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ABSTRACT

The hormonally active form of vitamin D, 1,25-Dihydroxyvitamin D3 [1,25(0H),Ds], has been associated with neuroprotective effects in the
brain, but has been difficult to measure in human brain tissue because of its low concentration. The aim of this study was to develop and
validate a sensitive method to quantify 1,25(OH),Ds in the human brain. Prior to analysis by the LC-MS/MS, the samples were derivatized
with 4-phenyl-1,2,4-triazoline-3,5-dione. The method showed good linearity of 1,25(0H)3D3 over the physiological range (R = 0.9998).
The limit of detection was 2.5 pg/g, >10 times lower than the previously reported limit of detection. The average 1,25(OH),D3 concen-
trations in 3 regions of human brain tissue samples were: anterior watershed 30.7 pg/g; mid-temporal cortex 19.2 pg/g; and cerebellum 18.5
pg/g. This validated method to quantify 1,25(OH),D3 in human brain tissue can be applied to obtain information about its presence in
various regions of the human brain associated with neurodegenerative diseases.
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Introduction

Vitamin D is an essential fat-soluble nutrient that is classically
known for its role in maintaining calcium homeostasis and
skeletal health [1]. Vitamin D can be obtained in the diet or
synthesized cutaneously in the presence of UVB light. It is hy-
droxylated by the liver to produce 25-hydroxyvitamin D3
[25(OH)Ds], which is the primary circulating form of vitamin D.
Through a tightly regulated series of feedback loops, 25(OH)Ds
is further hydroxylated to produce 1,25-dihydroxyvitamin D3 [1,
25(0H);Ds3], which is the hormonally active form that can bind
to the nuclear vitamin D receptor (VDR) to activate gene
expression [2]. Several tissues in the body are capable of hy-
droxylating 25(OH)D3 to 1,25(0H),D3 and also express the VDR,
including brain tissue [3]. It has been suggested that vitamin D is
mechanistically linked to neurodegenerative diseases [4]. Most
of the studies that have associated vitamin D with

neurodegenerative diseases and cognitive decline have relied on
circulating of 25(OH)Dj as the indicator of vitamin D status [5].
However, it is not clear if the 25(OH)D3 measured in circulation
reflects vitamin D in the brain. We recently reported that 25(OH)
D3 in human brain tissue was associated with postmortem
cognitive status but was not associated with Alzheimer’s disease
pathology [6]. Unfortunately, the 1,25(OH),Ds, using our orig-
inal assay [7], was below the assay lower limit of detection
(LOD) in 58% of the samples, and therefore excluded from our
data analysis. Because 1,25(OH),Ds is the active form of vitamin
D, and we still do not have the exact mechanisms underlying the
role of vitamin D in the brain, it is critical to be able to measure
this active form. Indeed, we posit that the role of vitamin D in
neurodegenerative diseases can only be elucidated by quanti-
fying 1,25(0OH),Ds, in addition to 25(OH)D3, in the human
brain, which requires greater assay sensitivity. Here we report on
the development and validation of a mass spectrometry assay

Abbreviations: 1,25(0H)2D3, 1,25-dihydroxyvitamin D3; 25(OH)Ds, 25-hydroxyvitamin D3; AWS, anterior watershed; CR, cerebellum; IS, internal standard; LOD,
limit of detection; MT, middle temporal cortex; PTAD, 4-phenyl-1,2,4-triazoline-3,5-dione; RSD, relative standard deviation; SPE, solid phase extraction; VDR, vitamin

D receptor.
* Corresponding author. E-mail address: Xueyan.fu@tufts.edu (X. Fu).

https://doi.org/10.1016/j.cdnut.2024.104418

Received 20 February 2024; Received in revised form 10 May 2024; Accepted 12 July 2024; Available online 15 July 2024
2475-2991/0© 2024 The Author(s). Published by Elsevier Inc. on behalf of American Society for Nutrition. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:Xueyan.fu@tufts.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cdnut.2024.104418&domain=pdf
https://cdn.nutrition.org/
https://doi.org/10.1016/j.cdnut.2024.104418
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.cdnut.2024.104418

A. Xuan et al.

with improved sensitivity, with an LOD 10 times lower than that
of the previous assay, to quantify 1,25(OH);D3 in postmortem
human brain tissue. This assay will enable future research into
the role of 1,25(OH)3D3 in the human brain and its potential
relevance to neurodegenerative diseases.

