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Abstract: Since their discovery over a century ago, retinoids have been the most studied of the fat-soluble

vitamins. Unlike most vitamins, retinoids are stored at relatively high concentrations in the body to buffer

against nutritional insufficiency. Until recently, it was thought that the sole important retinoid delivery

pathway to tissues involved retinol bound to retinol-binding protein (RBP4). More recent findings, however,

indicate that retinoids can be delivered to tissues through multiple overlapping delivery pathways, involving

chylomicrons, very low density lipoprotein (VLDL) and low density lipoprotein (LDL), retinoic acid bound

to albumin, water soluble B-glucuronides of retinol and retinoic acid, and provitamin A carotenoids. This

review will focus on explaining this evolving understanding of retinoid metabolism and transport within the

body.
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Introduction

The term retinoid was coined by Sporn and colleagues in
the mid-1970s (1). Retinoids comprise both natural and
synthetic chemical species that bear a structural resemblance
to all-trans-retinol, with or without the biological activity of
vitamin A. Hence, vitamin A (by definition all-#rans-retinol)
is a natural retinoid species. Retinoids must be acquired
from the diet either as preformed retinoid or as provitamin
A carotenoids that are converted in the body to retinoid.
Preformed retinoid is ingested primarily in the form of
retinol or retinyl esters from animal food sources including
dairy, fish, and meat (and with especially high abundance in
liver). Provitamin A carotenoids are yellow, orange, and red
pigmented compounds in plants, which may be converted
within the body into vitamin A. It has been estimated that
individuals in developing nations receive 70-90% of their
retinoid from provitamin A carotenoids, whereas individuals
in industrialized nations consume up to 75% of their total
dietary retinoid as preformed retinoid (2).

Retinoids regulate important cellular processes including

© Hepatobiliary Surgery and Nutrition. All rights reserved.

cellular proliferation, differentiation, and apoptosis, and
hence they have roles in many essential physiological
processes including the maintenance of immunity, barrier
integrity, male and female reproduction, and embryonic
development (3,4). These essential actions are thought to
be mediated primarily by all-f7ans-retinoic acid and 9-cis-
retinoic acid, which regulate transcription by serving as
ligands for nuclear hormone receptors (5,6). All-trans-
retinoic acid serves as the natural ligand for the three
retinoic acid receptors (RARa, -, and -y); whereas 9-¢is-
retinoic acid is proposed to be a natural ligand for the
three retinoid X receptors (RXRa, -, and -y) (7). Over
500 genes are reported to be responsive to either all-trans-
or 9-cis-retinoic acid (8). There is growing evidence that
retinoic acid also acts non-genomically, directly regulating
intracellular signaling pathways (9).

Both insufficient dietary retinoid intake (resulting in
hypovitaminosis A or vitamin A-deficiency) and excessive
retinoid consumption (resulting in hypervitaminosis A
or vitamin A-toxicity) pose challenges to human health.
Retinoid-deficiency is the leading cause of preventable
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blindness in developing countries, affecting the most
detrimental outcomes to pregnant mothers and young
children (10). The World Health Organization estimates
that 250 million preschool children, primarily in Africa
and South-East Asia, do not receive adequate levels of
dietary retinoid (10). Of these children, an estimated
500,000 become blind due to retinoid deficiency and an
estimated 250,000 die each year due to increased risk of
other severe illnesses, including diarrheal disease and
measles (10). On the other hand, retinoid-toxicity is a
growing cause for concern in the developed world since
it has been associated with health problems including
osteoporosis and bone fractures (2) and respiratory tract
infections (11). High intake of retinoic acid is known to
be teratogenic for both animal models and humans (12). A
large study involving 22,748 pregnant women found that
the ratio of newborns with defects associated with cranial-
neural-crest tissue born to mothers who consumed more
than 15,000 IU of preformed vitamin A daily compared
to mothers who consumed less than or equal to 5,000 IU
was 3.5 (12). Moreover, elevated levels of RBP (or RBP4),
the sole specific blood transport protein for retinol, is
proposed to be causally associated with the development
of obesity-related metabolic disease, including impaired
insulin responsiveness (and consequently type 2 diabetes),
liver disease, and cardiovascular disease (13) (We note
for the reader that with the completion of the Human
Genome Project, the gene encoding RBP, the serum/plasma
transport protein for retinol, was given the designation
RBP4. Classically though, this protein has been known as
RBP. Both RBP and RBP4 appear in current literature,
with RBP4 being commonly used in the literature focused
on its role in metabolic disease. However, both RBP and
RBP4 refer to the same protein, encoded by the same gene.
Throughout this article, we will solely use the term RBP4).
There is also controversy regarding the significance
of intervention trials in which high doses of retinol and/
or B-carotene were administered. Results from many trials
suggest that retinol supplementation increases resistance to
the severity of infection (14) and that retinol supplementation
decreases mortality related to pregnancy (15). However,
a few studies show that retinol supplementation did not
benefit, and could have possibly worsened health outcomes.
For example, the well-known Beta-Carotene and Retinol
Efficacy Trial (CARET) and the Alpha-Tocopherol Beta-
Carotene (ATBC) Cancer Prevention Study show that
retinol and/or B-carotene supplementation increased risk of
lung cancer to those already predisposed to lung cancer, i.e.,
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smokers and asbestos-exposed workers (16-18). Thus, it is
always important to remember that both retinoid deficiency
and toxicity could pose health problems, so a balanced
intake is needed. We propose that some of these findings
and seemingly inconsistent outcomes mentioned above
will be explained as we gain greater understanding of the
complexities of retinoid metabolism and delivery.

