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Abstract

The Function of Retinol Dehydrogenase 1 in

Retinoic Acid Synthesis and Metabolic Regulation
by
Charles Robert Krois
Doctor of Philosophy in Comparative Biochemistry
University of California, Berkeley
Professor Joseph L. Napoli, Chair

Retinol dehydrogenases (RDH) convert retinol into retinal, the intermewlitite
biosynthesis of retinoic acid. Atlans-retinoic acid (atRA) regulates gene transcription and/or
translation through retinoic acid receptors (RARs) and RPAR To test function dRdhl, an
efficient (Vima)Km) and widely distributed RDH (2), our lab creafahl knockout (KO) mice
(3). Initial study ofRdh1-KO mice determined that when fed a low or vitamin A-deficient
(VAD) diet, Rdh1-KO mice gain 33% more weight than wild-type (WT). However, when fed a
chow diet (22+ IU vitamin A/g diet—i.e. copious), KO mice appeared identical to WT

Our continued work on thedh1-KO mouse reveals additional insight into the role of
Rdhl in both retinoic acid synthesis and energy regulation. Both a 10% increase lndedgt
33% increase in adiposity contribute to weight gain in VAD-fed KO animals. Based on
measurements of adipocyte size, increased adiposity results from hggegilwhite adipose
tissue Rdh1-KO mice, fed a diet with the recommended amount of vitamin A (4 IU/g), also
increase in weight and adiposity, but not length. Interestingly, high fat daihtefails to
exacerbate weight or adiposity. Increased weight contributes to a dedRdieliKO mouse
health. Whereas young animals respond normally to tests of glucose and oistdince, older
Rdh1-KO mice become insulin resistant and glucose intolerant, with 2.5-fold highdninsul
levels. These changesRdh1-KO glucose metabolism cannot be attributed to changes in
pancreatic SGis-retinoic acid (9cRA) (4). As expected in heavier animals, leptin levads al
increase 1.8-fold ilkdh1-KO mice. In addition, loss d®dhl reduces circulating thyroid
hormones T4 and T3 by 12% and 17%, respectively, though TSH levels remain unchanged.
These data demonstrate that atRA, generatétiby, contributes to control of body weight, and
does so to a physiologically relevant extent.

Increased weight results from either increased caloric intake aradect energy
expenditure. OveralRdh1-KO mice move just as much as WT, and their food intake increases
only in proportion to body weight. Normalized to body weight, we observe no change tp energ
expenditure by indirect calorimetry. Thermogenesis, the generation dbheatly temperature
maintenance, also contributes to energy expendiRaiel-KO mice respond normally to cold
challenge an@s-adrenergic stimulation, but appear reduced in body temperature, egpeciall
when stressed by fasting. Consistent with these observations, the brown adfues@AT) of
Rdh1-KO mice expresses normal levels of flaeandps-adrenergic receptors and lower levels of
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Gbpar1l, a bile acid receptor also involved in thermogenesisJ&)l expression increases when
KO mice are fasted and returns to WT levels upon refeeding, suggesting UCP hsatepéor,
rather than causes, reduced thermogenesis.

We used stable isotopes to measigraovo lipogenesis and triglyceride turnover in
Rdh1-KO animals. Long term studies reveal redudedovo lipogenesis, with less newly
synthesized palmitate accumulating in white adipose tissue. In shorttteliessbrown adipose
accumulated less new palmitate during 5 hours of refeeding. Comparableofeotdd palmitate
per gram tissue suggest increased storage of dietary lipid. Reduced deteswaflipogenesis,
however, cannot explain increased adipositigdh1-KO mice.

In samples of liver, white and brown adipose, we measured the relative |letresubst
common fatty acids. In animals refed after fasting, the relative contnibatistearate is less in
the brown adipose and liver Bih1-KO mice. Inad lib fed animals, white and brown adipose
have reduced relative stearate levels. These changes to lipid composifikalpadue to
reduced expression of elongddevi6 in Rdh1-KO livers.

Loss ofRdhl does not affect atRA, retinal, retinol or retinyl ester levekdihb fed mice
in any tissue studied. However, studies of atRA during fasting and refeediragl pimsightful to
atRA function in WT and KO animals. In WT animals, atRA levels increase 1.3-1.fafol
brown adipose tissue when refed 2-4 hours after a fast. In liver, atRA leviahe @880 after 5
hours of refeeding. Furthermore, reductions in hepatic retinol and retinytlasiteg refeeding
coincide with transient increases to serum levels, suggesting exporhofdéti the transition
from fasting. Cold exposure had a similar impact on liver retinoids, but did not affets In
brown adipose tissue. During refeediRghl1-KO animals fail to maintain normal atRA levels in
BAT and appear delayed in the export of retinol and esters from liver to serum.

Gene expression of retinoid synthesis genes also suggests coordinatiorot reti
metabolism with fasting and refeeding. In brown adipose tis&ld, Aldhlal, Rbpl, Rbp4 and
Rbp7 expression decrease between fasting and 6.5 hours of refeeding. IncreAsekspie
decreased gene expression, suggests additional regulatory mechanisms gh#iBg\ssin
BAT. In liver, multiple Rdh Rdh1, Dhrs9, Rdh10), retinal dehydrogenaseal@hlal, Aldhla2,
Aldhla3), retinol binding proteinsRbpl, Rbp4) andCyp2c39 decrease expression during
refeeding. AlternatelyCyp26al expression increases with refeeding. Hepatic gene expression
changes during refeeding are generally consistent with decra&sedAalditional work on
retinoid gene expression suggests some of these expression changes boc@rswiours of
refeeding and that high retinol diet disrupts the regulation of some retinoidot&tagenes.

To better understand the molecular mechanisms underlyirRgtiieKO phenotype, we
performed global gene expression analysis in liver, epididymal white adigese (EWAT),
testes and brown adipose tissue. Despite little t&dind expression in EWAT, we found nearly
3,000 gene changesRahl-KO. We suspect many of these changes are secondary to weight
gain. Microarray of liver, EWAT and BAT identified the ge@bpl upregulated ifRdh1-KO
mice. Using gPCR, we found increases of 3-fold, 40-fold, and over 500-fold, respectiaaly. M
inflammatory cytokines regulate the expressiobpl, yet serum levels of TNFand IL-6
appear normal in KO mice. Based on our microarray study, we identifiezhged expression of
Capl, Klf2, Rbp4 andGmpr and decreased expressiorAdhl, Car5b andOrm2. Interestingly,
increasedRbp4 expression does not lead to increased BAT expressiBpanf) or Socs3, gene
expression targets of RBP-STRAG signaling (6). We have yet to detewhiole gene changes
in BAT are direct retinoic acid targets or which lead to the weight andsithpncreases in
Rdh1-KO mice.



Rdh1-KO mice differ in phenotype frorRdh16- andRbp1-KO mice and mice
heterozygous for aRdh10 point mutation Rdh10 Mut Het). PhysiologicallyRbp1-KO mice
move less and expend less eneRppl- andRdh16-KO mice have increased pancreatic 9cRA.
Rdh16-KO mice also show changes to androgen synthesis genes ifRtitr@0 Mut Het mice
have reduced atRA in cortex and cerebellum.

All'in all, this work suggests that RDH1 biosynthesizes atRA to regulateyenerg
metabolism, and also supports the hypothesis that individual RDH generate gsbisabf
cellular atRA to support specific retinoid functions. Perhaps, predisposition tbtwgeig in the
human population can be attributed to abnorRull activity.



To my mom and dad.
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The Function of Retinol Dehydrogenase 1 in Retinoiécid Synthesis
and Metabolic Regulation

Introduction

Retinoid Metabolism Overview

Vitamin A or retinol is a small, lipid soluble nutrient essential for normal fanah both
vertebrates and invertebrates (8). First described in 1913 by McCollum (@jicsdluble A,"
nearly 100 years of research have shed light onto the roles of retinol in humans and other
mammals. However, many questions remain about the metabolism of retingultdicn and
its impact on physiology, especially that of energy metabolism.

Dietaryretinol derives from one of two sources: esters, such as retinyl palmitate, or
carotenoids, such discarotenef-carotene and other carotenoids are cleaved primarily in the
intestine by carotenoid monooxygenases (CMO). Cleavageafotene results in two
molecules of allrans-retinal (at-retinal). Alternately, humans can store carotenoids in &lipos
tissue as a pro-vitamin source of retinol. Such storage, however, is rarely saéiee (10). At-
retinal from cleavage of carotenoids can be converted intoaali-retinol (at-retinol) by
retinoid reductases (RRDs) or #déans-retinoic acid (atRA) by retinaldehyde dehydrogenases
(RALDHS). Lecithin retinol acyltransferase (LRAT) then convertmattnto retinyl esters
(RE), which are packaged, along with lipids, into chylomicrons. RE are stored aretifor
many tissues, with the liver and adipose tissues acting as the primary skepatge Liver and
adipose tissue can mobilize RE stores, hydrolyzing esters into at-retihexporting vitamin A
into the blood bound to retinol-binding protein (RBP). To avoid renal excretion, RBP circulates
bound to transthyretin (TTR) (1, 11, 12). Various tissues take up retinol from RBP fuom se
through the receptor STRAG (stimulated by retinoic acid 6) (13). Intraagiutallular-retinol
binding proteins (CRBPSs) bind at-retinol. CRBP-bound retinol (holo-CRBP) igmexsal as a
substrate for LRAT, whereas apo-CRBP (CRBP without retinol) inhilitt&T_(14, 15). Thus,
the balance of holo- and apo-CRBP regulates the amount of retinol stored.ds este-vision
pathways, unesterified at-retinol is converted reversibly into at-retiaaktinol dehydrogenase
(RDH) activity. Two gene families, the alcohol dehydrogenase (ADHilyaand the short-chain
dehydrogenase/reductase family (SDR), have members with RDHyagtivitro (1). The
ADHs are cytosolic proteins, with some members recognizing freeirabirdtut not holo-

CRBP, as a substrate. Single or combined ADH knockouts do not exhibit phenotypddoelate
lack of atRA. Furthermore no compensatory gene expression changes have hiet irepo

ADH knockouts (16-20). SDRs, on the other hand, occur in both cytosol and the endoplasmic
reticulum. Microsomal RDHs are active with not only free at-retinol, mat blo-CRBP (21-

24).

Whereas CRBP also binds at-retinal, different binding proteins, celltitmoiceacid
binding proteins (CRABPS), bind atRA. CRABPII directs atRA to RARSs (retimod a
receptors). Translocation to the nucleus occurs via sumolyation of the CRABRIhgR5, 26).
Separate genes encode RARP and ¥y and each binds atRA with &k the sub-nanomolar
range (27-29). Binding of atRA to an RAR mediates gene expression changedyptimaugh
heterodimerization with an RXR (retinoid X receptor) and subsequent recruitnemt of
activators and co-repressors (30). Another binding protein, fatty acid binding proteuBBY),
can alternately direct atRA toward peroxisome proliferator activategpterp/s (PPARD).

PPAR, also through heterodimerization with RXRs, mediates additional and overlapping gene
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expression regulation (31-34). CRABPI, on the other hand, directs atRA to the endoplasm
reticulum, where cytochrome P450s (CYPs) catabolize atRA into 4-hydnagly4-oxo-polar
metabolites for excretion (35, 36). Of the CYPs, members of family 26 (A1, B1 andb@4) a
with CYP2C39 show preferential activity towards RA (37-40).

Retinoic Acid and Metabolism

Whereas liver has the largest store of retinyl esters, the adipose tigsueas a whole,
is the second largest store, accounting for 15-20% of total retinyl estayes(dfg. Like the
liver, white adipose tissue (WAT) can mobilize its retinoid stores, exportimpkéound to
RBP4, the serum retinol binding protein. Both brown adipose tissue (BAT) and WAEgxpre
RAR and RXR nuclear receptors (41). Presence of these nuclear receptestsstagmoid
signaling takes place in both types of adipose tissue (42). This signalilygcbikeributes to
both adipocyte differentiation and normal functibmvitro, high amounts of atRA inhibit both
brown and white adipocyte differentiation by blocking CCAAT/enhancer binding protei
(C/REBP)B induction of PPAR and C/REBR in an RARx-dependent process (41-43).
Conversely, low atRA levels are associated with stimulation of adipogéa&sisligh retinoic
acid levels also induce apoptosis in primary WAT cells, as well as 3T3-Isl cell

In vivo, pharmacological doses (100 mg/kg) of atRA reduce adiposity and body weight in
mice, possibly through the reduction of PBAdXpression observed in both WAT and BAT, and
the reduction of C/REBlanda-adducin (ADD) 1 expression observed in WAT (44, 45). A
high retinol diet (430 IU/g) also decreases adiposity without a change innsaglyt in F334 x
BN rats (46), whereas in the WNIN/ob rat model, the same diet reduced both anelght
adiposity, whereas increasing the apoptotic index of adipose tissue (47, 48). Itethadael,
no changes in food intake were observed. In mice, however, another high retinol diet/¢§81 1U
caused no detectable change to weight or adiposity (49). Pharmacological du&as @0-100
mg/kg) in mice also lowered expression of both leptin and resistin mRNA in BAT arid WA
Circulating levels of both adipokines were also reduced. Treatment with atlRéed similar
effects on leptin and resistin mMRNA in BAT and WAT cell culture (49, 50). A hitholg430
IU/g) diet also lowered serum leptin levels in rats (46). Conversely, adulfeci@eVAD diet
exhibit increased adiposity, a very small increase in body weight, indrB&#&R expression in
WAT, and decreased PPARXpression in BAT (42, 45). Interestingly, rats fed a VAD diet
exhibit reduced serum triglyceride and cholesterol, but increased trigggsephospholipid and
cholesterol in the aortic tissue. Treatment with atRA reversed thests€B¢).

RA also affects the expression of uncoupling proteins (UCP) in adipose tissue. UCP1
occurs predominately in BAT, where it functions critically in thermogenesisegulation of
body temperature. UCP2 and UCP3 occur in both in BAT and in additional tissues. The extra-
BAT expression of these proteins suggests a function other than thermogenesis, such a
facilitation of 3-oxidation (52). RA upregulatescpl by 30%-80%n vitro in brown adipose
cells (53),invivo in the BAT of rats fed high levels of retinol in the diet (430 1U/g) (46) and also
in mice dosed with 100 mg/kg atRA (44). Conversely, a VAD diet reduced @& éssion in
mice (44). UCP2xpression levels are reduced in mouse BAT and WAT under VAD diet and
increased under RA treatment (44). UCP3 mRNA and protein levels in skeletad ranescl
increased under a high retinol diet (581 1U/g) and with atRA treatment (82 ikduction of
Ucp3 occurs in myotubules (43). AtRA acts through both a non-canonical RARE and PPRE in
theUcpl promoter and a canonical RAREUlp3 (32, 55). RA’'s mechanism of action Wtcp2
induction is not yet known, though thiep2 promoter contains no known RAREs (43).
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RA regulates expression of phosphoenolpyruvate carboxykinase (PEPCK, from gene
Pckl in mice), a gluconeogenic enzyme that catalyzes conversion of oxaloactate i
phosphoenolpyruvate. The only known regulatory mechanism of PEPCK is mRNA express
making regulation of synthesis an important contributor to overall protein actitity effect
occursin vitro in adipocyte-derived and liver-derived cell lines (56, 57), as well @so, as
mice fed VAD diet have decreased hepRtkl expression, and RA treatment restores
expression levels (58). Tkl promoter has not one, but two retinoic acid response elements
(59, 60). Specifically, atRA affects the cadre of coactivators present &kh@romoter, thus
altering acetylation of histones, and therefore gene expression (58).tintdyesitamin A
deficiency reduces the amount of PRABound to the promoter, but not the amount of RXR
RARa bound (61).

Binding Proteins in Retinoid and Energy Metabolism

Movement of vitamin A in circulation or within the aqueous milieu of the cell requires
solvation, typically mediated by binding proteins. For non-vision functions of retincd, dine
three known cellular retinol binding proteins. CRBPI (from gebel) has a wide tissue
disruption, suggesting a general function throughout the animal. On the other hail| CRB
(Rbp2) and CRBPIII Rbp7) are expressed primarily in intestine and mammary, respec(c2ly
64). CRBPs also differ in their relative binding affinities for various retinoCRBPI
preferentially binds at-retinol over at-retinal, whereas CRBPII bitdstial over at-retinol
(65). Additional work shows that CRBPII bindsi&-retinol preferentially over alirans-retinol
(66). Based on estimates of CRBP expression, retinol levels in various,temsdeise I of
retinol for CRBP, holo-CRBP is likely the most commonly found form of retinol ircétie
under non-pathological conditions (1). Interestingly, CRBPs bind retinol methydroxyl end
deep inside the protein, suggesting conformational change and release ofretircBRP
prior to esterification or dehydrogenation (67).

With its wide tissue distribution, CRBPI is the most well-studied of the GRBRBPI
interacts with RDH and LRAT, and holo-CRBPI acts as a substrate fo(Ead8, 69). Apo-
CRBPI inhibits LRAT activity, which acts to feedback inhibit the estatfon of retinol during
periods of low abundance. Not surprising given its wide tissue distrib&pd,knockout (KO)
affects diverse tissues' function. As expected fnomitro studies, lack of CRBPI prevents
proper esterification of retinol (70). The liverRibipl-KO mice accumulates far less RE than
WT, making them much more susceptible to vitamin A deficieRbgl-KO mice also show
compromised pancreatic function (71). The pancreas of CRBPI-KO mice presses CRBPII.
CRBPII's preference for &is-retinol contributes to increasedcB-retinoic acid (9cRA)
production. This renders 9cRA levels unresponsive to feeding, subsequently leadargasad
serum glucagon, decreased serum insulin and a low insulin-to-glucagon haso CRBPI-KO
mice, while sensitive to insulin, become glucose intolefindl has also been implicated in
adipose tissue function (72). Expressed only in pre-adipocytes, CRBPI preveméntéton
by affecting levels of peroxisome proliferatoexpression. Thus, when fed a high fat diet (HFD)
CRBPI KO mice increase in adiposity. Interestingly, this increased atyijgaot associated
with weight gain, with others reporting a resistance to HFD-inducedtplfé$). These differing
reports on HFD-induced obesity have yet to be reconciled.

CRBPII is primarily expressed in the intestine. There, carotenoid monaesge
(CMOs) cleave dietary carotenoids, yielding retinal from prarotitarotenoids (73). With its
affinity for retinal, CRBPII thereby binds these cleavage products arcigreginal to retinal
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reductases (RRD) that catalyze the conversion of retinal into retinol (74, K&)CRBPI,
CRBPII can also direct retinol to LRAT, leading to the production of RE. WotkRinp2-KO
animals revealed an additional role for CRBPII in the placenta. Reductionrafrvidain the
maternal diet lead to high mortality rates in post-natal CRBPII-K@ nsigggesting a
requirement for CRBPII in the transfer of retinol from dam to pup and thereforagitast
retinol in offspring (76). Although no other physiological roles of CRBPII have besamibled,
the pathological condition observed in CRBPI-KO animals suggests CRBPII may besthirol
9cRA synthesis in certain physiological contexts.

Like CRBPII, CRBPIII shows restricted tissue expression. Most work invol@RBPIII
has focused on its role in mammary gland. There, secretion of retinol into milkuesndormal
post-natal nutrition, requires expressiorRop7 (77). Interestingly, KO of CRBPIII also
revealed a metabolic role for the binding protein (78). CRBPIII KO mice tdBidtinduced
obesity. This resistance is attributed to increased expression of lipidiorigahes, including
master regulator PPARIn brown adipose tissue (BAT).

Whereas CRBPs bind retinol and retinal, another group of binding proteins chaperone
retinoic acid. Two different KO mouse lines have been generated for CRABIP heither
presenting an obvious phenotype (79, 80), leading some to label CRBPI as "disgensable.
However, developmental studies show overlapping expression of CRABPI with areasmdl
action (81-84). Cultured mouse stem cells with knocked down levels of CRABPI stiaeed
atRA levels and decreased polar metabolite products, suggesting a rol& catdBolism (85).
With recent work in FABP5 expanding the number of RA binding proteins, other members of the
lipocalin family may compensate for CRABPI knockout.

With the exception of polydactyly, CRABPII-KO animals appear normal ccedgar
WT animals (86, 87), though no metabolic studies have as of yet been reported (86, 87). In
humans, however, polymorphismsGnabp2 associates with increased cholesterol, especially in
LDL (88). Crabp2 also mediates atRA action in preventing adipocyte differentiation (89).
Preadipocytes express higher level€odbp2 than mature adipocytes, allowing activation of
RAR by atRA. Treatment with differentiation signals insulin, 3-isoblityhethylxanthine
(IBMX) and dexamethasone repréasbp2 expression through cyclic-AMP and glucocorticoid
response elements. Reducadbp2 expression thereby shifts signaling of atRA to PBAR
FABPS5. This predicts increased adipogenes(Grabp2-KO animals.

Identification of FABP5 (fronfabpb, also called E-FABP anldall) as an atRA binding
protein (90) adds a new facet to atRA function. Bathivo andin vitro, atRA induces glucose
and lipid metabolism genes in white adipocytes, acting through both P&#/RRAR signaling
pathways (32). During differentiation, levels of FABPS increase (as CRABEreases), thus
shifting retinoic acid signaling though PPARather than RAR. The CRABP2-to-FABPS5 ratio
also regulates atRA function in additional cell types. In ketatinocyfes, meatment leads to
either apoptosis or cell survival depending on the relative expression of CRABP2 RbFAB
(34).

To support RA synthesis in other tissues, liver and WAT hydrolyze stores, of RE
exporting newly available retinol on the binding protein RRBpé) (1, 91). Circulating levels
of RBP, derived from increas&bp4 expression in WAT, are found in a variety of insulin
resistance and obesity models (92). In fact, either overexpresdrmpbdodr the injection of
recombinant RBP induces insulin resistance in mice. ConveRig#; KO mice maintain
insulin sensitivity during HFD feeding. Subsequent research determindaritiaiy of retinol-
RBP to STRAG triggers a signaling cascade (6). Upon binding of retinol-RBEA&becomes
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phosphorylated, leading to activation of janus kinase (JAK) 2 and signal transthalcactivator
of transcription (STAT) 5. Activation of STATS5 triggers expression of targetggsmeh as
Socs3 (Suppressor of cytokine signaling 3, SOCS3) Bpalg. SOCS3 antagonizes insulin
signaling, thereby connecting elevation of RBP to insulin resistance.

Clearly, retinoid binding proteins represent important points of regulation in both at
synthesis and downstream effects. Shifts in ratios of binding proteins can causéyatar
changes in gene expression depending on the tissue, physiological contexisendgof other
retinoid binding proteins.

Retinal Dehydrogenases in Retinoid and Energy Metabolism

Three genes from the Aldhla family (93) and one from the Aldh8a family (94) convert
retinal to retinoic acidin vitro. The least studied of the four, RALDHAI{h8al) recognizes 9-
and 13eis-retinal isomers as substrate (94, 95), suggesting a possible role in paRaiRatic
synthesis (4)

KO of RALDH2 (Aldhla2) results in embryonic lethality (96). Consistent with loss of
atRA productionAldhla2-KO embryos show defects in body patterning, limb formation and
organogenesis of the heart, forebrain and pancreas (97, 98). Hypomorphic mutarit®bi?2RA
survive past embryogenesis, but die perinatally, with defects of the neck ahdiotilar to the
human DiGeorge syndrome (99). Similarly, RALDH8dh1a3) KO animals die at birth of
respiratory stress (100). Amongst other craniofacial defaliela3-KO mice are born with
persistent nasal fins that prevent proper respiration. The effeatdhifa2 or Aldhla3 loss to
adult tissue have yet to be determined. In regards to metabolic regulatioticdibaib (leptin
receptor deficient) mice overexpresglhla3 in pancreas (101). In an alpha cell line,
manipulation oRaldh3 expression levels correlates to changes to in glucagon secittbia3
expression levels may also distinguish different white adipose tissue {(E@@)s

Under standard conditionaldhlal-KO mice survive to adulthood without a striking
phenotype (103). However, when challenged with HFD feeding, RALDH1-KO resist
weight gain and adiposity, in part through increased UCPL1 in brown adipose (104). Additional
work identified reduced PPARand zinc-finer 423 expression as contributors to the RALDH1-
KO phenotype (102).

Retinol Dehydrogenases in Retinoid and Energy Metabolism

Two enzyme families showm vitro RDH activity: the alcohol dehydrogenase (ADH)
family and the short-chain dehydrogenase/reductase (SDR) fanmviyro members of both
families recognize a variety of substrates (ADH: various alcoholR;: Sifferent retinol
isomers, steroids), though only members of the SDR family recognize holo-CRBBsaste
(). Furthermore, knockouts of ADH1, ADH3 and ADH4 have not been shown to affect
endogenous atRA levels under physiological conditions nor have they been shown to induce
compensatory gene changes in other retinoid metabolism genes (17, 19, 20).

Though not yet knocked out in mjevidence supporS8DRDhrs9 as an important
retinol dehydrogenase. Induction@ifirs9 in carcinoma cells with low endogenous expression
increased retinoic acid synthesis (105). Expressidho$9 responds to retinoic acid, though
whether expression increases or decreases expression may be context d€p@sdEdT).

Work in astrocytes revealed coordinated regulationlws9 andAldhlal expression (108).
Furthermore, microsomal fractions from cells transfected Bits9 recognize holo-CRBP as
substrate for retinal synthesis (107).



First identified in bovine retinal pigment epithelium, the patterfRdbfLO expression
includes many other adult tissues and embryonic regions (109, 110). Two different groups
identified Rdh10 in ENU screens of embryonic defects, one group focusing on defects in the
meninges and the other on a broad characterization of limb, craniofaciagandgenic defects
(7, 111, 112). In the developing forebratoxcl (Forkhead box c 1) regulatBshl10 expression.
Maternal treatment with atRA rescues defects in one drdh&0 hypomorphic mutants and in
Foxcl hypomorphic mutants. Knockout Bih10 by homologous recombination affirms its role
in proper embryogenesis (113). Maternal retinal treatment rescues defeditd0-KO mice,
allowing survival into adulthood (113). As of yet, no metabolic phenotypeht0- KO or
mutant mice has been reported, though Rdh10-KO mice display abnormal motor function (113)

Mice uniquely express thré&hl paralogsRdh9, Rdh7 andRdh16 (114, 115, 115)0n a
whole, theseis-retinol/androgen dehydrogenase (CRAD) enzymes prefexi@tinol, 11€is
retinol and/or hydroxysteroids over &lbns-retinol as substrates. CRADRdh9)-KO mice
present no striking phenotype, though hepatic xenobiotic and steroid metabolisrargenes
induced and widespredtihl expression is decreased (116).

In humans, loss of RDH5 function leads to night blindness. HowRdkS-KO mice
show only mild defects in ocular Xs-retinol metabolism (117, 118) suggesting additional
SDRs contribute to or compensate incgretinal formation.

RDH1 and theRdh1-KO Mouse

The mouse genkdhl was clonedaluring the search for a mouse ortholog tdRati2
(RDH2 or RODH2) (2). Rat RDH2, a member of the SDR family of enzymes, mdbke
efficient retinol dehydrogenase in the rat. Furthermore, RDH2 recognize€R&8P as well as
free at-retinol as a substrate (23). RDH1 and rat RDH2 share 88% aminoga&dce
similarity and 84% amino acid identity. The closest human homolog to both gé&izid 16,
with which RDH1 shares 83% sequence similarity and 74% sequence identity. Byisompa
CRAD1 and CRAD2 enzymes share about 90% amino acid identity with RDH1 (2, 119).

Among the known mouse RDH2 orthologs, RDH1 shows the highest efficiency
(VmaxKm) with at-retinol in cell extract assays (120). RDH1 shows activity svacis-retinol,
although at half the efficiency it has with at-retidolvitro, RDH1 can also act as a3-or 17-
B-dehydrogenase, convertingn3diol into dihydrotestosterone (DHT) and DHT into
androstanedione. In addition to activity in cell extract, RDH1 can generaidratRact cells
when co-transfected with any one of three different RALDH enzymesii2 rat RDH2, RDH1
targets to the endoplasmic reticulum. A 22 amino acid N-terminal sequence, ogrudisti
hydrophobic helix ending with a net positive charge, orients RDH1 with its catddyhain
toward the cytoplasm (121). Because CRBP is a cytoplasmic protein, thetameatdrDH1
allows holo-CRBP to be a possible substrate for RDH1.

Expression of RDH1 begins as early as e7.5 in the mouse. In fact, from 7.5 to €10.5,
RDH1 is widely expressed throughout the embryo. By e14.5, expression matcheshéat of t
adult, where northern and dot blot assays have shown expression in liver, kidney, tastis, he
brain, pancreas, skeletal muscle, submaxillary gland, lung, smooth musae],tthyymus,
ovary, prostate, epididymis and uterus—nearly every tissue probed. With suchficighaf
with at-retinol and such widespread expression in both adult mice and embryos, Biadiea
good knockout candidate to probe the role of RDHs in the mouse.

As such, ardh1-KO mouse was created and initially characterized by Zhang, Hu and
others from our lab (3). Gene targeting was used to remove the proximal promoteoraddoé
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Rdhl in mouse 129SVJ embryonic stem cells. The first exon includes the N-terminlamem
targeting domain, the ATG start codon and the co-factor binding region of RDH1rebrees
important to function. Male chimeras were bred with C57BL/6 females to genetettezlggous
Rdh1-KO mice with a mixed genetic background, which were backcrossed with GhABte
for five generations generating heterozygBdk1-KO mice on a ~98% C57BL/6 background.
Mating of heterozygous mice results in homozygedisl KO mice appearing in the expected
Mendelian frequency, regardless of parental diet (0.6, 4 or 30+ U of vitamin Alghnike are
initially indistinguishable in appearance from WT. Hematoxylin and eosticjttaining of
testis, kidney and liver revealed no morphological differences. Breedilegamé female
homozygous knockout mice yields healthy progeny.

Quantification of retinyl ester, retinol and atRA levels in wild-typ&lj and KO mice
fed 0.6, 4 and 22+ IU/g diets were also performed. When fed a high retinol (23-€hidig diet
(Purina chow), KO and WT mice showed no differences in any retinoids assayed. When fe
vitamin A sufficient diet (AIN 93G (93G) diet, with 4 1U/g), liver retinol lévén the KO mice
were about twice as high as WT. Finally, when fed a marginal (0.6 IU/g)etieplrlevels were
higher in both the liver (2-fold) and the kidney (~1.4 fold). RE levels in the KO mouse kver w
higher as well (~1.4 fold). In all tissues assessed (liver, kidney, brainsigl, tdhere were no
differences in atRA between KO and WT mice, regardless of diet.

Initial screens of retinoid-related gene expressidrdinl-KO mice revealed hepatic
Cyp26al levels were decreased compared to WT mice fed a 93G and 0.6 1U/g, but not a Purina
chow diet. Results from reverse transcriptase-polymerase chain re&THOR) were
confirmed using quantitative PCR (QPCR), showing a 2.5 fold decrease in KO veFsus W
expression in mice fed a 93G and 0.6 1U/g diets. Both WT and KO mice showed 8-fold
decreased expression when fed a 0.6 IU/g diet compared to 93G diet. When fed ahBurina c
diet, Cyp26al expression levels were 60 and 160 fold higher than those in 93G-dieted WT and
KO mice, respectively. Western blotting revealed that protein levels 026APIn 93G-fed
mice were also decreased in KO mice compared to WT.

The sparing of liver retinol and/or retinyl esters along with the deedé€yp26al
expression and protein levels on sufficient and marginal diets suggests deata#ssynthesis
in theRdh1-KO mouse. When fed a Purina chow diet, it appears that hepatic retinol
concentrations are such that other, less efficient, RDH enzymes (DHRS98RD06), RDH10
(109, 122, 123)) generate sufficient retinal, and thus maintain atRA levels. On letger di
however, hepatic retinol levels are reduced, reducing the ability of lesiemfenzymes to
generate retinal. To compensate, CYP26AL1 levels decline, lowering ¢haf iRA degradation
in the KO livers and thus allowing maintenance of atRA.

KO mice fed a VAD diet showed a surprising phenotype. One week after wédning
weeks of age), both male and female mice started to become significavigritean WT. This
weight difference gradually increased during the entire course of obear(@38 weeks). Both
male and female KO mice fed a 0.1 1U/g diet also grew significantigtdahan WT by 8 weeks
of age (males) and 1 week of age (females), however, no difference between KO arsigVit
was apparent when mice were fed a Purina chow diet.

Through additional study #&dh1-KO mice we hope to provide insight into the
regulation of metabolism by atRA and uncover physiological processes andgbotehtcular
targets of atRA connectirigdhl to weight regulation. Furthermore, continued study will help
clarify the roles of multiple RDH in the post-natal animal and the contributioachf t® atRA
synthesis.



Materials and Methods
Animals and Diets:

Rdh1-KO mice (3) were backcrossed a sixth time onto a C57BL/6 background and
resultingRdhl WT and KO progeny were interbred and used for genotype comparismns
other experiments, C57BL/6 mice purchased from Jackson Laboratories wearessthafter 1-

2 weeks of acclimation or were maintained on an AIN 93G (93G) diet and imtdorat least

two generationsRdh16-KO (Zhang, Hu and Napoli, unpublished) &ah9-KO (116) were
backcrossed a sixth time onto a C57BL/6 background and resulting WT and KO progeny we
interbred, with resultingkdh16-WT mice used as controls. Mixed-str&thpl-KO mice (70)

were interbred and compared to C57BL/6 controls (Jackson Laboratories)triavBsce
heterozygous for a hypomorphidhl10 mutant allele (7) were maintained on a 93G diet for two
generations of breeding with WT FVB mice (Jackson Laboratories)tainang heterozygous
mice and generating WT controls. Rats were purchased from CharlesaRivallowed to
acclimate at least 1 week before study.

All mice were group housed, 2-5 mice per cage. Rats were housed in pairs. Fesding w
ad libitum unless otherwise noted. Aside from diet, animals were housed under standard
conditions for our facility: 21° C, 12-hour light-dark cycle (07:00-19:00) and ventilated cage
(Tecniplast) with an air circulation system (Tecniplast TouchSLIMe)unless otherwise
indicated.

Specific diet regimes using AIN 93G (Dyets, Inc. cat. #110700) (124), Purina chow diet
(Purina Lab Diet 5001, Purina), Harlan chow diet (Teklad 2018 Rodent Diet, Harlan),edodifi
AIN 93G without vitamin A (vitamin A deficient/VAD) diet (Dyets, Inc. cat. #1191718) a
modified AIN 93G diet with 50% fat-derived calories (HFD). Additional dietsmrefd to, but
not used include modified AIN 93G diets with 0.1 IU/g vitamin A (Dyets) and 0.6 |W&gnim
A (Dyets, Inc. cat. #11974). Purina chow diet contains 22 1U/g of vitamin A plus 4.5 ppm
carotene. Harlan chow diet contains 15.4 1U/g vitamin A plus 2.5 nfigdegotene. The AIN
93G diet contains 4 1U/g vitamin A, 1.6 IU/g more than required for rodents (124, 125). When
switching animals between a 93G diet and a HFD, animals were fastedgbvéorentice quick
acclimation.

