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Abstract

25-hydroxyvitamin D3-3-sulfate (25-OHD3-S) and 25-hydroxyvitamin D3-3-glucuronide (25-
OHD3-G) are major conjugative metabolites of vitamin D3 found in the systemic circulation and
potentially important reservoirs for 25-hydroxyvitamin D3. Simultaneous and accurate
quantification of these metabolites could advance assessment of the impact of vitamin D3 on
health and disease. In this study, a highly sensitive and accurate liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method was developed and validated for simultaneous
quantification of 25-OHD3-S and 25-OHD3-G in human serum or plasma. Following protein
precipitation, the analytes of interest were partially purified by solid-phase extraction and
subjected to derivatization with 4-(4’-dimethylaminophenyl)-1,2,4-triazoline-3,5-dione
(DAPTAD). Quantification of the analytes was based on multiple reaction monitoring (MRM)
operated in the positive ion mode, and deuterated internal standards were used for each
conjugative metabolite. Applying this method to the analysis of 25-OHD3-S and 25-OHD3-G
concentrations in human serum or plasma samples achieved satisfactory reproducibility, accuracy
and sensitivity. We subsequently used this method to simultaneously determine serum
concentrations of the two metabolites in archived samples from a rifampin treatment study. Drug
treatment had no effect on metabolite concentrations, but significantly increased the 25-OHD3-
S/25-OHDj3 concentration ratio (p = 0.01). The availability of this new method should improve
sample throughput and our ability to quantify and monitor circulating 25-OHD3-S and 25-OHD3-
G concentrations.
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1. Introduction

Vitamin D3 is a prohormone critical for the regulation of calcium and phosphate
homeostasis, interacting with many biologically, physiologically important receptors and
enzymes [1-3]. Vitamin D3 exerts most of its biological and physiological functions through
an active metabolite, 1a,25-dihydroxyvitamin D3, that binds to the nuclear transcription
factor vitamin D receptor (VDR), which in turn activates the transcription of target genes [4—
6]. 1a,25-dihydroxyvitamin D3 is generated following two metabolic steps: 25-
hydroxlyation of vitamin D3 primarily by CYP2R1 in the liver and 1a-hydroxylation of 25-
OHD3 by CYP27BL1 in the kidney and certain extra-renal tissues [7-10]. In addition to 1la—
hydroxylation, 25-OHD3 also undergoes a series of hydroxylation reactions that are
catabolic (e.g., 23S, 24R and 4p) as well as extensive sulfonation and glucuronidation in the
liver, which generates two conjugative circulating metabolites 25-OHD3-3-sulfate (25-
OHD3-S, Fig. 1A) and 25-OHD3-3-glucuronide (25-OHD3-G, Fig. 1B) [11, 12]. The
detection of 25-OHD3-G in biological fluids from rats was reported by Shimada et al [13]
and some studies also found that the glucuronides of vitamin D3 metabolites are excreted in
the urine in humans [14, 15]. In addition, both 25-OHD3-S [16, 17] and 25-OHD3-G [12]
are found in human plasma and bile, suggesting that conjugates formed in hepatocytes are
transported out of the cells by as yet unknown mechanisms [12, 18]. Indeed, the relatively
high concentration of 25-OHD3-S in plasma [11, 16, 19] suggests that it is a major
metabolite of 25-OHD3. Although the biological roles of 25-OHD3-S and 25-OHD3-G are
still not fully understood, the two conjugative metabolites could serve as reservoirs for 25-
OHD3 through metabolic deconjugation [12, 20]. Importantly, the conjugates excreted into
the bile may act directly on the intestinal epithelia after deconjugation and bioactivation by
local CYP27B1 [10, 21]. Therefore, accurate quantification of 25-OHD3-S and 25-OHD3-G
in human biological samples may improve our understanding of vitamin D homeostasis and
biological activity in the body.

