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ABSTRACT  

Activin A, a member of the transforming growth factor-β superfamily of regulatory 

proteins, has been implicated in both acute and chronic inflammation. Neutralising its 

biological effects using follistatin, a naturally occurring high affinity binding protein, 

has been associated with improved outcomes in animal models of inflammatory 

conditions such as endotoxaemia, inflammatory bowel disease, asthma and renal 

ischaemia-reperfusion injury. Cardiac surgery is associated with a generalised non- 

specific inflammatory response and this is largely an effect of cardiopulmonary 

bypass and myocardial ischaemia-reperfusion injury. In this thesis, the release 

pattern of activin A and follistatin in the setting of cardiopulmonary bypass and 

myocardial ischaemia-reperfusion was studied. Cardiopulmonary bypass was 

associated with a biphasic pattern of activin A release. Follistatin was also robustly 

released by cardiopulmonary bypass and the serum levels correlated with serum 

interleukin-6 levels. Activin A expression was increased in myocardial ischaemia-

reperfusion and pre-treatment with follistatin reduced infarct size associated with 

ischaemia-reperfusion. Lastly, neutrophils were identified as a potential source of 

preformed activin A in acute inflammation. Tumour necrosis factor-α was able to 

stimulate the release of activin A from neutrophils via a p38 MAP kinase dependent 

pathway. Overall, this thesis has provided data to support the hypothesis that the 

activin A/follistatin axis is involved in the inflammatory response to cardiopulmonary 

bypass and myocardial ischaemia-reperfusion. Circulating neutrophils may be a 

potential source of preformed activin A in the setting of acute inflammation. Follistatin 

may have therapeutic potential in ameliorating myocardial ischaemia-reperfusion 

injury. 
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1. Activin A and follistatin 

Activin A, a member of the TGF-β superfamily of growth regulatory proteins, was 

originally described for its role in stimulating the release of FSH from the pituitary 

gland (Ling et al. 1986). It has since been shown to play a more diverse role in the 

regulation of inflammation, immunity and cell proliferation (Phillips et al. 2009). 

Follistatin binds activin A with high affinity and is an endogenous negative regulator 

of its bioactivity. This section summarises the current understanding of activin and 

follistatin biology. 

1.1 TGF-β superfamily classification and structure 

There are over 40 members in the TGF-β superfamily. These can be divided into 

subfamilies according to structural and functional similarities. These are: 1) TGF-β 

subfamily (TGF-β1-3); 2) inhibins (A, B and others) and activins (A, B and others) 

subfamily; 3) BMPs and GDFs, and 4) other divergent members, such as anti-

Mϋllerian hormone and Nodal. The amino acid sequence of translated prepropeptide 

of the TGF-β superfamily members consists of an N-terminal signal peptide, a pro-

domain and a mature domain. The signal peptide targets the peptide for uptake by 

the rough endoplasmic reticulum and the Golgi apparatus for further processing. The 

pro-domain is enzymatically cleaved from the mature domain. Although there are 

significant variations in the pro-domain amino acid sequence amongst the 

superfamily members, the region is thought to be important for the correct folding and 

the secretion of the mature protein (Kingsley 1994). In the case of TGF-β, the pro-

domain is non-covalently linked to the mature domain and both are secreted as an 

inactive latent complex requiring proteolysis (e.g. plasmin or thrombospondin) in vivo 

or lowering of pH, boiling or SDS treatment in vitro for activation (Miyazono 2008). 

The association between the pro-domain and the mature peptide in other members 

of the superfamily, such as the activins and BMPs, is significantly weaker and the 

pro-domain is readily displaced upon receptor binding and therefore these members 
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are secreted in an active form lacking the pro-domain. The mature protein is 

characterised by a highly conserved six to nine cysteine residue sequence in the 

mature domain (cystine knot scaffold) which form intra- and intermolecular disulphide 

bonds. These proteins are typically secreted as homo- or hetero-dimers of the 

mature subunits, adopting a butterfly shaped configuration linked by disulphide bonds 

(Figure 1).  

 

Figure 1 Activin structure: homodimers of two inhibin β subunits (red and blue) adopting a 

butterfly configuration, linked by disulphide bonds. From (Lin et al. 2006b) 

1.2 Activins 

Activins belong to the activin/inhibin subfamily. While inhibins are disulphide linked 

heterodimers of inhibin α and β subunits, activins are homodimers of the inhibin β 

subunits only (Lin et al. 2006b). Four β-subunit genes (A, B, C and E) have been 

described in human (βD having been described in Xenopus but not humans). Of 

these, only activin A (two βA), activin B (two βB) and activin AB (βA and βB) have been 

found to be biologically active (Thompson et al. 2004). Little is known about the 

function of the other activins.  
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Activin A and activin B were originally isolated from porcine follicular fluid during 

purification of inhibin (Ling et al. 1986). Activin A is by far the best characterised of 

the activin group. Activin A releases FSH from the pituitary gland, whereas inhibin 

suppresses the release of FSH by antagonising activin A (Gregory and Kaiser 2004). 

In addition to its role in reproduction, activin A has also been identified as an 

erythroid and megakaryocyte differentiation factor (Broxmeyer et al. 1988; Eto et al. 

1987), neuronal survival factor (Schubert et al. 1990), mesoderm-inducing factor 

(Smith et al. 1990) and pro-apoptotic factor (Nishihara et al. 1993; Schwall et al. 

1993). More recently, there is an increasing appreciation of its role in inflammation, 

fibrosis and immune regulation (Hedger et al. 2011). 

 

The human βA gene is localised to Chromosome 7 (7p15-p13). The mRNA produces 

a precursor protein of 425 amino acids with a molecular mass of 59 kDa. As with 

other members of the TGF-β superfamily, the βA monomer is synthesised in vivo as a 

pre-pro-peptide. The proteolytic cleavage of the propeptide is mediated by furin, also 

known as PACE, a member of the subtilisin-like proprotein convertase family. It 

cleaves the propeptide at the highly conserved dibasic amino acid cleavage site (R-

X-X-R), removing the pro-domain to release the mature C-terminal form of 116 amino 

acids (13kDa). The mature peptide forms an inter-subunit disulphide bond via Cys79 

and is secreted as a homodimer. Structurally it is homologous to other members with 

a highly conserved cysteine knot scaffold and a butterfly configuration. 

1.3 Activin A receptors and intracellular signalling  

Receptors of the TGF-β superfamily belong to the serine/threonine kinase family of 

receptor kinases. Activin A binds to the type II receptors which are constitutively 

active and they in turn recruit and phosphorylate type I receptors. There are seven 

type I and five type II receptors (Shi and Massague 2003).  Activin A binds to type II 

receptors (ACTRII), which in turn recruit an activin type 1 receptor, ACTRIB (also 
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known as ALK4) (Feng and Derynck 2005). This pattern of sequential receptor 

recruitment applies to both the TGF-βs and activins. In contrast, BMPs and GDFs are 

able to bind to either receptors but signalling only occurs when both receptors are 

bound.  

 

The canonical intracellular signalling pathway for activin A is via the SMADs, a group 

of mammalian signal transduction proteins homologous to the Drosophila protein, 

MAD and the Caenorhabditis elegans protein, SMA (Wrana and Attisano 2000). The 

system of SMADs is activated by the type I receptors. The SMAD proteins are 

classified according to their functions. There are receptor regulated SMADs, SMAD1, 

SMAD5 and SMAD8/9 (activated by ALK1, ALK2, ALK3 and ALK6 type 1 receptors) 

and SMAD 2 and SMAD3 (activated by ALK4, ALK5 and ALK7 type 1 receptors), the 

common SMAD (SMAD4) and inhibitory SMADs, SMAD6 and SMAD7. Activin A 

binds to ALK4 and therefore signals via SMAD2 and SMAD3. Following 

phosphorylation, these SMADs complex with SMAD4 and are transported into the 

nucleus and activate specific target genes. 

 

There is also evidence that TGF-β and activin A may signal through MAPK to 

activate the p38/JNK pathways (Derynck and Zhang 2003). This action is 

independent of the SMAD signalling and does not require type I receptor kinase 

activity. It appears to signal via TRAF6 and the recruitment of TAK-1 (Sorrentino et al. 

2008; Yamashita et al. 2008). This pathway is utilised by activin A to mediate the 

growth inhibition effect on human breast cancer T47D cells in addition to SMAD 

signalling (Cocolakis et al. 2001). In addition, activin A’s effect on keratinocyte 

migration is mediated by MEKK1-dependent JNK and p38 activation, but not on 

SMAD signalling (Zhang et al. 2005). 
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1.4 Activin A binding proteins and antagonists  

There are a number of structurally unrelated proteins that bind to activin A and 

neutralise its biological activity. These include follistatin and FSRP, also known as 

FSTL3. A number of other proteins (Crypto and BAMBI) have been found to have the 

ability to inhibit activin signalling via interaction with the activin-receptor complex, but 

their biological significance in the regulation of activin A signalling is still unclear 

(Gray et al. 2003; Onichtchouk et al. 1999).  

1.4.1 Follistatin 

Follistatin contains a 63-residue N-terminal segment followed by three follistatin 

domains (FS1-3) each of 73-75 amino acids. These domains each contain 10 

cysteine residues. Two main forms of follistatin exist by alternative splicing, FS288 

and FS315. FS288 lacks the last exon due to inclusion of an intronic sequence that 

contains an early stop codon (Shimasaki et al. 1988). FS288 resides mainly in the 

tissue as it binds cell surface HSPGs with high affinity (via its FS-1 domain). On the 

other hand, FS315 is considered to be the predominant circulating form of follistatin, 

because it only binds to heparan sulphate after forming a complex with activin A 

which alters its conformation and exposes the HSPG binding sites. It is speculated 

that FS315 binds free circulating activin A, the complex then in turn binds to cell 

surface HSPGs for internalisation and degradation. A systemically administered 

anticoagulant, heparin, has been shown to increase circulating activin A and 

follistatin levels concurrently. This is thought to be due to the structurally analogous 

heparin displacing cell surface HSPG-bound activin and follistatin complexes (Jones 

et al. 2004b).   

 

Follistatin binds to activin A with high affinity (50-500pM). Activin A binds to the N-

terminal 63 residue region, as well as the FS-1 and FS-2 domains and these are 

essential for suppressing its biological effects (Thompson et al. 2005). Two follistatin 
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molecules bind one activin A dimer and this obstructs each activin subunit’s type II 

receptor binding site. Follistatin does not bind directly to activin receptors. Its only 

known biological function is through its binding of TGF-β superfamily members. 

Follistatin binds other members of the TGF-β superfamily at a lower affinity than 

activin A binding. For example, follistatin can also bind to activin B but the affinity for 

activin B is 10 times lower than for activin A (Schneyer et al. 2003). It can also bind 

with lower affinity to myostatin (GDF8), GDF9 and BMPs 6 and 7, but not TGF-β1 or 

TGF–β2 (Sidis et al. 2006) (Hedger et al. 2011). Binding of follistatin to TGF-β3 has 

been described to inhibit epithelial-mesenchymal transition in vitro (Nogai et al. 2008). 

1.4.2 FSRP 

FSRP also binds to activin A with high affinity (850pM) (Harrison et al. 2005). It 

differs from follistatin in lacking the FS-3 domain and the consensus heparin-binding 

sequence (Schneyer et al. 2001). Therefore it cannot bind to cell surface HSPGs. 

The tissue distribution pattern of FSRP is also different from that of follistatin. It is 

more highly expressed in the placenta, the testis, the skin and the cardiovascular 

tissues, whereas follistatin expression is highest in the pituitary, the ovaries and the 

male reproductive organs (Schneyer et al. 2001). Although a number of other 

follistatin-like domain containing proteins have been described, they do not seem to 

bind activin A (Geng et al. 2011; Phillips and de Kretser 1998). 
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2. Activin A and acute inflammation 

Activin’s role in the immune system and inflammation was first suggested through its 

ability to regulate thymocyte proliferation (Hedger et al. 1989). Subsequently, 

monocytes and bone marrow stromal cells were found to produce functional dimeric 

activin A following stimulation by LPS and cytokines such as IL-1α and TNF-α (Shao 

et al. 1992). Following this, a series of papers have shown that activin A production is 

stimulated by inflammatory mediators in a variety of cell types and that it, in turn, is 

able to induce the production of pro-inflammatory cytokines from immune and 

stromal cells. Levels of activin A in serum are elevated in a large number of clinical 

conditions in which inflammation is known to be of aetiological importance. These 

conditions include liver cirrhosis, chronic renal failure, advanced solid tumour cancer 

(Harada et al. 1996), congestive heart failure (Yndestad et al. 2004), pulmonary 

hypertension (Yndestad et al. 2009b) and acute myocardial infarction (Miyoshi et al. 

2009). This section will focus on the inflammatory conditions associated with 

elevated serum and tissue activin A levels and will also examine the function of 

activin A in the setting of inflammation. 

2.1 Activin A release in animal models of systemic inflammation 

The study of activin A in systemic inflammation was instigated by the finding that 

follistatin is released systemically in response to surgical trauma or IL-1β infusion 

(Phillips et al. 1996). Elevated follistatin serum levels were also demonstrated in 

patients with septicaemia (Michel et al. 1998). These observations led to the study of 

activin A levels in animal models of LPS-induced inflammation. LPS signals via the 

TLR4 receptor and triggers a whole body inflammatory response characterised by 

raised body core temperature, release of pro-inflammatory cytokines and 

hemodynamic disturbances (endotoxaemia).  Following systemic administration of 

LPS, circulating activin A levels increase rapidly and in a biphasic pattern (Jones et al. 
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2000; Jones et al. 2007). The first serum peak occurs less than one hour following 

LPS challenge, while a smaller and less defined second peak occurs 4-12 hours later. 

Serum follistatin level is also increased, with its peak largely coinciding with the 

second peak of the activin A response. The first peak in activin A response coincides 

or is slightly earlier than the systemic release of TNF-α, which is one of the earliest 

cytokines to be released in endotoxaemia (Mant et al. 2008; Van Zee et al. 1995), 

and precedes the release of IL-1β and IL-6. This pattern of activin A release to LPS 

has been demonstrated to be reproducible in both sheep and mice (Jones et al. 2000; 

Jones et al. 2007) (Figure 2). These studies demonstrated for the first time that 

activin A is a critical early cytokine that is released in LPS-induced systemic 

inflammation. Although the release of activin A in response to LPS has not been 

demonstrated in humans, a number of studies suggest that both activin A and 

follistatin levels are increased in bacterial sepsis (see below 2.2.1) 

 

 

Figure 2 Release profile of inflammatory cytokines following LPS administration and changes 

in core body temperature in a sheep model of acute inflammation. From (Phillips et al. 2009) 
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2.2 Activin A release in infective and sterile inflammatory conditions 

In addition to animal models of LPS-induced systemic inflammation, a large number 

of in vivo and in vitro studies have examined the release and the function of activin A 

in the setting of infective and sterile inflammation. The ability of follistatin to neutralise 

the adverse effects of activin A in these conditions has also been explored. 

2.2.1 Infection  

Michel and colleagues have demonstrated elevated activin A and follistatin levels in 

patients presenting with septicaemia. The levels correlated with serum CRP levels, 

however no statistically significant correlation with clinical outcomes was found 

(Michel et al. 2003a). Neonates with hospital-acquired infections also have elevated 

serum activin A levels (Petrakou et al. 2008). Activin A levels in the CSF are 

significantly increased following bacterial meningitis (Ebert et al. 2006; Michel et al. 

2003b). This occurs without changes in serum activin A levels and is thought to be 

produced by microglial cells and infiltrating macrophages in response to bacterial 

components in the CSF (Michel et al. 2003b). In another study, Wilms and 

colleagues were able to show that activin A levels were elevated in bacterial but not 

viral meningitis (Wilms et al. 2010). Although the functional significance of elevated 

activin A in infection has not been fully elucidated, these studies clearly suggest that 

infection is a trigger for the systemic release of activin A and follistatin.  

2.2.2 Trauma 

Infection is not the only condition in which activin A and follistatin levels are elevated. 

The same innate immune pathways are activated in sterile inflammation. Not 

surprisingly, activin A and follistatin levels have been studied in this setting. In a 

study by Phillips and colleagues, CSF activin A level was found elevated in a 

subpopulation of traumatic brain injury, in which the activin A level correlated with 

CSF levels of neuronal specific enolase and S100-β, both of which are markers of 
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cell necrosis (Phillips et al. 2006). S100 proteins signal through RAGE and activate 

pro-inflammatory pathways including NFκB and MAPK, both of which are possible 

regulators of the activin A secretion pathway (Hofmann et al. 1999). There has not 

been any study that specifically examined whether surgical trauma itself causes 

release of activin A. However, an early study done before an activin A immunoassay 

was readily available found increased levels of follistatin following sham castration, 

an effect thought to be due to surgical trauma alone (Phillips et al. 1996). These 

studies do not elucidate the mechanism of activin A increase in the setting of trauma. 

