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Abstract

Activins are a subgroup of the TGFβ superfamily of growth and differentiation factors, dimeric in 

nature and consisting of two inhibin beta subunits linked via a disulfide bridge. Canonical activin 

signaling occurs through Smad2/3, with negative feedback initiated by Smad6/7 following signal 

transduction, which binds activin type I receptor preventing phosphorylation of Smad2/3 and 

activation of downstream signaling. In addition to Smad6/7, other inhibitors of activin signaling 

have been identified as well, including inhibins (dimers of an inhibin alpha and beta subunit), 

BAMBI, Cripto, follistatin, and follistatin-like 3 (fstl3). To date, activins A, B, AB, C, and E have 

been identified and isolated in mammals, with activin A and B having the most characterization 

of biological activity. Activin A has been implicated as a regulator of several important functions 

of liver biology, including hepatocyte proliferation and apoptosis, ECM production, and liver 

regeneration; the role of other subunits of activin in liver physiology are less understood. There is 

mounting data to suggest a link between dysregulation of activins contributing to various hepatic 

diseases such as inflammation, fibrosis, and hepatocellular carcinoma, and emerging studies 

demonstrating the protective and regenerative effects of inhibiting activins in mouse models of 

liver disease. Due to their importance in liver biology, activins demonstrate utility as a therapeutic 

target for the treatment of hepatic diseases such as cirrhosis, NASH, NAFLD, and HCC; further 

research regarding activins may provide diagnostic or therapeutic opportunity for those suffering 

from various liver diseases. This review will summarize the current findings of the role of activin 

A, B, C, and E in liver physiology.
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1. Introduction/Structure and Classification of Activins

Activin was originally discovered and isolated from porcine follicular fluid in the 1980s, 

and in contrast to inhibin which is known to suppress follicle-stimulating hormone (FSH)

[1], demonstrated the ability to enhance gonadotropin-releasing hormone (GnRH)-mediated 
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secretion of FSH[2,3]. Due to their ability to potently activate production of FSH, the 

term “activins” was coined to describe these proteins. Activins are members of the TGFβ 
superfamily of growth and differentiation factors[4] and are formed via the covalent 

dimerization of two β subunits of inhibin[5]. These activin subunits are produced as 

precursor polypeptides with an NH2-terminal prodomain comprised of 250-350 residues and 

a COOH-terminal mature domain[4]. This precursor polypeptide is cleaved to release the 

biologically active mature domain by furin-like proteases[6]. In humans and other mammals, 

four subunits of activin have been identified: βA, βB, βC and βE [7]. Activin A (βA/βA), 

activin B (βB/βB), activin AB (βA/βB), activin C (βC/βC), and activin E (βE/βE) have been 

isolated in mammals, with activins A, B, and AB having the most well-defined biological 

activity as of yet[2,3,8-10].

2. Activin Receptors and Mechanisms of Signaling

Activin has both a type I and type II receptor which each contain a short extracellular 

domain that binds ligand, and a larger intracellular serine/threonine kinase domain[11]. The 

type II receptor (ActRIIA or ActRIIB) is constitutively active, and will dimerize and bind 

activin first[11]. Afterwards, the ligand-bound type II receptor complex will recruit a type 

I receptor (ActRI) each and activate them via phosphorylation of the membrane-proximal 

glycine- and serine-rich sequence (GS) region[12]. The type I receptor, termed activin 

receptor-like kinase (ALK), has 7 different variants (ALK1-ALK7) identified by homology 

cloning[13]. ALK4 has been described as the dominant type I receptor used for activin 

signaling[14], with activins A, B, and AB showing the ability to activate a combination 

of ActRIIA and ALK4 with various levels of potency[15], although activin AB and B 

(but not A) have been shown to activate ActRIIA and ALK7 as well[15,16]. Following 

ligand binding, receptors are internalized[17]; the Smad (suppressor of mothers against 

decapentaplegic) anchor for receptor activation (SARA) is a zinc double finger FYVE 

domain (derived from the names of the first four proteins recognized to contain this domain: 

