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Abstract

Energy Metabolism Regulates Retinoic Acid Synthesis and Homeostasis in
Physiological Contexts

by
Kristin Marie Obrochta
Doctor of Philosophy in Comparative Biochemistry
University of California, Berkeley

Professor Joseph L. Napoli, Chair

Mounting evidence supports a regulated and reciprocal relationship between
retinoid homeostasis and energy metabolism, with a physiologically relevant
consequence of disrupted energy balance. This research was motivated by an
observation that all-trans-retinoic acid (atRA), and biosynthetic precursors, were
responsive to acute shifts in energy status, in wild type animals with normal body weight
and glucose tolerance, i.e. not consequent to metabolic syndrome. My dissertation was
designed to characterize associations of retinoid changes under different metabolic
conditions by targeting synthesis of retinoic acid, identifying underlying mechanism(s),
and describing consequent function(s) in four contexts.

A model that compared fasted versus re-fed ad-libitum animals was used to
evaluate the impact of an acute shift in whole body metabolism on retinoid status. In
liver, atRA was elevated in fasted mice, and reduced by 50% in re-fed counterparts.
Consistent with synthesis driving the atRA concentration in liver, expression of retinol
dehydrogenase (Rdh) genes, Rdh10 and Rdh1, were elevated by fasting, and reduced
50% in re-fed as well as glucose and insulin treated mice, which preceded the reduction
in atRA. Subsequent characterization of Rdh10 and Rdh16 (human orthologue of
mouse Rdh17) regulation in a human hepatoma (HepG2) cell line identified
transcriptional repression by insulin that required PI3K, Akt (PKB) and suppression of
the transcription factor FoxO1, which was required for optimal expression of Radhs.
Conversely, expressions of Rdhs were elevated and stabilized in serum free medium
conditions. This study illustrated that liver atRA, and specifically its synthesis, is
regulated by acute changes in feeding status. This controlled fluctuation in atRA
concentration enables transcriptional regulation by atRA in a physiological context, and
reinforces an established link between atRA and liver glucose metabolism via
phosphoenolpyruvate carboxy kinase.

In pancreas tissue, the 9-cis-retinoic acid (9cRA) concentration was reduced in
animals that were fed ad-libitum, versus a fasted state, and also decreased rapidly and
transiently in response to a glucose bolus versus a fasted state. 9cRA functions in
pancreas to attenuate insulin secretion and synthesis, with the physiological impact of
preventing hypoglycemia. In a fed, or glucose treated state, reduced 9cRA sensitizes
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pancreas for optimum insulin secretion. To understand metabolic regulation of 9cRA,
synthesis was characterized with focus on Rdh5 expression in a beta cell model (832/13
rat insulinoma cells). Rdh5 expression and activity were reduced by glucose and cAMP,
and overexpression of Rdh5 was sufficient to increase 9c-retinal and 9cRA synthesis.
This work identified Rdh5 as a physiologically relevant regulator of 9cRA synthesis in
beta cells.

A third project aimed to characterize a regulatory function of atRA in central
nervous system (CNS) mediated energy balance. The hypothalamus brain region is an
integrative center for peripheral signals, and regulates a range of functions including
reproduction, autonomic nervous system, immune response, sleep, thermoregulation,
fluid homeostasis, food intake and energy expenditure. Research established active
atRA metabolism by regionally distinct concentrations of atRA, expression of genes for
synthesis and response to atRA, and in situ synthesis of atRA in hypothalamus tissue
explants. However, the atRA concentration did not change during dietary interventions
of acute fasting and feeding, high fat diet feeding, or to cold exposure. Nuclear receptor
PPAR® localized to nuclei and axon structures of neurons in hypothalamus and other
brain regions, as demonstrated by immuno-histochemistry and confocal microscopy.
This work set a foundation for study of atRA activity, and non-genomic function of
PPARS® in hypothalamus, but was unsuccessful in establishing a regulatory function of
atRA on CNS mediated energy balance.

The impact of dietary vitamin A on retinoid levels was evaluated in multiple
tissues of five mouse strains, over three generations. The model transitioned mice from
chow diet, containing copious vitamin A, to a semi-purified, vitamin A sufficient (VAS)
diet. Three generations of VAS feeding decreased atRA in most tissues of most strains,
in some cases more than 50%, and maintained an order of liver ~ testis > kidney >
white adipose tissue ~ serum. Neither serum retinol nor atRA reflected tissue atRA
concentrations. Strain and tissue-specific differences in retinol and atRA that reflect
different amounts of dietary vitamin A could have profound effects on retinoid action,
and are predictive of strain dependent differences in enzymes regulating atRA synthesis
and catabolism. Consequently, the lab has continued to provide semi-purified VAS diet
in mouse studies that evaluate retinoid homeostasis.

In total, this collection of work provides original and novel insights into metabolic
regulation of atRA biosynthesis. The controlled fluctuation in atRA concentrations, as
demonstrated in multiple contexts of physiologically relevant shifts in energy status,
enables dynamic regulation of downstream transcriptional targets of atRA.



To Luke Gaetano
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Introduction

Vitamin A

Vitamin A is a lipid soluble micronutrient, essential for vertebrate life. It was
identified in 1913 as lipid soluble A, but its therapeutic value was appreciated as far
back as 1500 BC, when ancient Egyptians used liver extract to treat night blindness (1—
3). Vitamin A and its derivatives support a wide range of biological functions essential
for development, cell differentiation and proliferation, reproduction, immune response,
nervous system function, and energy metabolism. Both extreme excess and deficiency
of all-trans-retinoic acid (atRA) can be deadly, while moderate fluctuations in atRA have
toxicological effects, such as abnormal fetal development, disrupted energy balance
regulation and cancer (4-6). Vitamin A deficiency is a public health concern in
developing countries, and is responsible for over 1 million deaths and cases of
blindness per year, affecting primarily young children and pregnant women (7). A
weakened immune system precedes clinical manifestations of xerophthalmia, night
blindness, and further morbidity (8). In contrast, excessive vitamin A intake causes
abnormal morphological development, or teratogenicity (9). Consequently, the United
States Department of Agriculture sets both dietary reference intakes (DRI), formerly
recommended dietary allowances (RDA), and upper limit (UL) for human consumption
of vitamin A.

Forms of dietary vitamin A include preformed retinyl esters (RE) from animal
sources, and pro-vitamin A carotenoids from plant sources. Carotenoids are cleaved by
carotenoid monooxygenase enzymes in intestinal enterocytes. 3-carotene yields two
molecules of all-trans-retinal. The bioavailability of carotenoids is low due to physical
matrix entrapment and aggregation in crystalline structures, and is why vitamin A
deficiency remains a problem in populations with primarily plant based dietary vitamin A
intake (10). Retinal is reduced to retinol by retinal reductase, and then esterified by acyl-
transferase enzymes. REs are packaged into chylomicrons for transport into the lyphatic
sytem, and delivery to target tissues (11). The largest depot of RE storage is in hepatic
stellate cells, accounting for 80% of total body vitamin A stores, with second highest in
adipose tissues (12). Transport of vitamin A, such as in mobilization of liver storage, is
primarily in the form of retinol. Retinol in blood is chaperoned by retinol binding protein 4
(RBP4) and transthyretin (TTR), to prevent renal clearance (13, 14). The stimulated by
retinoic acid 6 (STRAG) receptor recognizes retinol-RBP, and transports retinol into
extra hepatic tissues (15), and RBP4 receptor-2 (RBPR2) similarly mediates uptake of
retinol in liver (16). Internalized retinol is bound by cellular retinol binding protein
(CRBP), to regulate substrate delivery and flux through specific retinoid biosynthetic
pathway (17).

Retinoid Homeostasis

Retinoids support biological functions differently in the eye and in the remainder
of the body. In the vision cycle, 11-cis-retinal serves as the photo-active detector
molecule. 11-cis-retinal is isomerized to all-trans-retinal upon light sensing. All-trans-
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retinal is reduced to all-trans-retinol, esterified to retinyl ester, mobilized to 11-cis-retinol
by a combination hydrolase-isomerase, retinal pigment epithelium 65 (RPEG5), and
finally is oxidized to regenerate 11-cis-retinal, by retinol dehydrogenase 5 (RDH5) (18).
Outside of the eye, atRA synthesis is the only established function of retinol, and atRA
is widely accepted as the active metabolite mediating biological functions. atRA is
synthesized from retinol in tissues, in situ, to meet specific needs. Hence, quantification
of atRA, retinol, and RE, as well as stabilized retinal, can be performed from animal
tissues, by assays with sufficiently low detection limits. Biosynthesis of atRA is a highly
regulated process that involves interaction of specific enzymes with chaperone binding
proteins, to maintain retinoid homeostasis (17). atRA is synthesized from retinol by
sequential dehydrogenation reactions. The first, reversible and rate limiting reaction, is
catalyzed by retinol dehydrogenase (RDH) enzymes. RDHs are members of the short
chain dehydrogenase/reductase (SDR) enzyme class, are membrane anchored in
endoplasmic reticulum, and require pyridine nucleotide (NAD* or NADP™) cofactor. The
second reaction is catalyzed by cytosolic retinal dehydrogenase (RALDH) enzymes, to
generate atRA. Expression of multiple isozymes of RDH and RALDH differ by temporal
and spatial distribution, and specific activity with different isoform substrates limits
functional overlap. Notably, cytoplasmic alcohol dehydrogenase (ADH) enzymes are
capable of converting retinol to retinal in vitro, but do not recognize physiologically
relevant form of intracellular retinol bound to CRBP (17). Excess retinol is esterified by
lecithin retinol acyl-transferase (LRAT) for storage, and hydrolyzed by retinyl ester
hydrolase (REH) enzymes. atRA is inactivated by cytochrome p450 (CYP) enzymes,
which generate 4-hydroxy-RA, 4-oxo-RA and 18-hydroxy-RA as initial steps in the
secretory path. Specifically, CYP26A1, 26B1, 26C1 and 2C39 (only in mice) are
preferentially active toward atRA (19). Retinoids self-regulate their biosynthesis and
catabolism to maintain appropriate levels. Retinol bound with CRBP1 (holo-CRBP)
chaperones retinol toward esterification by LRAT, while unbound CRBP1 (apo-RBP1)
stimulates hydrolysis of RE. Thus, the ratio of apo-CRBP to holo-CRBP influences flux
of retinol into and out of storage, and modulates availability of substrate for atRA
biosynthesis (5). atRA also drives storage of retinol as RE by increasing STRAG,
CRBP1 and LRAT expression (20), and inhibiting ALDH1 expression (21). Conversely,
atRA stimulates its catabolism through activation of CYP enzymes (22). Thus, atRA
regulates its concentration by reducing synthetic substrate and enhancing its
catabolism.

Retinoic acid Function(s)

Pleiotropic effects of atRA are achieved through modulation of gene expression
(23). atRA functions as a ligand to regulate transcription via hormone nuclear receptors
(NR). Retinoic acid receptors (RARs) are members of the type Il class of endocrine
nuclear receptors, which includes NRs for fat-soluble hormones and vitamins, such as
thyroid receptor (TR) and vitamin D receptor (VDR) (24). This class of NRs
heterodimerize with retinoid X receptors (RXRs) and bind a response element sequence
in the promoter of target genes, to regulate ligand mediated transcriptional activity.
Three isoforms of RAR (q, B, and y) are encoded by different genes, and bind atRA with
Kd in sub-nanomolar (nM) range (25-27). Heterodimerization with three isoforms of
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RXR (a, B, and y), enables multiple pairings that provide specificity of gene targets and
variable biological consequence (28). RAR binds retinoic acid response element
(RARE) sequence, defined by two direct repeats of a hexameric motif (A/G) G (G/T)
TCA, separated by 1, 2, or 5 nucleotides (29). In the absence of ligand, RARs generally
complex with co-repressor proteins to silence expression of target genes. Binding of
atRA ligand causes dissociation of co-repressors and recruitment of co-activators, to
initiate transcription of target genes (30). Ligand mediated activation of RXR is not
sufficient to induce conformational changes leading to co-activator recruitment, but is
synergistic with RAR activation, a phenomena named subordination (31). The isoform
9-cis-retinoic acid (9cRA) is described as the ligand for RXRs in vitro, however lack of
its widespread detection in vivo reduces its physiological relevance in regulation of RXR
activity (32). Similar to chaperone of retinol and retinal precursors by CRBP, binding of
RA by cellular retinoic acid binding proteins (CRABP) guides the metabolite to
appropriate intracellular fate. CRABPI leads atRA to CYPs for catabolism, while
CRABPII delivers RA to nuclear RAR for transcriptional regulation (33). By an
analogous mechanism, fatty acid binding protein 5 (FABP5) escorts RA into nucleus to
bind peroxisome proliferator activated receptor delta (PPARJ). The relative expression
of binding proteins CRABPII to FABP5 in a biological context determine atRA delivery to
the cognate nuclear receptors, and account for contrasting transcriptional programing
(34, 35). Outside of the nucleus and canonical transcriptional regulation, atRA has non-
genomic effects, to activate two mitogen activated protein kinase (MAPK) signaling
pathways. Activation of the p42/p44 extracellular signal-regulated kinases (ERK) MAPK
pathway has been demonstrated in neurons, Sertoli, and embryonic stem cells, and
activation of p38MAPK in fibroblasts, and various cancer cell models (29). It appears
common that plasma membrane bound RARa facilitates non-genomic atRA activity,
with location specificity according to cell type. Consequences of non-genomic atRA
activity include translational regulation (36) and downstream phosphorylation of
transcription factors, including NRs (37). This emerging area warrants additional
investigation before broad generalizations may be drawn.

Retinoic Acid and Energy Metabolism

Energy metabolism and atRA are integrated through regulation of genes involved
in cellular fuel utilization as well as formation and maintenance of metabolic tissues. The
increased prevalence of metabolic syndrome and accompanying obese and diabetic
phenotypes, demands improved understanding of mechanistic relationships between
retinoids and energy balance. Multiple lines of evidence support that atRA protects
against obesity and insulin resistance. In a dietary intervention study, diet induced
obese (DIO) mice treated with atRA by slow release of implanted pellet (15 mg over 90
days) display reduced body weight and adiposity (38). One mechanism of atRA,
identified in white adipose, is prevention of pre-adipocyte differentiation to moderate
formation of new fat cells, through activation of Pref-1 and other transcriptional targets
(39). In another in vivo study, pharmacological doses of atRA (100 mg/kg) to mice fed
standard diet or vitamin A deficient diet (VAD), reduced adiposity and body weight,
possibly through increased thermogenic potential of brown adipose tissue (40). Follow
up studies of atRA treated in vivo (10-100 mg/kg) measured reduced expression of
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adipose-secreted hormones, leptin and resistin, both in adipose tissue (MRNA) and in
circulation (protein) (41, 42). Conversely, mice fed VAD displayed increased adiposity
and small increase in body weight (43). Identification of atRA as a PPAR®S ligand further
expands possible mechanisms for atRA regulation of energy metabolism, because of
the central role of PPAR® in determining fuel utilization according to energy status (34,
44). In the reciprocal relationship, retinoid metabolism is disrupted in response to
energy status, as evident by RBP4 alteration. Circulating RBP4, synthesized and
secreted from adipose, is elevated in insulin-resistant and obese mice and humans, is
sufficient to cause insulin resistance in normal mice, and ablation of RBP4 genetically or
pharmacologically improves insulin sensitivity (45). Association of RBP4 expression with
insulin sensitivity, including shifts in liver and muscle metabolism, indicate that retinoid
mobilization is affected by energy status, and involved in progression of energy
imbalance.

Identification of specific transcriptional target genes provides a mechanistic link
between atRA and glucose and lipid metabolism. Gluconeogenesis was identified as
responsive to atRA from the observation that whole-animals fed a VAD diet were
glycogen deficient (46). Phosphoenolpyruvate carboxykinase 1 (PCK1), the rate-limiting
enzyme and committed step in gluconeogenesis (47), is a direct transcriptional target of
atRA (48). Subsequent characterization of PCK1 has detected reduced expression in
liver of VAD fed mice, and identified three RAREs in the promoter with corresponding
RAR isoforms mediating transcriptional response to atRA (49). Thus, atRA regulation of
PCK1 has become a prototype of transcriptional response to atRA, and a solid
foundation integrating atRA and glucose metabolism. atRA influence on lipid
metabolism is evidenced by transcriptional regulation of uncoupling proteins 1-3 (UCP
1-3). UCP1 is expressed in brown adipose and functions to uncouple oxidative
phosphorylation from ATP synthesis, which defines the unique ability of brown adipose
tissue to generate heat by thermogenesis. UCP2 and UCP3 are expressed in brown
adipose and other tissues. Expression of UCP genes are elevated with atRA treatment
and reduced by VAD (40, 50). atRA activates UCP1 expression by a non-canonical
RARE and PPARE, UCP3 by a canonical RARE, and UCP2 by an undefined
mechanism (38, 51, 52). Together, regulation of UCPs link atRA to lipid metabolism,
and specifically energy expenditure via thermogenesis.

Ablation of genes involved in atRA homeostasis display phenotypes with
disrupted energy balance. The retinol dehydrogenase 1 (RDH1) null mouse has
increased adiposity due to impaired brown adipose tissue function (53). The cellular
retinol binding protein | (RBP1) null mouse has dis-regulated glucose metabolism, with
increased gluconeogenesis and fatty acid oxidation (54). Raldh1 (Aldh1a1) null mouse
shows no apparent phenotype in the absence of metabolic stress (55). When
challenged with a high fat diet (HFD), this mouse resists diet induced obesity, insulin
resistance, and displays increased energy dissipation (56). Together, these examples
illustrate that energy imbalance results from disruption of retinoid homeostasis.
Specifically, reduced retinoic acid signal is associated with impaired energy expenditure
and increased energy storage.



Rationale for Dissertation

This dissertation addresses the relationship between retinoid homeostasis and
energy metabolism. It is motivated by an observation that atRA, and synthetic
precursors, are responsive to acute shifts in energy status, in wild type and
metabolically normal mice. The approach focuses on atRA synthesis by metabolic
regulation of the rate limiting step of RDH enzymes. Chapters are divided by metabolic
tissues of interest, including liver, pancreas, hypothalamus, and systemic endogenous
retinoids in response to dietary vitamin A.



Chapter 1

Insulin Regulates Retinol Dehydrogenase Expression and all-trans-Retinoic Acid
Biosynthesis through FoxO1

INTRODUCTION

A wide scope of biological processes, including embryonic development, cell
differentiation/proliferation, immune function, neurogenesis and energy metabolism,
depend on the vitamin A (retinol) metabolite all-trans-retinoic acid (atRA) (57-61). atRA
controls energy balance by inhibiting differentiation of pre-adipocytes into mature white
adipose, regulating function of white adipose cells, and by regulating whole body lipid
and carbohydrate metabolism (49, 62—64). Dosing atRA to mice fed a chow diet, which
contains ample vitamin A, produces resistance to diet-induced obesity (38, 65).
Impairing atRA homeostasis causes abnormalities in intermediary metabolism. Mice
with ablated cellular retinol binding-protein 1 (encoded by Rbp 1), which regulates retinol
homeostasis, experience glucose intolerance from enhanced gluconeogenesis,
resulting from hyperglucagonemia, and also undergo increased adipocyte differentiation
(54, 66). atRA functions through the nuclear hormone receptors RARq,  and y and
PPAR®S, which affect transcription and translation (31, 34). Genes regulated by atRA
through nuclear receptors include: Pck1, which expresses phosphoenolpyruvate
carboxykinase, the enzyme that catalyzes the committed step in gluconeogenesis (67);
Ucp1, which expresses uncoupling protein 1, a mediator of adaptive thermogenesis
(68); and inhibitors of adipogenesis, including Pref1, KIf2 and Sox9 (69). Despite the
impact of atRA on energy balance, little is known about whether energy balance might
regulate atRA homeostasis.