Methods using high-performance liquid chromatography coupled with ultraviolet detection
(HPLC-UV) or mass spectrometry (LC-MS/MS) have been reported for measurement of 25-
OHD3-S and 25-OHD3-G in human serum or plasma[12, 16, 17, 19]; however, thus far
reliable quantification of 25-OHD3-G is limited by analytical sensitivity. The objective of
this study was to develop and validate a LC-MS/MS method for simultaneous, sensitive and
accurate determination of 25-OHD3-S and 25-OHD3-G in human serum or plasma to
enhance experimental and clinical monitoring of the two conjugative metabolites.
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2. Materials and Methods

2.1. Materials

25-OHD3-S, 25-OHD3-G and dg-25-OHD3 were purchased from Toronto Research
Chemicals (Toronto, Canada). The purity of dg-25-OHD3, used to prepare the deuterated
internal standards, was 96.6%. lodobenzene I,1-diacetate, 3’-phosphoadenosine-5’-
phosphosulfate (PAPS), uridine 5’-diphosphoglucuronic acid ammonium salt (UDPGA),
alamethacin and 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) was purchased from Sigma-
Aldrich (St. Louis, MO, USA).

4-(4’-dimethylaminophenyl)-1,2,4-triazolidine-3,5-dione (precursor of DAPTAD) was
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). HPLC-grade acetonitrile,
methanol, ethyl acetate, methyl tert-butyl ether, formic acid, acetic acid, and ammonium
hydroxide were obtained from Fisher Chemicals (Waltham, MA, USA). Vitamin D3-free
human serum was purchased from Golden West Biologicals (Temecula, CA, USA). Human
plasma was obtained from the Puget Sound Blood Bank (Seattle, WA). Pooled human liver
cytosol and microsomes were prepared in-house using liver tissue provided by the
University of Washington School of Pharmacy Human Tissue Bank.

2.2. Preparation of DAPTAD solution

DAPTAD solution was prepared as previously described [22]. Briefly, 6 mg of iodobenzene
I,1-diacetate (18.5 pmol) was mixed with 4 mg of the precursor of DAPTAD (18.2 umol) in 4
mL of ethyl acetate and the mixture was stirred at room temperature for 3 hours until the
color of the mixture changed to red. The resulting DAPTAD solution was aliquoted and
stored at —80°C until used for derivatization. The solution was stable at —80°C for at least
two months.

2.3. Preparation of deuterated internal standards

Deuterated 25-OHD3-S and 25-OHD3-G, used as internal standards, were generated
biologically. For preparation of deuterated 25-OHD3-S, incubations were performed in 50
mM Tris/HCI buffer (pH 7.5) containing 25 UM dg-25-OHD3, 0.1 M PAPS and 4 mg/mL
pooled human liver cytosolic fractions for 5 hours. Incubation mixtures containing dg-25-
OHD3-S were used directly after protein precipitation with acetonitrile at a mixture/
acetonitrile volume ratio of 2:1. For preparation of deuterated 25-OHD3-G, incubations were
performed in 50 mM Tris/HCI buffer (pH 7.5) containing 25 pM dg-25-OHD3, 50 ug/mL
alamethicin, 5 mM MgCI2, 5 mM UDPGA and 1 mg/mL pooled human liver microsomes
for 3 hours. To isolate dg-25-OHD3-G from multiple isomeric glucuronide metabolites and
reduce the excess dg-25-OHD3, the incubation mixtures were subjected to solid-phase
extraction (SPE) and HPLC fraction collection. Following incubation, proteins were
precipitated with an equal volume of acetonitrile and the supernatant was acidified with
acetic acid to pH 3. dg-25-OHD3-G was partially purified by solid-phase extraction using
Oasis WAX (3 cc, 30 mg, 60 p m) anion exchange cartridges (Waters, Milford, MA)
according to the manufacturer’s instructions. The eluate from SPE was evaporated and the
residue was reconstituted in methanol:water (1:1, v/v) and subjected to metabolite isolation
by HPLC-UV following a previously reported method [12].
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2.4. Preparation of stock solutions and working solutions of analytical standards

25-OHD3-G and 25-OHD3-S standards were prepared as 10 mM primary stock solutions in
methanol and stored in amber vials at —80°C until use. Working solutions for calibration
standards (CS) and quality controls (QC) were obtained by serial dilution of a combined
aliquot of 25-OHD3-G and 25-OHD3-S primary stock solutions in water/methanol (50:50,
v/v). All standard solutions were stored at —80°C until use.

