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Abstract
Loss of functional β-cells is a primary mechanism of type 2 diabetes creating an acute need for
understanding how β-cell number and function are regulated in adults under normal physiological
conditions. Recent studies suggest a role for TGFβ family ligands in regulating β-cell function and
glucose homeostasis. These ligands might influence β-cell proliferation and/or incorporation of new
β-cells from progenitors in adults. Soluble antagonists of these ligands also appear to have important
roles in regulating ligand activity to maintain homeostasis. These studies suggest that the coordinated
activity of several TGFβ ligands might have important regulatory actions in adult β-cells and raise
the possibility of developing new therapies for diabetes based on using agonists or antagonists of
these ligands.

TGFβ family, β-cells and diabetes
The recent obesity epidemic in the US and other developed countries has contributed to an
increased incidence of insulin resistance and diabetes, resulting in a more urgent search for
novel therapeutic approaches. Loss of β-cell number and/or function results in reduced ability
to control blood glucose concentrations, hyperglycemia, and diabetes – a process often
exacerbated by peripheral insulin resistance that requires ever increasing insulin output from
remaining β-cells. Indeed, recent GWAS studies have identified a number of genetic
polymorphisms associated with increased diabetes risk, the majority of which implicate genes
important for proper β-cell function. [1-3]. The critical nature of functional β-cells to glucose
control has focused research on finding new sources for β-cells for transplantation or on factors
that can lead to enhanced β-cell function and/or mass. Recent studies suggest that several
members of the TGFβ family of growth factors might fill this role under normal physiological
conditions and thus, might also be exploited to develop new therapies for diabetes. Although
these growth factors are most widely known for their critical roles in development and tissue
specification [4], more recent evidence suggests they also mediate numerous actions in adults
involving homeostatic control of normal physiological processes, as well as roles in pathology,
such as cancer [5]. Although potential actions of some TGFβ family members in glucose
regulation were suggested more than 20 years ago, a specific role for a subset of these ligands
has been only recently described, including regulation of glucose homeostasis in peripheral
tissues and modulation of β-cell function (Table 1).

In this review, we examine data from both in vitro and in vivo approaches supporting a role
for TGFβ family ligands in glucose homeostasis in adults. These actions of TGFβ family
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members might thus be part of an as yet incompletely described system responsible for
influencing β-cell mass and/or function in response to changing insulin demand. If so, this
system would be of importance in understanding pathogenesis of type 2 diabetes, and might
also provide new directions for developing therapies for β-cell dysfunction.

TGFβ family signaling
The TGFβ family of growth and differentiation factors contains more than 40 structurally
related members that share biochemical and functional features including cleavage from a
larger precursor, dimeric composition, heterotetrameric receptor complexes, and a canonical
second messenger pathway (see [6,7] for review). All members act by binding a complex of
cell surface receptors comprised of two Type I and two Type II receptors, with the Type I
receptor transducing this signal to the intracellular environment after being phosphorylated
and activated by the Type II receptor (Figure 1). Signal transduction is relayed through the
serine-threonine kinase actions of the activated Type I receptor via a family of Smad second
messenger proteins. Activated receptor Smads (Smads 1, 2, 3, 5, and 8) then complex with a
common Smad (Smad 4) and translocate to the nucleus to alter gene transcription, often in
association with other transcriptional modifiers. Smads 6 and 7, known as inhibitory Smads,
suppress phosphorylation of the signaling Smads, thereby blocking signal transduction through
the Smad 2/3 or Smad 1/5/8 pathways, respectively.

The TGFβ family can be broadly divided into two subfamilies, the TGFβ-activin subfamily
and the BMP subfamily, each of which shares a subset of receptors and Smad second
messengers (Figure 2). However, given that there are more than 40 ligands in this family and
only 5 Type II and 7 Type I receptors [7], there is substantial promiscuity in receptor usage
among the subfamilies [8], raising as yet unanswered questions of how specificity in biological
response is maintained among the different ligands.

