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Dynamics of vitamin A uptake, storage, and
utilization in vocal fold mucosa
Kohei Nishimoto 1,3, Yutaka Toya 1,4, Christopher R. Davis 2, Sherry A. Tanumihardjo 2, Nathan V. Welham 1,*
ABSTRACT

Objective: Extrahepatic vitamin A is housed within organ-specific stellate cells that support local tissue function. These cells have been reported
in the vocal fold mucosa (VFM) of the larynx; however, it is unknown how vitamin A reaches and is disseminated among VFM target cells, how
VFM storage and utilization vary as a function of total body stores, and how these parameters change in the context of pathology. Therefore, in this
study, we investigated fundamental VFM vitamin A uptake and metabolism.
Methods: Using cadaveric tissue and serum from human donors representing the full continuum of clinical vitamin A status, we established a
concentration range and analyzed the impact of biologic and clinical covariates on VFM vitamin A. We additionally conducted immunodetection of
vitamin A-associated markers and pharmacokinetic profiling of orally dosed a-retinyl ester (a chylomicron tracer) in rats.
Results: Serum vitamin A was a significant predictor of human VFM concentrations, suggesting that VFM stores may be rapidly metabolized in
situ and replenished from the circulatory pool. On a vitamin A-sufficient background, dosed a-vitamin A was detected in rat VFM in both ester and
alcohol forms, showing that, in addition to plasma retinol and local stellate cell stores, VFM can access and process postprandial retinyl esters
from circulating chylomicra. Both a forms were rapidly depleted, confirming the high metabolic demand for vitamin A within VFM.
Conclusion: This thorough physiological analysis validates VFM as an extrahepatic vitamin A repository and characterizes its unique uptake,
storage, and utilization phenotype.

� 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Vitamin A is an essential dietary molecule. It underpins vision (as the
retinal chromophore) and is critical for an array of cellular functions,
including proliferation, differentiation, and morphogenesis [1,2]. Most
vitamin A is stored as retinyl esters in hepatic stellate cells and
released to the circulatory pool as retinol-binding protein 4 (RBP4)-
bound retinol for transport to extrahepatic tissues [3,4]. Alternatively,
retinyl esters can be transported to extrahepatic sites postprandially by
RBP4-independent chylomicra [5,6]. The relative contribution of RBP4-
and chylomicron-mediated transport to extrahepatic target cells varies
as a function of the target organ and total body vitamin A status [5,7e
9].
Outside of the liver, vitamin A stores have been identified in the stellate
cells of various extrahepatic tissues, such as the pancreas, kidneys,
spleen, lungs, and larynx [3,4]. These local tissue repositories provide
a readily available source of vitamin A to resident cells with high
metabolic needs. In the vocal fold mucosa (VFM) of the larynx, VF
stellate cells housed within discrete anatomic niches called the macula
flavae (MF) store vitamin A [10,11], whereas nearby VF epithelial cells
have no known storage capacity but are highly responsive to vitamin A
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bioavailability [12e14]. Vitamin A deficiency leads to local depletion
from VF stellate cells [12], epithelial hyperkeratosis [13], and if the
deficiency occurs during embryogenesis, profound laryngotracheal
malformation [14].
Despite the evidence of vitamin A’s importance to VF stellate and
epithelial cell biology and its relevance to clinical disorders [15], there
are no physiological studies of vitamin A uptake and utilization within
the larynx. Such data are needed to better understand how vitamin A
reaches VFM target cells, how VFM storage and utilization vary as a
function of total body vitamin A stores, and how these parameters
change in the context of pathology. In this study, we addressed these
knowledge gaps using cadaveric tissue and serum from human donors
representing the full continuum of clinical vitamin A status (deficient
through hypervitaminotic), vitamin A-sufficient and -deficient in vivo rat
models, and pharmacokinetic profiling of the a form of vitamin A,
which cannot bind RBP4. We established a vitamin A concentration
range for VFM; explored the impact of biologic and clinical covariates
on VFM storage; compared vitamin A-specific uptake, processing, and
utilization markers across VF cell subpopulations; and tested the ca-
pacity of VFM to uptake postprandial vitamin A directly from chylo-
micra. This cross-species phenotypic characterization provides a
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Figure 1: Vitamin A storage profiles in human VFM compared to liver and serum.
(A) Schematic of human biospecimen procurement. Bilateral VFM, liver biopsies, and
sera were harvested from 26 adult cadavers <16 h postmortem. (B) Age, sex, and
body mass index distributions in the cadaver cohort. (C) Total vitamin A concentrations
and percent esterified vitamin A in human serum, liver, and VFM. Green dashed lines
indicate liver-based cutoffs for vitamin A deficiency (n ¼ 6) and hypervitaminosis A
(n ¼ 8). (D) ANCOVA output summarizing the associations between the concentration of
total vitamin A in VFM and that of serum and liver as well as age, sex, and body mass
index. (E) Scatterplots and Pearson’s r statistics showing the associations between the
concentrations of VFM retinyl ester and serum retinol, VFM and liver retinyl ester, VFM
and serum retinol, and VFM retinol and liver retinyl ester.
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foundation for future research into vitamin A biology and clinical dis-
orders of the larynx.