For reference and organizational purpose and to match electronic data, recioods of
Rdh1-WT and KO animals are given two numbers separated by a "w." Groups shargayta
first number come from the same set of mating pairs, with the second numbeimgdioat
number of times the pairs have been mated. For instance, "3w2" comes frondtigeotind of
mating pairs and represents pups from the second mating. In certain instgecemtched mice
from two cohorts were combined, whereas other cohorts were sub-divided intwl "45" doy
age. See Table 1 for diet information for each group. When possible, figure legendstimelude
experimental cohort studied.

All animal experiments were approved by University of Californi&k&ley Animal Care
and Use Committee.

Genotyping:
For PCR genotyping of mice, primers GGT TTA CAC AGC TGC TTT CAG GAQ4 a
GAG TCA TTA GGC TTA GAC GAT CTC generate a ~300 bp amplicon used to identify
Rdh1-WT mice (3). Primers TGT ATG CTA TAC GAA GTT ATG AAT TC and CCT CTG
GGT TCT AAG TCC A generate a ~1.7 kbp amplicon used to ideRtfil-KO mice. For
ForRdh16 genotyping, primers CTC TAA GCT GTG TGT TCT TAG CC and ATA
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AGA ACT TCT ATG ACT GGG AC make a ~1 kbp amplicon that identifies WT mice and
primers TTT TGATTC TGT TCA AAA GG and ATA AGA ACT TCT ATG ACT GGG@&
(note: same reverse) create a ~1 kbp amplicon demdriinip-KO mice.

Rdh9-WT and KO animals were identified using forward primer CCC TCT TGA AGT
AAG AAG GTA with reverse primer ACT CCC AGA GTA GAT ATG AG (WT) or GATGT
TGA TGG GAT TGC AAG C (KO), that yield ~1.25 kbp and 0.5 kbp amplicons, respectively.

To amplify the above primers, we used the following thermal cycle: 3 nsiati@3° C
followed by 35 cycles of 30 seconds at 93° C, 30 seconds at 55° C and 1.5 minutes at 72° C, then
15 minutes at 72° C.

To identifyRdh10 hypomorphic mutants, primers TTA CGG CGC AGA GAC TGT TCT
and TGA GAA CTG TGCT GTC CTG TGT were used with the PCR conditions above to
amplify genomic DNA. The 318 bp amplicon was electrophoresed on an agaraseigeld
and extracted using a commercial kit (QiaQuick Gel Extraction Kigé&pat 28704). The
extracted amplicon was then sequenced by the UC Berkeley DNA Sequenclitg $tadiing
from either PCR primer. Mutant alleles contain a C to T point mutation thatehatemine 195
to valine (7, 126).

Using reverse primer GCA CTT GCG GTC GTC TAT GC with forward primeAAA
AAT GGA AAG GCA AGG CAC AGA Cyields a 339 bp amplicon in from fRepl-WT
allele. Using the same reverse primer with forward primer GCC TTCTAT CTT CTT GAC
GAG TTC TTC produces a 593 bp amplicon of Riopl-KO allele.Rbpl genotyping primer
pairs were amplified by 94° C for 5 minutes, followed by 33 cycles of 94° C for 40 seconds, 61°
C for 40 seconds and 72° C for 1 minute, then 72° C for 10 minutes.

Genotyping PCR template was generated by treating small tail(4rosim) in 0.5 mL
of 0.05 M sodium hydroxide for 15-20 minutes at 95° C in a 1.5 mL microcentrifuge tube. The
solution was then mixed and neutralized with/&@f a 1 mM tris(hydroxymethyl)-
aminomethane (Tris), 10 mM ethylenediaminetetraacetic acid (EDTAji@olith pH 8 before
use in PCR.

PCR was carried out in 20 total volume of a 1.5 mM magnesium chloride, 0.2 mM
nucleotide triphosphate mix, QM forward and reverse primer, 1X PCR buffer (Invitrogen),
and 1 unit Taq polymerase (Platinum Taq, Invitrogen) solution in water usipg D2DNA
template.

Chemicals and Solvents:
Chemicals and solvents were purchased from Fisher Scientific or SigmehAldtess
otherwise indicated.

Mouse Weight and Long Term Food Intake

Rdh1-WT and KO mice were weighed to the nearest 0.1 gram using a digitallsuoade.
term food intake was monitored by weighing food once or twice weekly. For sorsanega
weekly intake was normalized to the number of mice per cage. For others, weskdywirats
normalized to number of mice and average mouse weight. AIN 93G diet contains 3.7%ér kcal
gram (124).

Mass difference between genotypes of mice was calculated using Giéhiga 5.02.

Breeding Studies:



Combinations of virgin 8-10 week old male and fenRda16-WT, heterozygous (Het),
and KO mice were paired until obvious pregnancy or 28 days. For each pair, the number of days
until birth (used here as a proxy for gestation length) was recorded fos@eazessful
pregnancy. Litter size and percentage of male pups were recordeteferdurviving until
weaning. The number of unsuccessful births and infertile pairs were also cecorde

Serum and Tissue Preparation:

At ages and conditions indicated in text, mice were euthanized and tissues were
harvested, weighed and flash frozen in liquid nitrogen for use in retinoid and/or geasseon
determinations. Tissues used for retinoid determinations were harvested elfwetight. In
some experiments, post-mortem body mass and body length (nose to anus)ondeteaisined.
Blood was collected via post-mortem cardiac puncture, kept on ice for 30 minutes and
centrifuged (10 min x 10,000x g) to make serum. For thyroid stimulating hormonare®as
blood was refrigerated (4° C) overnight (~16 hours) then centrifuged for 20 minutes at 1000 x g.
Additionally, blood was collected via tail artery or retro-orbital bleed fammasthetized mice and
processed as above to make serum. Serum samples and tissues were stdr€duattigime of
analysis.

“Fasted” indicates that tissues or serum were taken from mice fagtenight for ~16
hours prior to collection. “Refed” indicates that tissues or serum were frakemice fasted
overnight, then refed (for length of time noted) prior to collectidu.llb fed" refers to mice
sacrificed during the light half of the light-dark cycle without considmnaif food intake status.

Adipocyte Size Determination:

Epididymal white adipose tissue (EWAT) from 35 weekfditi1-WT and KO animals
were dehydrated by successively increasing ethanol concentratiageslgere then embedded
in paraffin, sectioned and stained with H&E. Cell diameter was estinbgteounting the
number of cells across a transect of the visual field for 10 fields per sardpié*a
magnification.

Body Composition:
Fat, water and ash components of animals were determined as in (127).

Retinoid Determinations:

Retinol, retinal, retinyl esters and &léns-retinoic acid (atRA) were measured as in
(128). For small tissues (for instance, hypothalamus), tissues from savienals were pooled.
Retinoid levels were normalized to tissue wet weight and/or protein content of éoates)

Protein Measures:

Protein concentrations were determined using Bio-Rad Protein Assay réade#500-
0006) diluted 1 to 5 with water. An aliquot of 40 of protein solution was added to 2 mL of
diluted assay reagent, mixed and absorbance at 595 nm measured using a spectropfidtbmete
640, Beckman). A 40 uL aliquot of protein diluent was used as a "blank." Referencing known
concentrations of bovine serum albumin standards, absorbances were convertechto protei
concentrations from a standard curve.

Glucose Metabolism:
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For glucose tolerance tests, animals were fasted 16 hours overnight. Themexgm
animals were weighed to the nearest 0.1 g using a digital scale. Mie¢h@aranesthetized with
isoflourane (Phoenix Pharmaceutical, Inc.) via precision vaporizer, and a srkatl the tail
was made with a sterile, sharp blade.

Mice were treated using an insulin syringe (28 %2 G % cc LO-Dose (Bettkingdn)),
20% d-glucose solution was delivered intraperitoneally such that each mougedecdose of
2 g glucose/kg of body weight. For rats, we administered the same gtlaseseia an oral
gavage of JuL/g body weight of a 40% d-glucose solution. Blood glucose was measured via
blood from the tail nick using an Accu-chek glucometer (Roche) and Accu-chek C&ufod
test strips (Roche) at time points 0 (pre-injection), 15, 30, 60, 90 and 120 minutes. The glucose
solution was prepared no more than one day before use and was filter sterilizedmidil2&

(25 mm Fisherbrand).

For experiments on the impact of 9cRA, mice were administered a 0.5 mg/kg dose of
9cRA in 60uL of DMSO or 60uL of DMSO alone intraperitoneally 15 minutes prior to a
glucose dose of 0.5 g/kg.

For insulin tolerance tests, mice were fasted for 5 hours, beginning ~1 hotinef&art
of the light cycle. Mice were weighed to the nearest 0.1 g using a digital Btee were then
anesthetized with isoflourane via precision vaporizer and a small nick in tivasathade with a
sterile, sharp blade. Using an insulin syringe, a dose of 0.5 U insulin/kg of body waght
administered intraperitoneally. Blood glucose was measured via blood froail thiek using an
Accu-chek glucometer and Accu-chek Comfort Curve test strips at time pointsijgation),

15, 30, 60, 90 and 120 minutes. For injectiongu1@f 100 IU/mL Humulin (Eli Lilly) insulin
was diluted as in (129) immediately before use.

For pyruvate tolerance testgl lib fed mice were weighed to the nearest 0.1 gram using a
digital scale. Mice were then anesthetized with isoflourane via precisionzepand a small
nick in the tail was made with a sterile, sharp blade. Using an insulin syainigse of 2 g
sodium pyruvate/kg of body weight was administered intraperitoneally. Blaodsg was
measured via blood from the tail nick using an Accu-chek glucometer and Adc@Gohrdort
Curve test strips at time points 0 (pre-injection), 15, 30, 60, 90 and 120 minutes. The sodium
pyruvate solution was prepared no more than one day before use and wasrflizedsia 20
um filter (25 mm Fisherbrand).

Serum Lipids and Hormones:

Serum free-fatty acid and glycerol levels were determined using treecammercially
available kit (Zen Bio, cat. # GFA-1). Serum triglycerides were detetmismg a separate
commercially available kit (Cayman Chemical Company, cat. # 10010303).

Serum insulin, leptin, resistin, tumor necrosis factor (T&WFhonocyte chemoattractive
protein (MCP) 1 and interleukin (IL) 6 levels were determined using thepMliMap Mouse
Serum Adipokine Panel (Millipore, cat. #MADPK-71K). Additional insulin measures wede
using an ultra-sensitive enzyme-linked immunosorbent assay (ELISA) 4C@Jstm, cat. #
90080).

Thyroxine (T4), triiodothyronine (T3), thyroid stimulating hormone (TSH) and drowt
hormone were measured using commercially available ELISAs (T3, Caljatst. #T3043T-
100; T4, Calbiotech, cat. # T4044T-100; TSH, Kamiya Biomedical Company, cat. #KT-29922;
growth hormone, Millipore , cat. #EZRMGH-45).
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Serum neuropeptide Y (NPY) levels were measured by radioimmunoassagixPhoe
Pharmaceuticals, Inc. cat. #RK-049-03)

Serum testosterone and dihydrotestosterone (DHT) measuReis1HiKO and WT
animals were determined by ELISA (Alpha Diagnostic Internatioadl #1880 and 1940).

All samples above were analyzed per manufacturer's instructions.

For measures of testosterone aneéhBdrostane-@ 173-diol glucuronide (3-adiol-G), 50
uL serum samples were extracted twice with 1 mL of ethyl ether, drieceangpended in G
of phosphate buffered saline-gelatin (0.137 mM sodium chloride, 2.68 mM potassium chloride,
7.81 mM dibasic sodium phosphate, 1.47 mM monobasic potassium phosphate and 1 g/L
gelatin). Samples were then analyzed by ELISA following manufactimsttsictions (Alpco
Diagnostics, cat. #11-TESHU-EO1 and cat. #11-ANDHU-EOQ1).

Metabolic Parameters:

Mice of ages and genotypes indicated were housed individually in metabolic cages
(Comprehensive Lab Animal Monitoring System (CLAMS), Columbus Instrumesits)an air
flow rate of 0.5 L/min. Respiration (oxygen consumption, carbon dioxide production) were
recorded using the packaged software (Oxymax) and normalized to arveftexty mass
(mas& ™). Individual cages were monitored for movement and gas composition 2 of every 10
minutes during the study; food and water intake totals were recorded every 1€smiiedt was
calculated by the packaged software using the equations: Heat (kcalfgr#i€Value x
volume oxygen consumed, where Calorific Value= 3.815+1.232 x volume carbon dioxide
produced/volume oxygen consumed. During metabolic study, mice were maintainediatdsta
housing temperature and light/dark cycle conditions.

For Bs-adregenergic studies, mice were allowed to acclimate to the metalgdic ca
overnight (~16 hours) at 09:00, food was removed and at 12:00, 1mg/kg of CL 316,243 (CL)
(Sigma) delivered in sterile saline was administered via intraperltopection in a volume
equal to 1QuL/g body weight using an insulin syringe (28 ¥2 G % cc Lo-Dose (Becton
Dickinson)). Metabolic data was collected for 3 hours post injection. Solutions we& made
on day of use from frozen stock. In some studies, the procedure was repeated nsiranbali
injections of an equivalent volumigs-adregenergic induction was calculated by averaging
metabolic parameters during low activity periods (total horizontal movement s@00)sfor
each mouse after CL injection and either normalizing to low activity averéigesaline
injection or to low activity periods prior to injection.

For additional metabolic data, mice were housed for 24-25 hours achtbifed, fasted
or refed conditions. Data from the first hour was discarded to allow acclimatiba thambers.
For hourly food consumption measures, pellets of diet were ground using a food processor
before use. Food “Hourly” averages reflect the mean total food eaten for a givesf treuday.
Movement was quantified based on total breaks of infrared beams in the x-axi$ (“Tota
Horizontal”), breaks of two or more beams in the x-axis (“Ambulatory”) and breaks in+&xis
(“Rearing”) per 2-minute recording interval. Hourly means were deteuinby first averaging 6
readings from an individual mouse and next averaging the means from individuaFarice
overall means, 24-hour means from individual mice were averaged.

Stable Isotope Studies:
Stable isotope studies were carried out for lengths and conditions indicated 38-i
133). In study 1, biopsies of inguinal white adipose (IWAT) were taken from animaés
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anesthesia. In studies 2 and 3, tissues samples were collected following®atharstudies 1
and 2, body water enrichment was estimated based on the proportion of singly- and doubly-
labeled palmitate species. In study 3, body water enrichment was determipiedadly.

Temperature Studies:

Male mice at ages indicated were individually housed &t €+or 24 hours under
fasting conditions. Core body temperatures were taken rectally using a phylséémp RET-3)
attached to a digital thermometer (Physitemp BAT-12). Institutional uederequired mice to
be removed from study if body temperature fell below @8
In other experiments, individually cages animals were fasted 10 hours at housailg
temperature and then fasted an additional 6 hours at eitheC4er normal housing temperature
before tissue collection.

For "Average Daytime Body Temperature,” mouse temperatunestaleen 3 times
during light hours (at ~10:00, 13:00 and 16:00 hours) rectally, as above, at ages indicated. Mean
temperatures from individual mice were then averaged and compared.

Additional temperature data represents means calculated from sidigieual measures.

Gene Expression:

Total RNA was isolated either via phenol-chloroform extraction using Trieabent
(Invitrogen) or spin kit (Aurum Total RNA fatty and fibrous Tissue Pack, Bio-Ratd#@ 32-
6870; RNeasy Mini Kit, Qiagen, cat. #74104; RNeasy Micro Kit, Qiagen, cat. #74004; RNeasy
Lipid Tissue Mini Kit, Qiagen, cat. #74804) according to manufacturer's instructions.

For quantitative PCR (QPCR) and microarray of brown adipose, RNA was eitheseDNA
treated on-column (Aurum kit) or following isolation (Turbo DNA-free, Ambion, cat.
#AM1907).

For microarray of EWAT, liver and testis, RNA (isolated by Trizol) poolethfb Rdh1-
WT and KO animals was cleaned-up using a spin kit (Qiagen RNeasy Micro KA)wWRbAI then
submitted to Phalanx Biotech for analysis. There, RNA was labeled witlai@y hybridized to
the microarray (Phalanx Mouse Whole Genome OneArray). Pools were analyeedrasal
triplicates. Samples were scanned, raw data was normalized, and fold chahgesalues
were calculated using proprietary software.

For brown adipose tissue microarray, RNA isolated from 3 individdial-WT and KO
animals was isolated and DNAse treated via spin kit (Aurum Kit, Bio-FRadA was quantified
using capillary electrophoresis (Experion, Bio-Rad). Samples were théedgbeimina
TotalPrep RNA Amplification Kit, Ambion, cat. #1791) per manufacturer's instmgtand
biotin-labeled samples were evaluated once again by capillary elentesgh Labeled RNA
was submitted to the University of California, San Francisco Genomics CaligyRehere it
was hybridized overnight to microarrays (Mouse WG-6 v2.0, lllumina, cat. #BD-201-8862)
scanned. The raw intensities data was converted into text files byndBeadStudio software
and then analyzed using the BioConductor limma package. The data was backgroutebcorrec
by Normal+Exponential model using negative controls and then quantile noch&ilirear
model was fit by limma and p-values were computed based on moderated t-test aed &atjus
multiple testing by applying Benjamini-Hochberg correction.

For all semi-quantitative PCR and some qPCR, reverse transcriptaesg@ipt I,
Invitrogen) in the presence of RNAse Inhibitors (RNAse Out, Invitrogen) anetipatyine
primer, followed by RNAse treatment (RNAse H, Invitrogen) were used to noakglementary
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DNA (cDNA). For additional gPCR, a reverse transcriptase with intlétde activity (iScript,
Bio-Rad) in the presence of both random hexamer and poly-thymine priretsed The
cDNA from cell culture experiments was generated by a third retrarsgcriptase to optimize
detection of low transcripts (iScript Advanced, Bio-Rad). All reversedrgtase reactions were
carried out following their respective manufacturer's instructions.

Quantitative PCR reactions were carried out in 96-well plates on the ABI 7000HT
(Applied Biosystems) system. Reactions were carried out jri20tal reaction volumes using 1
uL of cDNA solution, 1uL TagMan primer/probe mix (Applied Biosystems), dlOmaster mix
(TagMan Gene Expression Mix, Applied Biosystems) aptl & Nase and DNAse free water.
For some low abundance transcriptglL4of primer/probe mix were used. Dilution curves using
both primer concentrations resulted in parallel curves within the linearfeoapdin range (data
not shown). A list of primer and probe sets used can be found in Table 2. Samples were run as
technical duplicates or triplicates. Mean "Ct" feactin (Actb) was subtracted from mean "Ct"
for genes of interest. Linear fold change was calculated usirigrthala 2“'. Linear values for
control group (WT or as noted) were then averaged, and individual values normalized to the
control group mean to create a fold change. For comparisons between genes|dirdamnge
values of all genes were normalized to the average linear fold changarbitearily chosen
gene. Unless otherwise indicated, all gene expression studies wazé oatrvia PCR.

For semi-quantitative PCR, 1.2 of cDNA template was added to the same reaction
mixture used for genotyping. Primer pairs can be found in Table 3. For adgjgsactin (Actb)
was amplified for 25 cycles and used for reference. In IRéh7, Rdh9, Rdh16 andSrd5al were
amplified for 32 cycles. All other genes were amplified 35 cycles. To &mplminute at 93° C
followed by repeated cycles (as indicated above) of 30 seconds at 93° C, 30 sesbhd@satd
1 minute at 72° C, then 5 minutes at 72° C were used. For semi-quantitation, samples were run on
a 1% agarose gel. Spot and background density was determined using packagesl softwar
(Chemilmager 4400 and software, Alphalnnotech). Background density was subtmatied fr
spot density, normalized factin then normalized once more to mean control levels.

Cell Culture:

Undifferentiated HIB-1B cells (134) were grown in 10 cm plates using 10 mL DMEM
media (High Glucose, Invitrogen, cat. #10313-039) with 10% fetal bovine serum (¢avitro
cat. #10082-147) and 1% of a 100 units/mL penicillin, A@OnL streptomycin, 29.2 mg/mL L-
glutamine, 10 mM citrate solution (Invitrogen, cat. #10378-016) (DMS media). isiéssplit
at confluence using a trypsin-EDTA solution (Invitrogen, cat. # 25200), every 2-Bisiagsa
1:10-1:20 dilution.

To differentiate, cells were split at a 1:20 dilution into 10 mL of adipocytiar{i®MS
media plus 20 mM insulin and 1 nM thyroxine). Adipocyte media was changed every 2 days
until cells became confluent (about 3-4 days). Cells were then changed to 10 mL obmducti
media (Adipocyte media plus 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) u®5
hydrocortisone and 0.125 mM indomethacin). Induction media was changed daily fa; 3 day
upon which cells became round by visual inspection with a microscope. Cells were then
maintained in 25 mL of adipocyte media, changed daily, for an additional 2-4 days.

For glucose experiments, plates of either undifferentiated cells 1 eéaypa#sage or
differentiated cells 3 days after induction media treatment were chémgeetliia made from low
glucose DMEM (Invitrogen, cat. #11054) for 1 day before collection.
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Statistical Measures:
In studies other than microarray, Student’s two-tailed t-test was carriediagteither
Microsoft Excel or GraphPad Prism. Two-way analysis of variance ¥A)Qvas carried out
using GraphPad Prism. In some studies, Grubb's test was used to identify outlierdata.
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Results

Dietary Vitamin A and the Rdh1-KO Phenotype

In initial studiesRdh1-KO mice presented no phenotype when fed a chow diet
containing 22+ IU/g of vitamin A (Purina chovdh1-KO mice gained weight only when
maintained on VAD or low retinol diet after being born to dams fed such dietsinagmat
Subsequent studies followed two different methodologies. The first was to continoaustain
mice fed an AIN 93G diet (93G), which contains 4 [U/g of vitamin A. The second was to
maintain mice on a chow diet, then switch dams and their pups to a vitamin A deficient diet.

Mice maintained on Purina chow, or diets with similar amounts of vitamin A, become
highly resistant to vitamin A deficiency. In order to get vitamin A deficeaminals, one has to
maintain mice on a vitamin A deficient diet for two generations before oveptsym and
growth defects occur (16, 17). As such, mice are believed to be highlynegstdamin A
deficiency. In attempt to recapitulate the initial weight gain obsens dams fed a 93G diet
were switched to a VAD diet at mating. Instead of weight gain in KO dsjma instead
observed vitamin A deficiency in VAD-fed progeny. Both WT and KO animals showed growth
defects at age 5 weeks (Figure 1A), but we ended the study when animals begamaiynd
age 10-12 weeks. Thus, dams fed a 4 IU/g diet cannot pass on sufficient retinoid for pups to
survive on a VAD diet. Attributing the VAD symptoms to the level of vitamin A in the 93G diet
we next switched chow-fed dams to a VAD diet. Once again, VAD-fed progeny fromfed
dams gained little weight beginning at age 5 weeks (Figure 1B) andpammeemice began to
die around age 10 weeks. We rescued surviving mice by switching to a 93G diet at a&g&d1 w
(Figure 1B). Although no formal diagnosis of vitamin A deficiency was perfosiie timing of
these growth defects is consistent with those observed in other vitamin Artdefiae.
Believing our chow diet to contain 22+ IU/g of vitamin A, and therefore able to passres s
sufficient for pups to resist vitamin A deficiency, we traced our resultghba@ge in chow diets.
With little notification, our animal facility had switched diet suppligresm a Purina chow diet
to a Harlan chow diet containing 15+ 1U/g of vitamin A. Though still well abovemnetended
levels, our data suggests that resistance to VAD in mice comes from highdévigamin A in
the diet and that even a modest reduction in vitamin A content allows for observation of VAD
symptoms within a single generation of VAD diet feeding. We successfullymesvg¥ AD
symptoms, and observed modest weight gain in KO progeny switched to a 9aGagjet5
weeks (Figure 1C). Overall, the risk of vitamin A deficiency made study under tieaditions
difficult. The use of VAD diet regimes and effects of vitamin A deficiencydatmve likely
confound early work in thRdh1-KO mouse. Furthermore, switching diets at different ages made
direct comparisons between cohorts and previous studies impossible.

At the same time, we began to observe the weight gain phenotype in mice fed the 93G
diet (Figure 2A). This diet regimen proved easier to maintain, and yieldexlaoosistent,
though still variable, results. Due to biological variability and variable nundfensce per
group, individual cohorts do not always present the model phenotype (Figure 2C), however,
pooling animals from multiple studies (Figure 2B) clearly shBdisl-KO mice fed a 4 1U/g
vitamin A diet weigh more than WT, even at a young age.

Weight, Adiposity and Length in theRdh1-KO Mouse
During previous studies, Zhang and Hu observed increased weight when miteedere
and maintained on low or vitamin A deficient diets (3). Because vitamin A has knowis efifiec
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growth, it was important to determine whether the increased weight was deestised body
size or increased adiposity. We assessed adiposity using two differbotdsédy weighing the
fat depots and tissues of the (original) VAD-fed animals, the absolute mgsse(BA), mass
relative to body weight and an adiposity index were determined (Figure 3B). Gahtpa'T
animals, the fat pads and tissues measured were lageinirfKO mice, except for testes.
Reduced testicular mass is a symptom of vitamin A deficiency, suggestsfar Rdhl in testes
retinoic acid synthesis, a phenotype we have not fully explored. When normalized to body
weight, three fat pads and overall adiposity were increased in KO anintaig With this
increase in tissue size, KO animals were increased in length (Figuré®gether, this early
data suggested that both increased growth and increased adiposity contributed tanassrall
increases in KO animals. However, subsequent study of length in 93G fed aniafdds4)T
suggests the increased length phenotype has low penetrance or is merelystcstaTd.

In our initial group of VAD fed animals, rigorous body composition analysgi(Ei4A)
confirmed higher adiposity. In later studies of adiposity (Figure 4B), @& osly inguinal and
epididymal fat depots for our adiposity index. Although not as thorough, measuriegtiesues
allows for study of larger groups and minimizes degradation of retinoids anddRfN#Ay sample
collection. Whereas we observe variable results in individual cohorts of arjdatdsnot
shown), pooling data by age shows increased adiposity to be fairly consmstergsh KO
animals. We therefore attribute the increased body md&dh@fKO mice to changes in
adiposity rather than increases in overall body size. Dual energy X-rapts@try (DEXA)
studies would allow multiple measures of adiposity throughout the life of the aamal.
Unfortunately, this method was unavailable to us and we have only assessed adipBsity pos
mortem.

To determine if increased white adipose mass occurs due to hyperplasiaghsyrer
hypertrophy (bigger cells), epididymal white adipose tissue (EWrmM VAD-fed WT and KO
male mice, age 35 weeks, were preserved and stained with H&E (Figurg HAtiese
samples, we estimated cell diameter (Figure 5H). In these animals, weeohse difference in
WT and KO adipocyte diameter, despite a 78% increase in EWAT size (data not.dtemkr)f
hypertrophy suggests that, under conditions assessed, increased adipose massritardubto
white adipose hyperplasia. Whether younger animals (fed a 93G diet) digp&ylasia or
hypertrophy has yet to be determined.

In attempt to exacerbate tRdh1-KO phenotype, we tried two feeding regimes of high
fat diet (HFD; here, 50% fat derived calories). In the first, (Figurevé@¥witched mice from a
93G diet to HFD at 7 weeks of age. Although this particular cohort showed no weigrardie
at 7 weeks, the following 3 weeks of HFD feeding caulgid-KO animals to quickly gain
weight beyond that of WT. Although WT and KO animals fed HFD were heavierllohena
93G fed animals, the weight difference between WT and KO was the samea@sriheonly
observed in animals fed 93G diet (Figure 6B). Interestingly, this group of Kandid not
have an increased adiposity index (Figure 6D). Because differences in tesghewere not
statistically significant (Figure 6C), other, unmeasured, tissues ancpfatsdaust account for
the weight difference.

In a second group of animals, we weaned mice from 93G-fed dams directly onb a HF
(Figure 7A). Under this regime, KO mice did not increase in weight compared tblgWwever,
this group showed an increase in both absolute and relative epididymal fatloagsvith a
25% increased adiposity at age 29 weeks (Figure 7B and 7C). Increased aéi@gied KO
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animals (Figure 4B) ranges from ~0-50% increased. As with weightid&ID diet feeding
failed to exacerbate adiposity Ruh1-KO mice.

In Rdh1-KO mice, increased weight is typically accompanied by increased agtiposi
although these two components of the phenotype are not completely linked (at Eagilby
measures of adiposity). However, because increased length is rarely opserbetieve
increased adiposity to be the primary cause of weight gain in KO animals. Thowghdes,
we found that increases in weight and adiposity develop often early in life sednlcecases are
independent of HFD feeding.

Energy Balance inRdh1-KO

Increased weight and adiposity occurs when animals increase enekgyontiecrease
energy use. Becauselhl-KO mice gain both weight and adiposity, we conducted a set of
experiments to determine the cause of energy imbalance. In their initiEdsstZzhang and Hu
carried out study of energy intake in VAD fed animals (3). Since then, we haveuszhto
monitor food intake during the lifespanRdh1-KO mice. Pooling cumulative intake data from
many groups of 93G-fed animals shaRahl-KO animals consume about 25 kcal more than WT
animals by 18 weeks of age (~1.7 kcal or 0.44 g of diet more per week)(Figure 8&)sBec
heavier animals require more calories to maintain body weight, we subsgquenthlized
intake to the body mass (Figure 8B). Using this metric, the difference®etWT and KO mice
disappears. KO mice only consume more food because of their increased bodyumasgative
measurements of food intake average the intake of group housed animals. We alsedmeasur
food intake from individual animals using CLAMS (Comprehensive Lab Animal Monitoring
System) metabolic cages. Under these conditions, KO animals at varioweagesnore (nor
less) than WT during a 24-hour period (Table 5). Food intake can also be monitored
continuously during CLAMS. As shown in Figure 9, neither younger nor older animals
substantially differ in their food intake patterns, as both WT and KO animals consuneéood
during the dark half of the light/dark cycle. Although ANOVA analysis suggesinteraction
between genotype and time of day in young animals (Figure 9A), comparisons with othe
CLAMS studies (Figure 9B and data not shown) highly suggests that the suletlerdiéf seen
in these younger mice reflect biological variability rather than endegeible trend.

Further evidence against hyperphagiRdhl1-KO animals comes from the HFD diet studies.
One would expect hyperphagia to have a greater impact on animals fed altpldeicse diet.
HFD feeding failed to produce a more pronounced phenotype than 93G diet, therefore
corroborating our food intake observations. In all, it appears that food intake isanelgsed in
KO animals as they gain weight, and therefore hyperphagia is not the urgledyise of
increased weight iRdh1-KO animals.

CLAMS studies also allowed us to measure the activity of WT and KO aninoalsinig
across many studies under fastiag)ib fed and refed conditions, losskdhl did not
consistently decrease total movement, ambulatory movement (movements ovedistagees)
or rearing (vertical movement) (Table 6). Like food intake, activity camdu@tored
continuously throughout the light/dark cycle. Neither young noRdid-KO mice differ in
activity pattern from that of age-matched WT (Figure 10). In all, we do novb&dhl-KO
animals gain weight do to decreased physical activity.

CLAMS can also measure energy expenditure using indirect calorimetryoiS
monitor the amount of oxygen consumed and carbon dioxide produced by the animals housed
inside. Because the size of the animal makes a difference in respirdttbm@s being equal,

18



larger animals respire more than smaller ones), oxygen consumption and carbas miexsure
are adjusted based on body weight. For our measures, we used the adjustmefit'dfanass
commonly used adjustment that estimates lean body mass (135). Bedal$@ animals

have higher adiposity (Even 4-9 week old mice have an up to ~50% higher adiposity index,
Figure 4B), this may not be the most ideal adjustment. Ideally, a DEXA smad determine
the lean body mass of animals right before CLAMS, allowing for optimal adjosgm#&ithout
access to DEXA, we used the less than ideal, but common, body weight adjustment.

Looking at a variety of different ages, under different diet regimes and dasitigg,ad
lib feeding or refeeding, oxygen consumption and carbon dioxide production do not consistently
differ between KO and WT animals (Table 7). Aerobic respiration require®oxttgus oxygen
consumption rates are an indirect proxy for metabolic rate. On the other hand, carbas idioxi
the byproduct of respiration and the ratio of carbon dioxide to oxygen varies basedtoer whe
the carbon source is carbohydrate, protein or fat. Ignoring the contribution of ptiageratio of
carbon dioxide production to oxygen consumption (respiratory exchange ratio, orridieR)as
whether fat or carbohydrates provide fuel for respiration. Accounting foripicieng CLAMS
analysis requires collection of urine samples and additional assays. @duauvslative
contribution of protein to metabolism is typically small, most metabolic cageestigpiore the
contribution of protein (135). Ignoring the contribution of protein, an RER of 1.0 indicates 100%
of energy comes from carbohydrate oxidation, whereas an RER of 0.7 indicatesat00% f
oxidation (plus or minus any calibration errors). Given the weight and adipagiases in
Rdh1-KO mice, we hoped to detect either increased fat production (RER greater than 1.0)
decreased fat oxidation (higher RER). However, young or old, fasted orRdfddKO animals
show no consistent difference in RER from WT animals (Table 7).

Oxygen consumption indirectly indicates energy expenditure, but can also be combined
with RER to generate a separate estimate called Heat. For our expgrwensed to packaged
software to determine heat (see Materials and Methods for how Heat istealguBcause
Heat does not account for differences in body mass, average Heat ratésrahggoer irRdhl-
KO animals (Table 7). One expects larger animals to expend more emafgyranalizing Heat
measures to body weight yields results quite similar to oxygen consumption (dsit@wa).
Regardlessncreased energy expenditure would not explain increased weight and adiposity.

Although CLAMS measures energy expenditure with sensitivity and agcinatogical
variability and individual mouse behavior make it very difficult to detect subtlerdiites. Mice
are very sensitivity to their environment and CLAMS study requires mangeban a mouse's
typical environment: individual housing, lack of bedding, different cage size, étouljh data
from the first hour of study was discarded to allow mice to acclimate, theemeantal changes
required by CLAMS introduces a degree of artifice into its measures. Fuditggnwithout a
background in statistics, it becomes difficult to untangle the impact of onbahetparameter
on the next. For instance, mouse movement impacts its energy expenditure and food intake
affects RER. Although clear outliers have been excluded form the data, ctieeeoa hungrier
mice complicate analysis. Therefore, our work indicates that althoughatesno large or robust
changes in KO mice, we cannot rule out subtle changes.

With no observable changes to activity and changes to caloric intake and energy
expenditure accounted for by increased body mass, we surRtkgdnust play a role in
thermogenesis. To challenge the animals’ ability to maintain body temenatihoused them
at 4° C and monitored body temperature for 24 hours under both fastad l&mted conditions.
Initially, mice rely on shivering to maintain body temperature during cold expodétithin a
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few hours, a process called non-shivering adaptive thermogenesis takesqwerature
maintenance (136). Although the initial cohort studied suggested a defRettitKO cold
response, repeated studies determined that nearly an equal percentage of \Taandads

fail to defend their normal body temperature over 24 hours (Table 8). Similarlyetected no
overall trends in final body temperature, weight loss or food intake at the end of 24 hmalds of
exposure (Table 8). Representative temperature data for fasted (Figyrantilféd (Figure
11B) mice over the entire 24 hours shows, if anything, a slight protective @fi€€t during
fasted cold exposure. KO animals near the end of the fasted study fare peghdg<siter

than WT. This is consistent with heavier, fatter animals having more lipid st@iete for
thermogenesis. Comparing body fat percentage in older animals (Figure 4A)evitbrcent
weight lost during fasted cold exposures (Table 8), it is likely that timeads:sremoved from
study (both WT and KO) merely exhausted their energy stores. In fact, akanige that failed
to maintain body temperature were removed at least 16 hours into the study. Alsotnote tha
animals defend their body temperatures well during the first few hoursco$imly. This
suggests shivering remains normaRuth1-KO animals.

