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Abstract
The classical visual and beta arrestins belong to a larger family of proteins that likely share
structural similarity. Humans have an additional six related proteins sometimes termed the alpha-
arrestins, whose functions are now emerging. Surprisingly, several alpha-arrestins play prominent
roles in the regulation of metabolism and obesity. One alpha-arrestin, thioredoxin interacting
protein (Txnip) has critical functions in regulating glucose uptake and glycolytic flux through the
mitochondria. Another alpha-arrestin, Arrdc3, is linked to obesity in men and was recently
identified in mice as a regulator of body mass, adiposity, and energy expenditure. Here we discuss
recent evidence suggesting potential common themes for all arrestins, including physiological
roles for classical arrestins in metabolism and functions of alpha-arrestins in receptor signaling
and endocytosis.

Beta-Arrestins: Signaling Proteins that Control Metabolism
Arrestins were originally identified as intracellular proteins that bind phosphorylated G-
protein coupled receptors and cause their desensitization, thus “arresting” their activation.
There are two types of these classical arrestins: visual arrestins and beta-arrestins. Visual
arrestins are characterized by their limited localization in the photoreceptor cells of the
retina and function in transduction of light by specifically binding to and desensitizing
active, phosphorylated opsins [1, 2]. Beta-arrestins (beta-arrestin-1 and beta-arrestin-2) were
named for their role in the desensitization of the beta-adrenergic receptors, but unlike the
visual arrestins, they can bind to and desensitize a wide range of G-protein-coupled
receptors [2, 3]. Recruitment of a beta-arrestin to a G-protein coupled receptor is consistent
enough that it is frequently used as a proxy for receptor activation [4].

The beta-arrestins have surprising promiscuity in regulating signaling, and the list of
signaling systems that require beta-arrestins for downstream events continues to grow. Beta-
arrestins can bind to and cause downregulation of unconventional seven-transmembrane-
spanning receptors (7TMRs) such as the Smoothened and Frizzled receptors that mediate
Hedgehog and Wnt signaling [5–8]. Importantly, beta-arrestins are not limited to functioning
as endocytic adaptor proteins: they can be required for recruitment of a variety of
downstream signaling proteins in response to receptor activation but independent of G-
protein signaling [9–11]. Beta-arrestins can also bind to receptors that are not members of
the 7TMR superfamily, including TGF-beta family receptors [12] and cytokine receptors
such as TNF-α, where beta-arrestins appear to be primarily involved in activating MAP
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kinases signaling cascades rather than inducing clathrin-mediated endocytosis of the
receptors [13].

Although this essential role for beta-arrestins in multiple types of receptor signaling is well
established, important physiological roles in metabolism have only recently emerged. In
mouse models of diabetes and obesity (db/db mice and high-fat feeding), the beta-arrestins
were found to be downregulated in liver and skeletal muscle. A causal role for beta-
arrestin-2 in metabolism was then identified by the demonstration that beta-arrestin-2 knock-
out mice are insulin-resistant, and that this phenotype is rescued by gene transfer of beta-
arrestin-2. [14].

Evidence from multiple laboratories suggests that beta-arrestins directly regulate insulin
receptor signaling [14, 15]. Luan and colleagues have shown that upon insulin stimulation,
beta-arrestin-2 binds to the insulin receptor and is required for recruiting the tyrosine-protein
kinase Src and the serine/threonine protein kinase Akt to the activated receptor [14].
Although these studies suggest that beta-arrestins have specific signaling capabilities that
play a role in metabolic dysfunction, it remains unclear how the beta-arrestins are able to
coordinately affect physiology despite interacting with a broad set of receptors from
multiple receptor families.

The Arrestin Superfamily
Beyond the well-studied beta arrestins and visual arrestins, there is a larger family of
proteins that are predicted to share the overall arrestin fold structure [16]. These other
proteins, sometimes termed the “alpha-arrestins”, are the more ancient branch, as these
arrestins are present in filamentous fungi and the budding yeast as well as protists. Humans
express six alpha-arrestins (Figure 1), but the molecular function of the arrestin domain in
these proteins is not yet clear.

