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Abstract

Retinol-binding protein 2 (RBP2; originally cellular retinol-binding protein, type Il (CRBPII)) is a
16 kDa cytosolic protein that in the adult is localized predominantly to absorptive cells of the
proximal small intestine. It is well established that RBP2 plays a central role in facilitating uptake
of dietary retinoid, retinoid metabolism in enterocytes, and retinoid actions locally within the
intestine. Studies of mice lacking Rbp2establish that Rbp2is not required in times of dietary
retinoid-sufficiency. However, in times of dietary retinoid-insufficiency, the complete lack of Rop2
gives rise to perinatal lethality owing to RBP2 absence in both placental (maternal) and neonatal
tissues. Moreover, when maintained on a high-fat diet, Rbp2-knockout mice develop obesity,
glucose intolerance and a fatty liver. Unexpectedly, recent investigations have demonstrated that
RBP2 binds long-chain 2-monoacylglycerols (2-MAGs), including the canonical endocannabinoid
2-arachidonoylglycerol, with very high affinity, equivalent to that of retinol binding.
Crystallographic studies establish that 2-MAGs bind to a site within RBP2 that fully overlaps with
the retinol binding site. When challenged orally with fat, mucosal levels of 2-MAGs in RopZnull
mice are significantly greater than those of matched controls establishing that RBP2 is a
physiologically relevant MAG-binding protein. The rise in MAG levels is accompanied by
elevations in circulating levels of the hormone glucose-dependent insulinotropic polypeptide
(GIP). It is not understood how retinoid and/or MAG binding to RBP2 affects the functions of this
protein, nor is it presently understood how these contribute to the metabolic and hormonal
phenotypes observed for Rbp2-deficient mice.
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Introduction

Retinol-binding protein 2 (RBP2) was identified by Ong in the mid-1980s as a low
molecular weight (~16 kDa) cytosolic protein present in the small intestine that binds tightly
all-frans-retinol (Ong 1984). Ong originally named this protein cellular retinol-binding
protein, type 2, (CRBPII) to distinguish it from another cytosolic retinol-binding protein that
had been identified several years earlier and named simply cellular retinol-binding protein
(CRBP) (Bashor et al. 1973; Ong and Chytil 1978; Ross et al. 1979; Takase et al. 1979).
With the advent of newer genetic nomenclature, CRBPII became RBP2, and CRBP became
RBP1. Although the earlier literature uses CRBPII and CRBP to identify these proteins,
throughout this review we will employ solely the now accepted genetic nomenclature of
RBP2 and RBP1. We note that at least eight other proteins are well established in the
literature to bind specifically retinoids (retinol, retinaldehyde (retinal) or retinoic acid)
facilitating their transport, metabolism and/or actions. The identities of these others are
summarized in Table 1. Our intent is to provide readers with some insight into these other
retinoid-binding proteins, allowing them to be distinguished from RBP2.

Until very recently, the sole known action of RBP2 in the adult was to bind retinol or
retinaldehyde facilitating retinoid (vitamin A and its metabolites) uptake into the gut,
retinoid metabolism within the intestinal epithelium, and retinoid actions locally within the
intestine (Blaner and Li 2015). How RBP2 acts in these processes is depicted in Figure 1.
The preponderance of the published literature is focused on these aspects of RBP2 biology.
However, recently published findings establish that RBP2 also binds tightly with selected
monoacylglycerols (MAGS) (Lee et al. 2020), affecting intestinal levels and actions of these
neutral lipids. These new data establish that RBP2 is also a physiologically relevant
intestinal binding protein for MAGs and acts more broadly in dietary fat metabolism.

Identification of RBP2

RBP2 was identified by Ong (1984) in a survey for previously unidentified cytosolic
proteins able to bind retinol, retinaldehyde and/or retinoic acid. At that time, a number of
intra- and extracellular proteins that bound one or more of these retinoids had been
identified. Consequently, it was reasonable to hypothesize that other important retinoid-
binding proteins remained to be discovered. To this end, Ong (1984) prepared cytosols from
1-day-old rat pups, added a moderate amount of retinol (1 umol) to the cytosol preparations,
and using classical column chromatography protocols following the fluorescence of bound
retinol, was able to purify RBP2 to homogeneity. The properties of RBP2 were reported to
be similar to, but yet distinct from those of the other known cytosolic retinol-binding
protein, RBP1. RBP2 has a similar molecular weight of about 16,000 Da and like RBP1
binds all-frans-retinol in a one-to-one molar ratio. Retinol bound to the newly purified
protein exhibited considerably altered absorbance and fluorescence excitation spectra
compared to free retinol in organic solvents suggesting that the retinol was bound within a
hydrophaobic internal pocket in RBP2.

Rabbit antiserum was raised against the homogeneously purified rat RBP2 (Ong 1984). This
allowed for the development of a radioimmunoassay able to measure quantitatively RBP2
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levels and for the immunohistochemical localization of RBP2 within tissues (Ong 1984).
RBP2 was found by radioimmunoassay to be expressed in a number of 1-day-old neonatal
tissues, but liver and intestine had levels that were 100-fold higher than any other neonatal
tissues examined. The small intestine of the adult rat possessed levels of RBP2 that were
500-fold greater than any other tissue examined, with decreasing RBP2 concentrations
observed from jejunum to colon (Ong 1984). The amount of RBP2 present in the rat
intestine was reported to be 0.04% of the intestinal wet weight (Ong 1984) and to account
for approximately 1% of cytosolic protein mass in the adult jejunum (Ong 1985).
Immunohistochemical localization studies established that RBP2 is expressed in absorptive
cells, and more highly near the tips of the villi than at the base of the villi (Crow and Ong
1985). Proliferating cells in the crypts of Liberkiihn stained only lightly for RBP2 and goblet
cells showed no RBP2 staining. The cellular localization of RBP1 in the small intestine was
also reported (Crow and Ong 1985). Unlike for RBP2, the intestinal epithelial cells showed
no staining for RBP1. RBP1 staining was restricted to connective tissue cells in the lamina
propria and to cells within gut-associated lymphoid tissue. Based on these localization
studies, it was proposed that RBP2, but not RBP1, plays a central role in the absorption of
dietary retinoid (Crow and Ong 1985).

Interestingly, during the purification of RBP2, chromatography on an anion exchange
column allowed for the resolution of two “essentially identical” forms of RBP2 (Ong 1984).
It was noted at the time that the only difference observed between the two forms was their
degree of saturation with retinol. A subsequent detailed structural study aimed at identifying
possible differences between the two forms of RBP2, employing RBP2 purified from the
adult rat proximal small intestine, established that the primary sequences for the two RBP2
forms were identical, but one was found to be acetylated at its NH, terminus (Schaefer et al.
1989). The binding affinities of all-frans-retinol for the two RBP2 species were not reported.
It is tempting to speculate now that these observations presage the findings discussed below
that RBP2 is also able to bind with high affinity MAGs (Lee et al. 2020).

Human RBP2 was purified from postmortem whole small intestine and partially
characterized (Inagami and Ong 1992). The reported characteristics of human RBP2 were
very similar to those of purified rat RBP2. Like rat RBP2, two forms of human RBP2 were
purified and these differed only in that one form had a blocked N-terminus. Sequence
analysis of the first 36 residues in the human RBP2 N-terminal found that only a single
residue differed with that of rat RBP2 and this difference did not affect the charge of the
protein. Purified human RBP2 bound all-#rans-retinol and all-#rans-retinaldehyde but not all-
trans-retinoic acid. Purified human RBP1 only bound all-#rans-retinol. Thus, the ligand
binding properties of purified rat RBP2 and human RBP2 were identical. Immunologic
analyses identified human RBP2 as being most highly expressed in the proximal jejunum
(Inagami and Ong 1992). Like rat RBP2, human RBP2 also was found by
radioimmunoassay to be present at high concentrations in individual human intestinal
biopsies, ranging up to 1% of total mucosal protein (Inagami and Ong 1992).

The primary structure of rat RBP2 was deduced from a cloned cDNA (Li et al. 1986). RBP2
was found to be a 15,580 Da protein containing 134 amino acids. Seventy-five of 134
residues (56%) are identical to those present in rat RBP1. Later, in the mouse (Mogel et al.
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2001) and in the human (Folli et al. 2002), another cytosolic retinol-binding protein, RBP7
or cellular retinol-binding protein, type I11, was identified. It was determined that mouse
RBP2 shares 56% sequence identity with mouse RBP7 (Mogel et al. 2001). A similar degree
of sequence identity was also reported for a fourth cellular retinol-binding protein, cellular
retinol-binding protein, type IV (RBP5) upon its identification in the human genome (Folli
et al. 2001). Interestingly, unlike RBP1, RBP2 and RBP7, RBP5 is not expressed in the
mouse. The sequence alignments for the four intracellular retinol-binding proteins (RBPS)
are provided in Figure 2(C).

Based on sequence homologies RBP2 was identified as being a member of the fatty acid-
binding protein (FABP) family (Li et al. 1986). The FABP family comprises 9 known 14-15
kDa intracellular proteins that bind unesterified fatty acids with high affinity (Storch and
Corsico 2008; Gajda and Storch 2015; Hotamisligil and Bernlohr 2015). In addition, the
FABP family now includes the four intracellular RBPs (RBP1, RBP2, RBP5, and RBP7) and
two intracellular retinoic acid-binding proteins (CRABP1 and CRABP2) (Ong et al. 1994;
Storch and Corsico 2008; Gajda and Storch 2015; Hotamisligil and Bernlohr 2015). Until
recently, none of the retinoid-binding proteins had been shown to bind with high affinity
ligands other than retinol, retinaldehyde, or retinoic acid (see Ligand binding section).
However, a number of FABPs are reported to bind strongly to 2-MAGs or A-
acylethanolamides (NEAS) (Newberry et al. 2012; Lagakos et al. 2013; Thumser et al. 2014;
Gajda and Storch 2015), and this in turn influences the levels of these compounds in cells
and tissues.

The early work on RBP2 has been extensively summarized in several excellent prior
reviewers. The reader is referred to these for more insight into the early work on RBP2 (Ong
et al. 1994; Li and Norris 1996; Li and Tso 2003).