Two successive dehydrogenations produce atRA from retinol (5). During limited
or normal vitamin A nutriture, retinol dehydrogenases (RDH) of the short-chain
dehydrogenase/reductase gene family catalyze the first and rate-limiting reaction to
produce all-trans-retinal. Retinal dehydrogenases, of the aldehyde dehydrogenase gene
family, catalyze the second reaction to produce atRA. Multiple isoforms of retinoid-
metabolizing enzymes occur in both families, often in the same cell types, but these
enzymes differ in subcellular expression loci, and can show differential cell expression
patterns. RDH1 and RDH10 are the most thoroughly characterized RDH in the path of
atRA biosynthesis: both are expressed early in embryogenesis and throughout multiple
tissues, and both contribute to atRA biosynthesis from retinol in intact cells in the
presence of retinal dehydrogenases (70-72). Dehydrogenase reductase 3 (DHRS3)
functions as a retinal reductase, which interacts with RDH10 to control retinoid
homeostasis (73). Rdh1-null mice are born in Mendelian frequency, but experience
increased weight and adiposity, which is prevented by feeding copious vitamin A (53). In
contrast, most Rdh10-null mice die by embryonic day 12.5, but can be rescued by
maternal administration of retinoids (74). Notably, like Rdh7-null mice, Rdh10-null mice



do not exhibit total atRA deficiency, suggesting complementary actions of the two
and/or occurrence of additional RDH.

Liver has a central function in maintaining whole body metabolic homeostasis
(75). During feeding, liver catalyzes increased energy storage by generating glycogen
and triacylglycerol. During fasting, liver generates glucose and ketone bodies, from
gluconeogenesis, glycogenolysis and fatty acid oxidation. Glucose, insulin, and
glucagon control the balance between energy storage during feeding and production of
fuels during fasting. The combination of portal vein glucose, insulin, and neuronal
signals cause the liver to transition from catabolic to anabolic metabolism (76). Insulin
binding to its cell surface receptors activates two canonical pathways in hepatocytes:
the mitogen-activated protein kinase (MAPK) and phosphoinositide-3-kinase (PI3K).
The MAPK pathway includes extracellular-signal regulated kinase (ERK) signaling and
regulates transcription involved in differentiation, growth and survival (77). The PI3K
pathway activates Akt (PKB) to mediate metabolic transitions, including promotion of
glycogen and lipid synthesis, and suppression of gluconeogenesis. Effectors
downstream of PI3K/Akt include: glycogen synthase kinase-3 (GSK-3), which regulates
glycogen synthesis; mammalian target of rapamycin complex 1 (mTORC1), which
regulates protein synthesis; BCL2-associated agonist of cell death (BAD), which
regulates cell survival; and forkhead box Other (FoxO), which regulates transcription of
genes required for gluconeogenesis (78).

This report compares Rdh1 and Rdh10 expression in tissues of fasted vs re-fed
mice, and focuses on atRA in liver. Liver served as the focus of this study because of its
central contributions to both energy and retinoid homeostasis. We found that insulin, via
inactivating FoxO1, represses Rdh1 and Rdh10 expression, with an associated
decrease in atRA biosynthesis. These observations are consistent with the recent
conclusion that FoxO1 may link gluconeogenesis to retinoid homeostasis (79). These
results provide direct evidence showing that energy status regulates atRA biosynthesis,
and provides new insight into the relationship between atRA biosynthesis and its
regulation of energy balance.



MATERIALS AND METHODS

Animals

C57Bl/6J male mice, age 2-3 months, bred in-house were housed up to 5 per cage with
litter mates, and fed AIN93G semi-purified diet with 4 IU vitamin A/g (Dyets, catalog#
110700), unless noted otherwise. The exceptions were: mice in the 12 hr re-fed
experiment were both male and female (no significant difference in atRA values was
detected by sex); mice used for fasting and insulin or exendin-4 treatments were
purchased from Jackson laboratories (Cat# 000664) and were fed laboratory chow.
Experimental groups were normalized to controls consisting of fasted mice of the same
age, diet, and sex. Tissues were harvested immediately after euthanasia, frozen in
liquid nitrogen, and stored at -80 until atRA quantification. Fasted groups were deprived
of food for 16 hr, beginning ~2 hr prior to initiation of the dark cycle. Re-fed groups were
provided diet ad-libitum. An oral gavage glucose dose of 2 g/kg body weight was
delivered as 10 pl/g body weight of a 20% glucose solution in PBS. Intraperitoneal (i.p.)
glucose was delivered in two injections of 2 g/kg body weight each at 0 and 45 min
following a 16 hr fast. Insulin (0.375 and 0.5 IU/kg, Humulin, Eli Lily #8715) and
exendin-4 (10 pg/kg, Sigma E7144) were delivered in two i.p. injections of 1.8 pl/g and 2
pl/g body weight, respectively. Animal experiments were approved by Office of
Laboratory and Animal Care at University of California Berkeley.

Cell culture

HepG2 cells (ATCC, HB-8065) were maintained in EMEM medium (ATCC 30-2003)
supplemented with 10% fetal bovine serum (Life Technologies 10082), and incubated at
37°C with 5% CO,. Medium containing serum is referred to as growth, and without
serum as serum-free. Cells were treated with the following, delivered in medium or
DMSO: 25 pg/mL (20 uM) actinomycin D (Life Technologies A7592), 10 ug/mL
cycloheximide (Sigma C4859), 10 nM human insulin (Sigma 19278), 100 nM glucagon
(CalBiochem 05-23-2700), 50 uM LY294002 (Cell Signaling Technologies #9901), 1 uM
Triciribine (a.k.a. API-2, Cayman #10010237), 200 nM Rapamycin (Cayman #13346),
20 uM PD98059 (CalBiochem #513000). Adenovirus constructs dnFoxO1 (FoxO1A256)
or lacZ were infected into 70% confluent Hep2 cells and collected for analysis after 48
hr.

Retinoid quantification

Liver atRA was quantified in 6 to 9 mice per group. Tissues were collected under yellow
light and frozen immediately in liquid nitrogen. On the day of analysis, tissues were
weighed, thawed on ice, and hand homogenized in 0.9% saline. HepG2 cells were
collected under yellow light in 1x reporter lysis buffer (Promega E3971), and stored at -
80°C. Cell protein was quantified with the Pierce BCA Protein Assay Kit (Thermo
Scientific #23227). For atRA biosynthesis in HepG2 cells, 50 nM (100 pmol) all-trans-
retinol (Sigma R7632) was delivered in DMSO 4 hr before cell harvest. Cells were
homogenized by pipetting and vortexing. Retinoids were recovered by a two-step acid
and base extraction (80). All materials in contact with samples were glass or stainless
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steel. Internal standards were used to calculate extraction efficiency of retinoids. atRA
was extracted and quantified by LC/MS/MS, with 4,4-dimethyl retinoic acid as internal
standard (81). Retinol was extracted and quantified by HPLC/UV, with 3,4-didehydro
retinol as internal standard (82).

RNA isolation and qPCR

Isolation of RNA from liver and cells was by the Trizol reagent (Invitrogen) method. Liver
was homogenized using a Qiagen Tissue Lyser |l set at 30 Hz for 1 min. cDNA was
prepared using iScript reagent kit (BioRad 170-8891). Real-time gPCR was prepared
with 2x TagMan master mix (Life Technologies 4369016), and Tagman Gene
Expression Assays: mouse ACTB Mm00607939_s1, Rdh10 Mm00467150_m1, Rdh1
Mm00650636_m1, Dhrs3 Mm00488080_m1; human ACTB Hs01060665_g1, RDH10
Hs00416907_m1, G6PC Hs00609179_m1, Rdh16 Hs00559712_m1, Dhrs3
Hs00191073_m1 (Life Technologies), and run on an ABI 7900 thermocycler. Gene
expression was analyzed by the AA-Ct method, normalized to B-actin, and expressed
as fold change relative to expression in fasted liver or the reference condition described
in cells.

Protein expression

Western blots were done with the Mini PROTEAN system (Biorad), 10% TGX gels
(Biorad #456-1033), and semi-dry transfer (Biorad Trans-blot SD) to nitrocellulose
membranes (Whatman). Western blots were visualized with the Licor Odyssey system,
and quantified by densitometry in reference to actin expression. Primary antibodies:
actin (ProSci #3779), HA (12CA5) (Roche #11583816001). Secondary antibodies: LI-
COR IR Dye (680LT #926-68020, 800CW #926-32211).

Immunofluorescence

HepG2 cells were fixed in ice-cold acetone for 10 min, then stained with FoxO1 primary
antibody (Santa Cruz #11350) for 2 hr at 37°C, and incubated with Alexa Fluor 488
secondary antibody (Life Technologies #A11034) 1 hr at 37°C. Cover slips were
mounted onto glass slides with Vectashield mounting medium containing DAPI (Vector
Labs #H-1200) and imaged by fluorescence microscopy (Zeiss Axiolmager).

Statistics

Data are presented as mean + standard errors (SE) and were analyzed using two-
tailed, unpaired Student's t tests or linear regression analysis.



RESULTS

Re-feeding decreased Rdh mRNA in multiple mouse tissues and atRA in liver

To address regulation of atRA biosynthesis by energy status, we measured
expression of Rdh1 and Rdh10 in tissues of mice that had been fasted 16 hr or re-fed
ad libitum 6 hr after a 16 hr fast. In liver, Rdh1 and Rdh10 mRNA decreased in re-fed
animals 86 and 57%, respectfully, relative to expression in fasted animals (Figure 1A,
B). In brown adipose tissue (BAT) of re-fed mice, Rdh1 decreased 77%, whereas
Rdh10 expression was unchanged. In pancreata of re-fed mice, Rdh710 mRNA
decreased 43%, and Rdh1 expression was below the limit of detection. In epididymal
white adipose tissue (eWAT) of re-fed mice, Rdh10 expression was unchanged and
Rdh1 expression was below the limit of detection. In kidney of re-fed mice, Rdh10
expression decreased 62%. Focusing on liver, the atRA concentration was reduced 9
and 12 hr after re-feeding, but not after 6 hr (Figure 1C). Thus, reduced Rdh mRNA
preceded reduced atRA concentrations in re-fed animals.

Insulin and oral glucose decrease liver Rdh710 mRNA

We next measured Rdh10 and Rdh1 expression in liver of fasted mice vs. mice
fasted and dosed with glucose by oral gavage (Fig. 2A). Oral glucose repressed Rdh10
and Rdh1 expression similar to re-feeding. We elected to focus on Rdh10 because its
expression levels exceed those of Rdh1 by ~100-fold (Fig. 2B). An independent
experiment verified that re-feeding reduced Rdh10 expression at 6 hr, with partial
recovery at 12 hr (Fig. 2C). We tested expression of Dhrs3, because during these
studies a report concluded that RDH10 and DHRS3 form a heterodimer, which
modulates the activities of both enzymes (73). Dhrs3 mRNA decreased 50% in liver of
mice re-fed 12 hr, relative to expression in fasted mice. To determine whether the route
of glucose dosing affected Rdh10 expression, we compared the impact of oral gavage
and i.p. injection. Glucose injected i.p. had no effect on Rdh10 expression (Fig. 2D).
Insulin, however, caused a dose-dependent decrease in liver Rdh10 expression that
reached statistical significance at 0.5 IU/kg (Fig. 2E), a dose recommended for the
insulin tolerance test (83). Because nutrients trigger incretin secretion, we tested the
impact of glucagon-like-peptide 1 (GLP-1). GLP-1 is short lived in circulation from
inactivation by dipeptidyl peptidase-4 (84). Therefore, we used the stable GLP-1
receptor agonist, exendin-4 (85). Treatment with exendin-4 had no impact on Rdh10
expression. These data demonstrate that re-feeding, oral gavage with glucose and i.p.
insulin each are sufficient to reduce liver Rdh10 expression from relatively high fasted
levels.

In HepG2 cells, RDH10 mRNA transcription increases with serum removal, and is
attenuated by insulin

We used the human hepatoma cell line, HepG2, to study mechanisms of RDH10
regulation. The presence or absence of serum in the medium can model the impact of
growth factors, including insulin (86, 87). Therefore, serum was removed from the
medium, which prompted a 2-3 fold increase in RDH10 mRNA 4 hr after the change of
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medium (Fig. 3A). RDH10 mRNA remained elevated at least 16 hr. The increase in
RDH10 mRNA correlated with that of glucose-6-phosphatase (G6PC), which is induced
transcriptionally in liver during fasting (88). Expression of DHRS3 increased 1.5 fold in 4
hr of serum-free medium, and insulin prevented the increase (Fig. 3B). Although insulin
prevented the increase in RDH10 mRNA prompted by serum-free medium, neither high
nor low glucose affected RDH10 expression (Fig. 3C). Glucagon had no effect on
RDH10 expression in either growth (10% serum) or serum-free medium. These data
validate HepG2 cells as a model for insulin regulation of RDH10 expression in liver.

The transcription inhibitor actinomycin D (ActD) inhibited the increase in RDH10
mRNA prompted by removing serum (Fig. 3D). ActD effects were neither additive nor
synergistic with those of insulin, indicating that both serum and insulin repress RDH10
transcription. Cycloheximide (CHX) prevented the increase in RDH10 expression upon
serum exclusion, consistent with a requirement for protein synthesis for an increase in,
or stabilization of, the mRNA. The actions of CHX and insulin were additive, suggesting
insulin regulates RDH10 independently of translation.

Insulin inhibits RDH10 transcription via PI3K, Akt and suppression of FoxO1

PI3K or Akt inhibitors had no impact on RDH10 expression in serum-free
medium, but prevented repression by insulin (Fig. 4A). Inhibition of mTORC1 or
MEK/ERK did not prevent the increase in RDH10 expression induced by serum-free
medium and did not ameliorate insulin inhibition. These data demonstrate that PI3K and
Akt are required for suppression of RDH10 transcription by insulin and suggest that
FoxO1, which insulin suppresses, induces RDH10 transcription. To test need for
FoxO1, we infected HepG2 cells with an adenovirus expressing a dominant negative
FoxO1 construct (dnFoxO1), which produces a truncated mutant that binds DNA, but
lacks the transcription activation domain (89). Cells infected with dnFoxO1 did not
increase RDH10 expression when exposed to serum-free medium. Insulin had no
further effect on RDH10 expression in these cells. In contrast, adenovirus expressing
lacZ responded to serum-free medium with an increase in RDH710 mRNA that was
inhibited by insulin (Fig. 4B). Western blot confirmed expression of HA-tagged dnFoxO1
(Fig. 4C). Insulin signaling induces phosphorylation and nuclear export of FoxO1 (90).
Cells in serum-free medium had FoxO1 located in puncta within the nucleus. Cells
treated with insulin had FoxO1 expressed in a diffuse pattern within the cytoplasm,
consistent with nuclear export (Fig. 4D).

Serum-free medium increase and insulin decreases RDH710 mRNA stability

We determined the elimination half-life (t,,) of RDH70 mRNA in cells cultured 16
hr in serum-free medium, or maintained in growth medium, and then exposed to ActD
for 24 hr (Fig. 5A). RDH10 mRNA had a ty, of 35 hr in the absence of serum and insulin.
In the absence of serum, but in the presence of insulin, the t, decreased to 19 hr. In the
presence of serum and absence of insulin (growth medium), RDH710 mRNA had a
biphasic t,,. The mRNA decreased 50% by 8 hr; after 8 hr the mRNA stabilized with a t4,
of 118 hr. Adding serum for 8 hr to cells that had been exposed to serum-free medium
for 16 hr also decreased the amount of RDH710 mRNA by 50%. Because RDH10
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expression is elevated 2-3 fold in serum-free medium, the amounts of message in cells
with serum-free medium, with or without insulin, continued to exceed those of cells
maintained in growth medium. In absence of ActD, RDH10 expression in cells exposed
to serum-free medium 16 hr, then treated 4 hr with insulin, was unchanged (Fig. 5B). In
contrast, treatment with serum, or serum and insulin, reduced RDH10 mRNA to the
amount in growth medium. Even though RDH710 mRNA is relatively stable in the
absence of insulin, translation was required to maintain stability, demonstrated by
reduced mRNA in cells exposed to serum-free medium 16 hr, then treated 8 hr with
CHX and ActD vs ActD alone (Fig. 5C).

RDH16 is regulated similarly to RDH10

Because mouse Rdh1 expression also was reduced in liver of re-fed vs fasted
mice, we examined its human ortholog RDH16 in HepG2 cells. Removing serum from
the medium increased in RDH16 expression within 2 hr, rising to 4-fold by 16 hr (Fig.
6A). Insulin prevented the increase in RDH16 mRNA prompted by serum-free medium,
but neither glucagon nor glucose had an effect (Fig. 6B). The increase in RDH16 mRNA
that occurs in serum-free medium depended on transcription, as shown by ActD
treatment (Fig. 6C). Interestingly, ActD treatment reduced RDH16 expression more than
that of growth medium or insulin. FoxO1 was required for RDH16 transcription. Insulin
had no effect in the presence of dnFoxO1, which reduced RDH16 mRNA to a greater
extent than insulin treatment in serum-free medium (Fig. 6D).

FoxO1 is required for elevated atRA biosynthesis in serum-free medium

To test impact of reduced RDH mRNA expression on atRA biosynthesis from
retinol, HepG2 cells infected with dnFoxO1 or lacZ control were maintained 16 hr in
growth or serum-free medium, and then were incubated 4 hr with all-trans-retinol. atRA
increased ~4-fold in cells incubated in serum-free relative to growth medium (Fig. 7).
The increase was prevented by dnFoxO1. Quantification of retinol recovered in cells
revealed greater uptake in cells maintained in serum-free relative to growth medium.
Thus, despite the increased intracellular retinol concentration, atRA biosynthesis was
decreased by dnFoxO1, relative to the rate observed in serum-free medium.
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Figure 1. Regulation of Rdh expression and atRA concentrations by fasting and
re-feeding. MRNA expression of (A) Rdh10 and (B) Rdh1 in tissues of mice fasted 16
hr, or fasted and re-fed ad libitum 6 hr. Data show a representative experiment of 2-5
experiments, each with 4-8 mice per group/experiment. (C) Liver atRA in mice fasted 16
hr, or fasted and re-fed ad libitum. Each re-fed group was normalized to its fasted
group. Data show a representative experiment of 3 experiments, each with 6-9 mice per
group/experiment: *P < 0.05, **P < 0.005, ***P < 0.0005, relative to fasted values.

