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All major cell types in pancreatic islets express the transforming
growth factor (TGF)-� superfamily receptor ALK7, but the physio-
logical function of this receptor has been unknown. Mutant mice
lacking ALK7 showed normal pancreas organogenesis but devel-
oped an age-dependent syndrome involving progressive hyperin-
sulinemia, reduced insulin sensitivity, liver steatosis, impaired
glucose tolerance, and islet enlargement. Hyperinsulinemia pre-
ceded the development of any other defect, indicating that this
may be one primary consequence of the lack of ALK7. In agreement
with this, mutant islets showed enhanced insulin secretion under
sustained glucose stimulation, indicating that ALK7 negatively
regulates glucose-stimulated insulin release in �-cells. Glucose
increased expression of ALK7 and its ligand activin B in islets, but
decreased that of activin A, which does not signal through ALK7.
The two activins had opposite effects on Ca2� signaling in islet
cells, with activin A increasing, but activin B decreasing, glucose-
stimulated Ca2� influx. On its own, activin B had no effect on WT
cells, but stimulated Ca2� influx in cells lacking ALK7. In accordance
with this, mutant mice lacking activin B showed hyperinsulinemia
comparable with that of Alk7�/� mice, but double mutants showed
no additive effects, suggesting that ALK7 and activin B function in
a common pathway to regulate insulin secretion. These findings
uncover an unexpected antagonism between activins A and B in
the control of Ca2� signaling in �-cells. We propose that ALK7 plays
an important role in regulating the functional plasticity of pancre-
atic islets, negatively affecting �-cell function by mediating the
effects of activin B on Ca2� signaling.

calcium � insulin � pancreas � TGF-� � hyperinsulinemia

The signaling networks controlling metabolic processes are
highly regulated and integrate the actions of both positively

and negatively acting components from many different signaling
pathways. Members of the transforming growth factor (TGF)-�
superfamily, including TGF-�s, growth and differentiation fac-
tors (GDFs), bone morphogenetic proteins (BMPs) and activins,
have been implicated in the regulation of several metabolic
processes. These ligands signal via distinct complexes of type I
and type II receptor serine–threonine kinases, each binding to
different classes of TGF-� ligands (1, 2). The main and most
widely studied signaling pathway downstream of these receptors
involves activation and nuclear translocation of Smad proteins,
which in turn regulate gene transcription through multiple
interactions with distinct sets of transcription factors in a cell
type-specific manner (1, 2). Although less well understood,
Smad-independent pathways have also been described in a
variety of cell systems and involve the activation of MAP kinases,
small GTPases, and Ca2� mobilization (3).

Identification of cell-intrinsic factors controlling the specifi-
cation and function of pancreatic endocrine cells is of major
importance for understanding the regulation of blood-glucose
homeostasis. The characterization of signals regulating �-cell
development and insulin production and secretion has been the
focus of intense work. Although the importance of activin
signaling for pancreas development and �-cell differentiation is
well established (4, 5), much less is known about the physiolog-

ical functions of activins and related ligands in adult pancreatic
islets in vivo. Activins A and -B are expressed in islet cells,
suggesting autocrine and/or paracrine roles within islets (6, 7). In
vitro experiments have indicated an ability of activin A to
increase cytoplasmic free Ca2� concentration ([Ca2�]i) and
induce insulin secretion in �-cells even at very low levels of
ambient glucose (8, 9). In contrast, the biological activities of
activin B in islet cells are still unknown. The multiple develop-
mental defects presented by null mutants of type I and type II
activin receptors have limited the utility of those animal models
for understanding the physiological actions of activins in adult
pancreatic islets. A more recent report has indicated that mice
lacking the activin inhibitor follistatin-like 3 (FSTL3) develop
enlarged pancreatic islets and a moderate increase in insulin
serum levels by 9 months of age (10), consistent with a positive
role for activins in islet development and function. In addition,
conditional adult overexpression of Smad7, a potent cytoplasmic
inhibitor of TGF-� and activin signaling, reduced pancreatic
insulin content and produced severe hypoinsulinemia (11), in-
dicating an essential role for ongoing TGF-� signaling in the
maintenance of �-cell function.