Within the TGFβ-activin subfamily, TGFβ signals through a complex of TβRII and ALK5
(TBR1) receptors, whereas activin A signals through ActRIIB and ALK4, and activin B uses
ActRIIB and either ALK4 or 7 (Figure 2). Myostatin and GDF11 use ActRIIA or B combined
with either ALK4 or 5 [5,9]. These receptors use primarily Smads 2 and 3 for signaling. In
contrast, signaling within the BMP subfamily is typically achieved through a complex of
BMPRII or ActRIIA and ALK3 (BMPR1A) or ALK6 (BMPR1B). These receptors primarily
utilize Smads 1, 5, and 8 as second messengers [7].

Another common feature of these ligands is that they are regulated extracellularly by binding
proteins that can neutralize their activities including follistatin and follistatin like-3 (FSTL3)
for activin, myostatin, and GDF11 [10] and noggin and chordin for several members of the
BMP subfamily [7]. Thus, ligand activity depends on the relative concentrations of the ligands
themselves, their receptors, and the binding proteins, all of which exist in a dynamic
equilibrium.

Although this review is focused on TGFβ family member actions in the adult pancreas, it is
important to note that both activins and BMPs have important roles during specification of the
pancreatic buds that give rise to the pancreas and might play additional roles during cellular
specification and morphogenesis of the developing ducts and vascular tree [4,11,12]. In
addition, a substantial effort has been focused on defining the molecular program regulating
differentiation of pancreatic cell types including islet constituents using genetically modified
mice as a prominent tool. This research has revealed that pancreatic and duodenal homeobox
factor-1 (Pdx1) is expressed at the earliest stage of pancreatic development and then later
restricted to differentiating endocrine cells and finally to β-cells [13]. Neurogenein 3 (Ngn3)
has been identified as an essential gene for specifying the endocrine fate and has been identified
in presumptive progenitors of islet cells along with SRY (sex determining region Y)-box 9
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(Sox9) [13]. These Ngn3+ precursor cells then either express predominantly aristaless-related
homeobox (Arx) to specify α-cell fate or paired box 4 (Pax4), which specifies β-cell fate [13].
Additional genes characteristic of differentiated β-cells include v-maf musculoaponeurotic
fibrosarcoma oncogene homolog A (MafA), NK2 homeobox 2 (Nkx2.2) and NK6 homeobox
1 (Nkx6.1) [4,13,14]. Because members of the TGFβ family influence expression of some of
these genes, these ligands might play a role in specification of progenitor cell fate or in
proliferation of differentiated islet cells. Moreover, changes in β-cell gene expression while
manipulating TGFβ ligand expression or action might provide important clues as to the roles
of these ligands in adult islet physiology.

Activin/TGFβ subfamily signaling in regulation of β-cell and islet function
Activin

Activin has been identified in adult rat and human islets, along with its receptors, and the
regulatory protein follistatin [4,15-17], suggesting that in addition to its role in embryonic
development of pancreatic tissue [18], activin might have important roles in adult islet function.
This concept is supported by direct in vitro analysis of activin's actions on human and rat islets
in culture, where it enhances glucose stimulated insulin secretion (GSIS) [19-21], an effect due
at least in part to enhanced flux of calcium necessary for insulin secretion [20,22]. Activin has
also been reported to enhance expression of genes characteristic of mature β-cells, such as
insulin, solute carrier family 2 (Slc2a2 or glut2) and proprotein convertase subtilisin/kexin type
2 (Pcsk2 or PC2), that were induced in AR42J cells by ectopic expression of β-cell transcription
factors MafA, neurogenic differentiation 1 (NeuroD1 or BETA2) and Pdx1 [23]. This suggests
that activin might have a role in promoting differentiation of a β-cell phenotype. In addition,
activin treatment induces expression of Pax4, a transcription factor required for β-cell
differentiation [24], in cultured rat and human islets [25,26] which then leads to increased β-
cell proliferation [25]. This action is mediated through the phosphatidylinositol kinase-3
pathway which also leads to enhanced β-cell survival via increased expression of the anti-
apoptotic gene Bcl-xl [25].