Because we could not rule out compensatory activity changes or enhanced shivering
responses iRdh1-KO animals during cold exposure, we also tested thermogenic potential
pharmacologically. In these studies, animals housed in CLAMS were injedtegkaidrenergic
agonist CL 316,243 (CL). BecauBgreceptors are located primarily on adipose tissue (137), the
metabolic induction following CL treatment can be attributed primarily touséition of brown
and white adipose. Again, animals at multiple ages and various dietary regiraeaavitored
(Table 9). Only once, with HFD feeding, drdlh1-KO animals show decreased response to CL
treatment. However, a re-test of the same group of animals showed no inmpairme
Representative data from young 93G-fed animals (Figure 11C) shows no dikeeifiarence
between WT and KQs-adrenergic response.

Despite normal response to both cold fgddrenergic stimulation, we continued to
suspect thermogenic impairment. We began to measure core body tempefaterarzbafter
metabolic cage studies (Table 10). Though not all experiments showed défenemody
temperature, in every experiment with a statistically significdferénce Rdh1-KO animals
had either a lower body temperature or greater decrease in body temperatgra tast. To
follow up on this preliminary data, we challenged mice with fasting anddiefgand monitored
body temperature at either 5 or 6.4 weeks of age (Figure 12A and B.). In both exirodnt
temperature of WT and KO depressed during fasting, rose addietemperature during
refeeding and returned backadlib temperature. Whether due to differences in age or handling,
the exact response differed between experiments, with 2 hours post refeeding &t the fi
experiment more similar to 1 hour post refeeding in the second. These differendgétiigél
variability in mouse body temperature. One way to reduce variability is to mudisrérom both
experiments (Figure 12C). The important observation, however, is that wheneverendd
between WT and KO is statistically significant, KO animals that have Ibagy temperatures
than WT,

In order to get a clearer picture of body temperature, and perhaps redabgityao
better detect subtle differences, we took three temperature measures dudengdhd averaged
these for a given mouse. We also followed body temperature in the same cohartadd ani
different ages (Figure 13A and B). Although averaging multiple measwrasaf single mouse
reduced some variability, week-to-week, mice vary 0.5-1.0 degrees in bodyaé&mpen both
WT and KO animals. It is unclear how much variability can be attributed to trsgopigical
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changes and how much is due to behavioral variability (food intake, activity, hudaiing)
handling differences (cage cleaning, noise, earthquake, experimeatgriéowever, looking at
both cohorts individually, as well as pooled (Figure 1¥dh1-KO animals at times maintain a
body temperature ~0.5 degrees lower than WT.

Based on multiple observations under various conditions, we concludreiiakO eat
no more than expected for their body weight and move no less. We also detect no changes to
metabolic rate or metabolic substrate (carbohydrate vs. fat) preferetdsee energy
expenditure increases consistent with increased body mass. Therefotbeaeiguced body
temperature explains the weight gain observegdim-KO animals. Though not easily
observed, nor concluded from a single experiment, the sum of temperature obsestatinyig
suggests a defect in normal body temperature maintenaRdbirKO animals. From cold and
B-adrenergic agonist work, it appears tadrenergic activation of thermogenesis remains
intact and can overcome the thermogenic defect. Interestingly, normal housinghoasing
temperature (21° C) lies well below thermoneutrality for mice (30° C), gnelsents a degree of
thermal stress (And therefge-adrenergic stimulation?). This suggests that only high levels of
B-adrenergic stimulation can overcome impaired thermogenesis. Later|l\addvess possible
hormonal and molecular mechanisms that impact pattirenergic dependent and independent
thermogenesis.

Metabolic Consequences drdh1-KO

Weight gain and obesity belong to a cluster of symptoms known as "metabolic
syndrome" or "syndrome X." Other symptoms include insulin resistance, dysiipidad high
blood pressure. In humans, these symptoms lead to increased risk of heart diseadeetesd di
The symptoms of metabolic syndrome are highly interrelated, with dysfunctereiparameter
contributing to dysfunction in others. Thus, determining other aspects or consequeneghbf w
gain inRdh1-KO animals may relate the phenotype to human health as well as provide insight as
to which tissue(s) are affected Bghl loss.

In Rbp1-KO animals, loss of CRBP1 leads to increased pancreatic 9cRA, which in turn
affects insulin and glucagon secretion and therefore glucose tolerancedfiiigidRhomeostasis
can also affect glucose metabolism through RBP. The RBP-retinol compheissigrough
STRAG, activating a JAK-STAT pathway that induces expressi&@oas3, an antagonist of
insulin signaling (6). Given both the connections between obesity and insulin resesanell
as those between retinoid metabolism and insulin resistance, we tested RetHeO
animals develop insulin resistance and glucose intolerance either priaragdcondarily to
increased weight and adiposity.

Older KO animals, age 24-25 weeks, fed a 93G diet, show impaired glucose and insul
metabolism when challenged by a glucose and insulin tolerance tests i@ Tl Ta
respectively). During GTT, KO animals fail to efficiently cleéuapse from blood, suggesting
either defects in glucose uptake or an impaired insulin response (Figure 14A3I6Trevealed
increased fasting glucose levels in KO animals (Figure 14A, time 0).tBtefasting glucose is
an additional indicator of impaired glucose tolerance. During ITT, KO asiapgear to clear
glucose as well as WT (Figure 14B from 0-15 minutes) but have elevatedegylecels during
the later half of the study (Figure 14B from 60 minutes on). Such results suggest giocose
uptake by peripheral tissues, but failure of insulin to prevent hepatic gluconisod@83. ITT
results were reproducible in a second cohort of 24-25 week old animals (10w1b, data not
shown), consistent with insulin resistance preceding glucose tolerance (@&)yeld response
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to insulin can be overcome by increasing insulin levels. One cohort of 8-week old ii@lsani
indeed showed elevated insulin (Figure 15A). As shown by pyruvate toleran@€deast 15B),
8-week oldad lib fed WT and KO animals synthesize similar amounts of glucose from a bolus of
pyruvate, suggesting sufficient control of gluconeogensis in such mice.

To determine whether insulin resistance and impaired glucose toleraretepdel
primary to loss oRdhl, we performed GTT and ITT in younger animals. In multiple cohorts of
mice from ages 4 to 10 weeks, we fiRdhl KO mice respond normally during both GTT and
ITT (Figure 15C and D (4-5 weeks); Figure 16E and F (9-10 weeks); and 3w1g8k3,wlata
not shown)). Furthermore, in 3.5 week old fasted animals and 5 week old refed aniolias ins
levels appear the same as WT (Figure 14A). In one cohort of animals, fed digtAtil age 5
weeks, KO mice appeared more insulin sensitive than WT at both 9 and 24 weeks (Figure 16A,
B, C, and D). However, these results were not reproducible in a second set of amirtteds fe
same diet regiment (Figure 16E and F), suggesting insulin sensitivitythe a@omalous result.
Together, these results suggest changes to insulin sensitivity andegioievsance occur
secondarily irRdh1-KO mice, likely the consequence of increased weight and adiposity rather
than from a direct effect of retinoid metabolism.

Dyslipidemia is associated with obesity and metabolic syndrome. In huneais)ent
with 13cRA (trade name Accutane) can lead to dyslipidemia (139), suggestintpaypeffect
of retinoids on serum lipid levels. To determin®ih1-KO affected serum lipid metabolism, we
measured serum triglyceride (TG), free fatty acid (FFA) and giyterels in 8-week old WT
and KO animals (Table 11). During fasting, adipose tissue mobilizesatatty into serum.
Inability to mobilize lipid from adipose could potentially lead to increased atp&sihl-KO
mice, however, show normal FFA levels during both the fasteddhd fed state. During
feeding, fatty acids from diet amig novo synthesis are esterified to glycerol forming
triglycerides. In peripheral tissues, uptake of fatty acids from tegigle requires localized
lipolysis, which releases free glycerol into serdwlib fed levels of both glycerol and
triglyceride appear normal in KO animals, suggesting normal rates gtargle synthesis in
intestine and liver and normal uptake by adipose and other peripheral tissues. Thasgdncre
triglyceride synthesis does account for increased adipodRghih-KO animals. During fasting,
glycerol liberated by lipolysis can be converted into glucose by gluconsisg€asting glycerol
levels are unchanged in KO animals, once again suggesting that lipolysis@ntkggenic
rates are normal in 8 week old KO animals. In yoRdigl- KO mice, serum lipids appear
normal and thus a primary change to lipid transport or mobilization does not conwibute t
increased adiposity. We have not determined whether serum lipid metabolism $ecsmnated
later in life as a consequence of increased adiposity, nor have we looked atdipoprot
composition in either young or old mice.

Obesity can lead to increased levels of inflammation, due, in part, to increased
macrophage infiltration of adipose tissue (140). Such inflammation contributes to the
development of insulin resistance (141). Increased inflammation can alsagbeodisifection,
which can lead to both hyper- and hypo-thermic responses (142). Thus, as a part of a
hormone/cytokine panel we measured serum levels of three inflammatdwrandiNFe,

MCP-1 and IL-6 (Table 12). Healthy, young animals typically have lavyevels of these
markers. Thus, most animals had undetectable levels of two or more cytokinesl€VEIS in
all animals were undetectable). No KO animals had detectable levels oflMAdtereas four
WT animals had detectable levels. For IL-6, only two WT and three KO animals teathtée
levels, and amongst those animals the difference between WT and KO was statashati
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significant. Thus, at a systemic level and in relatively young (agesRsyanimalsRdhl-KO
animals show similar, if not lower levels of inflammation. As with serum lipigsmight expect
changes to these markers as animals age, but have not yet measured lededsnicel
Furthermore, these studies do not rule out local inflammation or changes in ddmemaftory
markers.

Tissue Expression Pattern of Multiple Rdh, Raldh and Crabp2

Previous study oRdhl looked for expression in common retinoid target tissues, but had
not explored expression in tissues like white and brown adipose tissue. To better nddersta
retinoid signaling in these tissues, we used quantitative polymerase cluéionrégPCR) to
compare expression 8dhl, Dhrs9, Rdh10, Raldhl, Raldh2, Raldh3 and Crabp2 in 27 tissues
or distinct parts of tissues from 4-week old fasted animals (Figure 17)ls@/explored whether
knockout ofRdhl, age and/or dietary retinol affectBdhl, Dhrs9 or Rdh10 expression in liver,
EWAT or BAT (Figure 18).

While performing these assays, we determined the commercially agglailers for
Rdh1 are not completely specific. We routinely get very low signal fRoifiil-KO animals
(Figure 18A and B), perhaps due to noise from similar géRare(Rdh9 andRdh16). To
confirm expression in the low expressing tissues, it would be prudent to compar®étwelsn
WT and KO animals. For instance, though WT animals may have detectable |eRetd of
EWAT, these levels are often comparable to those observed in KO animals (/@)re

Where levels were detectabRegh10 andDhrs9 expression dwarfed that Bfihl,
differing by at least one order of magnitude (Figure 17A). Except for skin aiodgas, where
Dhrs9 expression predominaté®ghl0 is the mostly highly expressed of the three RDH.
Interestingly, most tissues express all three RDH, although each RCHunégue pattern of
relative expression. The presence of multiple RDH with the same tissuetswgjtiess unique
functions and/or unique locations within the cell and/or tissue Rih&-KO phenotype suggests
that even though other, more highly expressed RDHSs are present, they cannotipkysate
for Rdhl loss.

This newRdh1 expression pattern is fairly consistent with previous reports (2), though
here we were not able to det&hl in pancreas or skeletal muscle. Of note, BAT shows the
fourth highest expression level Réihl. By comparison, skeletal muscle has expression levels
below the limit of detection. The expression pattern predicts that |é&thbfhas greater effect
on brown adipose tissue than skeletal muscle, and is consistent with changes to mmgshive
thermogenesis rather than movement or shivering. Expressitdihbthroughout the brain was
low or undetectable. In this study, hypothalamus, an important central regiflatetabolism
shows low levels oRdhl expression. However, hypothalamic temperature regulation occurs
largely viap-adrenergic stimulation of brown and white adipose (136, 143). Physiological
studies with th&kdh1-KO mice show this pathway remains intact. Hypothalamus also regulates
food intake, which also appears normal in KO animals. Thus, we do not believe temperature
changes in th&dh1-KO animals derive from hypothalamic dysfunction. High expression of
Rdh1 in skin suggests a functional role we have not yet explored.
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Preliminary data (H. Tran and J. Napoli, unpublished) suggested deckdblof
expression with age and diet. We also predicted that Idzdhdfwould lead to upregulation of
other RDH. Looking in three key metabolic tissues uddrb fed conditionsRdhl expression
levels are maintained between ages 10 and 20 weeks (Figure 18). Feeding a highiettorol
5 weeks also fails in to change BA&UOh1 expression. On the other hand, age decrdRaed
andDhrs9 expression in brown adipose, suggesting changes to retinoid signaling in BAT with
age. High retinol in the diet has a similar effect on Dhrs9Ralind0 expression in BAT. Liver
Rdh10 levels are affected by age, and no effect of age is seen on EWAT RDH mxpress
Interestingly,Rdh1-KO if anything decreasd3hrs9 andRdh10 expression.

Much like RDH expression, RALDH expression varies from tissue to tissudland a
tissues assayed appear to express multiple, if not all three RALDH€RigB).Raldhl
expression predominates in all tissues except for pituitary and thyroid glatidsnedian levels
~10 fold greater thaRaldh2 and ~25 fold greater tha&aldh3. Liver shows the highe&aldhl
expression levels, and expression levels vary by two orders of magmaldie2 expression
predominates in the pituitary gland, though highest overall expression appeatesin tes
Expression oRaldh2 ranges four orders of magnitude, with lowest expression in intestinal
mucosal cells. Thyroid gland represents the highest lev&aldii3 expression, with levels
spanning three orders of magnitude down to intestinal mucosal cells. With contiraredtimt
the role of RALDH in retinoid synthesis, detailed knowledge of relative expregseatly
informs future work.

Expression of retinoic acid binding proté€nabp2 covers at least three orders of
magnitude, with highest expression in skin and olfactory bulb, and undetectablereskaketal
muscle, pancreas and smooth muscle of the intestine (Figure 17C). Because betwatn
CRABP2 and FABP5 determines the amount of signaling through RARs or&®RARuId be
interesting and informative for future work to compare expression patterns

While looking at RDH, RALDH an&rabp? tissue distribution, we originally included
inguinal white adipose tissue, but discarded expression results when it appeafeddiples
had been contaminated by skin (data not shown). To address this concern, we did a prelimina
study of RDH and RALDH expression in multiple fat depots from the same anithdiver as
a reference (Figure 19). Interestingly, different white adipose depotarappexpress different
levels of RDH and RALDH. More interestingly, RDH appear more highly exptesdaown
adipose and WAT with high&ycpl expression (Figures 19A and C). On the other hand,
RALDH appear more highly expressed in white adipose, with expression gede@ibasing
with Ucpl expression (Figures 19B and ©pl expression in white adipose derives from
pockets of brown (or at leasitpl expressing brown-like) adipocytes within white adipose
(143). With more thorough study, and by looking at protein expression, these trends may provide
interesting insight into how retinoic acid synthesis differs between white anch ladipose.

Lipid Flux in Rdh1-KO Mice using Stable Isotope Labeling

Using isotopic tracers, the relative synthesis rates of vaimotigo compounds can be
measured. Applying one such technique, we used deuterium oxide (heavy wateguemea
rates of fatty acid synthesis and triglyceride turnover. Newly synarge&atty acids, as well as
glycerol freed by lipolysis, incorporate deuterium atoms in place of hydrolymmirg for
detection of labeled molecules by differences in mass (130, 131).

In the first such experiment, mice age 9 weeks were labeled for 4 daytlofeeding
and IWAT was collected via biopsy (Figure 20A). During this study, newithesized
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palmitate accounted for only 10% of the KO animal palmitate pool, whereas Walanim
accumulated 25%. The simplest interpretation of the data is that KO animals\Wwavedtes of
de novo lipogenesis. Alternately, KO animals may have more fat overall, and thus newly
synthesized fatty acids comprise a smaller fraction of the overall pool. dditioaal time
points were collected in this experiment, though results from these timepoistatygical,
suggesting error in biopsy collection or experimental conditions.

To better understand the size of lipid pool, we repeated our study in a second group of
mice. In this experiment, we studied both inguinal and epididymal white adipose die ploits.
cohort of animals, no statistically significant differences occurrelé novo palmitate synthesis,
although IWAT accumulation in KO trends toward a decrease (Figure 20B). {lisimg
ionization detection (FID), the total amounts of several fatty acids, includingtptd, were
measured, allowing for measures of absolute palmitate synthesise(B@D). Again,
differences in IWAT trended toward statistical significance. Conigp@archanges to both
fractional and absolute differences suggest differences arise due terdiéfén lipogenic rates
rather than pool size. Finally, we looked at triglyceride turnover by meashearigattion of
labeled glycerol, and found no difference between WT and KO animals in eitheradipose
depot (Figure 20D). Previous reports have noted differences in newly synthesmgdtpaates
between different fat depots, but importantly, dietary or genetic intervetetial to affect all fat
depots similarly (133, 144).

Lipids in brown adipose turn over much more rapidly than those in white adipose tissues.
Thus, to assess lipid flux in brown adipose, we labeled 6-8 week old mice during a 5-6 hour
refeeding period. Similar to the second study, the fraction of newly syrédgsaimitate and
triglyceride turnover were unchanged between WT and KO in EWAT (Figure 21A and C). In
BAT, however, KO animals accumulated only 75-80% of WT fractional or absolute new
palmitate levels (Figure 21A and B), though TG turnover rate in brown adiposeviissue
unchanged (Figure 21C). Despite reduced levels of newly synthesized lovexall levels of
palmitate as well as other common fatty acids are comparable betwieand¥O (Figure
21D). Increased dietary palmitate must account for difference. Newlyesynéd fatty acids
found in brown adipose likely originate either from local synthesis or fronmasistin liver via
circulation. In liver, KO and WT animals had similar fractions of new pate{féigure 21A).
Because KO and WT animals maintain similar levels of circulating &aity and triglyceride
levels, the newly synthesized lipid from liver is available to BAT. Thus, browroadimust
either be synthesizing less fatty aoidsitu or taking up fewer fatty acids from circulating LDL
particles. Either of these options supports a change in brown adipose physiology, though
additional work is needed to determine which of these hypotheses is correct.

Using FID data from study 3, we were able to measure relative levedgarhtfatty
acids in EWAT, BAT and liver (Figure 22A-C). In both liver and BAT, KO animals hiagvar
percentage of stearate (Figure 22A and B), suggesting defects in elonggiabmitdte to
stearate. In brown adipose, we observe increases in palmitate and palendotesastent with
decreased elongation (Figure 22Adlib fed animals from study 2 showed decreased
percentages of stearate in all KO adipose depots (Figure 22D). Liver, hosrenas,
comparable stearate percentages. Study length cannot account for didvetveeen liver
results in the two studies, because fatty acid composition reflects totadal, not just newly
synthesized fatty acid. Liver differences most likely reflect tfferdint collection conditionsad
lib fed vs. 5-6 hr. refed after a fast). Importantly, both studies indicate arsdefect in stearate
synthesis. Elongadelovi6 recognizes fatty acids sixteen carbons or shorter, and therefore
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converts palmitate synthesized by fatty acid synthase into stearatel{ild&wn adipose, gene
expression levels dilovi6 are comparable between WT and KO animals during both fasting and
refeeding (Figure 22 E). However in liver, KO level&bdvi6 are about 60% of WT during
refeeding (Figure 22E). Decreased liver elongation therefore accouulifférences in stearate
throughout the animal. In study 3, an increased percentage of linoleate is pr&3MAT

(Figure 22C). As an essential fatty acid, increased linoleate suggestwtiedttty acid in

EWAT derives from diet rather thale novo synthesis.

Rdh1-KO mice accumulate more fat. The results of our stable isotope ssudjgsst this
accumulation comes not from increasiedovo lipogenesis, but from increased storage of
dietary lipids. In some caséds novo lipogenic rates decrease in KO animals. In KO BAT,
decreased newly-synthesized palmitate levels indicate dysfuncticdhen keical synthesis or
uptake. Interestingly, changesEtovi6 in liver leads to changes in the relative percent of
stearate. We have yet to determine how these changes to BAT lipid dgraardioverall
changes in fatty acid composition connect to weight gaiRdii-KO animals.

Hormones and Adipokines inRdh1-KO Mice

Rdh1 expression spans tissues with endocrine function such as testis, thyroidrypituit
adrenal glands and ovary (Figure 17A and (2)). In addition, RDH1 recognizisl 3+ad DHT
as substratas vitro (2), suggesting a possible role in androgen metabolism. Furthermore,
adipose tissue has also been identified as an endocrine organ, sending factors dubbed
“adipokines” into circulation that signal metabolic information between tissuiis.tk'é broad
tissue distribution oRdhl and metabolic phenotype observed inRdba1-KO mouse, we
measured a variety of endocrine factors to better define the rBhdin vivo.

Much like atRA, testosterone and DHT bind a nuclear hormone receptor, the androgen
receptor (146). Like RAR, androgen receptor regulates gene transcription through
heterodimerization with RXR and DNA binding. The more active androgen, androgén targe
tissues generate DHT from circulating testosterone. As fans of teapgue baseball know,
androgens help regulate muscle mass and body composition. Basedtanstudies, RDH1
can either generate DHT from 3-adiol or metabolize DHT to androstand@joi® determine
if Rdhl plays aninvivo role in androgen metabolism, we measured circulating levels of
testosterone and DHT in male animals under various dietary regimes (Taldled a chow,
93G or VAD diet,Rdh1-KO animals showed no statistically significant differences in either
circulating DHT or testosterone. FurthermoreRdhl were affecting body composition through
androgen pathways, we would not expect dietary retinoid to have an impact on phenotype.
Because circulating androgens do not change and choRdfddKO animals do not increase in
weight and adiposity, we do not belieRéhl plays a major role in global androgen metabolism.

Initial observations suggest&ihl-KO mice were longer and therefore larger in size (3).
We therefore wondered Rdh1-KO affected pituitary function. The pituitary gland regulates a
myriad of endocrine pathways and secretes, amongst other hormones, thyroliatisig
hormone (TSH) and growth hormone. Growth hormone, amongst other functions, impacts body
size and insulin sensitivity (147, 148). To determine if lodRdbfl affected growth hormone
levels, we measured circulating levelsadlib fed animals 8 weeks of age (Table 13). Rather
than higher predicted by increased length, growth hormone levels trended t®eeeased in
Rdh1-KO mice. Animals lacking growth hormone receptor (and therefore witleased growth
hormone signaling) do become overweight, but are also smaller in overall sizeTti4s)the
Rdh1-KO phenotype cannot be attributed to changes in growth hormone levels.
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Thyroid hormone also plays an important role in regulation of energy expenditure, body
temperature and therefore weight and body composition (149). Hypothalamus detalztray
levels of thyroxine (T4), and responds by adjusting secretion of thyroid rejdasimone
(TRH). TRH acts on the pituitary gland, signaling release of TSH. TSHrnngtimulates
secretion of T4 by the thyroid gland. Target tissues take up T4, where it is cdnngste
trilodothyronine (T3) by the action of deiodinases DIO1 and DIO2. T3 binds to the thyroid
hormone receptor, which heterodimerizes with RXR, signaling a variety of ganges.
Hypothyroidism, or low T4/T3 levels, is associated with decreased tempeeatargy
expenditure and weight gain (136, 149).

To understand the role thyroid hormone plays inRiifgl-KO phenotype, we measured
circulating levels of total T4 and T3 in 6-week old male WT and KO mice under batigfastl
refed conditions. When fasted, both WT and KO animals maintain similar T3 and T4 levels
However, during refeeding T4 and T3 are decreased by 12% and 16%, respectively, in KO
animals (Table 13). Low T4 levels arise due to either low TSH signal friitepy or from
impaired T4 production/secretion by thyroid hormone. Defects in T4 production/se@sti
often accompanied by increased TSH levels, because hypothalamus and pitigitapy to
compensate for thyroid dysfunction. Thus, we next measured TSH levels ifRdafie&O and
WT animals at two different ages (Table 13). We chose age 5.5 weeks, otlagaceiin T3
and T4 studies, and age 18 weeks, older animals to allow for possible TSH compeAsation
both ages, KO animals showed no significant difference from WT. Without lower TSH, leve
we can infer that T4 and subsequent T3 changes are due to a primary dflitt lolss on
thyroid. However, because TSH is not increased in KO, we can reason that tresdbang and
T3 are only mild. Measurement of thyroid gene changes, especially those ®frgaeed in
thyroid hormone synthesis, would provide further evidence of a tissue autonomous Rol&lfor
in thyroid.

Since the discovery of leptin, a growing number of adipose secreted hormones have been
discovered (150). These adipokines serve as endocrine/paracrine signalp anddwrdinate
energy metabolism. Mice missing leptob{ob) or leptin receptordb/db) gain weight through a
multiple mechanisms including hyperphagia, reduced body temperature araksdda@aergy
expenditure (151-154). In normal animals, leptin levels increase with incredipedity and act
as a satiety signal to the hypothalamus (150). AlthdRdiii-KO mice are not hyperphagic
(Figure 8 and Table 5), we asked whether changes to leptin levels contribiteBdbi-KO
phenotype. In 8-week old ad lib fed animals, leptin levels are increased néaldyir2 KO
mice. Clearly, leptin deficiency does not contribute toRtlel-KO phenotype. Van Heek and
colleagues correlated leptin and body weight in mice with diet induced obeasiingfithat
circulating leptin increases 1100 pg/mL in circulation for every grabodf weight (155). In
the leptin study, KO mice weighed 2.1 g more than WT. This weight differencetpradic
increase of 2300 pg/mL from WT to 4000 pg/mL, a level higher than measured KS TEweas,
elevated leptin levels are most likely a symptom of increased weibbkt thian a primary defect
in Rdh1-KO animals.

Adipose tissue also secretes the protein resistin. Resistin levelseenga adiposity
and contribute to insulin resistance (156, 157). Furthermore, WAT resistin egpliesseases
with increased dietary vitamin A and pharmacological doses of atRA (50). TTondetevhether
resistin levels contribute to thelhl-KO phenotype, we measured serum resistin levels in 8
week oldad lib fed male mice (Table 13). Although KO animals studied were 2.1 g heavier, we
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found so significant difference between WT and KO resistin levels. At legsuing animals,
changes in serum resistin do not contribute to insulin resistaftiinKO mice.

Secreted by both liver and adipose tissue, RBP links retinoid metabolismlio ins
resistance and allows for retinoic acid-independent effects on metab®)i9&).(Inad lib fed,
fasted or refed animals we found no changeet expression in EWAT dRdh1-KO mice
(Figure 23). In liver, we observed no differences between WT and KO animals, buttatind t
hepaticRbp4 expression in both genotypes declines 60-70% upon refeeding (Figure 24). Because
fasting animals must rely on stored vitamin A, we might expect increaseal raobilization
during a fast and suppression in refeeding. In addition, increased RBP mayripoeant
suppressor of insulin signaling during a fast. Future work will need to deternhiepaific
secretion or circulating levels of RBP correlate with changes to hepadression.

In brown adipose tissuBbp4 expression is 2.5-4 fold increased in KO aninaalsib fed
(Figure 25A), fasted or refed (Figure 25B). As in the liver, BAT expoessiRbp4 decreases
~50% with refeeding. To assess whether elevated RBP levels were hdwoa
(autocrine/paracrine) effect in KO mice, we measured expressios ERgarg andSocs3
during both fasting and refeeding (Figure 25B). Despite increRig@tlexpressionSocs3 and
Pparg expression levels were unchanged in KO animals. To confirm these resutteasered
gene expression again in a comparable cohort of animals (Figure 25C). Sigsdlittion
pathways exponentially amplify signals, therefore we expect reastdgthble expression
changes if RBP signaled locally in BAT.

To provide additional insight, we measuf&h6 expression in brown adipose during
both fasting and refeeding. Interesting®r,a6 levels in both WT and KO animals are nigh
undetectable in fasted animals (not clearly shown with the scale used)eawithisefeeding
(Figure 25B). No difference was detected between WT and KO expressioNT JlRBP and
STRAG appear oppositely regulated with fasting and refeeding. This opposittimygaiay
prevent autocrine/paracrine signaling of RBP-retinol in brown adipose. Such a yodxohein
why Rdh1-KO animals do not have the expected increaspang andSocs3 expression. In
BAT, the role of RBP and the amount contributed to circulation have yet to be itheterm

Retinoid Measurements
Initial studies ofRdh1-KO mice focused on traditional targets of retinoid function, such
as liver, testes and kidney. Theses tissuea] Iib fed animals, showed no difference in atRA
levels under any dietary regime (3). As dietary retinol was lowered dnattater kidney
showed increased retinyl ester and retinol, suggesting a sparing of retmohinsence ddhl.
To explore the impact d?dh1-KO on additional tissues, we subsequently began to
included EWAT/PMWAT (perimetrial WAT), IWAT, BAT, pancreas, skeletaiscle,
hippocampus and hypothalamus in our retinoid studies. Furthermore, we often included retinal
and pancreatic 9cRA to the array of retinoids measured. Fearing the diegtiaged or tissue
selection incorrect in any given study, we subsequently measured retinoidsohaeis of WT
andRdh1-KO mice at a variety of ages and fed either a dietary regime includimydrét
(Tables 14-17) or 93G diet (Tables 18-23). Throughout all of these studies, few, if any,
consistent changes in retinoids appear. Comparing the three most similar ¢gudigus (3 ables
18-20; 8-9 week old, male, 93G-fed animals), no statistically significant changasexbs one
group of animals was reproducible in a second. Thus, we conclude thatdhiddied
conditions retinoid levels in liver, EWAT/PMWAT, BAT, pancreas and most liketyrs,
skeletal muscle, IWAT, intestinal mucosal cells, hippocampus, whole brain pathalamus
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remain unchanged. With little to iahl expression in tissues such as EWAT, pancreas and
hypothalamus, these results are not unexpected. Hovielrdr shows relatively high expression
in liver and brown adipose tissue, yet we observed no consistent changes to retitiads i
tissues.

Surprisingly, we no longer observe the 2-fold increased retinol in KO livers. Onblposs
explanation may be maternal diet. Other studies in the lab indicate it takastatuo if not
three generations of 93G diet feeding before tissue retinoid levelst tbfdse in the diet
(Obrochta and Napoli, unpublished). All mice reported here come from at leastnavof{en
more) generations of 93G diet feeding. The retinoid studies of Zhang, Hu aadd¢k place
before we knew the full impact of maternal diet on tissue retinoids. Thus, their \agrieffect
an interaction between genotype and acclimation to the diet rather than gqmeotsge

Increased (presumablsdl lib fed retinal levels have been reported in the WAT of
Raldh1-KO animals, leading some to link increased retinal to resistance tayold€gl). Here,
we observe no change to retinal in EWAT, IWAT or BATadflib fed Rdh1-KO animals.
Pancreatic 9cRA levels change with fasting and refeeding (4) and knoclagloélevates
9cRA levels, affecting the insulin to glucagon ratidbp1-KO mice (71). Though they develop
elevated insulin levels, insulin resistance and glucose intole@dick KO animals show no
changes to pancreatic 9cRA levels unatelib fed conditions. Thus, changes to glucose
metabolism in KO animals cannot be attributed to changes in 9cRA.

We also looked at the impact of HFD on retinoidRdih1-KO and WT mice, age 29
weeks (Figures 26 and 27). In this study, KO lowered atRA in both EWAT and IWAT,
regardless of 93G or HFD. Compared to the studies above, however, this result does not appea
reproducible. Also in this studfRdh1-KO lowers hepatic retinal levels, though in other studies
(Table 19), retinal levels were elevated in KO liver. Compared to |dkdhdf HFD feeding had
a more widespread effect on tissue retinoids. HFD feeding increasett la¢Rét levels, likely
at the expense of RE. In IWAT, HFD reduced atRA and retinal levels. Ratidaktinyl esters
lowered in pancreas. In BAT, only retinal levels decreased with HFDnigeelaii retrospect,
normalizing tissue retinoids to tissue weight may not be appropriate when aognpamnal to
HFD diet. In this cohort of animals, HFD feeding increased the overalb&lzer, IWAT and
BAT (data not shown) due to increased lipid storage. Because of increasetbligie sthe
same mass of tissue from HFD fed mice likely contains fewer cellsliatinft93G fed mice.
Thus, retinoid differences between HFD and 93G fed mice may reflect charigpssie
composition rather than changes to cellular retinoid levels. In future HFD stusbe® retinoids
should be normalized to either tissue protein or DNA content to rule out effects of tissue
composition.

Given the metabolic phenotype of tRéh1-KO mouse, and the knowledge that fasting
and feeding alters 9cRA levels in pancreas, we wondered whether fastirgdesatling impacts
atRA levels in other metabolic tissues. In our initial inquiry, wild-typenals were either fasted
16 hours, refed 2 hours ad lib fed (Figure 28). Surprisingly, atRA levels in BAT uniquely
increased 1.3 fold during refeeding, compared to fastad kb fed animals. Given this unique
and unexpected result, we repeated the study in a second group of animals. Thicemeren
either fasted 16 hours or refed for 4 hours (Figure 29). Once again, atRA levelmereased in
the BAT of refed animals, here about ~1.5 fold. This time, RE in BAT trendeatdcav
significant increase, with levels ~1.8 fold higher than fasted animalig&e.the previous study,
atRA also increased in EWAT ~1.5 fold.
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Mice defend a lower body temperature during fasting and return to normal upon
refeeding (Table 10, Figure 12 and (158)). In this context, refeeding caarbassan activator
of thermogenesis, perhaps similar to cold exposure. Thus, we asked whether caldeexisos
upregulates atRA synthesis in BAT. Fasted wild-type animals, age &dksywere housed at
either 4° C or maintained at normal housing temperature (21° C) for the last 6 hours of a 16 hour
fast (Figure 30). In BAT, serum and EWAT, retinoid levels were unchangedlth exposure. In
liver, atRA levels decreased ~30%, but RE and retinol levels did not change. Because cold
exposure failed to induce BAT atRA levels, atRA increases cannot be algesteation signal
or response in BAT. This also means fhaidrenergic stimulation, increased during cold
exposure, does not modulate atRA in BAT. Instead, induction of atRA may be part of the shift
from fatty acid metabolism to carbohydrate metabolism. This hypothesigsntipat fasted, cold
exposed animals do not require increased atRA signaling, because fastad algady depend
on fatty acids for energy.

