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Abstract
Morbidity and mortality associated with increased white fat accumulation in visceral fat depots
has focused attention on the pathways regulating the development of this tissue during
embryogenesis, in adulthood, and while under the influence of obesogenic diets. Adipocytes
undergo clonal expansion, differentiation (adipogenesis) and maturation through a complex
network of transcriptional factors, most of which are expressed at similar levels in visceral and
subcutaneous fat. Rigorous research attempts to unfold the pathways regulating expression and
activity of adipogenic transcription factors that act in a fat-depot-specific manner. Peroxisome
proliferator-activated receptor-γ (PPARγ) is the master regulator of adipogenesis, and is expressed
at higher levels in subcutaneous than in visceral depots. PPARγ expression in adipogenesis is
mediated by CCAAT/enhancer binding proteins (C/EBPs) and several transcription factors acting
in conjunction with C/EBPs, although alternative pathways through zinc-finger protein-423
(ZFP423) transcription factor are sufficient to induce PPARγ expression and adipogenesis.
Vitamin A and its metabolites, retinaldehyde and retinoic acid, are transcriptionally-active
molecules that are generated in adipose tissue by the aldehyde dehydrogenase-1 family of
enzymes (Aldh1). In this review, we discuss the role of Aldh1 enzymes in the generation of
retinoic acid during adipogenesis, in the regulation of the transcriptional network and PPARγ in a
fat-depot-specific manner, and suggest the important contribution of this autocrine pathway in the
development of visceral obesity.

1) Health risks associated with fat depots
Recent studies show that obesity rates in the United States have reached epidemic
proportions along with a dramatic rise in morbidity and mortality [1, 2]. A number of studies
attribute such mortalities to central/visceral obesity, characterized by increased fat mass in
the abdomen [3, 4]. General obesity and abdominal distribution of fat seem to have two
separate entities with different clinical consequences [5, 6]. A population-based study of
1432 Swedish women showed a significant association between waist-hip ratio (WHR) and
metabolic risk factors independent of BMI, suggesting the association between visceral fat
and metabolic health risks independent of overall obesity [6]. This is one of several
epidemiological, pathophysiological and clinical studies that have implicated visceral fat as
a major contributor to an adverse metabolic profile (i.e. elevated serum cholesterol,
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triglycerides, fasting glucose levels) in humans [7]. Moreover, visceral fat accumulation
showed a positive correlation with non insulin dependent diabetes mellitus (NIDDM) in the
Nurses' Health Study enrolling 43,581 healthy US women followed from 1986 to 1994 [8].
INTERHEART study, involving 30,000 subjects from 52 countries worldwide showed that
the proportion of myocardial infarctions attributable directly to visceral obesity was 60% in
regions such as Western Europe, North America, Australia and New Zealand and 43.3%
overall [9]. These observations serve as a few among many examples that closely associate
visceral obesity with the prevalence of insulin resistance, type 2 diabetes, cardiovascular
diseases, and even some cancers [3, 7, 8].

In keeping with the notion that visceral fat exerts harmful metabolic effects, liposuction, a
common procedure of removing subcutaneous fat in obese patients did not improve
metabolic effects [10], whereas omentectomy, i.e. removal of visceral fat, improved glucose
metabolism in humans [11] and rodents [12, 13]. Removal of subcutaneous fat in the same
Zucker rat model of obesity failed to impart beneficial changes in weight gain, serum
glucose, or insulin levels [14]. Thus, both human and mice studies characterize visceral fat
as a unique, pathogenic fat depot, associated with an adverse metabolic profile, while
subcutaneous fat, constituting peripheral obesity, seems to improve insulin sensitivity and
lower the risk of developing metabolic syndrome. Such differences, however, prove not to
be due to their different anatomical location. Transplantation of subcutaneous fat into
visceral or subcutaneous regions of mice exhibited improved insulin sensitivity, decreased
body weight and total fat mass. Visceral fat transplantation into subcutaneous fat had no
effects, further emphasizing specific properties of fat from different depots [15].

