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Abstract

Type 2 Diabetes (T2D) is a global epidemic that affects hundreds of millions of individuals. The pancreatic β-cell
has long been the focus of studies pertaining to T2D, but the therapies that exist to date are inadequate. Devising
new therapies will require a more detailed understanding of the pathogenesis of T2D and of the normal function of
the β-cell. In particular, there is a great need to understand the signaling pathways that govern normal β-cell function
and that become dysfunctional during the progression to diabetes.

The Transforming Growth Factor β (TGF-β) signaling pathway is implicated in nearly all tissue types in the body,
and has been shown to play a role in pancreas development and homeostasis, including β-cell regeneration after
pancreatic insult. TGF-β exerts its cellular effects through transcriptional activity of downstream SMAD molecules,
as well as through cross-talk with other signaling pathways.

Accumulating evidence suggests that β-cell failure in T2D is a multifaceted process that may include islet
inflammation, increased β-cell apoptosis, reduced β-cell proliferation, and/or β-cell dedifferentiation to a progenitor-
like state. This review details the known roles of TGF-β signaling in dedifferentiation-induced and inflammation-
induced β-cell failure, and draws on the apparent coordinated regulation of β-cell proliferation and the β-cell
differentiation state to offer new hypotheses about β-cell failure in T2D.

Keywords: Transforming Growth Factor-β (TGF-β); SMADs;
Glucotoxicity; Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB); Type 1 Diabetes; Type 2 Diabetes

Introduction
Investigations of β-cell biology have shed light on the pathogenesis

of Diabetes Mellitus, a heterogeneous group of disorders characterized
by inadequate glucose-stimulated insulin secretion (GSIS) and
hyperglycemia. The resulting dysfunctional glucose homeostasis
predisposes diabetic patients to nephropathies, retinopathies,
neuropathies and vasculopathies, which present serious long-term
physiological risks.

There have been extensive studies of the molecular mechanisms
that underlie proper β-cell function, as well as β-cell dysfunction and
β-cell failure in both autoimmune diabetes (Type 1 Diabetes, T1D)
and obesity-related diabetes (Type 2 Diabetes, T2D). The intracellular
signaling pathways that govern β-cell function represent an attractive
therapeutic target in diabetes, but a better understanding of many of
these important pathways is still needed.

TGF-β isoform signaling plays a central role in mammalian tissue
development, homeostasis, and disease [for a comprehensive review of
TGF-β superfamily signaling, [1,2]. In short, a TGF-β ligand (TGF-β1,
2 or 3 in mammals) binds to the serine/threonine kinase receptor
TGF-β Receptor Type 2 (TGFβRII), which phosphorylates and
activates TGF-β Receptor Type 1 (TGFβRI). This phosphorylation
leads to phosphorylation of receptor-regulated R-SMAD molecules,

SMAD2 and SMAD3, followed by nuclear translocation and
transcriptional R-SMAD activity. Activation of these downstream
effectors is inhibited by SMAD6 and/or SMAD7.

In addition to negatively regulating TGF-β, Activin and Bone
Morphogenetic Protein (BMP) signaling (essentially all TGF-β
superfamily signaling), SMAD7 also leads to interactions between
TGF-β and other signaling pathways, including MAPKs (p38, ERK
and JNK). SMAD7 also mediates cross-talk between TGF-β signaling
and the inflammatory pathways initiated by IFN-γ and TNF- α. The
function of SMAD7 is largely context-dependent, but includes
regulation of apoptosis and fibrosis in diverse cell types, as well as a
broad anti-inflammatory function [3].

Relevant to diabetes, SMAD7 plays a central role in regulating the
β-cell proliferation necessary to maintain β-cell mass [4-6]. This
review examines TGF- β signaling in the context of pancreatic β-cell
dysfunction and failure in T2D. Specifically, this review highlights
potential regulatory roles for TGF-β signaling in dedifferentiation- and
inflammation-mediated β-cell dysfunction, in the hope that reviewing
past work on this important cytokine family will inform promising
new directions in diabetes research.