13



A B
1.2+ 1.2- J
T T g A
ﬂé 110+
< 0.8 0.8- .
@ 1lg 2™ |
€ ©
0.41 0.4] z >
%o.os-‘ ‘ : ‘ ‘
4
0.0 0.0 0.00-
Rdh10 Rdh1 8“ ?3;(\ ‘\@
3 Fasted @ Glucose <&
c 1.2- 1.2-
il
3
« 08 388 g 08
2z *kk *k
: 2
0.4- S 0.4
kK x
0.0 S < 0 < 0.0+
L & >
& VT & o
S & Q{g &
<& Q.b Q
E F
1.2- 1.2-
T T
3 3
o 0.8 * o 0.8
£ £
(=) (=)
- -
S 0.4 S 0.4
X x
0.0 0.0 > b
O e’ &
Qo.@ 0\‘9 0\‘9 ’ba} o&(‘
()

14



Figure 2. Regulation of liver Rdh expression by energy balance. (A) Liver
expression of Rdh1 and Rdh10 are relatively high in fasted mice and decrease in mice
dosed with glucose by oral gavage. Samples were collected after a 16 hr fast or 6 hr
after glucose dosing following a 16 hr fast. (B) Relative expression levels of Rdh and
Dhrs mRNA in liver of fasted mice. (C) Effects of re-feeding on liver Rdh10 and Dhrs3
mMRNA in mice fasted 16 hr and re-fed for the times indicated. (D) Glucose dosed by
oral gavage (OG), but not i.p. injection, decreased Rdh710 mRNA in liver of mice fasted
16 hr. (E) Insulin dosing repressed Rdh710 mRNA in liver of mice fasted 16 hr. (F) The
Glp-1 receptor agonist, exendin-4, did not repress Rdh10 mRNA expression. Treated
groups were collected after 6 hr, with the exception of the 12 hr re-fed group. gPCR
data were normalized to their respective fasted groups: *P < 0.05, **P < 0.005, ***P <
0.001, relative to fasted values; %¢P < 0.001.
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Figure 3. Insulin inhibits RDH10 and DHRS3 transcription. (A) HepG2 cells were
transitioned from serum-containing (growth) to serum-free (SF) medium at O hr, and the
MRNA of RDH10 and glucose-6-phosphatase (G6PC) were monitored. (B) Cells were
exposed to growth or serum-free medium and treated with 10 nM insulin for 4 hr. (C)
Cells were exposed to growth or serum-free medium and treated for 6 hr with 10 nM
insulin, 3 or 20 mM glucose, or 100 nM glucagon. (D) Cells were exposed to growth or
serum-free medium and treated 4 hr with 10 nM Insulin, 25 ug/mL ActD, or 10 pg/mL
CHX: *P < 0.05, **P < 0.005, ***P < 0.0005 relative to growth values; P < 0.005, **p
< 0.001 relative to serum-free values; **P < 0.005.
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Figure 4. Transcriptional regulation of RDH10 expression by insulin requires
FoxO1. (A) RDH10 mRNA expression in HepG2 cells pre-treated with inhibitors or
DMSO vehicle for 1 hr, then 4 hr with fresh inhibitors in serum-free medium, with or
without 10 nM insulin. PI3K was inhibited with 50 uM LY294002; Akt was inhibited with

1 UM Triciribine; mTORC1 was inhibited with 200 nM rapamycin; MEK/ERK was
inhibited with 20 yM PD98059. (B) RDH10 mRNA expression in cells infected with
adenovirus expressing dominant negative FoxO1 (dnFoxO1) or lacZ control for a total of
48 hr, and treated with growth or serum-free medium = 10 nM insulin during the final 4
hr. gPCR data were combined from two independent experiments with n = 3-4 each. (C)
Western blotting verified expression of HA tagged dnFoxO1 in cells infected with
adenovirus dnFoxO1, and not in untreated or adenovirus lacZ cells. (D)
Immunohistochemistry detection of FoxO1 (green) and DAPI (blue) in HepG2 cells
treated 4 hr with serum-free medium = 10 nM insulin. Image data represent one of two
experiments. gPCR: *P < 0.05, #P < 0.005, #*P < 0.001 vs serum-free control, ¥%4p <
0.0005 vs insulin-treated control (no inhibitor), *P < 0.05,**P < 0.005, ***P < 0.001 vs
growth medium control.
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Figure 5. Insulin and serum effects on the elimination half-life of RDH710 mRNA.
(A) HepG2 cells were maintained in growth medium, or pre-incubated in serum-free
medium for 16 hr before time 0. At time 0O, cells were treated with 25 ug/mL ActD, with
or without 10 nM insulin, or 10% serum. qPCR data were normalized to 100% relative
expression at time 0 for each condition and plotted as In % remaining. Half-lives (t,)
were calculated as 0.693/slope, with the slope determined by linear regression analysis.
(B) Cells were maintained in growth medium, or pre-incubated in serum-free medium for
16 hr, then treated with 10 nM insulin and/or 10% serum for 4 hr. (C) Cells were
maintained in growth medium or pre-incubated in serum-free medium for 16 hr, then
treated 8 hr with DMSO (vehicle control), 25 ug/mL ActD, or ActD and 10 pug/mL
cycloheximide (CHX): **P < 0.005, ***P < 0.001 vs growth values, # P < 0.05, ##p <
0.001 vs serum-free values.
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Figure 6. Serum and insulin repress RDH16 expression in HepG2 Cells. (A) Cells
were transitioned from growth (serum-containing) medium to serum-free medium at time
0 and assayed by qPCR for RDH16 mRNA. (B) Cells were exposed to serum-free
medium and treated with 10 nM insulin, 20 mM glucose, or 100 nM glucagon, for 6 hr.
(C) Cells were exposed to growth or serum-free medium and treated 4 hr with 10 nM
insulin and/or 25 pug/mL ActD. (D) Cells were infected with adenovirus expressing
dnFoxO1 or lacZ for 48 hr, and treated with serum free-medium + 10 nM insulin during
the final 4 hr: *P < 0.05, **P < 0.005, ***P < 0.0005 vs growth values; *p<0.05,
#15<0.005, ¥#5<0.0005 vs serum-free values.
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Figure 7. FoxO1 promotes atRA biosynthesis. HepG2 cells were infected with
adenovirus 48 hr prior to harvesting, incubated in growth or serum-free medium for 16
hr, then treated with 50 nM (100 pmol) retinol in the final 4 hr. Left: atRA synthesis is
elevated in cells in serum-free medium. Dominant negative FoxO1 (dnFoxO1) prevents
the increase. Right: the amount of retinol recovered in cells is elevated in cells
incubated in serum-free medium: **P < 0.005, ***P < 0.0001 vs growth values, P <
0.05, 4P < 0.005 as labeled:; ns, not significantly different from growth medium.
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DISCUSSION

This report reveals a reciprocal interaction in which energy status regulation of
atRA biosynthesis through insulin would attenuate regulation of energy balance by
atRA. Serum contains factor(s) other than insulin that control Rdh expression and
mMRNA stability. We focused on insulin because of its importance to regulating
metabolism in liver, including suppressing gluconeogenesis, a process stimulated by
atRA (49, 91). Another motive was the observation that animals fed a vitamin A-
deficient diet were glycogen deficient owing to a defect in gluconeogenesis, caused by
low expression of Pck1 (46—48).

Increased expression of Rdh10 and Rdh1 in liver during fasting emphasizes the
importance of increasing atRA synthesis to regulate metabolic genes, such as Pck1. In
contrast to liver, Rdh1 may have a unique function in BAT of integrating energy status
with retinoid signaling, because Rdh10 does not change in BAT with changes in energy
status. eWAT and pancreata do not express Rdh1 (data not shown), but express
Rdh10. The non-responsiveness of Rdh10 in eWAT to changes in energy balance
allows several interpretations, including presence of another Rdh that responds to
changes in energy status, or feeding vs. fasting does not modify atRA concentrations in
adult mice. These possibilities are the subjects of ongoing studies. The decrease in
Rdh10 expression in pancreas during re-feeding is consistent with the requirement for
retinoids in pancreatic development (92, 93) and function (94, 95), and also is a subject
of ongoing studies. Suppression of Rdh1 in liver by re-feeding, and Rdh10 in liver and
kidney, relate insulin action with atRA signaling in two gluconeogenic tissues.
Decreased expression of Dhrs3 in liver of re-fed versus fasted mice is consistent with a
mutually activating interaction of Rdh10 and Dhrs3 (73), and the reduction in atRA
biosynthesis. Evidently, energy metabolism affects Rdh expression in multiple tissues to
regulate retinoid signaling effects.

Oral dosing has a singular effect on glucose uptake and insulin action in liver
(76). Glucose delivery by the portal vein combined with insulin, and an as yet
unidentified neuronal signal, increases net hepatic glucose uptake compared to
peripheral delivery, with a concomitant impact on insulin-regulated processes (96, 97).
Comparison of oral glucose dosing and infusion via the portal vein revealed similar
enhancement in hepatic glucose uptake relative to peripheral presentation, which
excludes a need for a gut-secreted factor, such as Glp-1 (98). Yet, secretion of Glp-1
upon feeding contributes to reduced glucose production in liver by augmenting glucose-
stimulated insulin secretion from pancreas (99). Our data are consistent with these
observations, supporting physiologically significant regulation of Rdh expression in liver
during glucose uptake.

Reduced Rdh expression preceded the reduction in liver atRA, and associated
with a lower rate of atRA biosynthesis in HepG2 cells, consistent with a cause and
effect relationship. atRA homeostasis, however, auto regulates via induction of both
catabolic cytochromes P-450 and the retinyl ester-forming lecithin:retinol
acyltransferase (LRAT) (100-102). The former decreases atRA itself, whereas the latter
decreases the amount of retinol available to support atRA biosynthesis. These factors
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likely attenuated the extent of atRA differences in the fasted vs the re-fed liver. Overall
effects would depend on a combination of the change in Rdh expression, and the
activities of other enzymes involved in retinoid homeostasis, including retinyl ester
biosynthesis and atRA degradation. The two-fold decrease in liver atRA resulting from
insulin action seems remarkable in context of this impetus to sustain atRA homeostasis.

Inhibitor studies excluded Rdh10 regulation through MAPK kinase, and
mTORCH1, suggesting FoxO1 as a candidate for the insulin effect. FoxO (forkhead box
‘Other’) proteins constitute a subgroup of a family of evolutionarily conserved
transcription factors that mediate insulin signaling in mammals, but also mediate
metabolism and longevity in primitive organisms such as C. elegans and drosophila
(103, 104). FoxO proteins contribute to metabolic regulation through effects in liver,
muscle, adipose tissue and pancreas. Of these, FoxO1 stimulates a committed step in
hepatic gluconeogenesis, catalyzed by phosphoenolpyruvate carboxykinase (PCK1),
and also of the last step catalyzed by glucose-6-phosphatase (G6PC) (89, 105-107).
Haploinsufficiency of FoxO1 restores insulin sensitivity in insulin-resistant mice (108). A
constitutively active gain-of-function FoxO1 mutant targeted to liver and pancreas
manifests a diabetic phenotype (108). Liver-specific inactivation results in decreased
serum glucose at birth and upon fasting in adult mice, from impaired glycogenolysis and
gluconeogenesis (107). A liver-specific FoxO17-null mouse crossed with an insulin
receptor-null mouse has reduced glucose production and lacks the neonatal diabetes
and hepatosteatosis that occur in insulin receptor-null mice (107). Liver-specific FoxO17-
null mice treated with the B-cell toxin streptozotocin, have elevated VLDL secretion,
cholesterol, and plasma free fatty acids (109).

Insulin-stimulated phosphorylation of FoxO1 by Akt causes nuclear export,
resulting in ubiquitination-mediated proteasomal degradation (110), and down-
regulation of target gene transcription (90). Indeed, we confirmed ability of insulin to
cause nuclear export of FoxO1 in HepG2 cells (Fig. 4D). FoxO1 activity also is
stimulated by deacetylation, catalyzed by sirtuin1 (111). Inhibition of sirtuin1 in HepG2
cells with Ex-527 incubated in serum-free medium did not affect RDH10 expression
(data not shown), indicating that acetylation is not involved in regulation of RDH10, at
least under the conditions tested.

Recent insight into the functions of the insulin receptor substrates IRS1 and IRS2
indicate that both coordinate responses to insulin via FoxO1 (112, 113). During the re-
fed state, insulin activates IRS1 to suppress FoxO1 and allow an increase in
glucokinase (GCK) and sterol regulatory element binding transcription factor 1
(SREBF1, a.k.a. SREBP1) expression that promotes glycolysis and lipid biosynthesis,
respectfully. In contrast, insulin inhibits IRS2. Because IRS2 stimulates
gluconeogenesis by inducing PCK1 and G6PC in liver through FoxO1, the relatively low
levels of insulin in the fasted state allow IRS2 to induce gluconeogenesis. Based on
these insights, the higher insulin levels in the re-fed state would function through IRS1
to suppress RDH expression, whereas the lower insulin levels in the fasted state would
allow IRS2 to induce RDH expression.
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The actions of insulin and serum both prevented transcription and destabilized
RDH mRNA. The effects differed in degree, and resulted in different levels of mMRNA,
but did not totally eliminate RDH mRNA. In both serum-free medium and insulin-
containing serum-free medium, the amounts of RDH mRNA after 24 hr remained 2 to 3-
fold higher compared to serum-containing medium, because the initial concentrations
were 2 to 3-fold higher. The reduction but not elimination of RDH mRNA by insulin and
serum is compatible with the continued presence and biosynthesis of atRA, and a need
for RDH to modulate basal gluconeogenesis and/or its other multiple functions, whether
related or unrelated to energy balance, such as regulating proliferation (114).

Translation was required for increase and stability of Rdh710 mRNA in serum free
medium (CHX results in Fig. 3D and 5C, respectively), and are subjects of ongoing
studies. AU-rich elements (AREs) are regulatory sequences in the 3’ untranslated
region of short-lived mRNAs, and are recognized by RNA binding proteins to confer
stability (115). RDH10 mRNA has three pentamer AREs in AU rich regions, predicting
stabilization by HuR or similar mRNA binding protein
(http://arescore.dkfz.de/arescore.pl). Cellular retinoic acid-binding protein 2 interacts
directly with HuR to increase its affinity toward target mMRNAs and protect them against
degradation (116). atRA does not destabilize RDH710 mRNA, but it does increase its
transcription (data not shown). Forward regulation of atRA synthesis via increased
RDH10 may reinforce elevated atRA in fasted state to increase gluconeogenesis.

FoxO1 binding sites have been identified in promoters of genes associated with
retinoid metabolism, including dehydrogenase/reductase SDR family member 9 (Dhrs9),
cellular retinol binding protein type 1 (encoded by Rbp1) and Rdh8, but not in Rdh1 or
Rdh10 (79). To address the impact of FoxO1 regulated expression of retinoid genes,
atRA target genes Pck1 and Pdk4 were measured in cells with FoxO1 knocked down.
Induction of both genes in response to atRA or to its precursor, retinol, were blunted.
The dose (20 uM) of atRA used, however, exceeded those found in tissues by 400 to
4000-fold, and those used in vitro by 20-fold. Nevertheless, these results also are
consistent with FoxO1 linking retinoid metabolism and hepatic gluconeogenesis. FoxO1
binding sites for Rdh10 or Rdh1/16 have not been reported in ChIP sequencing data
(Encyclopedia of DNA Elements Consortium, ENCODE; UCSC genome browser). This
could imply indirect regulation of these Rdh by FoxO1 or reflect a lapse in identifying the
sites.

Regulation by insulin signaling prompts the question whether abnormal RDH
expression associates with human disease. For example, impaired insulin secretion and
insulin resistance during diabetes predicts elevated RDH expression and atRA
synthesis (117). Conversely, enhancement of insulin signaling through PI3K/Akt from
loss of PTEN in cancer implicates decreased RDH (118). Reduced RDH expression
would decrease atRA biosynthesis, which could affect tumor differentiation and/or
aggressiveness. Various cancers show alterations in the atRA signaling pathway, such
as loss of atRA receptors (119, 120) and down-regulation of atRA chaperons (121,
122). atRA biosynthesis is impaired in breast cancer cell lines relative to normal cells
(123). Reduced atRA synthesis in the Rbp7-null mouse is consistent with increased
mammary tumors, and suggests consequences of the epigenetic silencing of Rbp1 in
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25% of human breast cancers (124). In contrast, overexpression of RDH10 in HepG2
cells reduces proliferation (114).

In summary, this work demonstrates regulation of Rdh mRNA by energy status
via insulin, with consequent changes in atRA synthesis. Coordinate induction of Rdh
and Pck1 by FoxO1 would increase atRA synthesis and gluconeogenesis during fasting
and decrease Rdh in the fed state to establish an interactive relationship between
energy balance and atRA (Fig. 8). These data predict altered atRA in human diseases
characterized by dysfunctional insulin signaling, including diabetes and cancer.
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Figure 8. Regulation of Rdh expression by insulin signaling. Both atRA and FoxO1
induce Pck1 transcription to increase gluconeogenesis. FoxO1 induces atRA
biosynthesis via inducing Rdh mRNA. Insulin suppresses FoxO1 activity, thereby
suppressing gluconeogenesis and atRA biosynthesis through decreasing Rdh
transcription and mRNA stability. Activation of PI3K/Akt represents a molecular indicator

of cancer, implicating decreased atRA.
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Chapter 2

Glucose and cAMP Regulate Retinol Dehydrogenase 5 Expression and 9-cis-
Retinoic Acid Biosynthesis in Pancreas Beta Cells

INTRODUCTION

The physiological role(s) of 9-cis retinoic acid (9cRA) were uncharacterized until
identification of 9cRA exclusively in pancreas tissue, by liquid chromatography tandem
mass spectrometry (32). 9cRA was reduced in pancreas of mice fed ad-libitum versus
fasted for 12 hours, and decreased rapidly and transiently in response to glucose bolus.
9cRA dosed prior to a glucose tolerance test (GTT) elevated blood glucose and
impaired insulin secretion. 9cRA attenuated glucose stimulated insulin secretion (GSIS)
in 832/13 beta cell line and in primary isolated islets on a short time scale, indicative of
a non-genomic mechanism. 9cRA was elevated in pancreas tissue of mice with
metabolic conditions of obesity and diabetes, characterized by chronic hyperglycemia.
Streptozotocin treatment demonstrated that depletion of beta cells decreased pancreas
tissue 9cRA, and indicated 9cRA was primarily located in beta cells.

The enzymatic pathway regulating 9cRA metabolism is unknown. Activity of
select RA biosynthesis enzymes with cis- isoforms of retinol and retinal in vitro predict a
parallel synthetic pathway to that of all-frans-RA (atRA). Additionally, detection of 9-cis-
retinol (9c-retinol) substrate in pancreas microsomes supports synthesis of 9cRA from
9c-retinol, rather than by isomerization of atRA. RA is synthesized from retinol by two
sequential dehydrogenation reactions, to yield retinal, then RA (5). Rdh enzymes
catalyze the first and rate limiting step in RA biosynthesis. Rdh5 is active with cis-
isoforms of retinol (125-128). Mutations in the Rdh5 gene cause fundus albipunctatus in
humans, which is characterized by night blindness (129). However, redundancy of cis-
acting Rdhs in the eye made the Rdh5 knock out mouse unable to recapitulate the
human phenotype (130). Expression of Rdh5 outside of the eye indicates it has
additional function (131).