White adipose depots, apart from being energy storage depots, also function as major
endocrine organs secreting many cytokines and adipokines, which potentially affect the
function of other tissues [16]. Unlike subcutaneous fat depots, visceral fat formation is
associated with elevated production of pro-inflammatory cytokines, i.e. TNF-α, IL-6 and
leptin [17-19], which provoke a local and systemic state of chronic low-grade inflammation
[20] and induce insulin resistance [21]. Adiponectin, an adipokine specifically secreted at
higher levels in subcutaneous than in visceral adipose tissue, is an established marker of
insulin sensitivity [22]. Ob/ob mice overexpressing adiponectin showed a massive increase
in subcutaneous fat; however, this subcutaneous obesity was associated with improved
insulin sensitivity, increased lipid clearance and improved β-cell function [23]. Considering
these facts, one could speculate that differences in the degree of adipokine secretion, such as
adiponectin, by subcutaneous and visceral fat depots could be causal to their disparate
metabolic effects. However, such a conclusion may be an oversimplification of a far more
complex depot-specific transcriptome responsible for metabolic responses of subcutaneous
and visceral adipose tissue. The development of therapies directed towards reducing depot-
specific obesity depends on understanding the congenital and adaptive transcriptional
networks and signaling pathways in adipocytes from different depots. Vitamin A derivatives
(retinoids) are known resourceful compounds with a broad range of pharmacological action
in fat tissues [24] and adipocytes, whereas the autocrine role of retinoids in adipogenesis and
fat formation is just beginning to be explored [25]. In this review we will primarily discuss
mechanisms for endogenous RA production in adipocytes and its implication for
transcription regulation in adipogenesis and regional fat formation.

2) Transcriptional networks defining fat depots
2.1 Developmental genes

Recent efforts to identify differences in human and rodent adipocytes isolated from different
white fat depots using gene array profiling yield explicit evidence of participation of
developmental genes in the formation of subcutaneous and visceral tissues [26-28]. These
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genes include numerous transcription factors participating in organogenesis, including
members of homeobox (HOX) and nuclear receptor (e.g. COUP-TF1/ NR2F1) families of
transcription factors [27], reviewed in [29]. These findings suggest that adipocytes from
different white fat depots originate from different precursors and maintain their
developmental transcriptional profile. Consistent with the hypothesis that different fat depots
have inherited characteristics, multiple propagations and immortalization of human
preadipocytes isolated from omental and subcutaneous fat depots of different donors did not
alter their depot-specific expression of developmental genes that comprised
approximately18% of the adipocyte genes [28] (Figure.1, Group 1). These studies also
reveal the heterogeneity of visceral depots in humans, which consist of omental and
mesenchymal fat. Mesenchymal fat shares characteristics with subcutaneous fat that is
distinct from omental fat [28, 30]. The role of HOX genes in adipocyte biology and the
mechanisms of their regulation in response to nutrients deserve further study, especially in
light of the discovery by Kahn and colleagues [27] that expression of HOXA5 in
subcutaneous and visceral depots correlates with obesity and fat distribution in humans.

2.2. PPARγ
In all depots, adipose tissue formation during the development depends on peroxisome
proliferator-activated receptor-γ (PPARγ), a master regulator of transcription in
adipogenesis [31, 32]. PPARγ is expressed as two isoforms, PPARγ1 and PPARγ2,
produced by alternative promoter usage (functions and regulation reviewed in [33]). In the
course of development, both human and rodent adipocytes express more PPARγ in
subcutaneous than in visceral fat depots [34] and maintain this expression pattern even in
cultured adipocytes isolated from these fat depots for several generations, which may
highlight their origin from different lineages [28, 30]. Correspondently, PPARγ activity is
increased in subcutaneous compared to visceral fat tissues [35], which may account for the
high expression of PPARγ target genes that define properties of subcutaneous fat. PPARγ-
mediated activation of adiponectin has already been recognized as a major mechanism for
insulin sensitivity associated with subcutaneous fat [36, 37]. Moreover, increased
adiponectin production by PPARγ is the basis of the insulin sensitizing effects of PPARγ
ligands, thiozolidinediones [37]. Differences in PPARγ expression can contribute causally to
the formation of specific fat depots. Impaired transcriptional PPARγ2 performance in
patients with PPARγ2 Pro12Ala (P12A) polymorphism [38] leads to overweight, prevailing
loss of subcutaneous fat, insulin resistance, and other metabolic dysfunctions in children and
lean adults [39-42]. In contrast, treatment of rodents and humans with PPARγ agonists
increases formation of subcutaneous depots [43], further underscoring the regulatory role of
this transcription factor in regional fat formation.

