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Abstract

Scope: Persons with metabolic syndrome (MetS) absorb less vitamin E than healthy controls. We
hypothesized that absorption of fat-soluble vitamins (FSV) A and D, would also decrease with
MetS status and that trends would be reflected in lipidomic responses between groups.

Methods and Results—Following soymilk consumption (501 U vitamin A, 119 IU vitamin
D), the triglyceride-rich lipoprotein fractions (TRL) from MetS and healthy persons (n = 10 age-
and gender-matched subjects/group) were assessed using LC-MS/MS. Absorption was calculated
using area under the time-concentration curves (AUC) from samples collected at 0, 3, and 6 h
post-ingestion. MetS persons had ~6.4-fold higher median vitamin A AUC (retinyl palmitate) vs.
healthy controls (P= 0.07). Vitamin D, AUC was unaffected by MetS status (P = 0.48).
Untargeted LC-MS lipidomics revealed 6 phospholipids and 1 cholesterol ester with
concentrations correlating (r = 0.53-0.68; £< 0.001) with vitamin A concentration.

Conclusions: The vitamin A-phospholipid association suggests increased hydrolysis by PLB,
PLRP2, and/or PLA,IB may be involved in the trend in higher vitamin A bioavailability in MetS
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persons. Previously observed differences in circulating levels of these vitamins are likely not due
to absorption. Alternate strategies should be investigated to improve FSV status in MetS.
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postprandial absorption

Introduction

Metabolic syndrome (MetS) is a collection of risk factors involving central adiposity,
dyslipidemia, and insulin resistance that results in a >2-fold increased risk of cardiovascular
disease (CVD) 1] and a ~3-fold increased risk of type 2 diabetes mellitus (T2DM),[2]
relative to healthy controls. MetS diagnosis is based on meeting =3 of 5 criteria: increased
waist circumference, high blood triglycerides, low high-density lipoprotein cholesterol
(HDL-C), high blood pressure, and high fasting blood glucose.[3]

Vitamins A, D, E, and K are fat-soluble vitamins (FSVs) essential for growth and
development. Vitamins A and D help to regulate adiposity through binding to the nuclear
receptors retinoic acid receptor/retinoid X receptor (RAR/RXR) and vitamin D receptor
(VDR), respectively,[5] and thus could mediate the development of MetS. However,
outcomes of observational studies are equivocal. Indeed, some reports indicate that
circulating concentrations of 25(OH)D, a biomarker of vitamin D status, is inversely
correlated with overt MetS or symptoms of MetS,[6.7] whereas others observed no
relationship when parathyroid hormone was also considered.[8:9] Prospective vitamin D
supplementation and lifestyle counseling to increase sun exposure have resulted in an
inverse association between serum vitamin D concentration and prevalence of MetS at one
year of follow-up.[19.11] |_jkewise, a randomized placebo-controlled trial in postmenopausal
women observed decreased systolic blood pressure, triglycerides, and glucose, and increased
HDL in subjects following 9 months of 25(OH)D supplementation.[2]

Less is known about the relationship between circulating vitamin A and MetS. A cross-
sectional study in adolescents (n=79) found that body fat percentage and waist-to-hip ratio
were positively correlated with serum retinol (i.e. vitamin A status marker).[13] Serum
triglycerides and fasting insulin were also positively correlated with the ratio of retinol
binding protein 4 (RBP4) to serum retinol in the same cohort.l14! Similar results were
observed in a study of Mexican-American children, with serum retinol positively correlated
with BMI, truncal fat mass, and total body fat mass.[*3] In contrast, obesity, a contributing
factor associated with MetS, has been associated with lower fasting serum retinol.[15]

Various studies have also linked MetS and low status of vitamins A & D to poor health
outcomes. In a prospective cohort study, MetS persons (n = 1801) with sufficient serum total
25(0OH)D (i.e. = 75 nmol/L) had lower all-cause and CVVD mortality than MetS subjects with
vitamin D-deficient status.[*6] In middle-aged adults, circulating retinoic acid (RA), the most
potent form of vitamin A, was inversely correlated with non-alcoholic fatty liver disease
(NAFLD) and its progression into non-alcoholic steatohepatitis (NASH)—a disease
afflicting ~70% of those with MetS syndrome.[17:18] Thus, in the absence of controlled
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trials, it is unclear whether reduced FSV status is a contributor to, or a consequence of,
cardiometabolic disorders.

