
 
 

University of Birmingham

Development of a LC-MS/MS method to measure
serum 3-sulfate and 3-glucuronide 25-
hydroxyvitamin D3 metabolites; comparisons to
unconjugated 25OHD in pregnancy and polycystic
ovary syndrome
Huynh, Khanh; Kempegowda, Punith; Tamblyn, Jennifer; O'Reilly, Michael; Mueller, Jonathan
Wolf; Hewison, Martin; Jenkinson, Carl
DOI:
10.1016/j.steroids.2021.108812

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Huynh, K, Kempegowda, P, Tamblyn, J, O'Reilly, M, Mueller, JW, Hewison, M & Jenkinson, C 2021,
'Development of a LC-MS/MS method to measure serum 3-sulfate and 3-glucuronide 25-hydroxyvitamin D3
metabolites; comparisons to unconjugated 25OHD in pregnancy and polycystic ovary syndrome', Steroids, vol.
169, 108812. https://doi.org/10.1016/j.steroids.2021.108812

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 23. Apr. 2024

https://doi.org/10.1016/j.steroids.2021.108812
https://doi.org/10.1016/j.steroids.2021.108812
https://birmingham.elsevierpure.com/en/publications/d149a95b-7571-494d-a1ca-e67b9139c74e


1 
 

Development of a LC-MS/MS method to measure serum 3-sulfate and 3-glucuronide 25-1 

hydroxyvitamin D3 metabolites; comparisons to unconjugated 25OHD in pregnancy and 2 

polycystic ovary syndrome 3 

 4 

K. Huynh1, P. Kempegowda1, J. Tamblyn1, M.W. O’ Reilly1, J.W. Mueller1, M. Hewison1, C. 5 
Jenkinson1. 6 
 7 
1Institute of Metabolism and Systems Research, University of Birmingham, Birmingham, UK. 8 
 9 

 10 

Short title 11 

LC-MS/MS measurement of 3-sulfate and 3-glucuronide 25-hydroxyvitamin D3 metabolites 12 

 13 

 14 

 15 

Correspondence: Dr Carl Jenkinson 16 

Institute of Metabolism and Systems Research 17 

University of Birmingham 18 

Wolfson Drive, Birmingham, Edgbaston, B15 2TT, United Kingdom 19 

Email: C.Jenkinson@Bham.ac.uk 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 



2 
 

Abstract 34 

Vitamin D status is routinely assessed by measuring circulating concentrations of 25-35 

hydroxyvitamin D (25OHD2 or 25OHD3). However as deconjugation is not routinely 36 

incorporated into sample treatment prior to analysis, conjugated forms of 25OHD (particularly 37 

the more abundant 25OHD3) are often not considered in determining serum concentrations of 38 

total 25OHD. Two major circulating conjugated forms of 25OHD3 are 25-hydroxyvitamin D3-39 

3-sulfate (25OHD3-S) and 25-hydroxyvitamin D3-3-glucuronide (25OHD3-G). Incorporating 40 

these two conjugated metabolites into the measurement of vitamin D status could improve our 41 

understanding of vitamin D status in health, particularly if there are changes in sulfation and 42 

glucuronidation activities. The aim of this study was to develop a liquid chromatography 43 

tandem-mass spectrometry (LC-MS/MS) targeted method for measurement of 25OHD3-S and 44 

25OHD3-G in serum to enable comparisons with circulating levels of the free 25OHD3 form. 45 

We developed and validated a new LC-MS/MS method that measured both 25OHD3-S and 46 

25OHD3-G following a solid phase extraction sample preparation method. Partial separation 47 

of analytes by LC, and the separation of analytes by the optimized multiple reaction monitoring 48 

transitions enabled the quantitation of both 25OHD3-S and 25OHD3-G in the single method. 49 

Serum concentrations of 25OHD3-S (24.7 ± 11.8 ng/mL) and 25OHD3-G (2.4 ± 1.2 ng/mL) 50 

were shown to be a significant proportion of circulating vitamin D metabolites in healthy donor 51 

serums. These levels of 25OHD3-S and 25OHD3-G closely associated with 25OHD3 52 

concentrations, r=0.728, p=0.001 and r=0.632, p=0.006 respectively. However in serum from 53 

pregnant women and non-pregnant women with polycystic ovary syndrome (PCOS) significant 54 

differences in the ratios between conjugated and free 25OHD3 were observed between 55 

pregnancy groups (25OHD3/25OHD3-S and 25OHD3/25OHD3-G p<0.001), and between 56 

healthy and PCOS subjects (25OHD3/25OHD3-G p<0.050). Development of this novel high-57 

throughput LC-MS/MS method indicates that 25OHD3-S and 25OHD3-G are substantial 58 

components of circulating vitamin D metabolites. The concentrations of these metabolites 59 

relative to conventional 25OHD3 may vary in different physiological and pathophysiological 60 

settings, and may therefore play an unrecognized but important role in the actions of vitamin 61 

D. 62 

 63 

Keywords 64 
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1. Introduction 68 