RBP2 expression

In the adult

There is now consensus that in the adult RBP2 is expressed at high levels only in the small
intestine (Ong 1984; Li et al. 1986). There is some early evidence that R6p2 mRNA may be
expressed at relatively low levels in a few other adult tissues, including adrenals, testes and
brain (Li et al. 1986), but this has not been confirmed by subsequent studies.

Ong’s first description of RBP2 reported that the protein localizes in the adult rat to the
small intestine with only trace immunoreactivity for the protein being detected in the adult
colon, liver and whole eye (Ong 1984). No immunoreactive RBP2 could be detected in
kidney, muscle, lung, heart, brain, spleen, adrenal, uterus, testis or skin (Ong 1984). RBP1
was reported to be expressed at low levels in the rat small intestine and at greater levels in
the liver, kidney, lung, brain, spleen, eye, uterus, and testis (Ong 1984). When Li et al. first
cloned the cDNA for rat Rop2, Rbp2 mRNA was found predominantly in the adult rat small
intestine (Li et al. 1986). It was reported to be ~2-fold more abundant in the proximal
compared to the distal half of the small intestine. R6p2 mRNA was first detectable in
intestinal total RNA during the 19th day of gestation, a time that corresponds to the
appearance of an absorptive columnar epithelium. No R6p2 mRNA was detected in total
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RNA obtained from the adult colon, liver, kidney, spleen, heart, or lung. Dot blot analyses of
adrenal, testes, and brain RNA gave signals that were 2.3%, 0.8%, and 1.5% of the signal
produced by small intestine total RNA (Li et al. 1986). Unlike RbpZ2expression, Rbp1
mRNA was found to be abundant in adult liver, kidney, testes, lung, adrenal, spleen, colon,
brain and heart (Levin et al. 1987).

Cryostat sectioning of jejunal segments from 6-week-old rats revealed that R6p2 mRNA is
expressed maximally in the lower-villus, and RBP2 protein maximally in the mid-villus.
Feeding of a high-fat diet (70% calories from fat) for 48 h after previous feeding for 7 days
of a low-fat diet (7% of calories from fat) resulted in a pronounced increase within 12 h for
Rbp2 mRNA from the lower- to mid-villus (Ogura et al. 2008). This was taken to indicate
that Rop2 mRNA is maximally expressed in the lower-villus, and that dietary fat causes an
enhancement of RHp2 gene expression in villus cells. RBP2 protein had earlier been
localized to absorptive cells located in portions of the villus closer to its tip (Crow and Ong
1985). Presumably, Rop2 mRNA is expressed first in lower, newly formed enterocytes closer
to the crypt, giving rise to cells that express RBP2 protein that then migrate up the villus to
its tip.

Recent evidence suggests that rat 602 mRNA may be expressed in the liver during
pregnancy and that diet-induced iron-deficiency during pregnancy further increases Rop2
expression (Cottin et al. 2016). However, neither the presence of RBP2 protein in the livers
of pregnant dams nor the time course of Rop2 mRNA expression were reported. The
increase in hepatic RHp2 expression upon pregnancy was associated with a decrease in
MRNA expression of other retinoid metabolic genes and decreased retinoid levels. This was
taken to suggest that Rbp2 expression is unlikely to favor retinoid storage in the liver during
pregnancy (Cottin et al. 2016). This interesting finding requires confirmation and further
investigation.

Following the identification of mammalian RBP2, Finlay et al. (1990) reported the
purification and characterization of an 18 kDa chick duodenal protein that displays a high
degree of sequence homology with rat RBP2. This protein bound retinol and displayed a
similar anatomic distribution within the chick intestine to that of rat RBP2. Thus, RBP2
appears to be expressed across vertebrate species. Interestingly, 1,25-dihydroxyvitamin D3,
provided at concentrations that stimulate calcium uptake into embryonic chick duodenal
organ cultures, was found to decrease the rate of synthesis of chick RBP2. A similar effect
for 1,25-dihydroxyvitamin D3 on rodent or human RBP2 expression has not been reported.

Expression during the perinatal period

Rbp2 mRNA and protein are more widely expressed in tissues during the perinatal period
(Ong 1984; Levin et al. 1987). Ong originally identified that the highest levels of
immunoreactive RBP2 protein in the 1-day-old rat were present in the small intestine and
liver (Ong 1984). RBP2 protein was also detected, albeit at concentrations that were one to
two orders of magnitude lower, in kidney, muscle, lung, heart, brain, and spleen of 1-day-old
rats (Ong 1984).
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Rbp2 mRNA is reported to be expressed highly in the mouse embryonic liver and intestine
and at lower levels in lung, uterus, vagina and placental tissue (Ong 1984; Sapin et al. 1997;
Hind et al. 2002; Matsuda et al. 2004). Expression in many of these tissues continues into
the postnatal period, gradually declining to undetectable by about 3 weeks of age. Rop2is
expressed in both the embryonic and the early postnatal lung (Ong 1984; Hind et al. 2002).
Immunohistochemical studies have demonstrated that RBP2 protein expression in the mouse
lung peaks at postnatal day 4 and progressively declines through postnatal day 15 (Hind et
al. 2002). Investigations exploring the expression pattern of R6p2in mouse placental tissue
ranging from 6.5 to 19.5 days postcoitum (dpc) established that R6p2 mRNA is expressed in
the visceral yolk sac, appearing at 12.5 dpc and gradually increasing to a steady level by
15.5 dpc (Sapin et al. 1997).

Rbp2is also expressed in the developing mouse uterus and vagina during the neonatal period
(Matsuda et al. 2004). Treatment of neonatal female mice with estrogens (estradiol-17p or
diethylstilbestrol), for 5 successive days starting on the first day after birth, markedly
increased expression of RHp2 mMRNA in the vagina and uterus (Matsuda et al. 2004).
Exposure to estrogenic substances during this perinatal period is known to cause irregular
development of the female reproductive tract that leads to ovary-independent proliferation
and cornification in the vaginal epithelium in mice (Matsuda et al. 2004). Since these
authors had earlier shown that simultaneous administration of retinol with estrogens
diminished the development of the irregular vaginal epithelium, they proposed that increased
expression of RHp2in response to perinatal estrogen exposure could be a compensation
aimed at assuring retinol availability in the developing tissues and consequently normal
development of the uterine and vaginal epithelium (Matsuda et al. 2004).

The patterns of expression of RBP2 and RBP1 protein and activities for two microsomal
retinol-metabolizing enzymes lecithin:retinol acyltransferase (LRAT) and retinaldehyde
reductase (RalR) were evaluated in the rat small intestine during the perinatal period (Ong et
al. 1991). RBP2 protein appears initially immediately prior to birth, rising to its highest level
by day 3 after birth declining by 50% during the late suckling period and remaining at this
level throughout adult life. Immunostaining for RBP2 indicated that it was expressed evenly
in all villus-associated enterocytes. RBP1 was present in the villus layer during gestation but
absent in the villus at birth. Intestinal LRAT activity increased rapidly 2 days prior to birth,
reaching a peak 6 to 12 days after birth, and slowly declining through postnatal day 28.
Intestinal RalR activity was detectable at birth, but declined in the early suckling period only
to reappear at postnatal day 21. The overlapping temporal expression patterns for RBP2,
RBP1, LRAT, and RalR in the perinatal rat small intestine led Ong et al. (1991) to suggest
that the expression of these proteins prepares the small intestine to process retinoid that will
be obtained from the diet after birth.

Rbp2 mRNA levels significantly increase in the rat small intestine starting at birth and
during the postnatal period (Ogura et al. 2005). The temporal pattern for the increased Rop2
MRNA expression is paralleled by mRNA levels for hepatocyte nuclear factor-4 (HNF-4),
one of the transcription factors proposed to regulate Rop2 expression (see Gene structure of
RBPZand its regulation section) (Ogura et al. 2005). Expression levels of two retinaldehyde
dehydrogenases (Aldhlaland Aldhia2), enzymes needed for the synthesis of retinoic acid
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are very high at birth (Bhat 1998; Ogura et al. 2005). Similarly, the human gene for HNF-4a
possesses a retinoic acid response element that is activated by 9-c/s-retinoic acid via the
action of retinoid X receptors (RXRs) (Qian et al. 2000). This led to the proposal that
perinatal retinoic acid signaling, through its effects on HNF-4a levels, may be a pivotal
factor leading to enhanced Rbp2 expression in the perinatal period (Ogura et al. 2005).

Ligand binding

Retinoid binding

In Ong’s original identification of rat RBP2, he found that retinol remained bound to RBP2
throughout its purification to homogeneity (Ong 1984). This was taken to indicate that
retinol is the endogenous ligand for RBP2. Four subsequent published reports examined the
binding properties of different retinoids toward purified apo-RBP2 and apo-RBP1
(MacDonald and Ong 1987; Levin et al. 1988; Li et al. 1991; Kane et al. 2011). The findings
of these independent investigations are in agreement that all-zrans-retinol binds with high
affinity to both RBP2 and RBP1 and that all-#rans-retinoic acid is unable to bind either
protein. RBP2 purified from 1-day-old rat pups and RBP1 purified from rat liver were both
found to bind all-#rans-retinol with high affinity (Ky< 50 nM) (MacDonald and Ong 1987).
13- cis-Retinol, 3-dehydroretinol and all-#rans-retinaldehyde were reported also to bind apo-
RBP2 with high affinity, based on their ability to displace all-trans-retinol from holo-RBP2
(MacDonald and Ong 1987). Apo-RBP1 bound both 13-cis-retinol and 3-dehydroretinol, but
all-frans-retinaldehyde did not displace all-frans-retinol from RBP1 (MacDonald and Ong
1987). It was reported further that neither protein bound all-frans-retinoic acid nor 9-c¢/s- or
11-cis-retinol (MacDonald and Ong 1987). Similar studies, but employing recombinant rat
RBP2 and RBP1 expressed in Escherichia coli and assessing ligand binding by monitoring
changes in endogenous tryptophan fluorescence (both RBP2 and RBP1 contain 4 tryptophan
residues), found that all-frans-retinol binds each protein with a Kyvalue in the 50 to 100 nM
range (Levin et al. 1988). All-trans-retinaldehyde was reported to bind recombinant RBP2,
but not RBP1. Neither recombinant protein was able to bind all-frans-retinoic acid.