In vivo studies also support a role for activin in regulating β-cell mass. Mice with reduced
expression of ActRIIA or IIB have hypoplastic islets and glucose intolerance [18]. This effect
appears to be mediated through reduced Smad2 signaling because double ActRIIB/Smad2
heterozygotes have an exacerbated phenotype of reduced islet area and insulin content along
with impaired glucose tolerance in both embryonic and adult mice [27]. Similarly, blocking
activin signaling through transgenic expression of dominant negative activin Type II receptors
led to β-cell hypoplasia, loss of glucose control and eventual diabetes in adult mice [17,28].
However, because overexpression of dominant negative receptors can inhibit signaling in
multiple ligand pathways, the observed hypoplasia might not be due to inhibition of activin
signaling alone. Adult rats that had been administered activin and betacellulin (an EGF like
molecule found in the pancreas) as neonates had significantly increased β-cell mass and insulin
secretion through enhanced β-cell proliferation, compared to treatment with activin or
betacellulin alone [29]. Taken together, these studies support the concept that activin plays a
role in regulating β-cell mass and function both in vitro and in vivo, although because the
transgenic studies involve genetic modifications active during embryonic development, it is
not possible to differentiate activin's effects on β-cell development that is manifested as adults
versus a role for activin regulating β-cell mass and/or function in adults.

Most of the in vitro studies exploring activin's actions have been performed with activin A,
which usually utilizes the ALK4 Type 1 receptor. Activin B was recently shown to utilize
another Type 1 receptor, ALK7, in addition to ALK4 [30]. ALK7 is expressed in both α- and
β-cells [22], and its activation induces Smad2/3 phosphorylation and increases transcription
of a reporter controlled by the human insulin promoter. This activity involved direct interaction
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of Smads with Pdx1 [31], a transcription factor for insulin gene transcription [4]. On the other
hand, ALK7 KO mice (with presumed loss of activin B signaling) are hyperinsulinemic from
an early age, subsequently developing reduced insulin sensitivity, impaired glucose tolerance,
and enlarged islets [22]. Moreover, basal and GSIS was enhanced in ALK7 KO islets when
tested in vitro, suggesting that altered regulation of insulin release is a primary defect in these
mice [22]. Interestingly, in contrast to stimulated calcium influx seen with activin A treatment,
activin B treatment inhibited calcium influx in WT islets, suggesting that activins A and B act
in opposition to modulate β-cell response to glucose through their opposing actions on calcium
flux [22]. As one might predict from these observations, activin B KO mice, which survive to
adulthood, are also hyperinsulinemic [22], although the effect of this alteration on glucose
homeostasis remains to be established. In addition, it is not yet clear what mechanisms, besides
regulation of calcium flux, are involved in activin's modulation of insulin release or whether
this is true for all species because it has yet to be demonstrated that GSIS is enhanced in cultured
mouse islets in response to activin. Nevertheless, taken together, these in vitro and in vivo
studies indicate that activins A and/or B signaling can modulate glucose homeostasis in adults,
although the molecular mechanisms involved, and whether the effects are direct or indirect,
remain to be elucidated.

Activin A is also expressed in α-cells where it suppresses glucagon gene expression, an effect
confirmed in human islets and mediated via the Smad signaling pathway [32,33]. Activin
treatment also suppresses proliferation in α-cell lines by reducing cyclin D2 and Arx gene
expression, the latter gene being both necessary and sufficient in mice for determining α-cell
fate [34]. This suggests that activin influences the relative proportion of α- and β-cells/islet
through opposing actions on proliferation and cell fate gene expression (including Pdx1 and
Pax4 in β-cells and Arx in α-cells) [11,26,33].