Rdh1-KO mice fail to maintain a normal body temperature, a phenotype consistient wi
changes to atRA in brown adipose. However, uadéib conditions, no consistent change
arose. We therefore asked if atRA in BATRah1-KO mice in responds to refeeding. In the first
study with KO animals, we measured retinoids in BAT, EWAT, IWAT and liwenale animals
fasted or refed for 4 hours (Figure 31). As expected, atRA levels in WT BARsectdy ~1.5
fold. However, KO animals fail to induce atRA in BAT. In liver, IWAT and EWAT, \Afid
KO animals respond similarly to refeeding with atRA levels decreasimggduwfeeding in
EWAT of both genotypes. In previous refeeding experiments, WT EWAT atRA dithaot
change (Figure 28A) or increased (Figure 29A), suggesting handling differerdegidail
variability or a confounding variable. Contrary to other work in the lab (4, 71), refeeding
increased pancreatic atRA but did not change 9cRA in WT animals. However, previous studie
used eithead lib fed conditions or time points within two hours of glucose injection rather than
refeeding, which may explain these differences. In addition, KO animals sh@ased 9cRA
during refeeding, though we see no changes to 9cRé lib fed animals. Pancreatic retinol
increased in these KO animals, and in comparably agj&8 fed animals, increased pancreatic
retinol occurred in one of two experiments (Table 19, but not Table 20). RuinigkO
animals maintain glucose tolerance, leading us to conclude that results wittaBzR#pical.
However, changes in pancreatic retinol may reflect a larger trend anarteadditional follow-
up.

To confirm and extend results seen in refed KO animals, we next meaasstest] 1.5
hour and 5 hour refed retinoid levels in liver, serum and BAT from WT and KO femgée$a
12 weeks (Figure 32). In this study, WT atRA in BAT did not significantlysase, however,

KO atRA levels decline with refeeding and differ from WT at 5 hours refigi@& 32A).
Whether this reflects a sex difference in WT animals or biological oumstntal variability is
as of yet unknown. Regardles&hl-KO animals once again fail to maintain atRA levels during
refeeding. In liver, a refeeding time course reveals trends not previouslyetbsHere, KO
animals showed atRA elevated ~20% from WT (differing from previous observationshore
interestingly, both WT and KO animals showed a steady decrease in atRA&fedting.

Retinol levels showed the same trend, as did WT RE. In the serum, WT animals showed
transient increases in atRA, retinol and RE at 1.5 hours refeeding, whereaswds appeared
delayed in this response. Liver and serum data present two interesting insightBv&i
reduces atRA levels during refeeding and exports retinol and RE to serum. drhetsem
transports retinol and RE to the periphery. If we suppose livers of ~1 g and ~1 mL of blood
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(given the sex, age and body weight of mice studied, these are reasonableiassyrti
increased serum retinol and RE can be completely attributed to reduction in liveideet
Becausdrbp4 expression decreases with refeeding, perhaps LDL distributes hepatiasetinoi
during refeeding (an idea proposed by Folias, Kane and Napoli, unpublished). In BATsadcrea
uptake of serum retinol/RE during refeeding may drive increased atRA sgntBesond, KO
animals may have defects in this response, failing to mobilize retinol and REyptopaugh
serum. This may contribute to decreased refed atRA in BAT. In previous studids/@NT
retinol trended toward a decrease at 4 hours refeeding (Figure 31B) or showetfioausig
change at 2 hours refeeding (Figure 28B). RE esters were previously uncabfdexlirs
refeeding (Figure 31C) or increased at 2 hours refeeding (Figure 28@)eRuork, once again
using a refeeding time course, will be needed to confirm or refute rasiiltsri However, this
study suggests that changes to retinoid in response to refeeding may be motergengrst
BAT.

In a group of 45 week old male WT and KO animals, refeeding failed to change BAT
retinoids in response to refeedingRath1-KO (Figure 33). Because these mice were fed a VAD
diet until age 5 weeks, it is unclear whether differences between thisastdayhers reflect
changes to RDH expression with age (Figure 18A) or impact of early VADedieinig.

Comparable to mouse refed data, atRA levels increased ~1.3-fold above fasdtethle
rats given an oral gavage of glucose, though this change only trended towardastatistic
significance (Figure 34A). Retinol and RE levels were unchanged (RBgBrand C). For such
a rapid change to occur, post-translational modifications to enzymes or bindigigprotist
change in response to feeding. This data also suggests that regulation of atRAisn BAT
common between rat and mouse.

Gene Expression in theRdh1-KO Mouse

Uncoupling protein 1, a protein expressed exclusively in brown adipose tissue, uses the
mitochondrial proton gradient to generate heat rather than ATP (136p3a®energic
stimulation induce®Jcpl indirectly by inducing expression of the co-activa@pargcl (PGCLi)
and deiodinase D{02/DI02). DIO2 converts T4 to T3, generating ligand for thyroid hormone
receptor, whereas PG&tecruits transcriptional machinery to ligand bound nuclear hormone
receptors. Th&cpl promoter contains PPAR, retinoic acid and thyroid hormone response
elements. Through both retinoic acid and PPAR response elements, atRA cde tégplla
expression (32p-adrenergic stimulation also induces UCP1 activity via induction of hormone
sensitive lipase activity and increased free-fatty acid levels. bligéebinding, especially that
of GTP/GDP, inhibits UCP1 activity. Likg-adrenergic stimulation, the activation of G-protein
coupled receptor TGR%5pbar1) by bile acids also inducéscpl expression through induction
of Dio2 andPpargcl (5).

Given the reduced body temperature, reduced thyroid hormone levels and changes to
BAT atRA levels inRdh1-KO mice,Ucpl and its regulatory pathways represented a promising
molecular link between loss 8h1 and weight gain in thBdh1-KO mouse. In 10 week oldd
lib fed mice, we initially saw decreas€gbar1, Ppargcl andDio2 expression, howevéicpl
expression levels remained unchanged (Figure 35A). This suggested a possitdamdcsR5
signaling, although without changesUopl this decline may not be enough to affect UCP1-
dependent thermogenesis. We next tried to confirm these results in 28 weadkiblidd
animals. In this study, we once again found a declif&plrar 1 expression, but no changes to
Ppargcl andDio2 (Figure 35B). In addition, the thyroid hormone-responsive geng
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(thyroid hormone responsive SPOT14 homolog) showed reduced expression that trended towa
statistical significance.

Because loss d&?dhl had the most striking effect on BAT atRA during fasting and
refeeding (rather thaad lib fed), we went on to measudepl and its regulators in both fasted
and refed mice, ages 6 and 7.5 weeks. In fasted anidepit levels inRdh1-KO BAT increase
1.6-fold compared to WT, although after 6-7 hours of refeedop] expression returns to WT
levels (Figure 36A). KQJcp2 andUcp3 levels were unchanged in both fasting and refeeding. In
addition, KOs show normal levels Otpl expression irad lib fed EWAT (Figure 37A). Thus,
reduced body temperatureRdh1-KO mice cannot be explained by redudézbl expression
nor reduced expression 0tpl homologs. Increased fastiklgpl expression likely
compensates for reduced body temperatuReii-KO mice.

Regulation of UCP1 also includes non-transcriptional changes to activity. Thoacee
again looked at expression@pbar1 along withAdrb2 (B,-adrengic receptor) anbrb3 (Bs-
adrengic receptor), G-protein coupled receptors (GPCRSs) that impadidpitiexpression and
UCP1 activity (Figure 36B). Similar tad lib experiments, levels @bparl are reduced in KO
animals under fasting conditions. Levels of the paadrenergic receptors, however, were
unchanged between WT and KO in both fasting and refeeding. To see if r&plzed
expression impacted downstream targets, we once again lodReargtl andDio2 expression
levels (Figure 36C). Here, as with the 28 weekanldib fed mice, we see no impactkdhl
loss on expression. We repeaapar1l andPpargcl expression studies in a second set of fasted
and refed animals, and found no impact on either gene's expression (Figure 3@Fp- Inta
adrenergic signaling is consistent with normal response to both cofid-addengic stimulation.
Gbpar1 levels often appear reducedRdh1-KO mice, though a ~50% reduced expression only
inconsistently affects downstream targeie2 andPpargcl and fails to decreadécpl
expression.

We next asked wheth&dhl loss impacted local thyroid hormone levels during both
fasting and refeeding. BecauRéh1-KO mice have reduced T3 and T4 levels during refeeding
(Table 13), we measured expression of thyroid hormone gene Target thyroid hormone and
atRA targetPckl (PEPCH and atRA target and thyroid hormone transpdtetta?
(Monocarboxylate transporter 8, MCT8) (Figure 36D). Of the three, onlydféestels ofThrsp
appear reduced by losskdhl, similar toad lib fed results (Figure 35BRA second set of
animals confirms unchangé&ttl6a2 expression, and showed increa3bosp expression in
fasted KO animals (Figure 36F). Overall, loss of Rdh1 does not appear td tmpa
hormone signaling in brown adipose tissue.

The three PPAR nuclear hormone recepters, (@ndp/d) together regulate adipogenesis,
fatty acid synthesis, fatty acid oxidation and myriad of other cellular fume{{159). Aside from
metabolic regulation, the PPARs have been connected to atRA metabolism. FoejretRAc
can bind to and affect gene expression through BRABD), PPAR regulatefkbp7 expression
(78), PPAR induces RRD (74), atRA reduceparg (45), and loss dRbp7 inducesPpara and
PPARu target genes (78). Thus, we determined if lodRdbflL andRdh1-dependent atRA
impacts the expression of any PPAR in BAT. In both fasted and refed animalsserge no
effect of genotype oRparg (Figure 25B) Ppara or Ppard expression (Figure 36E).

Early in our work withRdh1-KO mice, we took an unbiased look at global gene
expression of EWAT, testis and liver from 10 week old, fasted WT and KO mice. INTEWA
observed statistically significant changes to 2957 genes (Table 24 and 25 shoges&ect
changes). Considering the low or absent expressiBdidf in EWAT (Figures 17, 18 and 19),
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this result is surprising. One explanation for the abundance of gene changedemtadimical.
To minimize variability, we pooled RNA from WT and KO animals and analyzguhieal
rather than biological triplicates. Furthermore, it may be that many $¢ tteanges occur
secondarily weight gain, rather than fréthl loss directly.

Broadly, EWAT microarray revealed changes to retinoid metabolism, adgso&nd
cellular or metabolic regulation (Table 24) as well as intermediarybmieten, transporters or
carriers and immune response (Table 25). Despite so many promising, augéddow-up on
the EWAT microarray has been relatively limited and marred by negatwés. For instance,
microarray revealed a 40% decline in expressidretf (Resistin), yet serum resistin levels are
unchanged ifRdh1-KO mice (Table 13). Similarly, serum neuropeptide Y (NPY) leveds ar
unchanged in KO mice, despite a 7.6-fold increadépynexpression in microarray (Figure
37C). Lipocalin 2 [(cn2), 23-fold induced in the microarray study, appeared unchanged in
EWAT from 10 week olchd lib fed animals (Figure 37A). We also detect no chandrbpd or
Aldhlal expression in PMWAT during either fasting or refeeding (Figure 42), though
microarray suggested 1.5 and 2 fold inductions, respectively. In our follow up of EWAT
microarray, only increase@dbpl expression, up 6.4 fold in microarray and 40-60 fold during
fasting or refeeding by gPCR, has been confirmed (for additginal discussion, see below).
Thoughp-defensins are markedly induced in EWAT microarray, recall that infiaiory
markers TNk, IL-6 and MCP-1 are normal Rdh1-KO mice (Table 12).

In microarray of testis, we observed 1308 gene changes (Table 26 shows selec),changes
once again by technical replicates of RNA pools. We have not done gPCR follow upsof testi
data, though interesting gene changes to transcriptions fatieg$, (Hoxc12), genes that arise
in other microarraysRla2gl2a, Capl, Npy) and aRdhl paralog (CRAD-L) are amongst the
1308 gene changes. Testes present an interesting tissue in which to stodtyaetil synthesis,
because the blood-testes barrier requires all RA to be synthesged(161).

In liver microarray, we found 535 significant gene changes (Table 27 showafs sele
changes). Again, follow-up on liver results has been minimal. However, chaveyesré more
likely than changes in EWAT to be primaryRdhl loss, considering the relatively high level of
Rdh1 expression in liver (Figure 17) and possible impa®dhfl-KO on hepatic retinol and
retinyl ester dynamics (Figure 32). Amongst the changes in liver, one findsriion factors
(Foxgl), immune response&bpl andGbp4), metabolic genessck andPpargclb), genes
found in other microarray$sppl andCapl), retinoid metabolism gene€yp2c39) andRdhl
paralogs Rdh9). Decrease®dh9 expression was previously observedRdinl-KO animals
(Zhang, Hu and Napoli, unpublished) (3), a promising sign for assessing therraigsdata
quality.

Without consistent changes to liver atRA, it is unclear how much direct impact loss of
Rdh1 has on liver function. With its important role in gluconeogenesis and regulation bidthyr
hormone and atRA, we looked at hep&kl expression unded lib fed (Figure 38A), fasted
and refed conditions (Figure 38B).ad lib fed animals,Pckl expression in KO appears reduced
50%. However, fasted animals show a 3-fold induction and refed animals no changegtflthou
promising, further work will be required to sort out which, if any, change@gkfh occurs.
Becausesbparl levels are reduced in BAT, we determirt@&aopar1 expression levels in the
livers ofad lib fed animals (Figure 38A). Unfortunately, expression in both WT and KO mice
was highly variable, obscuring the possible impad®dfl loss on expression. However, any
possible change @bparl expression does not appear sufficient to effect heppéicgcl
expression levels (Figure 38A). Like in EWAT, we also see incre@bptl expression in both
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microarray (Table 27) and qPCR (Figure 38B), with expression about 3-fold mgkeér imice
compared to WT.

Thechanges to body temperature, BAT refed atRA and BAT fatty acid dynafthics
point to dysfunction in brown adipose. However, expression of the most obvious molecular
targets (Jcpl, its paralogs and regulatory network, PPARS) provided little insight into the
underlying molecular mechanism. Thus, we used microarray to assess giabakgeession
changes in 6 week old, fasted WT d&uah1-KO animals. In this study, biological triplicates
were used and, perhaps because of study design, we identified only @atgtsgnificantly
changesKla2gl2a, Adh6b and LOC675899-the NCBI record of which has since been
discontinued). However, a modest list of 34 genes showed a 2+-fold increasecasdear
expression (Table 28).

Given the additional evidence pointing to BAT dysfunction, follow-up by gPCR in BAT
has been much more extensive. By gPCR, the most robust gene change dgbptswith KO
expression induced by over 1000 fold in one set of fasted and refed animals (Figure 39A) and
200-460 fold induced in a second set (Figure 39D). RegulatiGbil, part of a family of large
GTPases, has been best characterized in inflammation and immune response (162-164).
Specifically, IFNy, IL-10, IL-1p and TNF: induceGbpl expression, whereas growth factors
bFGF and VEGF redudgbpl expression. With no change to circulating TN&vels (Table
12), we looked for signs of local inflammation in BAT (Figure 39E). Expression afaphage
markerltgam (MAC-1) was unchanged in KO, as was expressidifingf(IFNy) andIrf4
(Interferon regulatory factor 4), an interferon-related transcriptictofalso identified in the
microarray. Although not an exhaustive study of inflammation, this suggestsfarrGlapl
outside of immune context.

Two other genes;apl andAdhl were identified in microarray, and found to be
dysregulated in both fasting and refeeding by gPCR (Figure &), upregulated 2.3-fold in
fasting and 3.5-fold in refeedinggntributes to actin filament formation and apoptosis (165,
166), but no direction connection betweégapl and energy metabolism or thermogenesis has
been identifiedAdhl, down 80% in fasting and 90% in refeeding, oxidizes ethanol to
acetalaldehyde, thougkdhl can operate on a broad range of substrates (167). Liké&mith
andCapl, howAdhl may connect loss tedhl to reduced body temperature remains unclear.

Transcription factoKIf2 and guanosine monophosphate redudBsgr, both identified
in microarray, are upregulated only in fasted KO BAT (Figure 3BBY inhibits preadipocyte
differentiation (168) and down-regulatiéabp5 expression (168). Perhalkid2 modulates the
CRABP2 to FABPS5 ratio in BAT. Future work will test this hypothesis. Cold exposduees
Gmpr expression, which may activate UCP1 by reducing GTP levels (169). LieagstlJcpl,
increased Gmpr may compensate for reduced thermogen&sislHKO.

In one cohort of animalg&lovi3 expression decreased in KO BAT, in line with
microarray data (Figure 39B). However, in a second set of aniglal$é3 expression increased
(Figure 39D) Elovi3 elongates fatty acids in support of thermogenesis (170), making it either an
attractive connection between expression changes and thermogenesiter fanot of
compensation. The opposite expression patterns thus far observed call into question whethe
Elovi3 truly changes, and in which direction.

Car5b andOrm2 expression decreased in fasted KO BAT, in line with microarray data
(Figure 39B). Found in the mitochondria, changes to carbonic anhyCheSieexpression may
affect bicarbonate availability for pyruvate carboxylase in glaogensis and carbamoyl
phosphate synthetase 1 in the urea cycle (IOrhj2 (orosomucoid 2), a member of lipocalin
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family, is induced in acute phase immune response (172), though little is known aboudtits exa
function.

Microarray also implicated changesRi@2g12a, Acot1l andPer2, though qPCR
confirmation yielded no significant changes in these genes between WT aawlitd@ls (Figure
39C and D). Upregulation &bp4 in BAT, identified by microarray, was discussed above (see
also Figures 23-25).

Retinoid Metabolism Genes in Fasting and Refeeding

Changes to atRA in BAT, and possibly liver, in response to refeeding suggest broad
coordination between retinoid and energy metabolism. As such, we sought to iderdify gen
expression changes between fasting and refeeding in retinoid metabolisnWereso looked
for differences between WT and KO animals, in hopes of identifying compengatoey
changes or signs of additional retinoid dysregulation.

In brown adipose tissue, we found that 6-7 hours of refeeding reduces expre&sioh of
(Figure 40A and 41A) and possildgh10 (Figure 41A, but not 40A). In KO animaRghl
levels are, as expected, decreased (Figure 40B and 41B). It is noayetloither expression of
Dhrs9 or Rdh10 decreases with feeding (Figure 41A and B) or not (Figure 40A and B).
Interestingly, decreasdrtihl expression during refeeding predicts a decrease in refed atRA, not
the observed increase.

Amongst the RaldhAldhlal reproducibly changes with fasting and refeeding in BAT
(Figures 40C and 41C) and in one set of mAilchla2 andAldhla3 also changed with refeeding
(Figure 41C, but not 40C). Like witRdhl (andRdh10?), we would not predict increased atRA
from gene expression data. BecaRdh1l-KO mice also down-regulatddhlal in refeeding
(Figure 40D and implied by ANOVA in 41D), we can infer that regulatioAldfilal is not
feedback regulation from increased atRA. In KO animals we observe neteahshange to
Raldh expression between WT and KO animals (Figures 40D and 41D).

Adding further complexity, levels &tbpl (Figure 40E and 41E) arirbp7 (Figure 40E)
are also downregulated in BAT by refeeding. As with Rdh and Raldh, I&&ihbidoes not
appear to affect overall expression levels or metabolic regulation of Eitbe (Figure 40F and
41E). Because BAT retinol at the least remains constant during refegeangased Crbp levels
predict increased holo-CRBP, and again reduced atRA synthesis.

Changes in Cyp-mediated catabolism could also explain changes to atRA lexels. W
failed to detecCyp26al, Cyp2c39 or Cyp26cl expression in brown adipose tissue (data not
shown).Cyp26b1l is expressed in BAT, though two cohorts of animals showed different
responses to refeeding and varied differences between WT and KO alfiigate 40G and
41F). In all, reconciling gene expression and atRA data during fastingf@eding requires
additional information, such as protein levels and post-translational modificelowever, both
show coordinated response of retinoid metabolism in response to metabolic state.

With clear, reproducible changes to gene expression in BAT, we expamdstidy to
other tissues. Interestingly, in PMWAT, we observed no statisticgihyfgiant changes to
Aldhlal, Aldhla2, Aldhla3 or Ropl gene expression upon refeeding (Figure 42). Additionally,
and consisteriRdhl expression levels in EWAT, KO and WT mice show similar levels of gene
expression.

In liver, we observe a more dramatic set of gene changes. Here, all Ryfftdamsa
downregulated by refeeding and oRghl expression differs between WT and KO (Figure 43A
and B). Two-way ANOVA reveals all Raldh assessed are downregulatefeleging, again
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with no difference between WT and KO mice (Figure 43C and D). Like BRAp] levels also
decline with refeeding in both WT and KO animals (Figure 43E). Such changes appear
consistent with a decline in hepatic atRA (Figure 32A).

Liver expresses a variety of Cyps capable of catabolizing atR#al mbrk in Rdh1-KO
mice found decreasdtiyp26al at both gene and protein expression levels (3). During fasting
and refeeding, the picture becomes a little more muddled (Figure 44). In botls,Stastied
Cyp26al levels are similar between WT and KO animals. Upon refeeding, WT levels of
Cyp26al are induced in both studies; however, whether KO levels are also induced upon
refeeding is unclear. Expression in 10 week old female mice sho@gp@6al induction in
KO liver, but expression in 7.5 week old male mice shows inducti@yp#f6al to the same
level as WT. Whether this reflects a an actual sex difference reovaitesar, especially
considering the original work, that more closely resembles data fronhefemae, used male
mice under presumabdhd lib fed conditions.

Initial work with Rdh1-KO animals found no change @yp26bl between WT and KO;
however, here observe decreaSyd26bl levels in KO animals (Figure 44B and D). In liver,
Cyp26bl does not appear responsive to refeeding.

Further complicating the picture @y/p2c39. Expression of this gene decreases with
refeeding, but is surprisingly induced over 50-fold and as much as 126-fold in KOFigiaee(
44, though microarray (Table 27) indicated downregulation). It was iniballgved that
reducedCyp26al levels compensated for lossRdhl in liver. The opposing changes to
Cyp26al (or instead?26b1?) andCyp239 are difficult to interpret by gene expression data alone.
Clearly, additional regulatory measures in liver (and BAT) must help tmecde gene
expression data with atRA synthesis.

We have also undertaken a few preliminary studies to better understand osagflati
retinoid metabolism during fasting and refeeding. In the first such studypoked at how
quickly gene expression changes take place. In a group of WT animals, we Iboked 2.5
hours after refeeding, rather than the usual 6-7 (Figure 45). In these WicexpBression of
Raldhl andRbpl were already decreased (or trending toward a decrease). Becaudeadhow
Rdh1-KO mice do not gain weight relative to WT, we wondered whether a diet with 1§+ U
vitamin A (Harlan chow) impacted fasting and refeeding gene regul#tidhis preliminary
study, we found that some gene changes still occur, such aR@ATexpression (Figure 46A)
and liverCyp26al, Rdhl andAldla3 (Figure 46C and D), while others do not, such as BAT
Aldhlal (Figure 46B) and liveAldlal andAldhla2 (Figure 46D).

To better isolate possible refeeding signals, we also began work in alcet AT
model, mouse HIB-1B cells (134). Work in a pancregitell line suggested that glucose may
regulate 9cRA synthesis (Obrochta and Napoli, unpublished). As such, we tested whethe
changes to glucose levels affected HIB-1B retinoid metabolism g@nession. In both
undifferentiated (Figure 47 A and C) and differentiated (Figure 47B and D)JLBI&ells,
glucose levels did not appear to change expressiBdidf Dhrs9, Rdh10, Aldhlal or Rbpl.
Interestingly, differentiation increas&idihl expression ~3.5 foldAldhlal ~1.5 fold andRbpl
5-8 fold, but decreasddh10 expression 30-40%. This predicts that brown adipocyteiso
express higher levels &dhl, Aldhlal andRbpl than precursor cells.

The Physiological Role of &is-Retinoic Acid

To better understand the interplay between retinoids and metabolism, and as a
comparison point for the phenotype observeRdhl-KO mice, we also undertook study to
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better characterize the physiological impact of 9cRA. Others had dektagiag-to-refeeding
fluctuations in pancreatic 9cRA and found super-physiological 9cRA in pandrBapleKO
mice (4, 71). However, the impact of pharmacological treatment with exogenods@uoined
unclear levels. As such, we treated adult C57BL/6 male mice with eithgfkg wf 9cRA or
vehicle (dimethylsulfoxide, DMSQO) control 15 minutes prior to a low dose (0.5 glagd s
tolerance test. In 9cRA treated mice, we found that blood glucose levels rosethan that of
vehicle alone (Figure 48A). In such animals, we also found reduced serum iegelgrklative
to vehicle-treated animals (Figure 48B). Combined with work in cell culture ttidg suggests
that high pancreatic 9cRA impairs the secretion of insulin.

TheRbpl-KO (CRBP1-KO) mouse represents a mouse model with high endogenous
9cRA in the pancreas. To better understand the imp&ipifloss on mouse energy
metabolism, we studies WT afhpl-KO mice in CLAMS metabolic cageRbpl-KO mice
respired less than their WT counterparts (Figure 49A), with lower rates géoxpnsumption
and carbon dioxide production. Reduced movemeRbpi-KO mice likely contributes to lower
respiration (Figure 49C). Even thouBbpl-KO mice ate similar amounts of food (Figure 49D),
their RER was lower than that of WT (Figure 49B), meaingl-KO mice burn more fat than
WT. A low insulin to glucagon ratio would prevent normal carbohydrate uptake and oxidation
and may explain the low RER. Furthermore, the high blood glucose le\RitpBKO may
contribute the sluggish behavior observed, though the exact cause of reduced movenwnt has
been determined.

Contributions of Rdh1 Paralogs to Retinoid and Steroid Metabolism

A mutation screen for defects in cortical development (126) identifiéttiiatO
hypomorphic mutationRdh10 Mut) where mice homozygous for the mutation only survive until
E 16.5 (7). In casual observation, heterozygous (Het) adults for the mutation survive, breed and
appear normal (unpublished personal observation). To determine whether such adults have
impaired retinoid metabolism, we measured atRA, retinol and retinysexdtévT andRdh10
Mut Het mice in tissues and tissue regions previously reported to havghiestRoh10
expression (109, 122). Consistent with reports in embryonic homozygous mutants (7), adult
heterozygotes showed decreased atRA levels in the cerebellum and corfgasectbto WT
(Figure 50A).Rdh10 Mut Hets also displayed higher atRA levels in the spleen (Figure 50A). Of
three tissues with altered atRA, only cerebellum, with low levels ofytetster, showed
disruption of another retinoid (Figure 50C). Kidney retinol levels also diffeced YWT (Figure
50B).

Unigue to mice are three enzymd®dhl paralogsRdhl6 (cis-retinol/3u-hydroxysterol
short-chain dehydrogenase 1 or CRARdJh7 (CRAD2) andRdh9 (CRAD?3) (114, 115, 173).
Compared tdrdhl, these enzymes show greater activity towasdaetinol isomers and steroids
as substrates. To better understandritvévo role of the enzymes our lab generated knockouts of
both Rdh16 (Zhang, Hu and Napoli, unpublished) dah9 (116). Given then vitro activity of
these enzymes towacoik-retinol isomers, we asked whether CRAD1 or CRAD3 KO mice have
disrupted retinoid homeostasis in pancreas. Interestingly, CRAD1-KO hoeedevated 9cRA
in pancreas (Figure 51A), though levels fall within the normal range observed in WT (4, 71).
CRAD1-KO mice also present reduced retinal and retinyl ester levpbmnicreas (Figure 51B).

By contrast, 9,13-d¢is-RA (9,13dcRA) is elevated in the CRAD3-KO pancreas. With low
affinity for RAR (174-176), 9,13dcRA may represent an inactivated form of 4&R4-176).
Retinal and retinol levels are also reduced compared to WT in the CRAD3-KO maniea
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have yet to determine whether these changes affect glucose toleranae sarssitivity or
energy metabolism in either CRAD1- or CRAD3-KO mice.

Casual observation of the CRAD1-KO line suggested reduced litter size arvdea ske
male-to-female ratio amongRtlh16-KO litters. In addition, we repeatedly observed a parturition
defect where CRAD1-KO dams died in the process of giving birth, with such bietmsrggy
occurring later relative to pairing than WT. In attempt to quantify these\aigms, we mated
8-10 week old virgin male and female mice of VIRAh16-KO and heterozygous phenotypes.
After 65 crosses, we found no effectRuh16 male or female gene dosage on gestational length
(estimated by the time from first pairing until birth) (Table 29), fecundiable 30), percent
male per litter (calculated as average percent per litter, not operaéntage) (Table 31),
parturition defect (Table 32) or fertility (Table 33). In casual obsematsince, there have been
no other deaths during parturition in tReéh16-KO line. One explanation may Rasteurella
pneumotropica infection, a pathogen found in our animal facility (Nina Hahn, head vetennaria
personal communication) and common cause of intrauterine infection in mice (17Ravé/e
not determined if CRAD1-KO affects immune response or function nor have w&e @&RAD1-
KO animals forPasteurella pneumotropica infection.

With in vitro activity toward 3-adiol andd-androstan-3 -ol-17-one, we asked whether
Rdh16 loss affects steroid metabolism. We therefore measured both serurtetestand
serum 3-adiol glucuronide (3-adiol-G), an inactivated steroid metabolite (axyfor 3-adiol
levels) (Figure 52). Neither analyte changed in the serurditlf6-KO male animals. In livers
of CRAD1-KO mice, semi-quantitative gene expression analysis ezehhnges tof}3
hydroxysteroid dehydrogenases 1, 2 and 3, which may compensRtihi6rloss to maintain
proper androgen levels (Figure 53A). However, none of these gene changebsesved in
kidney or testis (Figure 53B and C).

Conclusions and Discussion:

Original studies of thRdh1-KO mouse mice observed increased weight and/or adiposity
in mice fed diets low or deficient in vitamin A. In our studies since, we fiatKO animals
become overweight and higher in adiposity when fed an AIN 93G diet. This diet conkdiigs 4
of vitamin A, a level of vitamin A recommended for mice and comparable to the 26 1U/
necessary for normal mouse growRdh1-KO mice also gain weight independent of HFD
feeding. In the literature, most obesity and overweight models require Hdefor weight
gain. Together, these observations showRdai plays a physiological, rather than
pathological, role in the maintenance of energy metabolism. The implicatiuat isvien with
recommended levels of vitamin A nutrition and caloric intake, defects in retindabatism can
have an effect on energy metabolism.

Weight gain in thé&kdh1l-KO mouse is not without consequence. Either compounded by,
or as a result of, weight gain, KO animals become insulin resistant, withegldaating glucose
and high serum insulin levels that eventually lead them to become glucose intolbeange£to
insulin levels, glucose tolerance and insulin sensitivity cannot be attributednigesha
pancreatic 9cRA, as in tlibpl-KO mouse. Interestinglyrdhl paralogs CRAD1 and CRAD3
may affect pancreatic 9cRA metabolism. When placed in metabolic, tag&ppl-KO and
Rdh1-KO mice also show distinctly different phenotypbpl-KO mice move and respire less
than WT, while burning more fat than WT animals, wheRgie-KO mice move, respire and
burn fat comparable to WT mice. Differences between the two phenotypes tiginig
complexity of retinoid homeostasis and its interactions with metabolic tegula
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Rdh1 loss also impacts serum T3, T4 and leptin levels. Increased in leptin can mgst likel
be explained by increased adiposityrath1-KO mice. With no changes to TSH levels,
reductions to thyroid hormone levels can be attributed to thyroid dysfunctional Othex
change to thyroid hormones appears minor. Circulating TSH does not rise to cdsfmrisav
thyroid hormones nor do we see consistent changes to thyroid responsive genesp@Gesston
studies in thyroid would provide additional insight into the both the molecular causegred de
of thyroid dysfunction.

Physiologically, we have ruled out hyperphagia and inactivity as underigusgs of
weight gain. In short term studies, KO animals do not eat any more than WT and irrong te
studies, KO mice eat more, but only as expected from mice with increased mass

Decreased body temperature represents our best explanation for weigiitigahigh
variation of body temperature in both WT and KO animals, this change is not ajyaysrat.
However, a pattern of reduced body temperature emerges from accumulatedrpaisingly,
stressors to thermogenesis sucB-aslrenergic agonist stimulation or cold exposure fail to
reveal thermogenic dysfunction, yet fasting and refeeding providesu sisets for revealing
the phenotype. Consistent with physiology results, we see no change to BAKkgeassien of
B-adrenergic receptors, which respond to cold and agonist stimulation, but do see a@hanges t
Gbparl, a bile acid responsive receptor. However, both of these signaling pathwaysbmoice
Ppargcl andUcpl expression and changes to these genes are inconsistent between studies or
inconsistent with decreased signal.

From the literature, we expected a direct effe@®@difl-KO onUcpl expressionThe
Ucpl promoter contains both an RARE and PPRE that respond to atRA in a variety of contexts
andRdh1-KO animals are deficient in BAT atRA during refeeding. However, gapeession of
Ucpl, and its paralogdcp2 andUcp3, remain unchanged in ref&iihl-KO BAT. During fast,
increasedJcpl expression in BAT may even compensateRdinl loss.Ucpl-KO mice only
gain weight during HFD feeding at thermoneutrality (178), whelRea&-KO mice gain weight
fed a low fat diet at normal housing temperature. From a physiological standuhib<O
does not phenocopycpl-KO. Because the physiological phenotype differs, this preUighd-
independent defects in tiRelh1-KO mouse. The literature also supports a growing link between
retinoic acid signaling and the PPAR nuclear hormone receptors. Here againd we ¢hange
to expression of any PPAR in the BATRdh1-KO mice.

Results such as these made us look to white adipose tissue as the source ohdefect, a
through microarray we identified a wide variety of gene changes. ¥owgene changes to
Lcn2, Ropl andAldhlal could not be confirmed by gPCR and predicted changes to circulating
resistin and neuropeptide Y failed to materialize. Thus, we reviRdietl gene expression, and
found little to no expression in EWAT. InterestingRdhl expression in various white adipose
depots correlates witcpl expression, once again pointing to defects in brown adipose.

We expected stable isotope studies to show increlesam/o lipogenesis rates, and
thereby explain weight gain Rdh1-KO mice. Instead, we found less newly-synthesized
palmitate in both long-term studies of white adipose tissue and short-term stualies/iof
adipose tissue. Because palmitate levels per gram adipose weae batween WT and KO, a
greater amount of dietary palmitate must be present in KO fat. Stable ishidigs slso
revealed either a defect in either local fatty acid synthesis oredduystake of LDL in BAT. We
suspect a lower rate of fatty acid oxidation inhibits synthesis and/or uptake &dtheacid.

Future studies will test this hypothesis.
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Loss ofRdhl also affects overall fatty acid composition. Most likely through changes in
hepaticElovi6 expression during refeedingdhl-KO mice have a reduced percentage of stearate
in liver and adipose. In the near future, we hope to use heavy isotope studies to t@nfrool
composition changes are due to decreased elongation of palmitate rather tiges thatearate
uptake or oxidationElovi6-KO animals gain a normal amount of weight and are protected from
insulin resistance during HFD feeding (179), presenting a different phertbgmpéhat oRdhl-

KO. As such, changes to hepdiovi6 do not readily explain thedhl-KO phenotype.
However, the impact of decreadeldvi6 on tissue stearate concentrations suggests we may have
overlooked the liver and its contribution to fRéh1-KO phenotype.