β-Cell Dedifferentiation and Dysfunction in T2D
It is generally accepted that the hyperglycemia of T2D stems from

peripheral insulin resistance, which initially stimulates a compensatory
β-cell proliferation and/or increased insulin production. However, it
appears that chronic exposure to hyperglycemia--a condition called
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"glucotoxicity"--leads to the accumulation of Reactive Oxygen Species
(ROS) in islets. Unfortunately, islets contain extremely low levels of
antioxidants, so that ROS accumulation may result in "oxidative
stress," a well-known trigger for β-cell apoptosis [7]. Here, the β-cell's
altered redox state, coupled with other factors such as augmented
nutrient-induced insulin synthesis, can lead to endoplasmic reticulum
stress-induced apoptosis [8]. The eventual result is a reduced
functional β-cell mass, with resulting further decreases in insulin
secretion [9].

In addition to apoptosis, long-term exposure to hyperglycemia may
also contribute to diabetic β-cell failure due to impaired β-cell
proliferation. This impaired replication is thought to lead to a
diminished functional β-cell mass, reduced insulin secretion, and
further disruption of glucose homeostasis [10].

Recent evidence suggests that β-cell dedifferentiation may be an
important mechanism for β-cell failure in the pathogenesis of Type II
Diabetes. Talchai et al. reported that the transcription factor FOXO1,
which has been shown to coordinately regulate β-cell mass [11,12] and
the β-cell response to metabolic stress [13,14], is required to prevent β-
cell dedifferentiation, likely through augmenting NeuroD and MafA
expression in β-cells [15]. Moreover, FOXO1 nuclear accumulation,
followed by depletion, in β-cells is identified as a predictive marker of
β-cell dedifferentiation to an endocrine progenitor state that precedes
full-blown β-cell failure in murine diabetes models [10]. A later report
building off this study demonstrated that expression levels of the
characteristic β-cell transcriptional regulators MafA, Nkx6.1 and Pdx1
were reduced in diabetic islets from mouse and human pancreata [16].

TGF-β protects the β-cell differentiation state
TGF-β signaling is one of the signaling pathways that influence β-

cell differentiation and function, and impaired TGF-β signaling is
potentially central to β-cell dedifferentiation. A 1989 study
demonstrated that islets cultured in TGF-β increase insulin secretion
in a dose-dependent manner. Insulin secretion was maximized when
islets were incubated with TGF-β isoforms, plus a stimulatory
concentration of glucose [17], providing the first evidence that intact
TGF-β signaling may modulate the β-cell response to increased
glucose levels. Later studies supported this finding: it has been shown
that TGF-β signaling regulates insulin gene transcription via SMAD3
[18], and that expression levels of components of the TGF-β
superfamily are tightly regulated by blood glucose levels [19].

SMAD7 appears to have an important regulatory role in protecting
the β-cell transcriptional program and β-cell function. β-cell specific
overexpression of SMAD7, a downstream inhibitor of TGF-β
signaling, resulted in temporary and reversible overt diabetes [20]. In
this study, hyperglycemia and impaired glucose response were
correlated with significant declines in serum and pancreatic insulin
levels, as well as with diminished β-cell expression of MafA, a key
insulin transcription regulator [21], and of the β-cell-cycle regulators
p27kip1 and menin. These findings point to a central role for intact
TGF-β signaling in preserving adequate β-cell glucose-stimulated
insulin secretion and the mature β-cell transcriptional program, and
suggest that the equilibrium achieved in the β-cell by SMAD7
inhibition of canonical SMAD signaling is delicate.

