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Abstract

Objective—To describe serum 25(0OH)D changes after Roux-en-Y gastric bypass (RYGB) and to
determine if fat mass (FM) loss and vitamin D intake are associated with changes in serum levels.
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Design/Methods—We investigated the relationship between serum 25(0OH)D and 1) FM, 2)
weight, 3) % excess weight loss (EWL), and 4) BMI, after controlling for potential confounders
using a mixed effects linear model in 20 women before and up to 1-year post-RYGB.
Subcutaneous (SAT) and visceral adipose tissue (VAT) vitamin D concentrations at time of
RYGB were also evaluated.

Results—Weight and FM decreased 1-year after surgery by 45+1kg and 37+1kg, respectively
while 25(OH)D increased by 10£2 ng/mL. Weight, FM, BMI, and %EWL changes were
associated with 25(OH)D change. VAT had on average 21% more vitamin D per gram than SAT
and concentrations were highly correlated.

Conclusions—Although weight loss may lead to increased serum 25(0OH)D after RYGB, low
levels remain a concern in some patients 1-year post-surgery. Additional research is needed to
clarify the relationship between adipose storage of vitamin D and serum 25(OH)D in obesity, and
how that relationship might change after surgery. This could lead to improved clinical
management of vitamin D in this ever-growing clinical population.

INTRODUCTION

The worldwide obesity epidemic is associated with numerous conditions of public health
concern, including low vitamin D levels [1]. Serum 25 hydroxyvitamin D (25(OH)D) levels
< 30ng/mL and < 20ng/mL were previously used to define vitamin D insufficiency and
deficiency, respectively [2], but recently the Institute of Medicine (IOM) redefined
deficiency to < 12ng/mL based upon bone health indicators [3]. The IOM also redefined
serum 25(0OH)D concentrations from 12-19ng/mL as inadequate; 20-29ng/mL is the old
definition. In contrast, the Endocrine Society Guidelines [4] have recently advised that the
lower end of the acceptable range should be 30ng/mL based on the study by Priemel et al
[5], which demonstrated asymptomatic osteomalacia between serum 25(OH)D levels of 20—
30ng/mL. For the purposes of consistency we will adhere to the new IOM guidelines.

It is well-documented that obese individuals have relatively low vitamin D levels [6, 7].
Moreover, BMI [8], body weight [8], and fat mass (FM) [8, 9] are inversely related to serum
25(0OH)D levels. The potential health ramifications of this observation are many, given the
association between low vitamin D status and risk for metabolic syndrome [10],
hypertension [11], and some cancers [11]. Given that obese individuals are at risk for these
comorbidities, it is necessary to better understand the causes for and potential solutions to
the problem of low vitamin D status in this population.

High obesity prevalence has resulted in growing numbers of bariatric surgeries worldwide
[12]. The Roux-en-Y gastric bypass (RYGB) is the most common bariatric surgery and is
considered the most effective for long-term weight loss [13]. A recent meta-analysis [14]
reported that the average weight loss post-RYGB is approximately 45kg. A substantial
amount of this weight loss is FM, with studies reporting losses of 6.9kg [15] to 35.9kg [16]
one [15] to 24 [16] months post-RYGB, making this a unique population in which to study
vitamin D changes, considering that it is a fat soluble vitamin. However, prospective data on
the effect of FM loss on vitamin D levels post-RYGB are lacking. The majority of studies
have only evaluated vitamin D in relation to weight status pre-operatively [17] or
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postoperatively in light of BMI and weight (but not body composition) changes [18-22].
More comprehensive evaluations of FM loss in relation to change in circulating 25(0OH)D
concentration are needed. Another limitation of many prospective studies is that
quantification of vitamin D intake is not always included [18-20, 22] or the methods are
incompletely described [17].

Our objective was to describe post-RYGB serum 25(OH)D changes and to determine if FM
loss and vitamin D intake are associated with these changes up to one year after surgery. An
additional objective was to measure vitamin D concentrations in two adipose tissue depots,
VAT and SAT, at the time of RYGB. We hypothesized the following: 1) after RYGB, serum
25(0OH)D levels would increase; 2) anthropometric changes (decrease in FM, body weight,
and BMI, and percent excess weight loss (%EWL)) would be associated with increased
serum 25(0OH)D levels; and 3) VAT and SAT would both contain comparable
concentrations of vitamin D.

