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Abstract. Accumulating evidence suggests that the adiponectin (APN) paradox might be involved in promoting aging-
associated chronic diseases such as Alzheimer’s disease (AD). In human brain, APN regulation of the evolvability of
amyloidogenic proteins (APs), including amyloid-B (Af) and tau, in developmental/reproductive stages, might be para-
doxically manifest as APN stimulation of AD through antagonistic pleiotropy in aging. The unique mechanisms underlying
APN activity remain unclear, a better understanding of which might provide clues for AD therapy. In this paper, we discuss
the possible relevance of activin, a member of transforming growth factor 3 (TGF@) superfamily of peptides, to antagonis-
tic pleiotropy effects of APN. Notably, activin, a multiple regulator of cell proliferation and differentiation, as well as an
endocrine modulator in reproduction and an organizer in early development, might promote aging-associated disorders, such
as inflammation and cancer. Indeed, serum activin, but not serum TGFf increases during aging. Also, activin/TGFf3 signal
through type II and type I receptors, both of which are transmembrane serine/threonine kinases, and the serine/threonine
phosphorylation of APs, including AB4, serine 8 and oS serine 129, may confer pathological significance in neurodegenera-
tive diseases. Moreover, activin expression is induced by APN in monocytes and hepatocytes, suggesting that activin might
be situated downstream of the APN paradox. Finally, a meta-analysis of genome-wide association studies demonstrated
that two SNPs relevant to the activin/TGF receptor signaling pathways conferred risk for major aging-associated disease.
Collectively, activin might be involved in the APN paradox of AD and could be a significant therapeutic target.
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INTRODUCTION

The physiological functions of amyloidogenic pro-
teins (APs) relevant to neurodegenerative diseases,
such as amyloid-3 (AB) in Alzheimer’s disease (AD)
and a-synuclein (aS) in Parkinson’s disease (PD),
have remained unclear, despite decades of intense
investigation. Given the similarity between yeast and
human brain in terms of coping with diverse local
stressors, we recently proposed that the concept of
evolvability in yeast prion could be applied to the APs
in neurodegenerative diseases (Fig. 1) [1, 2]. Evolv-
ability should be evolutionarily beneficial because
it might confer resistance against the forthcoming
stressors in offspring’s brain. Evolvability, however,
during young reproductive life may later manifest as
neurodegeneration in aging parental brains (Fig. 1)
[3]. This is based on antagonistic pleiotropy, a previ-
ously prominent concept regarding the mechanism of
aging, suggesting that aging is due to the combined
effect of multiple pleiotropic genes that each exerted
a beneficial effect during an animal’s youth, but later
lead to adverse effects in older age [4].

Regardless of the popularity of the antagonistic
pleiotropy theory in aging research, the underlying
molecular mechanisms of antagonistic pleiotropic
action are poorly understood. In this context, the
main objective of this paper is to discuss the role
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Fig. 1. Diagram showing that APN might stimulate both amyloido-
genic evolvability and neurodegenerative disorders. Evolvability
during developmental/reproductive stages and neurodegenerative
diseases such as AD in post-reproductive senescence are driven
by aggregated APs, and might exist in an antagonistic pleiotropy
relationship. APN might be beneficial for amyloidogenic evolv-
ability, while paradoxically detrimental (namely the APN paradox)
in the form of neurodegenerative diseases through the antagonistic
pleiotropy.

of the activin, a member of transforming growth
factor B (TGFB) family of peptides [5, 6] in the
antagonistic pleiotropic actions in aging-associated
neurodegenerative diseases such as AD. Activin was
initially identified as a regulator of the endocrine
system and embryonic development [5, 7], but sub-
sequent accumulating data implicates activin as a
pathologic factor in aging (Fig. 2). In particular,
the activin/TGFP family of peptides may promote
inflammation [8], which is commonly associated with
disease in aging. Furthermore, activin/TGF[3 peptides
may be involved in the serine/threonine phosphory-
lation of APs, conferring pathological significance in
neurodegenerative diseases. Moreover, since serum
activin levels increase during aging [9], activin might
be important in chronic disorders. Recently, a num-
ber of studies showed that activin expression was
induced by APN in various tissues [10, 11], sug-
gesting that activin might be situated downstream of
the APN paradox, leading to aging-associated dis-
ease including AD. Also consistent with these results,
a recent genome-wide association study identified
two SNPs relevant to activin/TGFf receptor signal-
ing pathways, that were linked with an increased risk
for major human diseases, including AD, as well as
human mortality [12]. Taken together, activin might
play a central role in antagonistic pleiotropy during
aging and might be an attractive therapeutic target of
AD (Fig. 1).

