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Materials 

Cholecalciferol, 25-OH-vitamin D3, 1,25-(OH)2-vitamin D3, dibasic potassium phosphate 

(K2HPO4), methyl tert-butyl ether (MTBE) and phosphate buffer saline (PBS) were purchased 

from Sigma–Aldrich. Amplifex® Diene reagent was purchased from Sciex (Chemistry and 

Consumables R&D, Framingham, MA). Isotopically-labelled d3-cholecalciferol, d3-25-OH-

vitamin D3 and d3-1,25-(OH)2-vitamin D3 were purchased from Cambridge Isotope Laboratories 

(MA). All vitamin D metabolites were stored at -80°C in the dark. LC-MS-grade acetonitrile 

(AcN) and formic acid and HPLC-grade methanol (MeOH) and ethyl acetate (EtOAc) were 

obtained from Carlo Erba Reagents (Peypin, France). Water used was generated through a 

Direct-Q Ultrapure Water System from Millipore (Bedford, MA) with a specific resistance of 

18.2 MΩ cm. Oasis HLB cartridges used for solid-phase extraction (3 CC/60 mg) were supplied 

by Waters (Guyancourt, France).  

Instrumentation 

Chromatographic separation was carried out on a Dionex UltiMate 3000 system (Thermo Fisher 

Scientific, Waltham, MA) configured with a rapid separation (RS) pump (LPG-3400 RS), an 

autosampler (WPS-3000 TRS) and a column compartment (TCC-3000 RS), all operated by 

Chromeleon 6.8 software. Samples were injected on a Hypersil GOLD C18 column (2.1 x 100 

mm; Thermo Scientific, Les Ulis, France). Parallel reaction monitoring (PRM and accurate mass 

measurements were performed on a Q-Exactive Plus mass spectrometer (Thermo Fisher 

Scientific, Bremen, Germany) with a heated electrospray ionization (H-ESI II) probe. Thermo 

Xcalibur 3.0.63 software was used for both instrument setup and LC-MS system control during 

data acquisition, and for data treatment. Q Exactive Plus Tune 2.5 software was used for direct 

control of the mass spectrometer.  

 

Chromatography conditions  



The autosampler tray was kept at 4°C during the experiment, and column oven temperature was 

regulated at 40°C. 5 µL of sample was injected onto the column. Mobile phase A consisted of 

0.1% formic acid in water, and mobile phase B was 0.1% formic acid in AcN. Solvent flow rate 

was set to 400 µL/min. Starting mobile phase consisted of 30% of solvent B held for 4 min. A 

linear gradient was applied with B% increased to 65% for 6 minutes, held isocratic for 2 min, 

then increased to 100% of B for 4 minutes. Start conditions were reinstated in 2 minutes, making 

the total run time 18 minutes. 

 

Mass spectrometry conditions 

LC-HRMS/MS analyses were performed with external calibration in positive mode providing a 

mass precision lower than 5 ppm. The H-ESI probe was kept at 310°C. Transfer capillary 

temperature was kept at 320°C. Spray voltage was set at 3500 V and the S-lens RF level was set 

at 55 V. Sheath and auxiliary gas were held at 30 and 8 (arbitrary units).  

PRM was set up in MS/MS acquisition mode, and full higher-energy collision dissociation 

(HCD) spectra were acquired. For each compound, the most abundant ion was selected as 

precursor ion and isolated in a 2 Uma window in a specified time segment and fragmented under 

previously optimized collision energies (Table 1). Resolving power was set to 35000 full width 

at half maximum (FWMH) at m/z 200 and the Auto Gain Control (AGC) was set to 2*10e5. 

Injection time was set to a maximum 100 ms in order to optimize the analytical cycle time.  

 

Preparation of stock and working solutions of analytical and deuterated standards (IS)  

A working solution of deuterated analytes was prepared at 0.02 ng/mL of each internal standard 

(IS) (d3-cholecalciferol, d3-25-OH-vitamin D3 and d3-1,25-(OH)2-vitamin D3) in ethanol. Stock 

solutions of cholecalciferol, 25-OH-vitamin D3 and 1,25-(OH)2-vitamin D3 standards were 



prepared at 100, 50 and 10 ng/mL, respectively, in ethanol and stored at -80°C in the dark. 

Calibration curves were prepared by serial dilution of the three analyte stock solutions to obtain 

calibration standards from 0 to 50 ng/mL. After each dilution was added with 1.5 µL of the 

working solution of deuterated analytes, derivatization was performed using Amplifex®. A batch 

of QC samples was produced for method validation. 