"This article is aimed at summarizing new insights gained
in the last decade on retinoid transport in the circulation
and uptake by tissues. One of our major goals for this
article is to familiarize readers with this expanding and
evolving understanding. Another of our goals is to provoke
thought and conversation regarding how the different
retinoid and carotenoid forms that can be measured in the
circulation may be used to understand the role of retinoids
in maintaining optimal human health.

Retinoid storage and metabolism in the body

Unlike most vitamins, retinoids are stored at relatively high
levels within the body (19). The ability to store retinoids
affords organisms an evolutionary benefit in times of dietary
retinoid insufficiency, as retinoids in these stores may be
mobilized in response to bodily demands. This provides
a rationale for why it is important to understand the
molecular processes underlying retinoid intake from dietary
sources, transport within the circulation, storage in tissues,
and mobilization from these stores.

In the body, most retinoid exists primarily in one of two
chemical forms—as either retinol or retinyl esters, both
of which play key roles in the metabolism, storage, and
delivery of vitamin A to tissues (19). Retinoid is transported
in the circulation as retinol bound to RBP4. Retinol is also
a precursor for retinoic acid formation, undergoing two
enzymatically-catalyzed oxidizations to retinoic acid (19).
Retinol can be esterified into retinyl ester through the actions
of lecithin:retinol acyltransferase (LRAT), specifically, through
transesterification of long chain fatty acyl groups present at
the sn-1 position of membrane phosphatidyl choline to retinol.
Retinyl esters are the body’s predominant retinoid storage
form—healthy individuals store approximately 80-90% of the
total retinoid present in their bodies as retinyl esters in the
liver (20). Retinyl esters found in humans and rodents include
primarily retinyl palmitate (which accounts for approximately
70-80% of total retinyl ester in the liver) along with retinyl
oleate, retinyl stearate, and retinyl linoleate (21,22).

Within the liver, two distinct hepatic cell types are central
to retinoid metabolism and storage: the parenchymal cells
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Figure 1 Generalized scheme for retinoid metabolism. Dietary retinyl esters, retinol, and provitamin A carotenoids (such as p-carotene) are

taken into the body. Vitamin A (by definition all-z7ans-retinol) may be esterified into retinyl esters and stored. In times of dietary retinoid

insufficiency, retinyl ester stores are hydrolyzed to retinol for delivery to peripheral tissues. Both all-zrans-retinol and p-carotene may

be converted enzymatically to all-trans-retinal. However, as noted in the text, the visual chromophore 11-cis-retinal, owing to energetic

considerations, is formed via the coupled enzymatic hydrolysis of all-trans-retinyl ester with the isomerization of the all-t7ans-retinoid to the

11-cis-isomer (19). Retinal either can be enzymatically oxidized to retinoic acid, which regulates transcription of over 500 retinoid-responsive

genes, or reduced enzymatically to retinol. When retinoic acid is no longer needed, it is catabolized and eliminated from the body.

(or hepatocytes) and the non-parenchymal hepatic stellate
cells (HSCs) (23,24). Hepatocytes constitute approximately
two-thirds of all hepatic cells and approximately 90%
of total hepatic protein (23,25,26). The large, relatively
abundant hepatocytes are responsible for most of the liver’s
metabolic processes—they are the cellular sites of dietary
retinoid clearance in the liver and thereby responsible for
dietary retinol uptake (27-32). The hepatocyte is also the
major cellular site within the liver that is able to synthesize
and secrete retinol bound to RBP4 (33). While hepatocytes
are important for retinol uptake and mobilization, they
account for only 10-20% of the total retinoid found in
the liver (23,34,35). The remaining 80-90% of hepatic
retinoid is found in the HSCs (23,34,35). HSCs contain
characteristic large lipid droplets within their cytoplasm.
Moriwaki et al. reported that lipid droplets purified from rat
HSCs contained an average lipid composition consisting of
39.5% retinyl ester and that the lipid droplet composition
responded markedly to changes in dietary retinol intake
but not to changes in dietary fat intake, suggesting that
the HSC lipid droplets are specialized for retinoid storage
rather than neutral lipid (triglyceride or cholesteryl ester)
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storage (36). Adipose tissue, specifically the adipocyte, is
another site for retinoid storage in the body, albeit to a
lesser extent than hepatocytes and HSCs (37).

