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Abstract

We have determined that adipocytes are a major site of expression of the transcript for the novel alcohol dehydrogenase (ADH),
Adhfe1. Adhfe1 is unique in that the sequence of its encoded protein places it among the iron-activated ADHs. Western blot analysis
reveals Adhfe1 encodes a 50 kDa protein and immunocytochemical staining indicates mitochondrial localization. Adhfe1 transcript
exhibits differentiation-dependent expression during in vitro brown and white adipogenesis. Unlike many adipocyte-enriched genes, how-
ever, Adhfe1 transcript expression in adipocytes is refractory to TNFa-mediated downregulation. However, use of pharmacological
inhibitors reveals PI 3-kinase-mediated signals maintain the basal level of Adhfe1 transcript in 3T3-L1 adipocytes. Tissue profiling stud-
ies show Adhfe1 transcript is restricted to white and brown adipose tissues, liver, and kidney. In comparison to C57BL/6 mice, Adhfe1
transcript is downregulated 40% in white adipose tissue of ob/ob obese mice. Further characterization of Adhfe1 should yield new insights
into adipocyte function and energy metabolism.
� 2007 Elsevier Inc. All rights reserved.
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NAD+ or NADP+-dependent alcohol dehydrogenases
(ADHs)1 comprise an enzyme superfamily whose members
have been demonstrated to have wide substrate specificities
as well as various and extensive metabolic functions
[9,30,31,46,54]. ADHs of higher organisms have been
broadly classified as the medium-chain dehydrogenases/
reductases (MDRs) [30,45] and the short-chain dehydroge-
nase/reductases (SDRs) [48]. Two main types of MDR
enzyme families are designated, based on whether zinc is
present at the active site [31]. Human ADH genes are
NAD+-dependent zinc-containing medium-chain enzymes
and comprise five classes of seven genes total, clustered at
chromosome 4 [30,31,45,46,82]. Likewise, SDRs encom-
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pass many distinct enzyme activities; these are related to
mammalian prostaglandin dehydrogenases/carbonyl
reductases and use a distinct catalytic mechanism from
MDRs [30,48]. In addition to the MDR and SDR enzyme
families, a unique type of ADH has been recognized, desig-
nated ‘‘iron-activated’’. Zymomonas mobilis ADH2 was
identified as the first such ADH in 1983 when it was dem-
onstrated to be activated by ferrous ions [5,44,63]. Shortly
thereafter, Saccharomyces cerevisiae ADH4 [78] and Esch-

erichia coli propanediol oxidoreductase [6] were noted to
share a significant degree of amino acid identity with
Zymomonas mobilis ADH2. Although this new type of
ADH lacked homology with any other previously known
ADHs [29], they were demonstrated to utilize ethanol, as
well as number of other alcohols, as substrate(s) [6]. In
the intervening years, a number of additional microbial
enzymes of this iron-activated enzyme type have been
described [11,32,50,54,73,83]. Despite the nomenclature of
‘‘iron-activated’’ ADHs, these enzymes are variously acti-
vated by a range of divalent cations. It was presumed until
recently that the iron-activated ADHs were restricted to
microbes. However, in 2002 a cDNA for a putative
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iron-activated ADH, designated ADHFE1, was cloned by
Mao and coworkers from a human fetal brain cDNA
library [12]. Initial Northern blot analysis indicated that
ADHFE1 transcript was expressed predominantly in adult
liver and PCR-based detection indicated somewhat wide-
spread expression in various fetal tissues [12]. The
ADHFE1 protein sequence was described as lacking
homology with MDRs or SDRs but did possess a con-
served G-X-G-X-X-G NAD(H) fingerprint motif, a motif
characteristic of the category I ADP-binding bab folds of
dinucleotide-binding proteins [12,77], including ADHs.
The enzymatic activity of ADHFE1 remains to be investi-
gated, however it possesses from 21% to 38% overall pro-
tein identity with various iron-activated microbial ADHs.
A key distinction of the ADHFE1 protein sequence versus
that of microbial iron-activated ADHs is the presence of an
insert of 13 amino acid residues within its putative iron-
binding region. ADHFE1 also lacks the second of the three
conserved histidine residues at the iron-binding region [12].
For the microbial iron-activated ADHs it is these three his-
tidine residues that are thought to be involved in metal
binding [29]. These features indicate that human ADHFE1
and its homologs in other species, despite their similarity to
iron-activated microbial ADHs, may be of a unique nature
in regard to possible enzymatic activities, catalytic mecha-
nism, expression pattern, and function.

The primary metabolic role of white adipose tissue
(WAT) adipocytes is the storage of excess energy as triglyc-
erides and mobilizing these to meet the energy demands of
the organism. Additionally, adipose tissue is now recog-
nized as an endocrine organ with synthesis and secretion
of a number of soluble factors, some of which are adipo-
cyte-derived, including leptin, resistin, and a variety of
cytokines including TNFa [4,7,19,35]. Adipose tissue is het-
erogeneous in nature in regard to cell types present. Adipo-
cytes comprise roughly two-thirds of the cells found in
adipose tissue. The remaining cell population of adipose
tissue, collectively referred to as the stromal-vascular frac-
tion comprised of endothelial cells, nerve cells, macro-
phages, fibroblast-like interstitial cells, preadipocytes, and
likely other as yet to be identified cell types. In adipose tis-
sue development mature adipocytes are thought to be
formed by differentiation of preadipocyte precursors pres-
ent in adipose tissue [3,10,17,18,40]. This process is accom-
panied by upregulation of genes that encode molecules
central to adipogenesis and adipocyte function including
those critical in lipogenesis, lipolysis, lipid transport, and
hormone signaling [53]. For the past decades, in vitro prea-
dipocyte cell lines such as 3T3-L1 have been extensively
used to define genes central the adipocyte phenotype
[16,17]. A variety of in vitro and in vivo studies have deter-
mined that the peroxisome proliferator-activated receptor c
(PPARc), a member of the ligand-activated steroid hor-
mone receptor family, is a master transcriptional regulator
of the adipogenic program [15,41,55–57,80], and studies
have also illustrated the important contribution of the
CCAAT/enhancer-binding protein (C/EBP) family of tran-
scriptional regulators to adipogenesis [2,58,72,79,80]. How-
ever, recent intensive dissection of the adipocyte
transcriptome by DNA oligonucleotide microarrays and
other approaches has revealed that a number of additional
signaling networks and protein families are likely involved
in the regulation and/or maintenance of adipocyte differen-
tiation and function [39,43,59,64]. Furthermore, microarray
assessments have revealed that some adipocyte-expressed
genes are particularly enriched in the 3T3-L1 in vitro model
of adipogenesis as compared to adipogenesis as it occurs
in vivo [65]. Thus in regard to the discovery and characteri-
zation of new adipocyte-expressed genes, such distinctions
between in vitro and in vivo adipogenesis have highlighted
the importance of using approaches aimed at the identifica-
tion of genes that are expressed in adipocytes in vivo.

