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Abstract The literature describing vitamin D content of

fat tissue is extremely limited. We conducted a pilot study

that measured the concentrations of vitamin D3 in the fat

tissue and serum of obese adults. These measurements

were performed using a new liquid chromatography mass

spectrometry (LC/MS) method. The objectives of this

study were: to measure and report the vitamin D3 con-

centration in serum and subcutaneous fat samples from

obese individuals and to examine the association of vitamin

D3 in fat with vitamin D3 in serum. This cross-sectional

study was conducted in 17 obese men and women who

were scheduled to undergo gastric bypass surgery. The

mean vitamin D3 concentration in subjects’ subcutaneous

fat tissue samples was 102.8 ± 42.0 nmol/kg. The mean

vitamin D3 concentration in serum was 7.78 ± 3.99 nmol/l.

Vitamin D3 concentrations of fat tissue and serum were

positively correlated (r = 0.68, P = 0.003). Consistent

with previous findings in obese subjects, subjects in this

study had suboptimal vitamin D status as demonstrated by

a mean 25-hydroxyvitamin D concentration of 43.3 ±

15.4 nmol/l. In conclusion, fat tissue vitamin D3 can be

measured by LC/MS and is detectable in obese subjects

with suboptimal vitamin D status. Compatible with the

long-standing concept that fat tissue is a storage site for

vitamin D, fat tissue and serum vitamin D3 concentrations

were positively correlated.
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Introduction

Prior studies have reported fat tissue to be a major repos-

itory in the body for vitamin D, but the studies performed

in humans have only examined vitamin D concentrations in

fat tissue of amputated limbs and in cadavers [1, 2]. In

subjects given intravenous injections of radioactively

labeled vitamin D3, subsequent fat tissue samples obtained

either from amputated limbs or at autopsy contained higher

levels of the radioactive dose compared to other tissue

types [1]. Similarly, vitamin D was found in fat tissue

specimens obtained from 15 British subjects autopsied

after sudden death [2]. So too, in studies done with rodents,

fat tissue has been shown to contain vitamin D [3, 4].

Obese individuals have significantly lower circulating

concentrations of 25-hydroxyvitamin D (25 (OH)D), the

clinical indicator of vitamin D status, than do non-obese

individuals [5–7]. Even in individuals who are not obese,

body size, and adiposity are inversely associated with

blood 25(OH)D concentrations [8, 9]. It has been suggested

that this inverse association may be due to increased met-

abolic clearance of vitamin D through enhanced uptake in

fat tissue [5] and/or decreased bioavailability of vitamin D

once it is deposited in fat tissue [10]. These hypotheses

have not been tested, perhaps in part because measurement

of vitamin D in fat tissue is difficult.

In this paper, we describe a liquid chromatography mass

spectrometry (LC/MS) method for measuring vitamin D in

serum and fat tissue. We used this method to measure

vitamin D3 in serum and in subcutaneous fat tissue samples

collected from morbidly obese subjects undergoing gastric
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bypass surgery. We also report the association of the sub-

cutaneous fat tissue D3 with serum D3 in the same

individuals. These data will be useful for planning further

studies that address the amount and location of vitamin D

storage in fat tissue and the role of obesity in vitamin D

deficiency.

Results

Preliminary analyses indicated that one subject who had

recently traveled had a higher serum 25(OH)D level than

the other 17 subjects (90 nmol/l compared with a range of

17.5–65.0 nmol/l in the other subjects) and a different ratio

of vitamin D3 in subcutaneous fat to vitamin D3 in serum

(1.7 nmol/kg:nmol/l) compared with a range of 7.4–36.4 in

all other subjects; the fat and serum vitamin D3 measure-

ments were 23.1 nmol/kg and 13.8 nmol/l, respectively;

see Sect. ‘‘Discussion’’ for commentary). This subject was

excluded from all subsequent analyses.