In addition to its role in retinoid storage, retinyl
ester serves as the substrate for the formation of visual
chromophore 11-cis-retinal, which is needed for visual
pigment formation in the eye, and undergoes enzymatic
recycling to retinol and subsequently retinyl ester in the
visual cycle (19). Aside from its roles in storage and visual
chromophore synthesis, retinyl ester has no other known
biological roles (19). Retinyl esters are hydrolyzed to retinol
to allow for its distribution throughout the body bound
to RBP4 (19). Figure 1 summarizes the various retinol
metabolites and their interconversions.

Longstanding view of retinoid transport in the
circulation

Until recently, it was generally thought that the sole
important retinoid delivery pathway to tissues involved
retinol transported throughout the circulation bound
to RBP4. Indeed, in the fasting human circulation,
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Figure 2 Retinoid transport in the form of retinyl esters. Dietary retinoid, in the form of retinol, retinyl esters, and provitamin A
carotenoids, are absorbed in the small intestine, where they are packaged into chylomicrons and secreted into the lymphatic system. Retinyl
esters in chylomicrons undergo lipolysis and remodeling while traversing the circulation. From there, retinyl esters may take one of two
paths—(I) they may either be hydrolyzed into retinol (via the actions of LPL), which may be taken up by peripheral tissues (in rodents, 25-
33% of chylomicron retinyl ester is delivered directly to peripheral tissues); or (I) they may be transported to the liver (in rodents, 66-75%
of chylomicron retinyl ester is transported to the liver). Retinyl esters are stored in the liver. The liver can secrete some retinyl ester bound

to VLDL into circulation. Upon metabolism of VLDL, some retinyl esters may be found in LDL or transferred to high density lipoprotein

(HDL). Retinyl esters bound to these lipoprotein particles may also be taken up into peripheral tissues.

approximately 95% of the retinoids present exists as retinol
bound to RBP4, with normal adult concentrations of
approximately 2-4 pM (38-40). The retinol-RBP4 complex
is secreted from the hepatocyte into the circulation to allow
for retinol delivery to retinoid-dependent peripheral tissues,
where it can be oxidized to retinoic acid (41). Retinol-
RBP4 is found in the circulation as a complex with another
protein, transthyretin (I'TR). Binding to TTR stabilizes
the retinol-RBP4 complex, thereby reducing renal filtration
of RBP4 and allowing for RBP4 to be recycled after retinol
is taken into cells (41). Exactly how retinol is taken up by
cells from the retinol-RBP4-TTR complex is the subject
of much current research and this will be discussed in the
following section of this article.

Another pathway for retinoid delivery to peripheral
tissues—known for many years but the true significance of
which has gone unrecognized—involves transport of dietary
retinyl esters in chylomicrons (as depicted in Figure 2).
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Retinyl esters are packaged in chylomicrons along with
other dietary fat (including cholesterol and triglyceride).
Chylomicrons are secreted into the lymphatic system and
eventually enter the general circulation through the thoracic
duct (41). Before clearance by peripheral tissues, retinyl
esters must first be hydrolyzed to retinol by lipoprotein
lipase (LPL) (42). This newly formed retinol is thought to
bind to cellular retinol-binding protein, type I (CRBPI)
present in most peripheral tissues, which transports retinol
within these tissues (43,44). After consumption of a retinoid-
rich meal, the postprandial circulation may contain levels of
retinyl esters as high as 5-10 pM, with exact concentrations
directly depending on the quantity of retinoid consumed,
while retinyl ester concentrations in the fasting circulation
vary but are generally found within the 100-200 nM
range (19). Studies in the 1960s in rodents established that
approximately 66-75% of chylomicron retinyl ester is taken
up by the liver, while the remaining 25-33% of chylomicron
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of retinoid transport involved retinol circulating bound to RBP4. While other pathways had also been known at the time, such as retinoid
transport as retinyl ester in chylomicrons and as provitamin A carotenoids, retinol-RBP4 was regarded as the sole important delivery
pathway to tissues. As noted in the text, two recent experimental studies show that for mice totally lacking S#746 no significant differences
were detected for retinol or retinyl ester levels in adipose tissue, brain, heart, kidney, liver, lungs, muscle, pancreas, spleen, testis, or thymus,
only those present in the eye (45,46). Another study concluded that STRAG is not the only pathway for retinol uptake into the eye (47).
Collectively, this raises a question as to how physiologically important STRA6 may be for mediating tissue uptake and accumulation of

retinoid, especially outside of the eye (46). Consequently, we have not drawn in STRAG into this overview, although earlier publications have

argued in favor of STRAG inclusion (48-50).