METHODS AND PROCEDURES

Twenty-nine women undergoing the laparoscopic RYGB procedure were recruited from the
University of Minnesota’s Weight Loss Surgery Center. This study included five visits: 30—
70 days pre-RYGB (Baseline); two weeks post-RYGB (Week 2); six weeks post-RYGB
(Week 6); six months post-RYGB (Week 24); and one year post-RYGB (Week 52). The
study visit schedule allowed for the evaluation of early (e.g. Weeks 2 and 6) and late (e.g.
Weeks 24 and 52) post-operative outcomes. Exclusion criteria included: use of
corticosteroids, testosterone, or anabolic agents; pacemaker; liver, renal, or heart failure;
pulmonary hypertension; untreated thyroid disease; cancer; Type 1 or uncontrolled Type 2
diabetes mellitus (defined by HbA1lc > 7%); pregnancy; and/or previous weight loss surgery.
The study protocol was approved by the Institutional Review Board and the General Clinical
Research Center (GCRC) at the University of Minnesota. Subjects provided written,
informed consent before participating.

Serum 25(OH)D Assay

A fasting blood sample was collected at each visit and serum was frozen at =70° C until
assay using the Diasorin Liaison total 25(OH)D assay method (Diasorin, Stillwater, MN).
This method uses a two-step competitive chemiluminescence (CLIA) assay with a unique
antibody to 250H D2 and D3, allowing for determination of total serum 25(OH)D. The
method detects a sample concentration range of 4-150ng/mL with analytical sensitivity <
Ing/mL. Samples were assayed in duplicate, with mean value recorded.

Vitamin D2 and D3 Assay of Intraoperative Adipose and Pre-RYGB Serum

For the purposes of describing serum and adipose depot vitamin D concentrations, an
additional baseline serum sample was analyzed for vitamin D2 and D3 by NMS
Laboratories (Willow Grove, PA) using LC-MS-MS. During the RYGB procedure,
abdominal subcutaneous (SAT) and visceral (VAT) compartment adipose tissue samples
were collected by the surgeon (<10 grams in total). Briefly, a subcutaneous adipose sample
was extracted through a linear incision in the abdominal wall using scissors and
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electrocautery. A visceral adipose sample was taken from the greater omentum coming off
the transverse colon using a harmonic scalpel. Samples were quick frozen in liquid nitrogen
and then stored at —70° until assay.

Adipose vitamin D2 and vitamin D3 concentrations were analyzed using a high-performance
liquid chromatography (HPLC) method developed at Heartland Assays, LLC for food [23]
and modified for the measurement of vitamin D2 and D3 in adipose tissue. The adipose
samples were first saponified in methanolic KOH. The sample was spiked with an internal
standard [3H]-vitamin D3, (30 Curies/smmole) to estimate recovery losses. After 60 mins at
60° C the saponified material was extracted 3 times with 1 volume of hexane/ethyl acetate
(85/15). The extract was washed with water, collected and dried under vacuum. The dried
extract was re-suspended in 1.0ml of hexane/methylene chloride 90/10 v/v), applied to a
hand packed solid-phase extraction cartridge, eluted with methylene chloride/2-propanol
(99.8/0.2) and dried. The residue was re-suspended in hexane/methylene chloride/alcohols
(85/15/0.2), and applied to Agilent HPLC ZORBAX SIL column, and the vitamin D fraction
was collected, and dried. The residue was re-suspended in hexane/alcohols (99.5/0.5), and
again applied to an HPLC ZORBAX NH, column, and the vitamin D fraction was collected
and dried for final purification. The final purification for vitamin D, and vitamin D3 by
HPLC was achieved using a Vydac ODS column. Vitamin D, and vitamin D3 were
quantified by comparison of the UV peak areas with known standards and corrected for
recovery. Vitamin D, is baseline resolved from Vitamin D3. Method validation consisted of
addition of 60ng of both vitamin D, and vitamin D3 plus [3H}-vitamin D3 to 10 fat samples.
Average recovery of the vitamin D, and Vitamin D3 was 98.5£5%.

Dietary Intake Assessment

Information regarding dietary and supplemental vitamin D intake was obtained at each visit
through the use of diet records. During the week prior to each testing visit, subjects recorded
their food, beverage, and vitamin/mineral supplement intake on two assigned weekdays and
one weekend day. Recording errors were minimized by providing the subjects with detailed
verbal and written instructions on how to record their intake, including estimation of portion
size using food models, measuring cups and spoons for illustration purposes. Diet records
were reviewed at each testing visit and subjects were queried for missing details regarding
condiments and cooking methods. Data were analyzed using the Food Processor software
(SQL edition, version 10.4 ESHA Research, Salem, OR). To estimate daily vitamin D intake
during the week prior to the visit, an average of the recorded intake was calculated.