Numerous factors may affect FSV status in MetS, including decreased dietary intakes,[19]
sequestration in adipose tissue,[2%] chronic inflammation,[2:22] impaired gut-to-liver
trafficking,[23] and impaired liver function.[?4] Reduced FSV absorption is also a potential
contributor to low FSV status in MetS. Findings of a pharmacokinetics study indicated that
the bioavailability of orally ingested deuterium-labeled a-tocopherol (vitamin E) was lower
in MetS persons compared with age- and gender-matched healthy adults.[2%] Because
vitamins D and E share the same apical transporters of the small intestinal enterocyte for
uptake,[26:27] jt is plausible they would also be impacted. Similarly, although the transporter
for vitamin A has never been conclusively identified,[28] SR-B1, stimulated by retinoic acid
6 (STRAB®), and retinol binding protein-receptor 2 (RBPR2), are thought to be involved.
[28.29] | this secondary study of the aforementioned vitamin E investigation, we
hypothesized that absorption of vitamin A and vitamin D, would be reduced in the same
MetS subjects in which vitamin E absorption was found to be reduced,[2%] in association
with altered postprandial lipidomic responses.

Experimental Section

Chemicals

Clinical Trial

HPLC-grade methyl fert-butyl ether (MTBE), and ammonium acetate, and Optima-grade
acetonitrile, isopropanol, water, methanol, and formic acid were purchased from Fisher
Scientific (Hampton, NH, USA). Authentic standards of retinyl palmitate and ergocalciferol
were purchased from Sigma Aldrich (St. Louis, MO, USA). (6, 19, 19-D3, 97%)-
ergocalciferol was purchased from Cambridge Isotopes (Andover, MA, USA), and (12, 13,
20-13Cy)-retinyl palmitate was purchased from Buchem BV (Apeldoorn, Netherlands).
Authentic standards of sphingomyelin (SM) 18:1/16:0, phosphatidylcholine (PC) 18:1/16:0,
PC 16:0/20:4, PC 18:2/18:2, and PC 18:1/18:1 were purchased from Cayman Chemical
(Ann Arbor, MI, USA). PC 16:0/20:3 and PC 18:0/18:2 were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). Cholesterol was purchased from Sigma Aldrich (St. Louis,
MO, USA) (see Supporting Information Table S1 for product numbers and full chemical
names).

Full details of the original randomized, double-blind crossover clinical trial have been
published previously.[25] This trial is registered at www.clinicaltrials.gov as NCT01787591.
Only one treatment (soymilk meal) from the crossover design was investigated in the present
study. Briefly, participants were age- and gender-matched healthy adults and MetS adults
(5M and 5F per group; 24-40 years of age). MetS persons met at least 3 of the following
diagnostic criteria of MetS; 3] waist circumference = 102 cm (men) and = 88 cm (women),
fasting triglyceride = 1.7 mmol/L, fasting glucose = 5.6 mmol/L, resting systolic (= 130
mmHg) and diastolic (= 85 mmHg) blood pressure, and HDL-C <1.0 mmol/L (men) and
<1.3 mmol/L (women).
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Participants arrived at the study center in the fasted state, baseline blood samples were
collected, and they then consumed a soymilk beverage (240 mL) and a hexa-deuterium (dg)-
RRR-a-tocopherol capsule (nutrient composition in Supporting Information Table S2).
Blood samples were collected 3, 6, 9, and 12 hours postprandially, and a lunch meal was
provided after the 6 h blood draw and dinner after 12 h (nutrient composition in Supporting
Information Table S3). Plasma was isolated via centrifugation before snap freezing in liquid
N> and storage at —80° C. The goal of the primary study was to evaluate vitamin E
pharmacokinetics, so all meals were controlled for a-tocopherol and vitamin C content, but
not vitamins A and D. Because subjects consumed a second, larger dose of vitamin A with
lunch and snacks (after the 6-hour blood draw), this secondary analysis focuses on blood
sampled from 0-6 hours. Although the amount of fat in the meal was low (3.5 g), fat levels
as low as 2 g have elicited a retinyl ester response in the chylomicron fraction of plasma,[30]
and increasing fat content in skim vs. whole milk has not been shown to influence relative
serum ergocalciferol concentrations.[31]

Dosage Information

Subjects consumed 119 IU of vitamin D (i.e. ergocalciferol), and 501 1U of vitamin A (i.e.
retinyl palmitate) as part of a soymilk beverage (240 mL) after an overnight fast. These
amounts reflect a typical soymilk beverage and therefore represent a physiologically relevant
dose.