Methods

Chemicals, regents, and standards

All solvents used for working solutions and chromatography
were of LC-MS grade (Thermo Scientific). All the stock solutions
and working standards were prepared every 6 mo and stored at
—80°C. The 1,25(0H)3D3 and 1,25-dihydroxyvitamin D3-(d6)
[d6-1,25(0OH),D3 as internal standard (IS)] were obtained from
IsoScience. The calibration standards were prepared in methanol.
For sample derivatization, 4-Phenyl-1,2,4-triazoline-3,5-dione
(PTAD; 0.25 mg/mL) was prepared in acetonitrile.

Samples and clinical application

One human cadaver brain obtained from a 54-y-old woman
donor through the National Development and Research In-
stitutes was utilized for method validation, which has been
described previously [7]. The cortex was homogenized and ali-
quoted for use as brain controls (blank), then stored at —80°C.
Quality controls (low and high) were freshly prepared by taking
0.1 g of brain control and spiking it with a specific amount of 1,
25(0H),Ds3.

Postmortem brain tissue samples, stored at —80°C for no
longer than 6 y, were obtained from 153 participants in the
RUSH Memory and Aging project [6,8]. During autopsy and
brain dissection, the tissues were promptly frozen and main-
tained in a frozen state throughout the dissection process
without thawing [9]. The 1,25(OH);Ds concentrations were
measured in the following brain regions: anterior watershed
(AWS), middle temporal cortex (MT), and cerebellum (CR).

Preparation of brain samples and analyses

Brain sample preparation of 0.1 g and liquid-liquid extrac-
tions with methylene chloride:methanol (1:1) were used, as
described previously [7]. Silica solid phase extraction (SPE)
columns (Agilent) and a Vac-Elute SPS 24 manifold rack were
used for SPE, in which each sample was reconstituted in 1 mL of
4% isopropanol in hexane and transferred into the SPE columns,
then washed with 9 mL 4% isopropanol in hexane and 6 mL 6%
isopropanol in hexane, and eluted with 4.5 mL of 25% iso-
propanol in hexane to be dried under Ny gas at 60°C. For the
derivatization, 200 pL of PTAD solution (0.25 mg/mL) were
added to each dried sample, vortexed, and subsequently left to be
stored in dark place for 1 h at room temperature. Derivatized
samples were dried and reconstituted in 100 pL of 20 mM
methylamine, vortexed for 2-3 min, then centrifuged at 16,300
x g for 5 min at 4 °C. The supernatant was pipetted into vials
with glass inserts to be analyzed with the LC-MS/MS system.

Quadrupole ion trap instrumentations and
conditions

The LC-MS/MS system comprised an Agilent 1290 Infinity
Series coupled to a Sciex 7500 QTRAP tandem mass spectrom-
eter. The chromatographic separation column was an Agilent
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Eclipse Plus C18 (50 mm x 1.2 mm, 1.8 pm). Mobile phase A was
4 mM methylamine in water with 0.1% formic acid, and mobile
phase B was 4 mM methylamine in methanol with 0.1% formic
acid. The gradient program operated with a flow of 0.1 mL/min:
0—24 min, 65% B; 0.2 mL/min flow from 24.1 to 30.0 min,
gradient at 100% B; 0.2 mL/min flow at 30.1 min, 62% B; and
then 0.1 mL/min flow to 35min, 62% B. Methylamine was added
into the mobile phase as additive to enhance assay sensitivity
after the PTAD derivatization [10]. The QTRAP settings were as
follows: ion source, positive electrospray ionization; tempera-
ture, 500°C; ion source gas 1: 50 psi; gas 2: 50 psi; curtain gas: 40
psi; ion spray voltage, 4900; entrance potential: 2 V; collision
energy: 30V; collision cell exit potential: 20 V. The multiple re-
action monitoring transitions (m/z) used for 1,25(0OH);D3 and
d6-1,25(0H);D3  (IS) were 623.4/314.1 and 629.4/314.1,
respectively. Data were collected using Sciex OS.