Reduced expression of hepdHovi6 underscores the importanceRuh to normal liver
homeostasis. Although we observe no consistent changes to hepatic atRA levelniceK®e
find divergent gene changes to Cyp enzymes that catabolize atRA. In our hahosnavboth a
reduction inCyp26bl (but notCyp26al) expression and a dramatic increas€yp2c39
expression. Clearly, hepatic retinoid metabolism is complex and the maiceéenfaretinoid
homeostasis is integral to liver function. In the future, enzyme actiggyasnay prove
insightful and help to reconcile the interaction betwiedinil and Cyps. Imaging of cellular Rdh
suggests unique localizations of each isozyme within the endoplasmic retididug &nd
Napoli, unpublished). Perhaps, knowledge of Cyp intracellular location will inform
understanding ah vivo interactions.

After repeated measures of retinoidsdiib fed animals at different ages with different
diets, we saw no consistent changes between WRdM3IKO animals. This stands in stark
contrast tdRbpl-KO animals, with elevated 9cRA in pancreas and decreased RE levels in liver
(70, 71), andRdh10 mutant heterozygotes, with changes to atRA in brain regions and spleen.
This led us to the surprising conclusion that atRA levels change with metabioliBAT, we
found that refeeding induces atRA in young male WT animals, and that in bothRdhe&O
mice fail to maintain atRA during refeeding. We investigated further,rfigithat gene
expression of various retinoid synthesis enzymes, inclugiihd, Rbpl, Rop4, Rbp7 and
Aldhlal (all genes whose loss causes a metabolic phenotype), decrease in BAT wiimgefe
We also have evidence of decreased atRA, retinol and retinyl ester @fetidiver. Our study
in female refed mice showed reductions in liver atRA, retinol and redstgl coincident with
increases to serum levels. Gene expression of many retinoid metagehssiresponds to
refeeding in the liver and appears much more diverse than in BAT.

Though not directly addressed, our work here provides some insight to the regulation of
atRA synthesis in response to metabolism. In BAT, reduced refed expressiBi alyathesis
enzymes suggests post-transcriptional regulation mediates atRAsmcvéa also determined
that cold affects BAT atRA different than refeeding, though cold and refequjiegiato have
similar effects on liver atRA. In at least some cases, these exprebsinges appear to occur as
soon 2.5 hours after refeeding and high retinol diets appear to override some nguiatibre
In a cell culture experiment, we ruled out glucose lepelse as the regulator of gene
expression. Though spatially and temporally regulated during development, fewohaideed
dynamic atRA synthesis in adult animals, and confirming and expanding onttidisse w/ould
be game changing in the retinoid field.

Failure ofRdh1-KO mice to maintain refed atRA levels renewed our interest in BAT
gene changes. We therefore used microarray to assess global gessi@xjmefasted animals
in hopes of identifying important basal changes. In hindsight, it may have beemfoaretive
to look in refed animals, but microarray, and qPCR follow-up, revealed upregulaibpf
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Gbp1l, Capl, KIf2 andGmpr and down regulation &dhl, Elovi3 (maybe?)Car5b andOrm2 in
the fasted and/or fed state.

Upregulation oRbp4 in brown adipose does not affect expressioRpairg or Socs3,
two downstream targets of RBP-STRAG signaliRigp4 levels in EWAT and liver do not
change in KO mice, so effects Bhp4 expression appear specific to BAT. In future studies, it
may informative to measure serum RBP levels. This will help determimel#ise contribution
of BAT-derived RBP to both circulating levels of WT animals and insulistasce inrRdh1-KO
mice.

Based on the literature, upregulatiorGipl suggests increased inflammatiorRahl-
KO mice. However, both systemic Thkevels and locadlfng expression are normal Rdhl-

KO animals. Interestingly, EWAT and liver also present incre@d levels, suggesting either
a systemic signal or multiple local effects. With little toRdh1 expression in white adipose,
systemic signaling seems most likely. Measurement of circulatitagrinfatory cytokines IL-d,
IL- B and IFNy and growth factors bFGF and VEGF would provide additional insight into the
causeGbpl overexpression and its connection toRab1-KO phenotype.

Of the gene changes in BAT, it has been difficult to determine which teadsight gain
in Rdh1-KO animals. Thus far, pathway mapping of BAT gene changes faileddoayig
satisfactory results (data not shown, because no pathways appeared enriched beyend one
change). We plan to carry out further pathway analysis using an expameelisgeOther future
plans include using metabolomics and microarray in refed animals, in hopes of file@ding c
molecular links between thermogenesis Rddl. We could also take a genetic approach with
some of the more robust changes. For instarai&l-KO mice could be crossed wiGbpl-KO
mice, to see if weight gain, temperature regulation and other gene changesor@aormal.
Chromatin immunoprecipitation could also be used to identify which genes are d®A&ct at
targets.

Though we have not found the exact molecular cause of weight dRihirKO
animals, we have made important insights into the mostly likely physiologicse ¢aody
temperature) and have identified potential gene targbtsl 6, Gbpl) upon which to base future
work. We have also discovered physiological regulation of atRA levels in brown adgmse ti
and perhaps liver. These changes may have much broader implications beyonBdhatkad.
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Table 1) Mouse Diet byRdh1-KO Cohort

Cohort | Born Diet(s) Maternal Diet
(Month/Year) | (Also maternal diet at mating.)
1wl 7/2005 VAD Purina Chow
1.5wl 3/2007 AIN 93G AIN 93G
2wl 07/2007 VAD or AIN 93G AIN 93G
2w2 09/2007 AIN 93G AIN 93G
3wl 06/2008 Harlan Chow or Harlan Chow
VAD then AIN 93G at 11 weeks
3w2 08/2008 AIN 93G or Harlan Chow
VAD then AIN 93G at 5 weeks
4wl 10/2008 Harlan Chow or Harlan Chow or AIN
VAD then AIN 93G at 5 weeks 93G
4w?2 12/2008 AIN 93G AIN 93G
5wl 12/2008 AIN 93G or AIN 93G
AIN 93G then HFD at 7 weeks
5w2 02/2009 AIN 93G or AIN 93G
HFD at Weaning
6wl 04/2009 AIN 93G AIN 93G
6w2 05/2009 AIN 93G AIN 93G
7wl 07/2009 AIN 93G AIN 93G
w2 09/2009 AIN 93G AIN 93G
8wl 11/2009 AIN 93G AIN 93G
8w2 12/2009 AIN 93G AIN 93G
owl 12/2009 AIN 93G AIN 93G
ow2 02/2010 AIN 93G AIN 93G
10wla 02/2010 AIN 93G AIN 93G
10wlb 02/2010 AIN 93G AIN 93G
10w2a 04/2010 AIN 93G AIN 93G
10w2b 05/2010 AIN 93G AIN 93G
11wl 05/2010 AIN 93G AIN 93G
11w2 07/2010 AIN 93G AIN 93G
12wl 10/2010 AIN 93G AIN 93G
12w2 12/2010 AIN 93G AIN 93G
13wl 03/2011 AIN 93G AIN 93G
13w2 05/2011 AIN 93G AIN 93G
13w3 06/2011 AIN 93G AIN 93G
14wl 09/2011 AIN 93G AIN 93G

Legend Cohorts sharing the same first number come from the same set of mating pairs
second number indicates the number of times the pairs have been mated. Seks lsiatieria

Methods for additional diet information.
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Table 2) List of gPCR Primers/Probe Sets

Gene Symbol Gene Name Assay ID
Acot11 Acyl-CoA thioesterase 11 Mm00452633_m1
Actb Actin, beta MmO00607939 sl
Adrb2 Adrenergic receptor, beta 2 Mm02524224 s1
Adrb3 Adrenergic receptor, beta 3 Mm02601819 g1
Adhl Alcohol dehydrogenase 1 (class 1) MmO00507711_m1l
Aldhlal Aldehyde dehydrogenase family 1, subfamily Al MMBDBL7 _m1l
Aldhla2 Aldehyde dehydrogenase family 1, subfamily A2 MmOD306_m1
Aldhla3 Aldehyde dehydrogenase family 1, subfamily A3 MmDOd49 m1
Capl CAP, adenylate cyclase-associated protein 1 (yeast) Mm00482950 m1
Car5b Carbonic anhydrase 5b, mitochondrial Mm00490359 m1
Crabp2 Cellular retinoic acid binding protein Il MmO00801531
Cyp2c39 Cytochrome P450, family 2, subfamily c, polypeptite Mm00656110_gH,
Mm04207909_gi1~
Cyp26al Cytochrome P450, family 26, subfamily a, polypegtid Mm00514486 m1
Cyp26b1 Cytochrome P450, family 26, subfamily b, polypeptid Mm00558507_m1
Cyp26c1 Cytochrome P450, family 26, subfamily c, polypeptid Mm03412453 m1l
Dhrs9 Dehydrogenase/reductase (SDR family) member 9 MmBDB6 M1
Dio2 Deiodinase, iodothyronine, type Il Mm00515664 m1
Elovi3 Elongation of very long chain fatty acids-like 3 N6468164 ml
Elovi6 ELOVL family member 6, elongation of long chaintfgécids (yeast) | Mm04209852 g1
Gmpr Guanosine monophosphate reductase Mm00499395| m1
Gbpl Guanylate binding protein 1 Mm00657086_m1
Itgam Integrin alpha M Mm00434455 m1
Ifng Interferon gamma Mm01168134 ml
Irf4 Interferon regulatory factor 4 Mm00516431 m1
Klf2 Kruppel-like factor 2 (lung) Mm01244979 g1
Oorm2 Orosomucoid 2 Mm00440570_g1
Per2 Period homolog 2 (Drosophila) Mm00478113 m1
Ppargcl Peroxisome proliferator activated receptor, gantoagtivator 1 alphga Mm01208835_ml
Ppara Peroxisome proliferator activated receptor alpha 0@440939 m1
Pparg Peroxisome proliferator activated receptor gamma w4322 _m1
Ppard Peroxisome proliferator activator receptor delta 00803184 m1
Pckl Phosphoenolpyruvate carboxykinase 1, cytosolic MMFD58 m1
Pla2g12a Phospholipase A2, group XIIA Mm01321734 m1l
Rbpl Retinol binding protein 1, cellular Mm00441119 mil
Rbp4 Retinol binding protein 4, plasma Mm00803266_m1
Rbp7 Retinol binding protein 7, cellular Mm00458145 mil
Rdhl Retinol dehydrogenase 1 (all trans) Mm00650636_m1
Rdh10 Retinol dehydrogenase 10 (all-trans) Mm00467150 m1
Srab Stimulated by retinoic acid gene 6 Mm00486457_m1
Socs3 Suppressor of cytokine signaling 3 Mm00545913 91
Thrsp Thyroid hormone responsive SPOT14 homolog (Rattus) Mm01273967_m1
Ucpl Uncoupling protein 1 (mitochondrial, proton caryier Mm01244861 ml
Ucp2 Uncoupling protein 2 (mitochondrial, proton caryier Mm00627597 _m1
Ucp3 Uncoupling protein 2 (mitochondrial, proton carrier Mm00494077_m1

Legend: See Materials and Methods for additional informatio@yp2C39 (Mm00656110 gH),
used in some experiments, amplifies some off-target transcripts. Howaweet,comparisons of

both primer/probe sets in the same samples yielded comparable results.
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Table 3) Semi-quantitative PCR Primers

Symbol Gene or Protein Name Primer Pair
F-TTC GTT GCC GGT CCA CAC CCG
Actb B-Actin R- TAG GAG TCC TTC TGA CCC ATT C

F-AGG GAA GAT ATATTT TAC ACA TCA AAG GT
Akrlc6 17B-hydroxysteroid dehydrogenase|1IR-TCG TAC GGG TCT GCT TGG A

F-TGG TGC AGG AGA AAG AAC TG

Hsd3b1 3B-hydroxysteroid dehydrogenase 1 R-ACT GCC TTC TCAGCC ATC TT

F-CCA GTT TGG GAC TGC TGA CA

Hsd3b2 3B-hydroxysteroid dehydrogenase 2 R-AGT GAG GTT AAC TTAATG TAC GTG ACACT
F-CCA GAACTT ATT GGAGGC CTG TA

Hsd3b3 3B-hydroxysteroid dehydrogenase 3 R-GGC CCT GCA ACG TCA ACT

F-CTT CCA GAC AGACCATCCTAGATGT
Hsd3b4 3p-hydroxysteroid dehydrogenase 4 R-TGG CAC GTT GGC TTC CA

F-GTC GAA AAC ATG AAG AGG AATTGT C
Hsd3b5 3p-hydroxysteroid dehydrogenase § R-TCC AGA ATG TCT CCC TTC AGT ACT C
F-GCT CAC AGC AAA GTC ACA GAG AA

Hsd17b2 | 17B-hydroxysteroid dehydrogenase|2R-GAA GAC CCC GGC ATT GTT AA

F-TCA CGA TCG GAG CTG AAT CC

Hsd17b3 | 17B-hydroxysteroid dehydrogenase|3R-GAT CCG GTT CAG AAT TAT TGC AA

F-AGC AGG ATT AAA GGA AAG AAA AGC

Rdhl Retinol dehydrogenase 1 R-CCT TGT CCC AGATCATCT TGG TG
F-CGG AGG TCA AGG AGG TCT ATG A
Rdh7 CRAD2 R-CTG AGC ATG TGT CTG TCA ATG ACT
F-CTA CAAACT ATG TGG CTC TTT CTA
Rdh9 CRAD3 R-CAG TAG TGT CAT AGG AGA ATT AAT G
F-GTG TCATGG GTC GAG TGT CTC TC
Rdh16 CRAD1 R-GAG TAG TGT CAT AGG AGA ATT AAC A
F-AGC CGATAC TTG AGC CAG TT
Sd5al 5a-reductase 1 R-CGA GGT ACC ACT GAT GAT GC
F-CTG CGC CAG CTC AGG AA
Sd5a2 5a-reductase 2 R-GAC ACATAC GTAAAC AAG CCACCTT

Legend: For PCR conditions see Materials and Methods. F: forward primer. R: revensg.pri
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Figure 1) Vitamin A Deficiency in Mice
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Legend: (A) Body weights from male WT (n=5) aftlh1-KO (n=2) mice. Mice were fed a
VAD diet and born to dams switched from a 93G diet to a VAD diet at mating (cohortRy1)
two-way ANOVA, effect of age (p%001). (B) Body weight of male WT (n=11-12) aRdhl-
KO (n=3-7) mice. Mice were fed a VAD diet until age 11 weeks (dotted ame) then switched
to a 93G diet to rescue vitamin A deficiency. The dams of mice shown were sl\fitcimea
Harlan chow diet to a VAD diet at mating (cohort 3w1l). By two-way ANOVAeat$ of age
(p<0.0001)and genotype (@0001). (C) Body weight of male WT (n=9) aRdh1-KO (n=13-
18) mice. At age 5 weeks (dotted line), mice were switched from VAD to a 98¢ gieevent
vitamin A deficiency. The dams of mice shown were switched from a Harlan dieoto a

VAD diet at mating (cohort 3w2). By two-way ANOVA, effects of interactbetween genotype
and age (p&.01), age (p&.0001) and genotype (P<0001). WT: red circle with solid line.

Rdh1-KO: blue square with dashed line. *@901, *p<0.05 vs. WT by Student's two-tailed t-
test. All values Mean SEM.
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Figure 2) Increased Weight inRdh1-KO Mice Fed a 4 1U/g Vitamin A Diet
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Legend: (A) Body weights from male WT (n=7-8) amilh1-KO (n=9-12) mice. Mice were

both fed and born to dams fed a 93G diet (cohort 2w2). By two-way ANOVA, effects of
interaction between age and genotyped(p5), age (p8.0001) and genotype (p<0001). (B)
Body weight of male, 93G diet-fed mice from multiple studies at age Bsnee307 WT, 348
Rdh1-KO), 8 weeks (n=234 WT, 29dh1-KO), 12 weeks (n=74 WT, 88dh1-KO) and 18
weeks (n=40 WT, 4®dh1-KO) (cohorts 2w2-12w1). By two-way ANOVA, effects of
interaction between genotype and aged(p801), age (p=0001)and genotype (g30001).A
indicates the weight difference between WT BRdt1-KO for a given age. (C) Body weight data
for 93G diet-fed male mice at age 18 weeks by cohort (2w2, n= 7 WRJHI2KO; 3w2, n=7
WT, 6 Rdh1-KO; 5w1l, n=6 WT, &Rdh1-KO; 10wlb, n=10 WT, Rdh1-KO; 13w3, n=10 WT,

13 Rdh1-KO). A indicates the weight difference between WT Rdt1-KO for a given group.
Dashed lines indicate the average weight of 18 week old WT mice from (B). Witaledndth
solid line or red baRdh1-KO: blue square with dotted line or blue bar. *§&1, *p<0.05 vs.

WT by Student's two-tailed t-test. All values MeaBEM.
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Figure 3) Tissue Weight, Adiposity and Length in VAD Diet-fedRdh1-KO Mice
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Legend: (A) Tissue weights from male, VAD-fed mice, age 35 weeks of age (n=5 \RdhBb
KO). Mice were born to dams fed a Purina chow diet and switched to VAD dietiagmat
(cohort 1w1l). (B) Tissue weights from (A) as a percent of overall body wangh#\l (Adiposity
Index), the sum all white adipose tissue depots. (C) Length (nose to anus) &bmi¢a).
MWAT, mesentery white adipose tissue. FWAT, femoral white adiposeti&VAT,
epididymal white adipose tissue. RWAT, retroperitoneal white adiposetiB&¥AT, inguinal
white adipose tissue. BAT, brown adipose tissue. WT: redRdafl-KO: blue bar. **p<0.001,
*p<0.05 vs. WT by Student's two-tailed t-test. All values Me&EM. Figure adapted from (3).
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Table 4)Rdh1-KO Length

Cohort Age WT Length Rdh1-KO Length
(wks) (cm) (cm)
VAD Diet
3wl 1 4.2 40.3 (12) 4.1 4.5 (7)
3wl 3 6.8 0.3 (9) 6.7 0.9 (6)
3wl 8-9 9.0 0.5 (12) 9.4 4.5 (7)
AIN 93G Diet
7wl 5 8.4 40.1 (6) 8.5 0.3 (8)
6wl 8 9.2 40.2 (11) 9.5 40.2 (12)**
10wl 9 9.140.2 (4) 9.240.2 (4)
9wl +G8w2 10-11 9.0 8.3 (27) 9.0 4.3 (21)
w2 10-11 8.9 ©.3 (15) 9.0 0.3 (19)
5w2 28 10.3 4.2 (11) 10.4 ©.4 (10)
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Legend Length of male mice, diets and ages noted. ®p4 vs. WT by Student's two-tailed t-
test. All values Mean $EM (number).




Figure 4) Adiposity and Body Composition ofRdh1-KO Mice

A) Body Composition B) Adiposity Indices
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Legend: (A) Body composition of VAD diet-fed mice (n=5 WT Rgih1-KO) at age 33 weeks.
Dams of mice shown were fed Purina chow then switched to a VAD diet at rfadhngt 1w1l).

(B) Adiposity index, here the sum of IWAT and EWAT relative to body weight, of 9&&Bd

male mice at ages 4-5 weeks (n=12 WTRilh1-KO), 6-7 weeks (h=6 WT, 1Rdh1-KO), 7-9
weeks (n=11 WT, 1Rdh1-KO), 9-11 weeks (n=29 WT ariRlh1-KO) and 27-30 weeks (n=19

WT, 12Rdh1-KO). Data pooled from eithexd lib fed or refed mice in cohorts 5w1, 5w2, 6wl,
6w2, 7wl, 8w2, 9wl, 9w2, 10wla, 10wlb, 11wl, 12wl, 12w2 and 14w1. By two-way ANOVA,
effects of age (p%001) and genotype (p<05). WT: red barRdh1-KO: blue bar. **p<0.01,

*p<0.05 vs. WT by Student's two-tailed t-test. All values Me&EM. (A) Adapted from (3).
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Figure 5) Adipocyte Size inRRdh1-KO Mice

WT Rdh1-KO

Legend: (A-D) Representative pictures of H&E stained EWAT from WT male, VABtiEed
mice, age 35 weeks (cohort 1w1l). (E-G) Representative pictures of H&E stalied ttom
Rdh1-KO male, VAD Diet-fed mice, age 35 weeks (cohort 1w1l). (H) Quaniificaif cell
diameter in EWAT of mice in (A-G). WT: red badh1-KO: blue bar. All values Mean SEM.
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Figure 6) High Fat Diet-fedRdh1-KO Mice, Study 1
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Legend: (A) Body weight of male WT (n=7-10) arRtlh1-KO (n=7-8) mice switched from a
93G diet to a high fat diet (HFD, here 50% fat derived calories) beginning @tvegeks (dotted
line) (cohort 5w1). By two-way ANOVA, effects of interaction between ag® genotype
(p<0.05), age (p8.0001) and genotype (p<0001). (B) Body weight difference betwerdh1-
KO and WT mice fed either HFD (mice from (A)) or 93G diet (mice fromufgg2A). (C)
Tissue weights of mice from (A) at age 29 weeks (n=9 WRJh1-KO). (D) Tissue weights
from (C) and adiposity index (EWAT+IWAT) normalized to body weight. WKl circle with
solid line or red baRdh1-KO: blue square with dotted line or blue bar. 93G-fed mice: green
diamond. HFD-fed mice: purple triangle. **0<01, *p<0.05 vs. WT by Student's two-tailed t-
test. All values Mean SEM.
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Figure 7) High Fat Diet-fedRdh1-KO Mice, Study 2
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Legend: (A) Body weight of male mice (n=11-14 WT, 9-R&h1-KO) fed a HFD beginning at
age 3 weeks (dotted line) (cohort 5w2). By two-way ANOVA, effect of age.qeo1). (B)
Tissue weights of mice in (A) at age 29 weeks (h=11 WTRd1-KO). (C) Tissue weights
from (B) and adiposity index (EWAT+IWAT) normalized to body weight. Wel circle with
solid line or red baRdh1-KO: blue square with dotted line or blue bar.@85, vs. WT by
Student's two-tailed t-test. All values MealsEM.
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Figure 8) Food Intake ofRdh1-KO Mice
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Legend: (A) Pooled cumulative caloric intake per mouse from multiple 93G-fed cohorgs (2w
11w2) at age 4 weeks (n=68 WT cagesRab61-KO cages), 8 weeks (n=54 WT, Bah1-KO),

12 weeks (n=9 WT, Rdh1-KO) and 18 weeks (n=8 WT,Rdh1-KO). By two-way ANOVA,
effects of age (p0001) and genotype (p<01). (B) Pooled cumulative caloric intake
normalized to mouse body weight from multiple 93G-fed cohorts (8wl-11w?2) at ageekd
(n=46 WT cages, 4Bdh1-KO cages), 8 weeks (n=40 WT, B8h1-KO), 12 weeks (n=11 WT,
11 Rdh1-KO) and 18 weeks (n=6 WT,Hdh1-KO). By two-way ANOVA, effect of age
(p<0.0001). WT: red baRdh1-KO: blue bar. *p©.05 vs. WT by Student's two-tailed t-test. All

values Mean SEM.
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Table 5) Food Intake ofRdh1-KO Mice During CLAMS

Cohort | Age WT Rdh1-KO Condition
(wks) (kcal/day) (kcal/day)
VAD Diet Switched to 93G Diet at 11 Weeks
3wl 4-5 19.34.9(6) | 17.1 4.6 (6) | Adlib fed
3wl 9-10.5|21.9+1.0(6) | 22.3 4.9 (6) | Adlibfed
3wl 12 159+40.5(2) | 1454.4 (2) | Adlibfed
VAD Diet Switched to 93G Diet at 5 Weeks
3w2 8-9 20.8 0.8 (5) | 20.4 ¥1.1 (6) | Adlib fed

awl | 15 12.8 4.2 (6) | 14.7 4.6 (6) | Adlibfed
AIN 93G Diet

6wl | 4 20.440.8 (6) | 19.540.7 (6) | Ad lib fed
w2 |8 18.9 4.4 (6) | 16.5 4.1 (9) | Refed

2w2 | 36-37 | 17.24.1(7) | 18.4 4.3 (8) | Adlib fed

Legend Food intake of male mice in metabolic cage studies at ages noted. Dietsasenl(T
All values Mean +SEM (number).
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Figure 9) Hourly Food Intake of Rdh1-KO Mice

A) Hourly Food Intake (Young) B) Hourly Food Intake (Old)
8 0.8
° |- wr - WT

o
o
i [

Rdh1-KO

grams/hour
o
N
1
grams/hour
o
N

P

*I 06 Rdh1-KO
Adsl |

! = J - _J- o wm AN
0.2: LA 0.2 _T?_I p ber o/ Y)’}I&J{
A ES - =
_'IJ.- 4 L o=
! ! ! ! ! 1
01:00 07:00

0.0+

0.0 T T T T T T T !
07:00 13:00 19:00 01:00 07:00 07:00 13:00 19:00
Time Time

Legend: (A) Hourly food intake for male WT (n=6) aftlh1-KO (n=6) mice age 4 weeks fed a
93G diet (cohort 6w1l). By two-way ANOVA, effects of interaction between &ntegenotype
(p<0.05) and time (p&0001). (B) Hourly food intake for male WT (n=7) aradh1-KO (n=8)

mice age 36-37 weeks fed a 93G diet (cohort 2w2). By two-way ANOVActadfdime
(p<0.0001). WT: red circle with solid lin®dh1-KO: blue square with dotted line. Shaded area:
dark period of light/dark cycle. *#<05 vs. WT by Student's two-tailed t-test. All values Mean +
SEM
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Table 6) Movement ofRdh1-KO mice During CLAMS

Cohort | Age WT Rdh1-KO Number Condition
(wks) (avg. counts) (avg. counts) | (WT, Rdh1-KO)

VAD Diet Switched to 93G Diet at 11 Weeks

3wl 4-5 XM: 394 +61 XM: 337 +47 6,6 Ad lib fed
AM: 198 +39 AM: 161 +33
ZM: 58 +13 ZM: 51 +15

3wl 9-10.5 | XM: 364 57 XM: 394 +41 6,6 Ad lib fed
AM: 180 +34 AM: 192 +30
ZM: 56 +14 ZM: 77 +22

3wl 12 XM: 405 +37 XM: 330 +137 2,2 Ad lib fed
AM: 203 +29 AM: 170 +91
ZM: 73 +5 ZM: 60 +48

VAD Diet Switched to 93G Diet at 5 Weeks

3w2 8-9 XM: 336 +48 XM: 360 +74 5,6 Ad lib fed
AM: 154 + 34 AM: 178 +48
ZM: 38 +15 ZM: 56 +19

4wl 15 XM: 474 196 XM: 378 +61 6, 6 Ad lib fed
AM: 269 +75 AM: 200 +46
ZM: 130 +41 ZM: 100 +28

3w2 18 XM: 312 +69 XM: 496 +65 6, 6 Fasted
AM: 154 +46 AM: 291 +53
ZM: 66 +22 ZM: 153 +18*

AIN 93G Diet

6wl 4 XM: 308 +38 XM: 286 +21 6, 6 Ad lib fed
AM: 130 +21 AM: 114 +11
ZM: 52 +18 ZM: 25 +18

6wl 4 XM: 366 +38 XM: 365 +45 6, 6 Fasted
AM: 178 +25 AM: 187 +34
ZM: 100 +16 ZM: 86 +15

7w2 8 XM: 407 _+45 XM: 377 +28 6, 8 Refed
AM: 223 +32 AM: 197 +19
ZM: 79 +21 ZM: 96 +10

w2 8 XM: 492 +74 XM: 419 +62 6, 8 Fasted
AM: 288 +56 AM: 228 +42
ZM: 120 +33 ZM: 121 +31

11w2 9 XM: 339 +46 XM: 561 +69 * 55 Fasted
AM: 169 +32 AM: 326 +46 * (16 hrs)
ZM: 77 +22 ZM: 159 +21 *

2w2 36-37 XM: 360 28 XM: 342 +24 7,8 Ad lib fed
AM: 172 +18 AM: 171 +19
ZM: 177 +15 ZM: 190 +20

2w2 36-37 XM: 592 51 XM: 369 +31* 7,9 Fasted
AM: 340 +40 AM: 193 +20**
ZM: 316 +40 ZM: 205 +20*

Legend Movement of male mice, ages and diets as noted. XM: Total horizontal movement.
AM: Ambulatory movement. ZM: Total vertical movement (rearing). 0@, *p<0.05 vs. WT
by Student's two-tailed t-test. All values MeaBEM.
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Figure 10) Hourly Ambulatory Activity in Rdh1-KO Mice
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Legend: (A) Average hourly ambulatory activity for male WT (n=6) &dh1-KO (n=6) mice
age 4 weeks fed a 93G diet (cohort 6wl). By two-way ANOVA, effect of tim@.Qed1). (B)
Average hourly ambulatory activity for male WT (n=7) &udh1-KO (n=8) mice age 36-37

weeks fed a 93G diet (cohort 2w2). By two-way ANOVA, effect of timed(P&01). WT: red
circle with solid line Rdh1-KO: blue square with dotted line. Shaded area: dark period of
light/dark cycle. All values Mean $SEM
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Table 7) Metabolic Parameters oRdh1-KO Mice During CLAMS

Cohort Age WT Rdh1-KO Number Condition
(wks) (WT, KO)

VAD Diet Switched to 93G Diet at 11 Weeks

3wl 4-5 O,: 1937 438 mU/kg/hr O,: 2017 +42 mU/kg/hr 6, 6 Ad lib fed
COy: 1790 +36 mL/kg/hr COy: 1877 +36 mL/kg/hr
Heat: 0.499 4©.011 kcal/hr Heat: 0.508 4.004 kcal/hr
RER: 0.923 4.012 RER: 0.929 4.005

3wl 9-10.5 | Oz 1645+23 mL/kg/hr O,: 1647 420 mL/kg/hr 6, 6 Ad lib fed
CO;: 1635 +31 mL/kg/hr CO;: 1579 +28 mL/kg/hr
Heat: 0.486 4.008 kcal/hr Heat: 0.500 .010 kcal/hr
RER: 0.993 4.011 RER: 0.955 4.010

3wl 12 O,: 1752 +41 mU/kg/hr O,: 1658 +39 mL/kg/hr 2,2 Ad lib fed
COq: 1564 +46 mL/kg/hr COq: 1441 +19 mL/kg/hr
Heat: 0.523 4.035 kcal/hr Heat: 0.570 4.010 kcal/hr
RER: 0.894 0.004 RER: 0.870 0.007

VAD Diet Switched to 93G Diet at 5 Weeks

3w2 8-9 02 1706.+17 mL/kg/hr Oz 1777 +56 mL/kg/hr 5,6 Ad lib fed
CO;: 1579 +20 mL/kg/hr CO;: 1632 +46 mL/kg/hr
Heat: 0.489 4.009 kcal/hr Heat: 0.534 4©.011 kcal/hr*
RER: 0.924 +0.008 RER: 0.916 +0.013

4wl 15 0,: 1576 +32 mL/kg/hr O,: 1539 +17mL/kg/hr 6, 6 Adlib fed
C0O,:1363 +10 mu/kg/hr CO,: 1421 +10mL/kg/hr
Heat: 0.519 4.010 kcal/hr Heat: 0.513 4.011 kcal/hr
RER: 0.866 +0.019 RER: 0.926 0.009*

3w2 18 O,: 1342 +36 mL/kg/hr Oy: 1534 +41 mL/kg/hr** 6, 6 Fasted
CO;: 936 +18 mL/kg/hr** CO;: 1070_+23 mL/kg/hr**
Heat: 0.441 4©.016 kcal/hr Heat: 0.532 4.014 kcal/hr**
RER: 0.697 4.007 RER: 0.6961 4©.004

AIN 93G Diet

6wl 4 0,: 1918 +55 mL/kg/hr 0,: 1855 +33 mL/kg/hr 6, 6 Ad lib fed
CO;: 1938 +68 mL/kg/hr COq: 1875 +48 mL/kg/hr
Heat: 0.439 9©.011 kcal/hr Heat: 0.477 4©.008 kcal/hr *
RER: 1.012 40.138 RER: 1.011 40.015

6wl 4 O,: 1700 427 mL/kg/hr O, 1603 +26 mL/kg/hr* 6, 6 Fasted
COq: 1272 420 mL/kg/hr CO;: 1199 +17 mL/kg/hr*
Heat: 0.364 9©.007 Heat: 0.386 ©.007 kcal/hr
RER: 0.745 4.003 RER: 0.747 4.004

TwW2 8 O,: 1621 +33 mL/kg/hr O,: 1570 432 mU/kg/hr 6, 8 Refed
CO;: 1625 +46 mL/kg/hr CO;: 1541 +25 mL/kg/hr
Heat: 0.502 4©.031 kcal/hr Heat: 0.490 4.016 kcal/hr
RER: 1.000 +0.013 RER: 0.983 +0.011

TW2 8 O, 1502 +31 mL/kg/hr O,: 1468 +34 mL/kg/hr 6, 8 Fasted
CO;: 1098 +19 mL/kg/hr COy: 1071 +24 mL/kg/hr
Heat: 0.433 4©.018 kcal/hr Heat: 0.429 .015 kcal/hr
RER: 0.728 4.003 RER: 0.729 4.002

11w2 9 O,: 1547 +18 mU/kg/hr O, 1629 +52 mU/kg/hr 8,8 Fasted
CO;: 1104 +14 mL/kg/hr CO;: 1161 +37 mL/kg/hr (16 hrs)
Heat: 0.437 4.006 kcal/hr Heat: 0.478 4.015kcal/hr*
RER: 0.711 ©.002 RER: 0.711 +0.001

2w2 36-37 O, 1380 426 mL/kg/hr Oy 1341 419 mU/kg/hr 7,8 Ad lib fed
COq: 1208 +33 mL/kg/hr COq: 1162 +21 mL/kg/hr
Heat: 0.616 4.011 kcal/hr Heat: 0.641 4.014 kcal/hr
RER: 0.875 40.013 RER: 0.866 4.014

2w2 36-37 Oy 1295 426 ml/kg/hr Oy 1248 429 ml/kg/hr 7,9 Fasted
CO;: 925 +16 mU/kg/hr CO;: 889 +20mL/kg/hr
Heat: 0.560 4.013 kcal/hr Heat: 0.584 4.014 kcal/hr
RER: 0.715 40.008 RER: 0.713 4.007

Legend (See next page.)
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Legend Metabolic parameters measured via indirect calorimetry in make ahigges and diets
as noted. @ Oxygen consumed. GOCarbon dioxide produced. Heat: Energy expended. RER:
Respiratory exchange ratio. **p<01,*p<0.05 vs. WT by Student's two-tailed t-test. All values
Mean +SEM.
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Table 8) Summary of Cold Challenges dRdh1-KO Mice

Cohort | Age Sex Final Weight Food # Removed
(wks) Temperature Change Intake from
(°C, change (grams, (9) Study/Total
from initial) relative) (time removed)
2w2 57 Male WT:33.94.4 WT: -4.3+0.4 Fasted WT: 2/6 (9, 21 hrs
29+1.1 -9.0 +0.6%
KO: 35.2+0.4 | KO:-4.9 +0.2 KO: 1/6 (24 hrs)
-1.3+1.2 -8.9 +0.5%
2w2 57 FemaleY WT:36.1 6.3 WT: -3.4 +0.3 Fasted WT: 1/6 (16.5 hrs
-1.440.3 -10.3 +1.1%
KO: 36.4 +0.3 | KO: -3.5 +0.2 KO: 0/6
-0.8 +0.5 -8.6 +0.4%
3w2 11 Male WT: 346 ©.4 | WT:-3.7+0.1 Fasted WT: 0/6
(5 wks -2.5+0.4 -14.6 +0.5%
VAD) KO: 34.6 +0.8 | KO: -5.4 +0.3* KO: 2/6
-2.9+.0 -18.9 +0.6%** (18,19 hrs)
3w2 16 Female | WT:33.9 6.6 WT: -3.9 +0.2 Fasted WT: 2/6
(5 wks -3.6 +0.8 -16.8 +0.8% (18, 24 hrs)
VAD) KO: 34.6 +0.3 | KO: -4.0 +0.1 KO: 4/6
2.7 +.3 -16.48 +0.01% (16, 16, 16, 24 hrs)
3w2 19 Male WT:36.8 9.3 | WT:-1.3+0.3 WT:3.0+0.6 | WT: 0/4
(5 wks -0.140.6 -4.3 +0.9%
VAD) KO: 37.8 +0.8* | KO: -0.3 +0.3* KO: 4.6 +0.1* | KO: 0/4
-1.4+40.5 2.1 +1.2%
4wl 8 Male WT: 34.1 40.5 WT: -3.9+0.2 Fasted WT: 1/7 (21 hrs)
(5 wks -3.3+40.8 -17.5 +0.5%
VAD) KO: 34.3+0.7 | KO:-3.7+0.1 KO: 2/9
-3.240.7 -16.4 +0.6% (22.5, 24 hrs)
6wl 6 Male WT: 33.36.9 WT: -4.1+0.1 Fasted
5.0 +.1 -20.3 40.5% WT: 1/6 (21 frs)
KO: 35.4 +0.2 KO: -4.4 +0.1
-3.0 +0.3 -20.3 +0.6% KO:0/5
6wl 6 Male WT:38.10.2 | WT:-0.60+0.19 [ WT:4.3+40.2 |\
0.240.2 -3.3#.0% '
KO: 37.6 +0.2 | KO: -0.65 +0.17 | KO:4.5+0.2
0.140.2 -3.0 40.8% KO: 0/5

# Removed/Total
Fasted(%)

WT: 7/37 (19%)
KO: 9/38 (24%)

Legend Final temperature and weight change calculated from mice, agexaasl seted,
maintaining a safe body temperature for 24 hours housed at 4° C. Diets as in (Tabimals A
were removed from study upon reaching a body temperature at or below 29° C. “"Eiftlbcsat
not 24. **p<0.01, *p<0.05 vs. WT by Student's two-tailed t-test. All values Me&EM.
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Figure 11) Representatives-adrenergic Challenge ofRdh1-KO Mice

A) Fasted Cold Challenge B) Fed Cold Challenge
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Legend: (A) Body temperatures of 6 week old, fasted male WT (n=5Rahd-KO (n=6) mice
normally fed a 93G diet (cohort 6w1). Data exclude® 88 mouse removed from study due to
low body temperature at 21 hours of exposure. By two-way ANOVA, effectanofygee

(p<0.05) and time (p&.0001). (B) Body temperatures of 6 week old, male WT (n=5Rahd-

KO (n=5) mice fed a 93G diet (cohort 6wl). By two-way ANOVA, effect mieti(p<0.0001).