Isolation of Triglyceride-Rich Lipoprotein Fraction

The TRL fraction was isolated from plasma following the method previously described.[32]

Apolipoprotein B-48 Quantitation

Aliquots of isolated TRL were analyzed in duplicate using a Shibiyagi human ApoB-48
ELISA kit [33] according to the manufacturer’s instructions.

Vitamin A and D Extraction of TRL Fraction

Vitamins A (retinyl palmitate) and D, were extracted from TRL fractions according to a
previously published method.[34]

Extraction of the TRL Fraction for Untargeted Lipidomics

Lipids were extracted from aliquots of TRL using a modified Bligh and Dyer method.[3°]
TRL fractions (60 uL) were placed in a glass vial and combined with methanol (190 pL) and
vortexed for 20 sec. Dichloromethane (380 pL) was added, the mixture vortexed another 20
sec, then water (120 pL) added before a final 10 sec vortex. Mixtures were centrifuged at
8000 x g (Microfuge 22R, Beckman Coulter, Brea, CA) for 10 min at 10° C. The organic
layer (340 pL) was removed and dried under argon. Samples were reconstituted in injection
solvent (65:35 acetonitrile/isopropanol, 240 pL) and further diluted 100x.

Targeted Vitamin A & D analysis via HPLC-MS/MS

Dried TRL extracts were re-dissolved in MTBE (50uL) containing a mix of stable isotope
internal standards (0.01 nmol 13C3-retinyl palmitate, 0.15 nmol Ds-ergocalciferol) and were
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sonicated in a water bath. Methanol (100uL) was added, and samples were re-sonicated and
centrifuged to remove remaining particulate, with the supernatant analyzed. The extraction
efficiency has been previously validated to be >95%.[34] Thus, internal standards were added
upon reconstitution, to control for matrix effects, and to avoid deuterium exchange between
the ergocalciferol standard and methanol used in the extraction.[34]

HPLC-MS/MS analyses were performed as described with minor modification to also assess
ergocalciferol.[34] Samples were analyzed on a Thermo Ultimate 3000 HPLC (Thermo
Fisher Scientific, Waltham, MA, USA) interfaced with a Quantiva TSQ triple-quadrupole
mass spectrometer (Thermo Fisher Scientifc, Waltham, MA, USA) using an atmospheric
pressure chemical ionization (APCI) probe operated in positive ion mode, with source
parameters as follows: sheath gas = 45 arbitrary units (AU), auxillary gas = 10 AU, sweep
gas = 12 AU, ion transfer tube temperature = 350° C, vaporizer temperature = 450° C,
positive ion discharge current = 5 pA, dwell time = 50 msec. Precursor-product ion pairs
were selected, and collision energies optimized, for each native compound and the
corresponding stable isotope (Supporting Information Table S4). Internal standards were
used for quantitation. Representative chromatograms can be found in Supporting
Information Figure S1.

Area under the time-concentration curve (AUCs) was calculated using the trapezoidal
method. The AUCs from 0-6 hours were determined to be more relevant than AUCs across
0-12 hours, because subjects consumed a vitamin A-rich lunch following the 6 h blood
draw. See Supporting Information Table S3 for meal components, and Supporting
Information Figure S2 and Supporting Information Table S6 for 0-12 h AUCs).

Untargeted lipidomics analysis via.