2. MATERIALS AND METHODS

2.1. Human tissue procurement
Human biospecimens were obtained with approval of the University of
Wisconsin Health Sciences Institutional Review Board; specimens
intended for vitamin A analyses were procured by the National Disease
Research Interchange. Whole larynges, liver biopsies (5� 5� 10 cm),
and blood sera (5 mL, isolated from whole blood via gel separation and
centrifugation) were harvested from 26 cadavers (12 males, 14 fe-
males, age 49e101 y; Figure 1B) < 16 h postmortem. Two donors (1
male and 1 female) were identified as Hispanic or Latino, White; 24
donors (11 males and 13 females) were identified as non-Hispanic or
Latino, White. Samples were snap-frozen in liquid N2, transported to
our laboratory on dry ice, and stored at -80 �C until use. An additional 8
human larynges were procured from autopsy cadavers (6 males, 2
females, age 40e68 y) < 36 h postmortem and processed for
immunoblotting (n ¼ 5) and histology and immunohistochemistry
(n ¼ 3).
The donors had no history of chemoradiation to the head and neck
region, had not undergone prolonged endotracheal intubation or
ventilation prior to death, were not septic, and had negative infectious
disease serology. All of the donors had a negative history for laryngeal
disease; all of the larynges were considered normal at autopsy and
during tissue microdissection. One donor had a positive history of liver
cirrhosis. The causes of death were cardiopulmonary events in most
cases, esophageal cancer sequelae in one case, granulomatosis with
polyangiitis sequelae (but no laryngeal involvement) in one case, de-
mentia sequalae in one case, and unknown in two cases.
Liver and serum data from this cohort were included in a previously
reported analysis of the relationship between serum retinyl esters and
total liver vitamin A reserves [16]; this prior analysis included one
additional cadaver from whom we procured liver and serum but no
larynx.

2.2. Compound synthesis
a-Retinyl acetate was synthesized using a previously described
method for synthesizing 13C-retinyl acetate [17] with the following
modifications: a-ionone (Sigma Aldrich) was used in place of b-ionone
as the starting reagent and 13C was not added. The synthesized a-
retinyl acetate was purified (>95%) on 8% water-deactivated neutral
Al2O3 using hexanes and diethyl ether; purity was confirmed by thin-
layer chromatography, ultraviolet (UV)-visible spectroscopy, and
high-performance liquid chromatography (HPLC) with photodiode array
detection.

2.3. Animals, diet, and compound dosing
Animal experiments were conducted in accordance with the Public
Health Service Policy on Humane Care and Use of Laboratory Animals
and the Animal Welfare Act (7 U.S.C. et seq.); the protocols were
approved by the University of Wisconsin School of Medicine and Public
Health Animal Care and Use Committee. We used a rat model as rats
have documented vitamin A-storing stellate cells in the anterior and
posterior MF (aMF and pMF, respectively) [11] and tolerate oral dosing
of a-retinyl acetate [18].
The rats were housed in a temperature- and humidity-controlled
environment with a 12-h lightedark cycle. Aspen bedding was used
as it absorbs moisture, eliminates odor, and has low nutritional value
(maize cobs, another option, would have interfered with our bioassays
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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due to kernel contamination). The rats were placed on a vitamin A-free
purified diet ad libitum to attenuate their preexisting hyper-
supplemented status and obtain the intended vitamin A sufficiency
or deficiency targets. The vitamin A-deficient diet (TD.04175; Harlan-
Teklad) contained the following (in g/kg): casein (200); DL-methionine
(3); sucrose (280); maize starch (215); maltodextrin (150); cellulose
(50); soybean oil (55); mineral mix AIN-93G (TD.94046) (35); calcium
phosphate (3.2); vitamin mix without added A, D, E, and choline
(TD.83171) (5); vitamin D3 (0.0044); vitamin E (0.242); choline dihy-
drogen citrate (3.5); and tert-butylhydroquinone (0.01).
In our preliminary experiment, 3-week-old male weanling Sprague
Dawley rats (n ¼ 75; Charles River) were vitamin A-depleted for 3
weeks to obtain vitamin A deficiency. Next, the rats received a single
1 mg (3.5 mmol) oral dose of a-retinyl acetate in cottonseed oil vehicle
(n ¼ 70); the control rats (n ¼ 5) received no dose. The rats were
euthanized at 0 (control), 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 48, 96, 168,
and 336 h post-dose; blood, liver, and kidneys were collected at each
time point. Tissue wet weights were recorded.
In our primary experiment, 5-week-old male Fischer 344 rats (n ¼ 65;
Charles River) were vitamin A-depleted for 3 weeks to obtain a mar-
ginal vitamin A status. Next, the rats received a single 2 mg (7 mmol)
oral dose of a-retinyl acetate in cottonseed oil vehicle (n ¼ 55); the
control rats were dosed with vehicle only (n ¼ 5) or received no dose
(n ¼ 5). Approximately 250 mL of blood was collected from the
saphenous vein of 5e6 a-retinyl acetate-dosed rats per time point at
0 (no dose control), 1, 3, 5, 9, 11, and 24 h post-dose. We sampled
different animals at each time point as serial blood draws would have
caused unacceptable blood volume loss. The rats were euthanized at 7
(n ¼ 30) or 72 h (n ¼ 25) post-dose; the vehicle control rats were
euthanized at 7 h post-dose. Blood, larynx, liver, lungs, kidneys, and
spleen were collected at each time point. Tissue wet weights were
recorded.

2.4. Serum processing for liquid chromatography

2.4.1. Human
Human serum samples were processed as 500 mL aliquots;
1.25� volume of ethanol was added to denature proteins. The internal
standard C-23 b-apo-carotenol was added to determine extraction
efficiencies. Samples were extracted three times with 0.75 mL hex-
anes; supernatant fractions were pooled, dried under N2, and recon-
stituted in 100 mL methanol:dichloroethane (75:25, v/v). Two mL was
injected into the ultra-performance liquid chromatography (UPLC)
instrument.