Another methodology used to investigate retinoid binding affinities to apo- and holo-RBP2
and to apo- and holo-RBP1, involved the use of recombinant rat RBP2 and RBP1 expressed
in £. colibut labeled with 6-flurotrypthophan to allow for the use in 1F NMR spectroscopy
to assess ligand binding (Li et al. 1991). These investigations led to the conclusion that all-
trans-retinol binds with a slightly lesser affinity to RBP2 than to RBP1, but that all-trans-
retinaldehyde bound with approximately equal affinities to RBP2 and RBP1. This later
finding does not agree with earlier data (MacDonald and Ong 1987; Levin et al. 1987) and
contradicts the earlier proposals that the ability of RBP2 but not RBP1 to bind all-#rans-
retinaldehyde is physiologically important, since dietary carotenoids like p-carotene are
metabolized primarily within the small intestine by the enzyme B-carotene 15,15’ -
dioxygenase (BCO1) to all-trans-retinaldehyde that can then be converted locally into other
retinoid species (Figure 1).

Later studies explored the binding affinities of recombinant RBP2 and RBP1 for 9-¢is-
retinoids (Kane et al. 2011). RBP2 and RBP1 both were found to bind 9-c¢/s-retinol with
high affinities (K values of 68 nM and 11 nM, respectively). This finding disagrees with the
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earlier report regarding 9-c/s-retinol binding to purified 1-day-old rat pup RBP2 where no
binding to RBP2 was observed (MacDonald and Ong 1987). 9-c/s-Retinaldehyde also was
reported to bind both RBP2 and RBP1 with similar high affinities, but 9-c¢is-retinoic acid
was unable to bind either purified protein (Kane et al. 2011).

As can be surmised above, there are discrepancies in the Kyvalues reported by the different
research groups for the retinoids that were studied. Some of this lack of concurrence is
undoubtedly due to the different sources of the RBP2 (purified from tissues versus expressed
recombinantly) that were studied, as well as differences in the protocols (tryptophan
fluorescence vs. NMR spectroscopy) used for assessing retinoid binding. Never-the-less, it is
clear for all of the reported values that retinol and retinaldehyde bind RBP2 very tightly.

Binding of nonretinoid ligands

None of the published studies exploring retinoid binding to RBP2 investigated whether
purified RBP2 is able to bind nonretinoid ligands (MacDonald and Ong 1987; Levin et al.
1988; Li et al. 1991; Kane et al. 2011). To address this possibility, Lee et al. investigated
whether RBP2 can bind with high affinity other physiologically relevant ligands (Lee et al.
2020). To avoid potential experimental bias associated with studying the binding of
hydrophobic ligands to a protein specialized for interaction with small hydrophobic
molecules, we developed a retinol-competition assay that measured the ability of a tested
compound to outcompete retinol from the binding site (Silvaroli et al. 2019). The principle
of this assay is based on the fact that protein fluorescence of RBP2 in complex with retinol
is quenched due to the fluorescence resonance energy transfer between the tryptophan
residues and the retinoid moiety. The assay was adopted for a high-throughput screening
format to search for any RBP2 binding partners by screening commercially available
compound libraries comprising 986 bio-lipids. After elimination of compounds with spectral
properties interfering with the fluorescence assay, the screen revealed several unique hits
that clustered on three groups of lipids: 2-monoacylglycerols (2-MAGsS), 1-
monoacylglycerols (1-MAGSs), and A-acylethanolamides (NAES).

To precisely determine the affinity of RBP2 toward MAGSs and other neutral lipids like the
NAEs, we performed a dose-response assay. Changes in the fluorescence intensity of the
protein or the retinoid moiety plotted as a function of lipid concentration were best fitted
with one-site saturation binding model. The values of the apparent dissociation constant (K))
revealed affinity at low nanomolar ranges for 2-arachidonoylglycerol (2-AG) and 1-
arachidonoylglycerol (1-AG) (27.1 + 2.5 and 31.0 + 2.7 nM, respectively). Somewhat higher
Kyvalues were determined for 2-lineoylglycerol (2-LG) and 2-oleoylglycerol (2-OG) (40.0
+ 4.9 and 65.4 + 4.4 nM, respectively), whereas affinity for A-acrachidonoylethanolamine
(AEA) was over 20-fold lower as compared to 2-MAGs (Lee et al. 2020). Intestinal MAG
concentrations following a conventional meal will be several orders of magnitude greater
than that of retinol or of retinaldehyde. Since RBP2 binds 2-AG, 2-0OG, 2-LG, and 1-AG
with high affinity, with approximately the same order of magnitude as that of retinol binding
and, moreover the absence of RBP2 in the intestine increases enterocyte 2-MAG
concentrations following a fat challenge (see Physiological actions of RBP2 in health and
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disease section), RBP2 must act physiologically within the intestinal mucosa as a MAG-
binding protein.

The finding that RBP2 binds tightly MAGs in addition to retinol and retinaldehyde is both
surprising and puzzling. This is because another member of the FABP family that binds 2-
MAGs, liver-fatty acid-binding protein (FABP1), co-localizes with RBP2 in the absorptive
cells of the jejunum (Newberry et al. 2012; Lagakos et al. 2013; Thumser et al. 2014; Gajda
and Storch 2015). Moreover, still another FABP member, intestinal-fatty acid-binding
protein (FABP2) also colocalizes to the jejunum and like FABP1 binds tightly unesterified
fatty acids (Newberry et al. 2012; Lagakos et al. 2013; Thumser et al. 2014; Gajda and
Storch 2015). Both FABP1 and FABP2 are expressed abundantly in jejunum, as is RBP2.
This raises important questions regarding to what extent the actions of RBP2, FABP1, and
FABP2 in the intestine are redundant and/or complementary.

Protein structure

RBP2 and the three other closely related intracellular RBPs (RBP1, RBP5, and RBP7) as
well as the other FABP family members belong to a ubiquitous and functionally diverse
superfamily of proteins collectively called lipocalins. In vertebrates, this protein superfamily
is comprised of several retinoid-binding proteins that, in addition to the intercellular RBPs,
include serum retinoid-binding protein (RBP4) (Lakshmi et al. 2015; Schiefner and Skerra
2015). These relatively small (130-180 amino acids) monomeric proteins share a common
compact architecture composed of 8 to 10 antiparallel p-strands, which wined around to
form a well-defined p-barrel that dominates the structure (Figure 3(A,B)) (Flower et al.
2000; Newcomer and Ong 2000; Skerra 2000). This shields the central hydrophobic cavity
that constitutes a versatile lipid binding site. At the N-terminus, this binding packet is
enclosed and protected from the solvent by short loops and densely packed hydrophobic side
chains. The opposite side of the p-barrel is composed of four flexible loops, each connecting
one pair of p-strands that together surround the entry way for the ligand and form a so-called
‘portal site’ (Schiefner and Skerra 2015). This basic motif constitutes a versatile structural
platform that can be easily modified for the purpose of binding specific lipid molecules.
Thus, the ligand binding specificity of individual lipocalins solely depends on the number of
B-strands (size of the p-barrel), amino acid composition lining the inside of the binding
cavity, and length of the flexible loops at the entry site.

Structural determinants of the interaction of RBP2 with retinol

Specifically, the structural fold of the RBPs consists of ten B-strands organized in five-
stranded B-sheets. Two short a-helices that are part of extended loop connecting the BA and
BB strands together with hairpin turns between BC-BD and BE-BF define the portal region
(Figure 3(B,C)). Although the structures of all four cytosolic RBPs present in the human
genome have been solved, only RBP2 and RBP1 were crystalized in complex with retinoids
(Zanotti et al. 1993; Tarter et al. 2008; Wang et al. 2012; Nossoni et al. 2014; Silvaroli et al.
2016; Menozzi et al. 2017, 2018). This echoes significant differences in dissociation
constants (K for all-trans-retinol observed between these closely related proteins
(MacDonald and Ong 1987; Levin et al. 1988; Cheng et al. 1991; Folli et al. 2001, 2002).
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Upon binding, the hydroxyl group of all-frans-retinol is positioned at the bottom of the
binding pocket where it forms hydrogen bonds with the polar side chains of conserved
Lys40 and Glu108. In this orientation, the B-ionone ring of the retinoid moiety is located at
the entrance to the binding cavity making extensive hydrophobic and van der Waals
interaction with the residues of the portal region (Figure 3(C)). Importantly, the contacts of
the B-ionone ring with the protein scaffold greatly reduces the conformational flexibility of
the entry portal, prompting changes in the orientation of several side chains and locking
retinoid inside the binding pocket (Silvaroli et al. 2016). A comparison of the holo structures
of RBP2 and RBP1 reveals subtle difference in the position of the retinoid moiety. In RBP2,
the retinol molecule is moved toward the bottom of the binding site by about 1.2 A in
comparison to the location of the ligand in RBP1 (Figure 3(D)). This shift in position results
from two amino acid substitutions: T51/1 and V62/M in RBP1. The much larger and
hydrophobic side chains of isoleucine and methionine alter the environment of the polar
patch that accommodates the hydroxyl group on the retinol, shifting the position of the
molecule upwards. Consequently, retinol is located deeper within the binding pocket of
RBP2 as compared to RBP1. Nevertheless, this shift in the relative position of the ligands
and variation in the residues that line the interior of the B-barrel does not explain the 3.3- to
100-fold difference in the Kyvalue for all-frans-retinol reported for these two proteins (Li et
al. 1991; Kane et al. 2011). Interestingly, the recent comparison of the conformational
flexibilities of the apo- and holo-forms of RBP2 and RBP1 suggest that the difference in
binding affinity is mainly determined by the energy required for the transition between the
open and closed conformation of the portal region (Estarellas et al. 2019). Stronger
interactions between the retinoid moiety and the residues of the portal site in RBP1 disfavor
the release of the ligand. Thus, increased residence time in the binding pocket translates into
a measurably higher affinity. Surprisingly, seemingly minor changes within the amino acid
composition of the portal site can contribute to functionally meaningful changes in the
conformational flexibility and the overall binding affinity, as exemplified by the conservative
mutation of 178 in RBP1 to Leu78 in RBP2 (Estarellas et al. 2019). Discovery of this fine
tuning of RBP properties via changes in specific residues away from the canonical binding
site sheds new light on the functional diversity of RBPs as well as the molecular
mechanisms responsible for acquisition and release of retinoids by this class of carrier
proteins in biological systems.