Fab1p, YOTB, Vac1p, and EEA1[18]) containing protein present in the early endosome 

which is internalized along with the hetero-tetrameric receptor complex via clathrin-

mediated endocytosis[19]. SARA then will recruit a receptor-regulated Smad (R-Smad), 

orienting the R-Smad so that the serine residue on its C-terminus can bind the catalytic L45 

region of the type I receptor[20]. The type I receptor will then phosphorylate this serine 

residue of the R-Smad, inducing a conformational change which allows dissociation of the 

R-Smad from the receptor complex and SARA[21]. Activins have been shown to signal 

through the R-Smads Smad 2 and Smad3[22]. The dissociated, phosphorylated R-Smad then 

binds the common mediator Smad4 and this complex translocates to the nucleus to regulate 

expression of target genes[23] such as KLF10, IL11, ANGPTL4, and others[24]. Following 

activation, inhibitory Smad6/7 induced by the activated Smad complex initiates a negative 

feedback mechanism[25,26], forming a complex with type 1 activin receptor, thereby 

preventing Smad 2 and 3 phosphorylation and inhibiting activation of the downstream 

pathway[27]. Whereas Smad6 has been shown to preferentially inhibit Smad signaling of 

type 1 receptors ALK3 and ALK6[28], Smad7 has been shown to interact with all activated 

type 1 receptors[29]
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3. Inhibition of Activin Signaling

In addition to negative feedback initiation of SMAD6/7, multiple proteins show inhibitory 

activity of activins to bind to membrane receptor. This section will specifically focus 

on Inhibins, BAMBI (bone morphogenetic protein (BMP) and activin membrane-bound 

inhibitor), Cripto, follistatin, and follistatin-like proteins as negative regulators of activin 

signalling. Inhibin A (a heterodimer comprised of an α and βA subunit) binds the α subunit 

to the type III TGF-β receptor betaglycan, and the β subunit competitively binds to the 

type II receptor[4], preventing the ability to recruit type I receptor, effectively inhibiting 

activin signaling[30]. For inhibin B, TGFβ receptor type III-like (TGFBR3L) has been 

identified as the co-receptor required for signaling instead of betaglycan[31]. BAMBI is a 

transmembrane psuedoreceptor structurally similar to type I receptors, except that it lacks 

the intracellular kinase domain [32]. BAMBI inhibits signaling through its intracellular 

domain, which is similar to the homodimerization interface of type 1 receptor, and blocks 

the formation of receptor complexes[33]. Cripto, a member of the epidermal growth factor/

Cripto-1/FRL-1/Cryptic family (EGF-CFC), is required for nodal signaling and can form 

a complex with activins and type 2 receptor, preventing recruitment of ALK4 and thereby 

preventing downstream activin signaling[34]. Follistatin is an important regulatory molecule 

of activins, and is able to form a complex with activins to prevent receptor binding and 

block signaling[35]. This is accomplished when two follistatin molecules bind to one activin 

dimer, blocking a third of its residues and receptor binding sites[36]. Follistatin has been 

demonstrated to bind to activins A, B, AB, and E[37,38]. In addition to follistatin, there 

also exists a follistatin-like protein known as follistatin-like 3 (fstl3) encoded by follistatin-

related gene (FLRG), which is also able to bind to TGFβ family proteins, but only contains 

two of the three follistatin domains[39].

4. Activins in Liver Biology

Of all the activins covered in this review (activin A, B, C, and E), activin A is the most well-

characterized to-date and is involved in the regulation of various biological functions. Mice 

lacking activin βA do not develop whiskers, incisors, or mandibular molar teeth[40,41]. 