 

  Plasma sample preparation 

The plasma preparation procedure was inspired by Wang et al. [1]. As vitamin D and its 

metabolites are light-sensitive, the extraction procedure was conducted under low light. After 

thawing on ice, mouse plasma was centrifuged at 13,600 g for 15 min at 4°C, then 100 µL of 

each sample was transferred to a glass tube with 10 µL of deuterated working solution. Proteins 

were precipitated by adding 500 µL of AcN, vortex-mixed, and centrifuged at 3,000 g for 10 min 

at 4°C. The supernatant was transferred to another glass tube, then the volume was reduced to a 

half under a nitrogen stream, and 500 µL of EtOAc was added to the solution for liquid-liquid 

extraction. After shaking vigorously for 10 min, samples were centrifuged at 590 g for 20 min at 

4°C, and the upper organic layer was transferred to a glass tube and reduced under nitrogen 

stream. The plasma samples were then derivatized with Amplifex® Diene reagent. 

For validation, a set of plasmas were pooled together and treated as described above. 

 

Adipose tissue preparation 

The adipose tissue preparation procedure was inspired by Lipkie et al. [2]. After thawing on ice, 

50 mg of tissue was ground with 1 mL of PBS at 30 mvt/sec for 15 min (Retsch, Eragny-sur-

Oise, France). Tissue homogenate was transferred into a glass tube and spiked with 25 µL of 

deuterated stock solution. AcN (1 mL) was added, and the mixture was vortexed for 5 min then 



centrifuged at 6,000 g for 5 min at 4°C. After addition of 1 mL of MTBE, the mixture was 

vortexed for 5 min, then centrifuged at 6,000 g for 5 min at 4°C, and the upper organic layer was 

collected into another tube. The same extraction was repeated twice more with additions of 300 

µL of PBS, 1 mL of AcN (vortex + centrifugation) and 1 mL of MTBE (vortex + centrifugation). 

The supernatants were pooled then dried under nitrogen. Oasis HLB cartridges were prepared 

with 3 mL each of EtOAc, MeOH and H2O. The samples were reconstituted with 1 mL of 

MeOH and 1 mL of K2HPO4 (0.4 M) and loaded on the cartridge. The cartridge was washed with 

3 mL of H2O and 2 mL of 70% MeOH before being dried for 2 min under vacuum. Tips were 

washed with AcN and analytes were eluted with 1.5 mL of AcN and dried under nitrogen. 

Samples were then derivatized with Amplifex® reagent. 

For validation, a set of adipose tissues were pooled together and treated as described above. 

 

Amplifex derivatization 

A one-step derivatization using Amplifex® Diene as reagent was employed to improve the 

ionization efficiency of the metabolites [3]. The dried sample was added with 30 μL of 

Amplifex® solution, vortexed for 15 s, then incubated for 30 min at room temperature. Next, the 

sample was added with 30 μL of deionized water, vortexed for 15 s, and transferred into vials for 

LC injection. 

 

Method validation 

Our method was validated according to FDA criteria adapted from Shah et al. [28], and we 

evaluated specificity, selectivity, linearity, sensitivity, accuracy, precision, stability and dilution 

tests. 

Linearity and LoQ 



In order to assess the linearity of the quantification methods, we analyzed increasing amounts of 

analytical-standard solution spiked with the deuterated pool of the three corresponding analytes. 

For each derivatization reagent and each analyte, i.e. cholecalciferol, 25-OH-vitamin D3 and 

1,25-(OH)2-vitamin D3, calibration curves were plotted with peak area ratio of vitamin D 

metabolite to the respective internal standard versus a range of analyte concentrations. For 

cholecalciferol, these two peaks represent diastereomers 13.2- and 13.5-minutes retention times. 

As the tandem-mass spectra showed the same pattern (same product ion and relative intensities), 

we summed their peak areas for the quantification. 

Five concentrations of standards were chosen to cover the expected concentration range in the 

study. The series of concentrations were 0.20–50 ng/mL for cholecalciferol, 0.10–12.5 ng/mL for 

25-OH-vitamin D3, and 0.020–2.5 ng/mLfor 1,25-(OH)2-vitamin D3. We processed five 

replicates for each concentration level (Sup table 3). 

The LoQ was set as the concentration at which precision was less than 20% of the relative 

standard deviation, with an accuracy of between 80% and 120% of the theoretical value [4]. 

 

Accuracy and precision  

Replicate samples at three concentration levels were analyzed in separate runs to determine intra-

day and inter-day precision and accuracy (Supplemental table 4). 

Intra-day accuracy and precision were calculated by processing five replicates at three 

concentration levels. Inter-day accuracy and precision were determined by analyzing five 

replicate samples in 3 batches (n=15) at three concentration levels. 



Precision of the assay was estimated by the coefficient of variation for each concentration level. 

Accuracy was represented as the relative error to the nominal concentrations (RE%), calculated 

as ratio of the deviation to the theoretical value x 100. 
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