Anthropometric Measurements

Height was measured to the nearest 0.1cm by a wall-mounted stadiometer (model S100;
AYRTON Corporation, Prior Lake, MN) at Baseline only. At all testing visits, weight was
measured to the nearest 0.1kg on a digital scale (model 5002, SCALE-TRONIX, White
Plains, NY). Body mass index (BMI) was calculated as body weight/height? (kg/m?).
Percent excess weight loss (%EWL) was calculated using the following equation:

100" (pre— RY GB weight—post— RY GB weight) / (pre— RY GB weight—ideal body weight)
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Total Body Water Measurement

Total body water (TBW) was determined by deuterium dilution, as previously described
[24]. Briefly, a fasted Baseline urine sample was collected prior to initiation of the dilution
protocol at 7AM of Day 2. A weighed dose of deuterium oxide (99.9 atom %; Isotec,
Miamisburg, OH) providing 0.1g/kg body weight was IV pushed over a 5-minute period.
The syringe containing the deuterium oxide was weighed before and after administration in
order to determine the precise amount that was administered to the subject. Hourly urine
samples were collected, as well as a final urine sample at 4-hour post-infusion. All urine
samples were tightly sealed, packed on dry ice, and stored at =70 °C until analysis. Baseline,
and 3- and 4-hour post-dose urine samples were shipped to Michael Jensen’s laboratory at
the Mayo Clinic (Rochester, MN) for analysis. TBW was calculated from the average
deuterium enrichment of the 3- and 4-hour urine samples and then reduced by 4% to correct
for exchange with the non-aqueous compartment [25].

Fat Mass Determination

FM was determined using body weight and fat-free mass (FFM) (calculated using TBW
measurements). FM was estimated by:

F M=Body weight— FFM=Body weight— TBW /0.73,

where 0.73 is the standard hydration coefficient of FFM [25].

Season

The date of the testing visit was used to classify the serum 25(OH)D sample as either Fall/
Winter (October — March) or Spring/Summer (April — September), in accordance with Ernst
et al [26].

Surgical Technique

All individuals underwent the laparoscopic RYGB procedure following standard protocol at
the University of Minnesota Weight Loss Surgery Center. A small gastric pouch
(approximately 15mL) was created and the duodenum and proximal portion of the jejunum
were bypassed to create a Roux-limb. In most cases, the length of the Roux-limb was
150cm, and the length of the pancreaticobiliary limb was 100cm, according to the University
of Minnesota Weight Loss Surgery Center protocol.

Statistical Analysis

In unadjusted models, we evaluated the relationship between serum 25(OH)D and FM, body
weight, BMI, and %EWL using Spearman’s correlation. We then investigated the
relationship between serum 25(OH)D and FM, body weight, BMI, and %EWL while

Lideal body weight was determined from the Metropolitan Life Weight Tables. The middle weight of the range for a medium framed
woman was used for all IBW calculations.
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controlling for dietary/supplemental vitamin D intake, season, and Baseline age. We
estimated changes over time using a mixed effects linear model with a random effect for
subject to model the correlation of repeated measurements within each subject. Logarithmic
transformations were performed on dietary/supplemental vitamin D intake and back-
transformed to the original scale for analyses in Table 1. A P value < 0.05 was considered
significant. SAS software (version 9.2, SAS Institute, Inc., Cary, NC) was utilized for
statistical analyses.

Twenty of twenty-nine women completed at least four study visits. Baseline BMI and FM
values were significantly greater in those who completed the study (n=20) compared to
those who did not (n=9). Three subjects did not attend the Week 2 visit secondary to not
feeling well after surgery and serum 25(OH)D analysis was not available for one subject at
the Week 52 visit due to insufficient sample collection.

Subjects for this analysis resided primarily in the Minneapolis/Saint Paul metropolitan area,
which has a latitude of 44° 59’ North. All participants were Caucasian with a mean age of 48
years. Body weight, BMI, FM, serum 25(OH)D, and dietary/supplemental vitamin D intake
at Baseline and subsequent study visits are presented in Table 1. One year after surgery,
body weight and FM decreased by 45+1kg and 37+1kg, respectively (P<0.001) while serum
25(0OH)D increased by 10+2 ng/mL (P<0.001) (Mean = SEM) (Table 1). At Baseline, serum
25(0OH)D levels were all below 30ng/mL with 10 subjects < 20ng/mL and by Week 52, six
subjects had levels greater than 30ng/mL. Additionally, two subjects at Baseline and one at
Week 52 met the new serum 25(OH)D deficiency criteria of < 12ng/mL.