The mode of RBP2 interactions with endocannabinoids and monoacylglycerols

The recent discovery of the interaction of RBP2 with non-retinoid ligands including the
canonical endocannabinoids, 2-AG and AEA, or other selective monoacylglycerols rises an
interesting question about the role of this protein in controlling intestinal lipid uptake and
signaling (Lee et al. 2020). As evidenced by the crystal structures of human RBP2 in
complex with 2AG and AEA (PDB # 6BTH and 6BT]I, respectively), these ligands are
accommodated in the same binding pocket as retinoids (Lee et al. 2020). Importantly, the
affinity of the binding of 2-AG and related monoacylglycerols is comparable to that of all-
trans-retinol. Thus, they can effectively outcompete the retinoid ligand from the binding site
in biochemical assays (Lee et al. 2020). An analysis of the binding modes of all-frans-retinol
and 2-AG revealed surprising similarities despite distinct structural differences between
these compounds. Like all-trans-retinol, the hydroxyl terminus of the endocannabinoid
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interacts with the polar patch at the bottom of the binding site of RBP2 (Figure 2(A)).
Noticeably, one of the free hydroxyl groups is placed at the canonical site between Lys40
and Glu108 and forms hydrogen bonds with the C-nitrogen and e-oxygen atoms of these
residues, whereas the other hydroxyl interacts with the -y-oxygen of T51. An additional
contribution to the binding energy is provided by extended hydrogen bonding between the
carbonyl oxygen of the ester group of the ligand, an ordered water molecule, and the side
chains of GIn97, Glu72, and Tyr60. The significance of hydrogen bond interactions for
overall binding affinity is underscored by the example of AEA. The presence of only one
hydroxyl group in this molecule lowers the overall affinity of AEA by ~20-fold as compared
to 2-AG. At this moment, it is unclear whether the presence of four double bonds in the Z-
configuration characteristic of the arachidonoyl chain plays an important role for the affinity
and/or selectivity of the ligand. In the complex with RBP2, the kinked configuration of the
acyl chain of 2-AG or AEA mimics to some degree the B-ionone moiety, occupying the
same position within the binding site and interacting with the side chains of the portal region
(Figure 2(A)). Therefore, one may predict that there is a correlation between conformational
flexibility (defined by the number of double bonds), the length of the acyl chain, and overall
ligand affinity. However, systematic studies on the structure/function relationship are needed
to precisely define the chemical boundaries that determine ligand specificity for RBP2. Such
knowledge is essential for decoding the physiological role of this protein in the intestinal
transport and metabolism of endogenous and dietary lipids.

Although structurally similar, the RBPs reveal surprising selectivity for their lipid binding
partners. This phenomenon is not only reflected by the several fold differences in the Ky
values for all-#rans-retinol, but also in their ability to interact with nonretinoid compounds
(Lee et al. 2020). For example, extensive screening for alternative binding partners for RBP1
revealed no interaction of this protein with monoacylglycerols or any other class of
endogenous lipids, although these interactions are seen with RBP2 (Silvaroli et al. 2019).
Conversely, RBP1 tightly binds abnormal cannabidiol (2-[(1R,6R)-6-Isopropenyl-3-
methylcyclohex-2-en-1-yl]-5-pentylbenzene-1,3-diol), a xenobiotic compound that does not
interact with RBP2 (Silvaroli et al. 2019). This ligand selectivity arises for very specific
structural reasons. The overlapping of the spatial orientation of 2-AG bound to RBP2 with
the structure of RBP1 reveals that the same amino acid substitutions that are responsible for
the shift in the position in retinol in these proteins prevent the binding of monoacylglycerols
by RBP1 (Figure 2(B)). Placing 2-AG within the binding pocket of RBP1 would imply the
thermodynamically unfavorable positioning of one of the polar hydroxyl groups of the
glycerol backbone right in-between the hydrophobic side chains of 151 and M62.
Additionally, the absence of the threonine residue in position 51 of RBP1 eliminates one of
the hydrogen bond interaction sites for the ligand, potentially lowering its binding affinity.
Remarkably, the presence of T51 is characteristic only for RBP2. Similar to RBP1, this
residue is substituted by hydrophobic valine or isoleucine in RBP5 and RBP7, respectively
(Figure 2(C)). Thus, the binding of 2-MAGs seems to be a unique characteristic that
distinguishes RBP2 from the other members of the RBP family. This finding supports the
hypothesis that each member of the intracellular RBPs may selectively bind a different
subset of lipid molecules. Therefore, the determination of physiologically relevant lipid
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binding partners for RBP2, RBP5, and RBP7 becomes essential for establishing the
biological function of these proteins.

Gene structure of RBP2 and its regulation

The RBP2 gene

The first Rbp2 gene structure reported was for the rat (Demmer et al. 1987). Rat Rbp2was
found to consist of four exons spanning 0.65 kilobases that are interrupted by three introns
with an aggregate length of 19.5 kilobases (Demmer et al. 1987). The gene encodes a 134-
residue RBP2 (Demmer et al. 1987). Southern blot analysis indicated that the Rbp2 gene is
highly conserved in rats, mice and humans. The mouse Rbp2 gene mapped to chromosome 9
and is located within 3.0 centimorgans of Rbp1. Based on syntenic homology, it was
proposed that the human genes for RBP2and RBP1 are located on chromosome 3 (Demmer
et al. 1987).

Subsequent FISH analysis localized the human RBPZ2 gene to human chromosome band
3023, in close proximity to the gene for RBPI1 (De Baere et al. 1998). Interestingly, RBP2
maps distally to a chromosomal breakpoint that is associated with blepharophimosis-ptosis-
epicanthus inversus (BPES) syndrome, a rare genetic eyelid malformation (De Baere et al.
1999). For three BPES patients harboring the 3923 breakage, this was associated with
congenital diaphragmatic hernia (CDH). Given the known association between retinoic acid
signaling and congenital diaphragmatic hernia (Dalmer and Clugston 2019), a later literature
review summarizing possible genetic origins of CDH, speculated that deletion of the RBP2
and/or RBP1 gene may provide a molecular basis for explaining the origins of this form of
CDH (Goumy et al. 2010). However, a definitive role for RBP2in either BPES or the
associated CDH remains to be established.

Early investigations aimed at identifying elements present in the Rbp2 promoter that are
important for regulating Rbp2 expression found that retinoic acid in the presence of retinoid
X receptors (RXRs), but not retinoic acid receptors (RARS), markedly up-regulated Rop2
expression (Mangelsdorf et al. 1991). These studies employed a rat Rbp2 promoter
construct, from position —987 to +50, transiently transfected into mouse embryonal
teratocarcinoma F9 cells. The promoter region needed to confer retinoic acid and RXR
responsiveness was identified as a RXR-specific response element (RXRE) (Mangelsdorf et
al. 1991). However, subsequent studies by others found that the RXRE present in the rat
Rbp2 gene was not conserved in the mouse gene (Nakshatri and Chambon 1994). Rather,
these later investigations identified two other conserved cis-acting elements (termed RE2
and RE3), within the promoters of both rat and mouse RHp2, that mediate transactivation by
RARs and RXRs in transfected Cos-1, CV-1 and HelLa cells. RE3 was determined to be the
major promoter element conferring retinoic acid responsiveness. This element was reported
also to bind the transcription factors hepatocyte nuclear receptor 4 (HNF-4) and apoAl
regulatory protein Al (ARP-1) (Nakshatri and Chambon 1994). HNF-4 was found to
constitutively activate the mouse Rbp2 promoter; whereas, ARP-1 was found to repress
Rbp2 activation mediated by RARs, RXRs and HNF-4. When the rat R5p2 promoter was
transfected into human Caco-2 enterocytes that constitutively express RARa,, RARYy,
RXRa, and HNF-4, retinoic acid treatment of the cells had no effect on RHp2 promoter
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activity. Based on these findings, it was proposed that the R6p2 promoter is not induced by
retinoic acid in tissues that express HNF-4 and ARP-1. Rather, it was suggested that retinoic
acid inducibility observed in transfection experiments reflects the promiscuous binding of
RARs/RXRs to HNF-4 and ARP-1 response elements present in the Rop2 promoter
(Nakshatri and Chambon 1994).

A number of investigations aimed at identifying regulatory elements present in the human
RBPZ2 gene have been carried out using the human Caco-2 intestinal cell line. Caco-2 cells
form polarized monolayers, possess many features of the mature small intestinal mucosa,
endogenously express RBPZ, and are able to absorb and metabolize retinol (Harrison and
Hussain 2001; Harrison 2012). Treatment of Caco-2 cell monolayers with either all-#rans- or
9-c/s-retinoic acid increases RBP2 mRNA levels 2- to 3-fold, suggesting a role for retinoids
in regulating RBP2 expression (Levin and Davis 1997). Retinoic acid induction of RBP2
was found to occur concomitantly with significant upregulations in both RA&b and ARP-1
expression levels in treated cells. This led to the suggestion that both RARb and ARP-1 may
have roles in regulating RBP2 expression (Levin and Davis 1997).