In addition, these mice have defective secondary palates, which results in death within 

24 hours following birth due to impaired ability to suckle[41]. In the liver, activin A is 

involved with the regulation of several important functions such as hepatocyte proliferation 

and apoptosis, ECM production, and liver regeneration[42]. In human hepatoma HLF cells, 

activin βA antisense oligonucleotides induce cell proliferation, implying a regulatory effect 

of endogenous activin A on growth inhibition[43]. Activin A has been shown to inhibit 

mitogen-induced DNA synthesis as well as induce apoptosis in vivo and in vitro[44-46]. 

Indeed, mRNA expression of activin βA has been shown to be significantly decreased 

shortly following partial hepatectomy in rat liver which returns to and eventually exceeds 

expression[47]. However, activin βA expression may have a more complex dynamic during 

the regenerative phase in the liver, as expression of activin βA has been shown to be 

increased 12 hours following hepatectomy as well[48]. In addition, inhibin α-deficient mice 

display a cachexic phenotype as a result of hepatocyte destruction, with 10-fold elevated 

serum levels of activin A, again suggesting a regulatory effect of activin A on hepatocyte 

growth[49]. Activin A has also been implicated in both pro- and anti- inflammatory 
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effects and the progression of fibrosis in the liver - activin A induction occurs quickly 

following systemic inflammation, and has been shown to inhibit the acute phase reaction 

as well as antagonize interleukin 6 effects[7]. Liver-specific overexpression of activin A 

via adenoassociated virus in low density lipoprotein (LDL) receptor-deficient mice on 

Western diet reduced inflammation, total and LDL cholesterol, hematopoietic stem cell 

expansion, liver steatosis, and fat accumulation[50].Activin A has been shown to activate 

macrophages[51,52], and activin βA expression is elevated following activation of hepatic 

stellate cells (HSC)[53]. Addition of activin A to HSC and hepatocyte co-cultures increases 

secretion of collagen, α-smooth muscle actin and fibronectin, as well as connective tissue 

growth factor[54,55]. In rat models of liver fibrosis and cirrhosis, activin βA expression 

has been shown to be increased[56-59], and circulating activin A levels are increased in 

patients suffering from acute liver failure, hepatitis infection, alcohol-induced cirrhosis, 

hepatocellular carcinoma, non-alcoholic fatty liver disease (NAFLD), and non-alcoholic 

steatohepatitis (NASH)[60-66].

In regard to liver biology, much less is known about the other activin β subunits compared 

to βA. The function of activin B in the liver is poorly understood[67]. Mice deficient 

in inhibin βB show defective eyelid fusion during embryonic development, leading to 

eye lesions, and mutant females are incapable of reproduction as their offspring suffer 

perinatal lethality[68]. Expression of βB subunit of activin is low in rodent liver[9], but is 

detectable by immunohistochemistry at low levels in hepatocytes of normal rat livers and 

in connective tissue septa in fibrotic livers[56]. In humans, however, βA and βB transcripts 

are expressed at similar levels in liver[7]. Compared to activin A and AB, activin B does 

not inhibit DNA synthesis in primary rat hepatocytes[69]. However, ectopic expression of 

the preferred activin B type I receptor, ALK7[15], has been shown to induce apoptosis 

in hepatoma cells[70]. Expression of activin βB mRNA has been shown to be highly 

upregulated in stellate cells of rat livers following CCL4 administration[71] and following 

exposure to peroxisome proliferator di-n-butyl phthalate[72]. Additionally, in a model 

of lipopolysaccharide (LPS)-induced liver inflammation in mice βB subunit expression 

levels are significantly increased, but not inhibin α or βA subunit, and detectable within 

endothelial cells and Kupffer cells[73]. In the same study, activin B induced phosphorylation 

of Smad2/3, and increased expression of connective tissue growth factor as well. In patients 

with liver fibrosis, circulating and hepatic levels of activin B are significantly increased 

compared to healthy controls[74].