Seasonality and Serum 25(OH)D

Serum 25(OH)D levels and change in serum 25(OH)D levels were analyzed for differences
between seasons (Fall/Winter and Spring/Summer) at all testing visits. We were unable to
detect a seasonal effect for either the absolute value or the change in serum 25(OH)D
(P>0.05) (data not shown).

Vitamin D2 and Vitamin D3 in SAT, VAT, and Pre-RYGB Serum

Vitamin D2 and vitamin D3 concentrations in intraoperative SAT and VAT and pre-RYGB
serum are presented in Table 2. SAT and VAT vitamin D analyses were performed on 13 of
the 29 subjects who completed the Baseline visit. While vitamin D3 was present in all
adipose and serum samples, vitamin D2 was not always detected. VAT vitamin D3 and
VAT total vitamin D (D2 and D3) concentrations were greater than that of SAT, by 19 and
21%, respectively (P<0.01). In addition, SAT and VAT total vitamin D were highly
correlated (R? = 0.99, P<0.0001).

Change in Serum 250H Vitamin D Levels

In unadjusted correlations, change in serum 25(OH)D was positively correlated with change
in body weight at Week 26 (data not shown). We then adjusted for potential influencing
factors on serum 250H vitamin D change, including vitamin D intake, age, and visit.
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Overall, a 10kg loss of FM and body weight was associated with a 2.8+1.3ng/mL (mean
+SEM; P=0.04) and 3.9+1.4ng/mL (P=0.008) increase in serum 25(0OH)D, respectively,
controlling for aforementioned confounders (Table 3). Similarly, a one-unit reduction in
BMI and a 10% change in EWL was associated with a 0.84+0.4ng/mL (mean+SEM,;
P=0.04) and 2.1+0.8ng/mL (P=0.01) increase in serum 25(OH)D, respectively, controlling
for the aforementioned confounders. Increased age was also significantly associated with
decreased serum 25(OH)D in all four models (data not shown).

DISCUSSION

In this study we evaluated serum 25(OH)D status before and after RYGB and investigated
how FM and vitamin D intake are associated with this change. In addition, we described the
vitamin D content of VAT and SAT at the time of RYGB. We found that low serum
25(0OH)D levels are pervasive before RYGB with the mean level < 20ng/mL. The number of
subjects with serum 25(OH)D levels < 20ng/mL decreased within one year after RYGB and
the mean level significantly increased from pre- to post-RYGB, with the one year group
average of 29ng/ml falling above the new definition of adequate (> 20ng/mL). Changes in
anthropometrics were positively associated with the change in serum 25(OH)D.

Serum 25(OH)D Status Before and After RYGB

Low circulating 25(OH)D levels were apparent before surgery and this is in line with data
reported by other investigators in patients before RYGB [1, 18, 19, 22]. Although a
significant concern, the low circulating 25(OH)D concentration observed before bariatric
surgery is not surprising considering that this is a widespread phenomenon in individuals in
this weight category [6, 7]. In fact, in a cross-sectional study by Goldner et al [1], a higher
prevalence of low 25(0OH)D levels was found in pre-RYGB women compared to non-obese
controls (61% vs 12%, P<0.0001). Vitamin and mineral supplements, including vitamin D
are often prescribed following bariatric surgery, however our prevalence data and that of
others indicate that routine supplementation of vitamin D should occur pre-operatively as
well.

On average, subjects in our study experienced a modest increase in serum 25(OH)D
concentrations after RYGB. This is in contrast to a recent study with similar methodology
and subject number [17], in which a significant change was not observed at 1 year after
RYGB. Of note, the study by Pramyothin et al employed a more aggressive supplementation
protocol with vitamin D2. It is somewhat surprising that we observed a significant increase
in serum 25(OH)D concentrations despite lower vitamin D intake throughout the study,
which otherwise had a similar overall design. Potential reasons for this discrepancy include
differences in surgical technique and baseline subject characteristics, and compliance to and
form of the vitamin D supplementation regimen (e.g. D2 vs D3). Subjects in the study by
Pramyothin et al had higher average baseline vitamin D status (23ng/mL vs 19ng/mL) and
reported vitamin D intake. Moreover, a majority of the subjects in our study were taking
vitamin D3 supplements (compared to vitamin D2 in the Pramyothin study), which is known
to be more effective at raising serum 25(OH)D levels. It should also be noted that, in the
Pramyothin study, the dietary intake data were evaluated by self-report, and few additional
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protocol details were provided. This could have contributed error. In contrast, we obtained
vitamin D intake data by employing a strict protocol utilizing three-day dietary records that
involved intensive subject training and review by dietitian-supervised staff.