Vitamin D3 is produced from 7-dehydrocholestorol following UV radiation of skin. Then two-69 

step hydroxylation generates the vitamin D receptor (VDR)-binding metabolite 1,25-70 

dihydroxyvitamin D3 (1,25(OH)2D3) (1-3). The first metabolite formed from vitamin D by the 71 

action of the enzyme vitamin D-25-hydroxylase (CYP2R1 and CYP27A1) (4, 5) is 25-72 

hydroxyvitamin D3 (25OHD3), the most abundant serum metabolite of vitamin D. Because of 73 

its long half-life and high abundance in circulation, the serum measurement of 25OHD 74 

(combining 25OHD3 and 25OHD2) is currently considered to be the most reliable estimation 75 

of vitamin D status for any given individual, even though 25OHD3 is not the biologically active 76 

form of vitamin D (6, 7).  77 

 78 

Phase I metabolism of vitamin D includes the hydroxylation of 25OHD3 by CYP27B1, 79 

primarily in the kidney but also at specific extra-renal sites, forming hormonally active 80 

1,25(OH)2D3 (8). In addition, 25OHD can undergo a series of other metabolic reactions 81 

including catabolic inactivation by 23- and 24-hydroxylation and C3-epimerization (3). As well 82 

as these phase I metabolic reactions, 25OHD3 undergoes phase II conjugation by sulfation and 83 

glucuronidation. The phase I pathway for activation of vitamin D and phase II metabolic 84 

pathways of 25OHD3 are shown in Figure 1, adapted from a comprehensive review of vitamin 85 

D metabolism by Jenkinson et al.(3). 86 

 87 

 Two UPD-glucuronosyltransferase (UGT) enzymes, UGT1A4 and UGT1A3 have 88 

demonstrated conjugating activity for 25OHD3, forming three glucuronide metabolites; 89 

25OHD3-3-G, 25OHD3-25-G (9). Also following 5,6-trans-25OHD3 conversion from 90 

25OHD3, the glucuronide metabolite 5,6-trans-25OHD3-25-G can be been formed in 91 

UGT1A4/UGT1A3 human liver microsomes (9, 10). Glucuronidation of 25OHD3 at carbon 92 

position 3 (25OHD3-G) and position 25 (25OHD3-25G) has also previously been reported in 93 

rat bile (11). 25OHD3-3G, the major glucuronide metabolite measured in human plasma and 94 

bile, has been reported in circulation at low nM concentrations (9, 12). The 3-glucuronide 95 

metabolite has also been measured as a urinary excreted metabolite (13). Interindividual 96 

variations in glucuronidation activity of 25OHD3 may occur and a variant in the gene 97 

polymorphism of UGT2A1 alters the rate of 25OHD3 glucuronidation (9). 98 

 99 
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The major circulating sulfated 25OHD3 metabolite is 25OHD3-3-sulfate (25OHD3-S) which 100 

has previously been measured in circulation at levels similar to that of 25OHD3 (12, 14-16). 101 

Sulfotransferase SULT2A1 has been identified as the major sulfating enzyme of 25OHD3, as 102 

well as other vitamin D metabolites (17-19). The SULT1A1 or SULT2B1a/b enzymes do not 103 

have sulfation activity towards 25OHD3, however these SULT enzymes have shown activity 104 

for sulfation of calcitriol and 7-dehydrocholesterol respectively (17, 19). This has led to the 105 

hypothesis that the vitamin D3-S could be hydroxylated to form 25OHD3-S (19). The sulfation 106 

rate of 25OHD3 by SULT2A1 varies between individuals based on a single nucleotide variant 107 

of SULT2A1 (18). 108 

 109 

The biological roles of 25OHD3-G and 25OHD3-S and their contribution to 25OHD status are 110 

still not fully understood, despite 25OHD3-S being identified in circulation as early as 1985 111 

(20). One hypothesis suggests that reduced renal elimination enables higher concentrations of 112 

the conjugated 25OHD3 metabolites in circulation. In this way, 25OHD3-G and 25OHD3-S 113 

could serve as a reservoir for 25OHD3 through deconjugation to 25OHD3, particularly at target 114 

tissue sites (3, 12, 16, 18). Analysis of conjugated 25OHD3 metabolites, along with free 115 

25OHD3 measures could therefore be important in providing a more comprehensive assessment 116 

of vitamin D status, particularly in different disease states in which conjugation and hydrolysis 117 

activity may be altered. 118 

 119 

Previous studies have reported methods using liquid chromatography (LC) coupled to 120 

ultraviolet detection (UV) or mass spectrometry (MS) for measuring 25OHD3-S (14, 15, 21, 121 

22) or 25OHD3-G (9). A recent method has described a simultaneous method to measure both 122 

25OHD3-S and 25OHD3-G in circulation. However, this method required derivatization for 123 

reliable detection of the 25OHD3-G analyte (12). There is also limited knowledge on the 124 

clinical role of vitamin D conjugation, as measurements and the ratios between conjugated 125 