We conducted differential screening of a WAT cDNA
library to identify genes expressed in adipose tissue adipo-
cytes but absent from the non-adipocyte stromal-vascular
cell population of adipose tissue. We report herein the iden-
tification and characterization of murine Adhfe1 as new
adipocyte-enriched gene. The unique nature of the encoded
Adhfe1 protein among all known mammalian ADHs, our
novel observation of expression of Adhfe1 in adipocytes
in vivo, taken with the very limited study to date of human
ADHFE1, led us to carry out a detailed assessment of
expression and regulation of this gene in adipocytes and
adipose tissue.

Methods

Adipocyte differentiation

3T3-L1 cells (American Type Culture Collection, Manassas, VA)
were propagated in DMEM supplemented with 10% calf serum. For
differentiation, 3T3-L1 cells were treated at 2 days post-confluence with
DMEM supplemented with 10% FBS in the presence of the adipogenic
inducers 0.5 mM methylisobutylxanthine (MIX) and 1 lM dexametha-
sone for 48 h. Adipogenic agents were then removed, and growth of
cultures continued in DMEM-containing 10% FBS. At 5 days post-
induction of differentiation, adipocyte conversion had occurred in
approximately 90% of the cells, as judged by lipid accumulation and
cell morphology.

For differentiation of brown preadipocytes obtained from C.R. Kahn
(Joslin Diabetes Foundation, Harvard Medical School, Boston, MA), the
method was as previously described [34,36]. Cells were cultured to con-
fluence in DMEM with 10% FBS, 20 nM insulin and 1 nM triiodotyronine
(differentiation medium per Kahn and colleagues [36]). Confluent cells
were incubated in differentiation medium supplemented with 0.5 mM
MIX, 0.5 lM dexamethasone, and 0.125 mM indomethacin for 48 h.
Medium was then replaced with differentiation medium and was replen-
ished every 2 days.

Cell culture treatments

For treatments of 3T3-L1 adipocytes with TNFa, cells were incubated
with TNFa for indicated dose and time points. For studies of regulation
by insulin, 3T3-L1 adipocytes were first cultured for 16 h in serum-free
DMEM with 0.5% BSA. Cultures were then replenished with serum-free
DMEM-containing 0.5% BSA supplemented with the indicated concen-
tration of insulin for 36 h. For treatment with various pharmacological
inhibitors, after serum-starvation for 6 h, 3T3-L1 adipocytes were cultured
in serum-free conditions supplemented with either 50 lM PD98059,
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20 lM SB203580, 50 lM LY294002, 1 lM rapamycin (Sigma–Aldrich, St.
Louis, MO), or DMSO vehicle for an additional 17 h. For assessment of
time and dose response studies of Adhfe1 transcript regulation by ethanol,
3T3-L1 adipocytes were exposed to 50 or 100 mM of ethanol for 6, 12, 24,
48, or 72 h, or in a second study to 1 mM through 100 mM (1, 10, 25, 50,
100 mM) ethanol for 24, 48, or 72 h.

RNA preparation and Northern blot analysis

RNA was purified using TriZol Reagent (Invitrogen Corp.) according
to manufacturer’s instruction. For studies of Adhfe1 expression in murine
tissues, 8-week-old C57BL/6 or ob/ob male mice were utilized, with all
animal treatments conducted with the approval of the Medical University
of Ohio Institutional Animal Care and Use Committee. Fractionation of
whole adipose tissue into adipocyte fraction and stromal-vascular fraction
was via collagenase digestion and differential centrifugation, as previously
described [33,34]. For Northern blot analysis, 5 lg of RNA was frac-
tionated in 1% agarose–formaldehyde gels in MOPS buffer and transferred
to Hybond-N membrane (GE Healthcare, Piscataway, NJ). Blots were
hybridized in ExpressHyb solution (BD Biosciences Clontech, Palo Alto,
CA) with 32P-labeled murine cDNA probes, as indicated. After washing,
membranes were exposed at �80 �C to Kodak Biomax film with a Kodak
Biomax intensifying screen or to a phosphorimager screen. For quanti-
tative assessments, to correct for variation in mass of RNA per gel lane,
the same blot was hybridized with a probe for 36B4 transcript, which
encodes the acidic ribosomal phosphoprotein PO, a commonly employed
internal control [38]. The ratio of expression signal for Adhfe1 transcript
to 36B4 transcript for each sample was determined using a Typhoon 8600
PhosphorImager and ImageQuant software (GE Healthcare). Statistical
analyses were conducted using single factor ANOVA.

DNA array hybridization

For array analysis, arrays contained �400 inserts of a subtracted ob/ob

adipose tissue library that we had previously generated with PCR-Select
cDNA Subtraction kit (BD Biosciences Clontech) for use in another
project and that we have found to be a good source of adipocyte-enriched
cDNAs. Filter arrays were prepared by PCR amplification of cDNA
inserts directly from the arrayed bacterial stocks of the cDNA library
using a nested primer set provided with the PCR-Select cDNA Subtraction
kit. After denaturing the PCR products by incubation in 0.6 N NaOH,
DNA was spotted onto Hybond-N+ nylon membranes (GE Healthcare)
and membranes neutralized with 0.5 M Tris–HCl (pH 7.5), followed by
fixation to the membrane by UV-cross-linking. After prehybridization at
65 �C for 1 h in 5 ml ExpressHyb solution containing 50 ll of 20· SSC and
50 lg of salmon sperm DNA, duplicate arrays were hybridized overnight
at 65 �C. Hybridization probes were reverse-transcribed 32P-labeled
cDNAs that were synthesized from 8 lg of total RNA from murine
stromal-vascular fraction or the adipocyte fraction of adipose tissue of
C57BL/6 mice. Post-hybridization, filters were subjected to four incuba-
tions in low-stringency wash solution (2· SSC and 0.5% SDS) at 65 �C for
20 min each and two 20 min incubations in high-stringency wash solution
(0.2· SSC and 0.5% SDS) at 65 �C and membranes were exposed
at �80 �C to Kodak Biomax film with a Kodak Biomax intensifying
screen.