Later studies established that RBP2 expression is associated with differentiation of Caco-2
cells, as they reach confluence (Zhang et al. 2002). These investigations confirmed that
retinoic acid treatment of cultured Caco-2 cells both increases RBP2 expression and retinol
uptake compared to in the absence of exogenously added retinoids. Moreover, this effect of
retinoic acid was reported to occur only for post-confluent differentiated Caco-2 cells and
not in proliferating undifferentiated Caco-2 cells. Stable transfection experiments showed
that the proximal 2.8 kb region of the human RBPZ2 gene is sufficient to confer retinoic acid
inducibility in differentiated Caco-2 cells (Zhang et al. 2002). However, direct sequence
analysis and transient transection experiments indicated that, like the rat RHp2 promoter
(Mangelsdorf et al. 1991; Nakshatri and Chambon 1994), the human RBP2 promoter is not a
direct RXR target. Upregulation of the RBP2 promoter in Caco-2 monolayers was observed
even when the promoter was truncated to within 103 base pairs upstream of the
transcriptional start site. Based on these and other data, it was concluded that the retinoic
acid-responsiveness of the human RBP2 promoter is mediated by an indirect mechanism that
is associated with enterocyte differentiation (Zhang et al. 2002).

More detailed investigations of the human RBPZ2 gene promoter studied in Caco-2 cells
found that the promoter contains a direct repeat 1 (DR-1) in the proximal promoter, at
position —80 to —68, that binds endogenous HNF-4a as a homodimer (Yamaguchi et al.
2009). Transfection of HNF-4a. into Caco-2 cells increased RBPZ promoter activity and
mutation of the DR-1 abolished promoter activity. HNF-4a. increased both endogenous
RBPZ2 expression and retinol uptake and retinyl ester formation in transfected Caco-2 cells.
Since the literature indicates that various nuclear receptors, including HNF-4a,, RXRa, and
peroxisome proliferator-activated receptor-a (PPARa) bind to DR-1 elements as homo- or
heterodimers, these authors further explored whether this might also be true for the DR-1 in
human RBPZ. They found that the RXRa homodimer bound the element only very weakly
in the presence of 9-c/s-retinoic acid and that the DR-1 element failed completely to bind the
PPARa:RXRa heterodimer (Yamaguchi et al. 2009). Collectively, these data led Yamaguchi
et al. (2009) to conclude that HNF-4a regulates human RBPZ2 gene expression and that this
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contributes importantly toward regulating retinoid absorption and metabolism in human
Caco-2 cells.

When post-confluent differentiated Caco-2 cells maintained in serum-free medium were
treated with either arachidonic acid or its analogue, 5,8,11,14-eicosatetraynoic acid (ETYA),
endogenous RBPZ mRNA was found to significantly rise and this was further enhanced
when 9-cis-retinoic acid was given in a combined treatment (Suruga et al. 1999b). In Caco-2
cells, the transcripts of PPARaand RXRa, which were activated by their ligands ET YA and
9-c/s-retinoic acid, were coexpressed. An electrophoretic mobility shift study using the same
rat Rbp2 promoter construct first reported by Demmer et al. (1987) revealed that several
nuclear proteins present in Caco-2 cells specifically bound to promoter elements present in
this construct. Some of these protein/DNA complexes reacted to both anti-RXRa and anti-
PPAR antibodies. Addition of in vitro synthesized RXRa. and PPARa cooperatively bound
to these elements as a heterodimer and the binding activities were enhanced by addition of
ETYA or arachidonic acid, but not by addition of 9-c¢is-retinoic acid. These studies were
taken to suggest that dietary fatty acids likely regulate RBP2expression through PPAR:RXR
heterodimers bound to response elements in the RBP2gene (Suruga et al. 1999b).

Acetylation of histones H3 and H4 is reported to be involved in regulating expression of
Rbp2in the rat small intestine during the perinatal period (Ogura et al. 2007). This was
determined using a ChIP assay which showed a rapid induction of acetylation of the histones
H3 and H4 that interacted with the promoter/enhancer region of the R5p2 gene. The binding
of CBP and p300, which have histone acetyltransferse activity, as well as binding of RXRa
increased on the RHp2 promoter/ enhancer during the perinatal period. This was taken to
suggest that Rop2 gene expression during the perinatal period is associated with abrupt
acetylation of histones H3 and H4 followed by the binding of CBP/p300 and RXRa (Ogura
et al. 2007).

A number of single nucleotide polymorphisms (SNPs) in RBPZ2 have been identified.
Investigations carried out in healthy human subjects exploring the possible roles of SNPs in
genes involved in folate, retinoid, and vitamin E transport and metabolism found an
association between RBP2and plasma homocysteine levels (Clifford et al. 2012). One RBFP2
SNP (rs2118981) was found to be associated with significantly diminished circulating
homocysteine levels in males but not females. The authors did not provide commentary
regarding their views on the molecular origins of this association. Possibly other RBP2
SNPs will be found to be associated with specific physiological responses and/or disease
states.

Dietary modulation of RBP2 expression

A number of studies exploring the effects of dietary interventions, primarily ones involving
high-fat diet feeding, on Rbp2 gene expression have been carried out in rats (Goda et al.
1994; Suruga et al. 1995, 1999a, 2005; Takase et al. 2000; Mochizuki et al. 2001, 2007).
Some of the key findings from the rodent studies have been extended to humans through
study of human Caco-2 cells manipulating the contents of the culture medium (Suzuki et al.
1998; Mochizuki et al. 2008).
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Early investigations identified that jejunal RbpZ2levels are increased in rats fed a diet rich in
long-chain triglycerides (Goda et al. 1994; Suruga et al. 1995) suggesting that interactions
between RXR and PPARs may be one mechanism important for modulating Rbp2 gene
expression. These investigations employed three diets that differed in their fat contents. Rats
were fed either a high-fat diet rich in long-chain triacylglycerols, a high-fat diet rich in
medium-chain triglycerides or a low-fat diet. Both R6p2 mRNA and protein levels in the
jejunum were more than twofold greater for rats fed the diet rich in long-chain
triacylglycerols than in rats fed the low-fat diet or the diet rich in medium-chain
triacylglycerols (Goda et al. 1994). The abundance of Rxra mRNA was elevated in the
jejunums of rats fed the high-fat long-chain triglyceride diet but also in the group fed the
high-fat diet rich in medium-chain triacylglycerols compared to the low-fat diet group. This
suggests that expression levels of Rbp2are modulated by dietary long chain fatty acids but
not in a manner directly related to Rxra gene expression (Goda et al. 1994).

Investigations of 6-week-old male rats fed for 1 or 2 weeks diets that differed in the content
of fat have provided evidence that dietary fat can induce RbpZ2transcription in the jejunum
through increases in peroxisome proliferator-activated receptor-a (PPARa) mediated
transcription (Suruga et al. 1999a, 1999b). Nuclear run-on assays revealed that increased
Rbp2 mRNA levels upon high-fat diet feeding was, at least in part, triggered
transcriptionally. Apara mRNA levels were also increased in the jejunums of high-fat diet fed
animals. Electrophoretic mobility shift assays showed that the binding activity of rat jejunal
nuclear proteins to response elements in rat Rop2was greater in animals fed the high-fat diet
and could be further enhanced by bacterially produced PPARa (Suruga et al. 1999a, 1999b).
Subsequent studies employing electrophoretic mobility shift assays established that the
PPARa:RXRa heterodimer binds to promoter elements within R6p2 (Mochizuki et al.
2001). Based on these data, the authors suggested that the stimulation of Rbp2 expression
elicited upon high-fat diet feeding was through a transcriptional mechanism mediated by the
PPARa:RXRa heterodimer bound to elements present in the RHp2 promoter (Suruga et al.
1999a, 1999b; Mochizuki et al. 2001). Other studies involving feeding of a high-fat diet rich
in unsaturated fatty acids induced Rbp2 gene expression in the rat jejunum. This was
associated with elevated Ppara expression (Takase et al. 2000). Nuclear run-on assays
indicated that the increased R6p2 mRNA levels resulted from increased transcription and
that this was associated with PPARa:RXRa binding to a Rop2 promoter element. Moreover,
nuclear extracts from the jejunum of rats fed this high-fat diet gave greater densities of
retarded bands than those of rats fed a fat-free diet. Expression was not affected by the
diurnal rhythm of feeding. Collectively, these data were taken to suggest that Rbp2 gene
expression is regulated predominantly by dietary fatty acids and PPARa mediated
transcription (Takase et al. 2000).

The effect of dietary fat on jejunal RBP2 protein and mRNA levels was further studied in
male rats (Suruga et al. 2005) fed for 2 weeks either a low-fat diet (containing 2.4% (w/w)
corn oil) or a high-fat diet (containing 24.7% (w/w) corn oil). Dietary fat feeding rapidly
increased both RHp2 mRNA and protein levels, including a significant increase in Rop2
MRNA levels within several hours after the start of the feeding period. Induction was found
to be independent of whether the feeding period was restricted to the hours of darkness or of
light, suggesting that Rbp2 expression is not subject to diurnal rhythms. Through transient
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transfection experiments, the authors further showed that unsaturated fatty acids increased
rat Rop2 promoter activity in a PPARa:RXRa heterodimer-dependent manner in transfected
CV-1 cells (Suruga et al. 2005). Based on their data, these investigators agreed that the
transcriptional induction of RHp2 gene expression is mainly triggered by dietary fatty acids
and PPARa actions (Suruga et al. 2005).

Follow-up studies by this same research group established that treatment of differentiated
human Caco-2 cells with arachidonic acid, as well as other polyunsaturated fatty acids,
increases PPARa:RXRa binding to elements present within human RBFPZ2 promoter
(Mochizuki et al. 2008). This effect was proposed to involve the actions of the coactivator
p300 and it is binding to PPARa.

Fatty acids present in milk have been proposed to play an important role in intestinal
maturation and gene expression in the postnatal small intestine. To explore the importance of
fatty acids on RbpZ2expression in the postnatal period, rat pups at 17 days of age were
weaned onto either a high- or low-fat diet (Mochizuki et al. 2007). Within 4 days after the
start of feeding, Rop2 mRNA levels were found to be significantly greater for the high-fat
fed group. This was associated with elevations in both the expression of FabpI and Poara
gene expression. Administration of the synthetic PPARa agonist WY 14.643 during 4
consecutive days of the weaning period caused a parallel increase in the mMRNA levels of
Rbp2, Fabpl, and Ppara (Mochizuki et al. 2007). These findings provide convincing
evidence that Rbp2 expression in rodents during the postnatal period is also modulated by
dietary fat affecting transcription mediated by PPARa (Mochizuki et al. 2007).