The clinical characteristics of the remaining 17 subjects

are shown in Table 1. All the subjects were morbidly

obese. Mean total vitamin D intake from food and sup-

plements was 12.8 lg/day, at or close to the current

recommended intakes for adults (5–15 lg/day depending

on age) [11]. Nevertheless, all subjects had suboptimal

vitamin D status as indicated by serum 25(OH)D concen-

trations \75 nmol/l.

The mean vitamin D3 concentration in subcutaneous fat

tissue samples was 102.8 ± 42.0 nmol/kg, with values

ranging widely among the subjects (from 28.1 to 186.6

nmol/kg). Mean serum vitamin D3 in the same subjects was

7.78 ± 3.99 nmol/l. The correlation of vitamin D3 concen-

trations in serum and fat was 0.68, P = 0.003 (Fig. 1).

Vitamin D3 concentrations in subcutaneous fat tissue

and serum were inversely and similarly correlated with

body weight (r = -0.38 and -0.42, respectively), but

these correlations were not statistically significant in this

small sample (P = 0.135 and 0.096, respectively).

Discussion

We have described a method for measuring vitamin D3 in

fat samples by LC/MS and have added the resulting mea-

surements to a very sparse literature concerning fat tissue

content of vitamin D in humans. The mean subcutaneous

abdominal fat D3 concentration that we obtained by this

method (102.8 ± 42.0 nmol/kg) was fairly similar to that

obtained by Lawson et al. [2] in perirenal (117 ± 57 nmol/

kg) and pericardial (161 ± 81) fat tissue samples, but

lower than that in axillary fat (301 ± 135) samples. In that

study, an HPLC method was used to measure fat D3 in

15 humans autopsied after sudden death. Lawson et al.’s

subjects probably weighed much less than ours (their

weights are not given but they were not an exclusively

obese sample as ours was), but it would be premature to

draw conclusions about the relative vitamin D content in

the fat of obese versus non-obese individuals. The method

that we employed could be used in future studies, in which

the fat tissue contents of lean and obese individuals are

directly compared. An immediate priority however is to

determine the variability in vitamin D content in fat tissue

within given regions.

Our data suggest that there is a moderately strong

positive association between serum and fat tissue content

Table 1 Characteristics of the 17 subjects

Mean ± SD Range

Female (%) 82.4

Caucasian (%) 94.1

Age (years) 39.2 ± 10.3 21–58

Weight (kg) 145.8 ± 22.0 112.5–193.7

Height (cm) 169.7 ± 8.3 154.9–185.4

BMI (kg/m2) 50.6 ± 6.4 39.2–60.7

Vitamin D intake (lg/day)a 12.8 ± 5.4 4.3–24.0

Serum 25(OH)D (nmol/l) 43.3 ± 15.4 17.5–65

Serum vitamin D3 (nmol/l) 7.78 ± 3.99 2.86–16.89

Subcutaneous fat D3 (nmol/kg) 102.8 ± 42.0 48.1–186.6

a Imputed in one subject from sex, age, height, and weight

Fig. 1 Association of serum with subcutaneous fat tissue vitamin D3

content in 17 subjects, r = 0.68, P = 0.003
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of vitamin D3, at least in obese individuals. We are aware

of no other human data that address this association.

However, for other fat-soluble vitamins, the positive cor-

relations of 0.17 for retinol, 0.34 for a-tocopherol, and 0.56

for b-carotene have been reported [12]. The positive

association of serum and fat tissue vitamin D3 concentra-

tions is compatible with the long-standing concept that fat

tissue is a storage site for vitamin D [1]. It is perhaps

notable that the subject who was excluded because of an

above-average level of serum vitamin D3 but a relatively

low level of fat tissue D3 had traveled to Mexico for

2 weeks prior to bypass surgery. We speculate that the

subject was vitamin D deficient prior to the trip and that

sun exposure for 10 days in April produced enough vitamin

D to raise the circulating vitamin D3 but who was not

sufficient to have much impact on the vitamin D content of

the large fat tissue compartment. A longer period of high

sun exposure may have increased fat tissue D3 content as

suggested by Lawson et al.’s demonstration in rats

that prolonged irradiation raised fat D3 from 26.0 to

234 nmol/kg [2].