SMAD7 coordinately regulates β-cell proliferation and the β-
cell differentiation state

Compensatory increases in β-cell mass following a pancreatic insult
or metabolic stress are necessary for proper glucose homeostasis.
There is much evidence that this process is tightly controlled. A recent
report highlighted a pivotal role for SMAD7 in β-cell proliferation
following partial pancreatectomy; this proliferation was accompanied
by transient dedifferentiation to a developmentally immature, PP-fold
+ state [5]. Moreover, proliferation of β-cells following pancreatic duct
ligation (PDL) is associated with a reduction in insulin, Pdx1,
NeuroD1, MafA, and Nkx6.1 gene transcript levels, consistent with the
notion that β-cell proliferation requires some degree of
dedifferentiation from a mature transcriptional program [4].
Therefore, β-cell proliferation and the β-cell differentiation state
appear to be coordinately regulated, and this regulation seems to
occur, at least in part, through the SMAD signaling pathway. Based on
this observation, we propose two possible mechanisms by which TGF-
β signaling may control the β-cell differentiation state.

Proposed mechanism 1 for TGF-β control of the β-cell
differentiation state: β-cell cross-talk between TGF-β and
Insulin/Insulin-like Growth Factor 1 Receptor (IGFR)
signaling pathways

Both TGF-β signaling and insulin-receptor/IGFR signaling regulate
β-cell proliferation [4-6,22]. Therefore, it is possible that TGF-β and
insulin receptor /IGFR signaling also interact to regulate the β-cell
differentiation state.

In neuroepithelial cells, TGF-β and insulin/IGFR signaling regulate
proliferation through interactions between the SMAD- and the
phosphoinositide-3-kinase (PI3K) pathways. FOXO family proteins
are at the center of this cross-talk, as FOXO transcription factors
interact with the SMAD3/SMAD4 complex in the nucleus to activate
the cell-cycle inhibitor p21 (CIP1), thus inhibiting proliferation in
neuroepithelial and glioblastoma cells [23]. FOXO nuclear
translocation and transcriptional regulation is inhibited by
phosphorylation by AKT (Protein Kinase B), a downstream molecule
in the PI3K pathway; thus, activation of the PI3K pathway by
upstream signaling, such as Insulin/IGFR signaling, may inhibit the
TGF-β cytostatic program by preventing nuclear translocation of
FOXO1 [24].

FOXO/Insulin/IGFR signaling cross-talk has important
ramifications for β-cell function. Constitutive negative regulation of
FOXO1 transcriptional activity by tonic insulin/IGF-1R signaling has
been shown to allow expression of Pdx-1, an important β cell
transcription factor that is downregulated by nuclear FOXO1
[11,15,25]. In other words, a phenotype specific to the β-cell (i.e. tonic
autocrine insulin signaling plus FOXO1 nuclear exclusion) is central
to the proper function of the β-cell. Further experiments may
determine whether FOXO1 exerts its protective effects in the β-cell in
part through coordinating cross-talk between the TGF-β and insulin/
IGFR proliferation-regulating network (Figure 1).
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Figure 1: FOXO family proteins may be a point of cross-talk
between Insulin/IGFR signaling components and TGF-β signaling
components in regulating the β-cell differentiation state.

Proposed mechanism 2 for TGF-β control of the β-cell
differentiation state: β-cell cross-talk between TGF-β and
EGFR signaling pathways

Our study of inflammation-induced β-cell proliferation [4] reported
that following PDL, infiltrating macrophages produce both TGF-β1
and EGF, which appear to signal to β-cells. TGF-β1 binding stimulates
β-cell proliferation through SMAD7-induced nuclear exclusion of the
cell cycle inhibitor p27kip1. Meanwhile, EGF signaling leads to the
nuclear exclusion of SMAD2, the net effect of which is to further
support β-cell proliferation. Thus, a TGF-β1/EGF network induces β-
cell proliferation. This cross-talk may prove to be central in preserving
the mature β-cell differentiation state as well.

Interactions between TGF-β and EGF signaling were demonstrated
in a 1998 report, which showed a role for EGF in up-regulating
expression of the inhibitory SMADs, SMAD6 and SMAD7 in vitro
[26]. Likewise, TGF-β1 enhances EGF signaling in intestinal epithelial
cells via the potentiation of downstream MAPK and AKT [27]. Finally,
TGF-β1-induced epithelial-to-mesenchymal transition is dually
mediated by TGF-β1 and EGF signaling [28]. Therefore, overlap
between the TGF-β and EGF pathways appears to be important for
proper cellular function in a variety of tissues, and further study of the
β-cell may establish the relevance of this cross-talk in the prevention
and pathogenesis of diabetes.

