximes extracted from brown adipose
tissue (BAT) and serum

A) Analysis of ~20 mg of brown adipose tissue of an adult male C57BI/6 mouse fed an
AIN93G diet containing 4 IU vitamin A/g. B) Analysis of 150 pL of serum from the same
mouse. Arrows designate the elution positions of IS oximes.
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Figure 8. Quantification of all-trans-retinal in mouse tissues
Data were generated from adult male C57BL/6 mice fed and bred from dams fed a chow

diet or the AIN93G diet. Values are means + SE from 6 to 10 mice. Statistics were generated
using an unpaired, non-parametric Mann-Whitney test: *p < 0.003; **p < 0.001.
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Figure 9. Retinal biosynthesis from retinol catalyzed by mouse liver microsomes
A) Retinal was generated from 200 nM retinol and 10 pg mouse liver microsomal protein.

Data were fit by non-linear regression analysis with GraphPad Prism. B) Representative
selective reaction monitoring chromatograms of retinal and IS O-ethyl oximes showing

retinal generated in 2 min.

Anal Biochem. Author manuscript; available in PMC 2016 September 01.



Page 19

Wang et al.

Ajuo prepuels 000°0L auou AN/ 43|
Josalo-d
-1Aang-11e1-1p-9'Z 10
Ajuo prepuels  ausjAyisjAuaydesy auou AN/ [a]
SIN "IN
AJuo prepuels aWIX0 ‘AN [e€]
aka g6 awixo AN/ [o]
3WIX0
afa ayejoe |Aunal T12-6€ 86 ge 00S'€ Aue-0 AN/DT [s]
afe awiIxo AN/ [2]
aka 00¢
‘pueyB [eaurd -00T awIxo AN/DT [vel
Ssal
‘LM ‘Asuppy
“JBAI] ‘Winss 009-7'0 g6 6'S 69 00t 00z awixo Aye-0 AN/DT [e]
|eunai-oipAyip
-p'g-suen-|e
10 [eunal-olpAyip
ahe -yT'eTSuRl-|[e aWIXo SN/SIN/OT [v1]
uda|ds ‘snsal
LYMI ‘1VM@
‘Lvg ‘Asupny [eunaloipAyapip awixo
‘JBAI] ‘Winuss -p'g-suesi-|e 1-G00°0 26 6L 8'g 0z S Aus-0 SIN/SIN/OTN  ussald
(1owd) (%) AD (%) AD
pakesse (%) (jowy)  (jowsy)
sanssi | PIEPUELS [elaiul mew“_ﬂ_ A1an008y \mww wmww 507  aoq  \weAusa poureN  Apmis

"PalId 92UdJaYal BY] Ul papIAoid 10U SeM Jey) uoljewIojul 91edlpul saoeds ue|g sAesse eunial paysijgnd o1 Aesse Jua1ind Jo uosuedwo)

Author Manuscript

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Anal Biochem. Author manuscript; available in PMC 2016 September 01.