25OHD3 and the free form have not previously been reported for different health and disease 126 

groups. 127 

 128 

The aim of this study was to develop an ultra-performance liquid chromatography tandem-129 

mass spectrometry (UPLC-MS/MS) method to measure 25OHD3-S and 25OHD3-G in a single 130 

sample run, without the need for derivatization, suitable for high throughput. Using our method, 131 

we wanted to compare sulfated, glucuronidated and free 25OHD3 in pregnancy, where changes 132 

in vitamin D metabolism and metabolite levels have been previously associated with pregnancy 133 
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outcomes (23). We finally set out to specifically analyse 25OHD3-S and 25OHD3-G, along 134 

with free 25OHD3 in patients with polycystic ovary syndrome (PCOS), where vitamin D-135 

deficiency has been previously linked to with PCOS (24). 136 

 137 

 138 

2. Experimental 139 

Materials 140 

25OHD3-S, 25OHD3-S-(26,26,26,27,27,27)d6 and 25OHD3-G were purchased from Toronto 141 

Research Chemicals (Toronto, Canada). 25OHD3, LC-MS grade methanol, water and 142 

acetonitrile were purchased from Sigma Aldrich (Poole, UK). Oasis HLP solid phase extraction 143 

(SPE) cartridges were purchased from Waters Corporation (Manchester, UK). Vitamin D 144 

depleted serum was purchased from Golden West Biologicals (Temecula, California, USA). 145 

 146 

Sample collection 147 

Pregnancy and healthy control serum sample collection and ethical approval has been described 148 

previously (NHS REC approval 06/Q2707/12 and 13/WM/0178 [2014–2024]) (23). Women 149 

with PCOS aged between 18 and 40 years were recruited from outpatient clinics at University Hospitals 150 

Birmingham and Birmingham Women’s Hospital as previously reported (25) Exclusion criteria for the 151 

study were as follows: recent glucocorticoid treatment (within 3 months), pregnancy, age younger than 152 

18 or older than 45 years, recent oral contraceptive use (within 3 months), hyperprolactinemia, thyroid 153 

disorders, and dysglycemia (impaired fasting glucose, impaired glucose tolerance or overt diabetes 154 

mellitus). PCOS women were also excluded if they had received prior treatment with metformin, insulin 155 

sensitizers or androgen receptor blockers. Full ethical approval was obtained from Edgbaston Research 156 

Ethics Committee (reference 12/WM/0206) and all participants provided written informed consent prior 157 

to inclusion in the study. PCOS was diagnosed according to the Rotterdam European Society of Human 158 

Reproduction and Embryology (ESHRE) 2004 criteria, with the presence of two or more of the 159 

following: oligo/anovulation (Anov), clinical signs of androgen excess (AE), and polycystic ovaries 160 

(PCO) on ultrasound (26); however, only PCOS women with clinical or biochemical signs of androgen 161 

excess were recruited to the in vivo study (phenotypes AE+Anov+PCO, AE+Anov and AE+PCO). 162 

Other potential causes of oligomenorrhea and androgen excess were excluded by history, physical 163 

examination and biochemical assessment. All healthy controls were age- and BMI-matched, and 164 

recruited via local advertisement, with exclusion of PCOS on clinical and biochemical grounds. 165 

Baseline serum samples for LC-MS/MS were taken at 9am, where possible in the early follicular phase; 166 

in the setting of oligo- or amenorrhoea samples were taken randomly.  167 

 168 
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Sample preparation 169 

Samples were prepared by solid phase extraction following protein precipitation based on a 170 

previously described method (21). Briefly, 20 µL serum was precipitated with 50 µL 171 

acetonitrile containing 8 ng/mL 25OHD3-S-d6 internal standard. Samples were vortexed and 172 

centrifuged at 1000 x g for 10 minutes. Sample supernatants were diluted with 300 µL water 173 

and adsorbed on to Oasis HLB cartridges by applying a vacuum followed by washing through 174 

with 1 mL water and 1 mL methanol/water (1:1 v/v). Samples were eluted from these cartridges 175 

with 1 mL methanol. Eluted samples were dried down and reconstituted with 100 µL 176 

water/methanol (1/1 v/v) for injection by LC-MS/MS. 177 

 178 

LC-MS/MS 179 

Mass spectrometry analysis was performed on a Waters AQCUITY UPLC chromatography 180 

system coupled to a Waters Xevo TQ-XS mass spectrometer, using electrospray ionization in 181 

negative mode. Analytes were quantified by optimizing multiple reaction monitoring (MRM) 182 

transitions of each analyte, using full scans and daughter scans as well as manual infusion of 183 

each analyte. The optimized MRM transitions for each analyte is shown in Table 1. The 184 

optimum MS parameters were: desolvation temperature 500 oC, source temperature 150 oC, 185 

capillary voltage 2.90 kV and cone voltage 100 V. A Waters UPLC BEH C18 (2.1 x 50 mm, 186 

1.7 µm) column was used for separation of metabolites by liquid chromatography. The mobile 187 

phase was water-A/methanol-B containing 0.1% formic acid. A 20 µL injection volume was 188 

used for injecting the sample into the LC-MS/MS. The total run time was 4.5 minutes with a 189 

mobile phase gradient; 0-0.50min: 50%-A:50%-B, 2.00-2.50min: 5.0%-A:95%-B, 3.00-190 