TGF-β Influences Islet Inflammation and β-Cell
Dysfunction

It is well established that T2D is characterized by local
inflammation in the Islets of Langerhans. A 2002 study demonstrated
an important mechanistic link between blood glucose levels and β-cell
dysfunction in the development of T2D, given its previously known
role in T1D islets [29]. Elegant in vitro experiments revealed that
human islets can respond to hyperglycemic conditions by secreting
IL-1β, which binds IL-1R in an autocrine manner and activates
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling, a prominent pathway activating cellular immune responses

[30]. The downstream effects of this signaling included FAS receptor
upregulation and β-cell apoptosis.

Interestingly, hyperglycemic Psammomys obesus (diabetic sand rat)
exhibited aberrant expression of IL-1β in islet β-cells, as well as
diminished insulin expression, indicating that glucotoxic islet
inflammation may impair β-cell function. A later study reported that
transgenic mice expressing a β-cell specific NF-κB inhibitor were
virtually resistant to streptozotocin-induced diabetes and concomitant
inflammation, suggesting that NF-κB signaling mediates the damaging
effect on β-cells of streptozotocin and possibly other diabetogenic
agents [31]. These results are consistent with reports that β-cell NF-κB
signaling mediates β-cell apoptosis [32], and that inhibition of NF-κB
signaling in β-cells protects against islet graft rejection [33]. Together,
these findings offer a mechanistic link between glucose sensing and β-
cell death in the context of hyperglycemia, and suggest that a similar
pathway influences the survival prospects of transplanted islets.

Glucotoxic islet inflammation may trigger a more complex β-cell
response than simply apoptosis. An intriguing new study
demonstrated that diabetic mice with a transgenic β-cell insulin
secretory impairment respond to the resulting hyperglycemic
conditions with primarily a β-cell dedifferentiation to an insulin-/
neurogenin3+ state [34]. Restoring normoglycemia with insulin
therapy prompted these β-cells to redifferentiate to an insulin-
secreting phenotype. Possible mechanisms underlying this β-cell
dedifferentiation model are uncertain, but it seems likely that
hyperglycemia induces glucotoxicity in these transgenic mice, at least
in part through the NF-κB inflammatory pathway. Western blot and
immunohistochemistry studies of the diabetic mouse islets used could
conclusively determine whether increased islet IL-1β expression and
IL-1R signaling play a role in the β-cell dedifferentiation observed. In
that case, NF-κB signaling would be implicated, not only in triggering
β-cell apoptosis in response to high glucose levels, but also in
stimulating adaptive β-cell dedifferentiation. This acute
dedifferentiation represents a novel pathway in β-cell biology and the
pathogenesis of T2D.

TGF-β signaling may have a role in this glucose-induced
inflammation and β-cell failure. Microarray and rt-PCR studies
revealed that transcription of several TGF-β superfamily genes are
tightly regulated by glucose concentration, including those encoding
bone morphogenetic protein 5 (BMP5), TGF-β, SMAD7, and, most
strikingly, prostate-derived factor (PDF) [19]. Likewise, an
investigation of impaired TGF-β signaling in the context of exocrine
fibrosis (an inflammatory process modeling chronic pancreatitis) led
to hyperglycemia and diabetic β-cell failure, suggesting that intact
TGF-β signaling plays an important role in modulating the β-cell's
response to inflammatory stimuli [35].