It is currently unknown whether congenital and acquired depot-specific differences in
PPARγ expression are regulated by the same transcriptional mechanisms. It is clear;
however, that regional obesity in abdominal regions induced by overfeeding in humans is
also associated with PPARγ expression [44]. Hormone-dependent fat distribution also
proceeds through PPARγ regulation, although PPARγ involvement could be somewhat
paradoxical in the context of autocrine mechanisms for glucocorticoid production. Adipose-
specific transgenic expression of 11β-hydroxysteroid dehydrogenase, inactivating the
hormone corticosterone, is associated with resistance to high-fat diet-induced obesity, but
accompanied by increased expression of PPARγ in mouse fat [45]. The factors defining
depot-specific PPARγ expression remain poorly understood, whereas numerous potential
transcriptional inducers of PPARγ expression have been reported and reviewed in chapters
2.3-2.5 (Figure 2). The pathways downstream of PPARγ are beyond the scope of this review
and will not be discussed.
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2.3. Transcriptional inducers of PPARγ expression
CCAAT/enhancer binding proteins (C/EBP) were the first identified family of transcription
factors contributing to PPARγ expression and activation [46]. The C/EBP family belongs to
the large family of basic leucine zipper transcription factors that can both homodimerize and
heterodimerize with each other and bind to the same C/EBP consensus sequences (reviewed
in [33]). The expression of C/EBPβ in cultured preadipocytes results from activation of the
cAMP signaling cascade by β-adrenergic signaling in vivo and 3-isobutyl-1-methylxanthine
(IBMX) in vitro. C/EBPδ expression in these cells is mediated by the glucocorticoid
pathway, which is stimulated through dexamethasone in vitro. C/EBPβ homodimers or C/
EBPβ-C/EBPδ heterodimers bind to the C/EBP regulatory elements in PPARγ and C/EBPα
promoters, activating these transcription factors [46-48]. In a positive feedback regulatory
loop, C/EBPα can further induce PPARγ expression. Global gene expression studies
revealed that both PPARγ and C/EBPα occupy similar regulatory sites of proteins required
for terminal adipocyte differentiation [49]. PPARγ, however, plays the chief role and can
rescue adipogenesis in C/EBPα−/− adipocytes [50]. Similar to PPARγ, C/EBPα is also
preferentially expressed in subcutaneous compared to visceral fat [30], where it is likely to
contribute to the increase in PPARγ activation in this tissue (Figure 1, Group 2). The
complex relationship between C/EBPβ and C/EBPδ on PPARγ induction was shown in
mouse models lacking C/EBPβ and C/EBPδ expression. Whereas isolated mouse embryonic
fibroblasts (MEF) obtained from these mice were not capable of PPARγ and C/EBPα
expression, poorly developed adipose tissues from these mice expressed both PPARγ and C/
EBPα [51]. This observation argues for the presence of an alternative pathway(s) that
induces PPARγ in different white adipose depots (reviewed in 2.5).

2.4. Transcription factors acting in conjunction with C/EBP for PPARγ induction
The majority of transcription factors involved directly in the up-regulation of PPARγ
expression and activity required interaction with C/EBPs (Figure 2). The comprehensive
work of Nagai and colleagues [52], demonstrates that C/EBP participation in the regulation
of PPARγ entails another transcription factor, Krueppel-like factor 5 (KLF5). C/EBPβ
activates the KLF5 promoter, which, in turn, activates the PPARγ promoter in concert with
C/EBPβ or C/EBPδ [52]. Insufficient KLF5 function in KLF5+/- neonate mice results in
50% less PPARγ and C/EBPα in these mice as compared to WT mice, and deficient fat
formation, although these differences were not seen in adult mice. Nonetheless, KLF5
expression was not sufficient to rescue PPARγ expression and adipogenesis in NIH-3T3
cells. Insulin stimulation of preadipocytes increases expression of sterol regulatory element
binding protein 1 (SREBP1c) [53], another transcription factor that acts downstream of C/
EBPβ and facilitates adipogenesis, likely through the production of endogenous PPARγ
ligands.

Cell-cycle regulating proteins, including retinoblastoma protein (pRb) have also been
proposed to cooperate with C/EBPα for PPARγ2 induction and with transcription factor
E2F4 for PPARγ activation [54, 55]. In vivo, however, the marked loss of white fat in adult
mice with pRb deficiency in adipose tissue was not associated with alteration of PPARγ
expression [56]. A transcription factor early B-cell factor 1 (EBF1) appears to be sufficient
to rescue adipogenesis in NIH-3T3 cells after its ectopic expression [57]. It is currently
unknown whether EBF1 regulates expression of PPARγ through C/EBPβ, although it
appears that EBF1 deficiency in vivo leads to a more profound reduction in C/EBPβ than
PPARγ expression [58]. Intriguingly, EBF1 deficiency leads to preferential reduction of
visceral fat in this model [58], suggesting that EBF1 participates in the transcriptional
regulation of factors defining fat- depot-specific differences (Figure 2).
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2.5. Alternative inducers of PPARγ expression
STAT5 and STAT5A/glucocorticoid receptor (GR) complexes have been proposed to
induce PPARγ expression and adipogenesis in NIH-3T3 cells [59], but the role of this
pathway in fat formation in vivo has not been elucidated yet. Emerging evidence suggests
that many growth factors and hormones in fetal bovine serum act through STAT-mediated
pathways in adipogenesis [60, 61] (Figure 2). Recent work of Noy and colleagues identifies
the RBP-retinol/STRA6/JAK2/STAT5 signaling cascade as an inducer of STAT target
genes, such as SOCS3 and PPARγ [62].