DUAL ACTIONS OF ACTIVIN IN THE
LIFE STAGES

Activin and its endogenous antagonist, inhibin,
were initially purified from ovarian fluids as two
closely related proteins that have opposing effects
on the pituitary biosynthesis and secretion of follicle
stimulating hormone (FSH) (Fig. 2) [13—15]. Activin
is composed of a homodimer of beta subunits, while
inhibin is a heterodimer of beta and alpha subunits
[16]. Extensive studies characterizing the activin
signaling pathway have revealed that, upon activin
binding to the type II receptor, the type II recep-
tor becomes phosphorylated, leading to subsequent
phosphorylation and activation of type I receptor.
The type I receptor then phosphorylates Smad2/3,
which then binds to the common partner, Smad4, and
migrates into the nucleus as a transcriptional regula-
tor of target genes [17]. As mentioned, a number of
biological functions are attributed to activin, includ-
ing the regulation of the endocrine system, roles in
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Fig. 2. Multiple antagonistic pleiotropic effects of activin depending on life stage. a) Diagram showing the dual nature of activin activity
depending on the life stage. Activin may be an important endocrine regulator in early development, cell growth, and differentiation in various
biological systems and possibly in evolvability. In contrast, activin might be detrimental to the organism, such as neurodegenerative diseases
in aging. Supporting this, activin may stimulate inflammation and increase risk for major human disease, including coronary heart disease,
heart failure, stroke, diabetes and cancer and neurodegenerative diseases. Such dual actions of activin may be comparable to antagonistic
pleiotropy. b) Schematic of the regulation of pituitary-gonadal (ovary and testis) axis by activin, inhibin and follistatin during reproduction.
Secretion and production of FSH from anterior pituitary are stimulated by activin but are inhibited by inhibin and follistatin. ¢) Animal
cap assay using Xenopus fertilized egg showed that embryonic development was promoted by activin. Scale bars = 100 wm. Reprinted from
Spicer et al. 2010 [56] with permission. d) Involvement of activin in inflammation of COPD (GOLD stage IV). Compared to the lung tissue of
never-smokers (left), activin immunoreactivity in inflamed COPD lung tissue (middle and right), is significantly increased. The right image
is a magnification of the square region of the middle figure. Scale bars = 100 wm. Reprinted from Verhamme et al. [25] with permission. e)
Activin immunoreactivity is stronger in esophageal cancer (down) compared to that in normal tissues (upper). Reprinted from Wang et al.
2015 [57] with permission.

embryonic development, and cell growth and differ-
entiation in various biological systems [5, 7]. In the

Compared to the developmental and reproductive
importance of activin signaling, the role of activin in

nervous system, activin promotes neural survival [18]
and regulates neural differentiation [19]. In contrast to
activin, the function of the inhibin receptor and its sig-
nal transduction are poorly understood, except for the
finding that the proteoglycan, betaglycan, was shown
to bind to inhibin to mediate the functional antago-
nism of activin signaling [20]. Similarly, follistatin,
which was originally isolated from ovarian fluid as
an inhibitor of pituitary FSH (Fig. 2) [21], was later
revealed to be an activin-binding protein [22]. The
activin/TGF protein superfamily has now expanded
to include many other structurally related proteins
such as TGFf, anti-Mullerian hormone, bone mor-
phogenetic protein, and growth differentiation factor
[23].