Cross-talk between NF-κB and TGF-β signaling is tissue- and cell-
specific, and very little is known about the interaction of these
pathways in the β-cell. However, numerous studies have clarified
cross-talk mechanisms between TGF-β and NF-κB in non-pancreatic
tissue. In keratinocytes, TGF-β1 regulates NF-κB-dependent gene
transcription. Similarly, interactions between the TGF-β downstream
regulators SMAD2 and SMAD3 with a subunit of the NF-κB upstream
signal transducer IκB kinase, IκB kinase α (IKKα), regulates
keratinocyte differentiation [36] and proliferation in stratified
epithelia [37]. Also, SMAD3 interacts with the NF-kB subunit p52 to
regulate transcriptional activity in epithelial and fibroblast-like cells
[38], while similar interactions take place in the regulation of an ECM-
related gene in fibroblasts [39] and in the regulation of ECM-
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degrading enzymes in monocytes/macrophages [40]. NF-κB is
reported to have an inhibitory effect on TGF-β signaling by activating
the inhibitory SMAD7 [41]; conversely, TGF-β1 signaling negatively
regulates NF-κB activation in the gut, and SMAD7 potentiates gut NF-
κB signaling [42]. In sum, there is robust cross-talk between TGF-β1
and NF-κB signaling that mediates a wide range of important cellular
processes in multiple tissues. It seems likely that TGF-β signaling, via
downstream SMAD molecules, regulates NF-κB -mediated glucotoxic
effects such as β cell apoptosis or dedifferentiation, but this hypothesis
requires direct experimental evidence to be validated.

TGF-β may Influence Progression of Pre-diabetes to
Overt T2D

Ciccone et al. have emphasized the importance of recognizing and
treating symptoms of pre-diabetes before they constitute overt T2D
[43]. These authors have noted that alterations in the incretin
hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP), which serve to increase β-cell insulin
secretion, may contribute to the onset of pre-diabetes, and ultimately,
overt T2D.

There is evidence that GLP-1 signaling and TGF-β signaling
interact synergistically in the differentiation of endocrine cells during
development [44]. Therefore, it is reasonable to hypothesize that cross-
talk between GLP-1 and TGF-β signaling pathways influences normal
adult β-cell function, and that disruption of this cross-talk through
modifications to either of the signaling pathways might influence the
progression to pre-diabetes. Further experiments will substantiate this
hypothesis.

Conclusions
TGF-β signaling via the intracellular SMAD network is central to β-

cell function and the health of the organism (Table 1). Broadly, TGF-β
signaling renders β-cells exquisitely sensitive to insulin demand and
helps orchestrate proper insulin transcription.0 The TGF-β pathway
also preserves the appropriate β-cell transcriptional program by
influencing MafA expression. Moreover, this pathway coordinates
compensatory β-cell expansion, which has been shown to be
associated with transient dedifferentiation to a developmentally
immature state. We propose that future studies on cross-talk between
TGF-β, EGF, and Insulin/IGFR pathways will yield insights into the
unique ways β-cells dually coordinate proliferation and the
differentiation state.

During the pathogenesis of T2D, β-cells respond to hyperglycemia
by instigating an inflammatory NF-κB dependent apoptotic program.
Given the central role of TGF-β signaling in coordinating the β-cell's
response to glucose, and given the known role of TGF-β signaling in
modulating cellular responses to inflammatory signals, it is likely that
TGF-β signaling also regulates NF-κB-mediated β-cell apoptosis and
adaptive dedifferentiation following hyperglycemia. Future studies
examining TGF-β signaling in this context might reveal a novel role
for TGF-β signaling in the development of T2D.

A more nuanced understanding of the role of TGF-β signaling in
preserving β-cell differentiation state and regulating the β-cell
response to chronic hyperglycemia may inform clinical interventions.
Most likely, these mechanistic insights will prompt investigation of
targeted pharmacological interventions geared to preserving β-cell

differentiation state and reducing islet inflammation in pre-diabetic
patients.

TGF-β signaling components are
known to regulate:

TGF-β signaling components may
regulate:

Insulin gene transcription β-cell response to hyperglycemia:

Glucose-stimulated insulin secretion Adaptive dedifferentiation

Compensatory β-cell proliferation
accompanied by transient
dedifferentiation to a PP+ state

NF-κB-mediated β-cell apoptosis in the
context of islet inflammation

Mature β-cell transcriptional program
(through MafA expression)

The left-hand column summarizes established findings; the right-hand

column offers hypotheses for further studies.

Table 1: A visual summary of the role of TGF-β signaling in β-cell
function.
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