2.5. Chromatographic conditions

LC-MS/MS analysis was performed on a Sciex (Framingham, MA) QTRAP 6500 hybrid
triple quadrupole/linear ion trap mass spectrometer coupled with a Shimadzu (Kyoto, Japan)
liquid chromatography system. Chromatographic separation was achieved on a Hypersil
Gold (2.1 x 100 mm, 1.9 pm) column (Thermo Fisher Scientific, Waltham, MA) held at
45°C with a mobile phase at a flow rate of 0.25 mL/min. The mobile phase consisted of 5
mM ammonium acetate (A, pH 4.6) and acetonitrile (B), and linear gradients were applied
with B% increasing from 25% to 60% between 1 and 13 min and from 60% to 90% between
13 and 16 min. The autosampler was maintained at 4°C and the injection volume was 20 pL.

2.6. Mass spectrometric conditions

The electrospray ionization (ESI) source of the mass spectrometer was operated in the
positive ion mode. Quantitation was achieved by multiple reaction monitoring (MRM) of the
transitions at /7/2699.5—323.0 for DAPTAD-25-OHD3-S, m/z 705.5.5—323.0 for
DAPTAD-dg-25-OHD3-S, m/z795.5—341.1 for DAPTAD-25-OHD3-G, and m/z
801.5-341.1 for DAPTAD-dg-25-OHD3-G. Optimal MS parameters for quantitation of the
four compounds were as follows: curtain gas, 20 psi; nebulizer gas (GS1) and turbo gas
(GS2), 40 psi; ion spray voltage, 5,500 V; source temperature, 400°C; declustering potential,
100 V; collision energy, 45 V (for DAPTAD-25-OHD3-S and DAPTAD-dg-25-OHD3-S) and
42.5 V (for DAPTAD-25-OHD3-G and DAPTAD-dg-25-OHD3-G). Product ion scan spectra
(Fig. 2) of DAPTAD-25-OHD3-S and DAPTAD-25-OHD3-G were obtained with the same
MS parameters as above, and the scan ranges were /m/z 150-700 and 150-800 for the two
analytes, respectively.

2.7. Quantification and data analysis

Data acquisition and analysis were performed using the Analyst® software (SCIEX,
Framingham, MA). Calibration curves were constructed by plotting the peak area ratio of
each vitamin D3 metabolite to the respective internal standard against a range of
concentrations, and by fitting a curve using linear regression to the data points, with a
weighting of 1/x.

2.8. Plasma sample preparation
Human plasma (200 pL) was spiked with dg-25-OHD3-S (~4.0 pmol) and dg-25-OHD3-G
(~1.6 pmol) and precipitated with 200 uL acetonitrile. The supernatant was acidified with 1
mL of 0.1 M sodium acetate (pH 3.2) and subjected to SPE using Waters Oasis WAX (1 cc,
30 mg, 60 um) anion exchange cartridges. SPE cartridges were activated with 1 mL of
methanol and pre-conditioned with 2 mL of water containing 2% acetic acid before loading
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diluted samples. After loading, cartridges were washed with 2 mL of water containing 2%
acetic acid and followed by 1 mL of methanol containing 2% formic acid, and then eluted
with 1 mL of ammonium hydroxide (28%, w/w) in methanol (3:97, v/v). The eluate from
SPE cartridges was dried and the residue was reconstituted in 10 pL of methanol and then
mixed with 200 uL of the DAPTAD solution (~4.5 mM). The resulting mixture was vortexed
and kept in the dark for 1 hour at room temperature. Derivatization was stopped by
evaporating the reaction mixture under N2 flow and the residue was reconstituted in 100 pL
of acetonitrile-water (30:70, v/v). A brief clean-up step was performed by centrifuging
derivatized samples at 13,362 g for 5 min to remove insoluble particulates (including excess
DAPTAD) prior to LC-MS/MS analysis.

2.9. Method validation

2.9.1. Selectivity—Selectivity was evaluated by analyzing MRM chromatograms of the
samples under the following three conditions: 1) blank vitamin D3-free human serum; 2)
blank serum spiked with the two analytes and their corresponding internal standards; and 3)
plasma sample from a healthy individual spiked with internal standards.