molecular physiology of aging has largely been over-
looked, and the molecule may, in fact, be detrimental
during later life in mammals and humans (Fig. 2). For
instance, activin may promote inflammation [24], a
major underlying pathobiological factor for aging-
associated conditions. Furthermore, a recent study
has shown that activin is involved in various dis-
orders of aging. First, activin mediates cigarette
smoke-induced inflammation and chronic obstruc-
tive pulmonary disease (COPD) (Fig. 2) [25]. Also,
muscle mass is negatively regulated by activin in
primates, suggesting that activin might be involved
in promoting sarcopenia [26]. Activin receptor is
also activated in the skeleton, vasculature, heart, and
kidney during chronic kidney disease [27]. Finally,
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serum activin levels are associated with hypertension
in the elderly [28].

Although TGFp is involved in the regulation of
cell proliferation, differentiation, and immune func-
tions in development/reproduction [29, 30], and is
also involved in aging-associated diseases such as
muscle atrophy, cancer, obesity, and AD in aging [31],
few reports have addressed increased TGFf3 expres-
sion in aging. Therefore, we mainly focus on activin
in this context in the present paper.

POSSIBLE ROLE OF ACTIVIN IN THE
REGULATION OF EVOLVABILITY AND
NEURODEGENERATIVE DISEASES

Since activin might be centrally involved in the
antagonistic pleiotropy during aging, it might also be
involved in the regulation of antagonistic pleiotropy
linking amyloidogenic evolvability with neurodegen-
erative diseases [3, 32].

Because protofibrillar APs may likely be associ-
ated with evolvability [2], it is possible that signaling
of activin/TGF( receptor pathways might be an
important catalyst for oligomer formation of APs
through their serine/threonine phosphorylation [17].
Activin is an important reproductive endocrine reg-
ulator and is expressed in a wide range of tissues,
including seminal plasma, ovarian fluids, and brain
[33]. Also, notably, semen also contains multiple
types of amyloid fibrils, the biological roles of which
are unknown, yet do not appear to be pathogenic [34].
Collectively, these findings would support the pos-
sibility of transgenerational transmission associated
with AP evolvability, in which activin/ TGFf recep-
tor signaling might influence the oligomerization of
APs.

In aging, serine/threonine phosphorylation of APs
plays a crucial role in the pathogenesis of neurode-
generation. For example, important for AD, AB4;
phosphorylation at serine 8 exhibits increased agg-
regative properties when compared to wild type
A4z [35]. Similarly, in PD and a-synucleinopathies,
phosphorylation of aS at serine 129 increases oS
aggregation [36], and serine 129 aS is a biomarker of
Lewy bodies in PD [37]. Since the process of Lewy
body formation, rather than simply oS fibrillization,
might be the major driver of PD neurodegeneration
[38], and a similar case might apply to AD as well,
activin might play an important role in the progre-
ssion of both AD and PD. Yet, presently, the kina-
ses responsible for serine phosphorylation of APs

in neurodegenerative conditions have not been clea-
rly identified. Given that activin is pro-inflammatory
[24], and that activin expression is increased in
post-reproductive senescence [9], the activin recep-
tor serine/threonine kinase is a strong candidate
for the pathologic phosphorylation of APs. Despite
possible involvement of activin in promoting inflam-
mation in neurodegenerative diseases, including AD
and PD, there are presently few reports describing
a role for activin in inflammation in neurode-
generative diseases. Collectively, we predict that
the serine/threonine phosphorylation of APs by
activin/TGFf receptor signaling might be critical for
the regulation of both evolvability and neurodegen-
erative diseases.

POSSIBLE RELEVANCE OF ACTIVIN TO
APN IN ANTAGONISTIC PLEIOTROPY

The antagonistic pleiotropic actions of activin in
the life stages resemble that of APN. Indeed, the
APN paradox has been well investigated in relation
to aging-associated chronic diseases, such as chronic
heart failure (CHF), chronic kidney disease (CKD),
and COPD [39]. Despite beneficial properties for
cardiovascular cells, APN is detrimental in these
aging-associated diseases in which the increased
APN in plasma is well correlated with the disease
severity [40, 41].