The role of βC in the liver is not well-defined at this point. Activin C has been demonstrated 

to signal through ALK7, with lower affinity for the cognate type II receptor than activin A or 

B, and is resistant to neutralization via follistatin[75]. βC knockout mice develop normally 

and show normal liver function and regenerative capability[76]. Partial hepatectomy results 

in a transient down-regulation of βC subunit expression[77], and in hepatoma cell lines 

βC expression is lower than in normal liver tissue[78]. Ectopic βC expression reduces cell 

number in both human and rat hepatocytes via apoptosis induction in hepatocytes[78] and 

decreases DNA synthesis in mouse liver[79]. However, βC expression is increased in rat 

liver following administration of CCL4 in a model of cirrhosis[80] as well as following 

administration of peroxisome proliferator di-n-butyl phthalate[72]. Additionally, activin C 

treatment has been demonstrated to increase DNA synthesis in a mouse liver cell line and 
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in primary rat hepatocytes[81] and adenovirus-mediated overexpression of βC was shown to 

increase liver regeneration in rats following partial hepatectomy[82]. A plausible explanation 

for the growth stimulation effects of βC may be that by utilizing βA to produce AC 

heterodimers decreases the available pool of βA units for production of activin A[83].

Like βC knockout mice, βE knockout animals develop normally and do not show impaired 

liver function or regenerative ability[76]. However, the data for activin βE is much 

more consistent compared to βC[42]. Activin βE negatively regulates cellular growth 

in human hepatoma cell lines HepG2 and Hep3B via overexpression[78], as well as in 

immortalized mouse hepatocytes[81]. Transient overexpression in mice of βE results in 

inhibited regenerative DNA synthesis in the liver[79]. Following partial hepatectomy, βE 

levels increase rapidly and nearly return to basal levels 48 hours following hepatectomy[76]. 

Following LPS stimulation, βE expression in the liver is significantly increased, suggesting 

a role during liver inflammation[84]. Additionally, βE expression in the liver follows a 

diurnal pattern based on feeding – rats have low liver βE expression during the light phase, 

increasing until the beginning of the dark phase, which returns to low levels of expression 

when allowed food or remains high if fasted during the dark phase[42]. βA expression is 

reversed compared to βE expression in this scenario as well. Overexpression of hepatic βE 

in rodents activates thermogenesis and improves insulin sensitivity, and activin E treatment 

in cultured brown adipocytes stimulates expression of Ucp1[85]. In HepG2 cells, treatment 

with insulin resulted in upregulation of βE expression, and expression of βE mRNA was 

upregulated in the liver of diet-induced obese mice, suggesting a role for activin E in glucose 

metabolism[86]. In human, βE expression positively correlates with insulin resistance and 

body mass index, and silencing βE (via siRNA) in db/db mice resulted in reduced body 

weight gain driven by reduced fat versus lean mass[87]. Loss of function variants in the 

βE gene were associated with lower waist-to-hip ratio adjusted for body mass index, as 

well as in variants in ACVR1C, further suggesting a connection between activins and 

fat distribution[88]. Additionally, heterozygous protein-truncating mutations in βE gene 

were found to be associated with favorable fat distribution, improved metabolic profile and 

protection from type 2 diabetes[89].

5. Activins as a Potential Therapeutic Target in Liver Diseases

There is mounting evidence showing dysregulated expression of activins in various 

hepatic diseases such as inflammation, fibrosis, and hepatocellular carcinoma, which 

suggests the utility of activin signaling as a therapeutic target in various liver diseases. 