retinyl ester is delivered to peripheral tissues, bypassing
the liver and its stores (21). A generalized summary of this
classical understanding of retinoid transport is presented in
Figure 3.

Global health experts may want to know the best
or most accessible method for assessing retinoid status
in human populations. The best indicator of retinoid
nutritional status is certainly the hepatic concentration of
total retinoids (retinol + retinyl esters) (51). However, the
assessment of hepatic total retinoid levels requires either
obtaining liver biopsies, which in our view is not feasible
or even ethical, or using stable isotopes and mathematical
models developed for this purpose, which may be expensive
and technologically-sophisticated. Therefore, other
indirect measures are commonly used, all of which involve
measuring circulating retinoid levels in some context
(possibly involving several blood draws). In our view, the
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most readily available assessment involves measuring serum
retinol levels (51). As noted above, retinol-RBP4 accounts
for the majority of retinoid in the fasting circulation
and therefore perhaps affords the easiest assessment of
the retinoid status of populations. However, two factors
complicate this assessment. First, the liver defends blood
retinol levels until the liver’s retinyl ester stores are
completely depleted, after which retinoid levels in the blood
plummet. Thus measuring serum retinol levels cannot
identify individuals who appear to have a “normal” retinoid
status but who actually have low hepatic retinyl ester stores
and are in danger of hypovitaminosis A. Second, RBP4 and
TTR levels in circulation may decrease due to infection
or injuries. Upon injury or infection, the body activates
an acute phase response, downregulating negative acute
phase proteins, two of which include RBP4 and TTR (52).

Therefore, a low serum RBP4 level may not accurately
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reflect retinoid status, as the low RBP4 levels result from
the acute phase response to an infection or illness rather
than low retinoid levels in the body. Although these two
factors complicate the interpretation of measured serum
retinol-RBP4 levels, they may not have significant effects
on the assessment of retinoid status at the population level.

Recent insight into retinoid metabolism and
transport in the circulation

For the last ten or fifteen years, it has been increasingly
recognized that a number of different forms of retinoid,
in addition to retinol-RBP4, are found in the circulation
at varying levels, depending on the dietary status of the
individual. As summarized in Figure 4 and Table 1, these
include retinyl esters transported in lipoproteins derived
from the small intestine, in chylomicrons and chylomicron
remnants, as well as from the liver, in very low density
lipoprotein (VLDL) and low density lipoprotein (LDL);
retinoic acid transport bound to albumin; and retinol and
retinoic acid transported in the form of water-soluble
retinyl- and retinoyl-B-glucuronides (19). We propose that
all of these pathways can be important for assuring normal
retinoid actions within the body and for contributing to
tissue retinoid pools.

As an example of why this new understanding is
significant, we would point to the following. For more than
30 years it has been known that consumption of foods rich
in retinoids and provitamin A carotenoids is associated
with a lessened risk of developing cancer. This finding
is very reproducible across many populations. However,
most studies that have attempted to demonstrate a link
between blood retinol levels and cancer risk were unable
to demonstrate such an association. The idea usually used
to rationalize this apparent discrepancy is that foods rich
in retinoids and provitamin A carotenoids contain many
beneficial substances and it is not possible to tease out the
effects of individual food components. This is certainly
true. However, we would argue that solely relying on
measurements of blood retinol levels themselves cannot
determine dietary retinol sufficiency. As long as people
consume a sufficient level of retinoid in the diet, blood
retinol levels are maintained at a constant level by the
actions of the liver. Thus, for this reason, we would argue
that serum retinol levels cannot be directly correlated
with incidence of cancer. Moreover, assessment of blood
provitamin A carotenoid levels is also not useful for teasing
apart this relationship since these can be enzymatically
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converted within tissues to retinoids, which is then used
in situ to maintain retinoid-dependent functions including
normal cell proliferation and differentiation. We take
the view that the inverse relationship between dietary
retinoids and provitamin A carotenoid intake and cancer
reflects the delivery of these substances in chylomicrons
and chylomicron remnants. Information that underlies this
argument is discussed below.