However, it is increasingly appreciated that tissue damage is associated with the 

release of endogenous molecules that can elicit an inflammatory response and this 

may be the trigger for activin A release in this setting. 

2.2.3 Inflammatory arthropathies 

Activin A levels are elevated in synovial fluids in inflammatory arthropathies such as 

rheumatoid arthritis and gout, but not in degenerative osteoarthritis (Yu et al. 1998). 

Fibroblast-like synoviocytes and CD68-positive macrophages in rheumatoid 

synovium can secrete activin A when stimulated with IL-1β, TNF-α and TGF-β (Ota et 

al. 2003). It appears that activin is also a major downstream gene involved in IL-1Ra- 

and IL-10-mediated anti-inflammatory effects in rheumatoid arthritis, as double gene 

transfer of IL-1Ra and IL-10 alters the expression of activin A gene expression 

(Neumann et al. 2002). Urate crystal deposits within joints are the trigger for the 

inflammatory response in gout and these crystal deposits can be sensed by the 

NLRP3 inflammasome leading to the production of IL-1β, which is a potent stimulator 

for the synthesis and secretion of activin A (Martinon et al. 2006) (See section 2.3).  

2.2.4 Inflammatory bowel disease 

Inflammatory bowel disease is another condition in which the activin A expression is 

increased, where its mRNA levels correlate with expression of IL-1β and are found 



 

21 
 

highest in areas of greatest inflammation (Hubner et al. 1997). Activin A mRNA 

expression is predominantly localised in the mucosa and submucosa of inflamed 

intestine. In mouse models of inflammatory bowel disease, follistatin has been shown 

to reduce the severity of colonic inflammation and improve survival (Dohi et al. 2005).  

2.2.5 Allergic inflammation 

Activin also seems to be a target gene for ovalbumin-induced allergic airway 

inflammation, in which activin mRNA is significantly up-regulated without a 

concomitant increase in TGF-β expression (Rosendahl et al. 2001). Infiltrating mast 

cells have been identified as an importance source of activin A in this setting (Cho et 

al. 2003). CD4+ T cells from patients with asthma and atopic dermatitis have 

increased activin A expression (Wohlfahrt et al. 2003). Ovalbumin challenge is 

associated with a significant up-regulation of nuclear phosphorylated SMAD2 in 

bronchial epithelium and alveolar macrophages and the intranasal administration of 

follistatin reduces the number of lymphocytes expressing IL-4 and IL-5 in the regional 

lymph nodes (Hardy et al. 2006). In addition, activin promotes airway smooth muscle 

proliferation (Cho et al. 2003). IL-13, a cytokine involved in mediating type 2 immune 

response, increases bronchial epithelial activin A production (Hardy et al. 2010). 

Recently, it was also shown that eosinophils were able to produce activin A in 

response to a combination of IL-3 and TNF-α (Liu et al. 2010).  

2.2.6 ARDS 

In addition to allergic disorders of the lung, pulmonary overexpression of activin A 

has been shown to cause acute lung inflammation in mice similar to that seen in 

ARDS (Apostolou et al. 2012). ARDS is a clinicopathological entity with diverse 

inflammatory aetiologies including septicaemia and severe trauma. In patients with 

ARDS, the authors have also found there was a selective upregulation of activin A 

protein levels in the bronchoalveolar lavage fluids of these patients. The authors 
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further demonstrated that neutralisation of activin A activity led to attenuated lung 

pathology in a mouse model of ARDS.  

2.2.7 Myocardial ischaemia 

Yndestad and colleagues showed that serum activin A levels were elevated in 

patients with CCF and the level correlated with the degree of symptoms in these 

patients (Yndestad et al. 2004). Further, myocardial gene expression of both TGF-β 

and activin A is increased in the myocardium in CCF (Mahmoudabady et al. 2008). 

Activin is able to upregulate expression of cardiac remodelling genes such as ANF, 

MMP-9 and TGF-β in this setting. In other studies, serum activin A levels are 

elevated in patients with chronic stable angina pectoris and the levels of activin A 

prior to patients undergoing percutaneous coronary interventions are an independent 

predictor of the release of creatinine kinase following the procedure (Miyoshi et al. 

2009; Smith et al. 2004). Interestingly, mRNA levels of activin A in peripheral T cells 

in patients with unstable angina is less than in patients with stable angina (Smith et al. 

2004). Unstable angina represents a progression from stable angina due to 

inflammation and the authors speculated that activin A might have an anti-

inflammatory role in this aspect.  

 

Not only is activin A involved in the chronic remodelling process of the heart, it has 

also been shown recently to be elevated secondary to myocardial IR injury. In a rat 

myocardial IR model, following 30 minutes of ischaemia and 60 minutes of 

reperfusion, myocardial activin A levels were significantly increased compared with 

surgical shams, and post-conditioning of the heart (a mechanism to make the tissue 

more resistant to IR) was able to decrease the expression of activin A following IR 

(Zhang et al. 2009a). In another study, activin A was found to be protective in 

myocardial IR and this was found to be due to its anti-apoptotic effect (Oshima et al. 
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2009). In addition to the heart, increased expression of activin A has also been found 

in the brain and the kidney following IR (Maeshima et al. 2001; Mukerji et al. 2007).  

2.2.8 Malignancy 

Cancer-related inflammation is another classical example of sterile inflammation. 

Many of the factors that stimulate inflammation are in play in the tumour 

microenvironment including hypoxia, cell necrosis and activated immune cells (Porta 

et al. 2011). An early study using a RIA to measure serum activin A levels had 

identified elevated levels in advanced solid cancers (Harada et al. 1996). In our 

laboratory, using a highly sensitive activin ELISA it has been found that activin A 

levels were significantly higher in metastatic cancers than either benign tumours or 

normal controls (unpublished data). Wildi and colleagues have shown elevated 

activin A mRNA in metastatic colon cancer (Wildi et al. 2001). Activin A levels are 

also elevated in breast cancer and interestingly, a decline in serum activin A level is 

seen in patients undergoing surgery for removal of breast cancer (Reis et al. 2002). A 

sterile inflammatory response is usually present in metastatic cancer and this may be 

the trigger for the chronically activated activin A level in this setting.  

2.2.9 Burns 

Activin is also highly expressed in injured skin. Activin A expression is normally found 

in fibroblasts in the dermis and the epidermis. Burns are associated with increased 

activin A level in the blister fluids and tissue infiltrate of immune cells that secrete 

activin A ((Phillips et al. 2009) and unpublished data from our laboratory).  

 

These data suggest that the systemic release of activin A is not only confined to 

bacterial activation but also can be a result of tissue injury and inflammation. Activin 

A expression is highly inducible in sterile inflammation and a large number of in vitro 

studies have implicated the TLR pathway as well as pro-inflammatory cytokines such 
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as IL-1β and TNFα in the regulation of activin A synthesis and secretion. Although 

the endogenous stimuli for activin A expression in the individual conditions have not 

yet been fully elucidated, an overview of the regulation pathway will be briefly 

presented in Section 2.3.  

2.3 TLR/IL-1 and the regulation of activin A synthesis and release 

The TLRs belong to a group of receptors that have been collectively termed pattern 

recognition receptors (Chen and Nunez 2010). They play a fundamental role not only 

in the body’s defence against microbial invasion but also in the cellular response to 

tissue injury and repair. They recognise conserved structural moieties that are found 

in microorganisms, commonly referred to as PAMPs. The TLRs function as dimers 

and recognize different microbial components. For example, TLR2 recognizes a 

number of bacterial and fungal wall components including lipoteichoic acid and beta-

glucan. TLR4 recognizes LPS, a Gram negative bacterial wall component and TRL9 

recognizes bacterial DNA motifs. Most TLRs signal via the MyD88 adaptor protein 

dependent pathway, except TLR3 which signals exclusively via the adapter protein, 

TRIF (Brikos and O'Neill 2008).  

 

It is increasingly recognised that TLRs are not only microbial sensors but they also 

recognize endogenous molecules that are released as a result of tissue damage. 

Analogous to PAMPs, these endogenous molecules have been termed DAMPs. 

Molecules such as HMGB1, HSPs as well as extracellular matrix proteins (heparin 

sulphate, hyaluronan and biglycan) have been identified as endogenous activators of 

the TLR pathways (Chen and Nunez 2010). Elevated levels of activin A in conditions 

of sterile inflammation are therefore possibly mediated via the TLR pathways 

triggered by these endogenous DAMPs. 
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The animal endotoxaemia model studies suggest that activin A and its binding 

protein follistatin are important mediators of inflammation associated with microbial 

infection. Activation of the TLR4 by LPS triggers a robust and reproducible activin 

response in vivo. TLR4 mediated activin A release is dependent on the MyD88 

adaptor protein as the response is completely abolished in MyD88 gene knockout (-/-) 

mice (Jones et al. 2007). Activin A release can also be triggered by agonists to TLR2 

and TLR9, likely through MyD88 dependent pathway as well. The level secreted, 

however, is significantly lower than that induced by the TLR4 pathway ((Ebert et al. 

2007) and unpublished data from our laboratory). 

 

IL-1β is another key mediator in the sterile inflammatory response which also signals 

via the MyD88 dependent pathway. It is involved in the acute phase reaction, up-

regulates adhesion molecule synthesis, and activates T cells and 

monocyte/macrophages to initiate cell-mediated immune responses. Like the TLRs, it 

has been shown to stimulate the synthesis and release of activin A in a large number 

of cell systems in vitro (Hedger et al. 2011).  

 

The downstream signalling events that lead to activin A synthesis and release have 

not been fully elucidated but is likely to involve NFκB and AP-1 transcription factors, 

both of which are activated downstream of MyD88-dependent TLR and IL-1 

signalling. NFkB is activated by phosphorylation and degradation of its IkB subunit 

while AP-1 can be activated by phosphorylation of the MAPKs, p38 and JNK (Hedger 

et al. 2011). Inhibition of NFκB and MAPKs reduce activin A expression in vitro in a 

number of culture systems (Hedger et al. 2011). Thus, there is a considerable body 

of in vitro data to suggest that TLRs are important regulators of de novo activin A 

synthesis. However, these findings have not been corroborated with in vivo studies in 

clinical conditions. The involvement of TLR/IL-1 in the regulation of sterile 
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inflammation-induced activin A release in the conditions described above is still 

largely speculative and further studies are required. 

2.4 Functions of activin A 

Like other TGF-β superfamily members, activin A has a wide range of cellular 

functions. An immunoregulatory role for activin A in acute inflammation is emerging 

(Hedger et al. 2011). In addition, activin has an established role in tissue fibrosis 

(Werner and Alzheimer 2006). This provides a link between acute and chronic 

inflammation in which activin A could be thought to exert its immunoregulatory and 

profibrotic effects as a continuum. 

2.4.1 Pro-inflammatory and immunoregulatory effects 

TGF-β has an established immunosuppressive role in inflammation. TGF-β or 

SMAD3 knockout mice have an overt inflammatory phenotype (Kulkarni et al. 1993; 

Matzuk et al. 1995). Unlike TGF-β, when the βA subunit gene is knocked out, 

neonatal lethality results, but this is not associated with an overt inflammatory 

phenotype (Matzuk et al. 1995). Although activin A expression is clearly up-regulated 

in a variety of acute inflammatory conditions, its exact role in this setting is still 

unclear. 

In vitro data suggest that activin A may be pro-inflammatory as it stimulates the 

release of IL-1β, TNF-α and NO from monocyte/macrophage cell lines (Yamashita et 

al. 1993). However, the pro-inflammatory effect of activin A in vitro may not be very 

pronounced and is overshadowed by agents such as LPS. In rat bone marrow 

derived macrophage, LPS is more potent than activin A in eliciting inflammatory 

response and activin A had no additive effect to LPS. Activin A releases higher level 

of TNF-α in presence of a tyrosine kinase inhibitor (Nusing and Barsig 1999). 

Furthermore, pretreatment of microglial cells with activin A for 24 hours decreases 
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LPS induced inflammatory response at mRNA level and no additive pro-inflammatory 

effect is seen when given together with LPS (Sugama et al. 2007). In human 

monocytes, IL-1β processing is reduced with activin A treatment (Ohguchi et al. 

1998). In gestational tissues, activin A at low concentration is able to stimulate, but at 

high concentration, inhibit the release of IL-6 and IL-8 (Keelan et al. 2000). 

 

Activin A suppresses IL-6 synthesis (via TAK-1/JNK pathway) and decreases IL-6 

effects on the acute phase response. It also inhibits B cell proliferation and the 

secretion of acute phase proteins in HepG2 human hepatoma cells and IL-6 

proliferative response in M1 myeloblasts in vitro (Brosh et al. 1995; Yu et al. 1998). It 

appears to antagonise both the effect of IL-6 and IL-11 in vitro, by interfering with its 

signalling pathways (Brosh et al. 1995). Activated SMAD 3/4 complex acts as a 

transcription inhibitor of IL-6 targeted genes (Zauberman et al. 2001). It was also 

shown that activin A in sub-nanogram concentrations can induce apoptosis in 

plasmacytoma cell lines (Sternberg et al. 1995). Furthermore activin A inhibited 

proliferation in T cells (Hedger et al. 1989). Activin A is also highly inducible in 

dendritic cells and has been found to attenuate CD40 ligand specific cytokine 

production and promote dendritic cell differentiation and antigen uptake (Robson et al. 

2008; Scutera et al. 2008). It induces macrophages to express arginase-1 (M2 

phenotype) while inhibiting IFN-γ-induced NOS production (Ogawa et al. 2006). It 

also suppresses natural killer cell functions and contributes to the development of 

regulatory T cells (Huber et al. 2009; Robson et al. 2009; Semitekolou et al. 2009).  

2.4.2 Proliferation, apoptosis and fibrosis 

While it appears that activin A may play an immunoregulatory role in acute 

inflammation, its effect on cellular proliferation, fibrosis and apoptosis predominate in 

the more chronic setting. This is consistent with elevated serum levels of activin A in 

many chronic fibrotic conditions. Activin stimulates proliferation of lung fibroblasts, 
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porcine thyroid cells, keratinocytes and spermatogonial cells but increases apoptosis 

in hepatocytes, B lineage cells, prostate cancer cells and others (Chen et al. 2002). 

Activin A appears to inhibit cellular proliferation of parenchymal cells but promotes 

the production of cells involved in fibrosis (Werner and Alzheimer 2006). 

 

The effect of activin on hepatocyte proliferation and apoptosis has been well studied. 

Activin A is constitutively expressed in normal liver parenchymal cells (De Bleser et al. 

1997) and has been shown to suppress liver DNA synthesis and cause hepatocyte 

apoptosis (Hully et al. 1994; Schwall et al. 1993). Further, activin A inhibits the 

proliferative effect of EGF on hepatocytes (Yasuda et al. 1993). EGF induces activin 

A expression within hepatocytes which acts in an autocrine fashion to limit the extent 

of proliferation. Using follistatin can significantly accelerate the proliferative response 

of hepatocytes to EGF. Portal administration of follistatin after partial hepatectomy 

significantly accelerates liver regeneration (Kogure et al. 1995).  

 

In a carbon tetrachloride-induced liver injury model, activin A receptor expression is 

depressed at 24 hours, resulting in less activin signalling and possibly rendering the 

hepatocytes more responsive to mitogen stimuli (Date et al. 2000). In a more chronic 

model, activin A expression was found to be decreased in the initial 2-3 weeks and 

thereafter increased when the liver had become fibrotic; activin was localised 

predominantly to hepatocytes around the areas of fibrosis (Huang et al. 2001). 

Serum levels of activin A are increased in chronic viral hepatitis as well as acute liver 

failure of various aetiologies (Hughes and Evans 2003; Patella et al. 2001). Serum 

activin A levels are also elevated in non-alcholic fatty liver disease and the levels 

correlate with the degree of hepatic fibrosis (Yndestad et al. 2009a). This is 

consistent with an early anti-proliferative effect of activin A and a later pro-fibrotic 

effect. Matrix components, such as biglycan, versican and heparin sulphate, are 

actively produced in the process of cirrhosis (Hogemann et al. 1997; Szende et al. 
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1992). These matrix components are also capable of activating TLR receptors (Kim 

et al. 2009; Schaefer et al. 2005) and may be partly responsible for the elevated 

activin A levels in liver cirrhosis. A reduced serum follistatin to activin ratio, which 

signifies relatively more abundant free activin A, is found in patients with acute 

hepatic failure compared with patients with acute hepatitis without failure (Lin et al. 

2006a).  

 

While activin A has a largely inhibitory effect on hepatocytes, it increases smooth 

muscle proliferation. Smooth muscle of the vasculature is able to synthesise activin A 

in vitro when stimulated with mitogens such as angiotensin II and thrombin 

(Pawlowski et al. 1997). It was found that activin A mediated the mitogenic effects of 

angiotensin II and thrombin in combination with EGF and heparin binding EGF-like 

growth factor, while these factors were only mildly mitogenic on their own. Activin A is 

also expressed in the smooth muscle of the pulmonary vasculature (Yndestad et al. 