The classical visual and non-visual beta-arrestins have important structural similarities. For
example, the structural basis for the binding specificity to phosphorylated receptors is
through a conserved polar core. When an arrestin interacts with a receptor that has a
negatively charged phosphate, positively charged residues in the polar core are destabilized
and allow the arrestin to bind tightly to the receptor [17]. These polar core residues are
conserved in all four classical visual and beta-arrestins but not in the larger family of related
alpha-arrestins [16]. The clathrin-binding sites of the classical arrestins that facilitate their
function in receptor endocytosis are also not present in alpha-arrestins. Instead, alpha-
arrestins have highly conserved PPxY motifs, which allow binding to WW domains in
proteins such as ubiquitin ligases [16].

There is, at the time of this writing, no solved structure of an alpha-arrestin, although
predictions have been made from the protein sequence alone. Interesting evidence for
conservation of the arrestin fold structure came from an even more distantly related protein,
Vacuolar protein sorting-associated protein 26A (Vps26), which was found to have an
arrestin fold (a two-lobe, immunoglobulin-like, β-strand sandwich) [18]. Vps26 is more
closely homologous to the ancient alpha-arrestins than the visual/beta arrestins, suggesting
that the arrestin fold is conserved through evolution of all arrestins [16]. Vps26 functions in
the retromer complex, a large multimeric complex which is involved in the retrieval of
cargoes from endosomes to the trans-Golgi network. Thus, evolutionary biology suggests
conserved ancestral roles for arrestin-fold proteins in directing cargo through multiple stages
of intracellular trafficking [19, 20].
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Txnip: Link between redox stress and metabolism?
Thioredoxin interacting protein (Txnip) was initially identified as an inhibitor of
thioredoxin, a small ubiquitous antioxidant protein. Txnip binds to thioredoxin through a
disulfide bond, and overexpression of Txnip in vitro inhibits thioredoxin from performing its
antioxidant functions [21]. Txnip has therefore been considered to act as an endogenous
inhibitor of thioredoxin thus promoting oxidative stress [21].

Txnip’s metabolic functions were revealed when a nonsense mutation in the Txnip gene was
identified as being responsible for the phenotype of the “hyplip” mouse [22]. The hyplip
mouse has high triglyceride levels along with high ketone and lactate levels, consistent with
decreased fatty acid flux through the tricarboxylic acid cycle in the mitochondria [22].

A central physiological role in glucose flux and glycolytic metabolism is now established for
Txnip. In addition, recent studies have shown that Txnip transcription and translation is
strongly induced by high glucose levels in multiple cell lines and primary cells [23–25]. In
clinical studies, Txnip expression is increased in diabetic tissues, and is one of the genes in
skeletal muscle that is most strongly repressed by insulin, during glucose clamp [26].
Therefore, Txnip has a profound effect on cellular glucose uptake [26]. In addition, Txnip
inhibits basal glucose uptake, even in cell lines with minimal insulin-stimulated glucose
uptake [26, 27].

These results are consistent with studies in Txnip-null mice that were generated by several
different laboratories [28–30]. Txnip-null mice have low blood glucose and insulin levels
and exhibit particularly profound fasting hypoglycemia. Glucose clamp studies revealed a 3-
fold increase in glucose clearance in Txnip-null mice, and glucose uptake was enhanced in
skeletal muscle and adipocytes [28]. Multiple lines of evidence now suggest that a major
effect of Txnip is to enhance flux through the mitochondrial citric acid cycle, linking loss of
Txnip to the Warburg cancer phenotype [28, 29, 31]. Txnip thus seems to act as a negative
feedback regulator for glucose uptake: when glucose is in plentiful, Txnip is induced and
then inhibits further glucose uptake [26].

Given Txnip’s clear functions in regulating glucose uptake and binding to thioredoxin, an
obvious hypothesis emerges: could Txnip be the critical link connecting high glucose levels
to oxidative stress and insulin resistance [21, 23, 32]? This hypothesis is likely an
oversimplification. Despite efforts from multiple laboratories, little evidence has come to
light that supports a direct link between Txnip and metabolism through increased redox
stress from inhibition of thioredoxin. In addition, in vivo studies have not revealed
differences in available thioredoxin in the liver or heart of Txnip-null animals [28, 33, 34].
Nevertheless, in the context of the larger family of arrestins, an alternative hypothesis might
exist. It is likely that Txnip does not function primarily as an inhibitor of thioredoxin;
instead it might be a special case of an alpha-arrestin that is regulated by its binding to
thioredoxin [27, 35].