RBP4

Until recently, research concerning retinoid transport has
focused almost solely on retinol-RBP4 (53). Twenty years
ago, it would have been predicted by most researchers that
individuals lacking RBP4 would not be found since the
absence of RBP4 would likely result in death at a very early
age due to impairments to essential retinoid-dependent
functions, like the maintenance of immunity and barrier
function. However, research undertaken in the last fifteen
years, both basic and clinical research, has demonstrated
that other pathways for retinoid transport are also
physiologically important. This idea is best evidenced in the
existence of humans who completely lack RBP4 and are thus
RBP4-deficient. These individuals display impaired vision
and in some instances ocular defects, but do not exhibit
other more severe signs of retinoid deficiency. In 1999, two
female siblings living in Germany, with a known history
of night blindness and slightly reduced visual acuity, were
admitted to the hospital and found to have undetectable
plasma RBP4 concentrations (<0.6 pM) and extremely low
plasma retinol concentrations (53). Sequencing of the sister’s
RBP4 gene revealed two unique point mutations, resulting
in amino acid changes to the RBP4 protein. Sequence
analysis showed that these siblings inherited two mutated
alleles (resulting in different amino acid substitutions on the
encoded proteins) (53). As a result, both affected siblings
experienced night blindness and modest retinal dystrophy,
presumably due to insufficient retinoid delivery to the
eye, but both showed no potentially severe symptoms of
retinoid deficiency, such as an impaired immunity (53).
Another family, living in South Asia and exhibiting a retinal
degeneration, showed a similar total lack of RBP4. Two
affected siblings experienced visual defects, but showed no
signs of xerophthalmia (54). Exome sequencing showed
abnormal changes in the RBP4 gene of these two affected
patients but not in their unaffected sibling (54). These
two siblings who completely lacked RBP4 protein had
undetectable levels of serum retinol, whereas an unaffected
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Figure 4 Overview of the modern understanding of retinoid delivery. Retinoids and provitamin A carotenoids are delivered to cells and
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tissues through a number of pathways, as depicted in this figure. Retinyl esters are delivered to cells and tissues either (1) packaged in
chylomicrons/chylomicron remnants (after dietary retinoid intake) or (2) bound to VLDL, LDL, or HDL (in the fasting circulation).
Retinol bound to RBP4 in the retinol-RBP4-TTR complex is taken in by cells (3), possibly via the actions of STRAG6. Retinol may also be
delivered to cells in the form of its water-soluble retinyl-p-glucuronide (4), although these are present at very low concentrations in the
circulation. Retinoic acid is present at lower concentrations (as compared with retinol and retinyl esters) in both fasting and postprandial
circulation, and may be delivered to cells bound to albumin (7) or transported as its water-soluble retinoyl-B-glucuronide. Provitamin A
carotenoids, such as B-carotene, are present in the postprandial circulation at low concentrations in chylomicrons or hepatic lipoproteins (5).
Once inside the cell, retinol may be esterified to retinyl esters, a storage form of vitamin A, or oxidized to retinal. Provitamin A carotenoids
may be converted to retinal. Retinal serves as an intermediate in the oxidation of retinol to retinoic acid. Retinoic acid is transported to the
nucleus of the cell, where it activates transcription of retinoid-responsive genes. As noted in the text, two recent experimental studies show
that for mice totally lacking Szr46 no significant differences were detected for retinol or retinyl ester levels in adipose tissue, brain, heart,
kidney, liver, lungs, muscle, pancreas, spleen, testis, or thymus, only those present in the eye (45,46). Another study concluded that STRA6
is not the only pathway for retinol uptake into the eye (47). Collectively, this raises a question as to how physiologically important STRA6
may be for mediating tissue uptake and accumulation of retinoid, especially outside of the eye (46). Based on these new findings, we have not
drawn STRAG into this overview, although earlier publications have argued in favor of STRAG inclusion (48-50).

sister had a more normal level of serum retinol (~1 pM). In the last decade, considerable research interest has
For both studies, T'TR levels were reported to be normal, focused on a possible link between RBP4 and obesity,
indicating that the patients had reduced RBP4 levels due to diabetes, and insulin signaling. In 2005, Kahn and colleagues
mutations in RBP4 itself, rather than due to lack of TTR reported a role for RBP4 in linking the development
(53,54). Studies in animal models agree with these findings of obesity with impaired insulin responsiveness. These
from clinical studies—mice lacking RBP4 are also generally investigators reported that elevated serum RBP4
normal, aside from an impaired vision phenotype (55,56). concentrations were associated with insulin resistance and
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Table 1 Concentrations of various retinoid metabolites in the human circulation in the fasting and fed states’