2009b). Serum activin A levels are increased in patients with pulmonary hypertension 

and the levels correlate with mortality (Yndestad et al. 2009b). Furthermore, activin A 

levels are markedly elevated in fibrotic lung conditions, such as a bleomycin-induced 

mouse lung fibrosis model and clinical conditions such as idiopathic pulmonary 

fibrosis and diffuse alveolar damage (Matsuse et al. 1995; Matsuse et al. 1996). The 

increased activin A expression is seen in the metaplastic epithelial cells, vascular 

smooth muscle, infiltrating macrophages and interstitial fibroblasts. Fibroblasts can 

both secrete and respond to activin A (Ohga et al. 1996; Ohga et al. 2000). They 

transform into myofibrolasts in vitro upon activin A treatment. Further, treatment with 

follistatin can ameliorate the pro-fibrotic effect of activin A on the lungs (Aoki et al. 

2005). 

 

Overall, it appears that the effect of activin A in vivo is more likely to be 

immunoregulatory than overtly pro-inflammatory in the acute phase of inflammation. 
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Activin promotes a type 2 response in activated macrophages and promotes antigen 

presentation by dendritic cells and antibody synthesis by B cells (Hedger et al. 2011; 

Ogawa and Funaba 2011) (Figure 3). Type 2 immune responses have been linked to 

both pulmonary and hepatic fibrosis (de Jesus et al. 2004; Lukacs et al. 2001). 

Clinical and in vitro studies have consistently shown that activin A is involved in 

cellular proliferation and fibrotic processes. This suggests that activin A may be an 

orchestrator in the transition from acute inflammation to fibrosis.  

 

 

Figure 3 Proposed immunological function of activin A. From (Hedger et al. 2011) 

2.5 Sources of activin A in acute inflammation 

The βA subunit gene is widely expressed and virtually all cells in the body are able to 

produce activin A under appropriate stimuli. In the mouse embryo, activin A is 

expressed after day 10.5 in the mesenchymal cells of craniofacial regions, hair 

follicles, heart and digestive tract (Matzuk et al. 1995). In the human embryo, 

abundant levels of the βA subunit mRNA have been found in the heart, bone marrow 

and CNS (Tuuri et al. 1994). The βA subunit gene knockout is neonatally lethal, but 
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most defects seem to be limited to craniofacial skeletal development, with cleft palate 

resulting in a failure to suckle and death within 24 hours of birth (Matzuk et al. 1995). 

Thus, it appears that the lack of activin A does not impact pivotally on the 

development of most visceral organs. 

 

The normal tissue distribution of activin A in adult humans has not been fully 

elucidated. However, mRNA expression levels in porcine tissues have been 

examined. βA subunit mRNA was found to have the highest levels in ovary, 

vasculature (vein and artery), uterus, adrenal gland and fat (Schneider et al. 2000). 

Studies from our laboratory have shown high levels of βA subunit mRNA in the liver 

of the mouse but using a sensitive and quantitative RT-PCR technique, detectable 

activin A mRNA was found in all major organs (Wu et al. 2012). Activin A protein has 

been immunolocalised in the lung (bronchial epithelial cells, alveolar macrophages) 

(Matsuse et al. 1996) (Yndestad et al. 2009b), bladder (transitional epithelial cells, 

smooth muscles) (Ying and Zhang 1995), vasculature (endothelial cells, smooth 

muscle) (Ying and Zhang 1995), digestive tract (intestinal epithelial cells, smooth 

muscle) (Dohi et al. 2005), cardiomyocytes (Yndestad et al. 2004), brain (cortical 

neurons, choroid plexus epithelial cells) (Michel et al. 2003b) and bone marrow 

(stromal cells, cells of macrophage lineage) (Wada et al. 1996), skin (keratinocytes, 

fibroblasts and hair follicle) (McDowall et al. 2008), male reproductive tract (Sertoli 

cells in testis) and female reproductive tract (Wada et al. 1996).  

 

As noted in section 2.1, LPS initiates the rapid release of activin A protein. Studies in 

our laboratory have shown that the first peak of activin A release is only partially 

inhibited by inhibitors of protein synthesis (Wu et al. 2012), suggesting the release is 

not entirely from de novo protein synthesis but also involves preformed activin A 
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stored in tissues. However, with the wide spread tissue distribution of activin A, the 

precise cell source of this preformed activin A has not yet been identified.   

2.6 Therapeutic potential of follistatin in inflammation and fibrosis 

As discussed previously, follistatin binds activin A with high affinity. In a number of 

animal models of inflammatory conditions such as inflammatory bowel syndrome, 

renal and hepatic IR, asthma and LPS-induced endotoxaemia, follistatin has been 

shown to improve outcome and survival (Dohi et al. 2005; Hardy et al. 2006; Jones et 

al. 2007; Kanamoto et al. 2011; Maeshima et al. 2001).  Not only can follistatin 

antagonise some of the acute effects of activin A but also it has been shown to 

reduce fibrosis in a number of chronic inflammatory conditions, including lung and 

liver fibrosis (Aoki et al. 2005; Patella et al. 2006). In transgenic mice with genetic 

overexpression of follistatin, skin wounds heal with less scarring (Wankell et al. 2001). 

The use of follistatin as a therapeutic agent has thus wide clinical applications 

although, to date, no clinical study has been published. 
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3. Cardiac surgery and inflammation 

The majority of the cardiac operations today are carried out with the use of the heart 

lung machine which takes over the function of the heart and lungs in oxygenating and 

pumping the blood around the body, or CPB. The CPB circuit consists of a venous 

cannula which collects de-oxygenated blood from the heart, an oxygenator, an 

arterial cannula and a pump to deliver oxygenated blood back into the aorta, the 

main blood vessel in the body (Figure 4). Once CPB is established, the heart is no 

longer required to pump blood around the body and therefore it may be stopped to 

allow the surgeon to operate on a stationary and bloodless field. The heart’s beating 

is stopped through the use of the cardioplegia solution, which is a high potassium 

containing solution which arrests the heart in diastole. The delivery of cardioplegia 

solution requires the aorta to be cross-clamped so that the cardioplegia solution is 

only delivered into the coronary arteries, the blood supply of the heart, as these 

arteries are the only vessels arising proximal to the aortic cross-clamp. As a result, 

the heart is arrested while the rest of the body is continuously being perfused by the 

heart lung machine distal to the aortic cross-clamp (Figure 4).  

3.1 Triggers of the inflammatory response in cardiac surgery 

It is well known that cardiac surgery is associated with a non-specific, whole body, 

sterile inflammatory response. In fact, an inflammatory response is seen in all 

surgical operations due to tissue trauma. Tissue destruction as a result of surgery is 

necessarily associated with an inflammatory response that is essential for tissue 

repair and healing. The degree of inflammation is thought to be related to the severity 

of tissue injury. The inflammatory response is similar in characteristics to the 

response to microbial infection due to activation of shared pattern recognition 

receptors such as TLRs, RAGE and Nods in response to the release of DAMPs. The 

whole spectrum of the innate immune response, including the acute phase response 
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and systemic release of pro- and anti-inflammatory cytokines, is initiated by surgical 

trauma. Surgical trauma may contribute more to the elevated inflammatory cytokine 

levels such as IL-6 than cardiopulmonary bypass itself (Prondzinsky et al. 

2005)

 

Figure 4 The cardiopulmonary bypass circuit consisting of a venous reservoir, oxygenator 

and roller pump connected by right atrial and aortic cannulae. Note also the cardiotomy 

suction device which is used to return shed blood in the tissue space directly into the venous 

reservoir. 

 

In addition to surgical trauma, the inflammatory response to cardiac surgery is often 

more pronounced because of two unique features of cardiac surgery – CPB and 

aortic cross-clamping. Blood coming into contact with the foreign surface of the CPB 

circuit is itself a potent stimulus for inflammation with the activation of humoral factors. 

It occurs within minutes of the onset of CPB and is characterised by both humoral 

and cellular activation of the innate immune system (Butler et al. 1993). Both cellular 

(neutrophils and monocytes) and humoral (complement cascade, clotting/fibronoylsis 

cascades as well as the kallikrein-bradykinin systems) are activated rapidly. This 

subsequently triggers the release of cytokines and chemokines such as IL-8 and 
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MCP-1 which are dependent on the complement activation as a result of surface 

contact (Lappegard et al. 2004). These factors serve to amplify the signal to the 

blood cells such as neutrophils and monocytes.  

 

The effect of CPB on the inflammatory response may be better appreciated when the 

inflammatory response to the procedures which require CPB (“on pump” surgery) are 

compared with those that do not require cardiopulmonary bypass (“off pump” 

surgery). The pattern of cytokine release has been found to be different in the two 

situations. Generally speaking, there is a greater magnitude and earlier release of 

cytokines in the “on pump” surgical group than in the “off pump” surgical group 

(Greilich et al. 2008). Proteonomic studies have also shown different gene profiles, 

with significantly increased cytokine responses especially pro-inflammatory, with 

higher levels of IL-1β, IL-6, IL-8 and TNF-α in the “on pump” group than in the “off 

pump” group (Mei et al. 2007). 

 

Another factor contributing to the inflammatory response in CPB is the cardiotomy 

suction device which is used during “on pump” cardiac surgery cases to return the 

shed mediastinal blood directly into the venous reservoir of the CPB circuit in order to 

minimise blood loss. The shed blood in tissue spaces is a rich source of inflammatory 

cytokines. This allows inflammatory mediators, including products of cellular necrosis, 

to return directly into the circulation. This phenomenon has been linked to increased 

inflammatory responses in CPB and, more importantly, the use of cardiotomy suction 

has not been shown to reduce the need for allogeneic blood transfusions 

postoperatively (Lau et al. 2007). 

 

As the heart is arrested during cardiac surgery so that the operation may be 

performed, it undergoes a period of ischaemia which is followed by reperfusion when 

the aortic cross clamp is removed. Myocardial IR due to aortic cross clamping plays a 
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role in causing the inflammatory response. The myocardium is a potent source of 

inflammatory mediators (Gasz et al. 2006). Not only does reperfusion bring oxygen, 

but it also results in oxidative stress to the already damaged tissue. While significant 

progress has been made in protecting the heart through the use of hypothermia, 

metabolic supplements and controlled reperfusion, there is still a degree of acute 

inflammatory reaction which can be deleterious and this is known as IR injury. 

Reperfusion initiates the inflammatory process. The role of TGF-β superfamily 

members in the setting of IR of the heart will be discussed later (see section 4). 

 

Blood flow during CPB is non-pulsatile with a relatively low mean arterial pressure. 

This non-physiological flow pattern can lead to relative organ hypoperfusion, such as 

in the splanchnic bed. This may lead to breakdown of the gut mucosal barrier and the 

transmigration of gut bacterial organisms resulting in the release of bacterial toxins, 

including LPS, into the systemic circulation. However, in CPB with pulsatile flow, 

serum endotoxin levels were found to be lower (Watarida et al. 1994). This low level 

of endotoxaemia is also thought to play a role in contributing to the whole body 

systemic inflammatory response. 

 

Thus in broad terms, the inflammatory response associated with cardiac surgery may 

be attributed to surgical trauma, CPB and organ ischaemia, especially involving the 

heart. In addition, low level of endotoxaemia may also be contributing due to the non-

pulsatile flow and relative gut ischaemia, but the clinical importance of this finding is 

not entirely clear. 

3.2 Pattern of the inflammatory response in cardiac surgery 

Contact activation of humoral factors in the blood due to CPB is a unique feature of 

the inflammatory response to cardiac surgery and occurs within minutes of starting 

CPB. This involves interaction and cross-amplification of coagulation, Kallikrein-
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bradykinin, complement and fibrinolytic cascades. Activating the Hageman factor 

(factor XII) of the coagulation cascade is an initiating event, leading to the activation 

of the intrinsic coagulation system and conversion of pre-kallikrein to kallikrein, which 

in turn results in the production of bradykinin and plasmin from plasminogen (part of 

the fibrinolysis pathway) (Pintar and Collard 2003). The complement factors are also 

activated by factor XII. Activated complement factors such as C3a and C5a appear in 

the blood shortly after commencement of CPB. In addition, protamine given at the 

end of CPB to neutralise heparin forms a complex with heparin and activates the 

complement system via the classic pathway (Bruins et al. 2000). Activated 

complement factors serve to amplify the inflammatory response through the 

activation of neutrophils, platelets and monocytes. This has been implicated in 

causing acute lung injury and pulmonary edema following cardiac surgery (Gillinov et 

al. 1993). Furthermore, complement factor depletion due to consumption has been 

thought to render patients more at risk of infection postoperatively.  Interestingly, 

complement activation in “off pump” surgery is largely absent, suggesting contact 

activation during CPB is the main trigger for complement activation (Hoel et al. 2007). 

Specific inhibition of complement factors has been shown to improve organ functions 

in animal models of CPB but has failed to show a clinical benefit through randomised 

trials (Smith et al. 2011). Serum levels of these factors peak during CPB and activate 

neutrophils and monocytes, which in turn produce other pro-inflammatory mediators, 

such as cytokines, to continue the inflammatory response postoperatively. 

 

The cellular immune response is characterised by neutrophil activation and an 

increase in circulating neutrophil counts. Organ dysfunction, particularly involving the 

lungs, has been demonstrated from neutrophil sequestration and activation in the 

tissues. Neutrophil depletion during CPB has been shown to improve lung function 

postoperatively (Rubino et al. 2011). Cell-mediated cytotoxic and natural killer T cell 

responses are diminished post CPB (Nguyen et al. 1992). Similarly, there is a 
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diminished capacity for T cells to proliferate and secrete cytokines such as IFN-γ and 

TNF-α (Naldini et al. 1995). CD4+ T cell levels are particularly decreased and blood 

monocytes have decreased membrane HLA expression, suggesting possible 

reduced antigen presentation ability (Rinder et al. 1997). B cell number does not 

appear to be affected and antibody production is increased following CPB (Markewitz 

et al. 1996). Overall, there appears to be a shift from TH1 (pro-inflammatory) to TH2 

(immunomodulatory or anti-inflammatory) responses following cardiac surgery 

(Franke et al. 2006). This is reflected also in the cytokine profile in which there are 

decreased levels of IL-2 and IL-12, important for TH1 responses and increased levels 

of IL-10 and TGF-β which are important for TH2 responses (Markewitz et al. 2001). 

Further, there is a decrease in cytokine response to LPS from blood immune cells 

following CPB (Borgermann et al. 2007). It is not exactly clear why cell-mediated 

immune response is diminished but it is likely due to the traumatic effect of CPB on 

the cells themselves and the effect of serum inhibitory activities, including the 

presence of anti-inflammatory and immunomodulatory cytokines.  

3.3 Cytokines in cardiac surgery 

The pattern of cytokine release in cardiac surgery has been quite extensively studied. 

There is a complex network of cytokines associated with the inflammatory response 

to CPB. In the early postoperative period, the pattern can be broadly described by 

two phases, an early pro-inflammatory phase while on bypass, followed by an anti-

inflammatory phase occurring early after the termination of CPB (Landis 2009). 

Cytokines are important regulators in this balancing act of pro-inflammatory and anti-

inflammatory responses. Individual cytokines often exhibit both of these functions 

depending on the cellular context.  

 

IL-1β and TNF-α are two cytokines elevated early during bypass. IL-1β is secreted by 

activated monocytes and raises body temperature as well as acting as a mediator of 
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endothelial permeability and vascular tone (Puhlmann et al. 2005). Levels of IL-β 

correlate with body temperature following cardiac surgery and predict outcomes in 

those developing ARDS following cardiac surgery (Meduri et al. 1995).   

 

TNF-α is one of the earliest cytokines released in sepsis but in cardiac surgery, 

serum TNF-α has not been consistently found to be elevated. The level in “off pump” 

surgery is lower than in surgery with the use of CPB (Orhan et al. 2007). A study by 

Wan and colleagues concluded that the release of TNF-α is primarily the result of 

myocardial IR and not cardiopulmonary bypass per se (Wan et al. 1996). But other 

studies have shown that TNF-α levels post-cardiac surgery correlated with serum 

endotoxin level and may be a result of gut bacterial transmigration. TNF-α increases 

adhesion molecules on leukocytes and endothelial cells and works synergistically 

with neutrophil surface integrin expression to cause neutrophil transmigration (Scholz 

et al. 2004).  

 

IL-6 is another acute phase cytokine that is elevated following cardiac surgery 

(Greilich et al. 2008), having both pro-inflammatory and anti-inflammatory roles. IL-6 

is well characterised for its role in initiating a hepatic acute phase response but it also 

stimulates glucocorticosteroid production (Steensberg et al. 2003). In an animal 

model of surgical trauma, the degree of IL-6 increase correlated with surgical stress 

(Ishibashi et al. 2006). Preoperative levels of IL-6 and CRP can predict major post-

operative complications (Amar et al. 2007). IL-6 levels correlate with post-operative 

lung function (Halter et al. 2005) and are predictive of postoperative atrial fibrillation 

(Ucar et al. 2007) and acute renal dysfunction following cardiac surgery (Gueret et al. 

2009; Musleh et al. 2009). 