Validation experiments

Linearity was established for 1,25(0OH);D3 using serial
dilutions of the calibration standard to concentrations ranging
from 1.25 to 400 pg/mL. The LOD for 1,25(0H),D3 was deter-
mined by spiking human brain with serially diluted vitamin D
standards. Further validation with intra-assay and inter-assay
precision were characterized with relative standard deviations
(RSD) for the targeted concentrations of 10 and 80 pg/g in human
brain. The inter-assay variability was determined by repeating the
same procedure on 4 consecutive days. The accuracy was calcu-
lated as the percentage of nominal concentration [(measured
concentration-blank brain concentration)/(nominal concentra-
tion) x100%]. d6-1,25(0H),D3 as IS was added to spiked brain
samples to evaluate the IS-normalization extraction recovery.

Quantification

Respective response factors of the 1,25(OH)3;Ds from the
sample and from the IS [d6-1,25(0H),D3] were used to quantify
1,25(0OH)2Ds3, as described previously [7].

Statistical analysis

Linearity, slope, and regression coefficients were determined
by linear regression using Microsoft Excel. Spearman’s correla-
tion of 1,25(0OH);D3 concentrations in different brain sessions
was calculated using SPSS (IBM, version 29).

Results

This method for successfully measuring 1,25(0OH);D3 in
human brain demonstrates linearity between 1.25 and 400 pg/
mL with an R? value of 0.9998. The LOD was 2.5 pg/g, which is
more sensitive than the previous LOD of 25 pg/g [7]. The pre-
cision and accuracy of 1,25(0OH);D3 in spiked human brain are
shown in Table 1. The precision of these measurements is char-
acterized with an intra-assay variability for the targeted brain
concentration of 10 and 80 pg/g as RSDs of 4.0% and 6.7%,
respectively. As for the inter-assay variability, the RSDs for the
targeted brain concentration of 10 and 80 pg/g were 13.6% and
6.0%, respectively. The accuracy of spiked brain samples was
slightly over 100%, ranged from 101.1% to 108.5%. The
extraction recovery, as shown in Table 1, indicates that this
method yields high recovery rates for brain samples. The
resulting multiple reaction monitoring chromatographs of the
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TABLE 1
Precision, accuracy, and recovery of 1,25(OH),D3 in spiked human brain.
Spiked level Intra-day Inter-day Recovery
Precision Accuracy (%) Precision Accuracy (%) % (n = 8) RSD (%)
RSD (%) RSD (%)
Brain 10 (pg/g) 4.0 104.7 13.6 108.5 51.0 9.3
Brain 80 (pg/g) 6.7 102.5 6.0 101.1 53.8 14.5

Abbreviations: 1,25(0OH)»D3, 1,25-dihydroxyvitamin D3; RSD, relative standard deviation.

derivatized 1,25(0OH);D3 with PTAD are shown in Figure 1.
Studies have shown that the double peak on the chromatogram is
the result of the Diels—Alder reaction with derivatization reagent
PTAD, reacting with the s-cis-diene moiety from both the o and
sides and forming 6S and 6R epimers [11].

According to the previously published method, there are
certain challenges in isolating one vitamin D metabolite, the
1,25(0H)2D3, from brain samples because of the differences in
polarity among the vitamin D metabolites analyzed [12,13]. The
polarity difference makes it impossible to extract all of the
vitamin D3 metabolites using the same solvent. Of all the vitamin
D metabolites, 1,25(0OH),D3 has the greatest polarity because of
the additional hydroxyl group. This difference in polarity allows
for its extraction through SPE, with mobile phases of varying
polarity. The specific silica column used in the SPE is polar,
allowing for the 1,25(OH),D3 to bind to silica particles and other
less polar vitamin D metabolites to wash through. SPE has been
successfully applied for measuring 1,25(0OH)»Ds3 in plasma [14].
Using the sequential washes of 4% and then 6% isopropanol in
hexane allows for selective isolation of 1,25(OH),D3 to be bound
to the column. The last eluant is collected with the greatest polar
concentration of 25% isopropanol in hexane. This specific
sequence of polar mobile phases was found to yield the greatest
recovery of 1,25(0H),Ds3.