4.00min: 50%-A:50%-B. 191 

 192 

Table 1. Optimised MRM transitions 193 

Compound Mass to 

charge ratio 

(m/z) 

 Cone 

voltage (V) 

Collision energy 

(eV) 

25OHD3-S 479.4 

79.8 

96.9 

122.9 

40 

40 

40 

80 

32 

60 

25OHD3-G 575.4 

74.9 

84.9 

122.9 

50 

50 

50 

34 

40 

30 

25OHD3-S-d6 485.4 

79.8 

96.9 

122.9 

40 

40 

40 

76 

34 

70 

 194 

 195 
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Data analysis 196 

Calibration curves and quantification of data to determine sample concentrations was 197 

performed using Waters Target Lynx software. Calibration curves were generated by plotting 198 

the peak area ratio of the analyte over the area of internal standard against the respective analyte 199 

concentration of each calibrant. A weighing of 1/x was used for plotting the calibration curve 200 

regression. 201 

 202 

SPSS Statistics Software was used to for statistical tests. Pearson correlation was used to 203 

compare correlation trends between analytes. One way ANOVA and independent T-Tests were 204 

performed to compare analyte concentrations and ratios between sample groups. 205 

 206 

Method Validation 207 

The analytical method was validated based on FDA guidelines (27) for the assessment of 208 

selectivity, accuracy, precision, lower limits of detection (LOD) and quantification (LLOQ). 209 

Quality control samples for validation were prepared by spiking known concentrations of 210 

analytes in vitamin D depleted serum and extracted and analysed in the same manner as 211 

unknown serum samples. 212 

 213 

The selectivity of the method was confirmed by determining no detectable interfering signals 214 

could be observed at the retention times of 25OHD3-S, 25OHD3-G and 25OHD3-S-d6. Three 215 

MRM transitions were monitored for each analyte, with two qualifier ions used to enhance 216 

specificity. Selectivity was further tested by injecting vitamin D depleted serum spiked with 217 

known concentrations of 25OHD3-S and 25OHD3-G and monitoring the MRM chromatograms 218 

of each analyte. 219 

 220 

Inter-day accuracy, along with intra-day and inter-day precision was determined at three 221 

concentration quality control (QC) levels that were distributed based on high, medium and low 222 

levels across an expected linear reference range. Accuracy was calculated by the mean 223 

calculated value of six replicate sample concentrations at each QC level. Precision was 224 

determined by the mean value of six replicates across each QC level (Intra-day) and the mean 225 

value of six replicates each day for three consecutive days for each QC level (Inter-day). The 226 

LOD and LLOQ were determined by defining the lowest concentration that could be accurately 227 

quantified with an analyte response that gave a signal to noise ratio of at least 3 (LOD) and 10 228 

(LLOQ). 229 
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 230 

Application of the method to the analysis of serum and in observational studies 231 

The developed LC-MS/MS method was applied to the simultaneous measurement of 25OHD3-232 

S and 25OHD3-G in human serum obtained from healthy volunteers. Analysis of 25OHD3 and 233 

other vitamin D metabolites in these samples had previously been measured using a prior 234 

described LC-MS/MS method (28) Patient demographics of these samples are displayed in 235 

Supplemental Table 1. Serum samples from two observational health studies were also used as 236 

an application for the LC-MS/MS method to measure 25OHD3-S and 25OHD3-G. Serum 237 

samples from a pregnancy cohort were used in which samples were assigned into subgroups 238 

based on pregnancy status; non-pregnant females (N-17), first trimester pregnancy (N-24), 239 

third trimester pregnancy (N-20), pre-eclampsia (N-21). Data for free vitamin D, including 240 

25OHD3 analysis for these samples has previously been reported (23). Patient demographics 241 

of these samples are displayed in Supplemental Table 2. The new LC-MS/MS method was 242 

further applied to measuring 25OHD3-S and 25OHD3-G in an observational study consisting 243 

of serum samples from females with PCOS (N-9) and a control group of non-PCOS females 244 

(N-8). Vitamin D metabolite data including 25OHD3 has been previously measured using a 245 

reported LC-MS/MS method for measuring these metabolites in these samples (28). Patient 246 

demographics of these samples are displayed in Supplemental Table 3. 247 

 248 

3. Results 249 

 250 
LC-MS/MS method optimization 251 

The optimized MRM transitions were obtained by running full scan and daughter scan analysis 252 

in negative ion mode. The deprotonation of 25OHD3-S and 25OHD3-G gave parent m/z values 253 

of 479.4 and 575.4 respectively. Fragmentation of 25OHD3-S gave an abundant sulfate group 254 

product ion of m/z 96.9 (Figure 1a), we therefore used the MRM transition of 479.4>96.9 for 255 

quantitation. The fragmentation of 25OHD3-G produced multiple transitions with similar 256 

intensities (Figure 1b), the abundant fragment 575.4>74.9 was used for quantitation. 257 

 258 

Using the chromatographic conditions described in section 2, separation of 25OHD3-S and 259 

25OHD3-G was achieved in a 4.5-minute run time. The retention times for 25OHD3-S and 260 