 

IL-8 is a chemotactic factor responsible for recruiting neutrophils to the site of 

inflammation (Hammond et al. 1995). Its level is elevated around the same timeframe 
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as IL-6, peaking 60 minutes after the removal of the aortic cross clamp in CPB 

(Kawamura et al. 1999). Its release is complement-dependent and results from 

surface contact, as isolated CPB has been shown to be able to stimulate its release 

from blood cells (Gormley et al. 2003; Lappegard et al. 2004). Like, IL-6, the serum 

levels of IL-8 correlate with post-operative complications such as acute kidney injury 

(Liangos et al. 2009). 

 

This initial surge in pro-inflammatory cytokines coincides with the period of CPB and 

peaks shortly after termination of CPB. This is followed by the release of cytokine 

antagonists, such that the balance between pro-inflammatory and anti-inflammatory 

factors is usually maintained in the body’s response to injury.  These antagonists 

include soluble receptors for TNF-α, IL-1 and IL-6, IL-10 and TGF-β (McBride et al. 

1995; Sablotzki et al. 1997). Soluble TNF receptors levels are elevated in major 

surgery and coincide with the rise in IL-6 at the end of surgery (Sasajima et al. 2009).  

Higher pre-operative soluble TNF receptor levels have been correlated with a poorer 

outcome following cardiac surgery (Gelape et al. 2007). The heart following IR is a 

source of soluble TNF receptors (Wei et al. 2001). On the other hand, serum soluble 

IL-6 receptor levels do not change with surgery but there is decreased level in the 

coronary sinus shortly after bypass, suggesting that these are being taken up within 

cardiac tissue (Wei et al. 2001). IL-10 is an immunoregulatory cytokine that 

suppresses the synthesis of pro-inflammatory cytokines both in vitro and in vivo 

(Moore et al. 2001). IL-10 is produced by TH2 or regulatory T (Treg) lymphocytes 

(Frazier and Hall 2008), but may also be secreted from monocytes following 

activation of the haemoglobin scavenger receptor, CD163, after cardiac surgery 

(Philippidis et al. 2004). Recently, even neutrophils have been shown capable of IL-

10 production in the acute setting, thus revealing a hitherto unappreciated role in 

immunomodulation (Zhang et al. 2009b). A preoperative high level of IL-10 seems to 

correlate with a higher degree of immunoparalysis following cardiac surgery and is 



 

41 
 

predictive of more post-operative complications in paediatric cardiac surgery (Allen et 

al. 2006). 

 

The ratio of pro-inflammatory and anti-inflammatory cytokines can often be used to 

predict outcomes after cardiac surgery, such as prolonged ventilation (Rothenburger 

et al. 2003). In mononuclear cells, TNF-α mRNA levels are decreased whereas IL-10 

mNRA levels are increased in routine cases. However, in complicated cases, TNF-α 

mRNA levels do not decrease as much as in routine cases, resulting in a lower IL-

10/TNF-α ratio (Duggan et al. 2006). Steroids can also alter the balance between IL-

6 and IL-10, resulting in higher IL-10 levels and this in turn seems to correlate with an 

improved outcome in high risk patients (Weis et al. 2009), but probably not in low risk 

patients (Volk et al. 2001). 

 

Higher pro-inflammatory cytokine levels are generally associated with a more 

complicated post-operative course. In a proportion of patients, the pro-inflammatory 

component may appear to be exaggerated. This form of inflammatory response is 

commonly known as SIRS. Increasingly, it is recognised that this exaggerated 

inflammatory response is also associated with a profound anti-inflammatory response, 

such that there is a delayed immunoparalysis which can make the patient more 

susceptible to infections and increased mortality and morbidity (Frazier and Hall 

2008). This may explain the perplexing situation where the degree of cytokine 

elevation has been correlated with mortality and complications following cardiac 

surgery, but that anti-inflammatory treatment has not always been shown to improve 

survival in clinical trials (Laffey et al. 2002). This profound immunoparalysis has been 

shown in septic patients and those with MOD (Pachot et al. 2006). CPB is associated 

with an initial surge in pro-inflammatory cytokines, but the immune cells exhibit an 

immunosuppressed phenotype following CPB with impaired cell mediated immunity, 

as previously discussed. Although this may be an adaptive mechanism for the body 
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to limit the inflammatory response, if this immunoparetic phenotype is prolonged and 

fails to recover, patients are likely to suffer from infective complications which are 

associated with significant morbidity and mortality following cardiac surgery. Studies 

have shown that while there is a surge in circulating cytokine levels, the cells have a 

reduced ability to respond to endotoxin challenge (Borgermann et al. 2007). Elevated 

cytokine levels may be responsible for the downregulation in immune cells, especially 

monocyte function following cardiac surgery (Strohmeyer et al. 2003). Recently, it 

was shown that elevated serum TNF-α level led to down-regulation of monocyte 

TLR4 expression (Tsai et al. 2009). The degree of immunoparalysis may be directly 

related to the severity of the initial pro-inflammatory response, although the 

mechanism for this depression has not been fully elucidated. 

3.4 TGF-β superfamily members and CPB 

In the general cytokine response in inflammation, TGF-β is thought to be an 

immunosuppressive cytokine but studies that have examined its release in the setting 

of cardiac surgery has been limited. Serum levels of immunosuppressive cytokines 

IL-10 and TGF-β was examined by Sablotzki and colleagues. The authors found an 

increase in the circulating levels of these cytokines at time of weaning off CPB and 

peaking at the time skin closure (usually one hour from the time of coming off bypass) 

(Sablotzki et al. 1997). No studies have examined members of either the BMP or 

activin/inhibin families. 

 

The known initiators of activin A release are present in cardiac surgery and include 

surgical trauma, myocardial IR injury, endotoxin release due to gut bacterial 

translocation and cytokines such as IL-1β and TNF-α (Asimakopoulos 2001). 

Furthermore, endogenous activators of the TLRs are increased following cardiac 

surgery. Szerafin and colleagues found highly elevated levels of HSP27, HSP60, 

HSP70 and HSP90α in CPB compared with “off pump” surgery (Szerafin et al. 2008). 
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Becker and colleagues found a close correlation between HSP70 levels and degree 

of myocardial damage and white cell count following open heart surgery (Becker et al. 

2007).  However, TLR expressions in immune cells are known to be down-regulated 

as a result of CPB (Hadley et al. 2007). Given the involvement of activin A in large 

number of inflammatory disorders, as outlined above, it is possible that activin A may 

also be involved in the cytokine response to cardiac surgery. Activin A levels have 

not been previously measured in CPB due to the need for heparin administration in 

cardiac surgery. As discussed previously in section 1.4.1, heparin increases 

circulating levels of activin A and follistatin, concurrently. As the currently utilised 

ELISA assay does not distinguish between free and follistatin bound activin A, this 

has hindered efforts to identify the release pattern of activin A in cardiac surgery. 
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4. Myocardial ischaemia reperfusion injury and inflammation 

Ischaemia occurs in cardiac surgery during the period when the heart is arrested. 

After removal of the aortic cross clamp, the blood flow to the heart is restored. This is 

the reperfusion phase. It has been increasingly recognised that reperfusion not only 

brings the necessary nutrients to the organ but also potentiates the inflammatory 

response that is initiated by the ischemic tissue (Yellon and Hausenloy 2007). 

Cellular injury does not occur as a result of ischaemia alone. Uncontrolled 

reperfusion exacerbates ischaemic damage. This can result in arrhythmia, 

myocardial stunning (transient dysfunction) and, worst of all, myocardial infarction 

(Moens et al. 2005). Many studies have shown that optimised reperfusion strategies 

result in reduced myocardial damage compared with uncontrolled reperfusion. This 

section will review the pathophysiology underlying IR injury and the potential 

involvement of TGF-β superfamily members in myocardial IR. 

4.1 Pathophysiology of IR injury 

The cellular changes which occur at the time of reperfusion are important 

determinants of cardiomyocyte survival (Carden and Granger 2000). Influx of oxygen 

during reperfusion increases ROS production due to damage to the mitochondrial 

electron transport chain during ischaemia. This is accompanied by an abrupt 

increase in cytoplasmic and mitochondrial calcium concentrations. Elevated levels of 

intracellular calcium have been associated with hyper-contracture of cardiac muscle 

as well as mitochondrial dysfunction in which there is diminished mitochondrial 

membrane potential and opening of MPTP (Piper et al. 2004). Calcium overload has 

been shown by many studies to precede irreversible myocardial damage (Imahashi 

et al. 2005). In addition, rapid restoration of physiological pH has also been linked to 

the opening of MPTP (Lemasters et al. 1996). Opening of MPTP is thought to be an 

important initiating event of cell death (Borutaite et al. 2003). It dissipates the 
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mitochondrial membrane potential, resulting in depleted ATP stores. Cell death 

during IR can be as a result of necrosis, apoptosis and autophagy (Murphy and 

Steenbergen 2008). Although the relative contribution of each to the overall infarct 

size is still debated, it is clear that an inflammatory response is an important 

component to IR injury. Necrotic cells release DAMPs, including HMGB1 and HSPs, 

and this can result in recruitment of inflammatory cells and endothelial injury. 

Neutrophils are recruited to the site during the first six hours and interact with 

endothelial cells that result in their transmigration across the vasculature into the 

tissue (Figure 5). 

 

The microvasculature is an important site for the inflammatory response. Endothelial 

cells line the inner surface of blood vessels and are a dynamic structure that is 

essential for vascular homeostasis (Carden and Granger 2000). In response to 

ischaemia and reperfusion, there is a rapid up regulation of proteins such as 

endothelin, thromboxane A2 and down-regulation of NO and prostacyclin (Carden 

and Granger 2000). These changes turn the endothelial surface into a pro-

inflammatory surface, which loses its normal anticoagulant and vasodilatory 

properties. Activated leukocytes adhere to the surface and cells swell and lift off from 

underlying basement membrane. In the arterioles, there is a loss of endothelium-

dependent NO-mediated relaxation which is partly the result of ROS production 

(Harrison 1997). Mice lacking adhesion molecules are also less prone to these 

changes (Banda et al. 1997). There is also increased permeability of the capillary 

bed which seems to be mediated by diminished NO production (Harris 1997). In 

addition, there is reduced capillary blood flow either due to plugging by adherent 

leukocytes or the swollen endothelial cells themselves, potentially resulting in further 

ischaemia to the heart (no re-flow phenomenon). The response is also amplified by 

the resident macrophages and mast cells (Kubes and Granger 1996). 
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Figure 5 Myocardial IR injury. Cellular mechanisms for injury include ROS production by 

cardiomyocytes, endothelial cells and neutrophils; calcium overload and opening of MPTPs. 

From (Yellon and Hausenloy 2007) 

 

The endothelium is rich in xanthine oxidase. Ischaemia promotes the conversion of 

the NAD-reducing dehydrogenase form of this enzyme to the oxygen-reducing 

oxidase form. Hypoxanthine accumulates during ischaemia and when oxygen is re-

introduced during reperfusion, xanthine oxidase catalyses the reaction between 

hypoxanthine and oxygen to form hydrogen peroxide. An initial burst of ROS 
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production by the ischaemic cells following reperfusion has been consistently 

demonstrated (Murphy and Steenbergen 2008). This is sustained by the respiratory 

burst by adherent neutrophils, which produces more ROS. Reducing leukocyte-

endothelium interactions by blocking adhesion molecules reduces ROS production. 

Complement factors are also activated as a result of IR, with deposits of complement 

fragments on the microvasculature. They are chemotactic for neutrophils and cause 

neutrophil activation and adhesion molecules expression (Lucchesi 1994). There is 

also a significant body of literature to suggest that diminished NO production 

correlates with the degree of endothelial dysfunction. NO is critical in maintaining 

vascular homeostasis under normal conditions, as it can effectively scavenge low 

levels of superoxide in cells, cause arteriolar relaxation by activating guanylate 

cyclase in smooth muscles, prevent platelet aggregation and minimise leukocyte 

adhesion (Carden and Granger 2000). The balance is tipped during IR in which there 

is a massive production of superoxide and hydrogen peroxide. NO depletion during 

ischaemia reperfusion converts the resting endothelium into a pro-inflammatory 

phenotype.  

 

Neutrophil depletion (Litt et al. 1989), the use of antibodies against adhesion 

molecules (Zhao et al. 1997) and complement inhibition (Vakeva et al. 1998) have all 

been shown to reduce IR injury. More recently, TLR signalling has been shown to be 

involved in myocardial IR. Using genetic knock out or pharmacological inhibition of 

TLR4 signalling reduces infarct size following reperfusion (Chong et al. 2004; 

Shimamoto et al. 2006). This suggests that sensing of DAMPs by TLR is an 

important trigger for the inflammatory response to IR. 

 

Severe ischaemia reperfusion can result in remote organ dysfunction and possibly 

result in MOD. Often respiratory insufficiency is the first sign of such an event. This is 

characterised by increased pulmonary capillary permeability and neutrophil-rich 
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alveolar fluid. This is followed by other organ failures such as the liver and the 

kidneys and coagulation and immune dysfunction, resulting in disseminated 

intravascular coagulation and immunoparalysis (Carden and Granger 2000). The 

contributing factors to these systemic involvements are activated leukocytes and 

inflammatory cytokines such as TNF-α, IL-1β and IL-6 (Aird 2003). There is a 

balance of both pro-inflammatory cytokines and ant-inflammatory cytokines and 

soluble receptors, resulting in a complex regulatory network as discussed in the 

previous section. Cytokines such as TNF-α may be the key mediators of the systemic 

effects of IR including lung neutrophil sequestration and capillary leakage (Welborn 

et al. 1996).  

4.2 Role of TGF-β superfamily members in IR induced inflammation 

Cardiac surgery causes elevated serum levels of anti-inflammatory TGF-β and IL-10 

which occur after the initial surge in the serum levels of pro-inflammatory cytokines 

(Sablotzki et al. 1997). In cultured rat cardiomyocytes and bovine heart endothelial 

cells, TGF-β is able to decrease the production of free radicals by reducing the 

expression of xanthine oxidase when given in conjunction with inflammatory stimuli 

(Flanders et al. 1997). This suggests that TGF-β may be part of the counter-

regulatory mechanism in limiting IR injury of the heart. However, at the protein level, 

only the latent form of the protein is increased but not the active form (Mehta et al. 

1999). Platelets are a rich source of TGF- β and have been found to be protective in 

myocardial IR (Mehta et al. 1999). TGF-β appears to be able to reduce apoptosis in 

cultured cardiomyocytes and up-regulation of anti-apoptotic protein Bcl-2 

(Grunenfelder et al. 2002; Yang et al. 1999). Further studies showed that the anti-

ischaemic effect may be abolished by blocking signalling through p38 and ERK1/2 

pathways (Baxter et al. 2001; Mocanu et al. 1998). TGF-β can also up-regulate 

inducible NOS and protein kinase B pathway and suppress MMP-1 up-regulation 

(Chen et al. 2001, 2003). However, it appears that sustained up-regulation of TGF-β 
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is associated with later ventricular dilatation and fibrosis consistent with the known 

fibrotic effects of TGF-β (Ikeuchi et al. 2004). 

 

A number of other TGF-β superfamily members, notably in the BMP subfamily, have 

also been shown to be protective in IR injury. BMP-7 (also known as osteogenic 

protein-1) has been shown to reduce cerebral infarcts in transient carotid occlusion of 

rats and renal IR injury (Perides et al. 1995; Vukicevic et al. 1998). Further, BMP-6 

has been found to be released by neurons into the interstitial space after mild 

reversible ischaemia and reduces brain IR injury (Martinez et al. 2001; Wang et al. 

2001). Both BMP-6 and BMP-7 have been studied in the brain but not in relation to 

myocardial IR. However, BMP-2 has been shown to decrease apoptosis in serum 

deprived cardiomyocytes (Izumi et al. 2001) and transfection of SMAD1, a 

downstream BMP signalling molecule, has been shown to decrease myocardial IR 

injury (Masaki et al. 2005). This is thought to be partly mediated by its effect on the 

anti-apoptotic protein, Bcl-xL (Masaki et al. 2005). BMP-4, on the other hand, has 

been shown to be detrimental in cardiac IR by promoting apoptosis (Pachori et al. 

2010). In vivo treatment with noggin or dorsomorphine, both of which are inhibitors of 

BMP signalling, was associated with reduced myocardial infarct size in this study.  

 

The activin subfamily of proteins has also been implicated in IR injury. However, the 

effects of activin A seem to be more complex than those of the TGF-βs and BMPs. 