Although we reported a significant overall increase in serum 25(OH)D concentration, not all
subjects reached adequacy. In our study, about 85% of the subjects had serum 25(OH)D
concentrations in the newly defined adequate range (= 20ng/mL) at Week 52. Improved, yet
persistently low 25(OH)D levels have been reported by others at one year or more after
RYGB [16, 19, 27, 28]. A significant reduction in weight and FM occurred by one year after
RYGB, and consequently we expected to see improved serum 25(OH)D levels in all
subjects. However, despite significant reduction in adiposity, subjects in our study were still
considered obese and for some individuals, perhaps not enough weight was lost to
substantially impact the serum 25(OH)D concentration. We evaluated the BMI, weight loss,
and FM loss data for the three subjects who did not achieve adequate serum 25(OH)D levels
at Week 52 (< 20ng/mL). All three were obese, but their weight and FM loss data was
variable (range: 30-66kg, 29-58Kkg, respectively). Carlin et al, who reported low serum
25(0OH)D levels (< 20ng/mL) post-RYGB, also had subjects that were classified as obese 12
months after RYGB [22]. These observations support a role for more aggressive
supplementation to facilitate optimization of serum 25(OH)D into the adequate range. Carlin
et al [22] prospectively evaluated vitamin D supplementation (unspecified if it was D2 or
D3) and BMI status in 60 vitamin D deficient women before and after RYGB. Subjects were
randomized to receive either 1) 50,0001U vitamin D weekly and 8001U vitamin D daily or 2)
8001U vitamin D daily. BMI decreased in both groups after surgery (statistical significance
not reported). Those in the high vitamin D supplement group, despite remaining obese at
one-year post-RYGB, had serum 25(0OH)D levels that were considered adequate by the new
definition (mean = 38ng/mL) and were 60% greater than the low supplement group
(P<0.001) (mean = 15ng/mL). Subjects in our study were advised by the Weight Loss
Surgery Center to take a daily multi-vitamin after surgery (vitamin D content 400-8001U),
which is similar to that consumed by the low supplement group in the Carlin et al study. Our
finding of serum 25(0OH)D levels < 20ng/mL in a small number of subjects (n=3) one year
after surgery would support the position that the level of vitamin D intake observed in our
subjects is too low. In addition, our calculations suggest that FM vitamin D stores would not
be able to support an 8001U daily requirement in most subjects by six months post-RYGB.
These findings further highlight the importance of vitamin D supplementation after RYGB
and suggest that the frequently recommended daily dosage of 400-8001U might not be
sufficient for this patient population. Carlin et al reported that the weekly dosage of
50,0001U was safe, although additional research is needed to establish optimal dosing in this
population. In addition, we cannot rule out the possibility that UVB exposure was likely not
enough to promote adequate serum 25(OH)D levels, considering that production of vitamin
D is only possible for a maximum of seven months per year in Minnesota [29] and subjects
were likely not exposing substantial areas of skin after surgery. Until more is known about
the risk-benefit of sun exposure and vitamin D health we remain cautious about UVB
exposure recommendations, but believe modest and safe exposure is essential for vitamin D
health, especially in those with low vitamin D dietary/supplemental intake.
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An alternative hypothesis for the low 25(OH)D levels observed in some subjects one-year
post-RYGB is that the surgery itself is contributory. Under normal physiological conditions,
dietary vitamin D is absorbed in the proximal small intestine [30]. During RYGB, the distal
stomach, duodenum, and proximal jejunum are bypassed [31] resulting in micronutrient
malabsorption, which could contribute to the insufficient 25(OH)D levels observed by
ourselves and others [16, 19, 27, 28]. Of note, a recent report by Aarts et al [32]
demonstrated that a 25% reduction in vitamin D3 absorption occurred one month after
RYGB despite supplementing with a single dose of 50,0001U vitamin D3 during the
postoperative period. A comparison between different bariatric surgeries (including RYGB,
sleeve gastrectomy, duodenal switch) could better define the role of malabsorption in the
low serum 25(OH)D levels seen after surgery. Unlike the RYGB, which is classically
considered to have both malabsorptive and restrictive components and the duodenal switch
which has an even more pronounced malabsorptive component, the adjustable gastric band
(AGB) and sleeve gastrectomy procedures are purely restrictive weight loss surgeries, and
micronutrient malabsorption would not be expected. Fish et al [28] retrospectively compared
vitamin D status between RYGB and AGB subjects for two years following surgery.
Compared to AGB, the prevalence of serum 25(OH)D insufficiency (at the time, defined as
<30ng/mL) after RYGB was greater at 6 months (52% vs 64%), one year (41% vs 63%),
and two years (50% vs 73%) after surgery (statistical significance not reported for any time
point). Similarly, Gehrer et al [20] compared vitamin D status between RYGB and sleeve
gastrectomy subjects and found higher incidence of low levels (serum 25(0OH)D < 20ng/ml)
after RYGB (RYGB: 52%, sleeve gastrectomy: 32%, P=0.02). Conversely, DiGiorgi et al
[19] did not find a difference between post-RYGB and post-AGB groups in serum 25(0OH)D
levels at 3, 6, 12, or 24 months after surgery and Coupaye et al [18] found significantly
higher serum 25(OH)D levels one year after RYGB compared to AGB. High loss to follow-
up [19] and small sample size [18] might explain the lack of consistent findings in these two
studies. In sum, much is known about absorption of vitamin D in normal physiology [30],
however the details on absorption after RYGB have yet to be fully elucidated. Consequently,
well-designed vitamin D absorption studies comparing different bariatric procedures, while
controlling for UVB exposure and dietary vitamin D intake and accounting for the potential
contribution from adipose tissue, are needed to enhance our understanding of issues
affecting vitamin D status and optimal dosing in the RYGB patient population.