The breakthrough in the understanding of PPARγ expression mechanisms came from recent
studies by Spiegelman and associates [63], who convincingly demonstrate that ectopic
expression of transcription factor ZFP423 (ZNF423 is a human analog) is sufficient to
rescue PPARγ2 expression and adipogenesis in NIH-3T3 cells (Figure 2). This pathway
appears to bypass C/EBPs, KLFs, and other known PPARγ inducers, in its activation of
PPARγ2. Surprisingly, PPARγ1 expression is not influenced in the presence of ZFP423.
Although a detailed mechanism for PPARγ2 regulation by ZFP423 remains to be elucidated,
it is clear that bone morphogenetic protein activates PPARγ2 in adipogenesis through
ZFP423/SMAD interaction. The estimation of ZFP423's contribution to PPARγ regulation
in vivo is problematic given the embryonic lethality of ZFP423−/− mice, but the initial
observations showed a fewer number of adipocytes in the ZFP423−/− embryo [63]. Thus far,
ZFP423 appears to be a powerful alternative pathway for PPARγ regulation. The potent role
of ZFP423 in the regulation of PPARγ raises questions about mechanisms controlling the
expression of this transcription factor and the contribution of this pathway to PPARγ
induction in fat depots. The emerging autocrine mechanisms for ZFP423 regulation by
vitamin A are discussed next (Chapter 3.3).

3) Evidence of vitamin A metabolism participation in depot-specific fat
formation
3.1 Fat-depot-specific aspects of vitamin A metabolism

Persistent interests in the of role vitamin A in adipogenesis stem from the abundant presence
of vitamin A in fat and the numerous studies documenting the significant role of vitamin A
metabolism in fat tissue (comprehensively reviewed in this issue). Although liver is a
primary source of vitamin A in mammals, several studies have shown that adipose tissue
plays an active role in the metabolism and homeostasis of vitamin A by taking up circulatory
chylomicron-bound (by lipoprotein lipase) and retinol binding protein 4 (RBP4)-bound (by
STRA6) retinol [64, 65]. Interestingly, comparison of RBP4 expression in 66 lean and 130
obese patients revealed higher expression of RBP4 in visceral than in subcutaneous fat [66].
Although some subsequent studies did not find such associations in other patient populations
[67], these studies draw attention to possible depot-specific processing of vitamin A (Figure
1, Group 3). Retinol saturase is another example of a potent but still not defined action of
retinoids on adipose tissue distribution. Retinol saturase is an enzyme catalyzing the
conversion of retinol to dihydroretinoids that is positively regulated by PPARγ in vitro,
however, retinol saturase knockout mice exhibit increased adiposity with up-regulation of
PPARγ [68-70].

Further studies are needed to determine concentrations of vitamin A (retinol and retinyl
esters) and its metabolites (retinaldehyde and RA) in human and rodent visceral and
subcutaneous adipose tissues. In an early study in rats, Blaner and colleagues have shown
that visceral and subcutaneous adipose depots have comparable amounts of retinol, i.e. 6.4
and 6.9 μg retinol/g tissue [71]. There are substantial differences between hepatic and
adipose tissue stores. Hepatic vitamin A accumulation is in the form of retinyl esters.
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Adipose tissues mostly store the retinol form (75%), while the esterified form accounts for
only 25% of total retinol stores [71]. The estimated vitamin A content (both retinol and
retinyl esters) in adipose tissues is 15-20% of the total body retinoid stores in rodents [71].
Even less is known about concentrations of retinol metabolites, retinol and retinoic acid, in
different depots, although these compounds have been detected in adipose tissue [72] and
their concentrations were dependent on retinyl hydrolase activity of hormone sensitive lipase
[73,74] and aldehyde dehydrogenase1a1 [75].