Studies have demonstrated both protective and harmful effects of activin A in IR 

injury. It has been shown that in transient cerebral ischaemia, activin A subunit 

mRNA levels are up regulated (Mukerji et al. 2007) and exogenous administration of 

activin A is associated with reduced cerebral infarct volume (Mukerji et al. 2009). In 

renal IR injury, activin A was also found to be up-regulated and administrating 

follistatin, as a high affinity binding protein for activin, was associated with 

significantly improved histological appearance of kidney tubules and creatinine 



 

50 
 

clearance (Maeshima et al. 2001). In the heart, it was shown that IR is associated 

with elevated intra-myocardial levels of activin A and ischaemic pre-conditioning, a 

manoeuvre associated with reduced IR injury, is associated with reduced activin A 

expression in the heart (Zhang et al. 2009a). However, a recent study which 

examined the role of acitvin A in myocardial IR concluded that activin A is in fact 

protective in this setting (Oshima et al. 2009). These authors demonstrated that 

activin A over-expression reduced infarct size in vivo and that in vitro, similar to TGF-

β, activin A had an anti-apoptotic effect through its ability to up-regulate cytoplasmic 

Bcl-2 levels (Oshima et al. 2009). Although many of TGF-β superfamily members 

share the same intracellular signalling pathways, these conflicting results suggest 

that the function of these proteins may be dependent on the cellular context. Further 

studies are therefore required to elucidate the role of these proteins in IR. 
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5. Concluding remarks, statement of aims and hypotheses 

In conclusion, activin A has been identified as a novel cytokine which may play an 

immunoregulatory role in acute inflammation. It is elevated in a broad range of 

inflammatory conditions and has also been implicated in tissue fibrosis. Cardiac 

surgery is associated with non-specific whole body inflammatory responses due to 

the use of CPB and myocardial IR injury. CPB is associated with significant contact 

activation of humoral factors leading to recruitment of effector cells such as 

neutrophils. However, some aspects of the cell-mediated immunity are diminished as 

a result of CPB and the underlying mechanisms are still not entirely clear. An 

inflammatory response has been consistently demonstrated in myocardial IR. 

Controlled reperfusion of ischaemic myocardium has been shown to improve 

myocardial viability. Decreasing the inflammatory process, for example by inhibition 

of TLR signalling or reducing neutrophil endothelial cell interaction, has been shown 

to reduce myocardial infarct size. Furthermore, a number of TGF-β superfamily 

members, including activin A, have been implicated in IR. The role of activin A in 

cardiac surgery has not been previously explored, nor have there been any studies 

that have examined the therapeutic potential of follistatin in neutralising any 

detrimental effect of activin A in the setting of cardiac surgery.  The overall aim of this 

thesis is to study the release pattern and function of activin A and follistatin in CPB 

and myocardial IR. An additional aim is to identify the potential sources of activin A 

during acute inflammation. 

 

In Chapter 2, the release pattern of activin A and follistatin in a sheep model of CPB 

is presented.  

 

In Chapter 3, the expression pattern of activin A and follistatin is studied in a mouse 

model of in situ myocardial IR injury as well as in vitro cardiomyocyte culture 

experiments and the potential of follistatin in reducing IR injury is assessed.  
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In Chapter 4, circulating neutrophils are identified as a potential source of preformed 

activin A and the mechanisms of its release from neutrophils are studied.  

 

In Chapter 5, the overall significance of the findings of this thesis is discussed and 

possible directions for future research are presented. 
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CHAPTER 2  
 
 

PATTERN OF ACTIVIN A AND FOLLISTATIN RELEASE 
IN A SHEEP MODEL OF CARDIOPULMONARY BYPASS 
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a b s t r a c t

Objective: Activin A, a member of transforming growth factor-b superfamily, has been established as a
critical cytokine released early in endotoxemia and other inflammatory syndromes. The release of activin
A and its binding protein, follistatin during cardiopulmonary bypass (CPB) has not been previously
reported. Our study aimed to define the pattern of activin A and follistatin release in a sheep CPB model.
Methods: Control group consisted of left thoractomy alone (n = 6). CPB was performed using either
unfractionated heparin (n = 6) or lepirudin (n = 6) as anticoagulant. Unlike heparin, lepirudin does not
cause activin A and follistatin release on its own. Serum samples were assayed for activin A, follistatin,
tumour necrosis factor-a and interleukin-6.
Results: Compared with the control group, CPB using lepirudin was associated with a biphasic release of
activin A. The first peak occurred within the first hour of CPB and a second peak occurred within the early
post-operative period, coincident with a large release of follistatin. Close correlation was found between
follistatin and IL-6 in the control and lepirudin groups, indicative of a role for follistatin in the acute phase
response. In contrast to the control and lepirudin groups, CPB using heparin resulted in a concurrent
release of activin A and follistatin.
Conclusions: CPB is a trigger for the release of biologically-active free activin A into the circulation, at
levels considerably greater than that induced by surgery alone. Triggering release of this critical inflam-
matory cytokine suggests that activin A may contribute to the adverse outcomes associated with
systemic inflammation in cardiac surgery.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Cardiopulmonary bypass (CPB) is associated with a non-specific
generalised inflammatory response [1]. It occurs within minutes of
the onset of CPB and is characterised by both humoral and cellular
activation of the innate immune system. In a small proportion of
patients undergoing CPB, this response may be overwhelming
and result in multi-organ dysfunction (MODs) [2]. This form of
inflammatory response, commonly known as the systemic inflam-
matory response syndrome (SIRS), has many features in common
with sepsis and septicaemia. Cytokines such as tumour necrosis
factor-a (TNF-a) and interleukin (IL)-8 are rapidly released [3,4].
It is not completely understood why in certain patients this inflam-
matory response is exaggerated. Cytokines that are released early
are likely to be the key orchestrators of this whole body inflamma-
tory response.

Activin A, a member of the transforming growth factor-b (TGF-
b) superfamily of proteins, has been recently shown to be a critical
cytokine released early in the inflammatory response to endotoxe-
mia [5,6]. In a sheep model of endotoxemia, activin A was found to
be released very early, coinciding with the release of TNF-a and
preceding IL-1b and IL-6 [7]. Studies in mice indicated that this re-
lease of activin A was the result of activation of the Toll like recep-
tor-4 (TLR-4) signalling pathway [5]. Furthermore, mortality in
mice after challenge with a lethal dose of lipopolysaccharide
(LPS) was significantly reduced if activin A was blocked with its
binding protein follistatin [5]. Follistatin recognises a number of
TGF-b superfamily members but has highest affinity for activin A
[8]. Two forms of follistatin exist through alternative splicing. Fol-
listatin 288 is constitutively able to attach to heparan-containing
proteoglycans on the cell surface, whereas follistatin 315 is the cir-
culating form and attaches to proteoglycans only after it has bound
to actvin A [9]. Follistatin is also released during endotoxemia but
its serum level peaks at a later time point, probably as part of a
short loop feedback mechanism [7].

A number of studies have shown elevated levels of potential
endogenous ligands of the TLR-4 signalling pathway, such as heat

1043-4666/$ - see front matter Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.cyto.2011.01.001

⇑ Corrresponding author. Address: Level 5/Block E, Monash Medical Centre, 246
Clayton Road, Clayton Vic 3168, Australia. Tel.: fax:

E-mail address: (J.A. Smith).

Cytokine 54 (2011) 154–160

Contents lists available at ScienceDirect

Cytokine

journal homepage: www.elsevier .com/locate / issn/10434666



Author's personal copy

shock proteins and high mobility group box protein, during cardiac
and thoracic surgery [10–12]. Clinical studies have found elevated
serum levels of activin A level in patients with angina pectoris and
congestive heart failure [13,14]. Recently activin A has also been
shown to be involved in myocardial ischaemia reperfusion injury
[15]. Both ischaemia reperfusion and the use of CPB are important
triggers for the inflammatory response in cardiac surgery. No study
has examined whether CPB per se is a trigger for activin A or follist-
atin release into the circulation.

The use of unfractionated heparin during CPB releases a number
of heparin-binding growth factors, of which activin A and follista-
tin are prime examples. Studies in sheep and human have estab-
lished the existence of a pool of extracellular, cell surface
heparan proteoglycan bound activin A-follistatin complexes that
are releasable upon systemic administration of heparin [16,17].
By virtue of structural similarity, heparin is able to displace these
complexes into the circulation. In contrast, hirudin-based antico-
agulants, such as lepirudin, do not release activin A or follistatin
(Phillips et al., unpublished data). In our sheep model we therefore
used lepirudin as anticoagulant to assess the release of activin A
and follistatin by CPB without the confounding effect of heparin.

Through this study, we aimed to establish, for the first time, the
pattern of activin A and follistatin release in isolated CPB using a
sheep model. A supplementary aim was to identify the potential
source of activin A by comparing the release pattern of activin A
in CPB in vivo with a simulated extra-corporeal circulation running
isolated blood in vitro.

2. Materials and methods

2.1. Animals and general experimental details

All experiments were conducted in accordance with the Na-
tional Health and Medical Research Council of Australia (NHMRC)
Code of Practice for the Care of Animals for Scientific Purposes
(2004) and were approved by the Monash Medical Centre Animal
Ethics Committee.

Adult ewes (median weight 58 kg, range 47–82 kg) were di-
vided into three groups. One group served as surgical controls in
which a left thoracotomy was performed without CPB (n = 6).
CPB was carried out in the other two groups using unfractionated
heparin (n = 6) and lepirudin (n = 6) as anticoagulant. There was
one death in each group earlier on in the series due to difficulties
with ventilation.

2.2. Lateral thoracotomy and CPB

A left lateral thoracotomy was used to provide access to the
heart for cannulation for CPB [18]. Briefly, using 6 mg/kg propofol
(Pharmatel Fresenius Kabi) induction and 2% isoflurane (Abbott
Australasia) maintenance, the ewe was anesthetised and placed
in a left lateral position. Arterial and venous cannulae were in-
serted into the carotid artery and jugular vein using a cutdown
technique for pressure monitoring. The chest was opened in the
fourth intercostal space. A 40/36 French two-staged venous can-
nula (Edwards Lifesciences) was inserted into the right atrium
and secured with purse string suture. A 22 French aortic cannula
(Edwards Lifesciences) was inserted into the proximal descending
aorta. CPB was established using 1 L of crystalloid priming solution.
Flow was maintained at above 3 L/min with a perfusion pressure
between 50 and 70 mm Hg. The total bypass time was two hours
under normothermic conditions. The heart lung machine consisted
of a venous reservoir, roller pump (Cobe Cardiovascular) and mem-
brane oxygenator (Medtronic Australia) connected by non-coated
tubing. Following bypass, the chest was closed and the ewe was

allowed to recover for 24 h. Blood samples were taken at baseline
(time point 1), pre-bypass (time point 2), every 30 min during by-
pass (time points 3–6), every 2 h in the first 8 h of post-operative
period (time points 7–11) and every 4 h (time points 12–15) in
the remaining study period. Serum derived from these samples
was stored at �20 �C until assayed for activin A, follistatin, TNF-a
and IL-6 concentrations.

2.3. Heparin and lepirudin anticoagulation

Unfractionated porcine heparin (Pfizer Australia) was given as
an intravenous bolus at 300 U/kg prior to CPB. Activated clotting
time (ACT) was monitored every 15 min to maintain a level above
480 s during CPB. Extra doses of heparin (5000 U) were given if ACT
fell below 480 s. Protamine (Sanofi Aventis) (1 mg per 100 U hep-
arin) was given at the end of CPB to neutralise heparin.

Lepirudin (Pharmion) was given as per published protocol [19].
A manual ecarin time was used to monitor serum level of lepirudin
as previously described [20]. Serum lepirudin level was maintained
at 3.5–4.5 lg/ml while on CPB.

2.4. Simulated extracorpereal circulation

In simulated extracorporeal circulation, 500 ml of blood was
collected from healthy adult ewes (n = 3). Five hundred ml of
crystalloid prime was added to give a final volume of 1 L. This
was allowed to circulate in the heart lung machine for 2 h. Blood
samples were taken at baseline and every 30 min during the run.
EDTA was used as anticoagulant. Serum was derived from indi-
vidual samples and stored at �20 �C until assayed as described
previously.

2.5. Correction for haemodilution

Haemodilution during CPB occurred as a result of the priming
volume in the CPB circuit. The serum levels of cytokines in CPB
were not directly comparable to that taken in the control case
[21]. In order to correct for this haemodilution, cytokine levels
were determined in relation to the packed cell volume (PCV) of
the blood taken at the time:

PCV corrected cytokine level
¼measured cytokine level
� baseline PCV=PCV at time of sampling

2.6. Immunoassays

Activin A was measured by ELISA as previously described [22].
The assay measures both free and follistatin bound activin A and
has been validated for ovine biological fluids. The mean sensitivity
in the assays was 0.013 ng/ml. The mean intra- and inter-assay
coefficient of variation (CV) were 4% and 6%, respectively.

Follistatin was measured by RIA as previously described [23].
The assay measures both free and bound forms of follistatin. The
assay employs purified heterologous bovine follistatin as standard
and uses iodinated bovine follistatin as tracer. The assay sensitivity
was 2.7 ng/ml, the mean ED50 was 13.3 ng/ml and the intra- and
inter-assay CV values were 6.4% and 10.2%, respectively.

TNF-a was measured by an ELISA specific for the ovine form as
previously described [24]. The standard employed was ovine re-
combinant TNF-a (Centre for Animal Biotechnology [CAB], Univer-
sity of Melbourne, Australia). The sensitivity of the assay was
0.5 ng/ml, and the intra- and inter-assay CV values were both 10%.

IL-6 was detected by ELISA as previously described, using anti-
bodies specific to ovine IL-6 (Epitope Technologies, Melbourne,
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Australia).[24] The standard was ovine recombinant IL-6 from CAB.
The sensitivity of the assay was 0�2 ng/ml and the intra- and inter-
assay CV values were 10% and 12%, respectively.

2.7. Statistical analyses

Data are expressed as mean ± standard error of the mean. Cyto-
kine responses were estimated using an area under the curve
(AUC) function as a measure of total cytokine released within the
study period. Peak values were expressed as fold changes from
baseline values. Student’s t-test and the Mann–Whitney test were
used where appropriate for comparing means between two groups
of continuous data. A p value 60.05 was considered statistically
significant. Prism 5 (GraphPad Software Inc., San Diego, CA, USA)
was used for the graphing and statistical analyses.

3. Results

3.1. Surgery alone causes a small release of activin A and follistatin

A previous study has shown that plasma follistatin concentra-
tions increased from about seven hours after sham castration in
sheep as a result of surgical trauma alone [25]. Serum activin A
concentrations were not measured in that study. In the current
study, surgical trauma alone caused a fourfold increase in serum
activin A concentrations compared with baseline (Fig. 1A and D).
Concentrations peaked within the first 4 h of surgery and were fol-
lowed by a delayed but more sustained release of follistatin
(Fig. 2A and D). This suggests that both activin A and follistatin
may play a role in the acute phase response following surgical
trauma.

3.2. CPB using lepirudin as anticoagulant results in biphasic release of
biologically active free activin A

We assessed the heparin-independent effect of CPB on activin A
and follistatin serum levels using lepirudin as the anticoagulant.
Activin A was released rapidly following CPB, peaking within the first
hour of bypass (Fig. 1B and D). This was followed by a smaller sec-
ondary peak in the early post-operative period (between 6 and 8 h
after completion of operation). This pattern was similar to that seen
in endotoxemia models of activin A release in sheep and mice [5,7]. A
robust follistatin response was seen in the early post-operative per-
iod, with a higher peak than that in the control, suggesting a com-
bined effect of CPB and surgical trauma (Fig. 2B and D, Table 1).

3.3. Heparin initiates a concurrent release of activin A and follistatin

Compared with both the control and the lepirudin groups, CPB
using heparin as the anticoagulant resulted in a very rapid and
concurrent release of activin A and follistatin, an effect due to
the presence of heparin (Fig. 1C and C). Activin A concentrations
were elevated for the whole duration of the bypass and slowly de-
clined in the early post-operative period following the administra-
tion of protamine for heparin reversal. Given the concurrent
pattern of activin A and follistatin release, this most probably rep-
resents the release of activin and follistatin complexes rather than
free activin A into the circulation.

3.4. TNF-a and IL-6 levels in cardiopulmonary bypass

In contrast to many clinical studies [26], we did not find a sig-
nificant change in circulating TNF-a concentrations with either
surgery or CPB (Fig 3A). However, IL-6 showed an increase in

Fig. 1. Serum activin A levels (mean ± SEM) in the control group (d) A, lepirudin-CPB group (s) B, and heparin-CPB groups (j) C over 15 time points (1, baseline; 2,
prebypass; 3–6, CPB; 7–15, post-operative period 24 h). Peak activin A levels in each group were compared with baseline levels and represented as fold changes in D.
⁄⁄p < 0.01; ⁄⁄⁄p < 0.001; comparisons between baseline and peak values.
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serum concentrations in the post-operative period in both the
control and the CPB groups, consistent with its role as an initiator
of the acute phase response (Fig. 3B). There was a significant
degree of correlation between serum IL-6 and follistatin levels in
the control and lepirudin groups (p < 0.0001), but not between
IL-6 and follistatin in the heparin group (Fig 3C–E). No correlation
was found between IL-6 and activin A levels in any of the three
groups (data not shown).

3.5. Ex vivo simulated-CPB does not cause significant release of activin
A or follistatin

As blood monocytes are known to release activin A following
LPS stimulus, we examined whether circulating blood cells may
be a source of activin A and follistatin released on CPB in vivo.
We circulated sheep blood ex vivo in a heart lung machine, but acti-
vin A or follistatin concentrations in this blood were unchanged
(Fig. 4A–B).