The type I receptor ALK7 can mediate signaling by a selected
group of ligands in the TGF-� superfamily, including Nodal (12),
GDF-1 (13), GDF-3 (14) and activin B (15), all of which can also
signal through the ubiquitous activin type I receptor ALK4.
Unlike ALK4, however, ALK7 does not mediate activin A
signaling (15, 16). ALK7 is dispensable for mouse embryogenesis
(17), which suggests alternative functions for this receptor in
postnatal development and tissue homeostasis. ALK7 is ex-
pressed in several organs involved in metabolic regulation,
including pancreas, adipose tissue, gut, and brain (16, 18–20),
but the physiological function of this receptor has been unknown.
In this study, we have investigated the roles of ALK7 in
metabolic control and the organization and function of the
endocrine pancreas.

Results
Age-Dependent Hyperinsulinemia, Reduced Insulin Sensitivity, Im-
paired Glucose Tolerance, and Liver Steatosis in Alk7�/� Mice. After
weaning, Alk7�/� mice gained weight to a similar extent as WT
animals and showed normal fasting levels of glucose and gluca-
gon in serum [supporting information (SI) Fig. S1]. However, the
mutants displayed significantly increased insulin serum levels
starting at 2 weeks of age (Fig. 1A). Insulin responses were
normal in 2-week-old mutant mice (Fig. 1B), but 2- and 5-month-
old mutants showed reduced insulin sensitivity compared with
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age-matched WT controls (Fig. 1 C and D). In addition, impaired
glucose tolerance responses were observed in 5-month-old mu-
tant mice (Fig. 1E). At 12 months of age, Alk7�/� mice devel-
oped pronounced liver steatosis (Fig. 2A). Liver weight was
increased by 20–25% in the mutants from 2 months onwards
(Fig. 2B), and at 5 months, triglyceride content in livers of
Alk7�/� mice was almost doubled compared with WT controls
(Fig. 2C). Histological analysis of liver sections by Oil red-O
staining revealed a progressive increase in liver lipid deposition
in the mutants starting from 2 months of age (Fig. 2D). The livers
of 2-week-old mutants were indistinguishable from those of WT
(Fig. 2D), which is in line with the absence of insulin resistance
at this age.

Alk7 Expression in Mouse Endocrine Pancreas. The fact that hyper-
insulinemia was the first abnormality found to appear in the
mutants directed our attention to the organization and function
of the endocrine pancreas. Previous work has indicated that
ALK7 may be expressed in insulin-producing �-cells (15), or in
both �- and �-cells (21). The LacZ reporter gene inserted in the

Alk7 locus of Alk7�/� mutant mice allowed us to localize
endogenous expression of this gene in pancreatic islets, colocal-
izing with immunoreactivity for both insulin and glucagon (Fig.
S2 A–C). By using transgenic mice expressing GFP from a
bacterial artificial chromosome (BAC) containing the Alk7 locus
(22), GFP immunoreactivity could be detected in all insulin,
glucagon, and somatostatin immunoreactive cells (Fig. S2D and
data not shown). We conclude that all major cell types in
pancreatic islets express the Alk7 gene at comparable levels in
adult pancreas.

Age-Dependent Increase in �-Cell Mass in Pancreas from Alk7�/� Mice.
Disruption of ALK7 expression had no major effects on islet
formation, organization, or generation of all major islet cell types
(Fig. S2 and Fig. 3). However, an increase in islet size and �-cell
mass was observed in mutant pancreata of 5- and 12-month old
animals (Fig. 3 A and B). �-Cell mass was not significantly
affected in 2-month-old mutants. The size of pancreatic �-cells
was not different in islets from 12-month-old mutants compared
with WT (cell area 101.7 � 9.41 �m2 versus 97.9 � 8.93 �m2, n �
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Fig. 1. Hyperinsulinemia and reduced insulin sensitivity and glucose tolerance in Alk7�/� mice. (A) Insulin serum levels after overnight fasting in WT and Alk7�/�

mice. Results are expressed as average � SEM (n � 11–27). *, P � 0.05; **, P � 0.01; ***, P � 0.001 vs. WT (Student’s t test). (B–D) Insulin tolerance test of 2-week-,
2-month-, and 5-month-old Alk7�/� mutant and WT mice after 3-h fasting. Results are expressed as average � SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001 vs.
WT (Student’s t test). (E) Glucose tolerance test of 5-month-old Alk7�/� mutant and WT mice. Results are expressed as average � SEM (n � 6 animals). *, P � 0.05
vs. WT (Student’s t test).
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18), suggesting that islet enlargement was due to increased cell
number. A marked increase in �-cell proliferation was observed
in islets from 12-month-old Alk7�/� mutants as assessed by Ki67
immunostaining (Fig. 3 C and D). We could not detect apoptotic
cells in either WT or mutant pancreata (data not shown).

Increased Insulin Secretion After Sustained Glucose Stimulation in
Islets from Alk7�/� Mice. Because the elevated insulin serum levels
observed in younger mutants (�5 months of age) could not be
satisfactorily explained by changes in �-cell mass, we examined
mRNA and protein levels of endocrine hormones in WT and
mutant pancreata. However, insulin, glucagon, pancreatic
polypeptide, or somatostatin gene expression was not altered in
the mutants (Fig. S3 A and B). Moreover, the relative content of
insulin and glucagon protein was not different between mutant
and WT pancreata (Fig. S3 C and D). Because insulin serum
levels reflect, to a large extent insulin release, we investigated the
ability of islets isolated from 2-month-old mutant and WT
pancreata to secrete insulin in response to glucose stimulation.
Islets kept at low glucose (3 mM) secreted background levels of
insulin regardless of genotype (Fig. 4A). Switching from low to
high glucose concentration (3–11 mM) induced a marked in-
crease in insulin secretion from both mutant and WT islets (Fig.
4A). When WT islets were kept in high glucose (11 mM), lower

levels of insulin secretion were observed (Fig. 4A), in agreement
with �-cell desensitization (23). In contrast, Alk7�/� islets main-
tained in high glucose continued secreting high levels of insulin,
resulting in �2-fold higher insulin release than WT (Fig. 4A).
The sustained response of mutant islets suggests that ALK7 may
function as a glucose-dependent negative regulator of insulin
secretion.

Alk7 mRNA expression was found to be positively regulated
by glucose in pancreatic islets (Fig. 4B) in agreement with
previous observations (21). Interestingly, islet expression of
Inhibin-�A and Inhibin-�B, respectively encoding activin A and
-B, was found to be differentially regulated by glucose, with
expression of Inhibin-�A decreasing but that of Inhibin-�B
increasing after glucose stimulation (Fig. 4B).

Differential Signaling Activities of Activins A and -B in Pancreatic
Islets. Activins A and -B have so far been presumed to elicit
similar, if not identical, downstream signaling events. Previous
work has indicated that activin A is a positive regulator of �-cell
function through stimulation of Ca2� influx, a trigger of insulin
secretion (9), but the activities of activin B are unknown. A
strong Ca2� influx response was observed after stimulation of
WT islets with glucose that could be significantly potentiated by
costimulation with activin A (Fig. 5A), in agreement with

Fig. 2. Age-dependent liver steatosis in Alk7�/� mice. (A) Macroscopic appearance of livers in 12-month-old WT and Alk7�/� mice. (B) Wet liver weight in WT
and Alk7�/� mice at different ages. *, P � 0.05; ***, P � 0.001 vs. WT (Student’s t test). (C) Triglyceride content in livers of 5-month-old WT and Alk7�/� mice.

*, P � 0.05. (D) Histological analysis by H&E and Oil red-O staining of liver sections from WT and Alk7�/� mice at different ages. Liver lipid deposits can be seen
as red droplets in the Oil red-O images.
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previous observations. In contrast, administration of activin B
depressed glucose-stimulated Ca2� influx compared with glu-
cose alone (Fig. 5A). In the absence of glucose, activin B had no
effect on Ca2� influx in WT cells but induced a significant
response in mutant cells (Fig. 5B), in agreement with a negative
role for ALK7 in Ca2� signaling by activin B. In contrast, activin
B stimulated Smad2 phosphorylation in both WT and mutant
islets at comparable levels (Fig. 5C), suggesting that ALK7 is not
required for the activation of this pathway in response to activin
B in islet cells. Together, these results show that activins A and
-B have opposite effects on Ca2� influx in islet cells and support
a role for ALK7 as a negative regulator of insulin release through
modulation of activin B signaling in �-cells.