Adipose Tissue Vitamin D3 Content Before RYGB

We were able to quantify vitamin D3, in both SAT and VAT; as might be expected, most
subjects did not have detectable concentrations of vitamin D2. Limited data exist on SAT
and VAT vitamin D concentrations. Similar to our findings, vitamin D3 has been detected in
SAT [6, 17] and VAT [17] in patients undergoing RYGB. We found a correlation between
vitamin D concentrations in VAT and SAT. Additionally, in the small number of subjects
for whom we had adipose samples, the vitamin D3 concentration in VAT was greater by
19% than that observed in SAT for all subjects. It is tempting to conclude from these results
that vitamin D3 may be preferentially stored in VAT compared with SAT. This is an
important area for further research. Because we were interested to know, at a maximum,
how much vitamin D might theoretically be stored in total whole body FM, we took each of
the 13 subject’s VAT vitamin D concentration and multiplied it by their total FM. In this
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way, we estimated the average total FM vitamin D content to be 115,353+33,628IU (mean
+SEM; range: 7,120-373,0431U). If one assumes the daily consumption rate of 4,0001U/
day, as posited by Heaney et al [33], needed to maintain normal serum 25(OH)D, that
amount would represent on average a 29 day vitamin D supply (and based on the range of
data for our subjects, it could be as low as 2 days and as high as 93 days). This provides
evidence against the sequestration hypothesis.

We also attempted to evaluate the relationship between serum 25(OH)D and adipose vitamin
D concentrations. Although we did not find a statistically significant relationship between
serum and adipose concentrations, it is interesting to note that, among the 7 subjects for
whom we had both serum 25(OH)D and adipose vitamin D concentrations, the one with the
highest serum 25(OH)D also had the highest SAT and VAT vitamin D concentrations. On
the other hand, the subject with the lowest serum 25(OH)D (which was 23 ng/mL, an
adequate concentration) did not have the lowest adipose vitamin D concentrations in this
small subsample. Larger scale studies are needed to clarify and confirm the difference in
SAT and VAT vitamin D concentrations, and to further elucidate the relationship between
adipose and serum vitamin D compartments.