Fasting circulation

Postprandial circulation

Retinol-RBP4

Retinyl esters

Retinoic acid

Glucuronides (retinoyl-p- and retinyl-f-)
Provitamin A carotenoids

2-4 yM 2-4 yM
100-200 nM 5-10 uM
1-3 nM 80-90 nM
1-11 nM No conclusive data available
0.2-1.2 pM* No conclusive data available

T individual levels of retinoid species presented here are taken from references cited within the text where discussed; 2 provitamin
A carotenoid levels are 0.2-1.2 pM in most people, but fasting levels as high as 5-8 uM have been reported. RBP4, retinol-binding

protein.

proposed that this association may causally link obesity and
the development of type 2 diabetes (57). This relationship
has now been studied in many clinical settings by many
independent laboratories and many have concluded
that overexpression of RBP4 increases susceptibility for
the development of insulin resistance (57). Thus, many
researchers believe that increased RBP4 levels, owing to
obesity, impairs insulin signaling and possibly contributes
to development of type 2 diabetes and its related diseases
(58-60). However, other researchers still challenge the
notion that RBP4 is correlated with obesity or diabetes
(61,62). This controversy in the literature remains to be
resolved, but this research has important implications given
that the increasing incidence of type 2 diabetes is now a
major public health concern in most parts of the world.

RBP4 and stimulated by retinoic acid 6 (STRA6)

Another area of considerable recent research interest
concerns how retinol is taken up by cells from retinol-RBP4
present in the circulation. Even though free retinol has the
ability to diffuse through cell membranes, retinol in the
circulation is bound to the RBP4 in the retinol-RBP4-T'TR
complex, thereby preventing its diffusion into cells (48). In
2007, a cell surface receptor for RBP4 was identified—this
receptor was termed STRAG6 (49,50). STRAG is expressed
in a number of tissues with high demand for vitamin A,
especially the retinal pigmented epithelial (RPE) cells of the
eye (50). STRAG interacts with the RBP4 component of the
retinol-RBP4-TTR complex and facilitates retinol uptake by
the cell (48). The early literature suggested that mutations in
or lack of the STRA6 gene in humans results in a very severe
phenotype, including, but not limited to, mental retardation,
congenital heart failures, and developmental abnormalities
resulting in death at an early age (48).
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The more recent literature suggests that the severity
of phenotypes resulting from human STRA6 mutations is
variable but always results in impaired eye development (45).
Recent experimental studies show that mice lacking S#ra6
are viable and generally normal, with the primary phenotype
being an ocular one of impaired vision and eye development
(45-47). Two of these recent studies also established that
the total absence of St7z6 in mice does not significantly
affect retinol or retinyl ester levels in adipose tissue, brain,
heart, kidney, liver, lungs, muscle, pancreas, spleen, testis,
or thymus, only those present in the eye (45,46). The other
concluded that STRAG6 is not the only pathway for retinol
uptake into the eye (47). This raises a question as to how
generally important STRA6 may be for mediating tissue
uptake and accumulation of retinoid, especially outside of
the eye (46). The recent literature also suggests a potential
alternative role for STRAG in insulin responsiveness

(45,63,64).

Retinyl esters in chylomicrons

The older literature emphasized the importance of the
retinol-RBP4 transport pathway for assuring retinoid
delivery to tissues, although it had been known for some
time that retinyl esters can be found in the postprandial
circulation transported in chylomicrons (65). As noted
above, although the retinol-RBP4 pathway is the major
pathway for retinoid transport in the circulation, it is not
an essential pathway. This is evidenced by the fact that
humans who do not express RBP4 have impaired vision
and possible eye defects, but are otherwise normal when
they regularly consume a retinoid-sufficient diet (53,54,66).
Therefore, there must be other mechanisms to account
for retinoid transport in the body. As discussed earlier,
relatively high levels of retinyl esters are transported in
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chylomicrons following a vitamin-A rich meal. Even though
postprandial clearance of retinyl esters by peripheral tissues
had been known fairly early on, researchers did not make
the connection that this was an important route for vitamin
A delivery to tissues. However, when it became clear that
humans lacking RBP4 have relatively mild phenotypes, ones
not resulting in mortality, this delivery pathway began to
be recognized as a major contributor to retinoid delivery to
tissues. In other words, the present understanding is that
RBP4 exists to allow for retinoid stores to be mobilized from
the liver, thus enabling the body to store vitamin A for use
in times of dietary insufficiency. However, individuals can
survive without RBP4, as long as they consume sufficient
quantities of dietary retinoid. This is because postprandial
retinoid is delivered effectively to extrahepatic tissues that
are vitamin A-dependent, aside for the eye. At present it
is not understood whether this process is regulated and
responsive to tissue retinoid needs and/or intake levels or
whether this is simply an unregulated process. It is, however,
now generally believed that delivery of postprandial retinoid
to tissues via chylomicrons allows for humans lacking
RBP4 to survive and live relatively normal lives, albeit with
diminished or impaired vision (53-56,65).