25OHD3-S-d6 were 2.17 and 2.18 minutes respectively, whilst the retention time for 25OHD3-261 

G was 2.23 minutes. 262 

 263 
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Method validation 264 

Linearity and calibration curve 265 

Vitamin D depleted serum was used for the preparation of calibration curves. The linearity of 266 

each calibration curve was determined by spiking vitamin D depleted serum with nine known 267 

concentrations of 25OHD3-S (1-200 ng/mL) and 25OHD3-G (0.25-25 ng/mL). Calibration 268 

curves were plotted as the area ratio of the 25OHD3 metabolite to internal standard. Both 269 

calibration curves showed good regression coefficients r2-0.998 25OHD3-S and r2-0.996 270 

25OHD3-G from three separate calibration curves of each analyte. 271 

 272 

Selectivity and LLOQ 273 

The injection of vitamin D depleted serum as a blank matrix confirmed no interfering peaks at 274 

the retention times of the analytes (Figure 2). The analysis of a human serum sample by our 275 

method confirmed the presence of 25OHD3-S and 25OHD3-G at the respective retention times 276 

the confirmed no matrix interferences directly before or after the respective signals. LLOD 277 

levels were determined to be 0.063 ng/mL for 25OHD3-S and 0.125 ng/mL for 25OHD3-G 278 

which produced a signal/noise ratio greater than 3. LLOQ was determined as 0.125 ng/mL for 279 

25OHD3-S and 0.250 ng/mL for 25OHD3-G which produced a signal/noise ratio greater than 280 

10. 281 

 282 

Accuracy and Precision 283 

The method achieved satisfactory accuracy and precision values for both analytes in all QC 284 

concentrations. The accuracy and precision values for 25OHD3-S and 25OHD3-G are 285 

summarised in Table 1. Intra and inter-day precision, along with accuracy values did not 286 

exceed the recommended 15% variation threshold. 287 

 288 

Table 1. Precision and accuracy values for 25OHD3-S and 25OHD3-G at low, medium and 289 

high concentrations. 290 

Compound 

 

Concentration 

(ng/mL) 

 

Level 
Precision RSD (%) 

 

Accuracy 

(%) 

 

  
 Intra-day 

N=6+6+6 

Inter-day 

N=18+18+18 
 

25OHD3-S 
 

2.0 

 

Low 

 

4.8 

 

6.7 

 

107.4 
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 20 Medium 5.7 6.9 104.6 

 100 High 3.2 4.0 101.1 

      

25OHD3-G 0.30 Low 14.9 14.9 99.9 

 2.5 Medium 2.6 3.2 108.9 

 20 High 6.1 6.8 94.3 

 291 

Recovery and matrix effects 292 

The absolute recoveries of 25OHD3-S and 25OHD3-G are shown in Table 2. The sample 293 

preparation procedure yielded recovery rates greater than 90% for 25OHD3-S. The recovery 294 

rate was lower for 25OHD3-G, however the achieved recoveries greater than 70% enabled 295 

required sensitivity for endogenous quantitation. The matrix effects of both analytes are shown 296 

in Table 2. There appeared to be no significant signal enhancements or suppression on either 297 

25OHD3-S or 25OHD3-G. 298 

 299 

Table 2. Extraction recoveries and matrix effect values for 25OHD3-S and 25OHD3-G at three 300 

concentration levels. 301 

Compounds Concentration 

(ng/mL), N=6) 

Absolute Recovery (%) Matrix effects 

(%) 

    

25OHD3-S 2.0 90.9 0.4 

 20 99.1 -0.7 

 100 94.4 -5.6 

    

25OHD3-G 0.30 83.3 -0.002 

 2.50 72.9 -0.012 

 20 84.1 -0.051 

 302 

 303 

Application of 25OHD3-S and 25OHD3-G analysis in human serum samples 304 

To assess the application of the method in human serum matrix the method accuracy was 305 

determined using four individual human serum samples, by initially measuring the endogenous 306 

levels in these samples, and also adding three QC concentrations levels of 25OHD3-S and 307 

25OHD3-G (Table 3). The measured concentrations of 25OHD3-S and 25OHD3-G at each QC 308 

level confirmed the accuracy of measurements compared to the expected calculated 309 

concentrations. The measured concentrations at each QC level were not over or underestimated 310 
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and confirmed the avoidance of matrix effects, or interferences of other endogenous vitamin D 311 

metabolites in the analysis of 25OHD3-S and 25OHD3-G in human serum. 312 

 313 

Table 3. Baseline measurements and accuracy values post spiking known concentrations of 314 

25OHD3-S and 25OHD3-G in four healthy donor serum samples. 315 

Compounds 

Sample No. 