Txnip and Arrdc4: Conserved functions for alpha-arrestins in glucose
homeostasis

The identification of how Txnip binds to thioredoxin led eventually to the understanding that
inhibition of glucose uptake by Txnip does not occur through inhibition of thioredoxin [27].
Biochemical analysis of the Txnip-thioredoxin interaction suggested that the proteins form a
covalent interaction through a disulfide bond. Targeted mutagenesis then allowed
identification of a point mutation of a Txnip cysteine (cysteine 247) that abolishes its
binding to thioredoxin. However, the Txnip mutant C247S is still able to inhibit cellular
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glucose uptake as strongly as wild type (wt) Txnip, demonstrating that this function does not
require binding of Txnip to thioredoxin.

Furthermore, the glucose uptake function is intrinsic to the arrestin domains of Txnip. Txnip
has a proline-rich C-terminal tail with conserved PPxY motifs. In yeast, the C terminal tail is
responsible for recruiting E3 ligase activity. However, a truncated Txnip without the C
terminal tail retains undiminished ability to inhibit glucose uptake [27]. Consistent with
Txnip functioning through its arrestin domains, the ability to inhibit glucose uptake is not
limited to Txnip. Another alpha-arrestin, Arrdc4, is an equally potent inhibitor of glucose
uptake in vitro despite its inability to bind thioredoxin [27].

Remarkably, not only is the glucose uptake function conserved between Txnip and Arrdc4,
but transcriptional regulation of both proteins is controlled through carbohydrate response
elements (ChREs) [24, 25]. Txnip and Arrdc4 are in fact the most induced transcripts
regulated by the MondoA transcription factor (related to the carbohydrate response element
binding protein ChREBP) [25]. Thus both alpha arrestin proteins appear to be central to the
cell’s glucose sensing program.

The molecular mechanisms for how arrestin domains regulate glucose uptake remain
unknown. Do alpha-arrestins bind to and directly affect glucose transporters? It is tempting
to speculate that Txnip and Arrdc4 regulate endocytosis, trafficking, or degradation of
glucose transport through GLUT1, since they inhibit glucose transport under baseline
conditions and in relatively insulin-insensitive cell lines [26, 27]. In budding yeast, two
distant relatives of the alpha-arrestins (Art4 and Art8) have been shown to cause endocytosis
of a high-affinity glucose transporter (Hxt6) in response to high glucose levels [36]. One of
these proteins (Art4) is also required for linking altered glucose levels to endocytosis of the
lactate transporter Jen1 through the action of the yeast AMPK homolog, Snf1 kinase.
Finally, another alpha-arrestin-related protein (Art1) was recently identified as a key effector
linking nutrient sensing through the TORC1 kinase signaling complex to endocytosis of
amino acid transporters [37]. Thus very recent studies in yeast have provided substantial
precedent for direct regulation of glucose transporter endocytosis by alpha-arrestins in
response to changes in nutrient availability through conserved nutrient sensing pathways.
However, investigations in the Txnip-null animals have yet to identify changes in membrane
glucose transporter levels. Txnip does not regulate levels of GLUT4 on the plasma
membrane in heart [34], nor GLUT1 levels in either heart or muscle [38]. It thus remains a
major open question how Txnip and Arrdc4 affect glucose transport at the molecular level.

Understanding the mechanisms of Txnip and Arrdc4 function may yield insights not only
into diabetes but also into how tumor cells manipulate metabolism to work in their favor.
Txnip functions as a tumor suppresor gene in multiple types of cancers, and the mechanism
may be directly related to its metabolic functions [39, 40]. Loss of Txnip inhibits
mitochondrial oxidation while promoting glycolysis [28, 29], potentially favoring tumor cell
growth through the “Warburg effect” [41, 42].

A Paradigm Twist: Thioredoxin Regulates Txnip in Adipogenesis
Although Txnip does not require binding to thioredoxin for its function in glucose
metabolism, Txnip could still regulate other metabolic functions in part through inhibition of
thioredoxin. Overexpression of Txnip in 3T3-L1 cells inhibits adipogenesis, and primary
embryo-derived fibroblasts from mice lacking Txnip show enhanced adipogenesis [27]. This
function of Txnip may be related to an intriguing feature of the Txnip-null mouse: while it
maintains lower glucose levels and higher insulin responsiveness even when subjected to a
high-fat diet, the Txnip-null mouse gains more body mass than wt mice do [27, 43]. Thus,
high-fat diet has divergent effects on adiposity and insulin sensitivity in Txnip-null mice,
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consistent with the hypothesis that fat expansion can be protective against the metabolic
syndrome.