Recent evidence suggests that the APN paradox
might be involved in the progression of multiple
aging-associated diseases, including AD and can-
cer [39, 41]. Regarding AD, a recent prospective
cohort study showed that elevated serum APN levels
were associated with the accumulation of amyloid
deposits and the severity of cognitive deficits in
elderly, suggesting that APN might promote A(
amyloidosis in the elderly [42]. Similarly, increased
serum APN was associated with cognitive decline
in postmenopausal women [43, 44]. Furthermore,
histopathological studies of the postmortem AD
brains identified sequestration of APN by phospho-
tau into the neurofibrillary tangle, suggesting that
APN stimulates tau aggregation [45]. Thus, these
results indicate that APN may promote AD through
the antagonistic pleiotropy mechanism in aging, oth-
erwise known as the APN paradox in AD (Fig. 1)
[38]. Since AD and CHF may in some ways overlap
mechanistically, the APN paradox in AD might be
applicable to other diseases as well, including CHF
and CKD.
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In cancer, arecent prospective cohort study showed
that significantly higher serum APN concentrations
were observed in incident cancers, which also inde-
pendently associates with cancer-related deaths in
type 2 diabetes mellitus (T2DM) [46], suggesting
that the APN paradox might be relevant for cancers
comorbid with T2DM. Furthermore, although activin
is tumor suppressive in various cancers, patients with
high plasma activin levels had a significantly shorter
survival period than those with low levels, such as in
pancreatic cancer [47].

Certainly, it might be predicted that activin and
APN might co-interact in the antagonistic pleiotropy
mechanism. Along these lines, APN was shown to
induce activin expression in various tissues, such
as monocytes and hepatocytes [10, 11]. Certainly,
pending further investigation, these results raise a
possibility that activin might be the downstream
effector of APN (Fig. 1).

GENOMIC WIDE ASSOCIATION STUDY
(GWAS)

Recently, due to technological innovations such as
the next generation sequencer, GWAS has become
a powerful tool in aging science. In this regard,
genetic observations strongly support the concept
that activin might promote aging-associated chronic
diseases. Notably, this concept was demonstrated
in a combined meta-analysis of GWAS derived
from the Atherosclerosis Risk in Communities
study (N=9,573), the Framingham Heart Study
(N=4,434), and the Health and Retirement Study
(N=9,679) [12]. Given the large combined sam-
ple, GWAS analysis was able to identify two SNPs
(rs222826 and rs222827) situated in the 2q22 locus
linked with risks for a wide variety of major human
diseases and conditions, including neurodegenera-
tive diseases, coronary heart disease, heart failure,
stroke, diabetes and cancer, as well as mortality in
an antagonistic fashion in different populations [12].
Interestingly, both of these SNPs appear to be rel-
evant to activin/TGF[ receptor signaling pathways
[12]. Forinstance, rs222826 is derived from the ZEB2
gene that functions as a transcriptional regulator inter-
acting with activated SMADs in the TGFf signaling
pathway, while rs222827 corresponds to ACVR2A
gene, namely activin receptor type-2A. Extensive
work reveals that ZEB2 mutations cause severe devel-
opmental/genetic disorders [48], while the ACVR2A
may contribute to pre-eclampsia in pregnancy [49].

Therapy Strategy

APN paradox I— Antisense, miRNA
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receptor signaling

L 4

APs monomer wmmmmp  APs oligomer

l

Neurodegeneration
Cancer

Fig. 3. Strategic therapies for neurodegeneration based on activin-
mediated antagonistic pleiotropy. Given that the oligomerization of
APs is regulated by phosphorylation through the activin receptor
signaling pathway, which is stimulated by APN paradox, these
steps might present attractive therapeutic targets for intervention.
As such, in addition to suppression of APN expression by antisense
strategies, such as antisense oligonucleotides and mi-RNA of APN,
activin receptor signaling might be suppressed by various methods,
including antisense oligonucleotides and mi-RNA of activin, and
overexpression of inhibin and follistatin, and compounds of anti-
Smads.