Our previous studies [75] showed a 0.1-1.0 μM concentration of retinaldehyde, measured as
retinaldehyde oxime in mouse white adipose tissue, that was inversely correlated with
adipocyte size. However, no systematic analytical studies are available to show the levels of
vitamin A and its metabolites in various white adipose depots and their relevance to adipose
tissue differentiation, development, depot- and sex-specific accumulation.

The expression vitamin A metabolizing enzymes was examined and offered insight into
possible depot-specificity in RA production [25, 76]. The metabolism of retinol proceeds in
two enzymatic steps catalyzed by different families of enzymes encoded in separated genes
(reviewed in this issue and in [77]). Alcohol dehydrogenases and retinol dehydrogenases
convert retinol to retinaldehyde. RA is produced exclusively from retinaldehyde by the
cytosolic aldehyde dehydrogenase-1 family of enzymes (Aldh1, also known as Raldh) [77].
We have found that in female mice, Aldh1 enzymes are expressed at higher levels in
subcutaneous than in visceral (perigonadal) fat depots [25]. Aldh1a1 (also known as Raldh1)
was the predominately expressed enzyme, followed by Aldh1a3 in both fat depots (Figure
3). In vitro, adipogenesis in 3T3-L1 cells was also accompanied by increased expression of
Aldh1a1, which was responsible for approximately 70% of RA production [25] (gene names
in italics represent mRNA levels). The causal evidence of Aldh1a1's participation in the
formation of depot-specific fat reserves came from observations in Aldh1a1−/− mice.
Deficiency in Aldh1a1 leads to impaired accumulation of fat in visceral more than in
subcutaneous regions in aged Aldh1a1−/− compared to WT female mice (Figure 3).
Interestingly, the regional differences in fat formation in humans are also associated with
Aldh1 enzyme expression, although the pattern of Aldh1 expression is dissimilar to that of
rodents [25]. In women, Aldh1a2 and a3 (also known as Raldh2, Raldh3) expression was
significantly higher in visceral (omental) than in subcutaneous fat, even though Aldh1a1
remained the predominantly expressed enzyme in both tissues. Independently, proteomic
comparison of omental and subcutaneous fat in 14 men and women revealed Aldh1a2 as a
protein marker of differences between these fat depots [76]. More studies in larger patient
cohorts are needed to understand whether Aldh1 expression and concentrations of dependent
metabolites, RA and retinaldehyde, are linked to visceral obesity in humans and if these can
predict propensity to visceral obesity in response to obesogenic diets in specific ethnic or
disease populations. Our previous studies showed that Aldh1a1 deficiency in mice renders
them resistant to obesity mediated by a high-fat diet, although the possible regional
specificity of these effects has not yet been scrutinized [75].

3.2 Distinguished characteristics of autocrine RA production and RA treatments
Autocrine RA production by Aldh1 enzymes plays a role in the regulation of fat formation.
These effects are somewhat expected given that many critical transcriptional pathways
regulating organogenesis, adipogenesis and fat biology are influenced by RA treatment in
vitro and in vivo (Figure 4, reviewed in 3.3). However, the autocrine mechanism for RA
generation has distinguished characteristics with potentially divergent molecular responses
in cells and tissues, compared to the effects mediated by RA treatments. In fact, Aldh1
controls the concentration of two metabolites, retinaldehyde and RA, regulating
transcription through different factors (reviewed in [78]). RA acts principally through
retinoic acid receptor (RAR), although other transcriptional factors, including RXR, PPARδ,
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and redox-sensitive factors, contribute substantially to RA-mediated transcription (reviewed
in this issue and in [79, 80]). RA produced in a regulated manner by an autocrine
mechanism can exert more specific effects than RA treatments, especially those with high
RA (μmol) concentrations. At these pharmacological levels, RA can potentially induce
multiple transcription factors and also bind to proteins [81]. Detectable levels of retinoylated
proteins in 3T3-L1 adipocytes were found after treatment with 100 nmol RA [81]. Further
work needs to examine the contribution of retinoylation reactions to adipogenesis. In
contrast to RA, retinaldehyde is a weak agonist of RAR [82], but can inhibit RXR and
PPARγ activation in differentiated adipocytes in vitro [75]. This retinaldehyde accumulation
and its molecular effects may be primarily responsible for the inhibition of adipogenesis in
Aldh1a1−/− fibroblasts that could be only partially rescued by RA treatments [25].