Follistatin administered to CCl4-treated rats reduced the formation of fibrosis in the 

liver and attenuated apoptosis of hepatocytes[53]. In addition, we have demonstrated 

that inhibition of activin A or B via neutralizing antibodies attenuated liver fibrosis and 

improved liver function in CCl4-treated mice, both in preventative and therapeutic modalities 

with established disease, and that combination treatment of both antibodies had additive 

benefits[74]. Adenovirus-mediated knockdown of activin A receptor type 2A attenuated 

immune-mediated hepatic fibrosis induced by chronic concanavalin A administration in 

mice and inhibited interleukin-17-induced activation of primary hepatic stellate cells as 

well[90]. Indeed, in our hands, inhibition of activin A or B via neutralizing antibodies 

in our acute concanavalin A-induced liver injury model protected hepatocytes, improved 
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liver function, and significantly reduced circulating cytokines[91]. Additionally, we have 

demonstrated that inhibition of activin A and B in a bile duct ligation model of liver 

fibrosis improved liver function and reduced fibrosis, and combination inhibition of both 

A and B had additive benefits as well as reducing hepatic and systemic inflammatory 

cytokine production in this model[92]. In addition to the anti-inflammatory and anti-fibrotic 

effects of neutralization of activin A and B, the effects of activin E on energy expenditure 

and insulin sensitivity suggest a potential for therapeutic benefit in obesity and other 

metabolism-associated disorders as well[85,93].

6. Conclusion

The activin axis plays an important role in the maintenance of liver architecture and 

cellular homeostasis and has been implicated in the pathogenesis of hepatic diseases such 

as liver failure, inflammation, fibrosis, and hepatocellular carcinoma. Abnormal expression 

of activins and/or follistatin is present in many different liver diseases and has been shown 

to contribute to inflammatory and fibrotic conditions in the liver[7]. Further research is 

necessary to elucidate the function of activin B in the liver, and to identify the molecular 

interaction of βC and βE subunits with cell surface receptors and/or secreted proteins to 

ascertain their biological activities. Activins represent a promising target for the treatment of 

various hepatic diseases, and further research and learning regarding activins and follistatins 

may provide better diagnostic or therapeutic opportunity for those suffering from various 

liver-related diseases.
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Abbreviations:

ActRI Activin type 1 receptor

ActRIIA/B Activin type 2 receptor

ALK Activin receptor-like kinase

BAMBI Bone morphogenetic protein and activin membrane-bound inhibitor

BMP Bone morphogenetic protein

ECM Extracellular matrix

FLRG Follistatin-related gene

FSH Follicle-stimulating hormone

fstl3 Follistatin-like 3

GnRH Gonadotropin-releasing hormone
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GS Glycine- and serine-rich sequence

HCC Hepatocellular carcinoma

HSC Hepatic stellate cells

LDL Low-density lipoprotein

LPS Lipopolysaccharide

NAFLD Non-alcoholic fatty liver disease

NASH Non-alcoholic steatohepatitis

R-Smad Receptor-regulated Smad

SARA Smad anchor for receptor activation

Smad Suppressor of mothers against decapentaplegic

TGFβ Transforming growth factor beta

TGFBR3L TGFβ receptor type III-like
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Figure 1. Structure of dimeric mature activin proteins.
β subunits are produced as proproteins containing a prodomain and the mature domain. 

Furin-like proteases cleave the proprotein into the biologically active mature protein, and 

activins are produced from dimers containing two β subunits linked via disulphide bridges. 

The structures of activin A, B, and AB are depicted here as homodimers or heterodimers.
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Figure 2. Activin receptor signaling pathway.
Activin will bind to two type II receptors, which then recruits and phosphorylates two type 

I receptors. The receptors are internalized, and then SARA recruits Smad2/3 which binds 

to and is phosphorylated by the type I receptor. Smad2/3 then dissociates from the receptor 

complex and SARA and binds the common mediator Smad4; this complex then translocates 

to the nucleus to regulate gene expression.

Hamang et al. Page 15

Biochem Pharmacol. Author manuscript; available in PMC 2024 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction/Structure and Classification of Activins
	Activin Receptors and Mechanisms of Signaling
	Inhibition of Activin Signaling
	Activins in Liver Biology
	Activins as a Potential Therapeutic Target in Liver Diseases
	Conclusion
	References
	Figure 1.
	Figure 2