Hyperinsulinemia in Mice Lacking Activin B. An important prediction
of the above findings is that lack of activin B should, similarly to lack

of ALK7, also result in hyperinsulinemia. At 2 months of age,
Inh�B�/� mice displayed 2-fold higher insulin serum levels com-
pared with WT controls and were, in this respect, indistinguishable
from age-matched Alk7�/� mice (Fig. 5D). The effects of the
Alk7�/� and Inh�B�/� mutations were not additive, because dou-
ble-mutant mice displayed insulin serum levels that were compa-
rable with those observed in the single mutants (Fig. 5D). This is in
agreement with the notion that activin B and ALK7 function in a
common pathway to regulate insulin secretion.

Discussion
In the present study, we have investigated the role of the TGF-�
superfamily receptor ALK7 in the organization and function of
the endocrine pancreas. Our studies indicate that mice lacking
ALK7 develop an age-dependent syndrome involving hyperin-
sulinemia, reduced insulin sensitivity, liver steatosis, impaired
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glucose tolerance, and islet enlargement, suggesting that this
receptor plays an important role in the control of metabolic
homeostasis.

Our morphological and histological studies did not support a
major developmental role for ALK7 in pancreas organogenesis
or generation of the major cell types in pancreatic islets. On the
other hand, we found that lack of ALK7 produces an imbalance
in the circuits that control glucose-stimulated insulin release in
�-cells. Our analysis of Ca2� responses in WT and mutant islets
revealed unexpectedly opposite actions of activins A and -B in
the regulation of glucose-dependent Ca2� influx into the �-cell
and a negative role for activin B on Ca2� influx meditated by
ALK7. The fact that glucose decreased islet expression of activin

A (a positive regulator of Ca2� influx), whereas it increased that
of activin B (a negative regulator of Ca2� influx) and of its
receptor ALK7 uncovered a previously unknown negative-
feedback loop mediated by autocrine activin signaling that
regulates glucose-dependent Ca2� influx in islet cells. We pro-
pose that the absence of ALK7 renders this feedback loop
defective, leading to increased insulin secretion under sustained
glucose stimulation. In agreement with this notion, mice lacking
activin B showed elevated insulin serum levels comparable with
those observed in Alk7�/� mutants. If ALK7 and activin B
affected insulin serum levels via different pathways, their simul-
taneous elimination would be expected to result in additive
effects. However, double and single mutants displayed compa-
rable insulinemia in agreement with the notion that activin B acts
via ALK7 to negatively regulate insulin serum levels.

Although lack of activin B phenocopied the hyperinsulinemia
observed in mice lacking ALK7, Inh�B�/� mutants do not develop
insulin resistance, liver steatosis, or islet enlargement (P.B. and C.I.,
unpublished observations). This indicates that those phenotypes
may be the consequence of deficits in the activities of other ALK7
ligands. We have recently found that GDF-3 signals through ALK7
and regulates accumulation of adipose tissue and diet-induced
obesity (14). Although neither Inh�B�/� or Gdf3�/�mutants show
signs of reduced insulin sensitivity or liver steatosis (this study and
ref. 14), those phenotypes could be the result of defects in the
activities of yet additional ALK7 ligands or, perhaps more inter-
estingly, arise as a synergistic effect of combined hyperinsulinemia
and reduced fat deposition caused by abnormalities in both activin
B and GDF3 signaling. Although liver steatosis is a well known
contributor to insulin resistance, the lack of ALK7 expression in this
organ indicates that this phenotype must be a secondary defect in
the mutants. Moreover, the delayed onset of �-cell mass increase in
Alk7�/� mutants suggests that this is most likely an indirect con-
sequence of decreased insulin sensitivity, as it has been observed in
other systems (24). On the other hand, the fact that hyperinsulin-
emia developed independently of insulin resistance in mice lacking
activin B supports the idea of its being a primary defect in the
mutants, a notion that is reinforced by the appearance of elevated
insulin serum levels before any detectable decline in insulin sensi-
tivity in Alk7�/� mice. Together, our findings are most consistent
with the idea that hyperinsulinemia originates as an early cell-
autonomous defect in the regulation of glucose-stimulated insulin
secretion in mutant �-cells.