(C) Metabolic response of 6-7 week old, 93G-fed male WT (n=9Rdhti KO (n=7) mice to
treatment with3s-adrenergic agonist (cohort 6wl). WT: red circle with solid line or red bar.
Rdh1-KO: blue square with dotted line or blue bar. Dotted black line indicates 37° C. All values
Mean +SEM.
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Table 9) gs-adrenergic Agonist Studies oRdh1-KO Mice

Cohort | Age WT Rdh1-KO Normalized | Number
(wks) | (% pre-induction) (% pre-induction) to: (WT, KO)
2w2 58 Q: 114 +4% 0,114 +11% Pre-injection| 4,4
C0O2: 110 +5% CO;: 114 +11%
Heat: 113 4% Heat: 114 ¥11%
3w?2 14-15| O,: 134 +4% 0,: 130 +3% Pre-injection| 6, 7
(5 wks C0O2: 130 % CO;: 127 +3%
VAD) Heat: 134 #4% Heat: 129 t3%
5wl 17 O: 123 +6% O,: 103 +2%** Pre-injection| 5, 6
(HFD) CO,: 121 +6% CO,: 95 +2%**
Heat: 123 6% Heat: 99 +3%**
5wl 19 O: 129 +4% 0,: 134 +3% Pre-injection| 5,6
(HFD) CO;: 130 +5% CO;: 132 +3%
Heat: 129 4% Heat: 133 3%
6wl 6-7 Q: 136 +4% 0, 137 +4% Saline 9,7
COs,: 130 +4% CO,: 129 +5% injection
Heat: 139 3% Heat: 137 5%

Legend Normalized metabolic response of male mice, ages as nofedadoenergic agonist.
Diets as in (Table 1). £0xygen consumed. GOCarbon dioxide produced. Heat: Energy
expended. **p9.01 vs. WT by Student's two-tailed t-test. All values Me&EM
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Table 10) Body Temperature Data oRdh1-KO Mice Before and After CLAMS

Cohort | Age Initial Final Change in | Condition | Number
(wks) | Temperature | Temperature | Temperature (WT,
(°C) (°C) (°C) KO)
3wl 18 WT: 384 +0.1 | WT:36.7+0.5 | WT:-1.7+0.5 | Fasted 24 | 4,4
(11 wks KO: 38.5+0.1 | KO: 35.7.+0.7 | KO: -2.8 +0.7* | hours
VAD)
6wl 4 WT: 38.0 0.4 | WT:37.8+0.4 | WT:-0.2+0.4 | Adlibfed | 6,6
KO: 37.6 +0.2 | KO: 37.7.+0.4 | KO:-0.1+0.5 | 24 hours
6wl 4 WT: 37.8#0.4 | WT: 36.6 +0.2 | WT :-1.3+0.5 | Fasted24 | 6,6
KO: 37.7+40.4 | KO: 36.2 +0.2* | KO: -1.5+0.5 | hours
w2 8 WT:37.84#.4 | WT:359+05 |WT:-1.8+0.8 | Fasted24 | 6,9
KO: 37.1 +0.4* | KO: 36.1 +0.5 | KO:-1.1+0.6 | hours
w2 8 WT: 35.94#.5 | WT: 36.6+0.5 | WT:0.6+0.6 | Refed24 |6,9
KO: 36.1.+0.5 | KO: 36.5+0.4 | KO:0.4+0.2 | hours

Legend Average body temperature of male mice at ages and conditions noted. MefSadse
1). *p<0.05 vs. WT by Student's two-tailed t-test. All values Me&EM.
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Figure 12) Fasted and Refed Body Temperatures &dh1-KO Mice

Fasted and Refed Temperature Fasted and Refed Temperature
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Legend: (A) Body temperatures of 5 week old male WT (n=9) Rdd1-KO (n=16) mice before
and after fast and at times indicated during refeeding. Mice wereXe@ diet (cohort 6w1l). By
two-way ANOVA, effects of interaction between genotype and metabote §t€0.05),

genotype (p8.05) and metabolic state (-0001). (B) Body temperatures of 6.4 week old male
WT (n=11) andRdh1-KO (n=14) mice before and after fast, and at times indicated during
refeeding. Mice were fed a 93G diet (cohort 9wl). By two-way ANOV#ecebf metabolic

state (p9.0001). (C) Combined body temperatures from (A) and (B). By two-way ANOVA,
effects of genotype (#x05) and metabolic state (€001). WT: red circle with solid line.
Rdh1-KO: blue square with dotted line. Dotted black line indicates 37° C.0:{ds *p<0.05 vs.
WT by Student's two-tailed t-test. All values MeaSBEM.
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Figure 13) Average Daytime Body Temperatures dRdh1-KO Mice

A) Body Temperature Study 1 B) Body Temperature Study 2
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Legend: (A) Average daytime body temperatures of male WT (n=22)Raihd-KO (n=10)
mice. Mice were fed a 93G diet (cohort 6w1l). By two-way ANOVA, effecigeniotype
(p<0.01) and age (#%<05). (B) Average daily body temperatures of male WT (n=14-17) and
Rdh1-KO (n=6-7) mice. Mice were maintained on a 93G diet (cohort 6w2). By tao-w
ANOVA, effect of age (p8.0001). (C) Pooled data from (A) and (B) (n=39-40 WT, 17-18
Rdh1-KO). By two-way ANOVA, effects of interaction between age and gereofp<0.05),
genotype (p8.01) and age ($0001). WT: red baRdh1-KO: blue bar. Dotted black line
indicates 37° C. **pR.01, *p<0.05 vs. WT by Student's two-tailed t-test. All values Mean +
SEM.
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Figure 14) Glucose and Insulin Tolerance in Age&dh1-KO Mice

A) Glucose Tolerance B) Insulin Tolerance
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Legend: (A) Blood glucose levels of 24-25 week old male WT (n=7) Bditll-KO (n=9) mice
during a glucose tolerance test. Mice were fed a 93G diet (cohort 2w2) oByawANOVA,
effects of genotype (#001) and time (p%x0001). (B) Blood glucose levels of 25-26 week old
male WT (n=7) an®Rdh1-KO (n=9) mice during an insulin tolerance test. Same group as (A)
(cohort 2w2). By two-way ANOVA, effects of genotype (p801) and time (p%0001). WT:

red circle with solid lineRdh1-KO: blue square with dotted line. *p<05 vs. WT by Student's
two-tailed t-test. All values Mean SEM.
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Figure 15) Serum Insulin and Pyruvate, Glucose and Insulin Toleranci Young Rdh1-KO

Mice
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Legend: (A) Insulin levels in fasted mice age 3.5 weeks (WT, n&h1-KO, n=14) (cohort
9w2), 2-3.5 hour refed mice age 5 weeks (WT, n&hyl-KO, n=9) (cohort 11w1) anad lib
fed mice age 8 weeks (WT, n=1Rgh1-KO, n= 10) (cohort 6w1l). All cohorts 93G fd@)
Blood glucose levels of 8 week old male WT (n=5) Bdb1-KO (n=4) mice during a pyruvate
tolerance test. Mice were fed a 93G diet (cohort 6w2). By two-way ANOM&Gtedf time
(p<0.01).(C) Blood glucose levels of 4-5 week old male WT (n=11) Rdiall-KO (n=11) mice
during a glucose tolerance test. Mice were fed a 93G diet (cohort 6w1l). ByayvANOVA,
effect of time (p©.0001). (D) Blood glucose levels of 4-5 week old male WT (n=12Rahd-
KO (n=8) mice during an insulin tolerance test. Same group as (C) (cohort 6nioBvay
ANOVA, effect of time (p€©.0001). WT: red circle with solid line or red dRdh1-KO: blue
square with dotted line or blue bar. *@01, *p<0.05 vs. WT by Student's two-tailed t-test. All
values Mean SEM.
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Figure 16) Glucose and Insulin Tolerance in an Insulin Sensitive Colnt of Rdh1-KO Mice

A) 3w2, 9 Week Glucose Tolerance B) 3w2, 10 Week Insulin Tolerance
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Legend: (See next page)
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Legend: (A) Blood glucose levels of 9 week old male WT (n=9) &ti1-KO (n=12) mice
during a glucose tolerance test. Mice were fed VAD diet until age 5 waettshen switched to
93G diet. Dams of mice shown were switched from Harlan chow diet to VAD diedtatg
(cohort 3w2). By two-way ANOVA, effects of genotype (p&1) and time (ps&.0001). (B)
Blood glucose levels of 10 week old male WT (n=10) Bdiol-KO (n=12) mice during an
insulin tolerance test. Same group as (A) (cohort 3w2). By two-way ANON&Gte of
interaction between time and genotype.(p8001), genotype (0001) and time (B3<0001).
(C) Blood glucose levels of 24 week old male WT (n=9) Rdill-KO (n=10) mice during a
glucose tolerance test. Same group as (A) (cohort 3w2). By two-way ANEécts of
genotype (p8.0001) and time (@=0001). (D) Blood glucose levels of 10 week old male WT
(n=9) andRdh1-KO (n=9) mice during an insulin tolerance test. Same group as (A) (By?2).
two-way ANOVA, effects of interaction between time and genotype)(p%), genotype
(p<0.0001) and time (g%0001). (E) Blood glucose levels of 9 week old male WT (n=7) and
Rdh1-KO (n=9) mice during a glucose tolerance test. Mice were fed VidDudtil age 5 weeks,
and then switched to 93G diet. Dams of mice shown were switched from Harlan chaw diet t
VAD diet at mating (cohort 4w1). By two-way ANOVA, effect of time (p&001). (F) Blood
glucose levels of 10 week old male WT (n=7) &dti1-KO (n=9) mice during an insulin
tolerance test. Same group as (E) (4wl). By two-way ANOVA, effiettine (p<0.0001). WT:
red circle with solid lineRdh1-KO: blue square with dotted line. **801, *p<0.05 vs. WT by
Student's two-tailed t-test. All values MeaisEM.
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Table 11) Serum Lipid Factors inRdh1-KO Mice

Serum Factor WT Rdh1-KO Condition
Free Fatty Acid | 209.1 +16.5uM (6) 219.4 +13.7uM (6) Fasted
79.1+6.7uM (8) 79.4 +7.0uM (8) Ad lib fed
Glycerol 148.4 +5.1uM (6) 146.0 +24.4uM (6) Fasted
229.9 +18.9uM (8) 281.2 +46.8uM (8) Ad lib fed
Triglyceride 115.1 +7.1 mg/dL (11)| 123.6 ¥.3 mg/dL (12)| Adlib fed

Legend: Lipid factors from 7-8.5 week old male mice fed a 93G diet (cohort 6w1). All values
Mean +SEM (number).
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Table 12) Inflammatory Markers in Rdh1-KO Mice

Inflammatory Marker WT Rdh1-KO
TNFa not detected, (0/10) not detected, (0/10)
MCP-1 19 +3 pg/mL, (4/10) not detected, (0/10)

IL-6 15 +1 pg/mL, (2/10) 29 46 pg/mL, (3/10)

Legend: Serum inflammation markers in 7-8.5 week old male mice fed a 93G diet (cohort 6w1).
All values Mean +SEM, (# of mice with detectable levels/ # of mice assayed). In the asshy use
the limit of detection for each analyte was is 12.2 pg/mL.
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Figure 17) Rdh, Raldh andCrabp2 Gene Expression by Tissue
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Legend: (A) Relative expression of Rdh in 4 week old, fasted C57BL/6 mice fed a 93G diet
(n=3). Data arbitrarily normalized to mediRdhl expression (dotted linerdhl: black bar.

Dhrs9: grey barRdh10: white bar. (B) Relative expression of Raldh in mice from (A). Data
arbitrarily normalized to mediaRaldh3 expression (dotted linefRaldhl: black barRaldh2:

grey barRaldh3: white bar. (C) Relative expression@fabp2 in mice from (A). Data arbitrarily
normalized to median expression (dotted line). ML, Median Lobe; LL, Left Lobe, Gldafa
Lobe; RL, Right Lobe; BAT, brown adipose; EWAT, epididymal white adipose; Skeletal;

I. Smooth Mus, Intestinal Smooth Muscle; Gl., Gland; HC, Hippocampus; HT, Hypothalamus;
OB, Olfactory Bulb. Missing values indicate expression below the limit of tlete®ll values
Mean +SEM.
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Figure 18) Rdh Expression with Age, Diet and Genotype

A) Rdh in BAT B) Rdh in Liver
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Legend: (A) Relative expression of RDH in brown adipose from 10 week old WT (n=11) (WT
10 wks), 10 week ol&dh1-KO (n=9-10) Rdh1-KO 10 wks), 18-20 week old WT (n=7-8) (WT
20 wks) and 10 week old WT fed a high retinol diet (n=5) (WT High ROH). Mice were fed a
93G diet, except WT High ROH mice, who were fed 93G diet until age 5 weeks, then switched
to a modified AIN 93G diet with 30 IU/g of vitamin A (cohort 8w2). (B) Relative esgign of
RDH in liver (WT 10 wks, n=9-10Rdh1-KO 10 wks, n=6-9; WT 20 wks, n=4). Same mice as
(A) (cohort 8w2). (B) Relative expression of RDH in EWAT (WT 10 wks, n=Rebi1-KO 10
wks, n=5-6; WT 20 wks, n=4). Same mice as (A) (cohort 8w2). Data for each tibguarar
normalized to mean WT 10 wRdh1 expression (dotted lines). WT 10 wks: red ahl-KO

10 wks: blue bar. WT 20 wks: green bar. WT High ROH: orange bar0*§ds *p<0.05 vs. WT
by Student's two-tailed t-test. All values MeaBEM.
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Figure 19) Rdh and Raldh Expression across Adipose Depots

A) Rdh Expression B) Fat Depot Raldh
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Legend: (A) Relative Rdh expression across adipose depots and liver from an 8-week old
C57BL/6 mouse fed a 93G diet underlib fed conditions (n=1). Data arbitrary normalized to
BAT Rdhl expression (dotted linelRdhl: black barDhrs9: grey barRdh10: white bar. (B)
Relative Raldh expression across adipose depots and liver from mouse in (Agciiteday
normalized to BATRaldhl expression (dotted linelRaldhl: black barRaldh2: grey bar.

Raldh3: white bar. (C) Relativelcpl expression across adipose depots and liver of mouse in
(A). Data arbitrary normalized to BAT expression (dotted line). BAT, brown adissse}
PWAT, perirenal white adipose tissue; FWAT, femoral white adipose tis&#€f linguinal
white adipose tissue; RWAT, retroperitoneal white adipose tissue; EWAT, ypaliavhite
adipose tissue; MWAT, mesentery white adipose tissue.
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Figure 20) De novo Lipogenesis and Triglyceride Turnover inRdh1-KO Mice, Studies 1

and 2

A) Study 1 Fractional Palmitate B) Study 2 Fractional Palmitate
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Legend: (A) Fraction of newly synthesized palmitate after 4 days of heavy Vedteling from
inguinal white adipose biopsies collected from WT (n=5-6)Ralftdl-KO (n=6-7) male mice
aged 9 weeks. Mice fed a 93G diet (cohort 7w2). (B) Fraction of newly syretigmmitate
after 4 days of heavy water labeling in EWAT and IWAT collected from(W£b) andRdhl-
KO (n=6) male mice age 9-10 weeks. Mice fed a 93G diet (cohort 10w2a). (@yamis of
newly synthesized palmitate per gram of tissue after 4 days in EWAT and fildd WT (n=5)
andRdh1-KO (n=6) mice from (B). (D) Fraction of heavy water labeled glycefter @ days in
EWAT and IWAT from WT (n=5) an®Rdh1-KO (n=6) mice from (B). WT: red baRdh1-KO:
blue bar. **p<0.01, *p<0.05 or as indicated vs. WT by Student's two-tailed t-test. All values
Mean +SEM.
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Figure 21) De novo Lipogenesis and Triglyceride Turnover inRdh1-KO Mice, Study 3

A) Fractional Palmitate B) BAT Absolute New Palmitate
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Legend: (A) Fraction of newly synthesized palmitate after 5-6 hours of refeediB&T, liver
and EWAT collected from WT (n=10) afilh1-KO (n=12-13) male mice age 6-8 weeks. Mice
fed a 93G diet (cohort 13w2). (B) Milligrams of newly synthesized palnptgram of tissue
after 5-6 hours of refeeding in BAT from WT (n=10) d&ath1-KO (n=13) mice from (A). (C)
Fraction of heavy water labeled glycerol after 5-6 hours of refeediB§Thand EWAT

collected from WT (n=10) anBdh1-KO (n=13) mice from (A). (D) Milligrams of fatty acid per
gram of BAT from WT (n=10) an&dh1-KO (n=13) mice from (A).WT: red baRdh1-KO: blue
bar. *p<0.01, *p<0.05 vs. WT by Student's two-tailed t-test. All values Me&EM.
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Figure 22) Fatty Acid Composition of Tissues fronrRdh1-KO Mice
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Legend: (See next page.)
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Legend: (A) Relative fatty acid composition of BAT from WT (n=10) aRdh1-KO (n=13)

male mice aged 6-8 weeks and 5-6 hours refed. Same mice as (Figure 21) (1BR&)at(Be
fatty acid composition of liver from WT (n=10) aRdh1-KO (n=13) mice from (A). (C)

Relative fatty acid composition of EWAT from WT (n=10) &Rah1-KO (n=13) mice from (A).
(D) Relative stearate levels in IWAT, EWAT, BAT and liver from WT (n=5) Rdd1-KO

(n=6) male mice age 9-10 weeks fed a 93G atidtb. Same mice as (Figure 20B) (cohort
10w2a). (E)Elovi6 expression in liver (n=5-6) and BAT (n=6-7) from fasted and 6-7 hour refed
WT andRdh1-KO male mice age 6-8 weeks. Mice fed a 93G diet (Liver, cohort 12w2; BAT,
cohort 12w1). By two-way ANOVA, effects of interaction between genosypkrefeeding
(p<0.05), genotype (@x01) and refeeding (0<0001) in liver. WT: red bar. KO: blue bar.
**p<0.01, *p<0.05 or as indicated vs. WT and #8031 vs. fasted by Student's two-tailed t-test.
All values Mean +SEM.
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Table 13) Serum Hormones irRdh1-KO Mice

Serum WT Rdh1-KO Condition Age Cohort
Factor (wks)
184 +68 pg/mL (12) 219 #1 pg/mL (13) | Adlib fed unk. na, Purina
chow
DHT 419 +260 pg/mL (7) 401 447 pg/mL (8) | Adlibfed Unk na, 93G Dief
109 +29 pg/mL (4) 119 61 pg/mL (3) Ad lib fed Unk na, VAD
Diet
2.0 +1.0 ng/mL (11) 4.9 4.4 ng/mL (13) | Adlibfed Unk na, Purina
chow
Testosterone | 2.0 +0.7 ng/mL (8) 1.6 ©.5 ng/mL (9) Adlib fed Unk na, 93G Dief
0.3240.02 ng/mL (3) | 1.03 6.36 ng/mL (3) | Adlib fed Unk na, VAD
Diet
Growth 7.6 +3.1 ng/mL (11) 1.9 ©.8 ng/mL (11) Ad lib fed 8 8w2
Hormone
T4 2.70 +0.15pg/dL (12) | 2.62 #0.11ug/dL (8) Fasted 6 12w2
4.57 +0.12ug/dL (6) 4.01 40.20ug/dL (9)* | Refed 5-6 hrs | 6 12w2
T3 1.52 +0.06 ng/mL (9) 1.47 ©.07 ng/mL (9) Fasted 6 12w2
2.45 +0.13 ng/mL (11) | 2.058.09 ng/mL (9)* | Refed 5-6 hrs| 6 12w2
TSH 0.98 +0.21 ng/mL (9) 0.76 ©.07 ng/mL (16) | Refed 6-8 hrs| 5-6 14wl
0.61 +0.07 ng/mL (11) | 0.61 ©.05 ng/mL (12)| Refed 5-6 hrs 18 13w3
Leptin 1708 +199 pg/mL (10) | 3094 882 pg/mL (9)* | Adlib fed 8 6wl
Resistin 1442 +293 pg/mL (10) | 1241 %4 pg/mL (10) | Adlib fed 8 6wl

Legend: Hormone levels from male mice, condition and age as noted. Diets as noted or as in

(Table 1). *p0.05 vs. WT by Student's two-tailed t-test. Unk: Unknown. All values Mean +
SEM (number).
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Figure 23) EWAT Rbp4 Expression inRdh1-KO Mice
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Legend: (A) Expression oRbp4 in EWAT fromad lib fed WT (n=8) andRdh1-KO (n=5) male
mice age 10 weeks. Mice fed a 93G diet (cohort 8w2). Data normalized to mean V& (dott
line). (B) Expression oRbp4 in EWAT from fasted and 6 hr refed WT (n=5) drath1-KO

(n=5) female mice age 10 weeks. Mice fed a 93G diet (cohort 12w1). Datardgbitormalized
to mean fasted WT (dotted line). WT: red dRah1-KO: blue bar. All values Mean $SEM.
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Figure 24) Liver Rbp4 Expression inRdh1-KO Mice
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Legend: (A) Expression oRbp4 in liver fromad lib fed WT (n=7) andRdh1-KO (n=6) male

mice age 10 weeks. Mice fed a 93G diet (cohort 8w2). Data normalized to mean V&d (dott
line). (B) Expression oRbp4 in liver from fasted and 7 hr refed WT (n=5) &Rah1-KO (n=4-

5) male mice age 7.5 weeks. Mice fed a 93G diet (cohort 12w2). By two-way ANOV £, efffe
refeeding (p®.0001). Data arbitrarily normalized to mean fasted WT (dotted line). WT: red bar.
Rdh1-KO: blue bar. ##p8.01, #p<9.05 vs. fasted by Student's two-tailed t-test. All values Mean
+ SEM.
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Figure 25) RBP-STRAG Signaling in BAT inRdh1-KO Mice

A) Ad lib Rbp4 Expression B) Fasted and Refed Expression
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Legend (A) Rop4 expression in BAT fronad lib fed WT (n=6) andRdh1-KO (n=6) mice, age
28 weeks and fed a 93G diet (cohort 10wlb). Expression normalized to WT (dotted line). (B)
Gene expression from fasted and 6.5 hr refed WT (n=5-8RdmdKO (n=6-7) male mice age
6 weeks. Mice fed a 93G diet (cohort 12w1). Expression of each gene arbitramiglized to
WT fasted (dotted line).By two-way ANOVA, effect of refeedingRiop4 (p<0.05),Pparg
(p<0.05) andtra6 (p<0.01) and genotype drbp4 (p<0.0001). (C) Gene expression from 16
hour fasted or 6-7 hour refed male WT (n=) &ati1-KO (n=) mice, age 7.5 weeks and fed a
93G diet (cohort 12w2). Expression of each gene arbitrarily normalized to 3AéH f@otted
line). By two-way ANOVA, effect of refeeding oRparg (p<0.0001) and genotype d&bp4
(p<0.01). WT: red barRdh1-KO: blue bar. **p<0.01, *p<0.05 vs. WT and ##x01, #p©.05
vs. fasted by Student's two-tailed t-test. All values Me&EM.
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Table 14)Ad lib VAD Diet-fed Rdh1-KO Female Retinoids

Tissue WT Rdh1-KO

Serum atRA: 4.0 ©.8 pmol/mL (5) | atRA: 4.2 +0.7 pmol/mL (7)
ROH: 25.5 46.2 nmol/mL (5)| ROH: 27_+5.5 nmol/mL (7)
RE: 0.07 40.03 nmol/mL (5) | RE: 0.05 +0.01 nmol/mL (7)

BAT atRA: 6.8 +1.1 pmol/g (5) atRA: 11.7 +3.3 pmol/g (7)
ROH: 43.2 46.0 nmol/g (5) | ROH: 34.1 +5.8 nmol/g (7)
RE: 0.65 +0.08 nmol/g (5) RE: 0.57 +0.07 nmol/g (7)

PMWAT | atRA: 7.1 +1.1 pmol/g (5) atRA: 11.4 +2.5 pmol/g (7)
ROH: 22.3 +4.4 nmol/g (5) | ROH: 20.2 +2.8 nmol/g (7)
RE: 0.41 +0.04 nmol/g (5) RE: 0.61 +0.21 nmol/g (7)

Brain atRA: 1.9 0.4 pmol/g (5) atRA: 3.5 +1.2 pmol/g (7)
ROH: 11.7 +3.3 nmol/g (5) | ROH: 12.5 +7.4 nmol/g (7)
RE: 0.47 +0.06 nmol/g (5) RE: 0.50 +0.01 nmol/g (7)

Kidney atRA: 4.7 0.2 pmol/g (5) atRA: 6.7 +0.7 pmol/g (7)*
ROH: 29.9 +6.2 nmol/g (5) | ROH: 33.2 +4.5 nmol/g (7)
RE: 2.15 +0.57 nmol/g (5) RE: 2.07 +0.32 nmol/g (7)

Liver atRA: 32.9 +2.6 pmol/g (5) | atRA: 34.8 +1.6 pmol/g (7)
ROH: 93.8 +10.7 nmol/g (5) | ROH:95.6 +9.4 nmol/g (7)
RE: 6.6 +1.0 nmol/g (5) RE: 8.7 +1.0 nmol/g (7)

Legend Tissue retinoids from WT arigdh1-KO female mice, age 61 weeks. Mice fed a VAD
diet and born to dams switched from a Purina chow diet to a VAD diet at breeding (cehprt
Tissues collected unded lib fed conditions. PMWAT, perimetrial white adipose tissue. atRA:
all-trans-retinoic acid; ROH, retinol; RE, retinyl esters. €5 vs. WT. All values Mean +
SEM (number).
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Table 15)Ad lib VAD Diet-fed Rdh1-KO Male Retinoids

Tissue

WT

Rdh1-KO

Kidney

atRA: 1.2 0.1 pmol/g (5)

ROH: 10.0 +0.3 nmol/g (3)

RE: 3.1 +1.2 nmol/g (5)

atRA: 0.9 +0.1 pmol/g (4)
ROH: 12.5 0.9 nmol/g (5)
RE: 1.6 +0.3 nmol/g (5)

Liver

atRA: 2.1 +0.1 pmol/g (5)
ROH: 4.4 +0.3 nmol/g (4)
RE: 0.33 +0.11 nmol/g (5)

atRA: 2.0 +0.1 pmol/g (5)
ROH: 5.9 +0.2 nmol/g (5)*
RE: 0.27 +0.01 nmol/g (5)

Testes

atRA: 8.2 8.9 pmol/g (5)

ROH: undetectable
RE: 1.1 +0.1 nmol/g (5)

atRA: 10.5 +1.3 pmol/g (5)
ROH: undetectable
RE: 1.1 +0.1 nmol/g (5)

Legend Tissue retinoids from male WT amdih1-KO mice, age 22 weeks. Mice fed a VAD
diet and born to dams switched from a Purina chow diet to a VAD diet at mating (totijrt
Tissues collected unded lib fed conditions. atRA: alrans-retinoic acid; ROH, retinol; RE,

retinyl esters. *p8.05 vs. WT. All values Mean $SEM (number).
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Table 16)Ad lib Fed Retinoids from aRdh1-KO Cohort with Vitamin A Deficient Mice

Tissue WT Rdh1-KO

Serum atRA: 0.84 6.25 pmol/mL (3) atRA: 0.76_+0.25 pmol/mL (2)
ROH: 0.04 +0.01 nmol/mL (3)] ROH: 0.06_+0.01 nmol/mL (2)
RE: 0.24 +0.02 nmol/mL (3) | RE: 0.20 +0.05 nmol/mL (2)

Liver atRA: 5.18 +1.12 pmol/g (5) | atRA: 6.03 +1.11 pmol/g (3)
ROH: 0.08 +0.01 nmol/g (5) | ROH: 0.07_+0.03 nmol/g (3)
RE: 4.22 +0.51 nmol/g (5) RE: 3.87 +0.65 nmol/g (3)

Brain atRA: 1.04 .11 pmol/g (5) | atRA: 0.98 +0.11 pmol/g (4)
ROH: 0.04 +0.01 nmol/g (5) | ROH: 0.04_+0.01 nmol/g (5)
RE: 0.59 +0.04 nmol/g (5) RE: 0.47 +0.04 nmol/g (5)

Testes atRA: 11.59 %.98 pmol/g (4) | No males
ROH: 0.13 +0.01 nmol/g (4)
RE: 1.00 +0.13 nmol/g (4)

Kidney atRA: 6.58 .97 pmol/g (5) | atRA: 5.76 +1.08 pmol/g (4)
ROH: 0.18 +0.02 nmol/g (5) | ROH: 0.19 +0.07 nmol/g (4)
RE: 9.40 +1.09 nmol/g (5) RE: 9.10 +2.70 nmol/g (4)

BAT atRA: 26.92 +6.24 pmol/g (4) | atRA: 24.99 +3.35 pmol/g (4)
ROH: 0.07_+0.02 nmol/g (4) | ROH: 0.06_+0.01 nmol/g (4)
RE: 0.66 +0.14 nmol/g (4) RE: 0.64 +0.04 nmol/g (4)

EWAT/PMWAT | atRA: 19.70 +0.98 pmol/g (4) | atRA: 16.30 +2.72 pmol/g (3)
ROH: 0.04 +0.01 nmol/g (4) | ROH: 0.05 +0.03 nmol/g (3)
RE: 0.63 +0.12 nmol/g (4) RE: 0.34 +0.16 nmol/g (3)

Legend: Tissue retinoids in 12.5 week old WT arRdh1-KO mice. WT data is from 4 male

mice and 1 female moudedh1-KO data is from only female mice. All mice fed a VAD diet and
born to dams switched from a 93G diet to VAD at mating (cohort 2w1l). Tissues collected unde
ad lib fed conditions. Analyzed side-by-side with mice in Table 21, allowing foctdire
comparisons. atRA: atlans-retinoic acid; ROH, retinol; RE, retinyl esters. All values Mean +
SEM (number).
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Table 17)Ad lib Fed Retinoids from a VAD Diet-fedRdh1-KO Cohort Rescued with 93G