Vitamin D Intake Before and After RYGB

In this study, we found improved vitamin D intake after RYGB. It was apparent that the
subjects in our study attempted to adhere to the supplement regimen, as at the Week 52 visit,
87% of their vitamin D intake was from supplements (vs. 64% at Baseline). The importance
of vitamin D supplementation in this patient population is highlighted by a component of the
surgery that promotes food restriction. A small gastric pouch is created by the surgeon,
which promotes early satiety [31, 34] and thereby decreases intake [34]. This alteration of
the gastrointestinal tract leads to drastic reduction in food intake, from 2300 [35] to 2900
[36] kcal per day before surgery to an average intake of 1200-1400 kcal per day at least 12
months post-RYGB [35, 37]. Generally, dietary intake of vitamin D is minimal considering
that few foods are naturally rich in the vitamin (e.g. oily fish) or are fortified (e.g. milk);
however in a population that is already restricting their food intake, supplementation is
especially key for optimal vitamin D intake. We found that subjects in our study
compensated for the reduced ability to consume vitamin D containing foods by taking
supplements. Nonetheless, there was a broad range of vitamin D intake in our subjects,
therefore caution is warranted when interpreting these results.

Relationships Between Serum 25(0OH)D and Anthropometrics

In our analyses, we found positive relationships between change in anthropometrics (FM,
body weight, BMI, and %EWL) and change in serum 25(OH)D, in analyses that took into
account other factors that could affect post-operative 25(OH)D concentration. The
mechanisms linking increased serum 25(OH)D concentration with decreased FM/body
weight are not well understood. In those with obesity-related conditions that could
potentially affect vitamin D metabolism (e.g. NAFLD), weight loss may ameliorate the
condition, possibly resulting in improved serum 25(OH)D concentrations. Indeed, with FM/
body weight loss, the degree of obesity-related inflammation generally improves, as
measured by the reduction of pro-inflammatory cytokines (e.g. IL-6) [38]. Recent research
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indicates that serum 25(OH)D and IL-6 are inversely related [39]. Therefore, with weight
loss-mediated improvement in inflammation (e.g. decreased IL-6 levels), reduced turnover
of vitamin D may occur, resulting in increased circulating levels. However, this relationship
has not been extensively evaluated and additional prospective studies are needed.

In our study, both weight and FM loss were associated with a rise in serum 25(OH)D
concentration, with weight loss having the strongest association. In four separate models, we
assessed change in serum 25(OH)D levels after RYGB in relation to changes in
anthropometrics after accounting for potential confounders (vitamin D intake, age, and study
visit). Weight loss, FM loss, BMI decrease, and %EWL were significantly associated with
change in serum 25(OH)D levels. Importantly, body weight had the most significant
association with change in serum 25(0OH)D.

In all of the adjusted models, vitamin D intake was not significantly associated with serum
25(0H)D levels. Arunabh et al also did not find strong correlations between vitamin D
intake and serum 25(0OH)D levels [9]. Our vitamin D intake data were highly variable at all
visits, which could have affected our ability to detect a relationship between it and change in
vitamin D status in our models. In addition, vitamin D intake in our subjects may not have
been high enough to promote a change in serum 25(OH)D. Continued research on the
optimal oral vitamin D dosage in these patients is warranted.

Our findings appear to be consistent with a recent study [40] that suggests an alternative to
the earlier adipose sequestration hypothesis [7]. Utilizing linear and hyperbolic modeling
methods, Drincic et al [40] reported that a greater volume of distribution in obese compared
to normal weight individuals accounts for the lower serum 25(OH)D concentrations in
obesity and thus obese individuals likely require higher doses to reach normal
concentrations. Our data certainly support this more recent line of thinking. Utilizing the
average VAT vitamin D concentration in 13 subjects (48 + 14ng/g, which is 1,936 +
5411U/kg; mean+SEM), we can extrapolate the total vitamin D content anticipated to be
released using the average fat mass loss for the total sample of 37kg. This amount
(71,6211U) would have released vitamin D at a rate of 1,3771U/week. This observation
suggests that the release of vitamin D from adipose stores is clearly not the primary
contributor to the rise of serum vitamin D following RYGB. Furthermore, by using our body
weight data we can independently evaluate the hyperbolic modeling equation proposed by
Drincic et al [40]. From Figure 1 in Drinic et al, one can calculate the fitted constants a =
58.01715 and b = 56.92308, for serum 25(OH)D in ng/mL and body weight in kg,
respectively. Figure 1 in the present paper depicts observed serum 25(OH)D data at all visits
plotted with the estimate from the Drincic et al paper. Observed mean change in serum
25(0OH)D from Baseline to the Week 52 visit was similar to the predicted value (+9.9 ng/mL
vs +5.5 ng/mL; P=0.090), and this suggests that the Drincic et al model adequately predicts
serum 25(0OH)D levels.