The Aldh1 family consists of three enzymes catalyzing production of RA [77]. Our studies
showed that in adipogenesis all Aldh1 enzymes appear to be redundant in RA production,
and forced expression of Aldh1a2 or a3 enzymes can partially rescue adipogenesis in
fibroblasts deficient in all Aldh1 enzymes [25]. This concerted autocrine action of the Aldh1
enzymes appears to establish different RA production and transcription factor expression in
visceral and subcutaneous depots in mice (Figure 3). In addition to their common feature in
RA production, different expression of Aldh1 enzymes appears to exert specific responses
correspondent to their expression in different depots [25]. For instance, Aldh1a3-deficient
fibroblasts express reduced levels of adipokine visfatin, and expression of Aldh1a1 could not
compensate for this effect. These observations could indicate some specific signaling
mechanisms activated by Aldh1 enzymes or their products/substrates. In vitro, participation
of the Aldh1a1 enzyme in dehydrogenation of other aldehydes including 3-deoxyglucosone
[83] and lipid aldehydes [84], has been documented. Retinaldehyde remains the preferential
substrate for Aldh1a1 under physiologic conditions; however, consumption of specific diets
and oxidative stress can create conditions where alternative aldehydes would be utilized by
Aldh1a1 for the production of their respective acids instead of RA. In the context of
autocrine RA production, the signaling properties of other aldehydes and their respective
acids have not been explored.

Negative feedback is a common regulatory mechanism preventing enzymes from product
overproduction. Differentiated 3T3-L1 adipocytes also respond to RA treatments by
inhibition of predominantly expressed Aldh1a1 enzyme in a manner dependent on RA
concentrations [25]. In consonance, Lobo et.al showed that treatment with 2 μM exogenous
RA led to a 12-fold reduction in cellular RA levels in differentiated NIH-3T3 cells [85].
Treatment with RA also decreases expression of its binding protein CRABP-II [86].
Hormone sensitive lipase-null mice exhibiting a lean phenotype could partially recover
white adipose tissue mass when fed a RA-supplemented high-fat diet. The validity of RA
participation in the obesogenic processes needs to be further examined to shed light on the
puzzling similarity in phenotypes of Aldh1a1−/− mice, deficient in the major RA generating
enzyme, and mice treated with RA that experience analogous induction in thermogenesis
and reduction of white fat depots [24, 80]. Given these considerations, in the next chapter
we will review, first, known RA effects on the potential transcriptional regulators of regional
fat formation in adipocytes or other cellular systems and, second, conclude with the fat-
depot-specific molecular mechanisms induced by autocrine RA production.

3.3 RA effects on transcription factors involved in a depot-specific fat formation
Although HOX genes have only recently been considered as transcriptional markers of
subcutaneous and visceral fat depots, their role in organogenesis and their link to RA-
dependent RAR regulation has been well documented. HOXA1, HOXB1 HOXB4 and
HOXD4 genes are responsive to RA through the RAR response element (RARE) in the 5′
regulatory regions of their enhancers [87,88]. Conversely, HOXB4 and HOXD4 genes can
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control RAR expression [88]. The complex cross-regulation between HOX and RAR
families in embryogenesis has been recently reviewed [89], but not elucidated in
adipogenesis.

The pioneering work by Lazar and associates has established a mechanism for the inhibition
of adipogenesis in murine 3T3-L1 cells treated with μmolar concentrations of RA, other
retinoids, and synthetic RAR ligands during the first 48 hours after initiation of adipogenesis
by a hormonal mix [54, 90]. In adipogenesis, the activated RAR receptor can block activity
of C/EBP proteins (both alpha and beta), thereby reducing PPARγ expression and
adipogenesis. Subsequent studies by the Wiper-Bergeron group showed that RA-mediated
occupancy of the C/EBPα promoter by C/EBPβ depends on Smad 3 [91]. RA conveys its
inhibitory effects through Smad3 [91]. These interactions could account at least in part for
the biphasic action of RA in adipogenesis: 1) inhibitory if added before 48 hours, and 2)
stimulatory if added after 48 hours of differentiation [90]. These RA effects in adipogenesis
need further investigation, since RAR-dependent pathways can potentially influence all
phases of adipogenesis. Indeed, all RAR isoforms, RARα, -β and -γ, were expressed
throughout adipogenesis together with RXRβ [92]. RXRα was expressed in the middle phase
(after 16h of differentiation) and later, whereas RXRγ was expressed only in mature
adipocytes (after 5 days of differentiation) [92]. Some of the RA effects in adipogenesis and
fat formation could depend on proteins regulating the cell cycle, such retinoblastoma protein
[54, 74]. Interestingly, RA stimulation of adipogenesis in bovine cells induces PPARγ
expression [93], suggesting that species' transcriptomes influence RA effects. RA was
implicated in the regulation of other transcription factors, participating in the regulation of
PPARγ expression and activity, including SREBP1c [94], EBF1 [95], STAT5 [96], and KLF5
[97] in different cell types (Figure 4). The role of these pathways in adipogenesis and fat
formation in different depots is still unknown.