Diet
Sex Tissue WT Rdh1-KO
Pooled Hypo- atRA: 54.2 +12.5 pmol/g (6) atRA: 39.3 +4.0 pmol/g (6)
thalamus | ROH: 1.61 +0.04 nmol/g (6) ROH: 1.85 +0.25 nmol/g (4)
RE: 0.66_+0.07 nmol/g (6) RE: 0.67 +0.06 nmol/g (4)
Male Serum atRA: 2.76 8.37 pmol/mL (6) atRA: 2.73 +0.02 pmol/mL (2)
ROH: 0.83 +0.05 nmol/mL (6) ROH: 0.78 +0.01 nmol/mL (2)
RE: 0.21 +0.02 nmol/mL (6) RE: 0.34 +0.14 nmol/mL (2)
Female Serum atRA: 1.4G:5 pmol/mL (4) atRA: 3.1 +0.2 pmol/mL (6)**
ROH: 0.45 +0.12 nmol/mL (5) ROH: 0.49 +0.05 nmol/mL (6)
RE: 0.29 +0.04 nmol/mL (5) RE: 0.36 +0.04 nmol/mL (6)
Male BAT atRA: 2.1 +0.3 pmol/g (6) atRA: 1.3 +0.2 pmol/g (2)
ROH: 0.26 +0.04 nmol/g (6) ROH: 0.20 +0.01 nmol/g (2)
RE: 0.22_+0.05 nmol/g (6) RE: 0.18 +0.01 nmol/g (2)
Female BAT atRA: 8.9 4.1 pmol/g (8) atRA: 5.7 +0.6 pmol/g (8)*
ROH: 0.50 +0.03 nmol/g (8) ROH: 0.45 +0.05 nmol/g (8)
RE: 1.17_+0.09 nmol/g (8) RE: 0.81 +0.12 nmol/g (8)*
Male EWAT atRA: 4.2 40.2 pmol/g (6) atRA: 5.7 +0.1 pmol/g (2)**
ROH: 0.49 +0.04 nmol/g (6) ROH: 0.62 +0.02 nmol/g (2)
RE: 0.13 +0.01 nmol/g (6) RE: 0.25 +0.01 nmol/g (2)**
Female PMWAT | atRA: 7.2 6.9 pmol/g (8) atRA: 9.2 +1.1 pmol/g (8)
ROH: 0.64 +0.16 nmol/g (8) ROH: 0.88 +0.17 nmol/g (8)
RE: 0.57_ +0.10 nmol/g (8) RE: 0.70 +0.13 nmol/g (8)
Male Pancreas atRA: 14.52t9 pmol/g (6) atRA: 15.9 +7.8 pmol/g (2)
9cRA: 27.9 +5.0 pmol/g (6) 9cRA: 30.0 +4.5 pmol/g (2)
ROH: 0.45 +0.06 nmol/g (6) ROH: 0.72 +0.02 nmol/g (2)*
RE: 2.1 +0.6 nmol/g (6) RE: 1.6 +0.6 nmol/g (2)
Female Pancreas atRA: 11.9:0 pmol/g (8) atRA: 18.6_+2.6 pmol/g (7)*
9cRA: 24.8 +4.5 pmol/g (8) 9cRA: 21.7 +4.2 pmol/g (7)
ROH: 0.44 +0.05 nmol/g (8) ROH: 0.61 +0.12 nmol/g (8)
RE: 1.2 +0.2 nmol/g (8) RE: 1.5 +0.2 nmol/g (8)
Male Liver atRA: 12.5 1.7 pmol/g (6) atRA: 15.0 +1.4 pmol/g (2)
ROH: 2.5 +0.4 nmol/g (6) ROH: 2.7_+0.0 nmol/g (2)
RE: 48.5 +4.0 nmol/g (6) RE: 40.7 +3.0 nmol/g (2)
Female Liver atRA: 17.1 2.4 pmol/g (8) atRA: 17.0_+0.9 pmol/g (8)
ROH: 3.1_+0.3 nmol/g (8) ROH: 5.1 +0.8 nmol/g (8)*
RE: 95.6 +5.2 nmol/g (8) RE: 93.9 +14.1 nmol/g (8)
Male Skeletal | atRA: 1.6 +0.2 pmol/g (6) atRA: 2.3 +0.3 pmol/g (2)
Muscle ROH: 0.08 +0.01 nmol/g (6) ROH: 0.10 +0.03 nmol/g (2)
RE: 0.12 +0.01 nmol/g (6) RE: 0.14 +0.06 nmol/g (2)
Female Skeletal | atRA: 2.0 +0.2 pmol/g (7) atRA: 2.1 +0.3 pmol/g (8)
Muscle ROH: 0.11 +0.01 nmol/g (7) ROH: 0.08 +0.01 nmol/g (8)*
RE: 0.11 +0.01 nmol/g (7) RE: 0.10 +0.01 nmol/g (8)

Legend: Tissue retinoids from male and female WT &dti1-KO mice, age 16 weeks. Mice
were switched from a VAD diet to 93G diet at age 11 weeks and were born to dachedwit
from a Harlan chow diet to VAD diet at mating (cohort 3wl). Tissues collected athtlerfed
conditions. atRA: altrans-retinoic acid; 9cRA: Sis-retinoic acid; ROH, retinol; RE, retinyl
esters. *p<9.01, *p<0.05 vs. WT by Student's two-tailed t-test. All values Me&SEM
(number).
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Table 18)Ad lib Fed Retinoids in 8-week Old, 93G Diet-fedRdh1-KO Male Mice

Tissue WT Rdh1-KO

BAT atRA: 10.99 40.72 pmol/g (11) atRA: 11.85 +0.80 pmol/g (12)
RAL: 91.47 +3.66 pmol/g (6) RAL: 94.10 +21.42 pmol/g (6)
ROH: 1.08 +0.03 nmol/g (11) ROH: 1.07_+0.05 nmol/g (12)
RE: 0.74 +0.06 nmol/g (11) RE: 0.63 +0.06 nmol/g (12)

EWAT atRA: 4.28 +0.46 pmol/g (11) atRA: 4.03 +0.44 pmol/g (12)
RAL: 40.55 +2.03 pmol/g (11) RAL: 46.61 +3.45 pmol/g (12)
ROH: 1.20 +0.11 nmol/g (11) ROH: 0.90 +0.06 nmol/g (12)*
RE: 0.50 +0.20 nmol/g (11) RE: 0.38 +0.10 nmol/g (12)

IWAT atRA: 3.47 +0.42 pmol/g (11) atRA: 3.63 +0.59 pmol/g (12)
RAL: 77.64 +6.77 pmol/g (6) RAL: 101.96 +18.10 pmol/g (6)
ROH: 0.72_+0.06 nmol/g (11) ROH: 0.61 +0.05 nmol/g (12)
RE: 0.22 +#0.04 nmol/g (11) RE: 0.36 +0.18 nmol/g (12)

Liver atRA: 8.75 +0.52 pmol/g (11) atRA: 11.14 +0.60 pmol/g (12)**
RAL: 56.20 +2.09 pmol/g (11) RAL: 59.65 +5.22 pmol/g (12)
ROH: 10.07 +1.16 nmol/g (11) ROH: 10.22 +1.23 nmol/g (12)
RE: 223.54 +32.56 nmol/g (11) RE: 192.29 +17.18 nmol/g (12)

Hypo- atRA: 143.4 +14.8 pmol/g protein (6) | atRA: 130.1 +5.8 pmol/g protein (6)

thalamus | ROH: 83.79 +13.73 nmol/g protein (6)] ROH: 74.01 +8.61 nmol/g protein (6)
RE: 12.75 +1.19 nmol/g protein (6) RE: 12.18 +0.84 nmol/g protein (6)

Legend: Tissue retinoids from WT arfedh1-KO male mice, age 8 weeks, fed a 93G diet with
tissues collected undad lib fed conditions (cohort 6w1). atRA: d@tlans-retinoic acid; RAL:
retinal; ROH, retinol; RE, retinyl esters. *f<01, *p<0.05 vs. WT by Student's two-tailed t-test.
All values Mean +SEM (number).
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Table 19)Ad lib Fed Retinoids in 8-9 week Old, 93G Diet-fedRdh1-KO Male Mice

Tissue WT Rdh1-KO

Liver atRA: 8.16 +0.81 pmol/g (12) atRA: 7.76_+0.60 pmol/g (7)
RAL: 163.56 +8.72 pmol/g (11) | RAL: 219.74 +23.30 pmol/g (8)*
ROH: 4.15 +0.46 nmol/g (12) ROH: 4.04 +0.47 nmol/g (7)
RE: 97.32 410.50 nmol/g (12) | RE: 81.21 +7.89 nmol/g (7)
EWAT | atRA: 3.35 +0.35 pmol/g (10) atRA: 2.54 +0.28 pmol/g (6)
RAL: 24.80 +1.78 pmol/g (12) | RAL: 28.23 +2.40 pmol/g (8)
ROH: 0.75 +0.07 nmol/g (12) ROH: 0.89 +0.10 nmol/g (8)
RE: 0.53 +0.05 nmol/g (12) RE: 0.82 +0.30 nmol/g (8)
Pancreas atRA: 15.68 +1.97 pmol/g (12) | atRA: 17.17 +3.17 pmol/g (8)
9cRA: 37.61 45.76 pmol/g (12) | 9cRA: 23.89 +3.18 pmol/g (8)
ROH: 1.21 +0.17 nmol/g (12) ROH: 3.57 +0.54 nmol/g (8)**
RE: 2.31 +0. 12 nmol/g (12) RE: 3.18 +0.76 nmol/g (8)
BAT RAL: 43.42 +3.87 pmol/g (12) | RAL: 45.21 3.60 pmol/g (8)

Legend: Tissue retinoids from WT ari@dh1-KO male mice, age 8-9 weeks, fed a 93G diet with
tissues collected undad lib fed conditions (cohort 8w1). atRA: d@tlans-retinoic acid; 9cRA:
9-cis-retinoic acid; RAL: retinal; ROH, retinol; RE, retinyl esters. *§81, *p<0.05 vs. WT by
Student's two-tailed t-test. All values MealSEM (number).
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Table 20)Ad lib Fed Retinoids in 9 week Old, 93G Diet-fedRdh1-KO Male Mice

Tissue WT Rdh1-KO

Liver atRA: 18.16 +1.79 pmol/g (8) atRA: 17.43 +0.77 pmol/g (7)
RAL: 28.27_+1.50 pmol/g (8) RAL: 31.96 +1.47 pmol/g (7)
ROH: 3.83 +0.67 nmol/g (8) ROH: 5.59 +0.88 nmol/g (7)
RE: 86.43 +15.04 nmol/g (8) RE: 92.88 +15.21 nmol/g (7)

EWAT atRA: 6.25 +1.20 pmol/g (8) atRA: 7.76_+0.69 pmol/g (7)
RAL: 33.51 +3.38 pmol/g (8) RAL: 34.39 +2.32 pmol/g (7)
ROH: 1.24 +0.23 nmol/g (8) ROH: 1.34 +0.12 nmol/g (7)
RE: 0.30 +0.10 nmol/g (8) RE: 0.29 +0.03 nmol/g (7)

BAT atRA: 12.90 +1.55 pmol/g (8) atRA: 11.54 +1.40 pmol/g (6)
RAL: 61.92 +3.92 pmol/g (8) RAL: 70.72_+4.90 pmol/g (7)
ROH: 1.08 +0.07 nmol/g (8) ROH: 1.13 +0.07 nmol/g (6)
RE: 0.44+0.05 nmol/g (8) RE: 0.41 +0.07 nmol/g (6)

Pancreas| atRA:55.776t08 pmol/g (8) atRA: 58.65 +5.77 pmol/g (7)
9cRA: 22.60 +3.00 pmol/g (8) | 9cRA: 18.73 +1.78 pmol/g (7)
RAL: 87.13 +2.80 pmol/g (8) RAL: 115.87 +15.97 pmol/g (7)
ROH: 22.30 +7.64 nmol/g (8) ROH: 8.87_+3.05 nmol/g (7)
RE: 29.87 +#6.81 nmol/g (8) RE: 44.19 +22.30 nmol/g (7)

Legend: Tissue retinoids from WT arfdh1-KO male mice, age 9 weeks, fed a 93G diet with
tissues collected undad lib fed conditions (cohort 6w2). atRA: dtlans-retinoic acid; 9cRA:
9-cis-retinoic acid; RAL: retinal; ROH, retinol; RE, retinyl esters. ydlues Mean SEM
(number).
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Table 21)Ad lib Fed Retinoids in 12.5 week Old, 93G Diet-fedRdh1-KO Mice

Sex Tissue WT Rdh1-KO
Male Serum atRA: 0.65 6.08 pmol/g (3) atRA: 0.84 +0.21 pmol/g (5)
ROH: 121.82 +64.58 nmol/g (3) ROH: 136.96 +32.65 nmol/g (4)
RE: 14.07 +5.85 nmol/g (3) RE: 28.57 +10.38 nmol/g (4)
Female| Serum atRA: 0.930:24 pmol/g (5) atRA: 0.61 +0.12 pmol/g (5)
ROH: 75.16 +12.54 nmol/g (5) ROH: 44.57 +12.43 nmol/g (5)
RE: 22.18 +4 .78 nmol/g (5) RE: 28.43 +2.50 nmol/g (5)
Male Liver atRA: 10.20 +0.73 pmol/g (3) atRA: 12.41 +1.18 pmol/g (5)
ROH: 1294.67 1326.38 nmol/g (3) | ROH: 1547.61 383.75 nmol/g (5)
RE: 1864.27 $31.55 nmol/g (3) RE: 2617.88 #48.70 nmol/g (3)
Female| Liver atRA: 12.82 +1.66 pmol/g (5) atRA: 11.46 +0.97 pmol/g (5)
ROH: 1430.65 #06.49 nmol/g (4) | ROH: 2513.12 1309.90 nmol/g (5)
RE: 5543.13 1803.48 nmol/g (5) | RE: 4737.74 +2039.15 nmol/g (5)
Male Brain atRA: 8.48 ©.38 pmol/g (5) atRA: 9.51 +0.57 pmol/g (5)
ROH: 69.54 +2.73 nmol/g (5) ROH: 67.26 +3 .10 nmol/g (5)
RE: 345.12 +4.42 nmol/g (3) RE: 416.33 +20.85 nmol/g (5)*
Female| Brain atRA: 8.63 8.58 pmol/g (5) atRA: 5.80 +0.81 pmol/g (5)*
ROH: 68.07 +2.01 nmol/g (4) ROH: 66.47 +5.20 nmol/g (4)
RE: 421.54 +15.17 nmol/g (4) RE: 358.23 +23.07 nmol/g (4)
Male Testes atRA: 6.466.77 pmol/g (3) atRA: 5.70 +0.73 pmol/g (5)
ROH: 22.06 +5.03 nmol/g (3) ROH: 31.61 +5.02 nmol/g (5)
RE: 45.07 +5 .67 nmol/g (3) RE: 49.38 +10.49 nmol/g (5)
Male Kidney atRA: 11.93 6.99 pmol/g (3) atRA: 6.66_ +0.44 pmol/g (5)*
ROH: 135.50 +16.09 nmol/g (3) ROH: 92.99 +10.34 nmol/g (5)
RE: 668.53 +26.61 nmol/g (3) RE: 536.18 +20.51 nmol/g (5)*
Female| Kidney atRA: 6.56 8.75 pmol/g (5) atRA: 6.08 +0.53 pmol/g (5)
ROH: 97.79 48.09 nmol/g (5) ROH: 68.20 +4.75 nmol/g (5)*
RE: 1130.86 #110.92 nmol/g (5) RE: 899.55 +118.58 nmol/g (5)
Male Brown atRA: 3.81 4.38 pmol/g (3) atRA: 1.88 +0.27 pmol/g (5)
ROH: 62.96 +8.06 nmol/g (3) ROH: 45.81 +6.53 nmol/g (5)
RE: 52.22 +9.25 nmol/g (3) RE: 83.46 +37.40 nmol/g (5)
Female| Brown atRA: 4.81 +.18 pmol/g (5) atRA: 1.85 +0.28 pmol/g (5)*
ROH: 48.40 +4.13 nmol/g (5) ROH: 36.96 +2.07 nmol/g (5)*
RE: 82.73 +6.71 nmol/g(5) RE: 69.47 +14.80 nmol/g (5)
Male EWAT atRA: 3.26 .97 pmol/g (3) atRA: 5.91 +0.77 pmol/g (5)
ROH: 155.46 +25.45 nmol/g (3) ROH: 141.58 +5.74 nmol/g (5)
RE: 32.84 +8.98 nmol/g (3) RE: 34.20 +2.84 nmol/g (4)
Female| PMWAT | atRA:5.87 £.70 pmol/g (5) atRA: 8.25 +2.38 pmol/g (4)
ROH: 103.54 +16.18 nmol/g (5) ROH: 84.94 +31.20 nmol/g (5)
RE: 36.37 +3.84 nmol/g (5) RE: 48.85 +15.68 nmol/g (5)

Legend: Tissue retinoids from male and female WT &dti1-KO mice, age 12.5 weeks, fed a
93G diet with tissues collected una@erlib fed conditions (cohort 2wl). Analyzed side-by-side
with mice in (Table 16), allowing for direct comparisons. atRAtrahs-retinoic acid; ROH,
retinol; RE, retinyl esters. *@x05 vs. WT by Student's two-tailed test. All values Me&EM
(number).
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Table 22)Ad lib Fed Retinoids in 73 week Old, 93G Diet-fedRdh1-KO Male Mice

Tissue WT Rdh1-KO
Hypothalamus | atRA: 9.5 .6 pmol/g (3) atRA: 7.0_+0.8 pmol/g (4)
ROH: 6.0 +1.4 nmol/g (3) ROH: 5.6 +0.9 nmol/g (4)
RE: 1.7 +0.7 nmol/g (3) RE: 1.8 +0.3 nmol/g (4)
Hypothalamus | atRA: 141 38 pmol/g protein (3) | atRA: 135 +30 pmol/g protein (4)

ROH: 89 +18 nmol/g protein (3)
RE: 24 +9 nmol/g protein (3)

ROH: 112 +35 nmol/g protein (4)
RE: 34 +5 nmol/g protein (3)

Hippocampus

atRA: 7.0 8.4 pmol/g (5)
ROH: 2.3 +0.1 nmol/g (5)
RE: 2.1 40.2 nmol/g (5)

atRA: 6.8 +0.3 pmol/g (7)
ROH: 2.6 +0.2 nmol/g (7)
RE: 1.7 +0.3 nmol/g (7)

BAT atRA: 2.6 +0.2 pmol/g (5) atRA: 3.4 +0.6 pmol/g (7)
RAL: 39.4 +1.6 pmol/g (5) RAL: 42.3 +2.8 pmol/g (7)
ROH: 0.96 +0.04 nmol/g (5) ROH: 1.25 +0.14 nmol/g (7)
RE: 0.9 40.1 nmol/g (5) RE: 1.0 +0.1 nmol/g (7)
EWAT atRA: 2.5 +0.2 pmol/g (5) atRA: 2.9 +0.5 pmol/g (7)
RAL: 34.1 +2.5 pmol/g (5) RAL: 35.0 +1.5 pmol/g (7)
ROH: 1.1 +0.1 nmol/g (5) ROH: 1.5 +0.1 nmol/g (7)**
RE: 0.30 +0.03 nmol/g (5) RE: 0.63 +0.04 nmol/g (7)**
IWAT atRA: 3.0 +0.2 pmol/g (5) atRA: 2.6 +0.2 pmol/g (7)
RAL: 36.2 +2.6 pmol/g (5) RAL: 33.6 +1.7 pmol/g (7)
ROH: 1.4 +0.1 nmol/g (5) ROH: 1.2 +0.1 nmol/g (7)
RE: 0.62 +0.11 nmol/g (5) RE: 0.40 +0.03 nmol/g (7)*
Skeletal atRA: 1.2 +0.2 pmol/g (5) atRA: 2.0 +0.8 pmol/g (6)
Muscle RAL: 70.1 +17.9 pmol/g (5) RAL: 55.7 +7.6 pmol/g (6)
ROH: 0.26_+0.03 nmol/g (5) ROH: 0.40_+0.07 nmol/g (6)
RE: 243 +29 nmol/g (5) RE: 196 +18 nmol/g (7)
Liver atRA: 8.3 +0.2 pmol/g (4) atRA: 7.6 +0.5 pmol/g (7)
RAL: 44.2 +4.0 pmol/g (5) RAL: 46.5 +3.5 pmol/g (7)
ROH: 9.1 +1.2 nmol/g (5) ROH: 8.6 +1.0 nmol/g (7)
RE: 244 +29 nmol/g (5) RE: 197 +18 nmol/g (7)
Pancreas atRA: 8.8 %1 pmol/g (5) atRA: 8.6 +1.3 pmol/g (7)
9cRA: 11.4 +0.6 pmol/g (5) 9cRA: 10.7 +1.4 pmol/g (6)
ROH: 0.60 +0.02 nmol/g (5) ROH: 0.79 +0.06 nmol/g (7)*
RE: 0.31 +0.01 nmol/g (5) RE: 0.35 +0.11 nmol/g (7)
Spleen atRA: 4.3 .3 pmol/g (5) atRA: 4.9 +0.4 pmol/g (7)

ROH: 0.9 +0.1 nmol/g (5)
RE: 1.3 +0.1 nmol/g (5)

ROH: 1.0 +0.1 nmol/g (7)
RE: 1.7 +0.3 nmol/g (7)

Mucosal Cells

atRA: 12.5 +1.15 pmol/g (5)

atRA: 9.3 +1.4 pmol/g (7)

of the Small ROH: 0.17_ +0.02 nmol/g (5) ROH: 0.18 +0.03 nmol/g (7)
Intestine RE: 0.54 +0.12 nmol/g (5) RE: 0.57 +0.14 nmol/g (7)
Mucosal Cells | atRA: 460 +46 pmol/g protein (5) | atRA: 453 +77 pmol/g protein (7)
of the Small ROH: 6.1_+0.4 nmol/g protein (5) | ROH: 8.5 +1.4 nmol/g protein (7)
Intestine RE: 19 +4 nmol/g protein (5) RE: 24 +4 nmol/g protein (7)
Kidney atRA: 6.1 40.5 pmol/g (5) atRA: 6.2 +0.5 pmol/g (5)

ROH: 1.2 +0.1 nmol/g (5)
RE: 11.2 +0.8 nmol/g (5)

ROH: 1.1 +0.1 nmol/g (5)
RE: 7.7 +1.2 nmol/g (7)*

Legend (See next page)
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Legend: Tissue retinoids from male WT aRdlh1-KO mice, age 73 weeks, fed a 93G diet with
tissues collected undad lib fed conditions (cohort 2w2). Analyzed side-by-side with mice in
(Table 23), allowing for direct comparisons. atRA:tedlns-retinoic acid; RAL: retinal; 9cRA:
9-cis-retinoic acid; ROH, retinol; RE, retinyl esters. *@81, *p<0.05 vs. WT by Student's two-
tailed t-test. All values Mean $SEM (number).
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Table 23)Ad lib Fed Retinoids in 73 week Old, 93G Diet-fedRdh1-KO Female Mice

Tissue WT Rdh1-KO
Hypo- atRA: 8.6 +0.7 pmol/g (2) atRA: 13.9 +3.0 pmol/g (3)
thalamus ROH: 3.9 +0.4 nmol/g (2) ROH: 4.7 +0.4 nmol/g (3)

RE: 1.6 +0.6 nmol/g (2) RE: 0.98 +0.04 nmol/g (3)
Hypo- atRA: 136_+37 pmol/g protein (2) | atRA: 248 +47 pmol/g protein (3)
thalamus ROH: 60_+6 nmol/g protein (2) ROH: 89 +19 nmol/g protein (3)
RE: 26 +14 nmol/g protein (2) RE: 18 +2 nmol/g protein (3)
Hippocampug atRA: 9.3 +1.0 pmol/g (5) atRA: 9.1 +1.1 pmol/g (7)
ROH: 4.0 +0.5 nmol/g (5) ROH: 3.5 +0.4 nmol/g (7)
RE: 1.2 +0.2 nmol/g (5) RE: 1.1 40.1 nmol/g (7)
BAT atRA: 4.7 +0.6 pmol/g (5) atRA: 5.1 +0.7 pmol/g (5)
RAL: 67.9 +9.0 pmol/g (5) RAL: 65.4 +7.1 pmol/g (7)
ROH: 1.13 +0.07 nmol/g (5) ROH: 1.28 +0.13 nmol/g (7)
RE: 1.4 +0.1 nmol/g (5) RE: 1.4 40.2 nmol/g (7)
PMWAT atRA: 1.4 +0.1 pmol/g (5) atRA: 1.9 +0.1 pmol/g (7)*
RAL: 51.8 +1.8 pmol/g (5) RAL: 48.3 +3.6 pmol/g (7)
ROH: 0.68 +0.07 pmol/g (5) ROH: 0.84 +0.08 pmol/g (7)
RE: 0.26 +0.03 nmol/g (5) RE: 0.23 +0.03 nmol/g (7)
IWAT atRA: 2.5 +0.4 pmol/g (5) atRA: 2.7 +0.6 pmol/g (7)
RAL: 62.5 +6.0 pmol/g (5) RAL: 64.2 +5.3 pmol/g (7)
ROH: 1.2 +0.1 nmol/g (5) ROH: 1.3 +0.2 nmol/g (6)
RE: 0.28 +0.05 nmol/g (5) RE: 0.29 +0.05 nmol/g (6)
Skeletal atRA: 1.7 +0.2 pmol/g (5) atRA: 1.7 +0.2 pmol/g (7)
Muscle RAL: 108.1 +20.3 pmol/g (5) RAL: 79.4 +9.6 pmol/g (7)
ROH: 0.30_+0.03 nmol/g (5) ROH: 0.28 +0.02 nmol/g (7)
RE: 473 +43 nmol/g (5) RE: 545 +143 nmol/g (7)
Liver atRA: 18.7 +2.6 pmol/g (5) atRA: 18.6 +1.9 pmol/g (6)
RAL: 41.4 +4.1 pmol/g (5) RAL: 48.5 +2.5 pmol/g (7)
ROH: 18.0 +1.7 nmol/g (5) ROH: 22.9 +6.7 nmol/g (7)
RE: 473 +43 nmol/g (5) RE: 545 +143 nmol/g (7)
Pancreas atRA: 3.83:4 pmol/g (5) atRA: 4.5 +0.4 pmol/g (6)
ROH: 0.51 +0.03 nmol/g (5) ROH: 0.68 +0.07 nmol/g (6)
RE: 1.6 +0.2 nmol/g (5) RE: 2.2 +0.2 nmol/g (6)
Spleen atRA: 4.8 ©.4 pmol/g (5) atRA: 4.3 +0.3 pmol/g (7)
ROH: 1.3 +0.1 nmol/g (5) ROH: 0.9 +0.2 nmol/g (7)
RE: 2.7 40.5 nmol/g (5) RE: 1.7 40.3 nmol/g (7)

Legend Tissue retinoids from female mice, age 73 weeks, fed a 93G diet with tisdleesed
underad lib fed conditions (cohort 2w2). Analyzed side-by-side with mice in (Table 22),
allowing for direct comparisons. atRA: atlns-retinoic acid; RAL: retinal; 9cRA: @is-retinoic
acid; ROH, retinol; RE, retinyl esters. **p<01, *p<0.05 vs. WT by Student's two-tailed t-test.
All values Mean +SEM (number).
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Figure 26) Retinoic Acid and Retinal inRdh1-KO mice fed HFD
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Legend: (A) atRA levels from WT (n=3-6) an@dh1-KO (n=3-4) male mice fed a 93G diet, age
29 weeks. Tissues collected unddiib fed conditions (cohort 5w1l). (B) atRA levels from WT
(n=4-9) andRdh1-KO (n=3-7) male mice age 29 weeks, diet changed from a 93G diet to a HFD
at age 7 weeks (5w1l). By two way ANOVA, effect of diet in liverq®8) and IWAT (p€.01)

and effect of genotype in IWAT (6<0001) and EWAT (p&.05). (C) Retinal levels from mice

in (A). (D) Retinal levels from mice in (B). By two-way ANOVA, effeaf interaction between
diet and genotype in EWAT (005), effect of diet in pancreas (081), IWAT (p<0.001) and
BAT (p<0.05) and effect of genotype in liver (985). (E) 9cRA levels from mice in (A) and

(B). HED, high fat diet; Pan, pancreas; HT, hypothalamus; n.d., not determined. WT:.red bar
Rdh1-KO: blue bar. **p<0.01, *p<0.05 vs. WT, @ @p&.01, @p<L.05 vs. 93G diet by Student's
two-tailed t-test. All values Mean SEM.
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Figure 27) Retinol and Retinyl Esters inRdh1-KO mice fed HFD
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Legend: (A) Retinol levels from WT (n=3-6) anddh1-KO (n=3-4) male mice fed a 93G diet,

age 29 weeks. Tissues collected uratklib fed conditions (cohort 5w1). (B) Retinol levels

from WT (n=4-9) andRdh1-KO (n=3-7) male mice age 29 weeks, diet changed from a 93G to a
HFD at age 7 weeks (5w1l). By two way ANOVA, effect of interaction betweémdd

genotype in IWAT (p#®.05), effect of diet in IWAT (p&.001) and effect of genotype in IWAT
(p<0.0001) and EWAT (p&.05). (C) Retinyl ester levels from mice in (A). (D) Retinyl ester
levels from mice in (B). By two-way ANOVA, effect of diet in pancrgas0(05) and liver

(p<0.05). HFD, high fat diet; Pan, pancreas; HT, hypothalamus. n.d., not determined. WT: red
bar.Rdh1-KO: blue bar. **p<0.01, *p<0.05 vs. WT, @ @p.01, @p©.05 vs. 93G diet by
Student's two-tailed t-test. All values MealSEM.
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Figure 28)

A)

Fasted, 2 hours Refed andd Lib Fed Retinoids in Wild-Type Mice
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Legend: (See next page.)
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Legend: (A) atRA levels in 16 hour fasted (n=4-8), 2 hours refed (n=4-8jl ¢ib fed (n=3-6)
male C57BL/6 mice, age 8-12 weeks fed a 93G dietR@inol levels from mice in (A). (C)
Retinyl ester levels from mice in (A). HT, hypothalamus. Fasted: white2 hours Refed: black
bar.Ad lib fed: grey bar. ##p01, #p<©.05 or as indicated vs. Fasted, O®B5 vs. 2 hours
Refed by Student's two-tailed t-test. All values Med®EM.
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Figure 29) Fasted and 4 hours Refed Retinoids in Wild-Type Mice
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Legend: (A) atRA levels in 16 hour fasted (n=7-10) or 4 hours refed (n=6-8) male C57BL/6
mice, age 8-12 weeks, fed a 93G diet. R&}inol levels from mice in (A). ((Retinyl ester

levels from mice in (A). HT, hypothalamus. Fasted: white bar. 4 hours Refed: bfack ba
##p<0.01, #p9.05 or as indicated vs. Fasted by Student's two-tailed t-test. All values Mean +
SEM.
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Figure 30)Retinoids Following Cold Exposure in Wild-Type Mice
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Legend: (A) atRA levels in male C7BL/6 mice, age 10-12 weeks either housed at normal
housing temperature, 21° C (n=8-9), or at 4° C during the final 6 hours of a 16 hour fast. Mice
fed a 93G diet. (BRetinol levels from mice in (A). ((Retinyl ester levels from mice in (A).

n.d., not determined. 21° C: gold bar. 4° C: purple bar083vs. 21° C by Student's two-tailed

t-test. All values Mean SEM.
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Figure 31) Fasted and Refed Retinoids in MalRdh1-KO Mice
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Legend: (See next page)
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Legend: (A) atRA and pancreatic 9cRA levels in male WT (n=5-8) Rditll-KO (n=7-8) mice,
age 9.5-11 weeks, fasted 16 hours or refed 4 hours after fast. Mice were fed a 93ghaiiet (c
11w1l). By two-way ANOVA, effect of interaction between refeeding and gpeatyBAT
(p<0.05) and pancreatic 9cRA (p01), effect of genotype in pancreatic 9cRAJ®5) and
effect of refeeding in BAT (p&05), EWAT (p<9.0001), pancreatic atRA (p<001) and
pancreatic 9cRA (p%01). (B) Retinol levels from mice in (A) (n=7-8). By two-way ANOVA,
effect of interaction between refeeding and genotype in BAT.(%, effect of genotype in
pancreas (p301) and effect of refeeding in IWAT (p<01). (C)Retinyl ester levels from mice
in (A) (n=2-8). By two-way ANOVA, effect of refeeding in EWAT_(p<01). F, fasted; R, refed.
WT: red barRdh1-KO: blue bar. **p<0.01, *p<0.05 vs. WT, ##p8.01, #p<9.05 or as indicated
vs. fasted by Student's two-tailed t-test. All values Me&EM.
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Figure 32) Fasted and Refed Retinoids in Femakdh1-KO Mice
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Legend (See next page.)
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Legend (A) atRA in female WT (n=5-6) anddh1-KO (n=7-9) mice, age 10-11 weeks, fasted
16 hours or refed 1.5 or 5 hours after fast. Mice were fed a 93G diet (cohort 13w2).-Baywo
ANOVA, effect of interaction between refeeding and genotype in serut(p) effect of
genotype in BAT (p8.05) and liver (p€.05) and effect of refeeding in serum @p3l1) and liver
(p<0.05). (B) Retinol levels from mice in (A) (n=4-9). By two-way ANOVA, effef

interaction between refeeding and genotype in BAD(@%) and serum (f<05) and effect of
refeeding in liver (p8.01). (C)Retinyl ester levels from mice in (A) (n=5-9). By two-way
ANOVA, effect of interaction between genotype and refeeding in lived.(43. F, fasted; R,
refed. WT: red baRRdh1-KO: blue bar. *p<0.01, *p<0.05 vs. WT, ##p&.01, #p<9.05 vs.
fasted by Student's two-tailed t-test. All values Me&EM.
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Figure 33) Fasted and Refed Retinoids in Ol&dh1-KO Brown Adipose Tissue
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Legend (A) atRA in male WT (n=4-5) anBdh1-KO (n=7) mice, age 45 weeks, fasted 16 hours
or refed 4 hours after fast. Mice were switched from a VAD diet to a 93Gtdage 5 weeks and
born to dams switched from a Harlan chow diet to VAD diet at mating (cohort ByRetinal
levels from mice in (A). (CRetinol levels from mice in (A). (DRRetinyl ester levels from mice

in (A). WT: red barsRdh1-KO: blue bars. All values Mean SEM.
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Figure 34) Retinoids in Rat BAT following Oral Gavage
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Legend (A) atRA in brown adipose tissue from male rats age 3.5-4 months either fasted 16
hours (n=4) or 15 minutes following a oral gavage of 2 g/kg glucose. (B) Retinlsl feva rats
in (A) (n=5). (C) Retinyl ester levels from rats in (A) (n=5). Fastdutewbars. 15 minutes post-
gavage: black bars. By Student's two tailed t-test, p as indicated. All vabsas+EM
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Figure 35) Brown Adipose Gene Expression iAd Lib fed Rdh1-KO Mice
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Legend: (A) Gene expression from male WT (n=6-9) &uh1-KO (n=6-9) mice, age 10 weeks
and fed a 93G diet (cohort 8wl). Tissue collected uadéb fed conditions. Expression of each
gene normalized to WT (dotted line). (B) Gene expression from male WT (n#6tRda1-KO
(n=6-7) mice, age 28 weeks and fed a 93G diet (cohort 10w1b). Tissues collecteaddrizler
fed conditions. Expression of each gene normalized to WT (dotted line). WT: reBdidrs.
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Rdh1-KO: blue bars. n.d., not determined. *@€1, *p<0.05 or as indicated vs. WT by
Student's two-tailed t-test. All values MealSEM.
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Figure 36) Fasted and Refed BAT Gene Expression Rdh1-KO Mice
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Legend: (A-E) Gene expression from 16 hour fasted or 6-7 hour refed male WT (n=5-8) and
Rdh1-KO (n=5-8) mice, age 6 weeks and fed a 93G diet (cohort 12w1). Expression of each gen
arbitrarily normalized to WT fasted (dotted line). By two-way ANOVAeeftfof interaction
between genotype and feedingTmsp (p<0.05), effect of feeding odcp2 (p<0.0001),Gpbarl
(p<0.01),Adrb2 (p<0.001),Ppargcl (p<0.001),Dio2 (p<0.05),Pckl (p<0.0001),Thrsp
(p<0.0001),Ppara (p<0.0001) and effect of genotype Gpbarl (p<0.05). (F) Gene expression
from 16 hour fasted or 6-7 hour refed male WT (n=4-5)Ralfld-KO (n=4-5) mice, age 7.5
weeks and fed a 93G diet (cohort 12w?2). Expression of each gene arbitrarily nedtaiVT
fasted (dotted line). By two-way ANOVA, effect of interaction betwgenotype and feeding on
Ppargcl (p<0.05) and effect of feeding dppbar1 (p<0.0001),9cl6a2 (p<0.0001),Thrsp
(p<0.0001) andPpargcl (p<0.05). F, fasted; R, refed. WT: red bdrdh1-KO: blue bars.
**p<0.01, *p<0.05 vs. WT and ##<01, #p©.05 vs. Fasted by Student's two-tailed t-test. All
values Mean SEM.
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Table 24) Select Differentially-Regulated Genes frorRdh1-KO EWAT Microarray, Part |