UHPLC-MS—L.ipid separation followed a previously described UHPLC method.[36]
Sample extracts (10 uL) were injected onto an Acquity HSS T3 column (2.1 mm x 100 mm,
1.8 um particle size; Waters, Milford, MA, USA) at 55°C in a 1290 UHPLC (Agilent, Santa
Clara, CA, USA) with solvent A = 40:60 acetonitrile/water, and solvent B = 10:90
acetonitrile/isopropanol, both containing 10 mM ammonium acetate. Solvent flow = 0.4 mL/
min, with a gradient as follows: increasing linearly from 40% to 100% B over 10 min, held
at 100% B for 4 min, rapidly returned to initial conditions and held for 6 min. The UHPLC
was interfaced with a 6545 quadrupole-time-of-flight mass spectrometer (Agilent, Santa
Clara, CA, USA) operated with electrospray ionization (ESI) operated in positive ion mode.
The MS scanned over 50-1700 m/z with an acquisition rate of 8119 transients per spectrum
and 1 spectrum per second with source parameters as follows: voltage capillary = +3000 V,
nozzle voltage = 35V, gas temperature = 300° C, gas flow = 8 L/min, nebulizer = 30 psi,
sheath gas temperature = 350° C, sheath gas flow = 10 L/min. Lipids with significant
associations with vitamins A and D were initially identified using MS/MS fragmentation
and the LIPID MAPS Structure Database.[37] Authentic standards of putative structures
were purchased, and identities were confirmed using retention time, MS, and MS/MS
spectra of authentic standards relative to sample.
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Statistical Analysis

Results

R studio was used to perform analyses,38] with 2< 0.05 considered statistically significant.
AUC differences between MetS and control group were compared using the Mann-Whitney
U Test because the data was not normally distributed, as determined by the Shapiro-Wilk
test.

Following lipidomic analyses, lipids differentially distributed between the two groups were
identified using a mixed effect model, with log-transformed lipid intensities as the dependent
variable; MetS status, time, and MetS status x time interaction as the fixed factors; and
subjects as random factor (Supporting Information Table S5). The correlations between
these lipids and log-transformed concentrations of ApoB-48-normalized and non-normalized
vitamins A and D, were determined by calculating the Pearson correlation coefficient (P <
0.05). Fold change in lipids between health groups were determined by calculating the 0-6 h
AUC of lipid intensities, and performing a Wilcoxon Rank-Sum comparison.

Vitamin A and D Analysis

At baseline, the TRL concentrations of vitamin A, vitamin D,, ApoB-48, and vitamin A
normalized to ApoB-48 were not different regardless of health status (Supporting
Information Figure S2). Only baseline concentrations of vitamin Do normalized to ApoB-48
were higher in MetS subjects vs. healthy controls.

The median 0-6 h AUCs for vitamins A and D, are shown in Figure 1 (individual AUC
comparisons in Supporting Information Figure S3). Newly absorbed vitamin A was 6.4-fold
greater in MetS subjects vs. controls (P=0.07). In contrast, vitamin D, absorption was not
different between MetS subjects and control subjects whether considering 0-6 h (£ =0.48)
or 0-12 h (P=0.37, Supporting Information Figure S2). MetS subjects had 4.5-fold higher
0-6 h ApoB-48 AUC than the healthy controls (= 0.07) (Figure 11, J; Table 1).

When normalized to ApoB-48 levels in the same sample, the 0-6 h AUCs of vitamin A in
MetS and healthy control subjects were not significantly different (= 0.54). In contrast,
vitamin D, AUCs normalized to ApoB-48 were lower in MetS subjects than healthy controls
(P=0.02), (Figure 1E, F; Table 1).

Untargeted Lipidomic Analysis

Following data deconvolution, feature grouping and retention time alignment, 4687 lipids
metabolites were detected. Peaks were manually inspected, and those present in process
blanks, in < 80% of the pooled quality control (QC) samples, and with relative standard
deviations >30% in the pooled QC, were removed. Of the remaining 370 lipids, we found
the changes over 6 h were different between health groups in seven lipid species, as
determined by mixed effect modeling. Of these, the identities of five were confirmed against
authentic standards (SM 18:1/16:0, PC 16:0/18:1, PC 16:0/20:4, PC 16:0/20:3, and PC
18:0/18:2), and the remaining two were identified with Level 2 and 3 confidence (as a
cholesterol ester and SM 18:2/24:1, Supporting Information Table S5).1391 A majority of
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these lipids (6 out of 7) are classified as choline phospholipids. All seven lipids were
significantly positively correlated with vitamin A TRL concentrations (both with and
without normalization to ApoB-48), and vitamin D, TRL concentrations (Table 2).

Discussion

Findings from this pilot study indicate that absorption of vitamin A trended higher in MetS
subjects than in healthy controls. In contrast, absorption of vitamin D, was unaffected by
health status. Vitamin D, normalized to ApoB-48 was significantly lower in MetS subjects;
however, vitamin A normalized to ApoB-48 was not statistically different, indicating
nutrient-specific effects for MetS on FSV chylomicron packaging and release into the blood
stream. Lipidomics analyses revealed that the TRL concentrations of both vitamins were
associated with PCs and SMs, indicative of intestinal-level absorptive processes, including
micellarization and enterocyte trafficking.