Activin and its receptors are also expressed in epithelial cells lining pancreatic ducts during
islet differentiation as well as after injury [35]. Interestingly, this expression is upregulated in
models of pancreatic regeneration after injury although the proliferative index of activin or
activin receptor-positive cells was not elevated. Moreover, follistatin is expressed in expanding
ductal epithelium and localized to proliferating cells, suggesting that inhibition of activin action
by local follistatin might lead to increased proliferation during this particular stage [35,36].
Perhaps the increased activin expression and presumably action contributes to differentiation
of ductal epithelium into endocrine cells that has been observed after injury [37]. This would
be opposite to activin's proposed role in enhancing β-cell proliferation but could still account
for an increase in β-cell mass as these new islet precursors from ductal epithelium are
incorporated into existing or even new islets. The contribution of ductal cells to islet neogenesis
and β-cell mass after injury has been proposed based on carbonic anhydrase II-Cre-mediated
lineage tracing in which 42% of islets and 23% of β-cells were derived from ductal lineages
after pancreatic duct ligation [37]. However, based on Hnf1β-Cre-mediated lineage tracing,
the contribution of ductal cells to acinar or islet lineages was not observed postnatally, even in
injury and β-cell ablation models [38]. Moreover, the transcription factor neurogenin-3, a
marker of endocrine progenitors that is normally turned off after pancreatic development, is
re-expressed in pancreatic cells including ductal cells that subsequently differentiate into β-
cells after injury [39]. It is therefore not clear at present whether these seemingly different
observations represent unappreciated challenges in the lineage tracing technology or whether
different subpopulations of ductal cells co-exist that are differentially labeled by various
promoter-driven Cre transgenic mice in these studies. Because activin and follistatin are
produced in ductal cells and associated with proliferation, it is possible that activin signaling
leads to increased β-cell mass through increased progenitor cell proliferation and differentiation
into β-cells. This might be addressed through specifically inhibiting activin signaling in ductal
epithelium via transgenic technology. In addition, mouse models combining lineage tracing
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for β- or ductal cells with activin overexpression might reveal activin's role in regulating adult
β-cell mass.

TGFβ
TGFβ 1, 2, and 3 have been localized to both the endocrine and exocrine pancreas [40] along
with their receptors and Smad signaling partners [40,41]. Treatment of adult rat islets in
vitro with TGFβ1 and 2 (1 pM – 1 nM) in low (2.8 mM) glucose resulted in a dose-dependent
increase in insulin secretion whereas insulin release caused by increasing glucose
concentrations was enhanced in the presence of 10 pM TGFβ1 [42]. Insulin secretion from
fetal rat islets was enhanced by 500 pM TGFβ1 treatment in 11.1 mM glucose, but not at higher
or lower glucose concentrations [43]. This enhancement of GSIS might be mediated, at least
in part, through increased insulin gene expression that was induced in INS1 cells by TGFβ
treatment and involved induction of the PDX-1 transcription factor and its binding to the insulin
promoter [44]. On the other hand, TGFβ, acting through Smad3 (but not Smad 2), inhibited
insulin mRNA expression and reporter activity in rat islets and in various cell lines after TBRII
co-transfection, suggesting that Smad3 signaling inhibits insulin production [45]. It is thus
possible that increased insulin secretion in response to TGFβ treatment is not dependent on
insulin gene transcription which can be simultaneously suppressed by the same treatment. This
raises the question of how insulin stores are replenished in the long term.

Alternatively, whereas Smad3 suppresses insulin gene transcription, Smad2 signaling might
enhance it or enhance insulin release, allowing TGFβ signaling to have both actions. Thus, the
precise biological actions of TGFβ on islet function and its overall effect on insulin production
in adults remain to be defined.

The contribution of TGFβ to islet function and insulin production has also been examined in
vivo where both overexpression and signal inhibition appear to produce islet hypoplasia and
loss of glucose control. TGFβ1 overexpression under control of the human or rat insulin
promoter resulted in vastly reduced exocrine pancreas and islets, although glucose control was
maintained [46,47]. Similarly, TGFβ1 overexpression under control of the glucagon promoter
resulted in β-cell hypoplasia, reduced insulin secretion, and impaired glucose tolerance [48],
suggesting that the developmental stage and location of TGFβ production, as well as the
concentration of the TGFβ signal is critical for normal pancreas development with excess
TGFβ leading to reduced β-cell number and insulin secretion. However, these studies used
transgenic modifications that are typically activated during development so that it is impossible
to differentiate defects caused by altered development from those caused by altered TGFβ
expression or action in adult β-cells.