Notably, while overexpression of Txnip inhibits adipogenesis, a Txnip mutant protein that is
unable to bind thioredoxin (Txnip C247S) is much less effective in this regard [35]. This
identifies a role for thioredoxin in the function of Txnip in preadipocytes, but it turns out to
be indirect. Normal adipogenesis in 3T3-L1 cells requires rapid degradation of Txnip at the
onset of differentiation [35]. This occurs through a conserved alpha-arrestin feature, namely
the C-terminal tail PPxY motifs that allow recruitment of the E3 ubiquitin ligase Itch [35,
44]. However, the Txnip-thioredoxin complex appears to be resistant to such degradation
[35]. Thus, without the ability to bind thioredoxin, Txnip C247S is more rapidly degraded
and has reduced ability to inhibit adipogenesis.

These results illustrate a new paradigm for Txnip action: Txnip is not always functioning
through inhibition of thioredoxin; rather, thioredoxin regulates some of Txnip’s intrinsic
alpha-arrestin functions by enhancing its stability (Figure 2). It is therefore likely that
multiple Txnip functions will be affected by its ability to bind thioredoxin, but this still does
not imply that these functions work mechanistically through inhibition of thioredoxin. There
are other functions of Txnip that are affected by thioredoxin binding, including nutrient
sensing in the hypothalamus and apoptosis in vascular endothelial cells [45, 46]. In addition,
Txnip reportedly affects cell cycle progression by binding directly to the cell cycle regulator
Jab1 [47], and it also affects Histone deacetylase (HDAC) function by recruiting thioredoxin
to the heat shock protein Dnajb5 [48]. For both Jab1 and Dnajb5, it is not yet clear whether
these interactions require thioredoxin. It will therefore be interesting to determine whether
these represent further examples of thioredoxin regulating Txnip, rather than Txnip
regulating thioredoxin.

In general, the arrestins appear to act as molecular scaffolds and signal integrators, and we
anticipate multiple binding partners for alpha-arrestins such as Txnip will be discovered.
Ultimately, the Txnip arrestin domains are likely to affect metabolism through other binding
partners as well. As an example of such an unanticipated mechanism, a surprising new
interaction has been reported for Txnip with the inflammasome protein NLRP3 that may
link metabolism with innate immune response [49].

Arrdc3 Regulates Obesity
While only Txnip and Arrdc4 inhibit glucose uptake, do the other alpha-arrestins regulate
metabolism? It has now emerged that Arrdc3 is linked to obesity — but interestingly, only
in males. A genome-wide linkage study performed by DeCode and Merck scientists first
linked Arrdc3 to body-mass index (BMI), in a population of over 8000 Icelanders [50].
Although expressed in multiple tissues, Arrdc3 transcript levels were found to be relatively
high in adipose tissue samples. Further analysis of gene expression in human adipose tissue
provided more support for a role of Arrdc3 in obesity. For example, whereas Arrdc3
expression levels in subcutaneous fat were not correlated with BMI, higher Arrdc3
expression levels in the more metabolically active omental fat were correlated with higher
BMI, again only in males [51]. The mechanism behind the gender difference is not known.

The function of Arrdc3 has been further analyzed by experiments in mouse models that
establish Arrdc3 as a causal regulator of obesity [51]. As predicted by the correlation of
higher Arrdc3 with higher BMI in humans, mice with genetic deficiency of Arrdc3 remain
lean and are resistant to obesity. Furthermore, although mice of both genders are resistant to
obesity, the effect is more pronounced in male mice. The physiological mechanism for the
resistance to obesity in the Arrdc3-deficient mice appears to be through increased energy
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expenditure, as heterozygous mice have both increased heat production and increased
activity levels, compared to wt mice with similar weights [51].