Murine Adhfe1 expression constructs

Expression constructs for Adhfe1 were generated by PCR amplifica-
tion of coding sequences using a murine I.M.A.G.E clone, GenBank
Accession No. BC_026584 as template. For preparation of a murine
Adhfe1 expression construct, in which a C-terminal HA epitope tag was
fused to the Adhfe1 coding sequence, a 5 0 PCR primer incorporating the
first ATG sequence (designated M1) (5 0-ATTCATGCTAGCATGGC
TGCAGCTGCACGCGCT-3 0) was used. A second version of this
expression construct was generated by making a 5 0 PCR primer that
lacked the initial ATG but incorporated the second in-frame ATG
(designated M2) (5 0-GCATGCTAGCATGGCTGTCTCAAATATTAG
ATATGGAGCAG-30). For generation of both the M1 and M2 con-
structs, the 3 0 PCR primer utilized incorporated a C-terminal HA tag
followed by a stop codon (5 0-GGCAGCGGCCGCTTAAAGAGCGTA
ATCTGGAACATCGTATGGGTAGTACAGTTTCATGGATGCTTC-
3 0). In these instances, a 5 0 NheI site and a 3 0 NotI site were incorporated
into respective primers to facilitate directional cloning into the pcDNA3.1
vector (Invitrogen Corp.).
Western blot analysis of Adhfe1 protein expression

For in vitro transcription and translation, we utilized an Adhfe1 PCR
product or HA-tagged Adhfe1 expression constructs (described above) as
template. For the former case, the 5 0 PCR primer included a sequence for
T7 polymerase priming using the 5 0 primer (5 0-CTTATCGAAATT
AATACGACTCACTATAGGGCTGCCATGGCTGCAGCTGCAC-3 0)
and a C-terminal HA tag with the 3 0 primer (5 0-GGCAGCGGCCGCTT
AAAGAGCGTAATCTGGAACATCGTATGGGTAGTACAGTTTC
ATGGATGCTTC-30); the BC_026584 Adhfe1 clone was used as PCR
template. A TNT Quick Coupled kit (Promega Corp.). was utilized for
in vitro transcription and translation. For reactions using the PCR product
as template, 20 cycles of PCR were conducted using the above-indicated
primers and 2.5 ll of this reaction, or a negative control reaction without
DNA, was used as template for coupled in vitro transcription and trans-
lation. Reactions were incubated at 30 �C for 90 min at which time 1 ll of
the respective reaction was analyzed on 8% SDS–PAGE, followed by
overnight transfer to Immobilon PVDF membrane (Millipore Corp.). For
signal detection, membranes were blocked by 1 h incubation in 5% non-fat
milk/0.5% Tween 20 in PBS and membranes were then incubated with a
1:4000 dilution of anti-HA primary antibody (Santa Cruz Biotechnology)
for 1 h followed by three 10 min washes. Secondary antibody was goat
anti-mouse at a dilution of 1:4000 for 1 h followed by three 10 min washes.
All washes were in 0.5% Tween 20 in PBS. Signal was visualized using the
SuperSignal detection system (Pierce Biotechnology, Rockford, IL).

For protein expression in COS cells, cells were transfected with the
indicated HA-tagged Adhfe1 expression constructs or empty pcDNA3.1
vector using Lipofectamine 2000 reagent (Invitrogen Corp.), according to
manufacturer instructions. Cells were harvested at 48 h post-transfection
by lysis in TNN(+) buffer (10 mM Tris, pH 8.0, 120 mM NaCl, 0.5% NP-
40, 1 mM EDTA, supplemented with a protease inhibitor cocktail).
Lysates were incubated on ice for 30 min with intermittent vortexing,
supernatant collected via centrifugation, and protein content determined
(Bio-Rad Laboratories). Thirty micrograms of protein was fractionated
on 8% SDS–PAGE, followed by Western blot analysis as described above.
Immunocytochemistry and intracellular localization studies

For immunostaining studies, COS cells were plated on coverslips and
transfected with HA-tagged full-length Adhfe1 in pcDNA3.1 vector using
Lipofectamine 2000. Forty-eight hours after transfection, cells were
incubated in growth medium containing 50 nM MitoTracker CMX Ros
(Invitrogen Corp.) for 45 min. Cells were then washed twice with PBS and
fixed with 100% ice-cold methanol for 10 min, washed again with PBS
followed by incubation in 0.1% BSA in PBS for 30 min at room temper-
ature. After blocking, cells were incubated with monoclonal (1:100,
Covance Research Products, Inc.) or polyclonal HA (1:200, Covance
Research Products, Inc.) primary antibody in 0.1 % BSA in PBS for 1.5 h.
Cells were then washed with 0.1% BSA in PBS three times and incubated
with Alexafluor 568-conjugated goat anti-mouse secondary antibody
(1:800, Invitrogen Corp.) or FITC-conjugated goat anti-rabbit secondary
antibody (1:200, Bio-Rad), as indicated. In some instances, following
immunostaining, cells were washed with dH2O and incubated with 10 nM
DAPI (Invitrogen Corp.) for 10 min to stain nuclei. Coverslips were
mounted on glass slides and cells were observed at 400· using a Nikon
Eclipse E800 fluorescence microscope equipped with a digital camera and
image acquisition and merging was performed with Image-Pro Plus soft-
ware (Media Cybernetics, Carlsbad, CA).
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Results

Differential screening for genes induced during in vivo

adipogenesis identifies Adhfe1 as a new adipocyte-expressed

transcript

To identify genes present in adipocytes within adipose
tissue but absent from the stromal-vascular component of
adipose tissue, we differentially screened �400 clones of
an adipose tissue cDNA library using reverse-transcribed
probes derived from murine stromal-vascular fraction of
adipose tissue and adipose tissue adipocyte RNA. Signal
intensities were visually compared to identify genes
enriched in adipocytes and inserts of differentially
expressed cDNA clones were sequenced. Of the library
clones screened we found that 13% showed enriched (� a
greater than five-fold higher signal) in the adipocyte frac-
Fig. 1. Differential screening identifies enrichment of Adhfe1 in adipose tissu
cDNA library was hybridized with reverse-transcribed probes from stromal-va
The arrows indicate position of Adhfe1 signal on the dot-blot. (b) Validation
shows Adhfe1 and SCD1 level in SVF and AF. The EtBr staining of rRNA is s
Chromosomal location of mouse Adhfe1. The mouse Adhfe1 gene (arrow) is
proposed iron-binding motif. The microbial consensus indicates the iron-bind
coworkers [23]. The multiple alignment was generated with DS Gene version 1.
shown in bold and histidine residues in the conserved iron-binding motif are bo
NP_780445; Homo sapiens, NP_653251; Rattus norvegicus, NP_001020594
XP_424090; Danio rerio, NP_996969; Xenopus tropicalis, NP_989277; Dro