Taken in its entirety, the literature on the regulation of the human and murine genes
encoding RBP2 does not allow for definitive conclusions to be drawn regarding the precise
transcriptional mechanisms that modulate gene expression. Although the original reports
proposing that this gene contains a retinoid-response element allowing for its direct
regulation by retinoids, this now seems to be incorrect. Rather, other transcription factors,
including PPARa and HNF-4a,, along with RXR species are likely involved in controlling
expression levels, definitive information of this process is still needed.

Physiological actions of rbp2 in health and disease

Role of RBP2 in ensuring normal perinatal development

Li and colleagues undertook the global knockout of Rp2in mice (Rbp2™'~ mice) and
concluded from studies of these mice that RBP2 plays a critical role in ensuring adequate
transport of retinoid from the mother to the developing fetus, particularly when maternal
dietary retinoid availability is limited (E et al. 2002). It was reported that when pregnant
Rbp27!~ mice were switched at mid-gestation from a diet that contained a sufficient retinoid
level to one with only a marginal level, this resulted in 100% mortality/liter within 24 h after
birth in the £6p27~ line. But no mortality was observed for the wild-type line. Necropsy
analysis suggested that neonatal mortality may have resulted from lesions in lung
development but this was not conclusively established. It was further reported that neonatal
mortality in heterozygote offspring of Rbp27~ dams (79 + 21%) was greater compared with
the neonatal mortality in heterozygote offspring of wild-type dams (29 + 25%). Li and
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colleagues took this to indicate that fetal as well as maternal RBP2 are required to ensure
adequate delivery of retinoid to the developing organism during the neonatal period in times
when dietary retinoid is limited (E et al. 2002).

Role of RBP2 in intestinal retinoid uptake and metabolism in the adult

With the initial identification of RBP2, Ong proposed that RBP2 plays a central role in
facilitating the uptake and metabolism of dietary retinoids by enterocytes (Ong 1984). The
very high level of RBP2 protein present in the small intestine and its immunolocalization to
the absorptive cells of the villi fully supported this notion (Crow and Ong 1985). There has
been much research aimed at confirming and extending this proposal (Napoli 2017).

A number of biochemical studies explored the possibility that retinol bound to RBP2 was
available to an unidentified microsomal enzyme(s) that catalyzes retinyl ester formation
(Ong et al. 1987). When microsomes prepared from 3-day-old rat liver (a postnatal time
when RBP2 is still expressed in the liver) were incubated with purified retinol-RBP2, retinyl
esters were found to accumulate in a time- and protein-dependent manner. Moreover, retinyl
ester formation from retinol-RBP2 by the microsomal preparations was found to occur in an
acyl-CoA-independent manner (Ong et al. 1987). More in-depth investigation of this
observation showed that when retinol is bound to a nonspecific lipid-binding protein, like
bovine serum albumin, it is rapidly esterified by rat liver microsomes in a reaction that
utilized exogenous acyl-CoA (Ong et al. 1987). This led to the suggestion that retinol bound
to RBP2 is not available for esterification by acyl-CoA-utilizing enzymes (Ong et al. 1987).
With the identification of LRAT as an enzyme in the rat small intestine that catalyzes retinyl
ester formation, it was shown that retinol bound to RBP2 is a substrate for LRAT catalyzed
retinyl ester formation (MacDonald and Ong 1988; Ong et al. 1988). Later studies involving
the use of RHp2~'~ mice, confirmed that RBP2 channels retinol to LRAT for retinyl ester
synthesis (Wongsiriroj et al. 2008). Thus, it is now accepted that RBP2 acts within the small
intestine to channel retinol to LRAT for retinyl ester formation, allowing for dietary retinoid
uptake as retinyl ester in chylomicrons (Blaner and Li 2015; Mezaki et al. 2016).

As noted above, RBP2 binds all-trans-retinaldehyde with high affinity, comparable to that of
all-trans-retinol (MacDonald and Ong 1987; Levin et al. 1988; Li et al. 1991; Kane et al.
2011). This observation had led to the proposal that retinaldehyde bound to RBP2 might, in
a manner analogous to retinol-RBP2 and LRAT, serve as a substrate for intestinal enzymes
that reduce retinaldehyde to retinol (MacDonald and Ong 1987; Levin et al. 1988). Indeed,
when isolated rat intestinal microsomes were incubated with purified retinaldehyde-RBP2
complex, in the presence of either NADH or NADPH, this resulted in the enzymatic
reduction of retinaldehyde to retinol (Kakkad and Ong 1988). This led to the conclusion that
a RalR present in the small intestine specifically utilizes retinaldehyde bound to RBP2 to
generate retinol from retinaldehyde that is derived from dietary provitamin A carotenoids.

Additional support for the notion that RBP2 plays a central role in facilitating intestinal
retinoid uptake and metabolism, comes from studies that have established that identical
gradients of RBP2 protein and RalR and LRAT activities exist anatomically across the adult
small intestine (Herr et al. 1993). Similarly, dietary polyunsaturated triacylglycerol feeding
was found to enhance both BCO1 activity and RBP2 protein levels in the rat intestine
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(During et al. 1998). Collectively, these observations are consistent with the notion that the
expression of enzymes involved in retinoid metabolism in the intestine and RBP2 are
coordinately regulated.

Study of global R5p27'~ mice established that RBP2 is not absolutely required by the adult
for ensuring the uptake of dietary retinoid (E et al. 2002). When these mice were maintained
on a chow diet providing slightly elevated retinoid levels (25 1U retinol/g diet compared to
15 IU retinol/g diet present in a conventional chow diet), hepatic retinoid levels were found
to be 40% of those of matched wild-type mice fed the same diet. Circulating retinol levels
were not different for the two groups. Moreover, the Rbp2~~ mice fed the elevated retinoid
diet displayed normal growth and reproduction (E et al. 2002). Subsequent studies of
RbpZ™'~ mice have established that even when these mice are fed a conventional chow diet
they display normal blood retinol levels, and grow and reproduce normally (Wongsiriroj et
al. 2008). These findings convincingly establish that the Rp2~/~ mice are not experiencing
retinoid-deficiency when they consume sufficient levels of dietary retinoid. Thus, RBP2 acts
to optimize retinoid uptake from the diet by channeling uptake and metabolism within
absorptive cells (see Figure 1), but it is not essential for these processes in times of dietary
retinoid-sufficiency (E et al. 2002).

In an effort to extend observations obtained from animal studies of RBP2 to humans, a
number of studies of retinol uptake and metabolism have been carried out in human Caco-2
cells (Levin 1993; Lissoos et al. 1995; Levin and Davis 1997). Stably transfected cloned
Caco-2 cells lines that overexpress RBP2 were found to take up two times more retinol from
the culture medium than sham transfected control cells (Levin 1993; Lissoos et al. 1995).
Overexpression of RBP2 also led to enhanced retinyl ester formation by the Caco-2 cultures.
In other studies, when Caco-2 cells were treated with retinoic acid, this led to a 50%
increase in retinol uptake (Levin and Davis 1997). These data suggest that RBP2 acts within
the human intestine to channel retinoid uptake and metabolism in a manner similar to the
rodent intestine.

Role of RBP2 in modulating intestinal monoacylglycerol levels in the adult

RBP2 binds to MAGs with very high affinity, similar to its affinity for retinol or
retinaldehyde (Lee et al. 2020). Moreover, the absence of RHp2, leads to elevations in
mucosal levels of 2-AG, 2-LG, 2-OG and 2-palmitoylglycerol (2-PG) two hours after
administration of a corn oil challenge to R6p2~~ mice compared to wild-type mice. This is
seen in Figure 4 for approximately 6- to 7-month-old male R5p27/~ and wild-type mice that
had been maintained on a chow diet throughout life. Thus, RBP2 has a role in modulating
monoacylglycerol metabolism within the intestine. This role could involve the actions of
RBP2 in facilitating bulk lipid uptake from the diet or 2-MAG signaling. It seems likely that
RBP2 acts in the trafficking and metabolism of intestinal 2-MAGs given that RBP2 accounts
for approximately 1% of enterocyte cytosolic protein (Ong 1985). MAGs generated in the
intestinal lumen from dietary triglycerides are taken up by enterocytes where they are used
primarily to resynthesize triglycerides that are then incorporated into nascent chylomicrons
(Chon et al. 2012; Yen et al. 2015). Some MAGs will be degraded by monoacylglycerol
lipase to nonesterified fatty acids that may be used for triglyceride synthesis and
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incorporation into chylomicrons (Chon et al. 2012; Douglass et al. 2015). It is possible that
RBP2 plays a role in metabolically trafficking MAGs toward triglyceride synthesis and
chylomicron formation. This putative action of RBP2 could affect both the quantity of
triglyceride incorporated into chylomicrons and the acyl composition of chylomicron lipids.

Alternatively, RBP2 may play a role in facilitating 2-MAG signaling. 2-AG is a canonical
endocannabinoid acting through the two cannabinoid receptors CB1 and CB2 (Chanda et al.
2019). The other long-chain 2-MAGs act through different cell surface G-protein coupled
receptors that also regulate metabolism and energy expenditure (Mclintosh et al. 2009;
Hansen et al. 2011; Ekberg et al. 2016).

Role of RBP2 in the development of obesity and related metabolic disease

Recent investigations involving the use of Rp2~/~ mice have identified a previously
unexpected linkage between RBP2 and the development of obesity, glucose intolerance and
fatty liver (Lee et al. 2020). These studies establish that 6- to 7-month-old chow-fed male
Rbp27'~ mice acquire more body fat, show an impaired response to a glucose challenge, and
manifest elevated hepatic triglyceride levels compared to diet-, age-, gender-, and genetic
background-matched wild-type mice. Similarly, 2-month-old £6027/~ fed a high-fat diet for
6-8 weeks gain significantly more body weight, display impaired glucose tolerance, and
show higher fasting hepatic triglyceride levels than age-matched wild-type mice (Lee et al.
2020).