2.4.2. Rat
Rat serum samples were processed as previously described for human
serum with the following modifications. In the preliminary experiment,
extractions were reconstituted in 100 mL methanol:dichloroethane
(50:50, v/v) and 50 mL was injected into the HPLC instrument. In the
primary experiment, the starting volume of serum from all of the
saphenous vein draws was 35e100 mL, extractions were recon-
stituted in 30 mL methanol:dichloroethane (75:25, v/v), and 2 mL was
injected into the UPLC instrument.

2.5. Tissue processing for liquid chromatography

2.5.1. Human
Human larynges and liver samples were transferred to room tem-
perature (RT) for 60 min and then dissected. Bilateral VFM were
microdissected from each larynx with retention of both aMF and pMF
MOLECULAR METABOLISM 40 (2020) 101025 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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and then weighed. Each liver sample was dissected and weighed to
obtain a 1 g sample for vitamin A analyses; surplus tissue was retained
for protein isolation and immunoblotting.
Bilateral VFM pairs were immersed in 1 mL of ethanol and 20 mL of C-
23 b-apo-carotenol was added. The tissue was minced with scissors,
500 mL of phosphate-buffered saline (PBS) was added, and the entire
solution was homogenized (Tissue-Tearor 985370; Biospec). Each
sample was transferred to a glass tube and the homogenization tube
was rinsed twice with 1 mL of ethanol and once with 2 mL of hexanes;
each rinse solution was added to the sample tube followed by an
additional 1 mL of PBS. The non-polar hexane layer was then trans-
ferred to a new tube and the extraction was repeated twice, each time
using 2 mL of hexanes. Finally, all of the extraction fractions were
pooled, dried under N2, and reconstituted in 20 mL methanol:di-
chloroethane (50:50, v/v). Four mL was injected into the UPLC
instrument.
Human liver tissue (1 g) was ground with 4e5 g of sodium sulfate in a
mortar and pestle; 500 mL of C-23 b-apo-carotenol was added. The
samples were extracted repeatedly with dichloromethane through a
Whatman #1 filter (GE Healthcare) to a 50 mL volume. A 5 mL aliquot
was dried under N2 and reconstituted in 300 mL methanol:dichloro-
ethane (75:25, v/v). One mL was injected into the UPLC instrument.

2.5.2. Rat
Rat larynges were microdissected and each VFM (with retention of both
aMF and pMF) was removed and then weighed. Prior studies
demonstrated that the accurate quantification of vitamin A in rat VFM
requires pooling across animals [11]; based on pilot UPLC data, we
pooled bilateral VFM from sets of 5 larynges per biological replicate.
Pooled rat VFM samples were processed as previously described for
human VFM with the following modifications: the initial ethanol volume
was 500 mL and post-homogenization rinses were performed twice
with 500 mL ethanol and once with 1 mL hexanes.
Rat liver (0.5 g), lung (whole), kidney (1 g), and spleen (whole)
samples were processed as previously described for human liver with
the following modifications. Liver, lung, and spleen samples were
extracted to a 50 mL final volume and kidney samples were extracted
to a 25 mL final volume. For the liver and kidney samples, a 5 mL
aliquot was dried under N2; for the lung and spleen, the entire sample
was dried with a rotary evaporator (Rotavapor R-114; Buchi) coupled
with a circulation chiller (WK230; Lauda-Brinkman), re-dissolved
three times in 1 mL of dichloromethane, and then dried under N2. The
extractions were reconstituted in 100 mL (lung), 200 mL (liver), or
250 mL (kidney and spleen) of methanol:dichloroethane (75:25, v/v).
In the preliminary experiment, 50 mL of liver or 25 mL of kidney
reconstituted extract was injected into the HPLC instrument; in the
primary experiment, 2 mL (all of the tissues) was injected into the
UPLC instrument.

2.6. Liquid chromatography
The rat preliminary experimental samples were analyzed as follows.
The serum was analyzed using an isocratic HPLC system comprising a
guard column, a Waters Symmetry C18 column (3.5 mm,
4.6 � 75 mm), a Waters Resolve C18 column (5 mm, 3.9 � 300 mm),
a Rheodyne injector, a Shimadzu SPD-10A UV-visible spectroscopy
detector, a Waters Delta 600 pump and controller, and a Shimadzu C-
R7A Plus data processor. Tissue was analyzed using the columns and
a Waters 1525 binary HPLC pump, a Waters 717 autosampler, and a
Waters 996 photodiode array detector. The mobile phase was aceto-
nitrile:water (87.5:12.5, v/v); 10 mmol of ammonium acetate was used
as a modifier, and the flow rate was 0.7 mL/min.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 2: Characterization of stellate cell- and vitamin A-associated markers in
human VF. (A) Representative H&E-stained axial section of the human VF procured
from a 69-y-old male donor. The black dashed lines indicate the anterior and posterior
macula flavae (aMF and pMF), hyaline and elastic regions of the arytenoid cartilage
(hAC and eAC), and the boundary between the thyroarytenoid muscle (TA) and lamina
propria (LP). Epi, epithelium. Scale bar, 1 mm. (B) Adjacent axial section immuno-
stained for GFAP. Scale bar, 1 mm (low-magnification image); 50 mm (high-magnifi-
cation images). (C) Representative Western blotting and densitometric analysis showing
the relative abundance of RBP1, STRA6, LPL, GFAP, and GAPDH in human LP þ Epi,
MF, TA, and hAC compared to the liver. The variation in GAPDH abundance across
conditions (despite a consistent 10 mg protein load) reflects differences in tissue
cellularity. Data are shown as means � SEM; P values were calculated using a one-
way ANOVA (n ¼ 5 per condition); unannotated pairwise comparisons indicate non-
significant differences.