Magnaporthe grisea, XP_361350; Gibberella zea, XP_389421; Aspergillus fumig
tion versus the stromal-vascular fraction, 9% were enriched
for signal in the stromal-vascular fraction, and 50% showed
essentially similar signal strength with the adipocyte frac-
tion and stromal-vascular fraction reverse-transcribed
probes. Signals for 29% of the library clones were not
appreciably different from background levels, and thus
their differential expression was unable to be determined.
In addition to the identification several clones for a number
of well-known adipocyte marker genes such as adipocyte
fatty acid-binding protein (aFABP) and stearoyl Co-A
desaturase 1 (SCD1), we identified a sequence for a novel
ADH, Adhfe1. A portion of the results of cDNA array
hybridization is shown in Fig. 1a, wherein arrows indicate
differential signals for Adhfe1. Two cDNA library clones
for Adhfe1 were found on the filter array. One of these con-
tained sequence for a 3 0 untranslated region of Adhfe1 cor-
responding to nucleotides 1458–1608 of the NM_175236
e adipocytes. (a) Initial dot-blot differential screening. An adipose tissue
scular fraction (SVF) and adipocyte fraction (AF) RNA of C57BL/6 mice.
of differential screening by Northern blot analysis. Northern blot analysis
hown as a gel loading control. Northern blot is representative of n = 2. (c)
located on mouse chromosome 1 A2. (d) Amino acid alignment of the
ing motif of microbial iron-activated ADHs postulated by Bairoch and

5 (Accelrys Inc.) using the Clustal W algorithm. Invariant amino acids are
xed. The GenBank sequence data for each listed species is: Mus musculus,

; Canis familiaris, XP_849448; Bos taurus, XP_584372; Gallus gallus,
sophila melanogaster, NP_477209; Caenorhabditis elegans, NP_496764;
atus, XP_749583; Neurospora crassa, XP_323397.
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GenBank reference sequence. The second cDNA clone
contained sequences from 1407–1625 of the NM_175236
sequence, corresponding to the extreme C-terminus of the
Adhfe1 protein and a portion of the 3 0 untranslated region.
Northern blot analysis using the insert from the second
clone as probe confirmed expression of Adhfe1 transcript
in adipocytes and lack of signal in cells of the stromal-vas-
cular fraction of adipose tissue, Fig. 1b. The Adhfe1 tran-
script evidenced an adipocyte-enriched expression similar
to that of SCD1, a well-characterized adipocyte gene [47].
Of interest is that the single species of transcript of approx-
imately 2 kb that we detect for Adhfe1 by Northern blot
analysis differs considerably in length from the 3108 bases
in the NM_175236 sequence. A possible explanation for
this is the use of alternate multiple polyadenylation signals;
several consensus AATAAA polyadenylation signals are
present within the NM_175236 3 0 untranslated region at
a positions predicted to result in an Adhfe1 transcript size
consistent with that we detect by Northern blot analysis.

Because the Adhfe1 sequence(s) we cloned was for a par-
tial cDNAs corresponding to just several hundred nucleo-
tides of mostly 3 0 untranslated region, we used sequence
information in the NCBI Unigene database to design
PCR primer pairs and cloned a cDNA for the complete
open reading frame of Adhfe1 from murine WAT.
Although several full-length Adhfe1 cDNAs were available
as through I.M.A.G.E. clone collections, none of these
originated from adipose tissue and we thought it important
to confirm the sequence of the Adhfe1 transcript as it
occurs in WAT. Sequencing of an RT-PCR product corre-
sponding to the Adhfe1 open reading frame verified that it
was identical to the Adhfe1 open reading frame of the
NCBI GenBank reference sequence, Accession No.
NM_175236. Use of the information present in the Ensem-
bl database (www.ensembl.org) indicates that the Adhfe1
gene consists of 15 exons spanning 29 kb. In silico evidence
indicates that the smallest exon, exon 5, undergoes alter-
nate splicing, this event does not alter the encoded Adhfe1
protein. The Adhfe1 gene is present on murine chromo-
some 1, Fig. 1c.

Murine Adhfe1 is comprised of 465 amino acids with
a calculated molecular mass of 49,937 Da and a pI of
7.55 with start and stop codons at nucleotides 15 and
1412 of the NM_175236 Adhfe1 transcript sequence,
respectively. The full-length protein sequence of murine
Adhfe1 possesses 90% amino acid identity with the
human protein, 98% with the rat protein, and 85% with
that of chicken. Moreover, this protein sequence is well-
conserved in invertebrates with an overall �60% amino
acid identity with Drosophila melanogaster and �50%
for Caenorhabditis elegans. It also evidences conservation
in fungi with �50% identity between murine and Neuros-

pora crassa Adhfe1. As previously described for human
ADHFE1 [12], murine Adhfe1 contains the NAD(H)-
binding fingerprint motif of G-X-G-X-X-G [77], at
amino acid residues 318–323 and has no evident homo-
logy with the MDR or SDR ADHs. Our protein
sequence analyses of murine Adhfe1 using ProSite [23]
and InterPro [42] databases confirm that, as described
by Mao and coworkers for human ADHFE1 [12], it
appears to be the first and to date only known member
of the iron-activated ADH family that has been identi-
fied in higher organisms. The amino acid sequence at
the putative iron-binding region of Adhfe1 present across
a number of vertebrate, invertebrate, and microbial spe-
cies is shown in Fig. 1d. The lower portion indicates a
consensus sequence for this region with amino acid resi-
dues that evidence absolute conservation across all listed
species of Adhfe1 depicted in bold typeface. However,
only a subset of these amino acid residues are conserved
between the putative iron-binding region of Adhfe1 and
the type of amino acids found at the signature iron-bind-
ing region of the microbial iron-activated ADHs, shown
just below the Adhfe1 consensus sequence, Fig. 1d. This
raises the possibility that while the overall amino acid
sequence of Adhfe1 very closely resembles that of the
iron-activated ADHs from microbes, it has also diverged
in that it possesses significant sequence differences, and
thus likely functional distinctions, from the microbial
iron-activated ADHs.