FEQEFI) P (<) Gene Description
Retinoid homeostasis
2.0 0.0008 Rbpl Cellular retinol binding protein 1
15 0.01 Aldhlal Retinal dehydrogenase 1
1.3 0.003 Rdh11 Retinol dehydrogenase 11
0.3 0.0005 Ttr Transthyretin
Adipokines
7.6 0.000002| Npy Neuropeptide Y
0.6 0.01 Retn Resistin
Cell or metabolic regulation
10.2 0.003 Egr2 Early growth response 2
5.3 0.002 Gpr64 G protein-coupled receptor 64
4.4 0.0002 Grb7 Growth factor receptor binding protein 7
4.2 0.00002 | Shayll Sh3 domain YSC-like 1
2.5 0.003 Ace Angiotensin | converting enzyme 1
2.4 0.0003 Insl6 Insulin-like 6
2.3 0.0005 Egf Epidermal growth factor
2.0 0.00009 | Sk SH3-binding kinase 1
1.6 0.003 Fofr2 Fibroblast GF receptor 2
1.6 0.007 Bhlhb2 Basic hlh domain, class B2
1.3 0.002 Mapk14 MAPK 14
0.8 0.03 Med1 PPAR Binding Protein
0.8 0.02 Pparg PPARy
0.7 0.005 Irsl Insulin receptor substrate 1
0.7 0.002 Gpr43 Free fatty acid receptor 2
0.7 0.009 Ucp3 Uncoupling protein 3
0.7 0.0008 I gfbp5 Insulin-like growth factor binding protein 5
0.7 0.0004 | gfbp6 Insulin-like growth factor binding protein 6
0.6 0.002 Flrt2 MAPK kinase kinase kinase 5
0.6 0.0008 Agt Angiotensinogen
0.5 0.0006 Tnfrsf11b TNF receptor (osteoprotegerin)
0.5 0.0003 Adcyaplrl Adenylate cyclase act. pp 1 receptor 1

Legend: Select genes of the 2957 differentially-regulated genes identifiednhKO EWAT
from 10 week old, fasted male mice fed a 93G diet (cohort 1.5w1). Rel. Exp.: Expreksioa re
to WT.
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Table 25) Select Differentially-Regulated Genes frorRdh1-KO EWAT Microarray, Part 2

FEQEFI) P (<) Gene Description
Intermediary metabolism
3.8 0.003 Gyk Glycerol kinase
3.1 0.0006 Cdsl CDP-diacylglycerol synthase 1
2.4 0.02 Scd? Stearoyl-Coenzyme A desaturase 2
1.9 0.003 Elovi6 Elongation of long chain fatty acids 6
1.8 0.0009 Acly ATP citrate lyase
1.6 0.009 Acat2 Acetyl-Coenzyme A acetyltransferase
15 0.008 Ldh2 Lactate dehydrogenase B
1.5 0.009 Acas?| Acyl-CoA synthetase short-chain 1
1.4 0.03 Pdk1 Pyruvate dehydrogenase, isoenzyme 1
0.8 0.04 Plin Perilipin
0.8 0.006 Lipe Hormone sensitive lipase
0.8 0.002 Gpd2 Glycerol phosphate dehydrogenase 2
0.7 0.01 Crat Carnitine acetyltransferase
0.7 0.003 Sortl Sortilin 1
0.7 0.0008 Dgatl Diacylglycerol O-acyltransferase 1
0.6 0.009 Acacb Acetyl-Coenzyme A carboxylase beta
0.6 0.0001 Mogatl Monoacylglycerol O-acyltransferase 1
0.5 0.00007 Sh Acyl-CoA synthetase medium-chain 3
0.5 0.002 Pte2b Acyl-CoA thioesterase 4
Transporters and carriers
50.9 0.0003 Lcn8 Lipocalin 8
38.0 0.007 Apls2 Adaptor-related complex &2
23.1 0.003 Lcn2 Lipocalin 2
19.6 3.5E-11 Lcn5 Lipocalin 5
19.1 0.006 Lcnl0 Lipocalin 10
10.5 0.002 Sclal Solute carrier 1, member 1
2.9 0.004 dc2ab GLUT5S
2.8 0.004 Fragl FGF receptor activating protein 1
2.1 0.009 Lcnl3 Lipocalin 13
0.8 0.002 Apocl Apolipoprotein C-I
0.8 0.004 Sc2ad GLUT4
0.3 0.00004 Apoc3 Apolipoprotein C-llI
0.3 0.009 Apoh Apolipoprotein H
0.2 0.02 Apoa2 Apolipoprotein A-ll
Immune Response
10487.3 | 0.002 Defbl12 Beta-defensin 12
5310.5 | 0.0000005| Defbl5 Beta-defensin 15
4433.0 | 0.0004 Defb39 Beta-defensin 39
6.4 0.00005 Gbpl Guanylate binding protein 1

Legend: Select genes of the 2957 differentially-regulated genes identifiednh KO EWAT
from 10 week old, fasted male mice fed a 93G diet (cohort 1.5w1). Rel. Exp.: Expreksivoa re

to WT.
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Figure 37) Rdh1-KO EWAT Microarray Follow-up
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Legend: (A) EWAT Gene expression from WT (n=5-7) aRdh1-KO (n=4-5) male mice, age

10 weeks and fed a 93G diet (cohort 8w2). Tissues collected amhterfed conditions.
Expression of each gene normalized to WT (dotted line)G@p)L gene expression from EWAT
of 16 hour fasted or 6 hour refed WT (n=4-5) &udith1-KO (n=5) female mice, age 10 weeks
and fed a 93G diet (cohort 12w1). Expression arbitrarily normalized to WT Fasttat (o).

By two-way ANOVA, effect of genotype (§<001). (C) Serum neuropeptide Y levels from 4-5
week old fasted WT (n=3) ariRtih1-KO (n=3) mice fed a 93G diet (cohort 6wl). WT: red bars.
Rdh1-KO: blue bars. **p©.01 or as indicated vs. WT by Student's two-tailed t-test. All values

Mean +SEM.
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Table 26) Select Differentially-Regulated Genes frorRdh1-KO Testis Microarray

Rel.
EXp.
1.48 | 0.001 CRAD-L | CRAD-like
0.59 | 0.001 Pla2gl2a | Phospholipase A2, group XIIA
0.58 | 0.001 Npy Neuropeptide Y
0.56 | 0.00004 | Capl Adenylate cyclase-associated protein
0.56 | 0.001 Tiegl Kruppel-like factor 10
0.51 | 0.001 Hoxc12 Homeobox C12

P Gene Description

=

Legend: Select genes of the 1308 differentially-regulated genes identifiedntrKO testis
from 10 week old, fasted male mice fed a 93G diet (cohort 1.5w1). Rel. Exp.: Expreksioa re
to WT.
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Table 27) Select Differentially-Regulated Genes frorRdh1-KO Liver Microarray

FEQEFI) P (<) Gene Description

3.7 0.002 Foxql Forkhead box Q1

3.24 0.01 Gbpl Guanylate binding protein 1

1.98 0.03 Gbp4 Guanylate binding protein 4

1.95 0.05 Gcek Glucokinase

1.94 0.02 Ppargclb | PPARy, coactivator beta

0.71 0.03 Capl Adenylate cyclase-associated protein 1

0.46 0.003 Rdh9 CRAD3

0.29 0.05 Cyp2c39 | Cytochrome P450 family 2, subfamily ¢,
polypeptide 39

Legend: Select genes of the 535 differentially-regulated genes identifiekdhixKO liver from
10 week old, fasted male mice fed a 93G diet (cohort 1.5w1). Rel. Exp.: Expressioe telati
WT.
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Figure 38) Gene Expression ilRdh1-KO Liver
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Legend: (A) Liver gene expression from WT (n=9) aRdh1-KO (n=9) male mice, age 10
weeks and fed a 93G diet (cohort 8w2). Tissues collected addidrfed conditions. Expression
of each gene normalized to WT (dotted line). (B) Gene expression from livers of 1fastedr

or 6-7 hour refed WT (n=5-6) ¢tdh1-KO (n=6) male mice, age 7.5 weeks and fed a 93G diet
(cohort 12w2). Expression of each gene arbitrarily normalized to WT Fastedl(ilwtje By
two-way ANOVA, effect of interaction between genotype and refeedi@ippi (p<0.0001) and
Pckl (p<0.001), effect of genotype @bpl (p<0.0001) andPckl (p<0.001) and effect of
refeeding foiGbpl (p<0.0001) andPckl (p<0.0001). F, fasted; R, refed. WT: red bdtdhl-

KO: blue bars. **p9.01, *p<0.05 vs. WT and ##(@x01, #p<©.05 vs. Fasted by Student's two-
tailed t-test. All values Mean SEM.
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Table 28) Genes Changes 2-Fold or Greater froRdh1-KO BAT Microarray

Rel.

Adj. P

Exp. <) Gene Description
0.13| 0.008| Pla2gl2a Phospholipase A2, group XIIA
0.18| 0.03| Adheb Alcohol dehydrogenase 6B (class V)
0.23 0.34| Adhl Alcohol dehydrogenase 1
0.26 0.5| Elovi3 Elongation of very long chain fatty acids-like 3
0.37 0.6 | Ccdc28b Coil-coil domain containing 28b
0.40 0.8| Arl3 ADP-ribosylation factor-like 3
0.43 0.5| Abcd3 ATP-binding cassette, sub-family D, member 3
0.44 0.5| Gsta3 Glutathione S-transferase, alpha
0.45 0.8 | Car5b Carbonic anhydrase 5b, mitochondrial
0.45 0.5| Orm2 Orosomucoid 2
0.45 0.6 | Tmeml84a Transmembrane protein 184a
0.47 0.6 | Lgals3bp Lectin, galactoside-binding, soluble, 3 binding protein
0.48 0.7 | Bsdcl BSD domain containing 1
0.49 0.5 | Pk Phosphofructokinase, liver, B-type
0.50 0.7 | Acotll Acyl-CoA thioesterase 11
2.00 0.9| Myl2 Myosin, light polypeptide 2, regulatory, cardiac, slow
2.09 0.9 | KIf2 Kruppel-like factor 2 (lung)
2.09 0.7 | Gmpr Guanosine monophosphate reductase
2.10 0.6 | Gpcpdl Glycerophosphocholine phosphodiesterase GDE1 homo
2.13 0.7 | Per2 Period homolog 2 (Drosophila)
2.14 0.8 | Nif3l1 Nggl interacting factor 3-like 1 (S. pombe)
2.21 0.7 | Car3 Carbonic anhydrase 3
2.29 0.6 | Pisd-ps3 Phosphatidylserine decarboxylase, pseudogene 3
2.34 0.9] Irf4 Interferon regulatory factor 4
2.40 0.9 | Ppplr3g Protein phosphatase 1, regulatory (inhibitor) subunit 3G
2.48 0.7 | Trp53inpl Transformation related protein 53 inducible nuclear prote
2.55 0.7 | Hyi Hydroxypyruvate isomerase homolog (E. coli)
2.70 0.9 | Adrb2 Adrenergic receptor, beta 2
A930005H10
2.72 0.6| RIK RIKEN cDNA A930005H10 gene
3.02 0.2 | Col27al Collagen, type XXVII, alpha 1
3.03 0.9 Ppil3 Peptidylprolyl isomerase (cyclophilin)-like 3
3.04 0.7 | Rop4 Retinol binding protein 4, plasma
3.96 0.8| Capl CAP, adenylate cyclase-associated protein 1 (yeast)
5.91 0.5| Gbpl Guanylate binding protein 1

09

inl

Legend: All genes with greater than 2-fold change in a microarray of BAT from 16 hdedfas
WT andRdh1-KO male mice, age 6 weeks, fed a 93G diet (cohort 12w1l). Rel. Exp.: Expression
relative to WT. Adj. P: p-value adjusted for multiple comparisons.
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Figure 39)Rdh1-KO BAT Gene Expression of Genes Identified in Microarray
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Legend (A) Microarray-identified genes (Table 25) differentially expresseRdh1-KO mice
after both a 16 hour fast and 6-7 hours of refeeding. Tissues from 6 week old male6AB) (n=
andRdh1-KO (n=6-8) mice fed a 93G diet (cohort 12w1). By two-way ANOVA, efféct o
interaction between genotype and refeedingdhl (p<0.001), effect of genotype Bbpl
(p<0.0001),Capl (p<0.0001) andddhl (p<0.0001) and effect of refeedingAuhl (p<0.0001).
Expression of each gene arbitrarily normalized to WT Fasted (dotted(B)éJlicroarray-
identified genes (Table 25) differentially expresseBdh1-KO mice following a 16 hour fast.
Same mice as (A). By two-way ANOVA, effect of interaction betweertype and refeeding
on Elovi3 (p<0.05) andCar5b (p<0.05), effect of genotype ddmpr (p<0.05),Elovi3 (p<0.05),
Car5b (p<0.01) andOrm2 (p<0.05) and effect of refeeding &f2 (p<0.01),Gmpr (p<0.0001),
Car5b (p<0.001) anddrm2 (p<0.05). Expression of each gene arbitrarily normalized to WT
Fasted (dotted line). (C) Expression of microarray-identified gendde(2a) after 16 hours
fasting or 6-7 hours refeeding. Same mice as (A). By two-way ANOVA teftdéenteraction
between genotype and refeedingAmot11 (p<0.05) and refeeding dPla2gl2a (p<0.01) and
Acotll (p<0.0001). Expression of each gene arbitrarily normalized to WT Fasted (dotded line
(D) Repeated gene expression measure of select microarraytetkegahes (Table 25) after 16
hours fasting or 6-7 hours refeeding. Tissues from 7.5 week old male WT (n=3JrdnO
(n=3-5) mice fed a 93G diet (cohort 12w2). By two-way ANOVA, effect of intemadetween
genotype and refeeding @bpl (p<0.05) ancElovi3 (p<0.001), effect of genotype @Bbpl
(p<0.001) and effect of refeeding @bpl (p<0.05) andAcotll (p<0.01). Expression of each
gene arbitrarily normalized to WT Fasted (dotted line). F, fasted; Rl. Mf€&: red barsRkdhl-
KO: blue bars. **p9.01, *p<0.05 vs. WT and ##(x01, #p<©.05 vs. Fasted by Student's two-
tailed t-test. All values Mean SEM.
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Figure 40) Expression of Retinoid Metabolism Genes in BAT during Fastg and Refeeding
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Legend (A) Expression of Rdh in WT BAT (n=6-8) after 16 hours fasting or 6-7 hours
refeeding. Tissues from 6 week old male mice fed a 93G diet (cohort 12w1). kopadsall
genes arbitrarily normalized to fastBtirs9 levels. Dotted lines represent fasted levels of each
gene. (B) Expression of Rdh Rdh1-KO BAT (n=6-8) after 16 hours fasting or 6-7 hours
refeeding. Tissues from 6 week old male mice fed a 93G diet (cohort 12w1). kompadsal
genes arbitrarily normalized to fasted VWFrs9 levels. Dotted lines represent fasted WT levels
of each gene. By two-way ANOVA, effect of interaction between genaydeefeeding, effect
of genotype and effect of refeeding fathl (all p<0.001). (C) Expression of Raldh in WT BAT
(n=6-8) after 16 hours fasting or 6-7 hours refeeding. Same mice as (A). Eoprafssil genes
arbitrarily normalized to faste@aldh2 levels. Dotted lines represent fasted levels of each gene.
(D) Expression of Raldh iRdh1-KO BAT (n=6-8) after 16 hours fasting or 6-7 hours refeeding.
Same mice as (B). Expression of all genes arbitrarily normalized &l fdsT Raldh2 levels.
Dotted lines represent fasted WT levels of each gene. By two-way ANO\&&i&if genotype

on Raldhl (p<0.05) andRaldh3 (p<0.05) and effect of refeeding &aldhl (p<0.0001). (E)
Expression of Crbp in WT BAT (n=6-8) after 16 hours fasting or 6-7 hours refeedimg S

mice as (A). Expression of all genes arbitrarily normalized to f&ipdi levels. Dotted lines
represent fasted levels of each gene. (F) Expression of CRah1rKO BAT (n=6-8) after 16
hours fasting or 6-7 hours refeeding. Same mice as (B). Expression of all detmasgigr
normalized to fasted WIRbpl levels. Dotted lines represent fasted WT levels of each gene. By
two-way ANOVA, effect of refeeding oRbpl andRbp7 (both p<0.0001). (G) Expression of
Cyp26bl in WT (n=6-8) andRdh1-KO (n=6-8) BAT after 16 hours fasting or 6-7 hours
refeeding. Same mice as (A) and (B). Expression arbitrarily noredaizfasted WT levels
(dotted line). By two-way ANOVA, effect of feeding_(p©001). F, fasted; R, refed. WT: red
bars.Rdh1-KO: blue bars. **p9.01, *p<0.05 vs. WT and ##@%x01, #p©.05 vs. Fasted by
Student's two-tailed t-test. All values MealSEM.
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Figure 41) Expression of Retinoid Metabolism Genes in BAT during Fastg and
Refeeding, Repeated
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Legend (See next page.)
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Legend: (A) Expression of Rdh in WT BAT (n=3-7) after 16 hours fasting or 6-7 hours
refeeding. Tissues from 7.5 week old male mice fed a 93G diet (cohort 12w?2). Expadsai
genes arbitrarily normalized to fastBtirs9 levels. Dotted lines represent fasted levels of each
gene. (B) Expression of Rdh Rdh1-KO BAT (n=3-7) after 16 hours fasting or 6-7 hours
refeeding. Tissues from 7.5 week old male mice fed a 93G diet (cohort 12w?2). Expadsai
genes arbitrarily normalized to fasted VWFrs9 levels. Dotted lines represent fasted WT levels
of each gene. By two-way ANOVA, effect of interaction between genotypeeieeding on

Rdhl (p<0.05), effect of genotype drdhl (p<0.05) and effect of refeeding éthl (p<0.01)
andRdh10 (all p<0.05). (C) Expression of Raldh in WT BAT (n=3-7) after 16 hours fasting or 6-
7 hours refeeding. Same mice as (A). Expression of all genes arbitrariglizad to fasted
Raldh2 levels. Dotted lines represent fasted levels of each gene. (D) Express@adiofR
Rdh1-KO BAT (n=3-7) after 16 hours fasting or 6-7 hours refeeding. Same m{&).as
Expression of all genes arbitrarily normalized to fastedR&lMOh2 levels. Dotted lines represent
fasted WT levels of each gene. By two-way ANOVA, effects of intemadietween genotype

and refeeding oRaldh3 (p<0.05), effect of genotype drRaldh3 (p<0.05) and effect of refeeding
onRaldhl (p<0.05),Raldh2 (p<0.05) andRaldh3 (p<0.05). (E) Expression d¢®pl in WT (n=5-

6) andRdh1-KO (n=6) BAT after 16 hours fasting or 6-7 hours refeeding. Same mice as (A) and
(B). Expression arbitrarily normalized to fasted WT levels (dotted IByejwo-way ANOVA,
effect of feeding (p€.0001). (F) Expression @yp26blin WT (n=6) andRdh1-KO (n=6) BAT
after 16 hours fasting or 6-7 hours refeeding. Same mice as (A) and (B). dtxpeabitrarily
normalized to fasted WT levels (dotted line). F, fasted; R, refed. WT: redRolaisKO: blue

bars. **p<0.01, *p<0.05 vs. WT and ##@<01, #p<9.05 vs. Fasted by Student's two-tailed t-test.
All values Mean +SEM.
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Figure 42) Expression of Retinoid Metabolism Genes in PMWAT during Fdeg and
Refeeding

A) WT Raldh Expression B) Rdh1-KO Raldh Expression
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Legend: (A) Expression of Raldh in WT PMWAT (n=5) after 16 hours fasting or 6 hours
refeeding. Tissues from 10 week old female mice fed a 93G diet (cohort 12wl )sstapref all
genes arbitrarily normalized to fastRdldh2 levels. Dotted lines represent fasted levels of each
gene. (B) Expression of RaldhRah1l-KO PMWAT (n=5) after 16 hours fasting or 6 hours
refeeding. Tissues from 10 week old male female fed a 93G diet (cohort 12w1sdtompref all
genes arbitrarily normalized to fasted VRaldh2 levels. Dotted lines represent fasted WT levels
of each gene. (C) ExpressionRipl in WT (n=5) andRdh1-KO (n=4-5) PMWAT after 16

hours fasting or 6 hours refeeding. Same mice as (A) and (B). F, fasted,dR\Watered bars.
Rdh1-KO: blue bars. All values Mean SEM.
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Figure 43) Expression of Retinoid Metabolism Genes in Female Liveding Fasting and

Refeeding
A) WT Rdh Expression B) Rdh1-KO Rdh Expression
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Legend (See next page.)
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Legend: (A) Expression of Rdh in WT liver (n=4-5) after 16 hours fasting or 6 hours refgedin
Tissues from 10 week old female mice fed a 93G diet (cohort 12w1). Expression oikeall ge
arbitrarily normalized to fastedhrs9 levels. Dotted lines represent fasted levels of each gene.
(B) Expression of Rdh iRdh1-KO liver (n=4-5) after 16 hours fasting or 6 hours refeeding.
Tissues from 10 week old female mice fed a 93G diet (cohort 12w1). Expression oksll ge
arbitrarily normalized to fasted WIDhrs9 levels. Dotted lines represent fasted WT levels of
each gene. By two-way ANOVA, effect of interaction between genotypesfereding orRdhl
(p<0.05), effect of genotype drdhl (p<0.001) and effect of refeeding &dhl (p<0.01), Dhrs9
(p<0.01) andRdh10 (p<0.01). (C) Expression of Raldh in WT liver (n=5) after 16 hours fasting
or 6 hours refeeding. Same mice as (A). Expression of all genes arbitrarilyinedna fasted
Raldh2 levels. Dotted lines represent fasted levels of each gene. (D) Express@adiofiR
Rdh1-KO liver (n=5) after 16 hours fasting or 6 hours refeeding. Same mice.d&sx@Eession

of all genes arbitrarily normalized to fasted \Waldh2 levels. Dotted lines represent fasted WT
levels of each gene. By two-way ANOVA, effect of refeedindralthl (p<0.01),Raldh2

(p<0.01) andraldh3 (p<0.0001). (E) Expression &bplin WT (n=4-5) anRdh1-KO (n=5)

liver after 16 hours fasting or 6 hours refeeding. Same mice as (A) arax{Bession

arbitrarily normalized to fasted WT levels (dotted line). By two-way AMQeffect of feeding
(p<0.01). F, fasted; R, refed. WT: red bdrdh1-KO: blue bars. **p€.01, *p<0.05 vs. WT and
##p<0.01, #p9.05 or as indicated vs. Fasted by Student's two-tailed t-test. All values Mean +
SEM.
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Figure 44) Expression of Cyp Genes in Liver during Fasting and Refeeding
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Legend (See next page.)
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Legend (A) Expression of Cyp in WT liver (n=4-5) after 16 hours fasting or 6 hoursdiefge
Tissues from 10 week old female mice fed a 93G diet (cohort 12w1). Expressiogeriesl
arbitrarily normalized to faste@yp26bl levels. Dotted lines represent fasted levels of each gene.
(B) Expression of Cyp iRdh1-KO liver (n=4-5) after 16 hours fasting or 6 hours refeeding.
Tissues from 10 week old female mice fed a 93G diet (cohort 12w1). Expression oksll ge
arbitrarily normalized to fasted WTyp26al levels. Dotted lines represent fasted WT levels of
each gene. By two-way ANOVA, effect of interaction between genotypecéeeling on
Cyp26al (p<0.01) andCyp2c39 (p<0.001), effect of genotype d@yp26al (p<0.01),Cyp26bl
(p<0.05),Cyp2c39 (p<0.0001) and effect of refeeding Qyp26al (p<0.01) andCyp2c39
(p<0.001). (C) Expression of Cyp in WT liver (n=6) after 16 hours fasting or 6-7 hours
refeeding. Tissues from 7.5 week old male mice fed a 93G diet (cohort 12w?2). Expadsai
genes arbitrarily normalized to fast€gp26bl levels. Dotted lines represent fasted levels of
each gene. (D) Expression of CypRdh1-KO liver (n=6) after 16 hours fasting or 6-7 hours
refeeding. Tissues from 7.5 week old female mice fed a 93G diet (cohort 12w2)s&prof

all genes arbitrarily normalized to fasted Wyp26al levels. Dotted lines represent fasted WT
levels of each gene. By two-way ANOVA, effect of interaction bebhngenotype and refeeding
on Cyp2c39 (p<0.01), effect of genotype ddyp26bl (p<0.01) andCyp2c39 (p<0.0001) and
effect of refeeding oR&yp26al (p<0.01) andCyp2c39 (p<0.01). F, fasted; R, refed. WT: red
bars.Rdh1-KO: blue bars. **p9.01, *p<0.05 vs. WT and ##@<01, #p<.05 vs. Fasted by
Student's two-tailed t-test. All values MeaisEM.
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Figure 45)Raldhl1 and Rbpl Gene Expression in BAT after 2.5 hours Refeeding
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Legend Gene expression in WT BAT (n=4) after 16 hours fasting or 2.5 hours refeeding.
Tissues from 19 week old female mice fed a 93G diet (cohort 12w1). Expression geaach
arbitrarily normalized to fasted levels (dotted line). Fasted: black bars.s2Refed: white bars.
#p<0.05 vs. Fasted by Student's two-tailed t-test. All values MeaiaM:.
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Figure 46) Fasted and Refed Retinoid Metabolism Gene Expression ih@w Fed Mice

A) BAT Rdh1 Expression
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Legend (A) Expression oRdhl in BAT from 16 hour fasted or 6 hour refed C57BL/6 (n=4-6)
male mice age 7.5 weeks and fed a Harlan Chow diet. Expression arbitranilimed to fasted
level (dotted line) (B) Raldh expression in BAT from 16 hour fasted or 6 hour refedm{&).
Expression of all genes arbitrarily normalized to fagaldih2 expression. Dotted lines represent
the fasted level of each gene. @)p26al andRdhl expression from 16 hour fasted or 6 hour
refed liver of mice in (A). Expression of each gene arbitrarily nornthliadasted level (dotted
line). (D) Raldh expression from 16 hour fasted or 6 hour refed liver of mice in (A)e€Skpn

of all genes arbitrarily normalized to fasteadh2 expression. Dotted lines represent the fasted
level of each gene. F, fasted; R, refed. Fasted: black bars. 2.5 hrs Refed: mghit#8.01,
#p<0.05 or as indicated vs. Fasted by Student's two-tailed t-test. All valuesH\EEzv.

130



Figure 47) Expression of Retinoid Metabolism Genes in HIB-1B Cells iResponse to
Differentiation and Glucose

A) Undifferentiated Rdh Expression B) Differentiated Rdh Expression
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Legend (A) Expression of Rdh in undifferentiated HIB-1B cells treated with either 16 m
(101 mg/dL) or 25 mM (450 mg/dL) glucose for 24 hours. Expression of each geneibrbitrar
normalized to 5.6 mM levels (dotted line). (B) Expression of Rdh in differentiatedLBI&ells
treated as in (A). Expression of each gene arbitrarily normalized to 5.6 mMilevels
undifferentiated cells (dotted line). By two-way ANOVA, effect of differation onRdhl
(p<0.0001) andRdh10 (p<0.01). (C)Raldhl expression in undifferentiated and differentiated
HIB-1B cells treated as in (A). By two-way ANOVA, effect of diffatation (p<0.05). (D)

Rbpl expression in undifferentiated and differentiated HIB-1B cells treated(A3. By two-
way ANOVA, effect of differentiation (p&.001). 5.6 mM Glucose: black bars. 25 mM Glucose:
white bars. ++p8.01, +p<0.05 vs. Undifferentiated by Student's two-tailed t-test. All values
Mean +SEM.
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Figure 48) Effect of Exogenous 9cRA on Blood Glucose and Insulin Levels

A) Blood Glucose B) Serum Insulin
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Legend (A) Blood glucose levels during GTT in DMSO or 9cRA treated C57BL/6 mate,mi
age 8-12 weeks and fed a Harlan chow diet (n=6-21). (B) Serum insulin levels @Uifing
DMSO or 9cRA treated mice from (A) (n=6). DMSO treated: green simlth solid green line.
9cRA treated: purple squares with purple dotted line 0#ixvs. DMSO by Student's two-tailed
t-test. All values Mean SEM. Adapted from (4).
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Figure 49) Metabolic Parameters inRRbp1-KO mice

Respiratory Exchange Ratio

A) Average Respiration Rates B) and Heat
2000 1.0 1.0
| WT 3 | WT
3 Rbpl-KO o 3 Rbpl-KOL g5
1500- % £ 0.9 :
5 3 5
E Z * ‘06 Q_)
© 10004 0.8 — =
1 o o
S O -04 &
E 00 g )
5004 £ 0.74 L 0.2
o
>
C U L U Illl L OO
02 C02 RER Heat
Metabolic Parameter Metabolic Parameter
C) Movement D) Intake
600 6 6
| wT | wT
* O Rbpl-KO [ Rbp1-KO
2 I
S B 4001 4 L 4
o T * (%)
© @ g 3
S < s 2
T ]
g & 2001 * 21 * -2
) |1| i | |
0- T T llzl 0 T l’ll T 0
XM AM ZM Food Water
Movement Type Intake

Legend (A) Average oxygen consumption and carbon dioxide production during 24 hadgs of
lib feeding in CLAMS for WT (n=8) anBbp1-KO (n=7) male mice fed Harlan Chow, age 17-
19 weeks. (B) Average respiratory exchange ratio (RER) and Heat prodwctiaicé in (A).

(C) Average total horizontal movement (XM), ambulatory movement (AM) and ge@tiv)
movement for mice in (A). (C) Total food and water intake for mice in (A). W& bears Rbp1-
KO: green bars. *p&.05 vs. WT by Student's two-tailed t-test. All values Me&EM. Adapted
from (71).
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Figure 50) Retinoids in Mice Heterozygous for afrdh10 Hypomorphic Mutation
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Legend (See next page.)
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Legend (A) Tissue atRA levels from WT mice (n=4-9) and mice heterozygous for
hypomorphicRdh10 mutation Rdh10 Mut Het) (n=4-9). All mice 18-19 weeks old and 93G
diet-fed. (B) Tissue retinol levels from mice in (A). (C) Tissetnyl ester levels from mice in
(A). HT, hypothalamus; HC, hippocampus; I. Mucosal, intestinal mucosal cellstedd bars.
Rdh10 Mut Het: light blue bars. ** p8.01, *p<0.05 vs. WT by Student's two-tailed t-test. All
values Mean SEM.
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Figure 51) Pancreatic Retinoids in CRAD1- and CRAD3-KO Mice
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Legend (A) Pancreatic retinoic acid levels in WT (n=Byh16-KO (CRAD1-KO) (n=5) and
Rdh9-KO (CRAD3-KO) (n=5) male mice fed a Harlan chow, age 30-36 weeks. (By&atic
retinal, retinol and retinyl ester levels in mice from (A). WT: red Haak16-KO: orange bars.
Rdh9-KO: yellow bars. ** p0.01, *p<0.05 vs. WT by Student's two-tailed t-test. All values
Mean +SEM.
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Table 29) Days from Pairing until Birth of Pups in CRAD1-KO Mice

Male Genotype
WT Rdh16-Het Rdh16-KO
Female | WT 23.3 +1.7 days (8) 24.0 2.1 days (8) 24.8 1.6 days (8)
Genotype Rdhl6-Het | 23.4 +0.7 days (8) 25.0 £.7 days (13) | 21.7 6.3 days (3)
Rdh16-KO | 25.1 +1.9 days (8) | 23.0 2.0 days (2) 24.9 2.7 days (7)

Legend Length of time between pairing and birth of pups for 8-10 week old virgin matirsy pa
of genotypes indicated. Mice fed Harlan chow. All values Me&&EM (number of pairs).
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Table 30) Fecundity in CRAD1-KO Mice

Male Genotype

WT Rdh16-Het Rdh16-KO
Female | WT 7.9+1.0 (8) 7.0 4#0.8 (8) 7.1 4.9 (7)
Genotype Rdh16-Het | 6.0 +0.8 (7) 7.0 40.6 (13) 6.0 40.6 (3)
Rdh16-KO | 5.5 +1.3 (6) 7.0 40.5 (2) 6.4 2.7 (5)

Legend For litters surviving until weaning, number of mice per litter born to 8-10 week old
virgin mating pairs of genotypes indicated. Mice fed Harlan chow. All values\M&EM

(number of litters).
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Table 31) Percent Male per Litter in CRAD1-KO Mice

Male Genotype

WT Rdh16-Het Rdh16-KO
Female | WT 51 +9% (8) 59 +8% (8) 60_+9% (7)
Genotype Rdhl16-Het | 63 +8% (7) 55 +6% (13) 60 +13% (3)
Rdh16-KO | 44 +11% (6) 70 +13% (2) 38 +12% (5)

Legend For litters surviving until weaning, percentage of males in litters born to 8&&R eid
virgin mating pairs of genotypes indicated. Mice fed Harlan chow. All values\M&EM
(number of litters).
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Table 32) Parturition Defects in CRAD1-KO Mice

Male Genotype

WT Rdh16-Het Rdh16-KO
Female | WT 0/8 0/8 1/8
Genotype| Rdhl16-Het | 0/8 0/13 0/3

Rdh16-KO | 0/8 1/3 0/5

Legend Number of female mortalities during parturition per number of pregnancie$Qn 8-
week old virgin mating pairs of genotypes indicated. Mice fed Harlan chow.
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Table 33) Fertility Rate in CRAD1-KO Mice

Male Genotype
WT Rdh16-Het Rdh16-KO
Female | WT 8/8 8/8 8/8
Genotype| Rdhl6-Het | 8/9 13/13 3/3
Rdhl- KO | 8/9 3/5 5/5

Legend Number of successful pregnancies during 28 days of pairing per total 8-10 week old
virgin mating pairs of genotypes indicated. Mice fed Harlan chow.
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Figure 52) Serum Testosterone and 3-adiol-glucuronide Levels in CRABKO Mice
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Legend Serum testosterone and-&ndrostane-® 17B-diol glucuronide (3-adiol-G) levels in

male, Harlan chow-fed WT (n=9-15) aRdh16-KO (CRAD1-KO) (n=7) mice. WT: red bars
Rdh16-KO: orange bars. All values MeanSEM.
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Figure 53) Semi-quantitative Expression of Steroid Metabolism Genes CRAD1-KO Mice

A) Liver Gene Expression
25

| wWT
3 Rdh16-KO

Relative Expression

Gene
B) Kidney Gene Expression

| wT
2.0- [ Rdh16-KO

Relative Expression

Gene
C) Testis Gene Expression

B WT
2.0- [ Rdh16-KO

Relative Expression

Legend (See next page.)
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Legend (A) Semi-quantitative gene expression in liver of 35 week old male WT (n=4) and
Rdh16-KO mice (CRAD1-KO) (n=4). Mice fed Harlan chow. (B) Semi-quantratiene
expression in kidney of mice in (A). (C) Semi-quantitative gene expresstestis of mice in
(A). Und.: undetectable under conditions used. T4, *p<0.05 vs. WT by Student's two-
tailed t-test. All values Mean SEM.
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