2.9.2. Linearity and lower limits of quantification (LLOQ)—Vitamin Ds-free human
serum was used as the blank matrix for establishing the lower limit of quantification
following serial dilutions of the stock 25-OHD3-G and 25-OHD3-S standards. A signal-to-
noise ratio of 10 was selected as the LLOQ threshold. Vitamin Ds-free human serum was
also used to generate calibration curves. Linearity of each calibration curve was determined
by spiking seven concentrations of a standard in the blank matrix to obtain a series of
concentrations of 0.5, 1, 2, 4, 8, 12 and 20 nM for 25-OHD3-G and of 5, 10, 20, 40, 80, 120
and 200 nM for 25-OHD3-S. Calibration curves were plotted as the peak area ratio of each
25-OHDj3 conjugative metabolite to respective internal standard against a series of
concentrations of the metabolite.

2.9.3. Accuracy and precision—Six replicates of the QC samples at each of the three
concentrations (1, 8, 18 nM and 10, 80, 180 nM for 25-OHD3-G and 25-OHD3-S,
respectively) were analyzed in three separate runs conducted on three consecutive days, to
determine the intra-day and inter-day precision and accuracy. The precision of determination
was calculated as relative standard deviation (RSD %), and the accuracy was represented as
the relative error to the nominal concentrations (RE %).

2.9.4. Extraction recovery and matrix effect—Extraction recovery of the two analytes
was estimated by comparing the peak areas of QC samples and the extracted blank matrix
spiked with corresponding standard solutions. Standard solutions and extracted blank matrix
were derivatized separately and then mixed together. The peak areas of the resulting mixture
were compared against that of derivatized neat standards to obtain the matrix effect. The
extraction recovery and matrix effects were determined in triplicate at two QC
concentrations (1 and 18 nM for 25-OHD3-G, and 10 and 180 nM for 25-OHD3-S).

2.9.5. Stability—Stability of 25-OHD3-G and 25-OHD3-S in human serum was
investigated by analyzing three replicate samples at two QC concentrations (low and high).
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Blank human serum spiked with a designated amount of 25-OHD3-G or 25-OHD3-S (< 1%
vehicle, v/v) were exposed to different test conditions, including leaving samples at room
temperature for 2 hours, storing samples at —80°C for 50 days, and three freeze-thaw cycles.
Prepared sample stability was also investigated by placing prepared samples in the
autosampler at 4°C for 24 hours prior to LC-MS/MS analysis.

2.9.6. Applicability for human plasma analysis—To validate these methods for
human plasma, plasma (200 pL) from three donors was spiked with 25-OHD3-S (16 pmol)
and 25-OHD3-G (1.6 pmol) in triplicate. After equilibrating for 30 min in the dark, both
original and spiked plasma samples were extracted and measured as described above.

2.10. Application to a clinical study

In brief, six healthy volunteers were recruited for a study to assess the effects of a potent
cytochrome P450 inducer, rifampin, on vitamin D levels as described previously [23]. The
study was approved by the Institutional Review Board at the University of Washington.
Serum samples were collected on 4 study visit days. The first two visits (Day 0 and Day 1)
occurred before the first dose of rifampin. Beginning on the evening of Day 1, subjects
received daily 600 mg doses of rifampin for 7 days. Subjects returned on Day 7 and Day 8
for sampling. Serum samples were stored at —80°C prior to analysis. 25-OHD3 data for this
study were reported previously [23].

GraphPad® Software (San Diego, CA), was used for statistical analysis. Results from two
study days were averaged for each volunteer pre-rifampin (Day 0 and Day 1) and post-
rifampin (Day 7 and Day 8). A paired Student’s t-test was used to compare the data before
and after rifampin treatment. A p-value of < 0.05 was considered to be significant.