Adhfe1 encodes a novel 50 kDa protein and evidences

mitochondrial localization

To assess the size of the Adhfe1 primary translation
product, we carried out coupled in vitro transcription and
translation with a PCR product for Adhfe1, wherein a syn-
thetic T7 polymerase priming site was present 5 0 to the
beginning to the Adhfe1 5 0 untranslated sequence and an
HA tag was present in-frame at the C-terminus of the
Adhfe1 open reading frame. Western blot analysis in
Fig. 2a shows that this reaction template resulted in a
major �50 kDa protein species (lane 2, asterisk), a mass
in good agreement with that of the predicted primary
amino acid sequence of Adhfe1. In addition, we noted
the presence of a second slightly smaller protein species
in these reactions (lane 2, arrow). Examination of the 5 0

region of the Adhfe1 nucleotide sequence indicates that
in addition to the presumed initiator methionine, which is
the first ATG present at position 15 of the NM_175236
sequence, there are several in-frame ATGs shortly thereaf-
ter. To test the hypothesis that the smaller protein species
derived from use of the second in-frame ATG at position
153, we engineered two mammalian expression constructs
for Adhfe1. One of these, designated Adhfe1-(M1), encom-
passed the first ATG and the remaining Adhfe1 sequence
thereafter. The second construct, designated Adhfe1-
(M2), lacked the first ATG and encompassed the second
in-frame ATG. 3 0 HA-tagged versions of these two con-
structs were used as template for in vitro transcription
and translation. Lanes 3 and 4 of Fig. 2a indicated that
use of Adhfe1-(M1) as template generated two protein
species of a molecular mass consistent with that found
when the Adhfe1 PCR product template was used.

http://www.ensembl.org
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anti-HA primary antibody and FITC-conjugated secondary antibody resulting in a green signal for Adhfe1 (top panel). Middle panel shows MitoTracker
CMX Ros staining, visualized as red signal and the lower panel the merged image where yellow signal indicates overlap of Adhfe1 and MitoTracker
staining. Protein expression studies are representative of n = 2.
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Adhfe1-(M2) generated a protein species whose mass is
consistent with that of the smaller of the two protein spe-
cies observed when Adhfe1-(M1) was utilized as template.
This product is a similar mass as that of the faintly present
smaller protein band that was observed when the Adhfe1
PCR product template was used to program the in vitro

transcription and translation reaction. This suggests that
initiation of translation at the second in-frame ATG was
likely responsible for the generation of the minor Adhfe1
protein species, a form that would lack the 46 N-terminal
amino acids. We also assessed the size of the Adhfe1 pro-
tein upon ectopic expression of HA-tagged Adhfe1 via

transfection of COS cells. Adhfe1-(M1) expression in cells
gives rise to protein products of the same mass found upon
in vitro transcription and translation (asterisk and arrow,
Fig. 2b) and raises the possibility that Adhfe1 may be rep-
resented by two protein species in mammalian cells. As
anticipated from the in vitro transcription and translation
data (Fig. 2b), Adhfe1-(M2) expression generates only
the smaller of the two protein species. Prior to the avail-
ability of an Adhfe1 antibody it is not possible to know
if two Adhfe1 protein species are present endogenously.
However our observations raise the possibility that this
may be the case; as such there may be distinctions between
the functions of the respective proteins. In addition, the
observation that the molecular mass found for the Adhfe1
protein upon expression in mammalian cells is the same as
that of the Adhfe1 primary translation product suggests
that the Adhfe1 protein does not undergo those types of
post-translational modifications, such as glycosylation,



Fig. 3. Upregulation of Adhfe1 is closely tied to white and brown
adipogenesis. (a) Adhfe1 upregulation during 3T3-L1 differentiation. Five
micrograms of total RNA from 3T3-L1 preadipocytes (P), confluent 3T3-
L1 cells before induction of adipogenesis (day 0) and indicated time points
after induction of adipogenesis were analyzed by Northern blot using
Adhfe1, SCD1, aFABP, and PPARc cDNA probes. (b) Regulation of
Adhfe1 transcript expression. Post-confluent 3T3-L1 cells were treated
with 1 lM dexamethasone (D), 0.5 mM MIX (M), or 1 lM dexametha-
sone and 0.5 mM MIX (D/M) for 48 h and harvested at day 5. Northern
blot analysis was performed with murine Adhfe1, SCD1, and aFABP
probes. (c) Adhfe1 transcript expression in brown adipogenesis. Brown
preadipocytes were differentiated, as described in Methods, at confluence
(day 0). Brown adipocytes were harvested at 3 and 8 days and Northern
blot analysis was performed with murine Adhfe1, Cidea, and UCP1
probes. For (a–c), the EtBr staining of rRNA is shown as a gel loading
control. Northern blots are representative of n = 2.
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that would result in a significant alterations in the mass of
the primary translation product.

We next determined the subcellular distribution of
Adhfe1 protein. Full-length HA-tagged Adhfe1 was
expressed in COS cells by transient transfection and sub-
jected to immuncytochemical staining utilizing an anti-
HA antibody. As shown by the photomicrographs in
Fig. 2c, we detected signal for Adhf1 in a discrete pattern
in the cytoplasm that resembled mitochondrial staining.
To better assess the possibility of mitochondrial localiza-
tion for Adhfe1, we utilized the mitochondrial specific
molecular probe, MitoTracker CMX Ros. These results
are shown in Fig. 2d, where the Adhfe1 is detected by a
FITC-labeled secondary antibody, and is thus green, and
the MitoTracker signal is red. When assessed individually,
the staining pattern of Adhfe1 is highly similar with that of
MitoTracker. The localization of Adhfe1 to mitochondria
is, moreover, apparent in the merged image where co-local-
ization of the Adhfe1 and MitoTracker is observed as yel-
low signal.