Retinyl esters in VLDL and LDL

In the mid-1970s, Smith and Goodman hypothesized that
retinyl esters in the fasting circulation bound to VLDL and
LDL were markers for retinoid toxicity, especially hepatic
toxicity (67). They found elevated levels of serum retinyl
esters in three patients taking in excessive levels of retinoids,
and their studies were followed-up in animal models,
involving rats fed large amounts of dietary retinoid (67).
These investigators proposed that retinoid toxicity resulted
from hepatic retinoid levels exceeding the mobilization and
transport capacity of RBP4 (67). However, this notion may
be incorrect. Recent studies do not support this hypothesis.
A careful analysis of the serum retinyl ester concentrations
in 6,547 adults who participated in the National Health
and Nutrition Examination Survey (NHANES III)
found no relationship between high fasting retinyl ester
concentrations and liver dysfunction (68). This is contrary
to the hypotheses put forward by Smith and Goodman that
retinyl ester concentrations greater than 10% of total serum
retinol (retinol + retinyl ester) concentration be considered
as reflecting retinoid toxicity (68). However, because of the
growing interest in developed nations regarding whether
excessive dietary retinoid intake may result in subclinical
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retinoid toxicity, there is a need to understand the biologic
significance of circulating retinyl esters present in VLDL
and LDL.

Retinoic acid

Retinoic acid is the essential signaling form of retinoid
that regulates transcription of many genes necessary in
development. Low concentrations of retinoic acid are found
in the circulation bound to albumin (69). Immediately
following consumption of a retinoid-rich meal by human
volunteers, specifically consisting of 100 grams of turkey
liver, blood concentrations of all-trans-retinoic acid reached
as high as 80-90 nM, suggesting that retinoids consumed in
liver get converted into retinoic acid upon absorption (70).
Blood concentrations are quickly restored to those at
normal human fasting levels, ranging from 1-3 nM (70,71).
The intestine seems to be a primary source of retinoic
acid in the postprandial circulation (70). However, the
details of retinoic acid biogenesis are complex and not
completely understood (72). In other words, it remains
unclear whether one or a few tissues contribute to retinoic
acid pools in the fasting circulation or whether perhaps
retinoic acid “leaks” into circulation from most or all
tissues. We would note that retinol is enzymatically oxidized
to retinal and then to retinoic acid, the transcriptionally
active retinoid. As such, it would appear that this delivery
mechanism for vitamin A parallels that of vitamin D or
thyroid hormone, as all three involve relatively large serum
concentrations of a transcriptionally-inactive precursor
(retinol, 25-hydroxy-vitamin D, or T,, respectively) and
relatively low concentrations of the transcriptionally active
metabolite (retinoic acid, 1,25-dihydroxy-vitamin D, or Tj,
respectively). The similarity among these vitamins/hormones
implies that we may refer to retinoic acid as a hormone, even
though its biochemistry may not exactly resemble that of a
hormone. There are no known enzymes that reduce retinoic
acid to retinal, so excessive retinoic acid must instead be
catabolized and eliminated from the body (19).

PB-glucuronides of retinol and retinoic acid

Other circulating sources of retinoids for tissues are
B-glucuronide conjugates of either retinol or retinoic acid.
The late James A. Olson and his colleagues found retinyl-
and retinoyl-B-glucuronides present in the human blood at
levels ranging from 1-11 nM (73,74). These investigators
proposed that retinyl- and retinoyl-p-glucuronides may be
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hydrolyzed by tissue p-glucuronidases to retinol and retinoic
acid, respectively, which then serve as sources of retinoids
for tissues (73,74). However, the role of B-glucuronides as
sources of retinoid has not been systematically studied since
Olson’s seminal work.

Provitamin A carotenoids

As introduced earlier, retinoids may be obtained from
the diet as either preformed retinoid or provitamin A
carotenoids, including the most abundant provitamin A
carotenoid, B-carotene (75). Provitamin A carotenoids
are absorbed intact by the intestine, and the efficiency
of absorption of B-carotene from plant sources ranges
anywhere from 5% to 65% in humans (76). Post-
absorption, provitamin A carotenoids are transported to
the blood in chylomicrons and their remnants, VLDL and
LDL (75,77). Fasting human blood levels of B-carotene are
generally within the range of approximately 0.2-0.5 pM for
most well-fed people, but are reported for some people to
reach as high as 5-8 pM (78,79). Increased dietary intake of
B-carotene correlates with increased serum concentrations
of this carotenoid (75). It remains unclear whether
circulating carotenoids are specifically taken up by cells and
tissues or whether they are simply taken up and processed
along with other neutral lipids present in the lipoprotein
particles.