Limitations of this study include a small sample comprised solely of Caucasian women, the
lack of direct sun exposure data, and statistical modeling that only highlights associations.
We were also not able to measure gut vitamin D absorption, and the intake levels may not
reflect actual amounts of vitamin D absorbed. Although we measured vitamin D in SAT and
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VAT at Baseline, our study would have been stronger had we been able to perform similar
analyses after RYGB. In addition, although subjects met with a registered dietitian at their
pre- and postoperative visits at the Weight Loss Surgery Center and were educated about the
importance of taking a vitamin D supplement, compliance was an issue, as determined from
diet records. Larger prospective studies in a racially diverse population that assess FM,
vitamin D intake, sun exposure, and vitamin D concentrations in adipose tissue before and
after RYGB are needed.

The strengths of this study include its prospective study design with data collection before
and at several time points for one year after RYGB. We also measured FM, vitamin D
intake, and SAT and VAT vitamin D concentrations, which have not been commonly
reported in this patient population. Our study employed methods and a research approach
similar to that of Holick et al [17]. Recently Holick’s group reported on serum 25(0OH)D
changes after RYGB and characterized vitamin D in various adipose depots [17]. Our
dietary intake data appear to be stronger based on methodology; we followed a strict
protocol utilizing three-day dietary records that involved intensive subject training and
review by dietitian-supervised staff. Furthermore, we have actual FM data obtained through
the deuterium dilution method. We also conducted a more robust statistical analysis that
included adjusted models which allowed us to account for additional potential factors that
might impact serum 25(OH)D concentrations.

The results of this study suggest a need for randomized clinical trials to not only define
optimal treatment strategies in this patient population, but to also understand how
normalization of serum 25(OH)D levels could be beneficial for outcomes related to
traditional and nontraditional roles for vitamin D in human health. As the obese population
grows and more individuals seek bariatric surgery, these research questions will be of
considerable importance to investigate. In summary, this line of research has particular
relevance to clinicians in obesity surgery because it further underscores the importance of
comprehensive nutrition management and education with regard to vitamin D.

From a clinical perspective our data suggest that weight and FM loss may promote increased
serum 25(0OH)D concentration post-operatively, and release of vitamin D from adipose is
not likely to be the primary contributing factor. We based this conclusion on actual SAT and
VAT adipose vitamin D concentrations and total body FM data. We further utilized our FM
data to independently evaluate the hyperbolic model, proposed by Drincic et al [40] to
describe the relationship between body size and serum 25(OH)D concentrations in obese
individuals. Based on our analyses, we conclude that the volume of distribution appears to
be an important contributing factor to serum 25(OH)D concentrations in obese individuals.
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Figure 1.
Plot of serum 25(OH)D levels on body weight for 20 women at each study visit. Each black

line represents a study participant. Each heavy dot represents the Baseline visit. The grey
line represents the 25(OH)D estimate from the model developed by Drincic et al. Drinic
model is: 25(OH)D = ab/(b — weight).

25(0OH)D: 25 hydroxyvitamin D
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Table 2
Baseline Average Vitamin D, and Vitamin D3 in SAT, VAT, and Serum and Serum 25(OH)D (n=13)

Location of Sample Vitamin D, VitaminDs Total VitaminD 25(OH)D

SAT (ng/g) 10+8 299 38+ 11
VAT (ng/g) 1310 36+10"°  48+14™
Serum (ng/mL) 0.7+0.5 33+4 34+4 21+2

*%

: Significantly different than SAT (P<0.01); Mean + SEM

Abbreviation: 25(OH)D: 25 hydroxyvitamin D; SAT: Subcutaneous Adipose Tissue; VAT: Visceral Adipose Tissue
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Table 3
Model of Change in Serum 25(OH)D Levels from Baseline

Effect Changein Serum 25(OH)D Estimate (ng/mL)
Fat Mass Change from Baseline (10 kg) 2.8
Weight Change from Baseline (10 kg) 3.9

BMI Change from Baseline (1 kg/m? unit)  0.84
Percent EWL from Baseline (10%) 2.1

Standard Error
1.3
14
0.4
0.8

Pr > |t|
0.04
0.008
0.04
0.01

Abbreviation: 25(OH)D: 25 hydroxyvitamin D; EWL: excess weight loss

Note: Models adjusted for age, vitamin D intake, and visit
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