Original Article
All of the human cadaver and rat primary experimental samples were
analyzed using a Waters Acquity UPLC HSS C18 1.8-mm VanGuard
pre-column in conjunction with a Waters Acquity UPLC HSS C18 col-
umn (1.8 mm, 2.1 � 150 mm). The method utilized two solvent mixes
run in a 29-min gradient: solvent A was acetonitrile:water:propanol
(70:25:5, v/v/v) with 10 mmol ammonium acetate; solvent B was
methanol:propanol (75:25, v/v). The gradient began with 100% solvent
A for 7 min, a linear transition to 5% solvent A over 4 min, a further
transition to 1% solvent A over 12 min, a reversal to 100% solvent A
over 2 min, and maintenance of 100% solvent A for the final 4 min. The
column temperature was 32 �C, and the flow rate was 0.4 mL/min.
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HPLC and UPLC detection was set at 311 nm for a-retinol and a-retinyl
ester and 325 nm for retinol and retinyl ester (Figure 3B shows
representative spectra; Figures 3D, 4B, and S2A show representative
chromatograms). Retinyl oleate and palmitate coeluted in this system
(as did a-retinyl oleate and palmitate). Concentrations were calculated
using curves generated via analysis of HPLC-purified standards.

2.7. Histology and immunohistochemistry
Human larynges (n ¼ 3) were microdissected and each VF (VFM
including aMF and pMF, elastic and hyaline regions of the arytenoid
cartilage [eAC and hAC, respectively], and thyroarytenoid muscle [TA])
was removed en bloc. Tissue was fixed in 4% paraformaldehyde for
24 h, dehydrated in 70% ethanol, and 5-mm-thick paraffin sections
were prepared. Sections intended for morphological assessment were
stained with hematoxylin and eosin (H&E). Sections intended for im-
munostaining were processed for antigen retrieval in a decloaking
chamber (BioCare Medical) using 10 mM of citrate buffer (pH 6.0),
permeabilized using 0.2% Triton X-100 for 10 min, blocked with 10%
bovine serum albumin in PBS for 60 min, and incubated with primary
antibodies at 4 �C overnight. For horseradish peroxidase (HRP)-based
detection, endogenous peroxidase was quenched using 3% H2O2 in
PBS. ImmPRESS anti-mouse and anti-rabbit immunoglobulin G (IgG)
HRP polymers were used for secondary detection (30 min incubation
time) and an ImmPACT DAB kit was used to develop the signal ac-
cording to the manufacturer’s instructions (all of the reagents were
obtained from Vector Labs). Sections were counterstained with he-
matoxylin, dehydrated, cleared, and cover-slipped.
Rat larynges and livers (n ¼ 3 per organ) were harvested en bloc,
dehydrated in 20% sucrose, embedded in optimal cutting temperature
compound (Tissue-Tek, Sakura Finetek), and snap-frozen in liquid N2.
Five-mm-thick cryosections were prepared (for larynges, in the axial
plane; for livers, in any orientation), fixed using either 4% para-
formaldehyde at RT, methanol at 4 �C, or acetone at -20�C, and air
dried at RT. The sections were washed with PBS and blocked with 5%
goat serum and 0.02% Tween 20 in PBS at RT for 30 min. The sections
were sequentially incubated with primary antibodies at 4 �C overnight,
relevant secondary antibodies (Alexa Fluor 488- or 594-conjugated,
goat anti-mouse, and goat anti-rabbit IgG [1:400; A-11001, A-11008,
A-11005, and A-11012, Invitrogen]) at RT for 1 h, and nuclear dye
DAPI (1 mg/mL; SigmaeAldrich) at RT for 5 min. A subset of slides
were additionally incubated with lipophilic dye BODIPY 505/515 (5 mM;
D-3921, Thermo Fisher) prior to DAPI. The slides were covered with
antifade mounting medium (SigmaeAldrich) and cover-slipped.
Imaging was performed using a Nikon Ti-S/L100 inverted microscope
connected to DS-Qi2 (Nikon) and Infinity 1-1 (Lumenera) digital
cameras; images were captured with consistent exposure settings.
Negative control sections stained without either the primary or sec-
ondary antibody showed no immunoreactivity. The primary antibodies
used were: mouse anti-GFAP (1:200 [human], 1:100 [rat]; G3893,
SigmaeAldrich); rabbit anti-GFAP (1:100 [rat]; RB-087-A1, Thermo
Fisher); rabbit anti-STRA6 (1:1000 [human], 1:100 [rat]; bs-12351 R,
Bioss); rabbit anti-LPL (1:200 [human]; sc-32885, Santa Cruz); mouse
anti-LPL (1:50 [rat]; MABS1350, EMD Millipore); rabbit anti-RBP1
(1:100 [human]; sc-30106, Santa Cruz); mouse anti-RARA (1:200
[human and rat]; MAB5346, EMD Millipore); mouse anti-PLIN1 (undi-
luted hybridoma supernatant [rat]; 651156, Progen).