Pancreas tissue consists of multiple cell types, likely with different retinoid needs
and pathway regulation. Endocrine pancreas cells are organized into islets, which make
up 1-5% of the pancreas. Beta cells make up 70-80% of islets, and function to sense
glucose and secrete insulin (132). The 832/13 beta cell line was selected from INS-1 rat
insulinoma cells following stable transfection with human pro-insulin (133). These cells
maintain ability to secrete insulin in response to physiological glucose exposures, i.e.
GSIS. The MING cell line is a mouse derived insulinoma cell line that also maintains
glucose inducible insulin secretion (134). Both cell lines were evaluated for their ability
to robustly model the regulation of Rdh5 detected in pancreas and in accordance with
synthesis of 9cRA.

Beta cells initiate a series of signaling events in response to glucose that secrete
insulin in the short term, and modulate gene expression in the long term. After receptor
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mediated uptake, metabolism of glucose increases the ratio of adenosine triphosphate
(ATP) to adenosine diphosphate (ADP), which initiates closure of ATP-sensitive K+
channels, and causes influx of calcium. Elevated intracellular calcium triggers release of
insulin containing vesicles, and also relieves suppression of transcription factor
carbohydrate response element binding protein (ChREBP). Glucose is not typically
sensed in isolation. Rather, in response to feeding, beta cells receive a combination of
signals from nutrients, incretin hormones, adipokines, and neuronal factors, to influence
secretory and transcriptional activity. Glucagon-like peptide 1 (GLP-1) is an incretin
hormone that stimulates cyclic adenosine monophosphate (cCAMP) production in beta
cells after binding its G protein-coupled receptor. Coordinated elevation of intracellular
calcium, as result of glucose, and cAMP, as result of GLP-1, maximize insulin secretion
in beta cells by aligning pulsatile fluctuations (135). Transcriptional response to cAMP is
mediated by cAMP response element binding protein (CREB) family, of which cAMP
response element modulator (CREM) can repress transcription (136). A microarray
study evaluated transcriptional response to glucose and cAMP in beta cells, and
differentiated results as rapidly responding immediate-early genes, versus target genes,
based on sensitivity to the protein synthesis inhibitor cycloheximide (137). Their results
demonstrate the vast transcriptional response to metabolic fluctuation in beta cells. This
work identifies Rdh5 as a physiologically relevant regulator of 9cRA synthesis in beta
cells, and begins to characterize transcriptional regulation of Rdh5 by glucose and
cAMP.

29



MATERIALS AND METHODS

Animals

Wild-type C57BI/6J, or Rbp -/-, male mice, age 2-3 months were bred in-house and
housed up to 5 per cage with litter mates, and fed AIN93G semi-purified diet with 4 [U
vitamin A/g (Dyets, catalog# 110700). Wild-type Sprague Dawley rats (Charles River)
were maintained on chow diet (Harlan Teklad #2018). Fasted groups were deprived of
food for 16 hr, beginning ~2 hr prior to initiation of the dark cycle. Re-fed groups were
provided diet ad-libitum for times indicated. An oral gavage glucose dose of 2 g/kg body
weight was delivered as 10 pl/g body weight of a 20% glucose solution in PBS.
Intraperitoneal (i.p.) glucose was delivered in one or two injections of 2 g/kg body weight
following a 16 hr fast. Experimental groups were normalized to controls consisting of
fasted animals of the same age, diet, and sex. Tissues were harvested immediately
after euthanasia, frozen in liquid nitrogen, and stored at -80 until mMRNA or retinoid
quantification. Animal experiments were approved by Office of Laboratory and Animal
Care at University of California Berkeley.

Cell culture

The pancreas beta cell line 832/13 was cultured in growth medium (RPMI 1640
containing 11mM glucose, 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 yM
2-mercaptoethanol, and 10 mM Hepes), under 5% CO;in 75 cm? flasks or 6-well plates
as described (133). The medium was refreshed every 2-3 days. Cells were subcultured
at > 70% confluency. Experimental conditions were exposure to growth RPMI 1640
medium in absence of FBS, and containing 3 mM (low) or 15 mM (high) glucose, for
times specified. Cells were treated with 400 ng insulin (Sigma 19278), 0.1 ug/mL
actinomycin D (Life Technologies A7592), 100 uM IBMX (Sigma #17018), 10 uM
forskolin (Fisher Scientific BP2520-1), 1 uM U0126 (Cell Signaling Technology #9903S),
or 20 uM PD98059 (CalBiochem #513000). 832/13 cells were transiently transfected
with 10 ng of pSG5 vector, either empty or containing the coding region of human Rdh5
gene. 24 hr post-transfection, cells were collected for mMRNA expression, or treated with
9-cis-retinol substrate for 9cRA synthesis assay.

MING cells were cultured in growth medium (DMEM containing 4.5g/L = 25 mM glucose,
10% FBS, 40 mM sodium bicarbonate, 110,000 Units Penicillin, 36,000 I.U.
Streptomycin, and 0.0005% B mercaptoethanol), under 5% CO;in 25 cm? flasks or 6
well plates as described (134). Experimental conditions were exposure to growth DMEM
medium in absence of FBS, and containing low (3 mM) or high (25 mM) glucose.

GSIS assay

832/13 cells were pre-incubated in HBSS containing 3 mM glucose for 2 hr, then in
HBSS containing 3 mM or 23 mM glucose + IBMX for 2 hr to stimulate insulin secretion
as described (133). Secretion assay buffer was collected for insulin measurement by
ELISA (Alpco), and cells collected for protein quantification by Bradford assay (Sigma).
In MING cells GSIS was performed using HEPES-balanced Krebs Ringer Bicarbonate
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Buffer (KRBB) containing 0.1% BSA as described in (138). Cells pre-starved for 30-60
min in 3 mM glucose, then stimulated with 3, 15, or 25 mM glucose for 1 hr at 37 °C,
and 9cRA (100 uM) treatment or DMSO vehicle. Supernatent was collected for Insulin
measurment by ELISA (ALPCO). Secreted insulin was normalized to cellular protein by
bradford assay (Sigma).

9c-Retinal and 9cRA synthesis

832/13 cells were incubated 24 hr in experimental medium, or with transfected vector,
then treated with 9-cis-retinol (TRC R252095) or DMSO vehicle for 4 hr. Retinoids were
handled under yellow light and all materials in contact with samples were glass or
stainless steel. Cell samples were rinsed with PBS, harvested in reporter lysis buffer
(Promega E3971), and frozen -80 °C until extraction for retinoid quantification. Retinal
was converted to retinal-oxime, extracted as described (80), and quantified by
UPLC/MS method. Retinoic acid was extracted and quantified by LC/MS/MS using
select reaction monitoring and 4,4- dimethyl atRA as internal standard, as described in
detail (80, 81).

RNA isolation and qPCR

RNA was isolated from tissues and cells by the Trizol reagent (Invitrogen) method.
Pancreas tissue was collected rapidly in small (5 mg) chunks and frozen directly in
liquid nitrogen to prevent degradation by proteases, then homogenized with Trizol as a
frozen powder using a chilled mortar and pestle. cDNA was prepared using iScript
reagent kit (BioRad 170-8891). Real-time gPCR was prepared with 2x TagMan master
mix (Life Technologies 4369016), and Tagman Gene Expression Assays: mouse/rat
Actb MmM00607939_s1, rat Rdh5 Rn01527179_g1, rat Rdh10 Rn00710727_mA1, rat
RoDH2 (Rdh16) Rn01505848_g1, rat Crem Rn01538528 m1, mouse Rdh5
MmO00506111_m1 (Life Technologies), and run on an ABI 7900 thermocycler. Gene
expression was analyzed by the AA-Ct method, normalized to B-actin, and expressed
as fold change relative to expression in reference condition as described.

Islets

Islets were isolated by the University of California, San Francisco Diabetes and
Endocrinology Center. Fifty islets per well from wild-type mice fed chow diet ad libitum,
were cultured overnight in RPMI 1640 containing 11 mM glucose, 10% FBS, 100 U/mL
penicillin, 100 ug/mL streptomycin, 10 mM Hepes, 2 mM L-glutamine, 1 mM sodium
pyruvate, 50 uM B-mercaptoethanol, in 12 well plates at 5% CO2 and 37°C. After
overnight culture, islets were treated with serum free medium containing 3 mM or 15
mM glucose for 6 or 16 hr, then collected for mMRNA quantification.

Statistics

Data are presented as means + standard errors (SE) and were analyzed using two-
tailed, unpaired Student's t tests.
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RESULTS

Rdh5 mRNA is reduced in re-fed, versus fasted, pancreas tissue

Rdh5 expression varies with metabolic status in pancreas tissue, in vivo.
Pancreas Rdh5 mRNA expression was elevated in mice fasted for 16 hr, and decreased
significantly in response to re-feeding. Expression was reduced temporally, with
decreases of 40 and 67 percent in 4 and 6 hr, respectfully (Fig. 1A). Dosing animals
with glucose by intraperitoneal (i.p.) injection, following an overnight fast, did not
recapitulate the reduction in Rdh5 mRNA in response to re-feeding (Fig. 1B). In mice re-
fed for 6 hours, Rdh5 mRNA decreased 43, 68 and 85% in liver, kidney, and brown
adipose tissue (BAT), respectfully, increased 33% in epididymal white adipose tissue
(eWAT), and increased 2.5-fold in retinal pigment epithelium (Fig. 2A-E). Glucose
administered by i.p. injection reduced Rdh5 by 38 percent in BAT, increased Rdh5 by
1.4-fold in eWAT, and did not affect expression in liver or kidney. Glucose administered
by oral gavage reduced Rdh5 mRNA by 55, 62, 92, and 45 percent in liver, kidney,
brown adipose, and eWAT, respectfully. Rdh5 expression in pancreas was not
measured from mice treated with glucose by oral gavage.

9cRA is reduced in pancreas of re-fed, versus fasted, rats

9cRA was measured in pancreas of wild type rats following experiments similar
to those done with mice (32). 9cRA decreased 52 percent in pancreas of mice re-fed for
4 hr following an overnight fast, relative to fasted 16 hr (Fig. 3A). Retinol also decreased
20 percent, while retinyl esters trended down (Fig. 3B-C). Reduced 9cRA in rat
pancreas demonstrates conservation among species. 9cRA did not decrease in
pancreas of rats treated with glucose by oral gavage for 15 min following a 16 hr fast
(Fig. 3D). Retinol increased 1.4-fold following glucose treatment, but retinyl esters were
unchanged (Fig. 3E-F). Rapid changes in the 9cRA concentration are likely by
mechanism(s) independent of synthesis, and remain undefined.

9cRA attenuates GSIS in beta cell culture model

Cell culture models were used to characterize regulation of 9cRA synthesis.
GSIS assay confirmed that 832/13 cells in this project maintained the ability to secrete
insulin when stimulated (Fig. 4A). A 6.7-fold increase was detected in response to high
glucose (15 mM), and a 12.6-fold increase was detected in response to maximal
stimulation with 3-Isobutyl-1-methylxanthine (IBMX), which elevates cyclic adenosine
monophosphate (CAMP). GSIS in MING cells maintained glucose response, with
increases of 4.5 and 5.5-fold secretion of insulin, in response to 15 and 25 mM glucose
in secretion buffer, respectfully (Fig. 4B). Notably, 9cRA treatment attenuated GSIS in
MING cells, as previously demonstrated in 832/13 cells (32).

9cRA synthesis is repressed by glucose and induced by Rdh5 expression

9cRA concentration was measured in 832/13 cells using a model of glucose exposure
conditions. The endogenous 9cRA concentration was reduced 22 percent in high (15
mM), relative to low (3 mM), glucose exposed cells for 28 hr (Fig. 5A). Synthesis of
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9cRA from 9c-retinol substrate was reduced 46 percent in high, relative to low, glucose
exposed cells, with both 20 nM and 250 nM 9c-retinol treatment. Synthetic ability in
832/13 cells was dose responsive to the retinol concentration, and was blunted by high
glucose. To test the hypothesis that Rdh5 catalyzes synthesis of 9cRA, Rdh5 was
overexpressed in 832/13 cells by transient transfection. Synthesis of 9c-retinal from 9c-
retinol was increased 28% in cells transfected with Rdh5 (Fig. 5B). Synthesis of 9cRA
from 9c-retinol increased 16% in cells overexpressing Rdh5 (Fig. 5C). Rdh5 mRNA was
elevated 20-fold in transfected cells after 28 hr (Fig. 5D).

Rdh5 expression is repressed by glucose and cAMP

In 832/13 cells, Rdh5 mRNA expression is reduced 53% in high (15 mM), relative
to low (3 mM), glucose exposure after 6 hr (Fig. 6A). Neither Rdh10 nor Rodh2 (rat
orthologue of mouse Rdh1) were regulated by glucose in 832/13 cells under the same
conditions. Rdh5 expression was not responsive to insulin treatment in high or low
glucose conditions after 16 hr (Fig. 6B). In MING cells, Rdh5 expression was reduced
23% in high (25 mM), relative to low (3 mM), glucose after 16 hours (Figure 6C). No
change in Rdh5 expression was detected in 6 hours (data not shown).

To address the mechanism regulating Rdh5 mRNA expression, actinomycin D
(ActD) was used to inhibit transcription. In cells pre-incubated in high glucose medium,
to reduce Rdh5 expression, ActD prevented the increase in Rdh5 message observed in
low glucose exposure (Fig. 7). This demonstrates that increased Rdh5 mRNA in low
glucose is result of new transcription. Treatment with ActD in high glucose medium did
not affect Rdh5 level within 6 hr, indicating that Rdh5 mRNA is stable in high glucose
condition.

Elevated cAMP potentiates GSIS in beta cells during re-feeding (135). Forced
increase in cAMP, using phosphodiesterase inhibitor, IBMX, and adenylyl cyclase
activator, Forskolin, reduced Rdh5 expression in both low and high glucose conditions
(Fig. 8A). Therefore, cAMP is sufficient to suppress Rdh5 mRNA, and acts either
downstream or in parallel with glucose regulation of Rdh5 in 832/13 cells. The
transcription factor Crem mRNA increased in conditions of high glucose and elevated
cAMP, 3- and 15-fold, respectively, in 832/13 cells (Fig. 8B). Therefore, Crem is a
candidate to mediate repression of Rdh5 by glucose and cAMP.

The mitogen activated protein kinase (MAPK) pathway is activated downstream
of glucose and cAMP in beta cells. Two inhibitors of MAPK pathway were used to block
phosphorylation of ERK1/2 by MEK1/2, U0126 and PD98059. Both inhibitors blocked
the increase in Rdh5 message in low glucose condition, demonstrating that MEK/ERK
signaling was required for transcription of Rdh5 (Fig. 9). This finding is inconsistent with
MAPK pathway activation by metabolic status; namely that MEK/ERK is activated in the
fed state, in presence of glucose and growth factors, and inactive in the fasted state.
While this data is reproducible in my hands, using two inhibitors, | cannot reconcile its
meaning physiologically.
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Figure 1. Pancreas Rdh5 is reduced in re-fed vs fasted mice. (A) Mice were fasted
16 hr, or re-fed ad libitum for 4 and 6 hr following a 16 hr fast. Data includes two
independent experiments with N = 5-7 mice per condition. (B) Mice were fasted 16 hr, or
treated with i.p. glucose following a 16 hr fast, and collected 3 hr later. Data show a
representative experiment of two experiments, N=7-9 per group. Data are means * SE:
*P <0.05, **P < 0.005
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Figure 2. Metabolic regulation of Rdh5 in multiple tissues. Mice were fasted 16 hr
or treated for 6 hr following a 16 hr fast. Mice were re-fed ad libitum, treated with a
single dose of 2 g/kg glucose by oral gavage, or treated with two i.p. injections of 2 g/kg
glucose at times 0 and 45 min. Data show a representative experiment of 1-5
experiments, and are normalized to respective fasted group. Data are means £ SE: *P <
0.05, **P < 0.005, ***P < 0.001 vs fasted values.

35



50- 0.8+ 3-
[ Fasted
— 40- —~ » = Bl Re-fed
g g 06] = 5 3
0 —_ 0 *k* 8 7 2-
é 2 30 o .2 n 9
- cC - w -
S 2 * 520 =2
g ¢ 2%
o c . Q c
g . £02 e £
ol 0.0 0
D E. F
2.0- 0.5 2.0 CJ Fasted
T 0.4 * @ Glucose (OG)
T 1.5- e ? 3 15
=] S o>
[7] [—1 - N
N 0 .2 0.3 n 9
é - c - Wl -
o D 1.0+ g o = o 1.0
i 2o £
i [T} i
805 £ o1l ¢ £ 05
0.0-4— 0.0 0.0-

Figure 3. 9cRA in rat pancreas is reduced with re-feeding, but not by oral glucose.
(A-C) Wild type Sprague Dawley rats were fasted 16 hr or fasted then re-fed 4 hr prior
to tissue collection. 9cRA, retinol, and retinyl esters were quantified from pancreas
tissue. (D-F) Rats were fasted 16 hr or fasted then treated with 2 g/kg glucose by oral
gavage and collected after 15 min for quantification of 9cRA, retinol, and retinyl esters.
N=6-7 animals per group. Data are means + SE: *P < 0.05, ***P < 0.0005 vs fasted.
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Figure 4. GSIS in beta cell models. (A) 832/13 cells were pre-incubated in HBSS
containing 3 mM glucose for 2 hr, then treated with HBSS containing 3 mM or 15 mM
glucose (-/+ 100 uM IBMX) for 2 hr. (B) MING cells were pre-incubated in KRBB
containing 3 mM glucose for 1 hr, then treated with 3, 15, or 25 mM glucose +/- 100 uM
9cRA for 1 hr. Insulin secreted into supernatent medium was quantified by ELISA
assay.
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Figure 5. 9cRA biosynthesis is regulated by glucose and Rdh5. (A) 832/13 cells
were treated for 24 hr with 3 mM or 15 mM glucose in medium containing no FBS, then
4 hr with fresh medium +/- 9-cis-retinol substrate. Data are combined from two
experiments with n=3 each per group. (B) 832/13 cells were transfected with 10 ng
pSG5 Rdhb vector, and treated for 24 hr in 3 mM glucose serum-free medium, then with
250 nM 9-cis-retinol in 3 mM serum-free medium for 4 hr. Retinal was quantified and
normalized to cellular protein. (C) 832/13 cells were maintained in medium containing
11 mM glucose, and treated with 20 nM 9-cis-retinol for 4 hr. 9cRA was quantified and
normalized to cell protein. (D) Rdh5 expression in 832/13 cells transfected with 10 ng of
pSG5 Rdh5 vector after 28 hr in 3 mM serum-free medium. Data are means + SE: *P <
0.05, **P < 0.005 vs 3 mM glucose or empty transfection; #P < 0.005, *#P < 0.0005 vs
vehicle substrate.
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Figure 6. Glucose represses Rdh5 mRNA in 832/13 and MING cells. (A) 832/13 cells
were treated in serum free medium containing 3 mM or 15 mM glucose for 6 hr. (B)
Cells were treated in serum free medium containing 3 mM or 15 mM glucose, +/- 400 ng
insulin for 16 hr. (C) MING cells were treated in serum free medium containing 3 mM or
25 mM glucose for 16 hr. Data are means + SE: **P < 0.005, ***P < 0.001 vs 3 mM,
untreated.
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Figure 7. Rdh5 transcription is activated in low glucose. Cells were pre-incubated
overnight (16 hr) in 15 mM glucose medium (reference condition), then treated for 6 hr
with 3 mM or 15 mM glucose medium, +/- 0.1 ug/mL ActD. Data shows one
representative experiment of four experiments with n= 4-5 per condition. Data are
mean + SE: P < 0.05 vs time 0; *P < 0.05, **P < 0.005 vs 3 mM, vehicle treated.
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mM, 3 mM, or 15 mM glucose in serum-free medium = 100 uM IBMX and 10 uM
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***P < (0.001 vs 3 mM vehicle treated, **P < 0.001.
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Figure 9. MAPK signaling is required for fasting induced increase in Rdh5. Cells
were treated for 6 hr with 11 mM, 3 mM, or 15 mM glucose in serum-free medium % 1
MM U0126 or 20 uM PD98059. Data is the average of 2 experiments, and is
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DISCUSSION

This project characterized regulated Rdh5 expression in tissues and beta cells,
and consequent 9c-retinal and 9cRA synthesis in beta cells. Reduced Rdh5 mRNA in
pancreas of re-fed versus fasted mice is consistent with reduced 9cRA in fed versus
fasted mice (32) and rats (Fig. 3A), and focuses on reduced synthesis. Pancreas 9cRA
reduced rapidly and transiently in oral gavage glucose treated mice (32), but not rats
(Fig. 3B), and glucose treatment by i.p. injection did not affect pancreas Rdh5 mRNA,
while oral gavage glucose impact on pancreas was not tested. Related work on
regulation of all-trans Rdhs identified glucose as relevant intermediate signal of feeding
in vivo (Chapter 1, In review), and beta cells uniquely sense and respond to glucose
during feeding (139). Differential regulation of Rdh5 mRNA in most tissues (pancreas,
liver, kidney, and brown adipose) versus retinal pigment epithelium supports alternate
function to 11c-retinal production in the vision cycle. The function of regulated Rdh5
expression in tissues lacking detectable 9cRA is intriguing and a subject of further
investigation.