This locus harbors an evolutionarily conserved gene-
desert region with non-coding intergenic sequences
likely involved in regulation of protein-coding flank-
ing genes, ZEB2 and ACVR2A [12]. Combined with
the dual physiological effects of activin as described
earlier (Fig. 2), this further reinforces the notion that
multiple actions of activin function through antago-
nistic pleiotropy.

ANTAGONISTIC PLEIOTROPY OF
ACTIVIN AS A THERAPEUTIC TARGET

We recently proposed that the APN paradox might
be a therapeutic target for AD. APN activity could
be reduced by antisense oligonucleotide or anti-APN
miRNA (Fig. 3) [50]. Yet, if APN resistance paral-
lels insulin resistance in AD, this strategy might be
ineffective. As described, activin might be the down-
stream effector of the APN paradox, and therefore,
an attractive therapeutic target in AD.

Since phosphorylation of APs by activin recep-
tor signaling is critically involved in protofibril for-
mation in neurodegenerative diseases of aging, sup-
pressing activin expression might prove to be a more
effective target compared to APN signaling inhibi-
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tion (Fig. 3). To achieve this, suppressing activin
expression might be effective, including reduction
of activin mRNA by antisense and/or miRNA strate-
gies. Next, endogenous activin inhibitors, including
inhibin and follistatin, might also employed. To sup-
port this, peptides derived from follistatin were shown
to inhibit muscle degeneration from myostatin, a
member of TGF family, indicating the therapeutic
potential of follistatin for the therapy of sarcopenia
[51]. Lastly, suppressing activin receptor signaling
by use of Smad-specific inhibitors might be effective,
and it was previously described that the selective inhi-
bition of Smad proteins would provide an important
therapeutic benefit in TGF fibrotic diseases [52].
Conceivably, a combination of such strategies or with
those against other related targets might be synergis-
tically beneficial.

Finally, the timing of administration of such treat-
ments in the course of neurodegeneration is extremely
important. Recently, consensus has been favoring
early treatment, even pre-symptomatic therapy, as
a paradigm for neurodegenerative disease modifica-
tion [53]. Although it is predicted that suppression
of activin receptor signaling by disease-modifying
treatment may lead to the reduced evolvability, it
remains unknown how reduced evolvability might in
turn affect offspring’s brain. Therefore, such treat-
ments should be avoided during reproductive life,
until the unexpected side effects are clarified.

CONCLUSION

Although more than 60 years have passed since
G.C. Williams described the concept of antagonis-
tic pleiotropy [4], little progress has been made
in terms of the underlying molecular mechanisms
[54]. Distinct from evolvability, which may pre-
sumably be a primitive phenomenon in evolution,
neurodegenerative disorders generated by antagonis-
tic pleiotropy in aging may be a relatively recent
phenomenon in human brain because of our extended
postmenopausal lifespan. Indeed, the length of the
post-reproductive senescence depends on environ-
mental conditions, such as the presence of predators
and available nutrition [3, 55]. In modern times, only
humans have neither predators nor lack of nutrition
through development of plant and livestock farming.
Because of this context, animal models might not
sufficiently reproduce the human experience for the
proper analysis of antagonistic pleiotropy.

On the other hand, aging science reaps the benefit
of technological innovation, and GWAS findings sup-
portarole of activin/TGF[ in antagonistic pleiotropy
in aging. Thus, it is predicted that activin might be
involved in linking evolvability with neurodegenera-
tive disorders. Furthermore, it is tempting to speculate
that other morphogenic factors such as retinoic acid
may be active in modulating activin-related antag-
onistic pleiotropy. Naturally, inhibin and follistatin,
endogenous inhibitors of activin activity, may neg-
atively regulate antagonistic pleiotropy related to
activin, suggesting that these molecules might be
therapeutically important for aging disorders. In sum-
mary, a better understanding of the role of the activin
signaling pathway in antagonistic pleiotropy which
links development with aging may lead to more effec-
tive therapies for aging-associated conditions such as
neurodegenerative disease.
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