2.8. Immunoblotting
Human larynges (n ¼ 5) were microdissected and the following VF
subsites were harvested and processed separately: mid-membranous
lamina propria and epithelium (LP þ Epi, not including MF); aMF and
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Pharmacokinetics of single dose a-retinyl ester in vitamin A-deficient
rats. (A) Skeletal formulae of a-retinol and retinol and the chromatography internal
standard b-apo-carotenol. (B) Representative absorbance spectra of the molecules
shown in A. (C) Schematic of the experimental design. Vitamin A-deficient rats were
dosed with 3.5 mmol (1 mg) of a-retinyl acetate; the livers, kidneys, and sera were
harvested at 11 time points up to 336 h post-dose. The rats received no dose at the 0 h
time point. (D) Representative chromatogram confirming detection of vitamin A forms in
the rat serum at 7 h post-dose; liver and kidney chromatograms are shown in Figure
S2A. (E) Time course plots showing changes in the retinol, a-retinol, and a-retinyl ester
concentrations in the serum, liver, and kidney. Data are shown as means � SEM; P
values were calculated using the omnibus F test within a one-way ANOVA (n ¼ 5 per
time point).
pMF (pooled within each larynx); TA; and hAC. Liver tissue (n¼ 5) was
obtained from the primary cadaver cohort. The samples (40e80 mg)
were processed for protein isolation using a Qproteome Mammalian
MOLECULAR METABOLISM 40 (2020) 101025 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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Protein Prep Kit (Qiagen) according to the manufacturer’s instructions.
Homogenization in lysis buffer was performed using a rotor-stator unit
(TissueRuptor; Qiagen) for 30 s on ice followed by a probe ultra-
sonicator (300 V/T; Biologics) for 3 min (20 s on-off cycle) on ice. The
protein concentration was measured using a DC Protein Assay (Bio-
Rad) according to the manufacturer’s instructions.
Protein isolates were incubated in Laemmli sample buffer containing
2-mercaptoethanol (Bio-Rad) at 95 �C for 5 min. Polyacrylamide gel
electrophoresis was performed using 4e15% precast gels (mini-
PROTEAN TGX, Bio-Rad) with 10 mg of total protein load per lane.
Following transfer, polyvinylidene fluoride membranes were cut at
25 kDa and treated individually with 5% non-fat dry milk in Tris-
buffered saline containing 0.05% Tween 20 at RT for 1 h, then
incubated with primary antibodies at 4 �C overnight. Blots were
detected using relevant HRP-conjugated secondary antibodies and
enhanced chemiluminescence substrate (Pierce) at RT for 1 h. Imaging
was performed using a BioSpectrum 815 system (Ultraviolet Products).
To allow re-probing, primary and secondary antibodies were stripped
from the membranes using Restore PLUS stripping buffer (Pierce)
according to the manufacturer’s instructions. Densitometric analysis
was performed using ImageJ [19]; the band densities for each VF
subsite were normalized to liver.
The primary antibodies used were rabbit anti-RBP1 (1:200; sc-30106,
Santa Cruz), rabbit anti-STRA6 (1:500; H00064220-D01P, Novus),
mouse anti-LPL (1:500, MABS1350, EMD Millipore), mouse anti-GFAP
(1:200; G3893, SigmaeAldrich), and rabbit anti-GAPDH (1:10000;
ab181602, Abcam). The secondary antibodies used were HRP-
conjugated goat anti-mouse and goat anti-rabbit IgG (1:5000; 31430
and 31460, Thermo Fisher).

2.9. Statistics
The total vitamin A concentration was defined as the sum of all of the
(b form) retinol and retinyl ester concentrations; the total a-vitamin A
concentration was defined as the sum of all of the a-retinol and a-
retinyl ester concentrations. Esterification was calculated by dividing
the retinyl ester (or a-retinyl ester) concentration by the total vitamin A
(or total a-vitamin A) concentration and converting to a percentage.
Thresholds for vitamin A deficiency and hypervitaminosis A were
defined as 0.1 and 1.0 mmol/g total liver vitamin A, respectively, based
on recent guidelines [20].
Data intended for statistical testing were first evaluated for normality
and equality of variance using visual inspection of raw data plots,
Levene’s test, and the folded F test. Human vitamin A data were
analyzed using analysis of covariance (ANCOVA), with the VFM
concentration as the dependent variable; age, sex, body mass index,
serum concentration, and liver concentration were used as cova-
riates. Additional relationships between VFM, serum, and liver
concentrations were analyzed using Pearson’s r. Western blotting
densitometric data were analyzed using one-way analysis of vari-
ance (ANOVA). Rat vitamin A data were analyzed using a t test in
cases of two experimental groups or one-way ANOVA in cases of
more than two experimental groups. All of the data analyzed using
ANCOVA and ANOVA met normality and equality of variance as-
sumptions; where indicated by the data, t tests were conducted
under an unequal variance assumption (the Satterthwaite method).
In all of the ANOVA models, if the F test revealed a significant
difference, planned pairwise comparisons were performed using
Fisher’s protected least significant difference method. A type I error
rate of 0.01 was used for all of the statistical testing; all of the P
values were two-sided.
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Figure 4: Uptake and utilization of a-retinyl ester in VFM compared to liver and other extrahepatic tissues in vitamin A-sufficient rats. (A) Schematic of the experimental
design. Vitamin A-sufficient rats were dosed with 7 mmol (2 mg) of a-retinyl acetate; tissue and sera were collected at time points up to 72 h post-dose. The rats received no dose
at the 0 h time point. (B) Representative chromatogram confirming the detection of vitamin A forms in the rat VFM at 7 h post-dose. The drift in baseline absorbance reflects a
solvent transition during the gradient. (C) Time course plot showing retinol, a-retinol, and a-retinyl ester concentrations in the serum. Data are shown as means � SEM; P values
were calculated using the omnibus F test within a one-way ANOVA (n ¼ 5e6 per time point). (D) Total a-vitamin A concentrations in all of the tissues at 7 and 72 h post-dose. (E)
The a-retinol and a-retinyl ester concentrations and percent esterified a-vitamin A in all of the tissues at 7 and 72 h post-dose. Data are shown as means � SEM; P values were
calculated using a t test or one-way ANOVA (n ¼ 5, pooled from 25 [VFM, 7 and 72 h]; n ¼ 25e30 [other tissues, 7 and 72 h]; and n ¼ 5 [other tissues, vehicle]). The VFM vehicle
data were obtained from a single replicate pooled from 5 independent samples and not subjected to statistical analysis; n.d., not detected; n.s., non-significant difference.
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3. RESULTS