MetS subjects had a trend toward a higher post-prandial response to a physiologically
relevant dose of pre-formed vitamin A, as compared to healthy controls. Similarly, a
previous study found that obese subjects (BMI 43.66 + 2.81 kg/m?) had ~2x the AUC of
chylomicron retinyl palmitate compared to controls 24 hours following a fat load test;
however, the values were not statistically significant.[4?] Postprandial retinyl palmitate levels
were also significantly higher in men with higher visceral adiposity (a component of MetS)
after a fat load test containing 60,000 IU vitamin A as compared to men with low visceral
adiposity.[41]

These vitamin A results are in contrast to the absorption of isotopically labeled vitamin E in
the same subjects from the same meal, where MetS subjects absorbed 11% less than the
healthy controls. The Tpax 0f newly absorbed vitamin E in the chylomicron fraction
occurred at 9 hours, in contrast to the 3 hour T4« 0bserved for vitamins A and D, and
ApoB-48, suggesting that enterocyte sequestration limited vitamin E release in all subjects,
but with a stronger influence on MetS subjects[2>l—a phenomenon not observed in the
present study. It should also be noted that the dose of vitamin E was 100x higher than that of
vitamin A and 5000x higher than vitamin D, (in mg). Caco-2 experiments have previously
demonstrated antagonistic effects of vitamin E on vitamin D absorption,[42] and vice versa,
[27] but this interaction has not yet been studied in humans. Additionally, the approach used
to determine the differences in bioavailability of vitamin E included assessing the percent of
labeled vitamin E normalized to the unlabeled concentration in the TRL fraction,[?%] as a
labeled dose of this vitamin (but not others) was fed. Each of these factors may have
contributed to the differences observed.

When newly absorbed retinyl palmitate was normalized to ApoB-48, it did not produce
significant differences in AUC, indicating that the same number of retinyl ester particles
were transported on each chylomicron, regardless of health status. Thus, we infer that MetS
subjects absorbed more preformed vitamin A than healthy controls, suggesting that
decreased levels of circulating vitamin A observed in MetS subjects from previous work[13]
are not due to decreased absorption. Other factors that may reduce circulating vitamin A
include decreased release of retinol bound to retinol binding protein (RBP) from the liver,
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[14.43] potentially due to decreased binding efficiency, and/or impaired liver function due to
NAFLD and NASH in MetsS.[13]

Lipidomic analysis revealed a number of PCs and SMs that were positively correlated with
retinyl palmitate concentrations (Table 2). PCs are cleaved by phospholipases, particularly
brush-border phospholipase B (PLB) and pancreatic lipase-related protein 2 (PLRP2).[44]
Retinyl esters are also cleaved by PLB [4] and, to a smaller extent, PLRP2 [46] jn the
intestinal lumen (see Figure 2). Thus, because the magnitude of the fold changes were >1.5
for each PC (Supporting Information Table S7), it is possible that phospholipid and retinyl
ester cleavage in the gastrointestinal lumen is increased in MetS subjects, potentially via
increased activity of PLB and/or PLRP2. This would be expected to increase PC and retinol
absorption in MetS, followed by re-esterification for packaging into the chylomicron. This
hypothesis is further supported by /n vitroand in vivo rodent work reporting increased
transcription of pancreatic PLRP2 in response to increased leptin,[47-48] which is associated
with MetS.[49] Likewise, a rat model of pancreatitis—a potential late-stage consequence of
MetS—also reported increased activity of brush border PLB in the ileum in response to
decreased pancreatic lipases in the proximal intestine.[5%! There is no data to-date regarding
expression of intestinal PLB or PLRP2 in MetS versus healthy humans.