4. Discussion

This is the first study to examine the role of activin A and follist-
atin in CPB. When heparin was used as anticoagulant in CPB, there
was a high level of concurrent release of activin A and follistatin.
However, it is important to emphasise that heparin releases activin
A and follistatin as a complex by displacing them from cell surface
heparan-containing proteoglycans. Follistatin binds to activin A
with picomolar affinity and this is considered essentially irrevers-
ible. Even though there is a large increase in both serum activin A
and follistatin levels following heparin administration, as a com-
plex neither of these can be considered biologically active. A limi-
tation of the current assays is that only total serum activin A and
follistatin levels can be measured. By using a hirudin-based antico-
agulant which does not cause release of activin A or follistatin, we
have shown that CPB itself was associated with a biphasic pattern
of activin A release and a delayed follistatin response. This pattern
has been observed in sheep and mouse models of endotoxe-
mia.[5,7] This suggests that there is a common mechanism

Fig. 2. Serum follistatin levels (mean ± SEM) in the control group (d) A, lepirudin-CPB group (s) B, and heparin-CPB group (j) C over 15 time points (1, baseline; 2,
prebypass; 3–6, CPB; 7–15, post-operative period 24 h). Peak follistatin levels in each group were compared with baseline levels and represented as fold changes in D.
⁄⁄p < 0.01; ⁄⁄⁄p < 0.001; comparisons between baseline and peak values.

Table 1
Total (AUC) and peak activin A and Follistatin levels in the three groups.

Activin A Follistatin

AUC (ng/ml/h) ±SEM p-value* Peak (ng/ml) ±SEM p-value* AUC (ng/ml/h) ±SEM p-value* Peak (ng/ml) ±SEM p-value*

Control 0.254 ±0.046 0.049 ±0.013 109.797 ±23.240 16.050 ±3.830
Lepirudin 0.460 ±0.068 0.037 0.130 0.0371 0.037 183.300 ±35.050 0.100 34.037 ±9.783 0.100
Heparin 6.486 ±2.000 0.007 1.210 ±0.258 0.001 384.340 ±36.060 0.0001 57.466 ±11.140 0.0001

AUC, area under the curve; SEM, standard error of the mean.
* Lepirudin and heparin groups vs. control.
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involved in the release of activin A and follistatin in the setting of
acute inflammation and an exaggerated release of activin A may
be involved in SIRS. In a mouse model of severe endotoxemia,

blocking activin A using follistatin was shown to reduce inflamma-
tion and improve survival [5]. It remains to be seen whether a sim-
ilar approach may be used to attenuate CPB-induced inflammation.

Fig. 3. Serum TNF-a (A) and IL-6 (B) levels in the control group (d), lepirudin-CPB group (s) and heparin-CPB group (j) over 15 time points (1, baseline; 2, prebypass; 3–6,
CPB; 7–15, post-operative period 24 h). There were no statistically significant changes amongst the three groups. Positive correlations were found between serum IL-6 and
follistatin levels in the control group (C) and the lepirudin-CPB group (D) but not in the heparin-CPB group (E).

Fig. 4. Serum activin A (A) and follistatin (B) concentrations in the extra-corporeal circuit using sheep blood (450 ml) run for two hours ex vivo in a heart lung machine. No
statistically significant changes in serum activin or follistatin concentration were noted.
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The effects of activin A in vivo on inflammation and immunity
are complex. Accumulating evidence suggests that it has both
pro-inflammatory and immunoregulatory effects [6]. During acute
inflammation the principal role of activin A appears to be the pro-
motion or amplification of the inflammatory response. It stimu-
lates the nuclear translocation of the inflammatory transcription
factor, NFjB and upregulates expression of pro-inflammatory cyto-
kines such as IL-1b, IL-6 and TNF-a and inflammatory mediators
such as inducible nitric oxide synthase (iNOS) and cyclo-oxygenase
2 in macrophages. Conversely, in vitro studies have shown that
activin A can antagonise some of the actions of IL-1b and IL-6
including the production of acute phase proteins. It can also regu-
late the immune response by stimulating regulatory T cell develop-
ment and maturation of tolerising dendritic cells, as well as
inducing a type 2-immune response in lymphocytes and macro-
phages [27].

The cytokine release profile in cardiac surgery typically has two
phases [3]. A pro-inflammatory early phase occurs at the time of
CPB with the release of cytokines such as TNF-a and IL-8. This is
followed by a late anti-inflammatory phase occurring during the
early post-operative period and is characterised by increased ser-
um IL-10 and TGF-b levels [28]. In the present study, the release
of activin A was biphasic, with the first peak occurring during
the time of CPB, followed by a smaller secondary peak in the early
post-operative period, coinciding with the pro-inflammatory and
anti-inflammatory phases seen after CPB. This is consistent with
the emerging concept that activin A plays a pro-inflammatory role
in acute inflammation, but may switch to a more complex immu-
nomodulatory role in later phases of inflammation [6].

In this study, we have found a close correlation between serum
IL-6 and follistatin levels. The concept that follistatin is an acute
phase protein has been previously described [25]. Moreover, acti-
vin binding to follistatin is thought to be the pathway whereby
activin A is removed from the circulation to be internalised and de-
graded [9]. This suggests that the release of follistatin during the
acute phase response limits the action of activin A. The peak re-
lease of follistatin in CPB coincided with the second peak in the
activin A response. The release of follistatin in CPB may also be
due to the earlier release of activin A as LPS-injected mice, pre-
treated with follistatin to block the action of activin A from onset
of inflammation, do not display a late peak of follistatin [5]. This
highlights the possibility that blocking the first peak of activin A
with exogenous follistatin during CPB may potentially reduce the
early pro-inflammatory effects of activin A in this setting.

It is still unclear what the cellular sources of activin A and fol-
listatin are during events such as CPB. A number of cell types,
including vascular endothelial cells, various epithelia, monocytes/
macrophages and dendritic cells have been found to be able to syn-
thesise activin A following inflammatory stimuli [6]. We examined
blood cells as a potential source of activin A and follistatin released
during CPB. We were unable to detect a significant change in ser-
um activin A or follistatin concentrations when the blood was cir-
culated in a heart lung machine ex vivo. This suggests that blood
coming into contact with a foreign surface was not adequate on
its own to trigger the release of activin A and follistatin from blood
cells. Either blood cells are not the major contributors to serum
activin A and follistatin levels in CPB or other tissue-derived factors
are required to trigger their release.

We did not find a significant difference in TNF-a levels in the
three groups. This suggests that CPB per se is not a strong stimulus
for the release of this cytokine. This is consistent with a previous
study which showed that the heart is the major source of circulat-
ing TNF-a following cardioplegia arrest [29]. Since the heart was
perfused throughout the CPB period, the expectation might be that
serum levels of TNF-a would not change significantly compared
with the control group.

In conclusion, the release of free activin A occurred in a biphasic
fashion, coinciding with the pro-inflammatory and anti-inflamma-
tory phases of the whole body response to CPB. This is independent
of the effect of unfractionated heparin which caused the release of
activin A-follistatin complexes. Follistatin was released around the
time of the second phase of the activin A response and was corre-
lated closely with serum IL-6 levels. These data has established
that CPB is a trigger for the release of biologically active free activin
A into the circulation and the release of this critical inflammatory
cytokine early in the setting of CPB suggests that it may be an
important orchestrator of the whole body inflammatory response
to cardiac surgery.
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Abstract 

Activin A, a member of the transforming growth factor-β superfamily, is stimulated 

early in inflammation via the Toll-like receptor (TLR) 4 signalling pathway, which is 

also activated in myocardial ischaemia-reperfusion (IR). Neutralising activin A by 

treatment with the activin-binding protein, follistatin, reduces inflammation and 

mortality in several disease models. This study assesses the regulation of activin A 

and follistatin in a murine myocardial IR model and determines whether exogenous 

follistatin treatment is protective against injury. Myocardial activin A and follistatin 

protein levels were elevated following 30 minutes of ischaemia and 2 hours of 

reperfusion in wild-type mice. Activin A, but not follistatin, gene expression was also 

up-regulated. Serum activin A did not change significantly, but serum follistatin 

decreased. These responses to IR were absent in TLR4-/- mice. Pre-treatment with 

follistatin significantly reduced the IR-induced myocardial infarction. In mouse 

neonatal cardiomyocyte cultures, activin A exacerbated, while follistatin reduced, 

cellular injury after 3 hours of hypoxia and 2 hours of reoxygenation. Neither activin 

A nor follistatin affected the hypoxia-reoxygenation (HR)-induced reactive oxygen 

species (ROS) production by these cells. However, activin A reduced cardiomyocyte 

mitochondrial membrane potential (MMP), and follistatin treatment ameliorated the 

effect of HR on cardiomyocyte MMP. Taken together, these data indicate that 

myocardial IR, through activation of TLR4 signalling, stimulates local production of 

activin A, which damages cardiomyocytes independently of increased ROS. Blocking 

activin action by exogenous follistatin reduces this damage. 
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Introduction 

During reperfusion of the ischaemic myocardium, cellular necrosis triggers a sterile 

inflammatory response through the release of endogenous molecules, designated 

damage-associated molecular patterns (DAMPs).1 These molecules are sensed by 

receptors that are also involved in microbial pathogen recognition and inflammatory 

responses. One such group of receptors, which has been implicated in myocardial 

ischaemia-reperfusion (IR) injury, is the Toll-like receptors (TLRs).2-3 TLR4, the 

receptor for the Gram-negative bacterial cell wall component, lipopolysaccharide 

(LPS), is expressed on cardiomyocytes and is responsible for LPS-induced 

myocardial dysfunction in endotoxaemia.4-5 Activation of TLR4 has been 

demonstrated in myocardial IR, and pharmacological inhibition or genetic knock-out 

of TLR4 signalling has been shown to reduce myocardial IR injury in murine 

models.6-7 

 

Activin A, a member of the transforming growth factor (TGF)-β superfamily of 

cytokines, is very widely-expressed and up-regulated in a broad range of 

inflammatory conditions.8 It regulates the expression of key inflammatory mediators, 

such as interleukin-1 (IL-1), tumour necrosis factor (TNF) and nitric oxide in vivo and 

in vitro.9 In animal models of LPS-induced endotoxaemia, activin A is one of the 

earliest cytokines to increase systemically following TLR4 activation.10-11 However, 

TLR4-/- mice do not release activin A following LPS treatment.11 In humans, acute 

myocardial infarction is associated with elevated serum activin A levels which 

correlate with peak serum creatine kinase concentrations.12  In animal studies, 

activin A gene expression has been found to be up-regulated following myocardial IR 
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and it has also been implicated in myocardial remodelling in congestive heart 

failure.13-14 As activation of TLR4 pathway may be one of the key features of IR-

induced inflammation, these studies raise the possibility that activin A could be 

involved in the downstream inflammatory pathway.  

 

Follistatin is a protein that binds activin A with high affinity and whose expression in 

can be induced by activin A and several other pro-inflammatory cytokines.9 Following 

a LPS challenge, serum follistatin levels, like those of activin A, are markedly 

elevated.15 Activin A-follistatin complexes are biologically inactive and bind to cell 

surface heparan sulphate-containing proteoglycans for internalisation and 

degradation.16 Importantly, blocking activin A by administration of follistatin has been 

shown to considerably reduce inflammation and mortality in a mouse model of 

endotoxaemia.11  Follistatin has also been shown to ameliorate injury in renal and 

hepatic IR injury.17-18   

 

In the present study, we hypothesise that activin A expression is increased by 

myocardial IR and that follistatin may reduce myocardial injury through the binding of 

activin A. 

 

Materials and Methods 

Reagents 

Bovine follistatin was purified in our laboratory from ovarian follicular fluid, as 

previously described.19 Bovine, human and mouse follistatin have 97% identity at the 

amino acid level. Human recombinant activin A (100% amino acid identity with 
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mouse activin A; R&D systems, Minneapolis, MN, USA) was a generous gift from Dr. 

Craig Harrison (Prince Henry’s Institute, Victoria, Australia). 

 

Experimental animals  

All animals were maintained in accordance with guidelines published by the National 

Institutes of Health and the Australian National Health and Medical Research Council. 

Experiments were approved by the Animal Ethics Committees of the University of 

Washington, Monash University and the Baker IDI Heart and Diabetes Institute. 

 

In situ murine IR model 

Wild-type C57BL/6J and C57BL/10ScNJ TLR4-/- mice (The Jackson Laboratory, Bar 

Harbor, Maine, USA)  between 10-14 weeks old, 22-26 g body weight, were 

subjected to 30 minutes ischaemia followed by 120 minutes of reperfusion, as 

described previously.6 Briefly, mice were anaesthetised with intraperitoneal 

pentobarbital sodium (100 μg/g body weight, Abbott Laboratories, North Chicago, Ill, 

USA), intubated and ventilated.  A left parasternotomy was performed under a 

dissecting microscope (Zeiss, Oberkochen, Germany). A 7/0 silk suture (Tyco Health 

Care, Norwal, Conn, USA) was passed behind the left anterior descending artery 

(LAD), just distal to the left atrial appendage. The threads were then passed through 

the tip of a 22-gauge angiocatheter. The sutures could then be tightened and 

released by applying a clip at the end of the angiocatheter to restrict and restore 

blood flow. Sham mice underwent the same surgical procedures except the sutures 

were not tightened. In the treatment group, mice were injected intraperitoneally with 

10 μg follistatin, diluted in 1 ml of 0.9% saline just after anaesthesia. Control mice 

received 1 ml of 0.9% saline alone.  
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Determination of area at risk (AAR) and infarct size 

The AAR and infarct area in the left ventricle of the mice were determined, as 

previously described.6 The LAD was re-occluded at the end of the experimental 

protocol and 4% Evans blue dye (Sigma Aldrich, St. Louis, MO, USA) was injected 

into the aortic root so that the LAD territory, which was the AAR, remained unstained 

as a result of the re-occlusion. Hearts were then removed, rinsed in 0.9% saline and 

embedded in 1% agarose gel (Invitrogen, Calsbad, CA, USA) in phosphate-buffered 

saline and sliced into 1 mm thick sections parallel to the short axis of the left ventricle 

and incubated in 1% triphenyltetrazolium choloride (Sigma Aldrich) at 37°C for 20 

minutes and 10% formalin (Sigma Aldrich) for 24 hours. The slices were then 

weighed and photographed using a digital camera. The AAR and infarct area (area 

not stained by triphenyltetrazolium choride) were measured by using computer 

planimetry (ImageJ 1.21 software; National Institutes of Health, USA).  

 

Activin A ELISA  

The activin A homodimer was measured by ELISA, as previously described.20 The 

assay uses a sandwich design employing a monoclonal antibody (E4) raised against 

a synthetic peptide corresponding to residues 82-114 of the mature activin βA 

subunit and has been validated for both mouse serum and culture media.20 The 

mean sensitivity was 13 pg/ml. The mean intra- and inter-assay coefficients of 

variation (CV) of the assay were 6.9% and 9% respectively. 

 

Follistatin radioimmunoassay (RIA) 
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Follistatin was measured by RIA as previously described.21 The assay employs 

human recombinant follistatin (National Hormone and Pituitary Program) as both 

standard and tracer. The assay sensitivity was 2.7 ng/ml, and the intra- and inter-

assay CV values were 6.4 and 10.2%, respectively. 

Quantitative reverse transcriptase-PCR (QRT-PCR) 

The expression of Inhba, the gene for the βA subunit of activin A, and Fst, the 

follistatin gene, were measured by QRT-PCR, as described previously.22 Total RNA 

was extracted from the left ventricular portion of the hearts using Trizol (Invitrogen) 

according to the manufacturer's instructions. Genomic DNA was removed using a 

DNAfree kit (Ambion, Austin, TX, USA). cDNA was synthesized using the 

Superscript kit (Invitrogen). QRT–PCR was performed using a Biorad iQ5 system 

(BioRad, Hercules, CA, USA) with FastStart DNA Master SYBR-green system 

(Roche, Basel, Switzerland). Data were analysed using relative quantification, 

normalised against 18S mRNA as the house keeping gene and presented as fold 

change compared with control samples. Primers for mouse 18S mRNA were 5’-

ACCGCAGCTAGGAATAATGGAA-3’ (forward) and 5’-

TCGGAACTACGACGGTATCTGA-3’ (reverse); for Inhba (activin A) were 5’-

TGGAGTGTGATGGCAAGGTC-3’ (forward) and 5’-AGCCA CACTCCTCCAC 

AATC-3’ (reverse) and for Fst (follistatin) 5’-CCACTTGTGTGGTGGATCAG-3’ 

(forward) and 5’-AGCTTCCTTCATGGCACACT-3’ (reverse). 