In 832/13 beta cells, glucose concentration in medium is sufficient to model 9cRA
concentration and synthesis from 9c-retinol substrate. Furthermore, overexpression of
Rdh5 in 832/13 cells elevated 9c-retinal synthesis, independently of glucose. Retinal
synthesis from retinol is a direct measure of Rdh activity, whereas RA synthesis may be
impacted by activity of retinal dehydrogenases, retinal reductases and RA inactivating
enzymes. The modest increase in 9c-retinal synthesis compared to 9cRA synthesis may
be because retinal production is beyond the rate limiting step of RA synthesis and
transient in RA production. Additionally, the modest impact of Rdh5 overexpression on
9c-retinal synthesis may indicate that Rdh5 is one of multiple enzymes that contribute to
metabolically regulated 9cRA synthesis or stabilization.

Results for Rdh5 mRNA expression implicate transcriptionally regulated
repression downstream of glucose and/or cAMP. There are multiple possible
mechanisms for how glucose may represses transcription of Rdh5. One hypothesis is
based on chromatin immuno precipitation sequencing (ChlP-seq) data provided by the
ENCyclopedia of DNA Elements (ENCODE) project, and available through UCSC
Genome Browser (https://genome.ucsc.edu/). The transcription factor CCCTC-binding
factor (CTCF) was identified to bind the Rdh5 promoter region with a cluster score of
1000 out of 1000. This binding has been reported by a number of sources, using
various model systems and three different antibodies. Intriguingly, a recent publication
demonstrated that CTCF mediates glucose effects on beta cell survival, through
repression of target gene Pax6 (140). Regulation of Pax6 expression by glucose is
strikingly similar to that of Rdh5, and makes CTCF a candidate worth following up.
Another hypothesis is that carbohydrate response element binding protein (ChREBP)
may regulate transcriptional repression of Rdh5. ChREBP activity is regulated by
cytoplasmic-nuclear shuttling in response to glucose environment. Binding proteins that
sequester ChREBP in the cytoplasm are relieved by calcium influx that follows elevation
in glucose uptake. In the nucleus, ChREBP binds to the carbohydrate response element
in gene promoters to regulate transcription (141). In beta cells, ChREBP mediates
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glucose activation of L-type pyruvate kinase (L-pk), acetyl-coA carboxylase (Acc) and
fatty acid synthase (Fas), to regulate glycolysis and fatty acid synthesis (142). ChREBP
represses Ppara and Arnt/hif1b expression to reduce fatty acid oxidation and insulin
secretion, respectfully, during glucotoxicity (143, 144). A third hypothesis is that glucose
may act through PISK/AKT and FOXO1 pathway. This mechanism was reported to
repress Men1 expression in beta cells, in regulation of proliferation and tumor formation
(145). The latter is intriguing since we have identified that all-trans Rdhs, Rdh10 and
Rdh16 (human), are regulated by insulin via the PI3K-AKT-FOXO1 axis in hepatocytes.
Of the three proposed transcription factor mediators, CTCF is a preferred mechanism to
pursue since direct promoter binding has been established. Sufficiency, by
overexpression, and necessity, by knock down, of this gene would be the next steps to
demonstrate mechanism of transcriptional repression.

Elevation of cAMP independently reduces Rdh5 expression in the 832/13 cell
model. Furthermore, Crem expression is elevated by high glucose, and raised higher
still by cAMP. Crem gene expresses multiple isoforms by differential promoter use and
mMRNA splicing, and the inducible cAMP early repressor (ICER) isoforms are
transcriptionally activated by cAMP to repress expression of genes via the cAMP
response element (CRE or C/EBP) (146). A transcription factor sequence prediction
program, TFSearch (http://www.cbrc.jp/research/db/TFSEARCH.html) identified multiple
CREs in the proximal promoter of Rdh5. Notably, the hypotheses of glucose and cAMP
driving regulation are not mutually exclusive, and may act in coordination since both
signals are elevated in beta cells during feeding. A microarray study designed to identify
immediate early response and target genes actually designed the intervention with both
elevated glucose and cAMP (137). Their results include Rdh14 as a target gene,
repressed 1.6 fold in beta cells 4 hr after glucose and cAMP stimulation. Interestingly,
Rdh14 is active with 9c-retinol substrate. Independent evidence of Rdh repression
under similar conditions supports a general phenomenon of RA synthesis regulated by
metabolism.

| addressed regulation of Rdh5 by insulin in beta cells, since insulin self-regulates
phase-one insulin secretion and impacts glucose tolerance (147). No change in Rdh5
expression was measured after 16 hr of insulin treatment, while the magnitude of
change in response to glucose increased with extended treatment. In 832/13 cells, the
lack of detectable insulin regulation of Rdh5 may be due to the duration of treatment.
Clarification of insulin affect is interesting because of related findings that all-trans- Rdh
gene expression is regulated by insulin in hepatocytes.

Beta cells are located in islets of the endocrine pancreas, and make up 70-80
percent of cells. Rdh5 mRNA expression in islets was elevated in high (15 mM), relative
to low (3 mM), glucose exposure (Fig. S1). Interpretation of these contrasting results
from beta cells and pancreas tissue is perplexing, but may be due to the mixture of cell
types in islets and pancreas. The specific cells expressing Rdh5, and relative
expression levels are unknown. In situ hybridization or immuno-histochemistry would
visualize cell-type specific localization of mMRNA and protein, respectively, and validate a
model of isolated beta cells or islets as more physiologically relevant to 9cRA synthesis.
Additionally, islet results include 6 and 12-fold increases in Rdh1 expression in high
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glucose for 6 and 16 hr, respectively, whereas Rdh2 (Rat ortholog of mouse Rdh1)
expression was unchanged in 832/13 beta cell model with glucose exposure. Rdh1 may
be more highly expressed in other cell types, i.e. alpha- or delta- cells, of islets. RA
synthesis assays would be an interesting follow up to evaluate if apparent conflict in
MRNA expression between islets and beta cell associated with Rdh activity.

Cellular retinol binding protein | (RBP1) null mouse has dis-regulated glucose
metabolism, with increased gluconeogenesis and fatty acid oxidation, and elevated
9cRA in pancreas tissue (54). RBP1 null mice do not have elevated Rdh5 expression in
pancreas, as would be expected for increased synthesis of 9cRA (Fig. S2). Rather,
Rdh5 is reduced in RBP1 null mice, relative to wild type, and maintains reduction in
response to re-feeding relative to fasted expression. RBP1 null mice are hyperglycemic,
and chronic elevated blood glucose seems to suppress Rdh5 expression similarly to
acute high glucose. Rdh5 expression predicts that elevated pancreas 9cRA is
consequence of reduced degradation or another mechanism independent of synthesis.
Consistent with published data, RbpZ2 is elevated to compensate for loss of Rbp1, and
furthermore, all retinol binding proteins (Rbp1-3) decrease in re-fed vs fasted pancreas.

Regulation of Rdh5 presented here is first to identify metabolic impact on its
expression and subsequent activity with 9-cis-retinol substrate. This work focuses on
Rdh5 regulation in the context of pancreas and beta cells to characterize synthesis of
physiologically relevant 9cRA. Presentation of conserved regulation of Rdh5 expression
in tissues outside of pancreas draws attention to some outstanding questions: If 9cRA is
only detected in pancreas, why is Rdh5 expressed elsewhere? Does Rdh5 act on
substrates other than 9-cis- and 11-cis-retinol, in pancreas and retinal pigment
epithelium, respectfully? These issues are larger than the scope of this work, but
certainly influence the impact of findings in this chapter.
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Figure S1. Glucose elevates Rdh mRNA in islets. Primary mouse islets were cultured
overnight in 11 mM glucose medium, then treated for 6 hr or 16 hr with 3 mM or 15 mM
glucose in serum free medium. Data show a representative experiment of two, n=1 well
of approximately 50 islets per condition.
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Figure S2. Pancreas gene expression in Rbp -/- mice. Mice were fasted 16 hr, or re-
fed for 5.5 hr following a 16 hr fast. (A) Rdh5 mRNA is reduced in fasted Rbp-/-vs WT
mice, and decreased in re-fed vs fasted WT. (B) Crbp7 mRNA is reduced in re-fed vs
fasted WT mice, and undetectable in knock-out mice (data not shown). (C) Crbp2
mRNA is elevated in Rbp-/-, and decreased in re-fed vs fasted for both genotypes. (D)
Crbp3 mRNA trends toward reduction in Rbp-/~- vs WT mice and for re-fed vs fasted for
both genotypes. Data are normalized to wild type fasted group for each gene, and
expressed as fold change, n =3-5 per condition. Data are means + SE: *P < 0.05, **P <
0.005, ***P < 0.0005 vs wild type fasted, *P < 0.05.
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Chapter 3

Retinoid Metabolism and PPAR® Expression in Hypothalamus

INTRODUCTION

Retinoid metabolism is integral to energy balance regulation, and all-frans-
retinoic acid (atRA) is protective against obesity and insulin resistance. Characterization
of retinoid metabolism in hypothalamus addresses the possibility that atRA is involved in
central nervous system (CNS) mediated energy balance regulation. atRA has been
shown to inhibit proliferation of neural progenitor cells in hypothalamus (148).
Photoperiodic regulation of genes in retinoid signaling implicate atRA in seasonal
fluctuation of energy balance, including that of body weight in Syrian hamsters (149—
151). Gene expression supports atRA biosynthesis and functionality in hypothalamus
tissue. Mouse and rat hypothalamus express mRNA of retinoic acid receptors (Rara and
Rarp), retinol binding protein (Rbp1), retinoic acid binding protein (Crabp1), and retinal
dehydrogenases (Raldh 1, 2, and 3) (152, 153).

The hypothalamus is a region located at the base of the brain, surrounding the
third ventricle. It is a complex, integrative center for peripheral signals, and regulates a
range of functions including reproduction, autonomic nervous system, immune
response, sleep, thermoregulation, fluid homeostasis, food intake and energy
expenditure. This brain region responds to peripheral signals including nutrients,
hormones, and nervous system cues that are altered with feeding and energy status.
The hypothalamus communicates with neighboring regions of the brain through synaptic
connections and humoral signals to effect behavior and physiology. Within the
hypothalamus, the arcuate nuclei region is at the base of the brain, and neurons have
access to humoral signals in circulation that are restricted from other brain regions by
the blood-brain barrier (154). Two neuronal populations in the arcuate nuclei respond to
peripheral adiposity and satiety signals and act cooperatively to regulate energy
balance. The orexigenic neuronal population is characterized by expression of
neuropeptides agouti related peptide (AgRP) and neuropeptide Y (NPY), and express
the inhibitory neurotransmitter y-amino-butyric acid (GABA) (155). Orexigenic neurons
are active in the absence of satiety signals, and function to increase food intake, reduce
energy expenditure and increase body fat. A second population is anorexigenic
neurons, which are characterized by expression of neuropeptide pro-opio melanocortin
(POMC), and secrete the post translationally processed form, a-melanocyte-stimulating
hormone (a-MSH) to regulate feeding behavior, and express excitatory neurotransmitter
glutamate. Anorexigenic neurons are active in the presence of satiety signals, and
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cause reduced food intake, increased energy expenditure, and reduced body fat.
Anorexigenic neuron activity is inhibited by GABA and NPY secreted from active
orexigenic neurons in the fasted state (156). Melanocortin receptors 3 and 4 (MC3R and
MC4R) on neurons in the paraventricular nuclei and dorsomedial nuclei respond to
ligand a-MSH in the fed state, and to endogenous antagonist, AgRP, in the fasted state.

Brain tissue consists of multiple cell types, including neurons and glia. Glial cells
provide nutrients and support to neurons. Astrocytes are one type of glial cell, that
biosynthesizes atRA in culture after addition of exogenous retinol (157). AtRA is
secreted into the media, rather than accumulating in astrocytes, consistent with function
of glial cells to nurture neurons. Additionally, pretreatment with atRA causes astrocytes
to accumulate retinyl esters, the storage form of vitamin A, after retinol treatment. Thus,
atRA auto-regulates its metabolism in astrocytes to maintain function in adult brain.

atRA regulates transcription of target genes by binding RARs and peroxisome
proliferator-activated receptor delta (PPAR®) (34, 158). Both RARs and PPARs
heterodimerize with retinoid X receptors (RXRs), to generate an array of combinatorial
receptor mediated transcriptional response that differs spatially and temporally by
recruitment of co-activators and co-repressors (159). Retinoid binding proteins control
retinoid metabolism by chaperoning, and thus limiting access, to specific enzymes and
receptors (17). atRA is escorted by CRABP2 and fatty acid binding protein 5 (FABPS) to
RARa and PPARY, respectfully, to elicit ligand mediated transcriptional regulation. The
relative abundance of CRABP2 and FABP5 determines binding to atRA for nuclear
delivery to cognate receptors, as exemplified by opposing functions on cell growth and
survival (35).

Recent developments elucidate non-genomic effects of atRA via RARs to rapidly
activate mitogen-activated protein kinase (MAPK) pathways and initiate translation (29,
160). Consistent with non-genomic functions, RARs are reportedly located in cytosol
and plasma membranes. In hippocampal neurons, membrane-associated RARa is
internalized by atRA ligand, rapidly activates mitogen activated protein kinase (MAPK)
and mammalian target of rapamycin (mTOR) signaling, and relieves suppression of
targeted mRNAs (36, 161). Subsequent translation of glutamate receptor 1 (GIuR1)
facilitates spine formation and synaptic plasticity, leading to enhanced memory
formation in hippocampus. Non-genomic function of PPARd has been reported in non-
nucleated platelets, to rapidly and acutely inhibit platelet aggregation via binding PCKa
(162, 163). Together, these examples illustrate non-genomic functions of RARs and
PPAR®.

PPAR isoforms (a, y, and d) function primarily as lipid sensors, to regulate
transcriptional response for storage and metabolism of dietary lipid intake (164). The
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roles of PPAR® in metabolic regulation, and its activation by atRA ligand, make it an
intriguing candidate to mediate atRA function in hypothalamus. Genetic models of
manipulated PPARS expression conclude that it increases fatty acid oxidation in white
adipose and thermogenesis in brown adipose, increases energy expenditure in muscle,
and improves insulin sensitivity (165-167). PPAR®S is a key metabolic regulator of
energy expenditure in peripheral tissues, and its expression is enriched in brain (168).
Expression of PPARG® in brain has been evaluated by a few groups. Quantitative
western blot of whole brain fractions detected PPAR®S in nuclear, but not in cytoplasmic
fractions (169). Immuno-localization in adult rat CNS detected PPARS at moderate
levels in multiple nuclei of hypothalamus region (170). By tissue microarray based
immunohistochemistry, PPARS was detected at moderate level in the nucleus,
cytoplasm, and neurites of mouse hypothalamus neurons (171). At the time of this
research project, little was published about PPAR®S function in brain. Consistent with its
role in lipid metabolism, acyl-CoA synthetase 2 was identified as a transcriptional target
in rat brain cell cultures, utilizing a synthetic agonist (172), and PPAR® in brain
reportedly contributed to inflammatory and oxidative damage responses (168). To date,
nothing is known about function of PPAR® specifically in hypothalamus.

Leptin is a 16 kDa protein synthesized and secreted from adipose tissue in
proportion to adiposity and in response to food intake or insulin. Extensive work on
ob/ob (leptin deficient) mice, and db/db (leptin receptor deficient) mice, has established
leptin as a satiety signal that contributes to energy balance. Circulating leptin levels vary
diurnally in rodents, and are highest during the night after the largest food intake (173).
Fasting prevents cyclic variation of leptin, and ob mRNA is restored in adipose tissue
within four hr after re-feeding a fasted animal. Functional response to leptin requires
activity of phosphoinositide 3-kinase (PI3K) and mTOR (174, 175). Neurons in arcuate
nuclei of hypothalamus express long chain leptin receptors (LRbs), and respond
sensitively to circulating leptin because of contact with blood circulation through the
median eminence (154). Leptin imposes opposite regulation on anorexigenic and
orexigenic neuron function to centrally influence energy balance. Leptin activates
anorexigenic neurons by increasing transcription of POMC (176), depolarizing neurons
causing them to fire, reducing GABA mediated inhibition, releasing the excitatory
neurotransmitter glutamate, and causing secretion of neuropeptide a-MSH (156). Leptin
inhibits orexigenic neuron activity by inhibiting transcription of NPY (176),
hyperpolarizing neurons, and preventing secretion of neuropeptides (177) and
neurotransmitters (174). In the absence of leptin, orexigenic neurons are active, and
secrete the inhibitory neurotransmitter GABA and neuropeptides AgRP and NPY. GABA
and NPY are received by receptors on neighboring anorexigenic neurons to inhibit their
activity, while AgRP is received by MC3R and MC4R to repress signals of satiety.
Activity of AQRP and NPY expressing neurons respond more than POMC expressing
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neurons to acute changes in energy status (178). This is consistent with regulation of
food intake by the central nervous system protecting from starvation rather than obesity.
Behavioral and protein expression data in rats identified that anorectic effects of leptin in
arcuate neurons require active signaling through mTOR. Administration of mTOR
inhibitor, rapamycin, attenuates food intake and body weight changes induced by leptin
treatment (175).

mTOR is a well conserved serine/threonine protein kinase. It is a component of
two differentially regulated protein complexes, mTORC1 and mTORC2. TORC1 has
been studied more extensively, and is uniquely inhibited by rapamycin. As a component
of the heteromeric TORC1 complex, mTOR is activated by signals of nutritional and
energy sufficiency. Activators include hormones such as leptin and insulin, and amino
acids, specifically the branched chain amino acid leucine. mTOR activity is inhibited by
low energy status, communicated by AMP-kinase (AMPK). Pathways of signal
activation upstream of mTOR include PI3K through protein kinase B (Akt/PKB), and
extracellular-regulated kinase (ERK1/2). Active mTOR signaling regulates general
mMRNA translation through phosphorylation of target proteins eukaryaotic initiation factor
4E binding protein (elF4E-BP) and ribosomal protein S6 kinase (p70S6K). Local
dendritic translation in neurons occurs independently of general cellular translation, and
is regulated by mTOR kinase and ERK1/2 (36, 179). mTOR is ubiquitously expressed in
brain, but phosphorylated mTOR decreases in response to fasting, specifically in
arcuate nuclei (175).