Increased concentration or activity of phospholipolytic enzymes that act earlier in the
gastrointestinal tract, such as pancreatic phospholipase A, 1B (PLA,IB),[44] could also
indirectly influence MetS retinyl ester absorption via increased chylomicron synthesis and
secretion. Caco-2 cells incubated with micelles containing lyso-PC (the product of PLA,IB
cleavage) synthesized and secreted ~1.5x more ApoB-48 than cells incubated with lyso-PC-
free micelles.?1] Further supporting this theory is the trend of increased ApoB-48
concentrations in our MetS subjects relative to healthy controls, an observation also reported
by others.[52-54] Higher concentrations of TRL retinyl palmitate could also be due to
delayed chylomicron clearancel®®] and/or increased chylomicron production[3] in MetS
subjects. Indeed, the positive correlation of two SM species with retinyl palmitate
concentrations further supports delayed chylomicron clearance, as increased chylomicron
SM has been associated with decreased plasma lipid clearance. Rats fed lipid emulsions with
increasing proportions of SM (0-100%) had the fractional plasma clearance rate of
radiolabeled cholesterol ester and triglyceride to decrease ~94%,8] potentially due to SM
inhibition of lipoprotein lipase (LPL).[>7] Further study of the influence of PC and SM
digestion on chylomicron production and clearance in MetS is warranted in the context of
vitamin A absorption.

While early kinetic studies of uptake by Hollander et al. suggest the existence of an apical
transport protein for preformed vitamin A,[8] no specific transporter has been identified to
date. Due to the divergent behavior between MetS and healthy subjects for vitamin A but not
vitamin D, results further support separate absorption transporters, consistent with previous
findings indicating shared transport mechanisms for vitamins D, E, and K, but not A.[27]

The AUC of newly absorbed vitamin D, was not significantly different between MetS
subjects and healthy controls. Of the previous studies conducted with relevance to MetS, a
significant inverse correlation was observed between peak serum vitamin D, concentration
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(i.e. Cmax) and BMI in obese and healthy subjects consuming a supraphysiological dose of
vitamin D5 (50,000 1U).[20] However, it should be noted that this dose was 420x higher than
the dose reported herein, and measurements were taken in serum rather than the TRL
fraction.

Strengths of the study included the use of physiologically relevant doses of vitamins A and
D, in age- and gender-matched MetS and healthy subjects. Limitations due to the design of
the parent study precluded analyses beyond hour 6 for retinyl esters, and limited blood draws
between hours 0 and 6. Previous studies of retinyl ester absorption confirm that the hour 3
time point adequately reflects the Tyyay Of vitamin absorption.[39:59] Likewise, the kinetics of
vitamin D, absorption at hours 3 and 6 align with the results of Compston et al., Thompson
etal., and Gleize et al., where the average Tmax Of chylomicron vitamin D was observed 2-3
hours following dosing, with steady decreases from hours 4-8.160-621 Desmarchelier et al.
observed a slightly later average TRL-fraction Tp,ax, although significant interindividual
variability was reported.[63] Because the lunch meal fed a small dose of vitamin D (i.e. as
opposed to vitamin D, fed with the test meal), we also considered the 0-12 hour AUCs to
assess differences in vitamin D, between MetS and healthy subjects (see Supporting
Information Figure S2), but no significant difference was observed. For direct comparison
with vitamin A, we left the 0—-6 hour AUCs for both nutrients. This time frame also
eliminates the 12 hour TRL increase observed for both nutrients, previously shown to be due
retinyl ester re-release on VLDL captured in the TRL,[64] a phenomenon that also likely
occurs for vitamin D5.[69.61] |_imitations in plasma volume also precluded the analysis of
vitamin A and D status in these subjects. Future studies should consider an 8-12 hour time-
course following a lipid-rich vitamin A breakfast and vitamin-free lunch, to better follow
preformed vitamin A kinetics in MetS subjects vs. healthy controls.

In conclusion, 6-hour postprandial absorption of vitamin A trended toward an increase in
MetS versus healthy subjects. This increase may be due to increased activity of PLB,
PLRP2, and/or PLA,IB in MetS subjects relative to healthy controls, a hypothesis that
warrants testing in future studies. The postprandial vitamin D5 response was not different
between MetS and healthy controls. These results are in contrast to decreased vitamin E
bioavailability in the same MetS subjects as compared to controls, which may be due to
differences in vitamin E sequestration within the enterocyte, in relative doses, and/or the
method of bioavailability assessment. Together, these data suggest that in studies of MetS
where reduced circulating levels of vitamins A and D were observed, their decrease is more
likely due to reduced intakes, and/or sequestration in adipose or other tissues. Further cell
and animal studies of digestion and postprandial absorption are warranted to pinpoint the
mechanistic differences between vitamin handling in MetS versus healthy populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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lysophosphatidylcholine

metabolic syndrome

methyl fert-butyl ether

non-alcoholic fatty liver disease
non-alcoholic steatohepatitis
Niemann-Pick C1-Like 1
phosphatidylcholine

phospholipase A2 group IB

phospholipase B
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PLRP2 pancreatic lipase-related protein 2
QC quality control