 

Mouse neonatal ventricular cardiomyocyte (NVCM) isolation and culture 

NVCMs were isolated using a well established technique.23 Briefly, neonatal (1-2 day 

old) C57BL/6J mice were killed by decapitation and the ventricles dissected and 
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exposed to trypsin (Gibco Laboratories, Grand Island, NY, USA) treatment overnight 

at 4°C. Cardiomyocytes were dissociated by serial collagenase ((Worthington 

Biochemical Corp., Freehold, NJ, USA) digestion at 37°C. Cells were then cultured in 

Dulbecco's modified Eagle’s media (Gibco Laboratories) supplemented with 10% 

foetal bovine serum and antibiotics (Invitrogen, Carlsbad, CA, USA). Cultures were 

serum-starved for 24 hours, prior to experiment. The NVCM cultures were subject to 

3 hours of hypoxia in a humidified 95% N2/5% CO2 flushed hypoxic chamber 

incubated at 37°C, followed by 2 hours of reoxygenation at 37°C in 5% CO2/air, as 

previously described.23 Normoxic control cells were incubated at 37°C in 5% CO2/air 

only. Activin A (50 ng/ml) or follistatin (100 ng/ml) were added to cardiomyocyte 

cultures just before experimentation under normoxic and hypoxia-reoxygenation (HR) 

conditions. Culture media were collected at the end of the culture conditions and 

stored at -20°C prior to assay. 

 

Measurement of lactate dehydrogenase (LDH) 

Release of LDH as a marker of cellular necrosis was measured in media collected 

from NVCMs, as previously described.23 Briefly, 100μl of 1 mmol/L NADH (Sigma 

Aldrich) was added to 800 ml of assay mix containing 125 mmol/L NaH2PO4 (pH 7.5) 

and 1.25 mmol/L sodium pyruvate (Sigma Aldrich). The LDH present in the samples 

reduces pyruvate to lactate using NADH as the electron donor. In the process NADH 

is oxidized to NAD+ and no longer absorbs light. LDH activity was assessed 

spectrophotometrically by measuring the rate of decrease in absorbance at 340 nm 

over 2 min.  

 

Measurement of reactive oxygen species (ROS) production 
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ROS production was measured as previously described.23 Briefly, ROS production 

was measured using the ROS sensitive flurochrome 2’,7’-dichlorodihydro-fluorescein 

diacetate (H2DCF-DA, Invitrogen). Cardiomyocytes were incubated with phosphate-

buffered saline supplemented with H2DCF-DA (10 μmol/L). Fluorescence 

measurements (excitation 485 nm, emission 520nm) were expressed as relative 

fluorescence units/second (RFU/sec), with background fluorescence subtracted from 

the average of 8 readings.  

 

Measurement of mitochondrial membrane potential (MMP) 

MMP was measured using the fluorescent probe 5, 5’, 6, 6’ -tetrachloro-1,1,3,3’-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1, Molecular Probes, Invitrogen) 

according to the manufacturer’s recommendations, as previously described.23 

Inhibition of the electron transport chain promotes membrane depolarization which is 

detected by the JC-1 probe via a decrease in red/green fluorescence intensity ratio. 

A minimum of 5 replicates were measured for each of these parameters and 

expressed as percentage change to the normoxic control group.  

 

Statistical analyses 

The Graphpad Prism 5 graphical and statistics package (GraphPad Software Inc., 

San Diego, CA, USA) was used for presentation and analysis of the data. Data are 

expressed as mean ± standard error of the mean (SEM). Student’s t-test and one 

way ANOVA were used to compare group data, as appropriate. Bonferroni’s and 

Dunnett’s post tests were used for multiple comparisons. A p value ≤ 0.05 was 

considered to be statistically significant.  
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Results  

Myocardial activin A protein and mRNA levels following IR 

After 30 minutes of ischaemia, using the in situ IR model, no changes were seen in 

myocardial or serum activin A protein levels between the ischaemia and sham 

surgery groups (data not shown). However, myocardial activin A protein levels were 

increased by 16% and mRNA expression rose over 6-fold after a further 2 hours of 

reperfusion compared with the sham surgery group (p<0.05, Fig. 1A, 1C). In contrast 

to the wild-type mice, neither activin A protein nor mRNA levels were significantly up-

regulated in TLR4-/- mice following IR (Fig. 1B, 1D). 

 

Myocardial follistatin protein and mRNA levels following IR 

Myocardial and serum follistatin levels did not change after 30 minutes of ischaemia 

(data not shown). Myocardial follistatin protein levels increased by 31% after a 

further 2 hours of reperfusion. However, myocardial follistatin mRNA did not change 

significantly (Fig 2A, 2C). There were no changes in follistatin protein or gene 

expression after IR in TLR4-/- mice (Fig. 2B, 2D).  

 

Serum activin A and follistatin levels following IR 

There was no significant change in serum activin A levels following 30 minutes of 

ischemia and 2 hours of reperfusion. However, a 33% reduction in serum follistatin 

levels was observed (Fig 3A, 3C). In TLR4-/- mice, there were no changes in activin 

A and follistatin levels in serum following IR (Fig 3B, 3D). 

 

Effect of follistatin pre-treatment on cardiac IR injury in vivo 
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In order to examine whether inhibition of activin A action by blockade with follistatin 

can reduce myocardial IR injury, mice were pre-treated with follistatin and then 

subjected to in situ myocardial IR. Pre-treatment with follistatin resulted in a 

significantly smaller (45% vs. 55%, p<0.05) myocardial AAR compared with the 

control group (Fig. 4A). However, the infarct area, expressed as a ratio of the AAR, 

was significantly smaller in the follistatin-treated group (22% vs. 38%, p<0.05; Fig. 

4B).  

 

Effect of follistatin on cardiomyocyte LDH release in vitro 

In order to confirm the protective effects of follistatin seen in vivo, mouse NVCM 

cultures undergoing HR in vitro were treated with activin A or follistatin, with LDH 

levels measured as a marker of cellular necrosis. Addition of activin A increased 

LDH levels by 41% (p<0.0001 vs. untreated HR control), whereas follistatin 

treatment resulted in a 32% (p<0.0001) reduction in LDH levels compared with 

untreated HR controls (Fig. 5). These data indicate that activin A increases cell death 

in NVCM subjected to HR in culture, which can be blocked by follistatin. 

 

Effect of activin and follistatin treatment on cardiomyocyte ROS production and MMP 

The effects of activin A and potential protective mechanisms of follistatin in IR/HR 

were investigated by measuring cardiomyocyte ROS production and MMP. Activin A 

treatment, under normoxic conditions, did not result in a significant change in 

cardiomyocyte ROS production, but significantly reduced the MMP of these cells (Fig. 

6A-B). As expected, HR resulted in 45% increase in ROS production and reduced 

MMP to 74%. Follistatin treatment under HR conditions did not reduce ROS 
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production but significantly restored MMP (74% to 91% of normoxic control; Fig. 7A-

B) 

 

Altogether, these data suggest that IR, acting through TLR4, stimulates activin A 

expression in the myocardium, which is able to damage the cardiomyocytes. 

Blocking activin action by exogenous follistatin reduces the subsequent damage. 

However, the damage to cardiomyocytes caused by activin A appears to be 

independent of, and hence is not mediated by, increased ROS production. 

 

Discussion 

In this study, we have demonstrated an increase in activin A and follistatin protein in 

the myocardium of wild-type mice, but not in TLR4-/- mice, during IR. The data 

suggest that the increase in activin A is due to increased expression in the 

myocardium, but the increase in follistatin may arise by increased uptake from the 

systemic circulation.  The data also indicate that the TLR4 signalling pathway is an 

essential trigger for activin A release in myocardial IR. Blocking activin A activity 

using follistatin reduced myocardial infarct size in vivo. In vitro, cardiomyocyte injury 

following HR was significantly improved by follistatin treatment. These data suggest 

a causative role for activin A in myocardial IR injury and that blocking activin effects 

with follistatin can be protective in this setting (Fig. 8).  

 

Similar IR injury-induced activin A gene expression has been documented in the 

kidneys, the brain and the heart.17, 24-25 However, there have not been any previous 

studies which directly measured tissue activin A and the levels of follistatin protein. In 

this study, we observed that both activin A and follistatin protein are present within 
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the myocardium. This may represent activin A-follistatin complexes that are bound to 

cell surface heparan sulphate-containing proteoglycans and are biologically inactive. 

The activin A ELISA measures total activin A and cannot differentiate between free 

and bound form of the protein.20 We have previously shown that activin A and 

follistatin proteins are detectable in all major organs of the body and this large pool of 

extracellular activin A-follistatin complexes is readily displaceable by heparin 

administration.26-28 This high background level of activin A may partially obscure the 

magnitude of the increase in tissue free activin A levels following myocardial IR. 

However, the QRT-PCR data confirms that there is significant de novo synthesis of 

activin A in the myocardium following myocardial IR. In contrast, myocardial follistatin 

protein levels were elevated without any increase in gene expression, while serum 

follistatin levels actually decreased. This suggests that the increased myocardial 

follistatin levels are not due to de novo local synthesis, but may arise from the 

systemic follistatin pool. This provides a potential mechanism to explain how 

systemically-administered follistatin might enter the myocardium to target activin A 

and reduce IR injury. 

 

The effect of LPS on activin A release is mediated by NFκB activation through 

MyD88-dependent TLR4 pathways.11 TLR4 is widely expressed and cells capable of 

producing activin A are not limited to immune cells, but include epithelial cells, 

endothelial cells, cardiomyocytes, neurons and hepatocytes.2 The current results 

indicate that TLR4 may be involved in the regulation of activin A in the myocardium 

as TLR4-/- mice did not show significant changes in activin A and follistatin gene and 

protein expressions compared with sham surgery controls.  
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In many cell systems, activin A has been identified as a pro-apoptotic factor.29 Our 

findings are consistent with this role. Although in vitro activin A treatment had no 

effect on cardiomyocyte ROS production, it reduced MMP to a similar extent as that 

seen in HR. The effects of activin A in vivo is more complex and appears to be 

conditional on the type of organ studied and the experimental design. In the brain, 

activin A is known to be neuroprotective, while in the kidneys and the liver activin A 

has been found to be detrimental and the administration of follistatin was found to 

ameliorate IR injury in these organ systems.17-18, 24 A study by Oshima and 

colleagues showed that that systemic over-expression of activin A was associated 

with reduced myocardial infarct size following IR.14 However, in that study, serum 

follistatin was not measured in the activin A over-expressed mice. Since activin A is 

known to induce follistatin expression,30 it is thus possible that follistatin levels may 

be elevated in activin A over-expressing mice and this may be responsible for the 

apparent protective effect of activin A in that study.  

 

The therapeutic potential of follistatin as an anti-inflammatory, anti-fibrotic agent has 

been studied in a number of organ systems including the lungs and the liver.31-32  

The ability of follistatin to reduce IR-related injury has been demonstrated in the 

kidneys and, more recently, in the liver.18 Our study extends the range of follistatin’s 

protective effects to the myocardium. Unexpectedly, follistatin treatment in vivo 

reduced AAR. We do not believe this is due to technical error as a single 

experienced operator performed all the in vivo experiments and the mice were 

randomly assigned to either group. We postulate that follistatin may have potentially 

a hitherto unsuspected effect on collateral myocardial blood flow. Although a smaller 

AAR resulted in a smaller absolute infarct size in the follistatin treatment group, this 
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difference was adjusted for through the expression of infarct size as a percentage of 

AAR.  

 

In support of the in vivo findings, follistatin treatment significantly reduced 

cardiomyocyte injury following HR in vitro. ROS production has been shown to be an 

important factor in initiating cell death through opening the mitochondrial permeability 

transition pores and decreasing MMP.33 Decrease in MMP as a result of HR was 

almost completely restored following follistatin treatment. Follistatin does not signal 

through cell surface receptors. It’s only known biological function is through the 

binding of TGF-β superfamily members, specifically activin A, myostatin and a 

number of bone morphogenetic protein (BMP) subfamily members including BMP4 

and BMP7.9  Although follistatin has the highest binding affinity for activin A, our 

study does not exclude the possibility that part of the protective effect of follistatin is 

through the inhibition of other members of the TGF-β superfamily such as BMP4, 

which has also been shown to be pro-apoptotic in the heart.34 Further studies 

exploring follistatin as a therapeutic agent to limit the loss of MMP in the setting of IR 

are warranted. 
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Figure 1 Myocardial activin A levels in wild-type (WT) and TLR4-/- mice 

following ischaemia-reperfusion (IR). 

Myocardial activin A protein levels in WT mice (A) and TLR4-/- mice (B) in IR and 

sham surgery groups measured by ELISA (N=5-6 mice in each group). Myocardial 

activin A mRNA levels in WT mice (C) and TLR4-/- mice (D) in IR and sham surgery 

groups measured by QRT-PCR. Activin A mRNA levels were normalized to 18S 

mRNA and expressed as fold increase over sham surgery group (N=3 mice in each 

group). Data are mean ± SEM; * p<0.05; ns, non significant. 
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Figure 2 Myocardial follistatin levels in wild type (WT) and TLR4-/- mice 

following ischaemia-reperfusion (IR). 

Myocardial follistatin protein levels in WT mice (A) and TLR4-/- mice (B) in IR and 

sham surgery groups as measured by RIA (N=5-6 mice in each group). Myocardial 

follistatin mRNA levels in WT mice (C) and TLR4-/- mice (D) in IR and sham surgery 

groups measured by QRT-PCR. Follistatin mRNA levels were normalized to 18S 

mRNA and expressed as fold increase over sham surgery group (N=3-4 mice in 

each group). Data are mean ± SEM; * p<0.05; ns, non significant.  
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Figure 3 Serum activin A and follistatin protein levels following ischemia 

reperfusion (IR). 

Serum activin A protein levels after IR in wild type (WT) mice (A) and TLR4-/- mice (B) 

measured by ELISA. Serum follistatin protein levels after IR in WT (C) and TLR4-/- 

mice (D) measured by RIA. N=5-6 mice in each group. Data are mean ± SEM; * 

p<0.05; ns, non significant. 
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Figure 4 Effect of follistatin pre-treatment on myocardial infarct size following 

ischaemia-reperfusion. 

(A) Area at risk of myocardium defined by Evans blue dye in saline control and 

follistatin treated groups. (B) Infarct size as a ratio of the area at risk in saline control 

and follistatin treated groups (N=9 mice in each group). Data are mean ± SEM; * 

p<0.05. 
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Figure 5 Effect of activin A and follistatin co-treatment on LDH release from 

cultured mouse NVCM undergoing hypoxia re-oxygenation (HR) in vitro. 

LDH, a marker of cellular injury, was measured in the culture media in mouse 

neonatal cardiomyocyte culture in normoxic and hypoxia (3 hours) and re-

oxygenation (2 hours) conditions with or without activin A or follistatin treatment. The 

level of LDH release from the HR group without any treatment was used as a 

reference group. Normoxic control and HR with the addition of either activin A or 

follistatin were expressed as percentage changes from the HR control. Data are 

mean ± SEM. Experiments were performed in triplicate in three separate 

experiments producing similar results. *** p<0.001 
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Figure 6 ROS production and mitochondrial membrane potential in cultured 

mouse NVCM following activin A treatment under normoxic conditions. 

Changes in ROS production (A) and mitochondrial membrane potential (B) 

measured in 5 hour cultures under normoxic conditions with or without activin A co-

treatment. Data are mean ± SEM. Experiments were performed with 6 replicates 

(data shown) and the experiment was repeated twice with similar results. *** p<0.001; 

NS, non significant. 
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Figure 7 ROS production and mitochondrial membrane potential in cultured 

mouse NVCM following follistatin treatment in hypoxia-reoxygenation 

condition. 

Changes in ROS production (A) and mitochondrial membrane potential (B) 

measured following 3 hours of hypoxia and 2 hours of re-oxygenation with or without 

follistatin co-treatment. Data are mean ± SEM. Experiments were performed in 6 

replicates and the experiment was repeated twice with similar results. * p<0.05, ** 

p<0.01, *** p<0.001; NS, non significant. 
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Figure 8 Summary diagram.  

Ischaemia-reperfusion, acting via a TLR4-mediated mechanism, stimulates 

expression of activin A and its binding protein, follistatin, in cardiomyocytes. 

Administration of follistatin reduces the injury to cardiomyocytes caused by 

ischaemia-reperfusion or by hypoxia-reoxygenation in vitro. These data indicate that 

activin A is an intermediate in the pathway to cardiomyocyte damage, and that both 

endogenously-produced and exogenously-administered follistatin can act as a 

regulator of this pathway. 

 

Ischaemia- 

reperfusion 

activin A injury TLR4 

follistatin 

follistatin 
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ORIGINAL ARTICLE

Tumour necrosis factor-a stimulates human
neutrophils to release preformed activin A

Yi Chen1,4, Hui Wu1, Wendy R Winnall1, Kate L Loveland2, Yogeshwar Makanji3, David J Phillips1,
Julian A Smith4 and Mark P Hedger1

Activin A, a member of the transforming growth factor-b superfamily, is a critical early mediator of acute inflammation.