Baseline 

measurement 

(ng/mL) 

Calculated 

(ng/mL) 

Measured 

(ng/mL) 

Accuracy 

(%) 

Calculated 

(ng/mL) 

Measured 

(ng/mL) 

Accuracy 

(%) 

Calculated 

(ng/mL) 

Measured 

(ng/mL) 

Accuracy 

(%) 

25OHD3-S  QCL (2 ng/mL) QCM (20 ng/mL) QCH (100 ng/mL) 

Donor 1 1.294 3.294 4.058 123.2 21.294 22.623 106.2 101.294 94.297 93.1 

Donor 2 19.338 21.338 21.381 100.2 39.338 38.326 97.4 119.338 115.924 97.1 

Donor 3 27.603 29.603 29.403 99.3 47.603 45.313 95.2 127.603 128.600 100.8 

Donor 4 36.565 38.565 38.747 100.5 56.565 56.651 100.2 136.565 128.390 94.0 

25OHD3-G  QCL (0.3 ng/mL) QCM (2.5 ng/mL) QCH (20 ng/mL) 

Donor 1 <0.250 0.300 0.295 98.3 2.500 1.967 78.7 20.000 16.282 81.4 

Donor 2 3.024 3.324 3.339 100.5 5.524 5.466 99.0 23.024 23.248 101.0 

Donor 3 3.823 4.123 4.128 100.1 6.232 6.305 101.2 23.823 24.622 103.4 

Donor 4 4.328 4.628 4.652 100.5 6.828 6.917 101.3 24.328 24.336 100.0 

 316 

The developed LC-MS/MS method was applied to the analysis of serum from 17 healthy 317 

human donors to compare concentration ranges of 25OHD3-S and 25OHD3-G, alongside 318 

previously measured 25OHD3 (Figure 3a). The measured concentration of 25OHD3-S in these 319 

samples was 27.4 ± 11.8 ng/mL (mean ±SD) with measurements ranging between 5.6-49.0 320 

ng/mL. The circulating levels of free 25OHD3 in the same donors (23.8 ± 10.0 ng/mL, 5.5-42.1 321 

ng/mL) had comparable concentrations when compared with 25OHD3-S. The measured 322 

25OHD3-G concentrations were 2.4 ± 1.2 ng/mL (range 0.8-4.2 ng/mL) and approximately 10 323 

times lower than the reported levels of 25OHD3-S and free 25OHD3. In these healthy donors 324 

the unconjugated 25OHD3 measurements correlated with both 25OHD3-S (Pearson’s 325 

correlation coefficient p<0.001) and 25OHD3-G (Pearson’s correlation coefficient p=0.006) 326 

(Figure 3b) measurements. Increased circulating 25OHD3 will likely elevate the sulfation and 327 

glucuronidation of 25OHD3 metabolites owing to increased 25OHD3 available as a substrate 328 

for conjugation. However there are still likely to be differences between individuals, owing to 329 

interindividual conjugating activities. 330 

 331 

Application of the method to determine serum 25OHD3-S and 25OHD3-G in pregnancy 332 

We used out validated analytical method was used to measure 25OHD3-S and 25OHD3-G in 333 

human serum from 1st trimester, 3rd trimester and pre-eclampsia pregnancy groups (Figure 4). 334 

In these pregnancy sub-groups 25OHD3, 25OHD3-S and 25OHD3-G concentrations were 335 

similar across all groups (Figure 4 A,B,C). Measurements of 25OHD3 in these samples had 336 

been previously described as having similar levels across pregnancy (23). However, it was 337 
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reported that measurements of other free vitamin D metabolites in this study, including the 338 

active vitamin D form and catabolite metabolites were significantly (p<0.05) higher or lower 339 

across pregnancy groups.  340 

 341 

In this study, 25OHD3-S and 25OHD3-G appear to follow the same trend as the unconjugated 342 

25OHD3 with no significant increase or decreases in levels observed across pregnancy. By 343 

contrast we observed differences in the ratios between 25OHD3 metabolites between groups 344 

(Figure 4 D,E,F). The ratio of 25OHD3/25OHD3-S was significantly higher in 3rd trimester 345 

pregnancy (1.21 ±0.64 [mean ±SD]), compared with non-pregnant women (0.89 ±0.27, 346 

p<0.05), and 1st trimester pregnancies (0.80 ±0.30, p<0.01). The change in this ratio suggests 347 

a shift towards unconjugated 25OHD3 over sulfated 25OHD3 in 3rd trimester pregnancies, 348 

compared with non-pregnant and 1st trimester pregnancies. There were also significant changes 349 

observed in the 25OHD3-S/25OHD3-G ratio which was lower in 3rd trimester pregnancies (8.32 350 

±3.28) compared with non-pregnant women (12.39 ±4.65, p<0.01) and 1st trimester 351 

pregnancies (12.82 ±5.05, p<0.005). This suggests there was a shift towards glucuronidation 352 

over sulfation in 3rd trimester pregnancies. The ratios between 25OHD3/25OHD3-G were not 353 

changed across pregnancy.  354 

 355 

Previous studies have reported that 25OHD3-S and 25OHD3-G bind with similar affinities to 356 

vitamin D binding protein (DBP) to that of 25OHD3 (18). In this study, using previously 357 

measured DBP measurements in the 1st, 3rd and PET pregnancy sub-groups (23) we did not 358 

observe any association between DBP and concentrations of 25OHD3, 25OHD3-S or 25OHD-359 