The major outcome of disrupted autocrine production of RA in Aldh1a1−/− mice is also a
marked decrease in PPARγ expression in adipocytes in vivo [25]. Corresponding to the
preferential disruption of visceral compared to subcutaneous fat in Aldh1a1−/− versus WT
female mice, PPARγ expression was markedly diminished in visceral compared to
subcutaneous fat (70% vs 40%) (Figure 3). Subsequent experiments in adipocytes deficient
in Aldh1a1, a3, or all Aldh1 enzymes proved that suppressed PPARγ expression stems at
least in part from deficient RA production, hence either treatment with RA concentrations
(nanomolar range) or forced expression of any of the Aldh1 enzymes partially rescued
PPARγ expression and adipogenesis [25].

Despite recovered PPARγ expression and increased lipid accumulation in Aldh1a-deficient
adipocytes treated with RA, expression of fatty acid synthase, downregulation of
preadipocyte markers and expression of PPARγ target genes remained reduced [25]. This
effect is somewhat expected from the autocrine mechanisms that also control catabolism of
retinaldehyde, inhibiting PPARγ activity [75]. The retinaldehyde-dependent mechanisms
might play a dominant role in the prevention of diet-induced obesity in Aldh1a1−/− mice,
since PPARγ expression was similar (data not shown), but expression of PPARγ target genes
was reduced in Aldh1a1−/− compared to WT mice on a high-fat diet [75]. More studies are
needed to elucidate endogenous vitamin A metabolism and transcriptional responses
affected by vitamin A without or in combination with obesogenic diets. Current studies in
rodents describe synergic effects of vitamin A and a high-fat diet in adipose tissue
development and PPARγ expression [98], whereas treatment of obese mice on a regular diet
with vitamin A resulted in decreased fat mass ([99] and reviewed in this issue).

Autocrine RA production in adipogenesis regulates PPARγ by alternative pathways. Aldh1
loss-of-function experiments revealed that ZFP423 expression was reduced by 99% [25].
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Both RA and forced expression of Aldh1 enzymes effectively recovered ZFP423
expression. Although precise mechanisms by which RA regulates ZFP423 remain to be
determined, the Aldh1-dependent induction of ZFP423 appears to play a main role in the
depot-specific regulation of PPARγ and fat formation (Figure 3). Reduced expression of
Aldh1 enzymes in visceral fat of Aldh1a1−/− mice resulted in a marked 70% suppression of
ZFP423 expression [25]. In subcutaneous fat of Aldh1a1−/− mice, ZFP423 levels were
similar to those seen in WT mice, probably due to the remaining expression of Aldh1a3.
Unexpectedly, C/EBPα and C/EBPβ expression could not be conclusively linked to Aldh1
function in RA generation [25]. The mechanisms by which RA induces expression of
ZFP423 need to be elucidated; however, ZFP423 has been implicated in the activation of
RARE in neuroblastoma cells potentiating RA effects [100]. Thus, important cross-
regulation might exist between RAR and ZFP423 pathways that influence differentiation in
many tissues. Future studies need to address autocrine mechanisms in human adipose tissues
and their relevance in the regulation of the transcriptional network that is ultimately
responsible for the endocrine and lipolytic differences between fat depots.

Conclusive remarks
Tissue-specific autocrine pathways are expected to have a broad range of transcriptional and
non-genomic responses that can set the transcriptional network in motion and elicit depot-
specific fat formation during embryogenesis and in response to nutrients. Autocrine RA
production might also influence pathways in mature adipocytes, mitochondrial functions,
and lineage commitments that were discovered in the context of treatment with retinoids and
were not discussed here. The identification of fat-depot-specific regulatory mechanisms,
both autocrine and transcriptional, is undoubtedly a basis for the development of novel
approaches in the prevention and treatment of visceral obesity.
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Highlights