RA retinoic acid

RAR retinoic acid receptor

RBP retinol binding protein

RBPR2 retinoid binding protein receptor 2
RXR retinoid X receptor

SM sphingomyelin

SNP single nucleotide polymorphism
SR-B1 scavenger receptor - class B type 1
STRAG6 stimulated by retinoic acid 6

TG triglyceride

TRL triglyceride-rich lipoprotein fraction
T2DM type 2 diabetes mellitus

UHPLC ultra-high performance liquid chromatography
VDR vitamin D receptor
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Postprandial curves from 0—6 h representing average response (n=10 per group), highest-,
and lowest-responders for (a) vitamin A healthy, (b) vitamin A MetS, (c) vitamin A
normalized to ApoB-48 healthy, (d) vitamin A normalized to ApoB-48 MetS, (e) vitamin D,
healthy, (f) vitamin D, MetS, (g) vitamin D, normalized to ApoB-48 healthy, (h) vitamin D,
normalized to ApoB-48 MetS, (i) ApoB-48 healthy, (j) ApoB-48 MetS. MetS, metabolic

syndrome; ApoB-48, apolipoproteinB-48.
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Figure2.
Schematic of potential points of differences in FSV absorption between MetS and control

subjects: (1) Increased PLB and PLRP2 expression and/or activity in MetS may increase
retinyl ester hydrolysis and uptake. (2) Increased PLA,IB activity, leading to increased
luminal lyso-PC, may increase chylomicron secretion and contribute to increased retinyl
ester absorption in MetS subjects. (3) Unidentified retinol-specific apical transport protein
may lead to increased retinol uptake in MetS. (4) Vitamin A absorption may be linked to the
increased lipemic response observed in MetS, either due to increased chylomicron
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production and/or decreased clearance. (5) Increased SM in chylomicrons of MetS persons
may delay chylomicron clearance, contributing to elevated vitamin A measured in this
fraction. (6) Vitamins D and E compete for transporters in in vitro models; however, clinical
studies are warranted to investigate the effects of this antagonism /n vivo. Abbreviations:
ABCAL = ATP-binding cassette transporter sub-family A member 1, ABCG1 = ATP-
binding cassette transporter sub-family G member 1, ABCG5/8 = ATP-binding cassette
transporter sub-family G members 5/8, ApoB-48 = apolipoproteinB-48, ApoA-I =
Apolipoprotein A-1, a-T = a-tocopherol, CD36 = cluster of differentiation 36, DGAT1 =
diglyceride acyltransferase 1, HDL = high density lipoprotein, LPCAT3 =
lysophosphatidylcholine acyltransferase 3, LRAT = lecithin retinol acyltransferase, lyso-PC
= lysophosphatidylcholine, NPC1L1 = Niemann-Pick C1-Like 1, PC = phosphatidylcholine,
PLA,IB = phospholipase A2 group 1B, PLB = brush border phospholipase B, PLRP2 =
pancreatic lipase-related protein 2, RE = retinyl ester, SM = sphingomyelin, SR-BI =
scavenger receptor class B type 1, Vit D2 = ergocalciferol.
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Median vitamin A, D, (nmol/L plasma*hr), and ApoB-48 (ng/mL plasma) 6-hour AUCs = SEM of MetS (n =
10) vs. healthy controls (n = 10).

Vitamin MetS Healthy P-value
Retinyl palmitate (vitamin A) 27.1+9.01 4.25+3.10 0.07
Ergocalciferol (vitamin D,) 127 + 46.0 2.37+55.8 0.48
ApoB-48 36.2 x 10° + 1.53 x 108 7.91x10°+1.18 x 108 0.07

Retinyl palmitate/ApoB-48 334x10°+436x10° 679x10°+148x10° 054

Ergocalciferol/ApoB-48

3.36x10*+133x10™* 1.36x103+£2.29x10™ 0.02
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