It is important to note here that dietary B-carotene
intake is considered a safe source of retinoid, compared
to preformed dietary retinoid, because preformed dietary
retinoid is well absorbed in humans whereas B-carotene
conversion into retinoids is regulated by the intestine
in response to retinoid status (76). However, it is clear
that provitamin A carotenoids taken into the body by the
intestine can be converted to retinoids by the enzyme
carotene-15,15'-monooxygenase in a number of tissues
including the liver and eye (80-83). This has led to the
proposal that provitamin A carotenoids present in these
tissues can be used as a local tissue source for generating
retinoid. This hypothesis, we believe, has considerable
merit, and we suspect the transport of provitamin A
carotenoids in the circulation likely contributes to retinoid
economy within tissues.

The future, what next?

Since the identification of vitamin A over a century ago,
much has been learned about this fat-soluble vitamin.
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Until a little more than a decade ago, the understanding of
retinoid transport in the circulation focused almost solely on
retinol-RBP4. While retinol-RBP4 is certainly one major
pathway for retinoid transport within the body and allows
for retinoid to be stored in liver and later mobilized bound
to RBP4, recent evidence shows that it is not the only one,
nor is it essential for human or animal life. Retinoids are
also transported via other mechanisms within the body,
including delivery of retinyl esters in chylomicrons and their
remnants, retinyl esters in VLDL and LDL, retinoic acid
bound to albumin, retinol and retinoic acid derived from
glucuronides, and retinoid synthesized from provitamin A
carotenoids.

Despite the tremendous amount of new understanding
gained over the last decade, much more remains to be learned
about retinoid transport throughout the body. Moreover,
this knowledge will likely be useful for understanding and
assessing retinoid nutritional status, possibly affecting
intervention programs. The following are just a few examples
of unresolved challenges in understanding the biochemistry
of retinoids, but these are by no means exhaustive:

(I) Is retinoid uptake from chylomicrons and their
remnants regulated? It is known that the body
regulates blood retinol levels, defending it at a
set level, but it is unclear whether the body also
regulates retinyl ester uptake into peripheral tissues.
If levels of retinoids in the liver are low or high, will
absorption of retinoids in the gastrointestinal tract
or postprandial retinyl ester uptake by peripheral
tissues change in response? How does the quantity
of retinoid consumed in the diet affect the quantity
that is taken up into peripheral tissues?

(II) What is the physiologic significance of retinyl
esters in VLDL or LDL? Is this retinyl ester taken
up and processed by tissues along with triglyceride
and cholesterol or is it hydrolyzed to retinol and
processed separately from these other lipids?
Is the quantity of retinyl ester present in these
lipoproteins regulated or responsive to dietary
intake or tissue retinoid needs?

(IIT) How does one best assess retinoid toxicity? Can
this be accomplished through a measurement
of blood retinoid forms and their levels? Or are
different or more sophisticated measures required?

(IV) What is the importance of retinoids and RBP4
in metabolic disease development? The recent
literature suggests roles for retinoids and/or
RBP4 in the development of obesity, impaired
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insulin responsiveness, liver disease, and
cardiovascular disease. Are these roles primary to
disease development or do they modify disease
progression and severity? Are retinoid homeostasis
and/or RBP4 potential targets for therapeutic
interventions?

(V) How is retinol bound to RBP4 taken up into cells
and how is the process regulated? STRAG has been
identified as a high affinity receptor for RBP4 on
the cell surface, but it is not expressed in the liver. It
is unclear why humans with mutations in or lack of
the STRAG gene can have more severe phenotypes
than humans with mutations in or lack of RBP4, as
both are important proteins in the retinol-RBP4
pathway. Furthermore, are there other unidentified
receptors that regulate retinol homeostasis in the
liver and other tissues [as cited in (84)]?

(VI) How does retinoic acid accumulate in tissues and
how is retinoic acid taken up into tissues from the
circulation? Which tissues may be responsible for
biosynthesis and secretion of retinoic acid into the
fasting circulation? And are cell surface receptors
involved in taking up circulating retinoic acid?

Future research into retinoid transport and metabolism

will need to focus on answering these questions. Findings
from this future research will have important implications
in the basic and clinical settings, as a more comprehensive
understanding of retinoid metabolism and transport will
allow investigators to better understand and develop
efficient strategies for treating metabolic disease and for
assessing nutritional strategies of at-risk populations.
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