One way to address this issue is to use regulatable transgenic expression constructs so that the
altered expression or action can be initiated after critical developmental periods have occurred.
Conditional transgenic overexpression of Smad 7 inhibits phosphorylation of Smad 2 and 3
(and sometimes the BMP pathway Smads if sufficiently overexpressed), thereby blocking
signaling in the TGFβ, activin, GDF11, and/or myostatin pathways. When Smad7 was
overexpressed in adult β-cells, islets became hypoplastic, insulin content was significantly
reduced, glucose tolerance was impaired, and serum glucose levels increased, indicating that
TGFβ-activin subfamily signaling is required for normal islet size and function in adults [49].
Moreover, this condition was completely reversible so that removal of Smad7 overexpression
resulted in a return to normal islet size and glucose control. Thus, whereas not specific to the
TGFβ pathway, this study demonstrated that blocking the Smad2 and/or 3 signaling pathway
in adults resulted in β-cell hypoplasia and elevated glucose eventually producing overt diabetes,
consistent with an important role for this subfamily in maintaining adult β-cell function and
glucose control.
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In contrast to reduced insulin secretion through inhibiting both Smad2 and 3 signaling with
Smad7 overexpression, inhibition of Smad3 alone enhances insulin production and release
[45]. Smad3 deficient mice exhibit enhanced glucose tolerance and insulin secretion although
β-cell mass is not altered, and isolated Smad3 deficient islets secreted more insulin in response
to glucose compared to WT islets. Moreover, adenoviral transduction of Smad3 into non-
human primate and human islets reduces intracellular and secreted C-peptide, a measure of
bioactive insulin production [45]. These results suggest that TGFβ mediated activation of
Smad3 inhibits insulin production and secretion, whereas inactivation of Smad3 increases
insulin secretion in response to glucose [45]. How do we reconcile the finding that Smad3
signaling inhibits β-cell function with the observation that suppression of both Smad2 and 3
inhibits β-cell function? Perhaps Smad2 signaling mediates the positive effects of activin and
TGFβ signaling on β-cell function that were observed in isolated islets [19,21,42] whereas
Smad3 transduces the inhibitory actions of TGFβ on islet function. Nevertheless, the net effect
of inhibiting both pathways, such as through Smad7 overexpression, is inhibitory to β-cell
function, suggesting that the balance between TGFβ ligand, receptor, and Smad concentrations
dictates the overall effect of TGFβ on islets. .

GDF11 and Myostatin
Another ligand in the TGFβ-activin subfamily, growth and differentiation factor 11 (GDF11),
regulates the number and differentiation of islet progenitor cells during embryonic
development [50]. In GDF11 KO mice, the number of Ngn3+ islet precursor cells is
substantially increased, but these precursors fail to develop to mature β-cells in large numbers,
indicating that GDF11 is somehow critical for final β-cell maturation. Interestingly, it was
proposed that GDF11 signals through Smad2; indeed, Smad2 +/− mice (complete Smad2 KO
mice fail to form endoderm) have increased numbers of NGN3+ cells and reduced β-cell mass,
much like GDF11 KO mice, suggesting that GDF11 acts via Smad2 to regulate β-cell
differentiation [50]. It is currently unknown if GDF11 is produced or has important functions
in adult islets but this would not be surprising given what is known about activin and TGFβ.
Moreover, its signaling through Smad2 would fit with the hypothesis that the Smad2 signaling
pathway enhances β-cell function.

One final ligand in this subfamily with important actions in regulating glucose concentrations
is myostatin (GDF8), a close structural relative of GDF11. Myostatin is best known for
regulating muscle mass, and myostatin KO mice have an overall doubling of skeletal muscle
with a decrease in fat mass [51,52]. More recently, myostatin KO mice were analyzed for
altered energy metabolism which might account for this loss of fat. These mice show increased
glucose utilization as well as insulin sensitivity, due at least in part to increased glucose uptake
by muscle [53], suggesting that myostatin itself generally inhibits these processes. It is currently
unknown whether myostatin is expressed in adult islets or if it has any direct actions regulating
β-cell mass or function in adults. However, because both GDF11 and myostatin signal through
activin receptors and Smad second messengers, any effects of these ligands are likely to have
similar effects as those of activin and TGFβ. Moreover, because overall inhibition of this
pathway via Smad7 overexpression reduces β-cell number and function, it seems that the
activity of all these ligands should lead to enhanced β-cell mass and/or function.