Differentiation-dependent expression of Adhfe1 in white and

brown adipogenesis

The presence of Adhfe1 transcript in the adipocyte
component of adipose tissue and its absence from the
stromal-vascular population, the latter of which contains
adipocyte precursors and a number of other cell types,
raised the possibility that Adhfe1 is a differentiation-
dependent gene whose expression emerges as preadipo-
cytes differentiate into mature adipocytes. We conducted
studies to further assess the expression and regulation of
this gene in adipogenesis using the well-established 3T3-
L1 in vitro model of white adipogenesis and a model
for in vitro brown adipogenesis developed by Kahn and
colleagues [36]. The Northern blot analysis in Fig. 3a
shows the level of Adhfe1 transcript in a time course
of 3T3-L1 adipose conversion from the preadipocyte
stage (P) and at daily intervals through 7 days. Adhfe1
transcript is first detected at 3 days post-onset of the dif-
ferentiation program and reaches a maximal level by day
6. The emergence of Adhfe1 during adipogenesis is pre-
ceded by maximal upregulation of the master adipogenic
transcription factor PPARc, and parallels that of two
well-characterized adipocyte marker transcripts, SCD1
and aFABP. We also assessed the response of the
Adhfe1 transcript level in 3T3-L1 preadipocytes to the
individual components of the adipogenic differentiation
cocktail, dexamethasone and MIX. Northern blot analy-
sis data in Fig. 3b indicates that, as we note for SCD1
and aFABP, treatment with either dexamethasone or
MIX alone for 48 h followed by assay at 5 days post-
induction failed to result in emergence of Adhfe1 tran-
script. This suggests that Adhfe1 transcript expression
is tightly tied to adipogenesis, rather than being merely
a gene that is upregulated by one of the individual com-
ponents of the standard adipogenic cocktail. In addition,
an assessment of Adhfe1 transcript level, employing var-
ious hormones, growth factors, cytokines and other
agents, failed to result in the expression of detectable lev-
els of Adhfe1 transcript in 3T3-L1 preadipocytes (data
not shown). We also determined if Adhfe1 transcript
level in 3T3-L1 adipocytes was responsive to addition
of ethanol to the culture media. Time and dose response
studies revealed that exposure to 1 mM through 100 mM
ethanol failed to alter the Adhfe1 transcript level, data
not shown. Lastly, we addressed the expression of
Adhfe1 transcript in an in vitro model of brown adipo-
genesis. Fig. 3c, reveals upregulation of Adhfe1 occurs
during the conversion of brown preadipocytes to mature
brown adipocytes; here effective brown adipocyte differ-
entiation is evidenced by expression of two brown adipo-
cyte markers, Cidea and uncoupling protein 1 (UCP1).
These in vitro findings suggest that expression of Adhfe1
is tightly tied to the adipocyte phenotype and that it per-
forms a function required by both white and brown
adipocytes.



Fig. 4. Adhfe1 transcript level in 3T3-L1 adipocytes is refractory to
TNFa-mediated effects. (a) 3T3-L1 adipocytes were treated with 10 ng/ml
of TNFa for the indicated time points. Five micrograms of total RNA was
analyzed by Northern blot using Adhfe1, PPARc, ATGL, resistin (Retn),
and SCD1 probes. (b) 3T3-L1 adipocytes were treated with indicated dose
of TNFa for 24 h and Adhfe1, ATGL, resistin (Retn), and SCD1
expression were analyzed by Northern blot. For (a) and (b), the EtBr
staining of rRNA is shown as a gel loading control. Northern blots are
representative of n = 2.
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Adhfe1 transcript expression in 3T3-L1 adipocytes is

refractory to regulation by TNFa or insulin and involves PI

3-kinase-mediated signals

To begin to investigate the signals that might regulate
Adhfe1 transcript level in adipocytes, we treated 3T3-L1 adi-
pocytes with an agent closely tied to adipocyte function and
phenotype, TNFa [22,52,61,62]. Treatment of preadipocytes
with TNFa inhibits adipogenic conversion [71,81] and treat-
ment of adipocytes results in what has been termed ‘‘dediffer-
entiation’’ [70,71,75]. Exposure of adipocytes to TNFa has
long been known to promote adipocyte lipolysis [66,70]; this
can be partly attributed to TNFa-mediated inhibition of
LPL activity, which was first noted two decades ago
[1,8,51]. The dedifferentiated phenotype that results from
TNFa treatment has been ascribed, at least in part, to the
TNFa-mediated transcriptional downregulation of the mas-
ter adipocyte transcription factor PPARc and thus the sub-
sequent loss of PPARc-mediated transactivation of select
adipocyte genes [81]. TNFa has also been demonstrated to
downregulate the adipogenic transcription factor C/EBPa
[27,67]. That the effects of this cytokine are of a global nature
is evidenced by the comprehensive oligonucleotide micro-
array assessments transcriptional response of 3T3-L1 adipo-
cytes to TNFa by Lodish and coworkers, with major large
scale and rapid effects reported [60]. Results of these studies
led to the overall conclusion that TNFa treatment of adipo-
cytes resulted in decreased expression of many adipocyte-
abundant genes with concomitant selective induction of
preadipocyte genes.

Given the central role for TNFa in adipocyte gene expres-
sion, metabolism and physiology, we next used Northern
blot analysis to examine time and dose-dependent effects of
TNFa on Adhfe1 transcript level in 3T3-L1 adipocytes. To
ensure that the TNFa treatment regimen was effective in
our hands the identical blot was also probed for detection
of transcripts previously demonstrated to be downregulated
by TNFa treatment of 3T3-L1 adipocytes; PPARc, adipose
triglyceride lipase (ATGL), and resistin [14,34,81,84]. Fig. 4a
shows a time course assessment of transcript levels in
untreated 3T3-L1 adipocytes (0) through 48 h of TNFa
treatment. As expected, a rapid and robust downregulation
of PPARc, ATGL, resistin, and SCD1 is noted within 12 h
of TNFa exposure. Given the large proportion of adipo-
cyte-abundant transcripts that DNA oligonucleotide micro-
array studies have indicated are TNFa-responsive in 3T3-L1
adipocytes [60–62], we were rather surprised to find that
Adhfe1 transcript level was refractory to alteration by TNFa
treatment. Exposure of 3T3-L1 adipocytes to nanomolar
through micromolar concentrations of TNFa for 24 h
(Fig. 4b) was consistent with data in Fig. 4a in that while
ATGL, resistin, and SCD1 were responsive to TNFa,
Adhfe1 transcript level was not altered by either low or high
concentrations of TNFa. These data place Adhfe1 in a novel
subset of adipocyte-enriched genes that is refractory to the
effects of TNFa. In addition, robust expression of Adhfe1
transcript persisted in spite of a marked TNFa-mediated
downregulation of PPARc, suggesting that expression of
Adhfe1 in adipocytes is not solely dependent on PPARc
transcriptional signals. This raises the possibility that per-
haps a unique set of transcriptional signals may underlie
the differentiation-dependent upregulation of Adhfe1 in adi-
pogenesis as well as the maintenance of its transcript level in
the mature adipocyte.