Fat accumulation in visceral fat depots increases risks for morbidity and mortality. In this
review, we discuss the autocrine role of aldehyde dehydrogenase-1 family of enzymes in
the regulation of the transcriptional network in a fat-depot-specific manner and in the
development of visceral obesity
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Figure 1. Schematic presentation of selected genes that are expressed in a fat-depot-specific
manner
Red box, small font – repressed genes; Green box, large font – induced genes.
Group 1. Developmental genes. Specific developmental genes differ in their expression
pattern in subcutaneous and visceral fat depots. Among genes involved in organogenesis,
homeobox genes HoxA5, HoxA9, homeobox transcription factor Engrailed 1 (En1), and
nuclear receptor COUP-TF1/NR2F1 are expressed at higher levels in the subcutaneous fat
depot, whereas in visceral fat, these genes are downregulated. Vice-versa, HoxC9 and
homeobox transcription factor Engrailed 1 (En1) have nominal expression in subcutaneous
fat, while visceral fat shows their higher expression [27,28].
Group 2. Fundamental adipogenic transcription factors. Among genes regulating
adipogenesis, subcutaneous fat expresses higher levels of PPARγ, C/EBPα, and CREBP1
compared to visceral fat [29,30]
Group 3. Proteins involved in vitamin A metabolism. Retinol binding protein RBP4 is
preferentially expressed in the visceral fat depot. The expression of the Aldh1 family of
enzymes regulating endogenous RA production is also dissimilar in the two fat depots but it
differs between humans and mice (indicated by H and M respectively) [65,25].
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Figure 2. Transcriptional network regulating PPARγ expression
Preadipocyte differentiation requires the coordinated action of multiple transcription factors
induced by hormones or their synthetic analogs. Pathways that are dispensable in vivo are
represented by dashed lines. IBMX activates the cAMP signaling cascade resulting in
induction of C/EBPβ expression in vitro. C/EBPδ expression is induced by dexamethasone
in vitro and mediated through glucocorticoid receptor (GR). C/EBPβ forms homo/
heterodimers with C/EBPδ and binds to the C/EBP regulatory region of C/EBPα and
PPARγ, activating both transcription factors. C/EBPα, in a positive feedback loop, can
further induce PPARγ. Furthermore, C/EBPβ activates the KLF5 promoter, which in turn
activates the PPARγ promoter, in conjunction with C/EBPδ. SREBP1c, a transcription factor
acting downstream of C/EBPβ, activates PPARγ upon insulin stimulation, possibly through
endogenous PPARγ ligand production. Some evidence suggests that fetal bovine serum
(FBS) stimulates the STAT5/GR pathway, which induces PPARγ expression, although its
role in vivo is yet to be explored. Early B cell factor (EBF1) regulates C/EBPβ expression.
Recently, ZFP423 was identified as a potent inducer of PPARγ2 and adipogenesis.

Yasmeen et al. Page 18

Biochim Biophys Acta. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Schematic mechanisms by which autocrine production of retinoic acid (RA) by the
aldehyde dehydrogenase-1 family of enzymes regulates depot-specific fat formation and PPARγ
expression
The MRI images of C57/Bl6 (WT) and Aldh1a1−/− female mice on a regular diet showed
marked loss of visceral (V) and, to lesser extent, subcutaneous (S) fat. Aldh1 is a family of
three cytosolic enzymes (Aldh1a1, a2, a3) that catalyze retinaldehyde oxidation to RA. Our
in vitro studies show that Aldh1a1 is responsible for 70% of endogenous RA production
(gene names in italics represent mRNA levels). Subcutaneous fat of WT female mice
expresses higher levels of Aldh1 enzymes compared to visceral fat (red arrow lengths show
relative expression pattern). In both fat depots, Aldh1a1 is the predominantly expressed
enzyme, followed by Aldh1a3. Consequently, disruption of RA production was observed in
Aldh1a1−/− visceral fat depleted of any Aldh1 enzymes, while subcutaneous fat had
marginal Aldh1a3 expression. Such drastic changes in Aldh1 expression in the knockouts
result in a 70% decrease in PPARγ expression in visceral fat and a 40% decrease in PPARγ
expression in subcutaneous fat, as compared to WT, which corresponds to fat accumulation
in visceral and subcutaneous depots [25].
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Figure 4. Potential RA effects on the transcriptional network participating in PPARγ regulation
RA, acting through RAR and Smad3, blocks C/EBPβ and C/EBPα activity, which
subsequently inhibits PPARγ expression in vitro. It is suggestive that RA also regulates other
transcription factors, i.e. SREBP1c, STAT5, KLF5 and EBF1 in various tissues.
Endogenous RA is produced from retinaldehyde by the cytosolic Aldh1 family of enzymes.
Our studies showed that autocrine production of RA controls 70% of ZFP423 expression in
visceral fat, which in turn induces PPARγ expression.
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