What accounts for the age- and diet-dependent increase in body fat, glucose insensitivity,
and elevated fasting hepatic triglyceride levels observed for R5p27'~ mice has not been fully
established. As discussed above in this section, Rp2~/~ mice are not retinoid-deficient when
maintained on a chow diet (E et al. 2002). Lee et al. reported that no differences in tissue
retinoid-related parameters could be identified that would account for this R6p27~
phenotype (Lee et al. 2020). This implicates differences in mucosal 2-MAG levels in the
causation of these metabolic phenotypes. Supporting this contention, the elevations in 2-
MAG levels are accompanied by elevated blood levels of the intestinal hormone glucose-
dependent insulinotropic polypeptide (GIP). As seen in Figure 5, 30 min after administration
of an oral fat challenge, blood GIP levels are significantly elevated in chow fed 6- to 7-
month-old Rbp2~~ mice compared to matched wild-type mice. 2-MAGs are potent agonists
for the cell surface receptor GPR119 that is present on the enteroendocrine K-cells that are
responsible for GIP synthesis and secretion (Mclntosh et al. 2009; Hansen et al. 2011,
Ekberg et al. 2016). GPR119 is known to signal enteroendocrine-cell release of GIP in both
rodents and humans, affecting metabolism and energy expenditure (Mclntosh et al. 2009;
Hansen et al. 2011; Ekberg et al. 2016). As mentioned above, 2-AG is a canonical
endocannabinoid and is able to bind and activate cannabinoid receptors 1 and 2 (CB1 and
CB2) affecting energy expenditure and body weight (Hansen and Vana 2018; Chanda et al.
2019). A recent study in humans concluded that elevated GIP levels in obesity are likely a
consequence of increased gut endocannabinoid levels (Chia et al. 2017). Several studies
have reported elevated blood GIP levels in obese humans (Theodorakis et al. 2004; Calanna
et al. 2013). Elevated GIP levels have been reported in diet induced obese mice (Sun et al.
2019). Based on this literature, it may not be too unreasonable to speculate that the impaired
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metabolic phenotypes observed for R6p2~/~ mice arise through RBP2’s 2-MAG ligands and
their effects on blood GIP levels following fat intake.

Role of RBP2 in maintaining intestinal immunity

There is evidence in the literature that RBP2 plays a central role in maintaining intestinal
innate immunity (McDonald et al. 2012). Within the small intestine, dendritic cells (DCs)
are key initiators and regulators of the adaptive immune response, affecting the balance
between tolerance and immunity within the mucosa (Agace and Persson 2012). Over the last
decade, it has become clear that DCs use all- frans-retinoic acid to promote intestine-specific
immune responses, including Foxp3* Treg conversion, lymphocyte gut homing molecule
expression, and IgA production (lliev et al. 2009; Feng et al. 2010; Molenaar et al. 2011).
The literature indicates that both retinoids per se and RBP2 are required for imprinting
intestinal lamina propria CD103* DCs with the ability to generate gut tropic T cells (lliev et
al. 2009; Feng et al. 2010; Molenaar et al. 2011; Jaensson-Gyllenbéck et al. 2011;
McDonald et al. 2012). Studies of isolated DCs have identified that granulocyte-macrophage
colony-stimulating factor, IL-4 and all-#rans-retinoic acid are needed to induce the enzyme
retinaldehyde dehydrogenase 1 (ALDH1A1), which catalyzes the final enzymatic step
needed for all-frans-retinoic acid formation (lliev et al. 2009). DC expression of Aldhlal
was found to be reduced in mice fed a retinoid-deficient diet and expression could be
rescued upon feeding of a retinoid-sufficient diet (Molenaar et al. 2011). Interestingly,
relatively high concentrations of retinoids present within bile, and consequently ones derived
from hepatic retinoid pools, also have been proposed to be the source of retinoids used by
the intestine to imprint intestinal CD103* DCs (Jaensson-Gyllenback et al. 2011).
Collectively, this published work establishes that luminal retinoids act as an environmental
cue shaping the phenotype of intestinal DCs and attendant DC responses (Agace and
Persson 2012).

Subsequent studies extending these findings regarding retinoid actions in intestinal
immunity have shown that RBP2 plays a key role in maintaining normal DC responses.
Investigations involving the use of R6p2~~ mice have shown that Rbp2 expression is
required to confer the capacity of CD103* DCs present in the lamina propria of the small
intestine to convert retinol to all-frans-retinoic acid (McDonald et al. 2012). Through study
of RbpZ”!~ mice, it was shown that imprinting of A/dhlal expression in CD103* DCs
requires epithelial cell expression of Rbp2. Thus, intestinal epithelial cell-specific expression
of RbpZ2must play an integral role in transforming luminal retinoids into a local cue to
imprint gut DCs with an intestinal phenotype. This presumably occurs by channeling either
retinol and/or retinaldehyde from the intestinal epithelium to CD103* DCs within the lamina
propria (McDonald et al. 2012). The possibility that RBP2 channels retinaldehyde to
CD103* DCs is in keeping with published finding establishing that the transcription factor
ISX, which is a key regulator of BCO1 expression in the gut, also affects gut homing and
differentiation of lymphocytes within the small intestine (Widjaja-Adhi et al. 2017).

RBP2 and intestinal adaptive responses

A number of different studies have been carried out to assess whether intestinal RBP2
exhibits an adaptive response to removal of a portion of the bowel. All these studies
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employed rat models but each used different resection protocols and different time intervals
of study. Never-the-less, each of these studies reached the same conclusion that Rop2
expression is adaptively elevated following surgical resection of the small intestine and that
this response benefits retinoid absorption by the intestine.

One study examined RBP2 expression in a shortened jejunum, where the distal 5 cm portion
of the proximal jejunum of a 2-month-old rat was joined to the proximal end of the ileum
(Takase et al. 1993). After allowing 3 weeks for recovery, the amount of RBP2 protein was
assessed immunologically (Takase et al. 1993). A twofold increase in the total amount of
RBP2 present in the proximal ileum was reported to occur, but in the setting of hyperplasia.
However, for the proximal jejunum, preceding the bypassed segment, the RBP2 level per
unit DNA increased by 80%. No differences in either circulating or hepatic total retinol
content were observed for the bypass group. The authors took their data to suggest that the
increase in RBP2 content following jejunum-bypass might be an adaptive response to
enhance retinol absorption. Similar studies, involving a 70% resection of the proximal small
intestine of an adult rat, explored adaptive responses 2 days after resection (Dodson et al.
1996). Rbp2 mRNA expression was reported to be elevated in the remnant ileum. This early
adaptive response was accompanied by elevations in expression of other intestinal genes
involved in nutrient uptake and metabolism including Fabp1 and apolipoprotein A-1V
(Apoa4), a gene involved in chylomicron formation. This was taken to suggest that Rop2
expression is regulated in a manner that reflects complex multifaceted regulatory responses
to bowel resection that enhance nutrient uptake (Dodson et al. 1996).

Later investigations aimed at gaining insight into the expression of genes involved in
retinoid absorption, transport and metabolism during bowel resection were carried out in a
rat model for short bowel syndrome where 75% of the entire small intestine was removed
and adaptive changes assessed 7 days later (Hebiguchi et al. 2015). Expression of both Rgp2
MRNA as well as mRNA for Apoa4 was found to be higher than those observed in sham-
operated rats. However, the retinol content of the residual ilium and the retinyl ester content
in the jejunum were lower than those observed in sham-operated rats. The authors took this
to indicate that Rbp2and Apoad in rats with a shortened bowel contribute to more effective
esterification of dietary retinol and more effective uptake into the body in nascent
chylomicrons. Thus, they proposed that the esterification and secretion of retinoids in
nascent chylomicrons are enhanced in the absorptive epithelial cells of intestines of rats with
experimentally-induced short bowel syndrome through the upregulation of Rbp2and Apoa4
mMRNA.

Future research directions and conclusions

It is now well established that RBP2 plays a central role in retinoid uptake from the diet,
retinoid processing within the absorptive epithelium allowing for retinyl ester formation and
its packaging in nascent chylomicrons and helping mediate retinoid actions within the
intestine. It is also clear that RBP2 plays an important role in facilitating retinoid actions in
maintaining normal cell and tissue differentiation early in life. Both the RBP2 protein and
the RBP2 gene are well studied, although some details still need to be filled in for
knowledge of the molecular properties of RBP2 to be complete. The recent identification
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that both human and mouse RBP2 are physiologically relevant intestinal 2-MAG-binding
proteins and the possibly related observation that R6p2 absence in mice affects release into
the circulation of the hormone GIP by the enteroendrocrine K-cells raise a number of new
and fundamentally important questions regarding RBP2 and its physiologic actions.

After a fat-rich meal, intestinal concentrations of 2-MAGs will normally be several orders of
magnitude greater than those of retinol/retinaldehyde, yet the Ky values for retinol and
retinaldehyde binding are the same order of magnitude as those reported for 2-MAG
binding. Since MAGs can displace retinol from its binding site in RBP2 (Lee et al. 2020),
this raises an important question regarding how RBP2 facilitates both retinol and MAG
absorption and/or metabolism. Does the quality and/or quantity of dietary fat influence
retinol-RBP2 interactions in a manner that affects retinoid absorption mediated by RBP2?
Or, is the concentration of RBP2 within enterocytes sufficient to accommodate both retinoid
and MAG absorption and metabolism? Understanding of these issues will be important for
understanding RBP2 actions in intestinal neutral lipid metabolism and nutrient sensing.

The RbpZ™!~ mice are more prone to developing obesity and related metabolic disease than
matched wild-type mice (Lee et al. 2020). At 2 months of age, these mice when fed a high-
fat diet gain significantly more body weight than matched wild-type mice and they accrue
significantly greater body weights at 6 to 7 months of age when fed a control chow diet
compared to matched wild-type mice. This raises a question regarding how dietary fat and
retinoids may interact within the gut to influence the absorption of each other. Do
differences in dietary retinoid contents influence fat absorption, and consequently calorie
intake? And, if so, how might this involve the actions of RBP2 in binding MAGs and/or
retinoids?