G (Figure 5). The ability of DBP to bind with high affinity to 25OHD3-S has been suggested 360 

to be an approach to protect the analytes from renal excretion and increase the likelihood of the 361 

sulfated form being a reservoir for 25OHD3 availability (18). Whilst DBP may play an 362 

important role in binding and transporting conjugated 25OHD3 metabolites, it does not appear 363 

to influence the circulating levels. 364 

 365 

Application of the method to determine serum 25OHD3-S and 25OHD3-G in PCOS 366 

This method, along with a previous analytical method (28) was used to compare unconjugated 367 

25OHD3, along with 25OHD3-S and 25OHD3-G in serum from women with PCOS and healthy 368 

control subjects (Figure 6). Directly comparing the concentrations of these three metabolites 369 

individually did not show a significant difference in measurements between the PCOS and the 370 

healthy control subgroups (Figure 6 A,B,C). In addition, there was also no difference in the 371 
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ratio of unconjugated 25OHD3/25OHD3-S between groups (Figure 6 E), which suggests that 372 

there is no change towards or away from the sulfated form and unconjugated form of 25OHD3 373 

in PCOS. However an increase in the 25OHD3/25OHD3-G and 25OHD3-S/25OHD3-G ratios 374 

were observed in the PCOS cohort compared to the healthy control subjects (Figure 6 F,G). 375 

These higher ratios suggest a shift towards more of the unconjugated 25OHD3 and 25OHD3-376 

S, with lower glucuronide 25OHD3 in PCOS. Androgen excess is a characteristic of PCOS 377 

(29), and studies have described UGT polymorphisms linked with reduced glucuronidation 378 

activity in PCOS (30). UGT activity and transcription is reduced with elevated androgens (31, 379 

32) which may in part explain a shift towards less of the glucuronide form of 25OHD3 380 

available. 381 

 382 

4. Discussion 383 

A method has been developed and validated by LC-MS/MS to quantify simultaneously 384 

circulating 25OHD3-S and 25OHD3-G. The established method enables high throughput 385 

analysis of both analytes without requiring derivatization. The Partial LC separation of 386 

25OHD3-S and 25OHD3-G has been described, however this separation could not be extended 387 

to achieve complete baseline separation of these analytes. As 25OHD3-S and 25OHD3-G have 388 

different m/z ratios (479.4 and 575.4 respectively), it has been possible to distinguish between 389 

these metabolites based on their optimized MRM transitions, and therefore exclusively 390 

measure each of these two analytes separately. Quantitation of 25OHD3-S-d6 internal standard 391 

could also be separated from 25OHD3-S owing to the additional six deuterated mass units and 392 

having a m/z value of 485.4). The development of this method has been applied to understand 393 

circulating levels of 25OHD3-S and 25OHD3-G and the comparisons to unconjugated 25OHD3. 394 

The LC-MS/MS method described here may have important applications in future clinical 395 

studies, to investigate the roles of conjugated 25OHD3 and its biological roles, and possible 396 

influences in assessing vitamin D status. This will be particularly important in areas of health 397 

that are impacted by vitamin D deficiency, and were impaired and accelerated activities of 398 

sulfation or glucuronidation occur. 399 

 400 

Here we have shown that 25OHD3-S and 25OHD3-G are present at substantial concentrations 401 

in circulation. Also differences between unconjugated and conjugated 25OHD3 in pregnancy 402 

and PCOS groups were observed, providing an insight into changes in conjugated vitamin D 403 

metabolism. Whilst these metabolites may play an important role in vitamin D metabolism and 404 

physiology, differing hypotheses and overlooked information on the role of conjugated vitamin 405 
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D metabolites persists. A commonly observed hypothesis for high 25OHD3-S levels is that this 406 

metabolite acts as a reservoir or storage form of 25OHD3 (17, 33). Two pathways have been 407 

proposed for 25OHD3-S production; sulfation of 25OHD3 by SULT2A1, and by hydroxylation 408 

of vitamin D3-S (19, 34). However vitamin D3-S concentrations in circulation are much lower 409 

than 25OHD3-S (22), suggesting direct sulfation of 25OHD3 as the main pathway in 25OHD3-410 

S production. Both 25OHD3-S and 25OHD3-G bind to and are transported by vitamin D 411 

binding protein (DBP), leading to high abundance in circulation and reduced excretion (18). 412 

This indicated these metabolites are transported to tissues and cells for local deconjugation to 413 

25OHD3, which can be converted to the biologically active 1,25(OH)2D3 (17, 18). However 414 

the enzymatic hydrolysis of 25OHD3-S or other vitamin D sulfate metabolites has yet to be 415 

described (19), so it cannot be confirmed that 25OHD3-S is directly de-sulfated locally to 416 

25OHD3. Nevertheless, the high throughput protocol for analysis of 25OHD3-S described in 417 

this manuscript provides a strategy for analysis of this metabolite and its conversion to 25OHD3 418 

in specific target tissues. This may be an overlooked but crucial component of the peripheral 419 

metabolic pathways required for extra-skeletal effects of vitamin D. Specifically, current 420 

mechanisms for effects of vitamin D within settings such as the immune system are based on 421 

local, intracrine or paracrine conversion of 25OHD3 to 1,25(OH)2D3 (35). Thus, delivery of 422 