3. Results and discussion

3.1. Optimization of derivatization

Due to the lack of a sensitive quantification method for 25-OHD3-G, the major consideration
during development of the current method was to improve the detection sensitivity for 25-
OHD3-G. Unlike underivatized 25-OHD3-S, which generates a product ion with an m/z of
96.6 for MRM detection under negative mode ionization[17], no stable product ion was
observed for underivatized 25-OHD3-G under the same conditions. Thus, to obtain a better
detection sensitivity, derivatization of the conjugates became a necessary step for LC-
MS/MS detection of 25-OHD3-G. We first tested 4-phenyl-1,2,4-triazoline-3,5-dione
(PTAD), a Diels-Alder derivatization reagent frequently used for LC-MS/MS analysis of
hydroxylated vitamin D metabolites, using a previously described method [24—26].
However, we observed that PTAD derivatization provided poor assay sensitivity and
reproducibility, particularly for 25-OHD3-G quantification (data not shown). We next
examined DAPTAD, a derivative of PTAD with an extra para-dimethyl amino group in the
aromatic ring. As shown in Fig. 2, multiple product ions with good abundance were
observed for both DAPTAD-25-OHD3-S (Fig. 2A) and DAPTAD-25-OHD3-G (Fig. 2B) in
positive ion mode. The most abundant product ion transitions were selected for the LC-
MS/MS acquisition method. Compared to PTAD, DAPTAD derivatization provided about

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2018 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al. Page 7

15-fold enhanced sensitivity, possibly due to the alkali nitrogen atom of the dimethyl amino
group, which may facilitate ionization of the analyte in positive ion mode. In addition, we
noted that DAPTAD derivatization provided better reproducibility than PTAD.

3.2. Optimization of sample preparation

The initial step of the plasma sample preparation was protein precipitation with acetonitrile.
After protein precipitation, we first tried liquid-liquid extraction (LLE) with ethyl acetate or
methyl tert-butyl ether to further clean up the matrix. However, the LLE recovery of 25-
OHD3-G was extremely low; therefore, a SPE step was developed and adopted in the
method. Given chemical properties of the two conjugative metabolites, which both contain
an acidic group, ion exchange columns were chosen over reverse-phase C18 columns. We
compared the performance of weak anion-exchange (WAX) columns with mixed-mode
anion-exchange (MAX) columns (Waters, Milford, MA). WAX columns showed much
higher retention of the analytes of interest than MAX columns and resulted in a higher
recovery of both 25-OHD3-S and 25-OHD3-G (data not shown). Therefore, WAX columns
were selected for the SPE clean-up step. We further optimized the SPE procedure by testing
different washing and elution buffers, based upon the manufacturer’s protocol. We found
that the conjugates were retained on the column at pH 3.0-4.0. Consequently, before loading
samples, protein precipitation supernatants were acidified using 0.1 M sodium acetate (pH
3.2) to reduce the pH and to simultaneously reduce the percentage of organic solvent. After
loading the samples onto the column, the column was subjected to sequential weak
(aqueous) and strong (methanol) washes. We also noticed that the addition of acid (2%
acetic or formic acid) in the washing buffer was crucial for an optimal recovery of the
conjugates. The conjugates were eluted with ammonium hydroxide (28%) in methanol
(3:97, v/v), in which the sorbent was uncharged and therefore lost ion-exchange binding
capacity.

3.3. Method validation

3.3.1. Linearity and calibration curve—In order to assess linearity of the quantification
method, we analyzed vitamin D3-free human serum (200 pL) spiked with dg-25-OHD3-S
(~4.0 pmol) and dg-25-OHD3-G (~1.6 pmol) and an increasing amount of the standard 25-
OHD3-S (1, 2, 4, 8, 16, 24 or 40 pmol corresponding to plasma concentrations of 5, 10, 20,
40, 80, 120 or 200 nM, respectively) with 25-OHD3-G (0.1, 0.2, 0.4, 0.8, 1.6, 2.4 or 4.0
pmol corresponding to plasma concentrations of 0.5, 1, 2, 4, 8, 12 or 20 nM, respectively) by
LC-MS/MS. Regression analysis showed good linearity, with correlation coefficients () of
>0.996 for both 25-OHD3-S and 25-OHD3-G. During the three validation runs, the accuracy
(RE %) at each concentration levels of calibration curves ranged from 92.6% to 113% for
both analytes, and the precision of the determination (RSD %) was 2.5% for 25-OHD3-S
and 0.5% for 25-OHD3-G. The concentration range of the calibration curve was based on the
estimated range of 25-OHD3-S and 25-OHD3-G concentrations in healthy human subjects.