The differential regulation of glucose-dependent Ca2� influx in
islet cells by activin A and -B represents an example of antagonistic
signaling activities among these activins that has not been previously
noted. Because both ligands are able to activate the ALK4 receptor,
we have hypothesized that their differential effects on Ca2� signal-
ing may be mediated by ALK7, through which only activin B can
signal. In agreement with this, activin B showed no effect on Ca2�

influx in WT cells in the absence of glucose but elicited a marked
response in cells lacking ALK7, presumably via the remaining
ALK4 receptor. Whether ALK7 antagonizes ALK4 directly or
mediates a downstream signaling event that opposes some of the
activities of that receptor is unclear at present. In contrast to its
differential effects on Ca2� signaling, activin B was able to stimulate
Smad2 phosphorylation in both WT and mutant islets with equal
potency, suggesting that Ca2� responses may be elicited by Smad-
independent pathways. Interestingly, the short time course during
which activins are able to modulate Ca2� influx in islet cells (i.e., �2
min) is also in agreement with a nontranscriptional signaling event.
A recent report has indicated that activin B is more potent than
activin A at inducing expression of the pancreatic marker Pdx1 in
differentiating human embryonic stem cells (25).

In conclusion, our results indicate that ALK7 plays important
and previously unrecognized roles in the control of metabolic
homeostasis. Within pancreatic islets, our findings uncovered an
unexpected antagonism between activins A and -B in the control
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***, P � 0.001 vs. WT (Student’s t test).
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of �-cell function through their differential ability to regulate
Ca2� signaling and revealed the activin B receptor ALK7 as a
negative regulator of insulin secretion in �-cells.

Materials and Methods
Animals. The generation of the Alk7 null allele has been described (17). All
experiments in the present study were performed on mice back-bred (for 10
generations) to a C57BL/6 background. Inh�B�/� mice (26) were obtained as
frozen embryos from The Jackson Laboratories (stock number 002442). Ani-
mal protocols were approved by Stockholms Norra Djurförsöksetiska Nämnd
and were in accordance with ethical guidelines of the Karolinska Institute (SI
Text).

Immunohistochemistry, X-Gal Staining, and Liver Histological Analyses. Adult
pancreata were harvested in phosphate buffer (pH 7.4), fixed overnight in
cold 4% paraformaldehyde (PFA), and cryoprotected in 30% sucrose before
freezing in OCT compound (Tissues Tek). H&E and Oil red-O (Sigma) staining
were performed on frozen liver sections according to standard protocols. (SI
Text).

Islet Morphometry and Proliferation Assays. Quantification of �-cell mass was
done by the planimetry method (27), and analysis of �-cell proliferation was
performed as described (28) (SI Text).

Metabolic Measurements, Insulin, and Glucose Tolerance Tests. Blood glucose
was measured by tail-tip bleeding by using a FreeStyle mini Glucometer

(Abbott). Serum insulin measurements were done by RIA using rat insulin
(Novo Nordisk) standard (SI Text).

Islet Insulin Release and Cytoplasmic Free Ca2�. Pancreatic islets were isolated
from mice by collagenase dispersion and, when required, mechanically dis-
rupted into cells with Cell Dissociation Buffer (GIBCO). For studies of glucose-
induced insulin-secretion measurements of cytoplasmic free Ca2�, see SI Text.

RT-PCR Analysis and Western Blot Analysis. Total RNA extraction was done on
isolated islets by using a RNeasy Mini kit (Qiagen) according to the manufac-
turer’s instructions. For Western blot analysis, antibodies against phospho-
Smad2 (Cell Signaling Technology), and Smad3 (Zymed) were used (SI Text).

Statistical Analysis. Each variable was analyzed by using the unpaired Stu-
dent’s t test unless indicated. For all analyses, a P value of �0.05 was consid-
ered significant. Results are given as means � SEM. All analyses were per-
formed by using Prism4 Software (GraphPad).
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