Bone Morphogenetic Protein (BMP) subfamily regulation of β-cell function
Both BMP4 and its main receptor ALK3 are expressed in adult mouse and human islets [49].
Reduced BMP signaling, achieved using a mouse model with severely reduced ALK3
expression in β-cells, resulted in glucose intolerance at 2-3 months of age and eventually, overt
diabetes [54]. In addition, a blunted first and second phase insulin secretion was observed in
response to a glucose challenge. This BMP response was mediated by Smads 1, 5, and 8 because
their phosphorylation was reduced in ALK3 KO mice. No change in α- or β-cell number or
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islet size was observed, suggesting that BMP signaling does not increase β-cell proliferation
or precursor incorporation, but rather enhances β-cell function. Indeed, transgenic
overexpression of BMP4 in β-cells significantly enhanced glucose tolerance and insulin
secretion while overexpression of the BMP antagonists noggin and Smad6 in β-cells resulted
in glucose intolerance and diabetes, consistent with BMP's potential role regulating β-cell
function [54]. Interestingly, systemic administration of BMP4 also enhanced glucose tolerance
and insulin secretion, suggesting that TGFβ family ligands such as BMP4, or synthetic
compounds with similar activity, might be useful therapeutic agents for enhancing β-cell
function in diabetic patients [54].

Soluble antagonists of TGFβ family ligands
As mentioned, follistatin is a high affinity activin binding and neutralization protein that is
expressed in most tissues where activin is found [10]. Follistatin also binds and neutralizes
myostatin and GDF11, as well as BMP6 and BMP7, in descending order of affinity [50].
Similar kinetics were observed for the closely related follistatin like-3 (FSTL3) that is
expressed in a partially overlapping tissue distribution as follistatin [55-57]. To investigate the
potential roles of activin and related TGFβ family ligands in adults, we created an FSTL3 KO
mouse that survived to adulthood [58], in contrast to the follistatin KO mouse that was
neonatally lethal [59]. FSTL3 KO mice have enlarged islets resulting from β-cell hyperplasia
and are more glucose tolerant and slightly hyperinsulinemic compared to wild type littermates.
Because antagonism of activin, myostatin, and GDF11 are the only known functions for
FSTL3, the FSTL3 KO phenotype suggests an underlying physiological regulatory system
important for glucose homeostasis that potentially involves multiple TGFβ family members.

Summary
Both in vitro and in vivo studies support a role for several members of the TGFβ family in
regulating β-cell number and/or function. Although the earlier studies were hampered by
having the genetic alterations active during embryogenesis and therefore unable to differentiate
between developmental alterations and effects on adult β-cell homeostasis, more recent studies
in which signaling is blocked after neonatal development suggest that such signaling is
important in adults for regulating β-cell mass and/or proper insulin release in response to
glucose. Taken together, they suggest that members of the TGFβ family play important roles
in maintaining β-cell homeostasis but that their role is not visible until perturbed by increased
or decreased activity.