This project aimed to identify a function of atRA in hypothalamus neurons related
to central regulation of energy balance. Identification of translational regulation by atRA
via mTOR in hippocampus neurons, together with leptin signal requiring mTOR in
hypothalamus, prompted a hypothesis of intersected activity between atRA and leptin,
to regulate local protein translation or secretion of neuropeptides in feeding behavior. |
further hypothesized that such a non-genomic function of atRA would be mediated by
extra-nuclear expression of an atRA receptor, and focused on PPAR® because of its
extensive role in energy regulation.
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MATERIALS and METHODS

Animals

Wild type C57BI/6 mice (Jackson lab, or bred in house) or Sprague Dawley rats
(Charles River), age 2-3 mos unless otherwise noted, were used. Mice were fed semi-
purified AIN93G diet (Dyets #110700), or High Fat diet containing 50% FDC (Dyets
#180614), with the exception of pregnant dams for primary neuron culture, which were
fed standard rodent chow diet (Harlan Teklad #2018). Rats were fed standard rodent
chow (Harlan Teklad #2018). Animals were fed ad-libitum, unless noted for fasting and
re-feeding experiments. The cold tolerance test was done during the final 6 hr of a 16 hr
fast, and mice were either kept at normal housing temperature (21° C), or exposed to
4°C. Core body temperatures were measured rectally using a probe (Physitemp RET-3)
attached to a digital thermometer (Physitemp BAT-12). Institutional guidelines required
mice to be removed from study if body temperature fell below 28°C.

Hypothalamus tissue explant

Dissection of hypothalamus tissue was performed as two coronal cuts, anteriorly at the
optic chiasma and posteriorly at the mammillary bodies, then parasagital cuts along the
hypothalamic sulci and a dorsal cut at a depth of 2 mm from the ventral surface of the
brain (180). Fresh hypothalamus tissue explants were used directly for gene expression
and retinoid quantification, or cultured for neuropeptide secretion assay. For
neuropeptide secretion assay, explants were equilibrated (1 hr) in artificial cerebral
spinal fluid (aCSF), incubated for basal period (45 min) in fresh aCSF, treated (45 min)
with atRA (Sigma R2625), recombinant mouse leptin (R&D Systems #498-OB), or
vehicle DMSO, then depolarized (45 min) with 56 mM KCI, and supernatant was
collected for analysis. aCSF was made of 126 mM NaCl, 6 mM KCI, 1.4 mM CacCl, 20
mM NaHCO3;, 5 mM glucose, 0.09 mM Na;HPO4, 0.09 mM MgSQOy4, and 0.6 TIU/mL
aprotinin. AgRP secreted from rat hypothalamus was detected by ELISA (Phoenix
Pharmaceuticals #EK-003-57), and normalized to protein in tissue explant.

Primary neuron culture

Neurons were dissected from E17-18 C57/BI6 mouse embryos. Hypothalamus was
dissected in HBSS with 10 mM HEPES, 1 mM Na Pyruvate and 1% Pen/Strep
(Invitrogen). Tissues were pooled and mechanically dispersed with flamed glass pipette
tip, then seeded on plates or glass cover slips pre-coated with poly-D-Lysine (BD
BioCoat). Neurons were plated in 24-well (1x10° cells/well) or 6-well (5x10° cells/well)
plates, in Neurobasal medium with 25 yM glutamic acid, 0.5 mM glutamine and 2% B-
27 (Invitrogen). Four hr after plating, 80% volume of medium was replaced with
Neurobasal medium (Invitrogen) with 2% B27 supplement (Invitrogen). After 48 hr in
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culture, 2 uM cytosine 3-D arabinofuranoside (AraC) (Sigma) was added to prevent glial
cell proliferation. Half of the medium volume was replenished every four days. Primary
neurons were considered mature and used after 11 days in culture (DIC) (181).
Neurons were treated with 1 yM atRA or GW501516 (Sigma).

Tissue fractionation

Sub cellular fractionation of total brain tissue was done as described (182), and outlined
in schematic (Figure 11A). Western blot performed with primary antibody PPARd
(Pierce PA1-823A), and secondary antibody LI-COR IR Dye (800CW #926-32211).

RNA isolation and RT-PCR

RNA was isolated by Trizol protocol (Life Technologies), or RNAqueous Micro kit
(Ambion #1931). cDNA synthesis with Superscript |l reverse transcriptase (Invitrogen).
PCR with thermocycler program 94°C 2 min (pre-denature), cycles: 94°C 30 sec
(denature), 61°C 30 sec (annealing), 72°C 1 min (extension), 72°C 5 min
(extension/stability). PCR primers were designed using primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast).

Retinoid quantification and atRA synthesis

Retinoids were extracted from hypothalamus tissue, with 2-3 pooled per sample from
mice, or single tissues from rats. Tissues were collected under yellow light and frozen
immediately in liquid nitrogen. On the day of analysis, tissues were weighed, thawed on
ice, and hand homogenized in cold 0.9% saline. Protein was quantified by Bradford
assay (Sigma). Retinoids were recovered by a two-step acid and base extraction (80).
All materials in contact with samples were glass or stainless steel. Internal standards
were used to calculate extraction efficiency of retinoids. Retinol and retinyl esters were
extracted and quantified by HPLC/UV, with 3,4-didehydro retinol as internal standard
(82). atRA was extracted and quantified by LC/MS/MS, with 4,4-dimethyl retinoic acid
as internal standard (81). For atRA synthesis assay, hypothalamus tissue explants were
treated with 0.5 uM all-trans-retinol (Sigma) for 2 hr. atRA and RE were normalized to
mg tissue protein and expressed as rate of synthesis.

Immunofluorescent staining

Brains were cut coronally, and immediately frozen in isopentane (2-methyl butane)
chilled over dry ice, then stored in -80 until sectioning. 10 um cryosections were
mounted on glass slides (Fisher Superfrost Plus), fixed in 4% PFA + 4% sucrose for 1
hr at 4°C. Sections were then washed in PBS, permeabilized in PBS with 0.2% Triton-x-
100 for 10 min, then blocked in 10% serum, either overnight at 4°C or for 2 hr at room
temperature. Primary antibodies were incubated overnight in 5% serum at 4°C: PPARS
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(Affinity Bioreagents PA1-823A), RARa (Abcam 28767), FABP5 (Santa Cruz 16060),
NeuN (Abcam 104225), Smi-312 (Abcam 24574), MAP2 (Abcam 5392), GFAP
(Millipore 3402). Secondary fluorescent antibodies Alexa 488 and Alexa 555 (Invitrogen)
were incubated in 5% serum for 1 hr at room temperature. Coverslips were mounted
with Vectashield medium containing DAPI (Vector Labs). Immunofluorescence of
primary neurons was done similarly, except fresh neurons were directly fixed, and never
frozen. Slides were kept in a moist chamber during immunofluorescence protocol.
Confocal microscope images were obtained with a LSM510 Meta confocal microscope
in the College of Natural Resources Biolmaging facility.

Statistics

Data are presented as means + standard errors (SE) and were analyzed using two-
tailed, unpaired Student's t tests.
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RESULTS

Retinoids in hypothalamus tissue

Retinoid concentrations were quantified in the hypothalamus of ad-libitum fed
mice, and compared to those in olfactory bulb, cerebellum, cortex and hippocampus.
atRA in hypothalamus tissue is higher than other regions tested (Fig. 1A). Retinol in
hypothalamus is higher than cerebellum and cortex, and similar to olfactory bulb and
hippocampus (Fig. 1B). Retinyl esters in hypothalamus are significantly higher than all
other brain regions tested (Fig. 1C). These data are consistent with regionally distinct
concentrations of atRA in adult mouse brain, as was previously reported, in absence of
hypothalamus tissue (81). Ability to detect and quantify atRA from hypothalamus tissue
was critical to pursue a functional study.

Hypothalamus atRA was quantified in response to energy status interventions by
three models. In an acute model of altered feeding, mice were fasted overnight, or
fasted then re-fed for 2 hr ad-libitum, or fed continuously ad-libitum. Hypothalamus atRA
concentration was not different between the three feeding conditions (Fig. 2A). Retinol
and retinyl esters were also unaffected (Fig. 2B, C). In a chronic model of altered
feeding, mice were fed control diet (semi-purified, low fat: LFD), or high fat diet (HFD)
for 6 weeks. Hypothalamus atRA, retinol and retinyl esters were unchanged between
LFD and HFD fed mice (Fig. 2D-F). In a third adaptation to energy status, we performed
a cold tolerance test on wild type mice. Mice were fasted for 16 hr, and exposed to cold
temperature (4°C), or room temperature control (21°C) during the final six hr.
Hypothalamus atRA and retinol trended down, insignificantly, in cold exposed mice, and
retinyl esters were reduced by 40 percent (Fig. 3A-C). Retinyl ester values may be
interpreted as mobilization of stores to maintain retinol and atRA levels from dropping
significantly during cold challenge. Together, unchanged atRA values in acutely altered
feeding and cold exposure, support highly regulated and consistently maintained
concentration in hypothalamus tissue.

atRA synthesis in hypothalamus

Expression of genes regulating atRA synthesis, binding proteins and receptors
were measured in hypothalamus tissue explants and mature primary cultured neurons
from embryonic hypothalamus. Multiple isoforms of retinol dehydrogenase (Rdh) genes
were expressed (Fig. 4A). Both tissue and primary neurons expressed Rdh10 and
RetSDR8 (Dhrs9), only tissue expressed 178HSD9, and neither expressed Rdh1 at
detectable levels. 177BHSD9 expression in tissue, but not in primary neurons, suggests it
may be expressed in other cell types such as glial cells. Raldh1, 2, and 3 genes are
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expressed in tissue, and were not measured in neurons (Fig. 4B). Expression of both
Rdh and Raldh genes supports that local synthesis of atRA from retinol is possible in
hypothalamus tissue, and specifically in neurons. Retinoic acid receptors Rara, Rar,
and Rary, as well as Ppard are expressed in tissue and primary neurons (Fig. 4C).
Receptor expression indicates that local response to atRA is functional in
hypothalamus. Retinoid binding proteins, cellular retinol binding protein 1 (Rbp1),
Crabp2, and Fabp5 are all expressed in tissue and primary neurons (Fig. 4D).
Expression of beta actin (Actb), as loading control, and neuropeptides Agrp and Pomc,
are included as positive controls for hypothalamus neurons. Expression of Fapb5 and
Ppard are higher than Crabp2 and Rara, respectfully, and predict that atRA may
preferentially function through Ppard in hypothalamus.

atRA synthesis in situ-, was confirmed in tissue explants of isolated
hypothalamus, free from surrounding brain tissue. The rate of atRA synthesis was
increased 17-fold in response to 0.5 uM retinol substrate (Fig. 5A). Elevated retinol in
treated explant tissue confirms successful uptake (Fig. 5B). Retinyl ester synthesis
trends toward an increase in retinol treated samples, but is insignificant (Fig. 5C). Thus,
hypothalamus efficiently and preferentially synthesizes atRA from retinol.

PPAR® localization

Imaging of PPAR® and marker proteins in brain sections focused on the arcuate
nuclei of hypothalamus. PPAR®S is visible in neuronal cell nuclei as demonstrated by
overlay with the Neuronal Nuclei (NeuN) marker protein and DAPI (Fig. 6) (183). There
is additional PPAR® signal outside of nuclei, which appears as fibrous structures.
Visualization of PPAR® with axon marker, Smi312, identified co-localization of PPAR®
in neuronal axons (Fig. 7). An axon is the elongated nerve fiber that transmits impulses
away from the neuron soma, to be released from a synapse at the axon terminal.
PPAR® does not co-localize with dendrite marker, MAP2 (Fig. 8). This image provides
contrast of signals, and offers a clear view of PPAR®S location in neurons and axons, but
not in dendrites. Finally, visualization of PPARS with astrocyte marker, GFAP, shows no
co-localization (Fig. 9A). Notably, PPAR®S location in axons was observed in multiple
regions of coronal brain sections, including hippocampus (Fig. 9B). Together, imaging
data identifies PPAR® location in both neuronal nuclei, consistent with transcriptional
activity, and in neuronal axons, which is indicative of non-genomic function.

Immunofluorescent imaging of RARa with neuronal nuclei marker, NeuN, shows
co-localization in hypothalamus neurons (Fig. 10). RARa signal is most intense in
nucleus and soma, but also visible in a few fibrous structures. Extensive co-localization
with other cell markers was not performed for RARa to identify location of signals.
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An alternate approach to measure localization of protein is by sub-cellular
fractionation and western blot detection. The schematic of brain tissue fractionation
protocol was adapted from Current Protocols in Neuroscience (Fig. 11A) (182). PPARS
expression was detectable in the crude synaptosomal membrane fraction (P2), and
enriched in synaptosomal membranes (LP1) after further fractionation (Fig. 11B).
Majority of PPARJ was detected in cytoplasm (S2), while none is detected in nucleus
(P1). This contradicts immunofluorescent detection of PPARd co-localized with NeuN
and DAPI markers. However, detection in synaptosomal membrane fraction is
consistent with axon localization by immunofluorescence imaging.

A change in PPARDS receptor localization or intensity may mediate a functional
response to shifted energy status in hypothalamus. Immunofluoresence of PPARS in
hypothalamus from mice that were fed ad-libitum, fasted overnight, or re-fed for 4 hr
following an overnight fast, shows a qualitative change. Based on visual evaluation,
there appears to be a decrease in PPAR® in axons of fasted, relative to both fed (ad-
libidum and re-fed) conditions (Fig. 12). Additional experiments are required to conclude
differential expression of PPAR® according to energy status, including
immunofluorescence with axon marker, Smi312, and quantitative measure of PPARS
protein in cell fractions by western blot.

Transcriptional activity of atRA in hypothalamus

Transcriptional activation was evaluated by expression of RARa and PPARd
target genes in response to treatment with atRA and PPARS agonist, GW501516 (GW),
in primary cultured neurons. atRA increased expression of RARa target genes,
Cyp26a1 and Cyp26b1, as shown in gel images (Fig. 13A) and quantified by
densitometry (Fig. 13B). In contrast, none of the three PPAR®S target genes measured
were changed in response to atRA treatment. GW treatment increased expression of
PPAR®Y target gene, angiopoietin-like 4 (Angptl4), and none of the RAR target genes, as
expected.

PPARS and FABPS were visualized in primary cultured neurons by
immunofluorescence after 30 minute treatment with vehicle or atRA. Confocal
microscope z-stack “slices” through the neuron allowed discrimination of views inside
and outside of the nucleus. PPAR®S was visible inside the nucleus of atRA treated cells,
but FABP5 was not (Figure 14). Notably, PPAR® was observed in processes of primary
cultured neurons.

Neuropeptide secretion

In a hypothalamus explant model, AQRP secretion was reduced in a dose
responsive manner to leptin treatment (Fig. 15). Physiologically, leptin reduces the
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orexigenic signal and feeding behavior during an energy sufficient state. Treatment with
atRA alone had no effect on AgRP secretion, but attenuated the effect of leptin. Efforts
to measure secretion of POMC and aMSH from functionally opposing neurons were
unsuccessful, due to detection limits of radio-immuno assays and viability of the explant
model.
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Figure 1. Retinoids in hypothalamus and brain regions. (A) atRA, (B) retinol, and
(C) retinyl esters were quantified from brain regions of mice fed AIN93G diet, ad-libitum.
N=12 mice, hypothalamus tissues pooled 3 per sample for n=4. Data are means * SE:
*P < 0.05, **P < 0.005, ***P < 0.0005 vs hypothalamus.
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Figure 2. Hypothalamus retinoids are unchanged with dietary alteration. (A-C)
Mice were fasted overnight, fasted then re-fed for 2 hr, or fed ad-libitum, and
hypothalamus tissue collected for quantification of atRA, retinol, and retinyl esters. Mice
were wild type males, age 2 months, fed AIN93G diet. N=4, 4, and 3 for fasted, re-fed,
and fed ad-libitum groups, respectfully, with 2 hypothalamus tissues pooled per sample.
(D-F) Mice were fed LFD (continued AIN93G) or HFD for 6 weeks, ad-libitum, and
hypothalamus tissue collected for quantification of atRA, retinol, and retinyl esters. Mice
were wild type males, age 6 months. N=10 per condition, with 2 hypothalamus tissues
pooled per sample. Data are representative of three independent experiments.
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Figure 3. Hypothalamus retinoids during a cold tolerance test. Mice were fasted a
total of 16 hr, and during the final 6 hr kept either at ambient temperature (21° C), or
exposed to 4° C. Mice were wild type males, age 2-2.5 months, fed AIN93G diet. N=14
mice per condition with 2 hypothalamus tissues pooled per sample. Data are means +
SE: *** P < 0.0001
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Figure 4. Expression of retinoid metabolism genes in hypothalamus. Gene
expression was measured by RT-PCR from adult mouse hypothalamus tissue (left
column) and mature primary hypothalamus neurons in culture (right column). Relative
expression of genes (A) Rdh, (B) Raldh, (C) Rar, and (D) retinoid binding proteins
(Rbps), are shown as bands on gels. PCR reactions were run for 35 cycles, with the
following exceptions: from tissue samples Actb, Pomc (25); from primary neurons Actb

(25), Rdh10, Rbp1, Rara, Ppard, Fabp5 (30). Note RetSDR8 is Drhs9.
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Figure 5. In situ atRA synthesis. Hypothalamus tissue explants were collected and
treated with 0.5 uM retinol for 2 hr. (A) Rate of atRA synthesis. (B) Retinol recovered in
tissue explants. (C) Rate of retinyl esters synthesis. N=8 explants per condition, treated
in independent wells. Data are means + SE: ***p<.0001
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Figure 6. Immunofluorescence of PPARS and neurons (NeuN) in hypothalamus.
Coronal section of mouse brain immuno stained for PPAR® (green), neuronal nuclei
with NeuN (red), and nuclei with DAPI (blue) shows co-localization of PPAR®S in
neuronal (orange-yellow, solid arrows), and other nuclei (green and blue, dashed
arrows). Image was acquired with confocal microscope at 63x magnification and
represents at least 3 repetitions.
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Figure 7. Immunofluorescence of PPARS and axons (Smi312) in hypothalamus.
Coronal section of mouse brain immuno stained for PPAR® (green), neuron axons with
Smi312 (red), and nuclei with DAPI (blue), shows co-localization of PPAR®S in axons
(orange-yellow, solid arrows). Image was acquired with confocal microscope at 100x
magnification and represents at least 3 repetitions.
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Figure 8. Immunofluorescence of PPARS and dendrites (MAP2) in hypothalamus.
Coronal section of mouse brain immuno stained for PPAR® (green), neuron dendrites
with MAP2 (red), and nuclei with DAPI (blue), shows no co-localization of PPAR®S in
dendrites. Image was acquired with confocal microscope at 63x magnification and
represents at least 2 repetitions.
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Figure 9. Immunofluorescence of PPARS in hypothalamus and hippocampus. (A)
Coronal section of mouse brain immuno stained for PPAR® (green), astrocytes with
GFAP (red), and nuclei with DAPI (blue), shows no co-localization of PPAR®S in
astrocytes. (B) Coronal section of mouse brain immuno stained for PPAR®S (green),
neuron axons with Smi312 (red), and nuclei with DAPI (blue), shows co-localization of
PPARG®S in axons (orange-yellow), in hippocampus. Images were acquired with confocal
microscope at 40x (A) and 25x (B) magnification and and represents at least 2
repetitions.
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Figure 10. Immunofluorescence of RARa and neurons (NeuN) in hypothalamus.
Coronal section of mouse brain immuno stained for RARa (green), neuronal nuclei with
NeuN (red), and nuclei with DAPI (blue) shows co-localization of RARa in neuronal
nuclei (orange-yellow), and some surrounding structures. Image was acquired with
confocal microscope at 40x magnification and represents at least 2 repetitions.
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Figure 11. PPARSJ protein expression in brain fractions. (A) Schematic of
fractionation protocol adapted from Current Protocols in Neuroscience. (B) Western blot
detection of PPAR®J in brain fractions. Experiment performed once.
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Figure 12. Imnmunofluorescence of PPARS in fed and fasted states. Coronal section
of mouse brain immuno stained for PPARS (green), neuron nuclei with NeuN (red), and
nuclei with DAPI (blue), shows reduced PPAR® signal in axons in fasted state. Images
were acquired with confocal microscope at 25x magnification and are representative of
many images. Experiment performed 2 times.
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Figure 13. atRA activates transcription of RAR, not PPARGS target genes. Mature
primary hypothalamus neurons, DIV 16, were treated with DMSO vehicle, or 1 uM atRA,
or 1uM GW501516 for 17 hr. Expression of RAR and PPAR® target genes were
measured by RT-PCR, visualized on gels (A), and quantified by densitometry (B).
Pyruvate dehydrogenase kinase 1 (Pdk1); perilipin 2 (Plin2); angiopoietin-like 4
(Angptl4). N=2 wells of cells, data is representative of 2 repetitions. Densitometry data
are means + SE: * P <0.05, ** P<0.005.
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A. DMSO B. atRA

Figure 14. Inmunofluorescence of PPARS and FABPS5 in primary neurons. Mature
primary cultured neurons (DIC 16) were treated with DMSO vehicle (A) or 1 uM atRA
(B) for 30 min, then immuno stained for PPAR®S (red), FABP5 (green) and nuclei with
DAPI (blue). Panels in (B) display z-stacked images through the nucleus.