The low 25(OH)D status of our subjects is consistent

with the previous work from our group and others showing

an inverse association of 25(OH)D with body weight and

adiposity [9, 13] and adds to the growing evidence for a

higher vitamin D requirement in obesity [14].

In summary, this study demonstrates that vitamin D3 can

be measured in fat tissue by LC/MS. It identifies a mean

subcutaneous fat vitamin D3 concentration of 102.8 ±

42.0 nmol/kg in morbidly obese human subjects with sub-

optimal vitamin D status. In these subjects, serum and fat

tissue vitamin D3 concentrations are positively correlated,

consistent with fat tissue as a storage reservoir.

Materials and methods

Subjects

The subjects were obese men and women who were

scheduled to undergo gastric bypass surgery. They were

recruited from the obesity clinic at Tufts-New England

Medical Center. Potential participants were excluded from

the study if they used bile acid sequestering or anti-seizure

medications and were excluded from the analysis if they

were taking prescription vitamin D. As described in Sect.

‘‘Results,’’ an additional subject was excluded from the

main analyses due to the apparent effect of recent travel on

vitamin D3 measurements. The Institutional Review Board

at Tufts-New England Medical Center approved the study,

and written informed consent was obtained from each

subject.

Experimental methods

Subjects were enrolled 1–2 weeks prior to their surgery at a

pre-operative clinic visit. At this visit, dietary vitamin D

intake over the last 6 months was estimated with the Fred

Hutchinson food frequency questionnaire [15], supple-

mental vitamin D intake was recorded as part of a medical

history interview, and non-fasting blood was drawn for the

measurement of serum vitamin D3 and 25(OH)D. Serum

25(OH)D was measured with radioimmunoassay kits from

DiaSorin Inc. (Stillwater, MN, USA). At the time of sur-

gery, abdominal subcutaneous fat was collected, cut into

pieces weighing *500 mg, placed in plastic vials, and

stored frozen at -70�C until analysis.

Serum and subcutaneous fat vitamin D3 sample

preparation for LC/MS analyses

Serum samples were prepared for LC/MS analysis as fol-

lows: a 1.0 ml aliquot of serum was placed in a glass tube

and 200 ll of a 288 nmol/l solution of deuterated vitamin

D3 internal standard was added. Tubes were vortexed for

1 min and allowed to stand 30 min at room temperature. A

2 ml aliquot absolute ethanol was added and the tubes were

vortexed for 1 min. Two-milliliter water and 3 ml hexane

were added and the tubes were again mixed for 5 min

followed by centrifugation at 1,900g at 4�C for 15 min.

The top (hexane) layer was aspirated and transferred to a

clean test tube. Extracts were heated to 45�C and evapo-

rated under N2. The dried extracts were reconstituted by

adding 1 ml methanol and standing at room temperature

for at least 30 min. The serum extracts were further puri-

fied using C-18 solid phase extraction. Columns were

conditioned with: 5 ml of hexane, 5 ml of methanol, and

finally with 5 ml of water. One milliliter of water was

added to each sample and the tubes were vortexed. The

contents of each tube were applied to individual C-18

columns. The columns were washed with 5 ml of water

followed by two 5 ml washes with 70% methanol and last

by 5 ml of acetonitrile. The vitamin D was eluted with

5 ml of methanol. The collected samples were evaporated

as described above. The purified samples were reconsti-

tuted in methylene chloride and methanol and were

analyzed by LC/MS as described below.