Given that we failed to demonstrate an effect of TNFa
on Adhfe1 gene expression level in adipocytes, we screened
a number of other hormones and cytokines in an effort to
elucidate the possible signals underlying control of Adhfe1
transcript expression in 3T3-L1 adipocytes. We first
assessed the effect of insulin, a key signaling molecule in
adipocyte metabolism, on levels of endogenous Adhfe1 in
3T3-L1 adipocytes. Adipocytes were exposed to nanomolar
through micromolar concentrations of insulin for 36 h
under serum-free culture conditions and the level of
Adhfe1 transcript assessed by Northern blot. Data in
Fig. 5a demonstrate that, as previously reported, ATGL
transcript is downregulated by insulin [34]. In contrast,
Adhfe1 transcript level is refractory to insulin treatment.
We also assessed the response of Adhfe1 transcript in
3T3-L1 adipocytes to dexamethasone, IL-6, lipopolysac-
charide, glucose, forskolin, isoproterenol, and FBS; none
of these agents resulted in demonstrable alterations of
Adhfe1 transcript level (data not shown). Lastly, to gain
insight into the signals underlying adipocyte expression of
Adhfe1, we treated 3T3-L1 adipocytes with set of specific



Fig. 5. Regulation of Adhfe1 transcript in 3T3-L1 adipocytes by PI 3-
kinase pathway. (a) Lack of insulin effect on Adhfe1 transcript in 3T3-L1
adipocytes. 3T3-L1 adipocytes were incubated in regular growth medium
(R) or in serum-free medium for 16 h, at which time serum-free cultures
were further incubated with the indicated concentration of insulin for 36 h.
Five micrograms of total RNA was analyzed by Northern blot using
Adhfe1 and ATGL probes. (b) Downregulation of Adhfe1 by PI 3-kinase
inhibitor. 3T3-L1 adipocytes were serum starved for 6 h and treated for
17 h with DMSO vehicle, PD98059 (PD, 50 lM), SB203580 (SB, 20 lM),
LY294002 (LY, 50 lM), and rapamycin (Rap, 1 lM). Five micrograms of
total RNA was analyzed by Northern blot using Adhfe1, ATGL, and
36B4 probes. (c) Validation of Adhfe1 downregulation through PI 3-
kinase pathway. 3T3-L1 adipocytes were serum starved for 6 h and treated
for 17 h with DMSO vehicle (DMSO) or 50 lM of LY294002 (LY). Five
micrograms of total RNA was analyzed by Northern blot using Adhfe1
probe. For (a–c), the EtBr staining of rRNA is shown as a gel loading
control. Northern blots are representative of n = 2 for (a) and (b), and the
study in (c) was carried out in triplicate, as shown.

Fig. 6. Adipose tissue is a primary site of Adhfe1 expression in vivo. (a)
Adhfe1 transcript level in a panel of murine tissues. Five micrograms of
total RNA from indicated mouse tissues were analyzed by Northern blot
using murine Adhfe1 cDNA probe. SC WAT, subcutaneous adipose
tissue; and Sem. Tubules, seminiferous tubules. Note: the signal in the
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pharmacological inhibitors for various intracellular signal-
ing pathways and determined their impact on endogenous
Adhfe1 transcript level by Northern blot analysis. As
shown in Fig. 5b, the level of Adhfe1 transcript in 3T3-
L1 adipocytes was not altered by exposure to either a
p44/42 MAP kinase inhibitor PD98059, a p38 MAP kinase
pathway inhibitor SB203580, or a p70 S6 kinase inhibitor
rapamycin. In contrast, endogenous Adhfe1 transcript
was markedly decreased upon incubation of 3T3-L1 adipo-
cytes with LY294002, an inhibitor of PI 3-kinase. Neither
ATGL nor 36B4 transcript levels are altered by these
agents, this indicates a selective response of the Adhfe1
transcript to LY294002. Fig. 5c shows assessment of the
LY294002 effects in triplicate independent cell cultures.
testis lane is a hybridization artifact. (b) Expression of Adhfe1 in adipose
tissue. Subcutaneous (SC), epididymal (EP), retroperitoneal (RP) white
adipose tissues, and brown adipose tissue (BAT) RNA were isolated from
8-week-old wild type C57BL/6 mouse and subjected to Northern blot
analysis using Adhfe1, SCD1, and UCP1 probes. For (a) and (b), the EtBr
staining of rRNA is shown as a gel loading control. Northern blots are
representative of n = 2.
Expression of Adhfe1 transcript in wild type and ob/ob

murine tissues

To garner further information on the in vivo tissue-spe-
cific expression pattern of Adhfe1 we used Northern blot
analysis on a wide panel of murine tissues including subcu-
taneous WAT. Fig. 6a indicates that Adhfe1 transcript is
highly restricted in expression in that it is only detected
in adipose tissue, kidney, heart, and liver; four tissues com-
monly regarded as highly metabolically active. We also
observe that the level of Adhfe1 transcript found in 3T3-
L1 adipocytes is of a similar magnitude as that in subcuta-
neous WAT. However, Adhfe1 transcript is non-detectable
in lung, brain, spleen, intestine, thymus, stomach, seminfer-
ous tubules, muscle and testis; the signal in the testis lane is
a hybridization artifact. We also compared Adhfe1 tran-
script level in brown adipose tissue (BAT) and three dis-
tinct WAT depots, subcutaneous, epididymal and
retroperitoneal, shown in Fig. 6b and found that Adhfe1
transcript is highest in BAT, but is also readily detected
in each of the three WAT depots. These data suggests, as
did the in vitro adipogenesis data of Fig. 3, that expression
of Adhfe1 may be fundamental to the phenotype of both
the white and brown adipocyte. In addition to expression
of Adhfe1 under ad libitum conditions, above, we also
assessed regulation of Adhfe1 transcript level in WAT
and BAT of C57BL/6 mice in response to fasting and
refeeding and failed to find regulation by this type of nutri-
tional manipulation (data not shown). It has been
described that many adipose-expressed genes show dysreg-
ulated expression in obesity, often with obese adipose tis-
sue evidencing a downregulation of such genes [39,64].
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Fig. 7. Dysregulation of Adhfe1 transcript level in a murine obesity
model, ob/ob. Subcutaneous adipose tissue (a), liver (b), and kidney (c)
RNA were isolated from 8-week-old wild type C57BL/6 (WT) and ob/ob