3.3.2. Selectivity and LLOQ—Due to the presence of endogenous vitamin D3
metabolites in human plasma and serum, vitamin D3-free human serum was used as the
blank matrix for preparation of calibration curves. To confirm that the blank vitamin D3-free
human serum did not have peaks that interfered with detection of the metabolites, vitamin
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Ds-free human serum spiked with both 25-OHD3-S and 25-OHD3-G standards at the lowest
standard concentrations and their respective deuterated internal standards were compared
with double blank samples without spiking any standards. As shown in Fig. 3, no
interference from the blank human serum was observed for either DAPTAD-25-OHD3-S or
DAPTAD-25-OHD3-G or their deuterated internal standards. The signal-to-noise ratios at
the lowest calibration standards, calculated by dividing the peak responses of the analytes in
the samples by the noise level at corresponding retention times in blank serum, were at least
57 and 16 for DAPTAD-25-OHD3-S and DAPTAD-25-OHD3-G, respectively.

To establish LLOQ levels for 25-OHD3-S and 25-OHD3-G, we tested lower concentrations
and found that 1 nM of 25-OHD3-S and 0.3 nM of 25-OHD3-G still yielded signal-to noise
ratios above 10. The sensitivity of the current method for quantitation of 25-OHD3-S is
comparable to a previous method in which the LLOQ of 2.5 ng/mL (~5 nM) was achieved
by using 20 pL of serum [19]. The current method for quantification of 25-OHD3-G gave
markedly improved sensitivity and reproducibility compared to what we reported previously,
in which the LLOQ of ~1 nM was achieved by using 500 L of plasma [12].

3.3.3. Precision and accuracy—Table 1 summarizes the precision and accuracy of this
method for simultaneous quantification of 25-OHD3-S and 25-OHD3-G. The relative errors
of the three QC concentrations tested in three independent determinations were within +3%
and £12% for 25-OHD3-S and 25-OHD3-G, respectively. The intra-assay (n = 6) variation
did not exceed 3% for 25-OHD3-S and 7% for 25-OHD3-G. For both metabolites, the inter-
assay (n = 3) variation was within 3%. These results indicate high reproducibility and
accuracy of the current method.

3.3.4. Recovery and matrix effect—Estimates of the recovery of the 25-OHD3-S and
25-OHD3-G following the optimized extraction procedures are presented in Table 2. The
mean recovery rates (n = 6) were 97% and 91% for 25-OHD3-S at 10 and 180 nM,
respectively, and 113% and 101% for 25-OHD3-G at 1 and 18 nM, respectively. The mean
extraction recovery for the internal standards dg-25-OHD3-S and dg-25-OHD3-G was 98%
and 100%, respectively. The high extraction recovery of the conjugates likely contributes to
the reproducibility and sensitivity of the quantification method.

Table 3 shows the effects of serum matrix on the mass spectrometric response of the
analytes. Matrix enhancement effects were observed for both 25-OHD3-S and 25-OHD3-G,
ranging from an average of 159% to 223% in the presence of blank human serum matrix.
The matrix effects on both metabolites seemed to be more evident at the lower analyte
concentrations than at the higher analyte concentrations. However, the deuterated internal
standards, which demonstrated the same mass spectrometric behavior as the analytes, were
able to correct for variations caused by the matrix.

3.3.5. Stability—The stability of the analytes subjected to various treatment conditions
was evaluated using three replicates of the QCs at two concentrations. As shown in Table 4,
the accuracy of all determinations was within 15%, indicating that the analytes in plasma
were stable when left at room temperature for 2 hours, stored at —80°C for 50 days, and
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following three freeze-thaw cycles. The analytes in prepared samples were also stable when
stored in the autosampler at 4°C for 24 hours prior to analysis.