The mechanism for increased energy expenditure in Arrdc3-null mice may be through not
only increased thermogenesis in brown fat, but also through “browning” of the white fat
depots. Arrdc3-null mice show increased thermogenic response to cold when placed at 4° C,
which can be a result of either increased shivering or non-shivering (brown fat) thermogenic
function. The role of brown fat in this regard is supported by an observed significant
increase in type II deiodinase expression and activity, an enzyme that is required for the
thermogenic function in brown fat. Interestingly, Arrdc3 expression in mice is highest in
visceral fat and in the absence of Arrdc3, a striking increase in the expression of the brown
fat uncoupling protein 1(Ucp1) in visceral white fat is seen.

Full circle: Functions of the Alpha-arrestins in signaling and endocytosis
The critical question about the molecular function of the alpha-arrestins remains: are they
capable of acting to cause endocytosis of activated receptors, as classical beta and visual
arrestins do? Evidence is rapidly accumulating that alpha-arrestins also have a conserved
role in receptor signaling and vesicular trafficking.

It now seems clear that a conserved function of the ancestral arrestins is to regulate
trafficking of diverse plasma membrane proteins in part through promoting endocytosis, by
recruiting ubiquitin ligases. In the budding yeast Saccharomyces cerevisiae, multiple
arrestins bind specific transporters and recruit the Nedd4-like ubiquitin ligase Rsp5,
resulting in the ubiquitination of both proteins, and induction of endocytosis [36, 52, 53].
Similar functions have been observed in filamentous fungi [54, 55]. More recently, fungal
arrestins have been shown to direct trafficking through other vesicular transport pathways as
well [56]. Although distant relatives, these fungal arrestins bear closer homology to the
alpha-arrestin branch of the family, than the visual/beta arrestin branch [16]. These ancestral
alpha-arrestin functions suggest that regulation of diverse vesicular trafficking pathways has
always been a function of the arrestins.

Several studies now strongly suggest that the mammalian alpha-arrestins also function in
directing endocytosis through recruitment of ubiquitin ligases [44, 57, 58]. The localization
of the alpha-arrestins, other than Txnip, which co-localize with the plasma membrane and
vesicles carrying early endosomal markers, has b een suggestive [27, 57, 59]. A fascinating
new finding is that one of the human alpha-arrestins, Arrdc1, interacts with proteins
comprising the ESCRT (endosomal sorting complex required for transport) machinery to
direct a new form of microvesicle budding from the cell membrane into the extracellular
space [57, 60]. Thus, mammalian alpha-arrestins may retain ancient arrestin functions
directing multiple stages of vesicular trafficking.

The beta-arrestins were first identified as proteins required for down-regulation of the beta-2
- adrenergic receptor (β2-AR) [61, 62]. Recently, surprising results from Nabhan and
colleagues suggest that the alpha-arrestins may fundamentally change this story. In an RNA-
knockdown screen for transcripts affecting β2-AR levels, Arrdc3 was identified as one of
the transcripts [58]. Increased Arrdc3 caused a reduction in β2-AR on the membrane,
through ligand-induced ubiquitination of the receptor. Continuing a theme for the alpha-
arrestins, recruitment of the ubiquitin ligase requires the PPxY motifs in the C-terminal tail
of Arrdc3 [58]. Further studies have shown that an interaction with β2-AR is not unique to
Arrdc3 — other alpha-arrestins (but not Txnip) bind to the receptor as well [51].

Evidence that adrenergic regulation by Arrdc3 has physiological importance comes from
studies in the Arrdc3-null mouse. Isolated adipose tissue from the Arrdc3-null mouse shows
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strongly enhanced adrenergic response. Stimulation by norepinephrine results in enhanced
cAMP signaling and enhanced lipolysis [51]. Thus, Arrdc3 may share adrenergic receptor
regulation functions paralleling those of beta-arrestins.

However, the physiological mechanism of resistance to obesity in the Arrdc3-null mouse is
more consistent with enhanced signaling through the beta-3 adrenergic receptor (β3-AR),
which is required for non-shivering thermogenesis [63]. Beta-3 specific agonists are also
known to enhance brown fat-like function in white fat [63, 64], as seen in the Arrdc3-null
mouse. But unlike other adrenergic receptors, the β3-AR is not phosphorylated after
activation, does not bind beta-arrestins, and is relatively resistant to downregulation [63, 65].
Thus it is especially surprising that Arrdc3 does bind to β3-AR [51], potentially providing a
direct mechanism for its ability to regulate energy expenditure, and a new explanation for
functional desensitization of the β3-AR in brown fat (Figure 3).