mice and subjected to Northern blot hybridization for Adhfe1 and 36B4
levels. Data was, quantitated by phosphorimager analysis, and Adhfe1
transcript level for each sample normalized against its 36B4 control. Data
represent relative Adhfe1 level means ± SD from multiple individual wild
type mice (n = 4 for adipose tissue, n = 6 for liver and kidney) or multiple
individual ob/ob mice (n = 6 for adipose tissue and kidney, n = 7 for liver).
Analysis was by single factor ANOVA (*p < 0.001).
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We used the ob/ob genetic model of murine obesity to
determine if Adhfe1 transcript expression was dysregulated
in obesity. Quantitative Northern blot assessment and the
accompanying graphical representation of the Adhfe1 tran-
script level (Fig. 7) reveals a statistically significant reduc-
tion of 40% and 30% in the level of Adhfe1 transcript in
ob/ob adipose tissue and ob/ob kidney, respectively, but
not in liver.
Discussion

Our studies herein clearly indicate that expression of
Adhfe1 transcript is tightly linked to the phenotype of the
mature adipocyte both in vivo and in vitro. Moreover, its
expression is differentiation-dependent in white and brown
adipogenesis, and it demonstrates markedly enriched
in vivo expression in adipose tissue and other highly metabol-
ically active tissues. Our observation of Adhfe1 transcript
dysregulation in obese adipose tissue and obese kidney sug-
gests that the putative metabolic pathways wherein Adhfe1
functions are among those that are altered in obesity. How-
ever, unlike the high percentage of adipose-enriched tran-
scripts that are effectively downregulated upon TNFa
exposure, the level of Adhfe1 transcript is non-responsive
to this cytokine, at least in regard to the 48 h time frame
we assessed. We present evidence, however, that the Adhfe1
transcript is not merely a constitutively expressed gene that is
unaffected by intracellular signals, in that a highly effective
downregulation of Adhfe1 transcript is noted within 17 h
of treatment with the PI 3-kinase inhibitor LY294002. The
PI 3-kinase pathway, via activation of the PDK1 kinase
[68], is known to impact a range of intracellular responses
to govern cell survival, cell proliferation, actin polymeriza-
tion, and membrane ruffling, among others [49]. PI 3-kinase
plays a key role in insulin signaling and this is blunted in tis-
sues of type 2 diabetics [28]. Among its actions in adipocytes
is the regulation of glucose transporter function [26] and
mediating the transcriptional response to insulin [74]. Ample
evidence exists confirming the function of one of the down-
stream effectors of PI 3-kinase, Akt/PKB [68], in the meta-
bolic effects of insulin [76]. In the specific case of ethanol
metabolism, studies in rat liver indicate that chronic ethanol
intake impairs insulin signaling by disrupting Akt/PKB
membrane association [20]. As such, it may be of interest that
our studies demonstrate that PI 3-kinase signaling is key to
maintaining basal Adhfe1 transcript level when assessed in
3T3-L1 adipocytes. However, our studies in 3T3-L1 adipo-
cytes indicated that insulin was unable to modulate levels
of Adhfe1 transcript; thus the effects we note for
LY294002 are likely not related to insulin-initiated signals.
In addition to PDK1 phosphorylation leading to activation
of Akt/PKB, PDK1 has also been demonstrated to phos-
phorylate SGK, PKCf, PKCd, p21-activated kinase, p90
ribosomal S6 kinase and p70 S6 kinase [68]. While our obser-
vation that rapamycin treatment did not alter basal Adhfe1
transcript level indicates that p70 S6 kinase is not involved in
maintenance of basal Adhfe1 transcript level, the exact sig-
nals in the extra- and intra-cellular environment that regu-
late Adhfe1 transcription in adipose tissues, heart, liver
and kidney remain to be elucidated.

We have discovered the expression of the transcript for
an atypical ADH in adipose tissue, however, the expression
of the ‘‘classic’’ ADHs in adipose tissues have to date not
been systematically addressed. Limited information exists
regarding adipose tissue ADH activities; the literature is
sporadic in nature and for the most reported more than a
decade ago. A positive histochemical ADH reaction was
observed in liver and BAT, but not in WAT, and likewise
ADH activity was detected biochemically in BAT, but
not WAT [37]. This led to the suggestion that an ethanol-
metabolizing enzyme present in BAT may be related to
the ethanol-induced increases in the oxidative capacity of
BAT [24], or that BAT may metabolize ethanol for thermo-
genesis [37]. A retrospective study in humans observed that
chronic alcohol intake might cause an emergence of brown
fat within the WAT around the aorta and carotid arteries
[25]. Thus while the interplay between the various classes
of ADHs present in adipose tissue remains to be deter-
mined, it may be of interest to note here that among the
various adipose depots we examined the highest level of
Adhfe1 transcript is found in BAT, as such Adhfe1 might
have a role in BAT energy metabolism.
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Studies on the metabolic consequences of alcohol intake
in humans have revealed that it can result in a substantial
alteration of whole-body lipid and energy balance. The
effects of alcohol on lipid metabolism are complex and
depend on the amount consumed, pattern of drinking,
genetic variations in ADH genes [21], and lifestyle factors
[69]. In regard to the possible impact of the metabolic prod-
ucts of ethanol on adipocyte function, fatty acid ethyl
esters can be found incorporated in the membrane prepara-
tions of isolated adipocytes [13] and as such may contribute
to altered adipocyte metabolism and function. While not
yet empirically addressed, a speculation is that such esters
might possibly disrupt the function of the adipocyte lipid
droplet, for example by altering accessibility to the lipolytic
action of hormone sensitive lipase. Thus, overall, there is
ample data that demonstrates the ability of alcohol and
its metabolites to impact whole-body energy metabolism
and likewise adipose tissue function. The relationship
between the expression of the atypical ADH Adhfe1 in adi-
pocytes and adipocyte pathophysiology or alcohol metab-
olism is not currently known. Future work will be aimed
at discovering the substrate specificity and metabolic func-
tions of this unique adipocyte-enriched member of the
ADH superfamily.
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