Many reports have established FABPs as important modulators of metabolism and
inflammatory processes and consequently, contributors to metabolic disease development
and prevention. Mice deficient in Fabp1, when fed a high-fat diet rich in long-chain
saturated fatty acids, display significantly greater body weights and fat masses compared to
matched WT mice. When mice lacking FabpZ are fed this same diet, they remain lean, with
lower body weights and fat masses than WT mice. Consistent with these experimental
studies, polymorphisms in both the human FABPI and FABPZ genes have been associated
with increased incidence of obesity and glucose intolerance. Both FABPI and FABP2 are
expressed abundantly in jejunum, as is RBP2. Unlike FABP1, RBP2 does not bind FFAs.
However, both RBP2 and FABP1 are MAG-binding proteins that co-localize to the same
anatomical region of the small intestine. Are their functions in MAG trafficking redundant or
does each protein have a unique metabolic action within the enterocyte? Moreover, Rbp2/~,
Fabp1™~, and FabpZ™'~ mice each display clear adiposity phenotypes when challenged with
a high-fat diet. Do the observed weight gain phenotypes all arise due to effects of these
proteins on the same pathway or through multiple different pathways?

Are the biochemical and metabolic phenotypes observed for R6p2~~ mice associated with
enteroendocrine signaling? We do not yet understand the molecular basis for altered
enterocyte levels of 2-MAGs in response to an oral fat challenge or the associated elevations
in GIP levels in blood. It is unclear whether this involves a direct mechanism that affects
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enteroendocrine cells through only local actions within the intestine. Or, if these effects
involve the gut-brain axis and central nervous system input into the regulatory process.
These possibilities need to be resolved. In addition, we will need to gain understanding of
the role of RBP2 in human intestinal physiology and enteroendocrine signaling, extending
work in the mouse.

It is clear that much research focused on the actions of RBP2 in intestinal 2-MAG
metabolism, in intestinal hormone production, and in the development of obesity and related
metabolic phenotypes still needs to be undertaken before this intriguing protein can be
understood.
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ARP-1 apoAl regulatory protein Al

BCO1 B-carotene 15,15’-dioxygenase

BPES blepharophimosis-ptosis-epicanthus inversus syndrome
CB1 cannabinoid receptor 1

cB2 cannabinoid receptor 2

CDH congenital diaphragmatic hernia

CRABP1 cellular retinoic acid-binding protein, Type 1
CRABP2 cellular retinoic acid-binding protein, Type 2
DC dendritic cell

DR-1 direct repeat 1

ETYA 5,8,11,14-eicosatetraynoic acid

FABP fatty acid-binding protein

FABP1 liver fatty acid-binding protein

FABP2 intestinal fatty acid-binding protein
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Longstanding understanding of the role of RBP2 in retinoid uptake, metabolism and actions
within the absorptive cells (enterocytes) of the small intestine. These arise due to the ability
of RBP2 to bind retinol or retinaldehyde with high affinity. This allows apo-RBP2 to bind
retinol as it is newly absorbed by enterocytes from the intestinal lumen after arriving there as
a component of the diet. Alternatively, apo-RBP2 can bind retinaldehyde formed from newly
absorbed B-carotene by B-carotene 15,15"-dioxygenase (BCO1) within the enterocyte.
Retinaldehyde bound to RBP2 is a substrate for the intestinal retinaldehyde reductase (RalR)
allowing for retinaldehyde conversion to retinol, while bound to RBP2. Retinol bound to
RBP2 is a substrate for lecithin:retinol acyltransferase (LRAT) producing retinyl esters that
are packaged into nascent chylomicrons for uptake into the body. Thus, retinol or
retinaldehyde obtained from the diet is metabolically channeled by RBP2 to the
chylomicrons for uptake along with other dietary fat into the circulation. Some retinaldehyde
bound to RBP2 is converted to retinoic acid by the actions of retinaldehyde dehydrogenases
1and 2 (ALDH1AL and ALDH1AZ2). The retinoic acid can be used locally to regulate
retinoic acid-dependent transcription.
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Figure 2.

Interaction of 2-AG with RBP2. A, the overall orientation of 2-AG (purple) within the
binding-pocket of human RBP2 (PDB #6BTH) in comparison to all-frans-retinol (orange)
(PDB #4QZT). B, hydrogen bond network that contribute to the high affinity of 2-AG.
Hydrogen bonds are indicated by dashed lines. Distances are shown in A. Ordered water
molecules (W) are depicted as red sphered. C, sequence alignment of human RBPs. Amino
acid that line the inside of the binding cavities are marked in green. Residues in position 51
and 62 that prevent binding of monoacylglycerols to RBP1 are labeled in red. Yellow
background highlights residues found in the sequences of RBP5 and RBP7. They may
indicate an alternative ligand specificity to RBP1 and RBP2.
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Figure 3.
The overall structural motive and the mode of all-#ans-retinol interaction with RBPs. A,

ribbon diagram of human RBP2 (PDB #6BTH). The red mesh represents the ligand-binding
cavity inside the B-barrel composed of ten antiparallel B-strands. The entry portal region is
defined by two a-helices (shown in orange) and loops connecting and B-strands C-D and E-
F (colored yellow). B, topology diagrams for the RBPs. The color scheme is identical as in
panel A. C, position of the retinoid moiety within the binding pocket of RBP2 (PDB
#4QZT). The side chains of amino acids in the vicinity of all-#rans-retinol (orange) are
highlighted in blue. D, overlay of the binding sites structures and ligand orientation found in
human RBP1 (PDB #5HBS) and human RBP2 (PDB #4QZT). The side chains of RBP1 and
RBP2 are colored gray and blue, respectively. The position of all-trans-retinol seen in RBP1
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is shown in light orange, whereas the retinoid moiety found in RBP2 is colored in pink. The
side chains shown in green correspond to the substitutions of T51/l and V62/M in RBP1 that
contribute to the different in the position of the ligand.
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Figure 4.
An oral fat challenge administered to Rp2~/~ mice results in elevated 2-MAG levels in

intestinal absorptive cells. Two hours after administration of an oral challenge with corn
oral, levels of 2-arachidonoylglycerol (2-AG) 2-palmitoylglycerol (2-PG), and 2-
lineoylglycerol (2-LG) are significantly elevated in enterocyte scrapings for R6p27/~ mice
compared to matched wild type (WT) mice. Enterocyte levels of 2-oleoylglycerol (2-OG)
were not significantly different for the two groups. *p < 0.05. (Taken from Lee et al. 2020).
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Time (min)

Time course showing plasma levels of glucose-dependent insulinotropic polypeptide (GIP)
(left) and glucagon-like protein-1 (GLP-1) (right) following an oral challenge with corn oil.
Plasma GIP levels are significantly elevated 30 and 60 min after the challenge for chow fed
6- to 7-month-old Rbp2~'~ mice compared with matched wild-type mice. No statistically

significant differences in plasma GLP-1 levels were observed for the same mice. *p < 0.05.

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2021 May 28.

- WT
E = sz e



Page 37

Blaner et al.

‘Ajiwepsadns uifeaodi| ay3 Jo Jsquisw a1 Fd gy yum Buoje asay L sutsiosd Buipuig-pioe Aney |[e 81e Gdav4 PuB ‘ZdavdD ‘Tdavdd '2dgd ‘Sd9y ‘zdad ‘Tdad

q

'SUOIIOR JO/pUe WISI|ogeISW plounal BuiieN|ioes Ul paajoAul Appuenodu aq 01 paideode Ajjealuoued aie Jeys suioid Buipuig-prounal jo Bunsi| v,

S18L30 JaAl| ‘asodipy p1oe ojounas pue spioe Aneq SdgvH (Sdav4) G uteroad Buipuig-pioe Aed

S19U30 ‘asodipe ‘uIS pIoe 210Uy 2dgveo (11dgv4D) 11 utaloud Buipuig-pioe dlounal fejn|jsd

sanssi) Auey pIoe dlounay Idaveo (1dawv¥0) 1 utsioid Buipulg-proe otounal Jejn||8o

3dy ‘eunsy apAyap[eunaIs/2-TT pue [oudIS/o-TT 1dg7d (dg1vyD) utsloud Bupuig-apAyspleunas seinfjad

(34y) wniayndas pajuswbid jeunas eunas ‘9A3  spidij 1ayio pue apAyspleultal pue jounay £dgd (dg¥1) uieroad Buipuig-jounal doydadaloloydiaiu|

319snw pue asodipy apAyspleunss %pjounay 2dgy (111dg42) 111 uteroad Butpuig-jounal enjed

uaa|ds ‘Asupry ‘Jen1T apAyspleunas pue jounsy Sdgy (AI1dgHD) Al uteioid Butpuig-jounal sen|j8o

aunsayul |[ews apAyapreunas pue jounay zdgy (11dg¥4D) 11 uraoad Butpuig-jounal seinfjad

Sanssi} 1SON apAyapreunias pue jounsy Id94 (1dg42) | uteroud Buipuig-jounal Jen||8o

ewse|d/wnies jounay rdgd (day) uisroud Buipuig-jounsy

uonnguIsIpansst | spuebi 9.INJepUBWIOU J1BUSD ainyepuswou eulblio
g STEWILUBW Ul pUnoy suia104d Buipuig-piounay

‘Tolgel

Author Manuscript Author Manuscript

Author

Manuscript Author Manuscript

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2021 May 28.



	Abstract
	Introduction
	Identification of RBP2
	RBP2 expression
	In the adult
	Expression during the perinatal period

	Ligand binding
	Retinoid binding
	Binding of nonretinoid ligands

	Protein structure
	Structural determinants of the interaction of RBP2 with retinol
	The mode of RBP2 interactions with endocannabinoids and monoacylglycerols

	Gene structure of RBP2 and its regulation
	The RBP2 gene
	Dietary modulation of RBP2 expression

	Physiological actions of rbp2 in health and disease
	Role of RBP2 in ensuring normal perinatal development
	Role of RBP2 in intestinal retinoid uptake and metabolism in the adult
	Role of RBP2 in modulating intestinal monoacylglycerol levels in the adult
	Role of RBP2 in the development of obesity and related metabolic disease
	Role of RBP2 in maintaining intestinal immunity
	RBP2 and intestinal adaptive responses

	Future research directions and conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