3.1. Vitamin A storage in human VFM
The current understanding of vitamin A storage in human VFM is
limited to intracellular staining of VF stellate cells with gold chloride
[10,11], detection of vitamin A autofluorescence [10], and a single
report on retinol and retinyl ester concentrations in three donors [11].
Despite its importance to VF biology, it is unknown how vitamin A
storage in VFM corresponds to that of circulating plasma or liver, where
most body reserves are housed [3]. To obtain baseline data, we pro-
cured VFM, liver, and serum from 26 human cadavers (Figure 1A) and
assayed vitamin A forms and concentrations using UPLC. We used
cadaveric donors because elective VFM biopsy risks iatrogenic
damage in healthy individuals and analysis of liver tissue is the gold
standard for assessing vitamin A status. The samples were obtained
<16 h postmortem; the donors were mid- to late-life adult males
6 MOLECULAR METABOLISM 40 (2020) 101025 � 2020 The Author(s). Published by Elsevier GmbH. T
(n ¼ 12) and females (n ¼ 14) with a broad range of body mass
indices (Figure 1B). Rather than isolating the MF, we analyzed intact
bilateral VFM pairs (with retention of aMF and pMF) to ensure that we
captured all of the vitamin A-associated cells and allow comparison
with prior data from humans and other species [11].
The donors exhibited a wide range of total liver vitamin A reserves
(0.001e3.38 mmol/g; Figure 1C); the total vitamin A concentrations in
the VFM (0.086e0.821 nmol/g) and serum (0.065e3.15 mmol/L) were
more tightly clustered across individuals. Based on recent guidelines
[20], 12 donors were classified as vitamin A sufficient (0.1e1.0 mmol/
g liver), 6 were vitamin A deficient (<0.1 mmol/g liver), and 8 were
hypervitaminotic (>1.0 mmol/g liver). The mean concentration in the
VFM was 0.06% of that in the liver (0.416 � 0.218 nmol/g vs
0.743 � 0.971 mmol/g [mean � SD], respectively) and higher than in
previously reported data collected usingHPLC [11]. Liver vitamin A was
primarily detected as retinyl esters (consistent with cytoplasmic
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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storage in hepatic stellate cells) [3], serum vitamin A was primarily
detected as retinol (consistent with RBP4-mediated transport) [1], and
VFM vitamin A was variably esterified (0e70.9%; Figure 1C).
We used ANCOVA to build a statistical model of the total vitamin A
concentration in the VFM (omnibus P¼ 0.0010; Figure 1D). The serum
concentration was the only significant predictor of the VFM concen-
tration (P ¼ 0.0008); the donor age, sex, body mass index, and liver
concentrations were non-significant variables (P ¼ 0.017e0.907).
Regression analyses of the retinol and retinyl ester concentrations
showed the strongest linear relationships between VFM and serum
retinol (r ¼ 0.763; P < 0.0001) and VFM and liver retinyl esters
(r ¼ 0.726; P < 0.0001). These findings are consistent with a
physiologic relationship between vitamin A uptake and utilization in
VFM with that available from circulating plasma and liver reserves.
To corroborate our UPLC data, we immunoassayed human VF for
stellate cell, vitamin A uptake, and vitamin A utilization markers
(Figure 2 and Fig. S1). The stellate cell marker glial fibrillary acidic
protein (GFAP) [21,22] was predominantly expressed by cells in the
aMF and pMF [11,23]; posteriorly, it exhibited a gradient of reduced
immunosignal as the pMF transitioned into the eAC and then hAC.
Stimulated by retinoic acid 6 (STRA6), the RBP4 cell-surface receptor
and retinol transmembrane transporter [24] was strongly expressed by
stellate cells, fibroblasts, and epithelial cells; in contrast, cellular
retinol-binding protein 1 (RBP1), which accepts retinol from STRA6 and
donates it as a substrate for esterification or oxidation [1,25], was
weakly expressed. Lipoprotein lipase (LPL), a multifunctional enzyme
that facilitates hydrolysis and cellular uptake of retinyl esters from
chylomicra [26,27], was consistently expressed across the VF regions
and cell types. Retinoic acid receptor-a (RARA) was expressed by
stellate cells in the aMF and pMF, chondrocytes in the hAC, and luminal
epithelial cells. In sum, these data confirm that human VFM contains
distinct cell populations with the machinery to uptake, process, and
metabolize retinol and retinyl esters from circulation.