3.3.6. Applicability for plasma analysis—To demonstrate whether this method is
applicable to human plasma samples, we determined accuracy and precision of the method
before and after adding known amounts of 25-OHD3-S and 25-OHD3-G to three human
plasma samples containing endogenous vitamin D3 and metabolites. As summarized in
Table 5, the measured concentrations of 25-OHD3-S and 25-OHD3-G were consistent with
the summed concentrations of the baseline levels and spiked metabolites in the plasma
samples. For each of the three donors, variations in the measurements were less than 10%
(n=3) for both analytes and the accuracy ranged from 101% to 111%. These results confirm
that this method (including both sample preparation and LC-MS/MS analysis) was
applicable to simultaneous quantification of 25-OHD3-S and 25-OHD3-G in human plasma
using vitamin Ds-free human serum as the blank matrix for the calibration curves.

3.3.7. Application of this method to a clinical study—TFinally, we used our validated
analytical method to simultaneously quantify 25-OHD3-S and 25-OHD3-G in human serum
samples obtained from six healthy volunteers who we reported on in a previous study [23].
On average, serum concentrations of 25-OHD3-S and 25-OHD3-G were 55.6 + 23.6 nM
(Fig. 4A) and 3.4 + 2.8 nM (Fig. 4B) at baseline. Plamsa concentrations of 25-OHD3 in
these subjects were significantly reduced by 11% following rifampin treatment (p < 0.05) as
we previously reported [23]. Serum concentrations of 25-OHD3-S and 25-OHD3-G were not
significantly changed following rifampin treatment (Fig. 4A and Fig. 4B). However, when
normalized to 25-OHD3 plasma concentrations using data from the previous study [23], the
ratio of 25-OHD3-S/25-OHD43 was significantly increased following rifampin treatment (pre-
rifampin: 0.66 + 0.17 vs. post-rifampin: 0.75 + 0.18, p=0.01) (Fig. 4C), whereas the ratio of
25-OHD3-G/25-OHD3 was not changed (pre-rifampin: 0.036 + 0.015 vs. post-rifampin;
0.039 £ 0.014) (Fig. 4D). While the inducibility of UGT1A4 and SULT2A1, the primary
enzymes catalyzing the formation of 25-OHD3-G [12] and 25-OHD3-S [27], is still unclear
based on /n vitro experimentation [28], our results suggest that sulfonation of 25-OHD3; may
be increased by rifampin treatment, possibly due to induction of SULT2AL. In addition, we
hypothesized that rifampin may induce other pathways of 25-OHD3 metabolism (e.g., 4P,
25(0H)2D3 formation via CYP3A4) as we previously described [23].

4. Conclusion

We have developed and validated a LC-MS/MS method for simultaneous quantification of
25-OHD3-S and 25-OHD3-G in human serum and plasma. This method is accurate and
reproducible, with quantification ranges of 5-200 nM and 0.5-20 nM for 25-OHD3-S and
25-OHD3-G, respectively. To the best of our knowledge, this is the first validated LC-
MS/MS method for simultaneous measurement of 25-OHD3-S and 25-OHD3-G in
biological matrices. This highly robust and accurate method for simultaneous quantification
of 25-OHD3-S and 25-OHD3-G can be used to measure plasma concentrations of the two
conjugative metabolites in clinical studies that assess the effects of drugs, disease,
environmental factors and genetic variation on vitamin D3 disposition.
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Highlights

. A method for simultaneous quantification of 25-hydroxyvitamin D3-3-sulfate
and 25-hydroxyvitamin D3-3-glucuronide in human serum or plasma was
developed and validated.

. This is the first LC-MS/MS method published for reproducible quantitation of
25-hydroxyvitamin D3-3-glucuronide concentration in human plasma.

. Derivatization using DAPTAD was adopted to improve the detection
sensitivity.
. In 6 healthy subjects, baseline serum 25-hydroxyvitamin D3-3-sulfate and 25-

hydroxyvitamin D3-3-glucuronide concentrations ranged from 24.4 to 93.0
nM and 0.7 to 9.1 nM, respectively.
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Figure 1. Chemical structures of 25-OHD3-3-sulfate (A) and 25-OHD3-3-glucuronide (B)
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Figure 2. Product ion spectra of DAPTAD-25-OHD3-3-sulfate (A) and DAPTAD-25-OHD3-3-
glucuronide (B) by ESI-MS/MS in positive ion mode