Subcutaneous fat tissue was prepared for LC/MS analysis

as follows: a portion of fat tissue (0.2–0.25 g) was thawed,

patted dry, and weighed. It was then added to a mixture of

1.3 ml of water and 1.3 ml of absolute ethanol and homog-

enized with a PowerGen 125 Homogenizer. Then 200 ll

aliquots of tissue homogenate were placed in glass tubes and

200 ll of 288 nmol/l of deuterated vitamin D3 internal

standard was added to each tube. The samples were evapo-

rated under N2 at 45�. One milliliter of 30% KOH was added
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to each sample and 1 ml of water was added to the standard

and blank; the tubes were mixed at room temperature on a

reciprocal shaker at 250 rpm for a minimum of 3 h. Tubes

were removed from the shaker and 2 ml of water was added,

3 ml of hexane was added, tubes were mixed, and 3 ml of

absolute ethanol was added. The tubes were vortexed for

5 min and then centrifuged at 3,000 rpm at 4�C for 5 min.

The top (hexane) layer was aspirated and transferred into a

clean test tube. The extracts were then evaporated under N2

at 45�C. The extracts of fat tissue were further purified by C-

18 Solid Phase Extraction as described above. The C-18

purified samples were reconstituted in 20 ll of methylene

chloride followed by 180 ll of methanol. The reconstituted

samples were analyzed by LC/MS.

LC/MS analysis

The instrument used for the vitamin D analyses was an Ag-

ilent 1100 HPLC and an Agilent 1100 single quadrupole MS.

The HPLC column was a ProntoSIL 200-5-C30 obtained

from MAC-MOD Analytical, Inc., Chadds Ford, PA, USA,

manufactured by Bischoff Chromatography, Leonberg,

Germany, with a 5-lm C-30 stationary phase. The column

dimensions were 4.6 9 250 mm2. The column was main-

tained at 30�C during the analyses. The HPLC pump

delivered the following mobile phase gradient: The flow rate

was constant at 1 ml/min. Solvent A was methanol and

solvent B was methylene chloride. For the first 10 min, 100%

A was the mobile phase and then from 10.0 to 25.0 min a

mixture of 50% A and 50% B was used. The solvent was

switched to 100% A for the last 10 min of each cycle.

The mass spectrometer employed an atmospheric pres-

sure chemical ionization source operated in positive ion

mode. The quadrupole mass filter was operated in selected

ion monitoring mode for ions at m/z 385 (vitamin D3) and

m/z 388 (trideuterated vitamin D3 internal standard). The

internal standard was provided by IsoSciences (King of

Prussia, PA, USA); its purity was 99.6%.

As described above, we utilized isotope dilution, which

is a method that internalizes the standard to the samples

[16, 17]. We added a known quantity of a tri-deuterated

vitamin D3 to each sample, then using the isotope ratio of

the resulting solution, the known isotope ratio of the tri-

deuterated vitamin D3 (99.6%) and natural abundance

isotope ratio of tri-deuterated vitamin D3 in the sample

(\0.1%), we calculated the concentration of the vitamin D3

in the sample. Recovery was 72%.

The following equation was used to calculate the vita-

min D3 concentrations in adipose tissue:

CD3 = 5.2 (As/Ais) � (Cis/W);

where As = LC/MS peak area of the vitamin D3 sample,

Ais = LC/MS peak area of the deuterated internal standard,

CD3 = concentration of vitamin D3 (nmol/kg), Cis = Con-

centration of the deuterated internal standard (nmol/l),

W = weight of adipose tissue (kg).

The detection limit of vitamin D3 in fat tissue by this

method is 0.081 pmol injected onto the column. The in-

terassay variation of the LC/MS method for five vitamin D3

standards measured on five different days was

154 ± 3.38 nmol/l (CV = 2.1%). The interassay variation

of the LC/MS method for eight vitamin D3 standards

spiked into a pooled serum sample and measured on eight

different days was 13.8 ± 1.3 nmol/l (CV = 9.1%).

Statistical methods

Linear associations between variables were described with

Pearson correlation coefficients. Two-tailed P-values less

than 0.05 were considered to indicate statistical signifi-

cance. Analyses were conducted with SPSS version 15.0

(Chicago, IL, USA).
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