3.2. Pharmacokinetics of single dose a-retinyl ester in vitamin A-
deficient rats
To support our human characterization work with physiologic data, we
used an in vivo rat model to assess vitamin A transport and phar-
macokinetics. As vitamin A trafficking to VFM might involve both RBP4-
dependent and -independent mechanisms, we used an a-retinyl ester
dosing paradigm to test whether VFM can receive postprandial retinyl
esters directly from chylomicra independent of RBP4. This approach
takes advantage of the inability of a-retinol (distinguished from retinol
[also known as b-retinol] by a shift of the cyclohexene ring double
bond from the 5,6 to the 4,5 position; Figure 3A,B) to bind to RBP4 [28],
meaning that while it can accumulate in the liver, it remains
sequestered and cannot reenter the circulation for RBP4-mediated
transport to extrahepatic organs [7,29]. Therefore, detection of a-
vitamin A in extrahepatic tissue provides evidence of postprandial
trafficking by chylomicra.
Before assaying VFM uptake, we piloted the approach in serum, liver,
and kidneys after dosing vitamin A-deficient Sprague Dawley rats with
a single 1 mg (3.5 mmol) a-retinyl acetate bolus (Figure 3C). We
selected the rat strain and deficiency model based on precedence in
the vitamin A literature [18,30,31] and because we reasoned that initial
detection of a forms would be more straightforward in animals with
reduced total body vitamin A; we selected the a-retinyl acetate dose
based on prior research showing no liver toxicity at 3.5 mmol even after
repeated administration [18]. Using HPLC, we detected a-vitamin A in
all of the non-baseline samples up to 336 h post-dose (Figure 3D,E;
Fig. S2A). Most of the dose detected in the serum was in a-retinyl ester
MOLECULAR METABOLISM 40 (2020) 101025 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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form: the concentration peaked at 1.5 h and returned to baseline by
12 h. Liver uptake of a-retinyl esters (and, at lower concentrations, a-
retinol) peaked at 24 h post-dose and then slowly declined, suggesting
gradual hepatic utilization or release via a non-RBP4 mechanism.
Kidney uptake was comparable for a-retinol and a-retinyl esters, with
both concentrations peaking at 8 h post-dose. Finally, retinol and
retinyl ester concentrations in the serum and liver varied across the
monitoring period (Figure 3E and Fig. S2B), suggesting that, at least in
the vitamin A-deficient condition, a single a-retinyl ester dose might
impact the utilization of existing vitamin A stores.

3.3. Uptake and utilization of a-retinyl esters in vitamin A-sufficient
rat VFM
Having successfully profiled the uptake and utilization of orally dosed a-
retinyl ester in the serum, liver, and kidneys, we next evaluated single-
dose pharmacokinetics in VFM (Figure 4A). We used Fischer 344 strain
rats to allow comparison with prior VFM data [11]; we kept the rats in
vitamin A-sufficient status to better evaluate the impact of postprandiala-
vitamin A delivery on utilization of existing vitamin A stores. We added a
vehicle control, expanded the extrahepatic comparison tissues to include
the lungs and spleen, and narrowed the monitoring period to 72 h post-
dose. Finally, as rat VFM is a relatively small tissue (>0.2 mm3 [32,33];
w0.8 g ww in our dataset) with stellate cells restricted to the aMF and
pMF, we optimized detection and quantification by doubling the a-retinyl
acetate dose to 2 mg (7 mmol), using UPLC in place of HPLC, and pooling
bilateral VFM from5 larynges per biological replicate. Preliminary analysis
confirmed the detection of all of the a forms of interest (Figure 4B).
The serum a-retinyl ester concentration peaked at 3 h, approached
baseline by 11 h, and was completely cleared from the circulation by
24 h post-dose (Figure 4C). We noted parallel but smaller spikes in the
serum retinol and a-retinol concentrations, presumably due to the
dose overwhelming the enterocyte esterification apparatus, leading to
co-packaging of intestinal retinol and a-retinol with a-retinyl esters in
chylomicra. The total a-vitamin A concentrations at 7 and 72 h were
highest in the liver, followed by the lungs, kidneys, spleen, and VFM
(Figure 4D); the concentrations in all of the extrahepatic tissues
decreased between 7 and 72 h. VFM a-retinol and a-retinyl esters
(0.931 � 0.048 and 2.00 � 0.284 nmol/g at 7 h, respectively) were
nearly completely metabolized by 72 h (Figure 4E). The spleen and
kidneys showed the most similar concentration profiles to that of VFM
with the exception that the initial uptake (7 h) in both tissues favored a-
retinol over a-retinyl esters. In contrast to these fast-metabolizing
tissues, the lungs retained the majority of absorbed a-vitamin A and
the liver accumulated additional a-vitamin A through 72 h post-dose.
Finally, we observed extrahepatic retinol uptake (VFM, kidneys, and
lungs) and utilization (spleen and kidneys) at 7 and 72 h (Fig. S3),
consistent with these tissues absorbing the a-retinyl ester dose
alongside chylomicron-co-packaged or RBP4-bound retinol from the
circulation.