The fragmentation was conducted under collision energies of 45 and 42.5 V for
DAPTAD-25-OHD3-3-sulfate and DAPTAD-25-OHD3-3-glucuronide respectively. The
fragmentation pathways for selected product ions are illustrated by the lines in the figure.
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Figure 3. Representative MRM chromatograms of DAPTAD-derivatized vitamin D3 conjugative

metabolites

Shown are MRM chromatograms of DAPTAD-25-OHD3-3-sulfate (1A), DAPTAD-dg-25-
OHD3-3-sulfate (1B), DAPTAD-25-OHD3-3-glucuronide (1C) and DAPTAD-dg-25-
OHD3-3-glucuronide (1D) in human serum at the lowest calibration standard levels (5 nM
for 25-OHD3-3-sulfate and 0.5 nM for 25-OHD3-3-glucuronide); DAPTAD-25-OHD3-3-
sulfate (2A), DAPTAD- dg-25-OHD3-3-sulfate (2B), DAPTAD-25-OHD3-3-glucuronide
(2C) and DAPTAD-dg-25-OHD3-3-glucuronide (2D) in the blank vitamin D3-free human
serum; DAPTAD-25-OHD3-3-sulfate (3A), DAPTAD-dg-25-OHD3-3-sulfate (3B),
DAPTAD-25-OHD3-3-glucuronide (3C) and DAPTAD-dg-25-OHD3-3-glucuronide (3D) in
plasma of a healthy individual. The samples were prepared and analyzed with the method

described in section 2.
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Figure 4. Serum concentrations of 25-OHD3-3-sulfate and 25-OHD3-3-glucuronide following
rifampin treatment

Serum concentrations of 25-OHD3-3-sulfate (A) and 25-OHD3-3-glucuronide (B) and ratios
of 25-OHD3-3-sulfate/25-OHD3 (C) and 25-OHD3-3-glucuronide/25-OHD3 (D) in healthy
volunteers (n = 6) before and after rifampin treatment were compared by a paired Student’s
t-test. A p-value < 0.05 was considered significant. Each individual is represented by a dot

and the bar represents the means of each group.
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Stability of 25-OHD3-3-sulfate and 25-OHD3-3-glucuronide in human serum under various treatment

conditions

Table 4

25-OHD3-3-sulfate

25-OHD3-3-glucuronide

Accuracy (%)2

10 nM 180 nM 1nM 18 nM
Prepared sample in autosampler at 4°C, 24 hr  96.5+33 92.6+35 114 +£3 959+3.1
Plasma at room temperature, 2 hr 93.8+26 893+34 109 + 38 89.1+3.8
Plasma following three freeze-thaw cycles 89.8+0.9 96.1+40 928+124 90922
Plasma stored at -80°C, 50 days 90.8+1.6 91.7+06 924+02 90610

a . . . . .
Accuracy (%) was calculated as the percentage of the determined concentration after the respective treatment to the theoretical concentration.

Shown are mean + SD.
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Page 22

Validation of the quantification of 25-OHD3-3-sulfate and 25-OHD3-3-glucuronide in human plasma. Plasma
samples from 3 donors were spiked with a standard mixture containing 25-OHD3-3-sulfate and 25-OHD3-3-
glucuronide. The native and spiked plasma samples were prepared and analyzed at the same time.

Baseline ("M) @  SpikedP

Calculated (nM) ©

Measured (nM)

Accuracy %

25-OHD3-3-glucuronide

Donor 1 2.78+£0.12
Donor 2 4.47 +0.17
Donor 3 1.86 £ 0.07

25-OHD3-3-sulfate

Donor 1 70.3+21
Donor 2 77.1+0.7
Donor 3 535+2.0

10.8
125
9.86

150
157
133

11.6+0.3
13.2+0.2
10.6 +0.2

164 +5
158+ 9
147 +3

108
106
108

109
101
111

a . - . Lo L .
Baselines represented the original metabolite concentrations in human plasma before spiking with standards.

bEach plasma sample (200 pL) was spiked with metabolite standards which theoretically increased concentrations of 25-OHD3-3-sulfate and 25-
OHD3-3-glucuronide by 8 and 80 nM, respectively.

c . . . . .
Calculated concentration = baseline concentration + spiked concentration.
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