The method was used to analyze 459 human brain samples,
from 153 postmortem brains obtained from participants in the
RUSH Memory and Aging project study. All 3 analyzed brain re-
gions (n = 153), AWS, MT, and CR, measured 1,25(0OH),;D3 with
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the respective concentrations 30.7 + 15.2 pg/g, 19.2 + 9.3 pg/g,
and 18.5 + 8.6 pg/g (Figure 2). These correlations of 1,25(0H),D3
concentrations among the 3 regions were the following: MT and
CR Spearman r = 0.70, MT and AWS Spearman r = 0.55. CR and
AWS Spearman r = 0.45; all P < 0.005. The method’s LOD of 2.5
pg/g contributed to the quantification 1,25(OH)2Ds3 in all brain
samples analyzed (Figure 2). Compared with the previous
method, which was unable to detect 1,25(0OH),D3 in 58% of brain
samples below the LOD of 25 pg/g, this assay could detect
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FIGURE 2. The box and whisker plots of 1,25(0OH),D3 concentrations
(pg/g) for brain regions AWS, MT, and CR, as measured by the LC-MS/
MS (n = 153). 1,25(0OH),D3, 1,25-dihydroxyvitamin D3; AWS, ante-
rior watershed; CR, cerebellum; MT, middle temporal cortex.
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FIGURE 1. The representative MRM chromatograms for the derivatized 1,25(0H),D3-PTAD and labeled D6-1,25(0H),D3-PTAD from the anterior
watershed (AWS) region of the 1 human brain obtained from RUSH Memory and Aging project. 1,25(0H);Ds, 1,25-dihydroxyvitamin D3; MRM,

multiple reaction monitoring; PTAD, 4-phenyl-1,2,4-triazoline-3,5-dione.
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1,25(0OH)2Ds in all brain samples and with greater linearity over
the concentration range evaluated [7].

Discussion

Here we present a successful modification to a prior validated
method of measuring vitamin D metabolites in human brain tissue
that now allows us to quantify 1,25(OH),Ds3, the hormonally active
form of vitamin D. This assay can detect 1,25(OH)2D3 in multiple
human brain regions. Accurate measurement of 1,25(0H),D3 in
human brain tissue will allow us to better elucidate the mechanism
underlying associations between vitamin D status and cognitive
function in older adults. Because of the small sample size available
for assay development, we were not powered to further analyze the
associations between 1,25(OH)»D3 and cognitive or neuropatho-
logical outcomes. However, now that we have a validated assay,
this will be an important future direction for this research. Future
research is also needed to elucidate the factors that contribute to
the variability in human brain 1,25(OH),D3 concentrations. For
example, the brain 1,25(0H),D3 concentrations may be attributed
to variations in VDR and/or 1-alpha hydroxylase expression,
because the VDR and the 1-alpha hydroxylase [crucial for synthe-
sizing 1,25(0H),D3] have been identified within the adult cadaver
human brain, as well as in both neurons and glial cells [15].

There are few studies using similar methods that can measure
1,25(0OH),D3 in mammalian brain tissues, because brain tissue is
~60% lipids, and the composition of these lipids is very complex.
One recent method using LC-MS/MS with an online extraction to
measure 1,25(0H),Ds in the rodent brain, with a limit of quan-
tification of 12.5 pg/g [16]. However, the majority of method-
ologies that use LC-MS/MS to measure 1,25(0H),D3 in human
plasma samples have higher LOD ranges from 20 to 210 pg/mL [5,
17]. The SPE step provided additional purification of the brain
samples, enhancing the selectivity of the assay. Approximately
500 samples were analyzed with quality controls inter-assay co-
efficient of variation of 7%. This indicates that the assay is robust
and suitable for large-scale studies. Overall, our method was
successfully used for the determination of 1,25(OH);D3 in the
human brain, with detection of 1,25(0OH);D3 in all samples
because of the improved LOD. With this method, research into the
role of the 1,25(0OH),;D3 in the human brain can be further
elucidated. In conclusion, this validated method can be further
applied and coupled with other methods that measure vitamin D
metabolites to bring further insight into the role of vitamin D and
its metabolites in the brain and neurodegenerative diseases.
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