Concluding remarks
The fascinating story of the beta and visual arrestins may be the tip of the iceberg, given the
paucity of information on their older relatives, the alpha-arrestins. Over the past decade, one
alpha-arrestin, Txnip, has been established as a critical regulator of glycolytic metabolism,
through clinical studies as well as genetic manipulation in mice. The molecular mechanism
for Txnip’s metabolic regulation remains elusive, but it is clear that the concept that Txnip
functions to inhibit thioredoxin is incomplete. It is interesting that Txnip is the only alpha-
arrestin that binds thioredoxin, placing Txnip in a unique position between arrestin-mediated
signal control and redox state. The alternative concept of regulation of Txnip by thioredoxin
is likely to yield significant new insights into how redox biology controls metabolism.

The recent identification that the alpha-arrestin Arrdc3 regulates obesity and energy
expenditure highlights that alpha-arrestins have evolved to play important roles in
metabolism, despite a diversity of function among specific family members. Equally
important may be the connection of Arrdc3 to classical arrestin-like functions in regulating
signaling through the beta-adrenergic receptors. Important mechanistic questions remain to
be addressed: can alpha-arrestins functionally replace beta-arrestins, or are there
differences? A consistent theme for alpha-arrestins across evolution is the importance of the
C-terminal tail domain PPxY motifs for recruiting ubiquitin ligases that lead to turnover of
transmembrane transporters and receptors. However, as the more ancient group of proteins,
recent reports also suggest that the alpha-arrestins may simply function in a wider diversity
of vesicular transport pathways than the beta-arrestins [20, 56, 57, 60].

The unexpected overlap of alpha and beta arrestins in regulation of adrenergic signaling
suggests that the two subfamilies are not functioning in an entirely independent manner. As
noted previously, beta and visual arrestins can associate to form heterodimers, suggesting
alpha/beta heterodimers as a possible explanation for an overlap in function [16].

In addition, alpha-arrestins may have an expanded range of receptor affinities, such as the
ability of Arrdc3 to bind the beta-3 adrenergic receptor. With the identification of Arrdc3 as
a new regulator of obesity, it will be critical to explore the mechanism of action of Arrdc3
further. Is the phenotype driven specifically by Arrdc3 action in adipose tissue or are there
other tissues involved? Much will depend on this fundamental question — what allows
Arrdc3 to bind to receptors that beta-arrestins can not? Confirmation that this interaction is
relevant for the endogenous proteins and the in vivo phenotype will be crucial for
understanding Arrdc3 function and its potential insights into the development of obesity in
humans.
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Outstanding Questions

1. Which functions of Thioredoxin-interacting protein (Txnip) work by increasing
redox stress through inhibition of Thioredoxin, and which functions are instead
working directly through the arrestin domains of Txnip but regulated by
Thioredoxin?

2. Two alpha-arrestins (Txnip and Arrdc4) inhibit cellular glucose uptake, but the
molecular mechanism is not known. Are these alpha-arrestins able to bind
glucose transporters and direct their endocytosis or intracellular trafficking, as
suggested by the functions of other ancestral arrestins?

3. Several alpha-arrestins appear to share functions with beta-arrestins in directing
receptor downregulation and endocytosis. Can alpha-arrestins truly substitute
for classical beta-arrestin functions, or will there be differences in the
mechanisms of action?

4. Some G-protein-coupled receptors, such as the beta-3-adrenergic receptor, do
not recruit beta-arrestins. Are alpha-arrestins capable of binding to these non-
classical receptors and regulating their downstream signaling if not their
endocytosis?
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Glossary

Visual arrestins arrestins specifically expressed in retinal photoreceptor cells that
cause desensitization of rod and cone photoreceptors. Rod arrestin
(Sag), also known as S-antigen or arrestin-1, binds specifically to
activated rhodopsin; cone arrestin (Arr3), also known as both
arrestin-3 (from its official gene name) and arrestin-4 (as the last
cloned of the four classical arrestins) regulates photoreceptors in the
cone cells.

Beta-arrestins The two non-visual arrestins (β-arrestin-1 and β-arrestin-2) are
ubiquitously expressed and bind to a broad range of GPCRs including
the β2-adrenergic receptor. They function in desensitization,
endocytosis, and recycling of the receptors as well as directing G-
protein-independent downstream signaling.