25OHD3 to cells such as macrophages or dendritic cells is pivotal to vitamin D function in 423 

these cells. However, this delivery is impeded by binding to DBP (36), suggesting that it is 424 

only the very small fraction of unbound or ‘free’ 25OHD3 that accesses some target cells (37). 425 

The potential for some 25OHD3 to enter target cells as 25OHD3-S may provide a significant 426 

alternative pathway for the action of vitamin D within some tissues. 427 

 428 

Conjugated forms of 25OHD3 may also facilitate responses to vitamin D that are distinct from 429 

25OHD3 itself. Both 25OHD3-S and 25OHD3-G are present in both blood and bile acid and 430 

may thus be preferential metabolites for vitamin D function in the gastrointestinal tract (38). In 431 

this regard, it is interesting to speculate that enhancement of serum 25OHD3 levels using orally 432 

administered vitamin D may result in a different conjugated:non-conjugated  25OHD3 profile 433 

than conventional epidermal production of vitamin D from sunlight exposure. It will be 434 

interesting to carry out similar analyses to those described in this manuscript by comparing 435 

vitamin D supplemented and placebo supplemented subjects. A different proportion of 436 

25OHD3-S or 25OHD3–G in subjects receiving supplementary vitamin D could significantly 437 

affect the resulting 25OHD3 function. There are further applications in which this method could 438 

be used in other areas of clinical diagnosis. For example, monitoring changes in sulfated and 439 
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glucuronide 25OHD3 levels to identify polymorphisms in SULT2A1 and UGT enzymes. 440 

Ultimately this LC-MS/MS method, combined with measurements of unconjugated 25OHD3 441 

could become an important tool in determining vitamin D status, particularly as future studies 442 

identify specific clinical areas in which conjugating enzyme activity is increased or decreased.    443 

 444 

Conclusion 445 

We have developed and validated a LC-MS/MS method to measure 25OHD3-S and 25OHD3-446 

G and the application of this method has shown the presence of circulating levels of these 447 

metabolites in human serum samples. We achieved this by utilizing a solid phase sample 448 

preparation method and the optimization of a LC-MS/MS method using negative MRM mode. 449 

Conjugated 25OHD3 metabolites are likely to play an important role in vitamin D metabolism 450 

and physiology owing to high concentrations in circulation and their transportation by DBP. 451 

However further investigation is required into the exact mechanisms these metabolites play in 452 

circulation and local cells and tissues. 453 

 454 

 455 
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Legends to figures 571 
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 586 

Figure 1: Pathway for the activation of vitamin D3 to 1,25(OH)2D3 and the conjugation 587 

pathways for the sulfation and glucuronidation of 25OHD3. The structures of each metabolite 588 

in the pathway are also displayed 589 
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Figure 2: Product ion spectra of A-25OHD3-S and B-25OHD3-G in negative mode, under the 611 

MS conditions described in section two, running a collision energy range between 20-60 V. 612 
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Figure 3: MRM chromatograms of 25OHD3 conjugate metabolites including 25OHD3-S 643 

extracted from vitamin D depleted serum spiked with 16 ng/mL (2A) and 32 ng/mL (2B) 644 

25OHD3-S, along with an extracted human serum sample (2C). MRM chromatograms of 645 

25OHD3-G show samples of vitamin D depleted serum extracted, spiked with 2 ng/mL (2A) 646 

and 4 ng/mL (2B) 25OHD3-G, along with an extracted human serum sample (2C). The 647 

retention times of 25OHD3-S and 25OHD3-G were confirmed by spiking 16 and 32 ng/mL 648 

25OHD3-S, and 0.5 and 1 ng/mL 25OHD3-G in vitamin D depleted serum 649 
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Figure 4: A- Concertation ranges of 25OHD3, 25OHD3-S and 25OHD3-G measured in healthy 681 

control donor serums. B- Correlations between the unconjugated 25OHD3 and 25OHD3-S, and 682 

unconjugated 25OHD3 and 25OHD3-G in healthy individuals, according to season of sample 683 

collection. 684 
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 714 

Figure 5: Serum concentrations of A-25OHD3, B-25OHD3-S and C-25OHD3-G in pregnant 715 

and non-pregnant women, along with ratios between 25OHD3 metabolites; D-716 

25OHD3/25OHD3-S, E-25OHD3/25OHD3-G and F-25OHD3-S/25OHD3/G. 717 
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Figure 6: Effect of DBP on serum 25OHD3 concentrations. Serum concentrations of A-743 

25OHD3, B-25OHD3-S and C-25OHD3-G were correlated with DBP concentrations in 1st 744 

trimester, 3rd trimester and pre-eclampsia samples. 745 
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Figure 7: Serum concentrations of A-25OHD3, B-25OHD3-S and C-25OHD3-G in women 782 

with PCOS and healthy matched female control subjects, along with along with ratios between 783 

25OHD3 metabolites; D-25OHD3/25OHD3-S, E-25OHD3/25OHD3-G and F-25OHD3-784 

S/25OHD3-G. 785 
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