PPARS
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Figure 15. atRA attenuated leptin induced reduced AgRP secretion. Rat
hypothalamus tissue explants were treated with vehicle, leptin, and or atRA (doses
labeled) in neuropeptide secretion assay. Secreted AgQRP was quantified in medium by

ELISA assay. N=3-8 samples per condition. Data are means * SE, * P < 0.05, *™* P <
0.005 vs TrisHCI+EtOH vehicle; ** P < 0.0005.
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DISCUSSION

This project set out to define a mechanism of centrally regulated energy balance
by atRA in hypothalamus. While this goal was not achieved, data advances knowledge
in two research areas: 1) Hypothalamus was identified as a relevant and viable region
for atRA metabolism. 2) Localization of PPAR®S in neuron axons supports the possibility
of non-genomic function of this nuclear hormone receptor, in multiple brain regions.

| demonstrated quantitatively that atRA concentration was elevated in
comparison to other brain regions measured in mouse. Initial troubleshooting concluded
that small size of hypothalamus, approximately 7 mg wet tissue weight, required pooling
tissue from two to three mice to raise the atRA signal optimally and minimize variability
among equivalent samples. Additionally, retinoids normalized to protein, rather than
tissue weight, improved accuracy. Unfortunately, | was unable to detect changes in
atRA concentration during metabolic shifts in vivo. It is possible that atRA concentration
changes differentially according to cell type, or in cellular microenvironments, which
could both be undetectable in homogenate of heterogeneous tissue. Thus, evaluation of
atRA in response to metabolic perturbations in vivo may be inadequate due to technical
limitations of our current retinoid quantification assay. Alternatively, atRA may serve a
housekeeping function that is not responsive to metabolic alterations tested. Finally,
atRA function may be regulated independently of absolute concentration. The relative
expression of atRA binding proteins determines activation of cognate receptors to atRA
ligand (35), and examples of this regulation have been shown in cancer and cell
differentiation (35, 184). Differential chaperoning of atRA ligand may be the relevant
mechanism to steer atRA response, and regulation of, central metabolic shifts.

To characterize mechanistic response to atRA, | focused on PPAR®S receptor
because of its extensive role in metabolic regulation, and evidence that it responds
transcriptionally to atRA ligand. Confocal imaging of immunohistochemistry in brain
sections identified PPAR®S in neuronal nuclei and axons. PPAR®S in nucleus is expected
for transcriptional regulation of target genes. However, atRA does change expression of
select PPAR® target genes, nor cause nuclear import of FABP5. PPAR®S in axons may
be involved in anterograde transport or communication. There is evidence for local
translation of MRNAs in axons, with transcripts enriched in protein translational
machinery, transport, cytoskeletal components, and mitochondrial maintenance (185).
Regulation of local translation by PPAR®, and atRA ligand, would be analogous to that
by RARa in neuronal dendrites in hippocampus (36). It is unknown whether atRA may
serve as a ligand for non-genomic function of PPARS, or if FABP5 would serve as a
chaperone in such a context. Local translation was not tested directly in this project.
Apparent reduction of PPAR®S signal in axons of fasted versus fed mouse hypothalamus
would indicate metabolically driven turnover, and likely non-genomic function.
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Reports of PPAR®S functions in brain have emerged since my work on this
project. In a neuroblastoma cell line, both PPAR®S silencing and activation with agonist,
support that PPAR® modulates neuronal differentiation (186). Specifically, PPARS
activates signal transduction pathways ERK1/2 and brain-derived neurotrophic factor
(BDNF). Previous work identified MAPK (ERK) function in axon transport of
neurofilaments during neurogenesis and neuronal differentiation (187). Extending
research on atRA activation of PPARD, Yu et al. found that late stage neuronal
differentiation into mature neurons is mediated by transcriptional activity of PPARS, in
contrast to early commitment stage being mediated by atRA activation of RARa via
CRABP2 (184). The same group identified that another ligand of PPAR®Y, arachidonic
acid, up-regulated transcription of target genes associated with cognition in mature
neurons (188). Other reports on PPAR®S function in mature brain have utilized synthetic
agonists to evaluate therapeutic potential. Mice treated with PPARS agonist showed
improved performance in Morris water maze test, as an indicator of increased learning
and memory formation (189). Treatment with PPARd agonist in a rat model of induced
Parkinson’s disease significantly improved cognitive impairments, as demonstrated by
passive avoidance and Morris water maze tests (190). In a transgenic mouse model of
Alzheimer’s disease, treatment with PPARS agonist reduced inflammation and amyloid
burden, by increasing transcription of genes in amyloid clearance (191). While PPARS
expression is ubiquitious in brain, understanding of its function(s), with possible region
specificity, remain limited.

The goal of this project was to identify function of atRA in hypothalamus that
contributes to central nervous system regulation of energy balance, following the
hypothesis that atRA and leptin signals intersect at mTORC1 to regulate local protein
synthesis. Because a unique function of hypothalamus neurons is to secrete
neuropeptides involved in feeding regulation, | targeted secretion of peptides AgRP and
aMSH (processed POMC). Contrary to my expectation that atRA and leptin would
cooperatively activate mTORC1, atRA desensitized orexigenic neurons to leptin.
Attenuation of leptin response by atRA is predicted to interfere with satiety induced
feeding reduction. Indeed, hypothalamus neuron specific deletion of leptin receptor, as
well as addition of exogenous AgRP in vivo stimulate food intake and adiposity (192,
193). This data projects that atRA would cause animals to be hyperphagic and
overweight, which is contrary to established effects of atRA on energy balance. My
attempts to measure POMC, and cleaved peptide aMSH, under the same experimental
conditions were unsuccessful due to detection limits and viability of the tissue explant
model. Additionally, this experimental model of atRA treatment may not be relevant if
atRA concentration in hypothalamus does not change in response to metabolic
alterations.
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This work sets a foundation for study of atRA activity in hypothalamus, and
identifies localization of PPAR®S in axons. These observations may or not be related to
one another.
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Figure S1. Body weight and temperature. (A) Body weight change in mice fed LFD or
HFD for 6 wks prior to retinoid quantification in hypothalamus tissue (Ref Figure 2).
Data are means = SE, *** P < 0.0001. (B) Body temperature of mice during cold
exposure prior to retinoid quantification in hypothalamus tissue (Ref. Figure 3). Data are
means + SE, NS difference by 2-way ANOVA.
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Chapter 4

Effects of diet and strain on mouse serum and tissue retinoid concentrations

INTRODUCTION

Vitamin A (retinol) is essential for diverse physiological processes in post-natal
vertebrates, including modulating energy metabolism, supporting neurogenesis and
nervous system function, and sustaining the immune response (194-196). As an
autacoid derived from retinol, all-trans-retinoic acid (atRA) regulates transcription and
translation by activating nuclear hormone receptors (197—-199). Retinol that exceeds
demands for atRA production and for vision is stored as retinyl esters (RE), primarily in
the liver, but also in many other tissues (200). atRA auto-regulates its concentrations
through substrate depletion via enhanced RE biosynthesis by inducing lecithin:retinol
acyltransferase, and also through inducing its catabolism by inducing cytochrome P-450
isozyme expression (201, 202). Excess or deficiency of atRA has adverse effects, such
as abnormal fetal development and disruptions in regulation of energy balance (203,
204).

Most retinoid quantitation has been done on a few mouse strains, often fed
standard laboratory chow. Standard rodent chow consists of natural sources, which vary
in precise compositions, and contains copious amounts of nutrients, including vitamins
(205). In contrast, semi-purified diets provide a consistent nutrient composition in
amounts that meet the National Research Council recommendations for rodent nutrient
intake, while avoiding delivery of copious amounts of vitamins that can confound studies
of nutrient functions. The American Institute of Nutrition (AIN) has determined that the
minimum amount of vitamin A necessary for rodents is 2.9 IU/g diet, and recommends
an intake of 4 IU/g diet to provide a margin of safety (206, 207). Chow contains from 12
to >20 IU vitamin A/g diet, and likely provides even more depending on the carotenoid
content of the natural products used to formulate the diets (208). The upper limit of
vitamin A for human consumption has been recommended as no more than 3-4 times
the recommended dietary allowance (RDA) (209). Vitamin A in rodent chow diet is ~5
times the recommended intake for rodents, and therefore is exceptionally copious.

The present study focused on the impact of dietary vitamin A intake on retinoid
status in five strains of mice. Mice bred from dams fed standard rodent chow were
weaned onto a vitamin A-sufficient diet (VAS), the AIN93G semi-purified diet with 4 1U
vitamin A/g (206). After five weeks of VAS feeding, tissues of the first generation were
collected and analyzed for RE, retinol and atRA concentrations. This first generation
was used to breed a second generation, and the second was used to breed a third
generation, while continuously being fed a VAS. Tissues and serum of the third
generation were analyzed at a similar age as the first generation. The experimental
design allowed for evaluation of the impacts of diet and strain on endogenous tissue
retinoids.
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MATERIALS AND METHODS

Mice and diets

Mice were purchased from Jackson Laboratories at weaning (first generation). Mice
strain and catalog numbers are: 12951/SvimJ (002448); C3H/Hed (000659);
BALB/cByJ (001026); AKR/J (000648); C57BL/6J (000664). First generation mice had
been bred from and nursed by dams fed a chow diet (Lab Diet JL 6%, catalog 5K0Q),
which contained copious amounts of vitamin A, as retinol, RE, and B-carotene (= 20 |U
total vitamin A/g diet). Upon arrival, mice were fed an AIN93G semi-purified diet (Dyets,
catalog 110700) with sufficient vitamin A (4 |U/g diet) in the form of retinyl palmitate.
The VAS was maintained throughout the study for all mice (dams and pups), including
during breeding, nursing, and after weaning. Mice were housed up to five per cage with
littermates, and fed ad libitum for the duration of the study. Mice were euthanized in the
morning, at 9-10 weeks old. This study was done in strict accordance with the
recommendations in the Guide for the care and use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Animal Care and Use
Committee of UC-Berkeley.

Quantification of retinoids

Retinoid concentrations were quantified in 6 to 10 male mice per group. Tissues were
collected under yellow light, weighed, and frozen immediately in liquid nitrogen. Tissues
were thawed on ice and hand homogenized in 0.9% saline. Retinoids were recovered
by a two-step acid and base extraction (210). All materials in contact with samples were
glass or stainless steel. Internal standards were used to calculate extraction efficiency
of retinoids. RE and retinol were extracted and then quantified by HPLC-UV as
described, with retinyl acetate as internal standard (211). atRA was extracted and
quantified by LC/MS/MS as described, with 4,4- dimethyl atRA as internal standard
(212, 213).

Statistics

Data are presented as mean * standard error (SE) and were analyzed using two-tailed,
unpaired student's ¢ tests or linear regression analysis.

79



RESULTS

Serum and tissue RE concentrations

Serum RE concentrations occurred in a limited range from 0.1 to 0.24 nmol/L in
the first generation mice switched to a VAS (Figure 1A). By the third generation of VAS
feeding, serum RE in the C3H, AKR and 129 strains increased ~2-fold, decreased 86%
in C57 mice and did not change significantly for BALB mice, with a range from 0.2 to
0.35 nmol/L for the five strains. Liver RE concentrations were greater in first-generation
than in third generation mice for all but C57 strain, and spanned a wide range (~360 to
1000 nmol/g tissue). RE in the third generation of C3H, AKR and BALB mice decreased
42, 64 and 73%, respectively, relative to the first generation. In the 129 strain, the 27%
decrease was not statistically significant (P = 0.3). Liver RE of C57 were unaffected by
long-term VAS. The range of liver RE in the third generation varied from ~100 to 580
nmol/g tissue). Kidney RE concentrations were similar regardless of strain for first-
generation mice, ranging from ~10 to 13 nmol/g, and remained the same for the VAS-
fed C3H and 129 strains into the third generation. RE in kidney of the third generation
mice increased 34% in AKR, and decreased 92 and 54% in C57 and BALB mice,
respectively. The range for kidney RE in the third generation was broad (1 to 13.3
nmol/g tissue). Testes RE concentrations occurred in a tight range regardless of strain
in first-generation mice (0.7 to 1.2 pmol/g tissue), and did not change significantly in
mice fed a VAS into the third generation (0.8 to 1.5 pmol/g tissue). RE concentrations in
white adipose were the lowest of the tissues assayed, ranging from ~0.17-0.3 nmol/g in
first-generation mice. Long-term VAS did not significantly change white adipose RE in
C3H and C57 strains, but resulted in a >60% decrease in AKR, a 1.8-fold increase in
129, and a 40% decrease in BALB. The range of RE in white adipose, 0.15t0 0.3
nmol/g tissue, was similar for third generation as first generation mice fed VAS.

Serum and tissue retinol concentrations

Serum retinol concentrations were nearly identical regardless of mouse strain in
first-generation mice fed a VAS, ranging from 1.1 to 1.3 nmol/ml (Figure 1B). Serum
retinol increased 18, 35, 50, and 60%, respectively, for long-term VAS-fed C3H, 129,
C57 and BALB strains, but did not change in the AKR strain. A VAS broadened the
range to span from 1.1 to 1.7 nmol retinol/ml. Liver retinol concentrations spanned a
limited range of 3.6 to 6.9 nmol/g in first-generation mice. Long-term feeding a VAS diet
increased liver retinol 25 to 100% in C3H, C57 and BALB strains, decreased retinol
55% in AKR, and did not change retinol in 129 mice. This resulted in a much broader
range of liver retinol values, 2.8 to 13 nmol/g tissue, compared to the first generation.
Kidney retinol concentrations spanned a limited range of 1.4 to 2.1 nmol/g in first-
generation mice, and varied widely with strain in response to long-term VAS-feeding,
remaining the same in the C3H and 129 strains, increasing 38 and 26% in AKR and
C57 strains, respectively, and decreasing 50% in BALB. This resulted in an expanded
range of ~1 to 2.5 nmol/g tissue. Testis retinol concentrations ranged from 0.3 to 0.6
nmol/g in first-generation mice, and also reacted in a strain-dependent manner to long-
term VAS-feeding, resulting in no change for 129 and BALB mice, a ~20% decrease in
C3H and C57 mice, a 33% increase in AKR. The range was only modestly affected,
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however (0.3 to 0.8 nmol/g), in third generation mice. White adipose retinol
concentrations were very close regardless of mouse strain in first-generation mice,
ranging tightly from ~0.6 to 0.8 nmol/g tissue. Long-term VAS did not significantly affect
white adipose retinol concentrations in C3H, 129, or BALB strains, but produced a 39%
decrease in AKR, and a 38% increase in C57. The range of white adipose retinol
broadened to 0.4 to 1 nmol/g.

Serum and tissue atRA concentrations

Serum atRA concentrations were similar in the five strains in the first generation,
ranging from 3.8 to 5.4 pmol/ml (Figure 1C). Long-term feeding a VAS did not alter
serum atRA significantly, except for BALB mice, which responded with a 68% decrease.
Liver atRA concentrations decreased with long-term VAS feeding 21, 62, and 53% in
C3H, AKR, and C57 strains, respectively, but did not change in 129 and BALB mice.
The range of liver atRA narrowed from ~9 to 24 pmol/g tissue in first generation to ~8 to
13 pmol/g tissue with long-term VAS. Kidney atRA concentrations in first generation
mice ranged from 7 to 13 pmol/g tissue. Long-term VAS caused kidney atRA to
decrease from 37 to 52% for all but the BALB strain, which remained unaffected. This
resulted in a reduced range of ~5 to 9 pmol/g tissue. Testis atRA concentrations ranged
from 13-20 pmol/g tissue in first generation strains, i.e. similar to the values in liver.
Long-term feeding VAS decreased testis atRA 30 to 66% for all strains except C3H,
which was unaffected. The range of testis atRA reduced to ~6 to 13 pmol/g tissue—
again similar to concentrations measured in liver. White adipose atRA concentrations
were very similar among strains in the first generation assayed, ranging tightly from 4 to
4.8 pmol/g tissue, with an average value of 4.5 pmol/g tissue. Long-term feeding VAS
did not change white adipose atRA in the C3H and C57 strains, but decreased it 69, 53
and 62% in the AKR, 129 and BALB strains, respectfully. The strain-specific response
to VAS increased the range of white adipose atRA to ~1.5 to 4.2 pmol/g tissue.

atRA generally decreased in tissues of mice fed the VAS diet for three
generations, with 14 of 20 tissues in the five strains showing significant decreases. atRA
did not change significantly in the remaining 6 tissues, and in no case did it increase
with VAS. Although the effects of reducing the amount of dietary vitamin A on tissue
atRA were both strain and tissue dependent, the relative orders of atRA tissue
concentrations remained the same in the first and third generations. Liver and testis had
the highest concentrations, kidney had intermediate concentrations, and white adipose
had the lowest concentrations.