Alpha-arrestins A term recently coined to describe the six human proteins predicted
to contain an arrestin fold besides the classical visual and beta
arrestins. Alpha-arrestins are the larger, more ancient proteins, with
alpha-arrestin-like proteins characterized in fungi.

Thioredoxin-
interacting
protein (Txnip)

An alpha-arrestin that binds to thioredoxin. It has critical functions in
glucose metabolism.

Arrestin domain
containing 4
(Arrdc4)

An alpha-arrestin that, like its homolog Txnip, is induced by glucose
levels and inhibits cellular glucose uptake, but does not bind
thioredoxin.
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Arrestin domain
containing 3
(Arrdc3)

An alpha-arrestin linked to obesity that regulates energy expenditure
and binds to adrenergic receptors.

Arrestin fold a two-lobe, immunoglobulin-like, β-strand sandwich structure. The
first lobe (the N-terminal arrestin domain) is connected to the second
lobe (the C-terminal arrestin domain) by a short hinge loop in
between. The structure is stabilized by a “polar core” buried at the
interface of the two lobes.

Thioredoxin
(Txn1)

A small, ubiquitously expressed protein that functions as one of the
major anti-oxidant defense systems of the cell. In conjunction with
thioredoxin reductase, it reduces free radical oxygen species, other
oxidants, and protein disulfides.

Retromer a protein complex important in recycling transmembrane receptors
from endosomes to the trans-Golgi network.
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Figure 1. A schematic phylogenetic tree for the human arrestin protein family with proposed
nomenclature
The classical human arrestins include two visual arrestins and two beta-arrestins. The visual
arrestins desensitize the light-transducing opsins in the photoreceptor cells of the retina by
binding specifically to the active, phosphorylated receptor. The ubiquitously expressed β-
arrestins (β-arrestin 1 and β-arrestin-2) are required for desensitization and endocytosis of a
variety of G-protein-coupled receptors. In addition, there are six new members of the
arrestin superfamily, termed the “alpha-arrestins”. Alpha-arrestins, distantly related to the
beta/visual arrestins but predicted to share the arrestin fold, have emerging roles in
regulation of metabolism and obesity.
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Figure 2. Regulation of Txnip by Thioredoxin
Txnip was originally identified as a regulator of redox stress that binds thioredoxin and
thereby inhibits its oxidoreductase activity. Txnip also has critical roles in blocking cellular
glucose uptake and glycolytic metabolism, and in inhibiting adipogenesis. This led to the
hypothesis that Txnip regulates metabolism by inhibiting thioredoxin and increasing
oxidative stress. However, based on recent results, we now propose the reverse: that
thioredoxin enhances Txnip’s function by increasing its stability [27, 35]. In this model,
Txnip is subject to rapid protein degradation through recruitment of E3 ubiquitin ligases to
its C-terminal PPxY motifs (for example, by treatment with insulin). In contrast, binding of
Txnip to thioredoxin, perhaps by reducing accessibility of the PPxY motifs, leads to a
Txnip-thioredoxin complex that resists degradation and thereby enhances Txnip functions.

Patwari and Lee Page 13

Trends Endocrinol Metab. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Schematic representation of open hypotheses for alpha and beta arrestin actions on
beta-adrenergic receptors in adipose tissue
A) Activation of the adipose tissue β1 and β2 adrenergic receptors causes a Gs-mediated
increase in cAMP levels, stimulating lipolysis. This receptor has a classical paradigm for
desensitization in which beta-arrestins are recruited to the active phosphorylated receptor,
leading to ubiquitination and clathrin-mediated endocytosis [11]. We hypothesize that alpha-
arrestins such as Arrdc3 may serve similar roles in this process. B) In contrast, the β3-
adrenergic receptor is not phosphorylated and is largely not downregulated, at least in vitro.
Furthermore, signaling is through Gi activation of ERK and through G-protein-independent
recruitment of Src [63]. Whereas beta-arrestins are not recruited to the β3-adrenergic
receptor, we hypothesize that alpha-arrestins may be able to either promote receptor
ubiquitination or alter downstream signaling, thereby regulating thermogenesis in adipose
tissue.

Patwari and Lee Page 14

Trends Endocrinol Metab. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