A number of important questions remain. First, it is unknown exactly which TGFβ family
members and natural antagonists are produced in islets, in which specific cell types, which
ligands have actions on islets and/or β-cells, and whether their biosynthesis is modulated by
changing physiological conditions. Another important question is whether these observed
actions on β-cells in vivo are direct or dependent on signals from other pancreatic cell types or
even non-pancreatic tissues. In other words, are these actions produced by autocrine, paracrine,
or endocrine mechanisms of TGFβ family signaling? It is also not clear whether these effects
of TGFβ ligands are functional in all mammalian species, or whether there are differences
between mice, where most of the in vivo genetic studies have been performed, and rats, which
are typically used for in vitro studies. Of clinical importance is the question of whether these
ligands are produced in human islets and have roles in regulating β-cell number or function.
Finally, it will be important to determine whether alteration in TGFβ family signaling produces
a lasting change in β-cell proliferation or survival, or can increase progenitor cell formation
and development to mature β-cells. These actions would indicate that pharmacological
manipulation of this system might be a useful approach to treat diabetes. The availability of
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targeted and regulatable expression constructs along with lineage tracing technologies should
go a long way toward providing answers to these questions in the near future.
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Figure 1.
Schematic of TGFβ family signaling. (a) TGFβ and Activin form one subfamily that have
separate receptors and antagonists, but common 2nd messenger Smads. (b) BMPs form a second
subfamily with their own receptors and antagonists, as well as a different set of 2nd messengers.
All receptor Smads dimerize with the common Smad (Smad4) and the complex translocates
to the nucleus to alter gene transcription. MSTN, myostatin; LAP, latency protein; FST,
follistatin; FSTL3, follistatin like-3; ALK, activin like kinase.
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Figure 2.
TGFβ family ligands and signaling pathways reported in islets. TGFβ family ligands
representing members of both TGFβ/activin and BMP subfamilies that have been identified in
islets are shown with their receptors, soluble inhibitors, second messengers, and inhibitory
Smads. Whereas this family is known for promiscuity in receptor usage owing to the more than
40 members sharing 5 Type II and 7 Type I receptors, there are also differences within the
subfamilies that allow some degree of specificity when analyzing genetic alterations in mouse
models. For example, Smad7 overexpression inhibits all members of the TGFβ/activin
subfamily but usually not members of the BMP subfamily. Follistatin and FSTL3 inhibit
members of the activin branch of the TGFβ/activin subfamily but not TGFβ itself. Noggin
inhibits BMP ligands but not activin or TGFβ. Despite these mouse models, the actions of
individual ligands in regulating β-cell function and glucose homeostasis remain to be
elucidated. Adapted from [4] with permission.
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Table 1

Summary of genetic mouse models used to identify in vivo roles of TGFβ signaling in glucose homeostasis.

MOUSE MODEL PHENOTYPE REFERENCE

ACTIVIN:

ActRIIA and IIB knock out Hypoplastic islets, impaired glucose
tolerance

[13]

ActRIIB knock out Hypoplastic islets [22]

Double ActRIIB/Smad 2 heterozygotes Hypoplastic islets, decreased islet
area, decreased insulin content,
impaired glucose tolerance

[22]

Dominant negative Activin Type IIR β-cell hypoplasia, impaired glucose
tolerance

[12,23]

Activin B knock out Hyperinsulinemia [17]

ALK7 knock out Hyperinsulinemia, decreased insulin
sensitivity, impaired glucose
tolerance, enlarged islets

[17]

TGF-β:

Transgenic overexpression of TGF-β through
insulin promoter

Decreased development of exocrine
pancreas and islets, maintenance of
glucose control

[41,42]

Transgenic overexpresssion of TGF-β
through glucagon promoter

B-cell hypoplasia, decreased insulin
secretion, impaired glucose
tolerance

[43]

MYOSTATIN:

Myostatin knock out Increase in skeletal muscle mass,
decrease in fat mass, increased
glucose utilization, increased insulin
sensitivity

[46-48]

GDF11:

GDF11 knock out Increase in NGN+ islet precursor
cells that did not develop into mature
β-cells

[45]

BMP:

Transgenic overexpression of BMP4 Increased glucose tolerance,
increased insulin secretion

[49]

ALK3 knock out Impaired glucose tolerance, diabetes [49]

FSTL3:

FSTL3 knock out Enlarged islets, β-cell hyperplasia,
increased glucose tolerance, slight
hyperinsulinemia

[53]

SMAD 2:

Smad 2 heterozygote Hypoplastic islets [22]

Smad 2 conditional mice Increase in NGN+ cells and
decreased β-cell mass

[45]

SMAD 3:

Smad 3 knock out Increased insulin production and
release, enhanced glucose
tolerance, no change in β-cell mass

[40]

SMAD 6:

Transgenic overexpression of noggin Impaired glucose tolerance, diabetes [49]
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MOUSE MODEL PHENOTYPE REFERENCE
and Smad 6

SMAD 7:

Conditional transgenic overexpression of
Smad 7

Hypoplastic islets, decreased insulin
content, impaired glucose tolerance,
increased serum glucose
(reversible condition by removal of
the Smad7 overexpression)

[44]
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