3.4. Characterization of stellate cell- and vitamin A-associated
markers in vitamin A-sufficient rat VF
We immunostained vitamin A-sufficient rat VF for stellate cell and
vitamin A uptake, storage, and utilization markers. Consistent with
human VF (Figure 2 and Fig. S1), GFAP was expressed by stellate cells
in the aMF and pMF as well as chondrocytes in the eAC (Figure 5A).
Most of the GFAPþ VF stellate cells (and neighboring GFAPþ eAC cells)
strongly co-expressed STRA6 and RARA; a subset was GFAPþLPLþ

(Figure 5B). As vitamin A reserves are stored as retinyl esters within
cytoplasmic lipid droplets [1], we additionally probed tissues with
lipophilic dye boron-dipyrromethene (BODIPY) and assessed the
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Characterization of stellate cell- and vitamin A-associated markers in vitamin A-sufficient rat VF. (A) Representative axial section immunostained for GFAP. The
white dashed lines indicate the aMF, pMF, eAC, and boundaries between the TA, LP, and Epi. Scale bar, 100 mm. (B) Additional axial sections showing colocalization of GFAP with
STRA6, LPL, and RARA, as well as BODIPY with PLIN1, within the aMF and pMF. The white dashed boxes indicate pMF regions that are enlarged (below) as high-magnification,
single- and merged-channel images. The yellow arrowheads indicate GFAPþSTRA6þ, GFAPþLPLþ, GFAPþRARAþ, and BODIPYþPLINþ stellate cells. Scale bar, 50 mm (low-
magnification images) and 10 mm (high-magnification images).
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distribution of lipid droplet coating protein perilipin 1 (PLIN1). Most of
the VF stellate cells were PLINþ; a subset was BODIPYþ. Assessment
of additional VF regions showed STRA6 and RARA expression patterns
(Figs. S4 and S5) that were comparable to those observed in human
tissue (Fig. S1); LPL was weakly expressed in the TA and by a small
subset of epithelial cells (Fig. S6); BODIPY was detected in the hAC and
PLIN1 was weakly expressed by basal epithelial cells (Fig. S7). Overall,
these immunostaining data corroborate our a-retinyl ester dosing
results by confirming that, as in humans, rat VFM cells have the
requisite machinery to uptake, process, store, and metabolize vitamin
A irrespective of the (RBP4-dependent or -independent) delivery
mechanism.

4. DISCUSSION

Using human cadavers and an in vivo rat system, we herein provide the
first physiologic analysis of vitamin A uptake, storage, and utilization
within VFM benchmarked to liver, serum, and other extrahepatic tis-
sues. Our data confirm VFM as a bona fide extrahepatic vitamin A
repository in the larynx, advance characterization of the VF stellate cell
phenotype, and show general biologic concordance between humans
and rats. Notably, approximately half (n ¼ 14; 54%) of the humans in
our cadaver cohort met the gold standard (total liver reserve) criteria for
vitamin A deficiency or hypervitaminosis A [20]. While both conditions
are assumed to exist in the US adult population [34], definitive liver
biopsy-based assessment is rare in humans. The high prevalence
estimates in our cohort may reflect inadequate micronutrient intake in
certain individuals [35e37], overconsumption of fortified foods and
supplements in others [38,39], and medical comorbidities and end-of-
life interventions in some.
Analysis of the complete dataset allowed us to build a statistical model
of vitamin A utilization based on a wide range of biologically and
clinically relevant concentrations. Serum vitamin A was the only sig-
nificant predictor of the VFM concentration in the full model, sug-
gesting that VFM stores may be rapidly metabolized in situ and
replenished from the circulatory pool. Further, VFM vitamin A favored
the retinol form but exhibited a range of esterification across in-
dividuals, consistent with the dynamic management of metabolic and
storage needs. We corroborated these observations using immuno-
detection of vitamin A-associated markers and pharmacokinetic
profiling of orally dosed a-retinyl ester in rats. Prior research showed
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that a-retinol has 40e50% of the biopotency of retinol [18]; in VFM,
these molecules presumably support the same biologic functions. On a
vitamin A-sufficient background, dosed a-vitamin A was detected in
rat VFM in both ester and alcohol forms, indicating postprandial traf-
ficking by chylomicra and initial hydrolysis followed by some esterifi-
cation. Both a forms were nearly fully depleted by 72 h, confirming the
high metabolic demand for vitamin A within VFM.
It is well-established that VFM vitamin A is stored locally by stellate
cells in the aMF and pMF [10,11]. Our observation of cytoplasmic RARA
in human and rat VF stellate cells was consistent with a prior report
[12] and suggests that these vitamin A-storing cells may additionally
metabolize retinoic acid. Importantly, while classically known as a
nuclear receptor and transcription factor, RARA can localize to the
cytoplasm in quiescent cells and undergo nuclear translocation when
retinoic acid is present [40,41]. In fact, RARs appear to mediate the
pleiotropic functions of retinoids in part by operating in multiple sub-
cellular compartments [42e45]. The VF stellate cell phenotype is
distinct from that of VF epithelial cells, which preferentially express
nuclear RARB [13], do not retain retinyl esters for storage [11], and are
highly sensitive to vitamin A bioavailability [13,14]. While our data
further show that VF epithelial cells strongly and uniformly express
STRA6, it is unclear whether vitamin A is supplied to the VF epithelium
by neighboring stellate cells or the circulatory pool.
By demonstrating uptake of doseda-vitamin A fromchylomicra, we show
that, in addition to plasma retinol and the local VF stellate cell repository,
VFM can directly access postprandial retinyl esters to meet metabolic
demands. The total VFM uptake under vitamin A-sufficient conditions
presumably involves a combination of RBP4-dependent and -indepen-
dent transport: future research could quantify the relative dependence on
each mechanism by comparing a-retinyl ester kinetics with that of a
retinoid tracer capable of binding RBP4 (for example, 3,4-didehydroretinyl
ester [also known as vitamin A2]) [8,9,18]. Future research should also
examine whether subpopulations of VFM cells uptake vitamin A via the
same or different mechanisms, if they do so in a coordinated or inde-
pendent fashion, and whether they use established or novel metabolic
pathways for intracellular vitamin A processing.
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