Serum atRA values clustered in both the first and third generations (except for
BALB in the third generation) and therefore were dependent on diet rather than strain.
This clustering of atRA values in serum contrasts with tissue-specific variations, and
indicates that serum atRA does not reflect or predict tissue atRA concentrations. Neither
did serum retinol reflect tissue atRA. Further, no linear correlations were observed
between retinol and atRA concentrations in serum or tissues from either generation
(Figure 2). Linear regression analysis of each data set revealed none with a slope
significantly different from zero.
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Figure 1. Retinoids in serum and tissues of five mouse strains. (A) Retinyl esters
(RE), (B) Retinol and (C) all-trans-retinoic acid (atRA). Mice were fed a VAS after
weaning from dams fed a chow diet (generation 1). Generation 1 mice were maintained
and bred on the VAS, continuing into the third generation. Retinoids were quantified in
male mice after week 9 of the first generation (open bars), or week 10 of the third
generation (filled bars). Tissues and serum of 3 to 10 mice were assayed for each strain
and generation: eWAT, epididymal white adipose tissue. Data are means + SE: *P <
0.05; **P < 0.005, ***P < 0.001 relative to first generation values.
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Figure 2. Relationships between retinol and atRA. Retinol (x-axis) and atRA (y-axis)
values for serum and tissues from first generation (left column) and third generation
(right column) fed a VAS (eWAT, epididymal white adipose tissue): O, C3H; A, AKR; B,
129; ®, C57; O, BALB. Linear regression analysis for each tissue and generation
verified that none of the slopes differed significantly from zero.
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DISCUSSION

Previous reports with mice fed copious vitamin A have shown that liver RE
correlate directly with dietary vitamin A levels when mice are challenged with even
greater dietary vitamin A, or fed a vitamin A-deficient diet (214, 215). The impact,
however, of transitioning from a chow diet to a VAS had not been studied, nor had strain
differences been addressed. The present study addressed these issues, and revealed
that the transition of copious to sufficient dietary vitamin A affects retinoid homeostasis
with strain and tissue-specificity. The decreases in atRA with a decrease in dietary
vitamin A across the five strains show that retinol availability affects atRA
concentrations, even with modest changes in dietary vitamin A, but the lack of
correlation between retinol and atRA concentrations indicates that strain-specificity
determines the exact relationships between the two. Although atRA decreased in
general with a decrease in dietary retinol, sometimes greater than 60%, the magnitudes
of the decreases did not adhere to quantitatively predictable patterns. This partial
dependence of atRA on dietary vitamin A, and its strain and tissue-dependent variation,
would have physiological consequences because relatively modest 2-fold increases in
atRA concentrations can have toxic effects (203). Even in the absence of toxicity,
increased atRA via increased dietary retinol may have profound consequences.
Phenotypes resulting from ablation of genes that modulate retinoid homeostasis can be
rescued by a chow diet (copious vitamin A). For example, when fed chow diet Rbp4-null
(Rbp4 encodes the serum retinol binding-protein) mice reproduce and grow normally,
experiencing only modestly impaired vision, but when fed a VAS diet fail to thrive and
reproduce (216). Similarly, Rdh1-null mice fed a chow diet do not display a phenotype,
but when fed a VAS become 230% heavier than wild-type littermates, even when fed a
low-fat diet (217). Rbp2-null (Rbp2 encodes cellular retinol binding-protein type 2) mice
nursed by dams fed a chow diet show no phenotype, but when nursed by dams fed a
diet limited in vitamin A have high neonatal mortality (218). These observations are
consistent with evolution of retinoid homeostasis associated-proteins enabling animals
to efficiently use and thrive on limited dietary vitamin A. Copious dietary vitamin A may
allow synthesis of atRA by non-physiological paths, independent of retinoid-chaperoning
proteins, and thereby would obscure the functions of proteins that evolved to increase
the efficiency of vitamin A use. Even with phenotypes that manifest in mice fed a diet
with copious vitamin A, the higher vitamin A levels of chow diets might ameliorate the
severity of the phenotype or reduce its complexity. Because atRA has multiple actions
in diverse tissues, and laboratory mice are rarely challenged to the extent of mice living
in the wild, the ameliorating impact of a chow diet on a knock-out would not necessarily
be obvious. The combination of a protected environment and a chow diet can
reasonably be expected to prevent manifestations of phenotypes, and therefore could
render a gene ablation non-informative.

Surprisingly, not all strains responded to decreased dietary retinol with a
decrease in liver RE. Two of the most popular strains used to ablate genes, 129 and
C57, did not experience significant decreases in liver RE over three generations of
feeding a VAS. This phenomenon of conserving RE, even during reduced dietary
intake, likely underlies the common observation that mice are difficult to render vitamin

85



A deficient, if bred from dams fed a diet copious in vitamin A. Other results also were
not anticipated, such as the C57 strain having a very large decrease in kidney RE
during long-term VAS feeding, while liver RE resisted change. The strain-specific effect
of diet on white adipose RE and the lack of correlation with liver RE also were not
anticipated. Increases in serum RE and retinol with decreases in dietary vitamin A in
four of five strains also were not anticipated, and perhaps reflect enhanced mobilization
from liver to support extra-hepatic tissue atRA biosynthesis. The inconsistent changes
in tissue retinol with decreases in dietary retinol were another unexpected outcome, and
indicate that tissue retinol concentrations were more strain than diet dependent in mice
fed a VAS.

Serum atRA exchanges with tissue atRA, except in testis (219). The blood-testis
barrier prevents physiological amounts of circulating atRA from entering Sertoli and
germ cells. Instead, retinol permeates the blood-testis barrier and supports atRA
biosynthesis in situ. Therefore, testis atRA would most likely reveal the true nature of
the relationship between tissue retinol and atRA, compared to other tissues. The
amount of dietary retinol affected the steady-state concentrations of atRA in testis in a
strain-specific final concentration, just as with other tissues, which reinforces strain
dominance of the retinol-atRA relationship (except for the AKR strain).

Strain dependent retinoid concentrations suggests differential activity and/or
expression of enzymes that catalyze retinoid homeostasis. Biosynthesis and catabolism
of atRA are regulated to meet biological demand and remain within a safe range.
Retinol from diet, or mobilized from RE by retinyl ester hydrolases is substrate for atRA
biosynthesis (220). Two sequential reactions from retinol catalyze synthesis of atRA.
Retinol dehydrogenases (Rdh) catalyze the first and rate limiting reaction that converts
retinol into retinal. Retinal dehydrogenases (Raldh) catalyze the conversion of retinal
into atRA (202). Various cytochromes P-450 (Cyp) catabolize atRA (201). Multiple
isozymes of Rdh, Raldh and Cyp contribute to atRA biosynthesis and catabolism. These
data also indicate that the concentrations of atRA are tissue autonomous, because the
relative amount in each tissue differs with strain. For example, the relative order of atRA
in thirds generation VAS liver was C3H ~ 129 > BALB > C57 > AKR, but in kidney was
BALB > AKR ~ 129 ~ C57 > C3H. This observation suggests that a comparison of
retinoid metabolizing enzyme expression in tissues of various strains could provide
insight into the enzymes that predominate in maintaining atRA homeostasis.

Understanding the impact of dietary vitamin A on retinol and atRA levels would
be important to understanding retinoid homeostasis and to the study of animals with
disruptions in retinoid homeostasis-regulating genes. This work showed that: 1) copious
vitamin A, such as used in chow diets, increases tissue atRA markedly; 2) decreasing
dietary retinol decreases serum and tissue atRA with strain-specific degrees; 3) neither
serum retinol nor atRA reflect tissue atRA concentrations; 4) RE concentrations react to
a decrease in dietary vitamin A with strain and tissue-specific effects; 5) replacing a
copious vitamin A diet (chow) with a VAS for one month (generation 1) did not reduce
serum and tissue atRA levels to those achieved with long-term VAS feeding (generation
3). These data quantify the impact of dietary vitamin A on endogenous retinoid
concentrations, and highlight both strain and tissue-specific differences that could have
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profound effects on retinoid action. Notably, elevated atRA in tissues of mice fed
copious vitamin A could rescue or mask phenotypes generated by ablating retinoid
homeostasis-regulating genes.
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Conclusions and Discussion

RA homeostasis is intricately regulated by layers of binding protein chaperones,
enzyme accessibility, as well as feed-back and feed-forward regulation of synthesis and
catabolism, respectfully. Consequently, retinoid-homeostasis is maintained within a safe
biological range. Perhaps more interesting, atRA synthesis and catabolism is pliable
and responsive to external stimuli. Long evidenced by spatial and temporal expression
of retinoid-regulating genes during development to drive patterning and cell
differentiation, adequate atRA is essential and excessive atRA is teratogenic. Research
in this dissertation characterizes dynamic atRA synthesis in mature animals. Application
of modern techniques and protocols enabled sensitive and sophisticated quantification
of endogenous retinoids. Genetically wild type and metabolically normal models,
allowed for detection of regulation during acute shifts in energy status, and by dietary
vitamin A. The transition between fasting and feeding defines a switch in nutritional and
hormonal stimuli systemically, is physiologically relevant, and translatable to higher
mammals. Surprisingly, atRA concentrations change in fasted and re-fed mice, with
apparent tissue and temporal specificity. My work focused on synthesis regulation to
identify a mechanism of atRA response. Research described in this dissertation, and in
progress by other members of the Napoli lab, is first to characterize metabolic regulation
of Rdh expression, and related shifts in atRA concentrations. | expect this is just “the tip
of the iceberg” for integrated regulation of energy and retinoid metabolism. Generally, |
observed a global increase in atRA concentration and expression of atRA synthesis
genes in tissues of fasted animals, and those fed copious dietary vitamin A. Conversely,
| observed a decrease in atRA and synthesis in animals that were re-fed following a
fast, and those fed sufficient vitamin A. A brief summary of specific contexts is
described as follows:

In liver, atRA was elevated with fasting and reduced with re-feeding after 9 and
12 hr, but not 6 hr. mRNA expression of Rdh10, Rdh1, and Rdh5 were elevated with
fasting and reduced with re-feeding after 6 hr, thus preceded the reduction in atRA, and
was consistent with regulated synthesis. Rdh10 expression was similarly reduced by
oral gavage glucose and i.p. insulin, but not i.p. glucose or GLP-1 analog. The reduction
in atRA concentration was likely a result of both reduced synthesis and increased
catabolism, however only the former was addressed directly. Regulation of Rdhs
expression was generally reduced by re-feeding in other tissues measured, including
pancreas, brown adipose and kidney, but not white adipose. A global reduction in atRA
synthesis is consistent with associations of atRA with reduced body weight and
increased insulin sensitivity. The intriguing observation of Rdh regulation, with specificity
by tissue and magnitude of change, warrants further research. Focus on Rdh10
regulation in the human hepatoma (HepG2 cell) model identified that insulin suppressed
transcription, dependent on PI3K, AKT, and inactivation of FOXO1. Key aspects of that
mechanism were consistent for Rdh16 expression, which emphasized biological
importance of dynamically regulated atRA synthesis.
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In pancreas, 9cRA was elevated with fasting and reduced with feeding and
glucose (32). Pancreas expression of Rdh5 was elevated in fasted and reduced in re-
fed mice. Mechanistic characterization of the cis- active Rdh5 in 832/13 beta cell model
identified transcriptional repression by glucose and cAMP. Additionally, overexpression
of Rdh5 was sufficient to increase 9c-retinal and 9cRA synthesis. Elevated 9cRA in
fasted pancreas is thought to prevent hypoglycemia, and dynamic regulation of 9cRA
concentration allows for maximal glucose stimulated insulin secretion.

Research efforts in hypothalamus identified active atRA metabolism, and
detection of PPAR® in neuron axons, which established the potential for non-genomic
function. Recent advances in the nuclear hormone receptor field have uncovered
multiple examples of non-genomic regulation, with common activation of MAPK
signaling pathways (29). It will be interesting to see what function(s) are determined for
PPARS® in hypothalamus, as well as other brain regions, and also if atRA is a ligand in
such contexts.

Finally, endogenous retinoids were measured in tissues of five mouse strains in
response to dietary vitamin A over three generations. Switching mice from copious
vitamin A, in chow diet, to sufficient vitamin A, in AIN93G diet, generally reduced atRA
in most tissues of most strains. Dietary vitamin A had strain and tissue-dependent
effects on retinoid concentrations, and is expected to impact physiological processes
regulated by atRA. Specifically this insight emphasized the importance of feeding
animals sufficient, rather than copious, vitamin A for evaluation of regulated retinoid
homeostasis, especially genetic knock out models. Furthermore, results predict strain
and tissue-specific response of genes regulating biosynthesis and catabolism of atRA,
according to dietary vitamin A.

Future directions of this research may include additional characterization of
mechanisms regulating Rdhs. This should evaluate applicability of the regulatory signals
identified here, to other genes and tissues. Regulation of Rdh expression in vivo by re-
feeding was recapitulated by glucose and insulin, with specificity according to tissue,
gene, and route of administration. Sorting out response to glucose and insulin for other
tissues would predict whether the intracellular signaling through PI3K, AKT, and
FOXO1, is conserved among tissues. It may also be informative to test whether
macronutrients can regulate Rdh expression, and atRA levels. There is evidence for
branch chain amino acids, specifically leucine, to activate mTORC signaling, and atRA
activation of mTORC may indicate an intersected regulation of nutrient sensing and
retinoid metabolism (221, 222).

In the HepG2 model, transcriptional regulation of Rdh expression and enzyme
activity correlated directly with one another. However, specific knock down of each Rdh
isoform is necessary to demonstrate causative relationship between a specific Rdh and
functional synthesis of atRA. While redundancy of Rdh activity presents limitations,
consistent regulation of the two major all-frans- Rdhs, namely Rdh10 and Rdh16,
emphasizes the biological importance of controlled atRA synthesis. Also unresolved is
the protein expression of RDHs mediating activity. Continued research on RDH
regulation should elucidate protein expression, stability, and the relationship between
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regulated transcription, translation, and activity. Extensive efforts were unsuccessful to
quantify a change in RDH10 protein expression under different metabolic conditions.
Poor quality and specificity of RDH antibodies may contribute to inability to detect
expected changes. It also may be that the amount of change in protein expression
necessary to confer a change in enzymatic activity is very small, and together with low
absolute expression of RDHSs, is undetectable by western blot approach. Another
possibility is that post-translational modification of RDH determines activity, although
that would seem independent of mMRNA regulation uncovered here. There is evidence
that nuclear hormone receptors are modified by phosphorylation and sumoylation,
introducing the possibility that other regulatory proteins in retinoid metabolism may be
similarly modified (29).

In HepG2 cells, serum deprivation caused mRNA amount and stability to
increase, and stabilization required protein synthesis. Following evidence that CRABP2
interacts with ELAV-like 1 RNA binding protein, HUR, we hypothesized that elevated
atRA in a fasted state would bind CRABP2 to release stabilization of RDH10 message,
as another means of auto-regulation (116). But, atRA did not destabilize Rdh70 mRNA,
and the mechanism of message stabilization remains a topic for future research. HUR is
in a class of RNA binding proteins that stabilize mRNAs by binding characteristic AU-
rich elements (ARE) in the 3’ UTR. A prediction program, AREsite
(http://rna.tbi.univie.ac.at/cgi-bin/AREsite.cgi), identified three sequences for RDH10,
generating a testable hypothesis for stabilization by HUR and related proteins (223).
Generally it will be interesting to learn if regulation of Rdh, and hence atRA synthesis, is
driven by transcriptional activity, or also involves regulated translation.

The timeframe of regulation prompts questions about physiological impact of
dynamic atRA concentrations on metabolic fluctuations. Referencing re-feeding data in
vivo, | detected reduced Rdh expression after 6 hr, and reduced atRA concentration
after 9 hr, in liver. Thus, transcriptional activity driven by atRA is unlikely to mediate the
metabolic shift, from glucose to production to energy storage in liver, because the time
lags far behind feeding initiation. Conversely in vitro data models a transition from
medium complete with serum, to that deprived of serum, and | detect significant
increase in Rdh expression within 2 hr. | did not test how soon a change in synthesis
may be detected, but rather designed experiment with 16 hr of serum exposure. During
a fast, hepatocytes activate gluconeogenesis to generate glucose for hepatic export and
hypoglycemia prevention, by increasing expression of Pck1, G6pc and others (224).
Pck1 is a target gene of atRA, and in a fasted state elevated atRA will increase
transcription of Pck1 and reinforce shift toward glucose production. Re-feeding, and
insulin signal in particular, reduce transcription of Pck1 by inactivating FOXO1 (105).
Thus, insulin suppresses expression of both Rdh and Pck1, and the consequential
reduction in atRA reinforces reduced transcription of Pck1. The challenge comes in
reconciling the length of time for atRA to respond to energy state, initiate transcriptional
regulation of a target gene (i.e. Pck1), which then regulates energy storage and
utilization. | propose that metabolically driven changes in atRA synthesis contribute to
regulation on a longer timescale than that of meal pattern throughout a day, such as a
diurnal cycle. Observations may also be interpreted as Rdhs, and consequently atRA
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synthesis, are suppressed during the day, when circulating blood glucose and insulin
are fairly stable; and are elevated during a prolonged overnight fast. Of course, atRA is
one of many signals orchestrated to achieve biological homeostasis.

The small molecule atRA causes an astonishing number and variety of biological
consequences. Diversity is achieved by differential receptor mediated transcriptional
regulation, and also non-genomic functions. Increasing examples of MAPK activation by
extra-nuclear RARs broadens the scope of atRA functions to include rapid activation of
intracellular signaling pathways (29). Adaptability of atRA to metabolic signals through
altered synthesis further diversifies its potential, and provides a physiological basis for
metabolically driven transcriptional regulation. Tissue specific examples of transcription
targets of elevated atRA in energy insufficient state include Pck1 in liver to increase
gluconeogenesis, Ucp1 in brown adipose to produce heat, and Pref1 in white adipose to
suppress adipogenesis (39, 47, 64). Dynamic regulation of atRA enables understanding
of the systemic integration between retinoid and energy metabolism.

Retinoid metabolites and synthetic analogs are used to treat cancer and skin
disorders (1-3). Recognition of atRA sensitivity to metabolic conditions lends to possible
therapeutic application. Suppression of RDH expression by feeding, glucose and
insulin, predicts that in glucose intolerant and insulin insensitive states, the lack of
cellular uptake and response to glucose and insulin would disable regulation, and lead
to elevated atRA. While potency and non-specific targets of atRA pose safety concerns,
extending research on Rdh and atRA synthesis regulation to models of metabolic
dysfunction would be interesting and informative toward clinical relevance.

In summary, the research projects reported in my dissertation demonstrate
original and novel integration of retinoid and energy metabolism. | have demonstrated
dynamic regulation of atRA synthesis according to acute shifts in metabolic energy
status and dietary vitamin A conditions. From exploring the mechanistic regulation of
three major Rdhs in two tissue models it is evident that, despite tissue and gene
autonomous impacts, there is a general trend towards reduced RA synthesis in energy
sufficient state, consistent with the notion that atRA is protective against metabolic
dysfunction.
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