Activin A release coincides with the release of tumour necrosis factor-a (TNF-a) in models of lipopolysaccharide (LPS)-induced

inflammation. The source of circulating activin A during acute inflammation has not been identified and the potential

contribution of leukocyte subsets was examined in the following study. Human leukocytes from healthy volunteers were

fractionated using Ficoll gradients and cultured under serum-free conditions. Freshly isolated human neutrophils contained

20-fold more activin A than blood mononuclear cells as measured by enzyme-linked immunosorbent assay (ELISA), and both

dimeric and monomeric forms of activin A were detected in these cells by western blotting. Activin A was predominantly

immunolocalized in the neutrophil cytoplasm. Purified neutrophils secreted activin A in culture when stimulated by TNF-a, but

were unable to respond to LPS directly. Although TNF-a stimulated activin A release from neutrophils within 1 h, activin subunit

mRNA expression did not increase until 12 h of culture, and the amount of activin A released following TNF-a stimulation did

not change between 1 and 12 h. Specific inhibition of the p38 MAP kinase signalling pathway blocked TNF-a-induced activin

release, and the secretion of activin A was not due to TNF-a-induced neutrophil apoptosis. These data provide the first evidence

that neutrophils are a significant source of mature, stored activin A. Stimulation of the release of neutrophil activin A by

TNF-a may contribute to the early peak in circulating activin A levels during acute inflammation.

Immunology and Cell Biology (2011) 89, 889–896; doi:10.1038/icb.2011.12; published online 29 March 2011
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Activin A, a member of the transforming growth factor-b superfamily
of proteins, is a disulphide-linked homodimer of the inhibin bA
subunits.1 Recently, activin A has been established as a critical cytokine
released early in endotoxaemia and other inflammatory syndromes.2

Further, inhibiting activin A with follistatin, a high affinity activin-
binding protein, results in decreased mortality in a mouse model of
endotoxic shock.3 Following a lipopolysaccharide (LPS) challenge,
activin A is released into the circulation in a biphasic pattern.3,4 The
first peak occurs 1 h following LPS injection and coincides with the
peak release of tumour necrosis factor (TNF)-a. This is suggestive of
release of stored activin A rather than secretion from de novo synthesis,
as induction of new activin A synthesis appears to require several
hours to manifest following inflammatory stimuli in most cell
types.5–9 The source of this rapid increase in circulating activin
A during acute inflammation has not yet been established.

One potential source of activin A during acute inflammation is the
circulating leukocyte subsets. Monocytes, B lymphocytes and eosino-
phils are known to be capable of synthesizing activin A in vitro,10–12

but none of these cell types have been shown to contain substantial
stores of preformed activin A. In mice, activin A levels in the lungs

increase significantly 1 h after an LPS challenge while there is a
concurrent decrease in bone marrow activin A levels (our unpublished
data). As systemic LPS induces a selective sequestration of circulating
neutrophils into the lungs and mobilization of bone marrow neutro-
phils,13,14 this suggests that these neutrophils could be a source of
increased activin A levels in the lung following LPS administration.
Neutrophils are the first line of host defense against infection, whereby
activated neutrophils degranulate and release a large number of
antimicrobial and pro-inflammatory proteins.15 Neutrophils also
express cell surface Toll-like receptors (TLRs)15 and activation of
TLRs stimulates activin A synthesis and secretion in diverse cell
types.2 These observations suggest that neutrophils may contain
preformed activin A that is released during acute inflammation.

In the mouse model of endotoxaemia, the concurrent release of
activin A and TNF-a raises the possibility of interplay between these
two cytokines. Like TLR activation, TNF-a enhances activin A gene
expression and protein secretion in vitro in a number of cell types
including bone marrow stromal cell lines16 and blood mononuclear
cells.12 Moreover, TNF-a is a potent neutrophil priming agent.17 It
upregulates adhesion molecules, augments the respiratory burst and is
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also an important mediator of the apoptotic signalling pathways
in neutrophils.18 Furthermore, TNF-a activates mitogen-activated
protein kinases (MAPKs) in neutrophils via TNF receptor-1, with
differential regulation of ERK1/2, p38 and JNK pathways. Both the
p38 and the JNK pathways have been implicated in the regulation of
activin A synthesis in a mast cell line and in vaccinia virus-infected cell
lines in vitro.19,20

In the present study, we provide evidence that neutrophils store
mature activin A, localized predominantly in the cytoplasm, and that
TNF-a rapidly induces its release via a p38 MAPK-dependent
mechanism.

RESULTS

Activin A is rapidly released from LPS-treated whole blood and
isolated total leukocytes in vitro, but not from isolated blood
mononuclear cells
Human whole blood was examined for the release of activin A in vitro
following LPS (50 ng ml�1) stimulation. Activin A concentrations in
LPS-treated blood after 4 h of culture were increased approximately
twofold over basal levels of activin A (Figure 1A). Cycloheximide
(a protein translation inhibitor) and actinomycin D (a RNA trans-
cription inhibitor) had no effect on LPS-induced activin A release,
indicating that LPS-induced activin A release from whole blood over
4 h did not require de novo mRNA or protein synthesis.

Isolated total blood leukocytes released both activin A (Figure 1B)
and TNF-a (Figure 1C) in culture under basal conditions and

when treated with LPS for 4 h. However, when neutrophils
were removed and only blood mononuclear cells (comprising
lymphocytes and monocytes) were cultured, LPS did not increase
activin A in the culture medium over an equivalent period
(Figure 1D).

Neutrophils, but not mononuclear leukocytes, contain preformed
activin A
Neutrophils are the predominant leukocyte population in human
blood. Freshly isolated neutrophils (purity 497%) were found to
contain 20-fold higher activin A concentrations than the mononuclear
cell population as determined by ELISA (Figure 2A). As the ELISA
detects the dimeric form of activin A, this represents preformed,
potentially biologically active activin A within neutrophils. Western
blot analysis under non-reducing conditions revealed the presence of
both dimeric and monomeric (bA subunit) activin A within the
neutrophil cytoplasm (Figure 2B).

Using immunoctyochemistry, activin A was localized predomi-
nantly to the cytoplasm and perinuclear zone of neutrophils
(Figure 2C). In contrast, mononuclear cells did not stain positively
for the bA subunit, except for some monocytes, which had a faint,
punctate staining pattern in the cytoplasm (Figure 2D). Given the
extremely low level of activin A detected by ELISA (just above the
threshold of detection) in these cells, neither monocytes nor lympho-
cytes are likely to contain significant amounts of the dimeric form of
activin A under basal conditions. Taken together, these data indicate

Figure 1 Activin A and TNF-a release from whole blood, isolated leukocytes and blood mononuclear cells in vitro. (a) Activin A secretion by human whole

blood incubated with LPS and inhibitors of protein synthesis, cycloheximide (CHX) and actinomycin D (ActD) for 4 h. (b) Activin A secretion by isolated
human total leukocytes treated with LPS for 4 h. (c) TNF-a secretion by isolated human total leukocytes treated with LPS for 4 h. (d) Isolated blood

mononuclear cells treated with LPS for 4 h. Sera from whole blood and supernatants from cell cultures were collected and measured for activin A

concentrations. Values with differing letter superscripts within each panel are significantly different at Po0.05. Data are mean±s.e.m. Experiments were

done in triplicate and representative data from three separate experiments are shown.
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that neutrophils contain preformed, potentially biologically active
activin A, which is largely absent in mononuclear blood leukocytes.

Release of activin A from isolated neutrophils is stimulated by
TNF-a but not by LPS
Isolated neutrophils did not increase their basal secretion of activin A
when stimulated with LPS at concentrations up to 1000 ng ml�1 and
cultured over a 12-h period (Figures 3A and B). Furthermore,
neutrophil intracellular activin A content was not increased by LPS
(data not shown). This suggests that over the 12-h culture period, LPS
itself was unable to increase the production of dimeric activin A within
neutrophils.

Several other neutrophil activating agents, including interleukin
(IL)-8 (10 ng ml�1–10mg ml�1), phorbol 12-myristate 13-acetate
(1 mM) and N-formyl-Met-Leu-Phe (1mM), were likewise unable to
elicit increased activin A release from neutrophils (data not shown). In
contrast, TNF-a stimulated activin A release from neutrophils in a
dose-dependent manner (Figure 3C). This release occurred within the
first hour of stimulation and did not increase over time (Figure 3D).
It was estimated that the released activin A represented B40–50% of
the stored cytoplasmic activin A.

Neutrophil activin A mRNA expression is upregulated by LPS
Treatment with TNF-a had no effect on activin A mRNA expres-
sion at 1 and 4 h of culture and had only a moderate (twofold)
effect after 12 h in culture (Figure 4A). In contrast, LPS caused a
significantly larger change (ninefold) in activin A gene expression

within 4 h (Figure 4B). However, as reported above, this increase
in mRNA was not associated with an increase in either secreted
or intracellular dimeric activin A concentrations as measured
by ELISA.

Inhibition of p38 MAPK signalling blocks TNF-a induced activin A
release
Activin A release was abolished by treating neutrophils with the
p38 MAPK inhibitor, SB203580 (Figure 5A). Inhibition of JNK
(SP600125) had no effect on the release of activin A from neutrophils
and inhibition of ERK1/2 kinase (PD98059) resulted in a small (15%),
although statistically significant, reduction in activin A release from
neutrophils (Figures 5A and B).

Activin A release is not due to autolysis of apoptotic neutrophils
The p38 pathway is involved in TNF-a-induced neutrophil apopto-
sis.18 As soluble cytoplasmic proteins may be released as a result of
apoptosis-induced autolysis, neutrophil apoptosis as a potential
mechanism of activin A release was assessed. At both 1 and 4 h,
TNF-a treatment resulted in a small increase in neutrophils entering
apoptosis (annexin Vhigh, propidium iodide (PI)low cells) compared
with the untreated controls, but the number of disrupted cells in late
apoptosis was very low (3–7% of total) in both untreated and treated
groups at either of these time points (Figure 6). These data suggest
that the release of activin A from neutrophils after stimulation with
TNF-a was not due to increased cell disruption associated with
neutrophil apoptosis.

Figure 2 Activin A content in neutrophil and blood mononuclear cells and immunocytochemical localization of activin A. (a) Activin A concentration in

neutrophils and blood mononuclear cell lysates. Two million neutrophils and blood mononuclear cells each were lysed in 200ml of radioimmunoprecipitation

buffer and activin A measured by ELISA. The dotted line represents the sensitivity limit of the assay. Values with a differing letter superscript indicate a

significant difference at Po0.05. Data are mean±s.e.m. Experiments were done in triplicate and representative data from three separate experiments are
shown. (b) Western blot of neutrophil lysates under non-reducing conditions demonstrates the presence of both the dimeric and the monomeric forms of the

activin A subunit within neutrophils. Lane 1 is human recombinant dimeric activin A. The 52-kDa band represents dimerized activin A dimer. Lane 2 is a

neutrophil lysate sample. (c) Immunocytochemical localization of activin A in neutrophils. The activin bA subunit is stained brown. Inset is a negative

control. (d) Immunocytochemical localization of activin A in mononuclear cells. The solid arrow indicates a lymphocyte and the open arrow a monocyte.
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DISCUSSION

This study has identified human neutrophils as an important source of
mature, preformed activin A. Treatment of purified neutrophils with
TNF-a caused a rapid increase in the release of activin A, which was
not dependent on new protein synthesis, but rather on secretion of
cytoplasmic stored activin A, through the activation of the p38
MAPK-dependent signalling pathway. These data suggest that
neutrophils may be significant contributors to the early surge of

activin A concentrations in the blood during acute inflammation,
and that TNF-a is an important regulator of its release.

Interestingly, both monomeric and dimeric forms of activin A were
present in purified neutrophil preparations. The monomeric form of
activin A has been previously isolated from bovine follicular fluid.21,22

It has reduced receptor binding affinity and biological activity
compared with dimeric activin A. The origins and functions of the
monomeric form of activin A remain to be determined. It should be

Figure 3 Dose-response and time-course studies of activin A release from neutrophils in vitro. (a) Neutrophils were cultured with increasing doses of LPS for

4 h and activin A concentrations were measured in the culture medium. (b) Neutrophils were cultured with or without 100ngml�1 LPS for 1, 4 and 12 h. (c)

Neutrophils were cultured with increasing doses of TNF-a and activin A concentrations measured in the culture medium. (d) Neutrophils were cultured with

or without 100 ngml�1 TNF-a for 1, 4 and 12h and activin A concentrations measured in the culture medium. Values with differing letter superscripts

within each panel are significantly different at Po0.05. Data are mean±s.e.m. Experiments were done in triplicate and representative data from three

separate experiments are shown.

Figure 4 Measurement of activin A subunit mRNA expression in neutrophils by QRT-PCR. Activin A subunit mRNA expression following TNF-a (a) or LPS (b)

challenge over a 12h period. Activin A subunit mRNA levels were normalized to 18S RNA and expressed as fold increase over the 1-h neutrophil control

sample. RNA was extracted from triplicate wells and QRT-PCR was performed in duplicate. Values with differing letter superscripts within each panel are

significantly different at Po0.05. Data are mean±s.e.m. of triplicate wells. Representative data from three separate experiments are shown.
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noted that the ELISA cannot detect monomeric activin A, hence all
measurements of activin A in culture medium and blood represent the
dimeric, more biologically active, form of activin A.

Bacterial LPS is a potent stimulator of activin A synthesis and
secretion in diverse cell types including monocytes, dendritic cells and
vascular endothelial cells.6,7,12 These effects are mediated through the
MyD88-dependent signalling pathway linked to the TLR4 receptor.
However, in contrast to its effects on whole blood and total leukocytes,
LPS itself was unable to elicit activin A release from isolated neutro-

phils in vitro and only transiently increased activin gene expression
after 4 h of culture. Moreover, although activin subunit mRNA was
increased after LPS treatment, there was no corresponding increase in
the level of intracellular or secreted activin A, as measured by ELISA.
It is not yet clear why the increase in mRNA levels did not lead to
increased activin A production at the later time points, but these
observations clearly indicate that LPS does not directly regulate the
acute release of stored activin A from neutrophils. In fact, neutrophils
only express cell surface TLR4 at low levels23 and do not respond to

Figure 5 Effects of MAP kinase pathway inhibitors on TNF-a stimulated activin A release by neutrophils. Neutrophils were cultured for 4 h in the presence of

TNF-a with or without inhibitors of the MAP kinase signalling pathways. (a) SP600125 inhibits JNK and SB203580 inhibits p38 MAP kinases, respectively.

(b) PD98059 inhibits ERK1/2. Values with differing letter superscripts within each panel are significantly different at Po0.05. Data are mean±s.e.m.

Experiments were done in triplicate and representative data from three separate experiments are shown.
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Figure 6 Flow cytometric analysis of neutrophil apoptosis in culture. Untreated and TNF-a-treated neutrophils collected after 1 and 4 h of culture

were stained with PI and FITC-labelled annexin V. (a) Untreated neutrophils at 1 h. (b) TNF-a-treated neutrophils at 1 h. (c) Untreated neutrophils at 4 h.

(d) TNF-a-treated neutrophils at 4 h. Insets represent the percentage of cells in each quadrant. Annexin Vlow/PIlow (lower left) quadrant represents viable

cells, annexin Vhigh/PIlow (lower right) quadrant represents early apoptotic cells and annexin Vhigh/PIhigh (upper right) quadrant represents cells in late

apoptosis with disrupted membranes.
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LPS as effectively as other cell types. It has been suggested previously
that contaminating monocytes are, in large part, responsible for the
neutrophil response to LPS observed in vitro,24 and this would be
consistent with the results of the current study.

In contrast to the lack of effect of LPS, TNF-a caused a rapid release
of dimeric activin A and a corresponding reduction in neutrophil
intracellular activin A levels, and this action of TNF-a appears to be
mediated via the p38 MAPK signalling pathway. In other studies,
TNF-a stimulated activin subunit gene expression and de novo activin
A synthesis in bone marrow stromal cells, fibroblasts, vascular
endothelial cells and blood mononuclear cells.12,25,26 However, the
effects of TNF-a on activin subunit mRNA expression in human
neutrophils was minor and only occurred after 12 h of stimulation.
The intracellular signalling mechanism involved in TNF-a stimulated
activin subunit mRNA expression has not been determined. It is not
yet certain that the release of stored activin A from neutrophils and the
regulation of activin subunit mRNA expression in a number of cell
types involve the same TNF-a-mediated pathways.

Our in vitro data raise the possibility that TNF-a may be an
important mediator of activin A release in acute inflammation in
vivo. The data also suggest that in LPS-induced inflammation, TNF-a
alone or possibly in conjunction with other inflammatory mediators,
but not LPS itself, is responsible for stimulating neutrophils to release
activin A. In vitro, the level of TNF-a produced by total blood
leukocytes after stimulation with LPS was relatively small
(B1.25 ng ml�1), and would not be sufficient to stimulate maximal
activin A release from neutrophils. The possibility must therefore be
considered that other inflammatory mediators not examined in this
study, in addition to TNF-a, could be capable of stimulating neu-
trophil activin A release. Moreover, circulating levels of TNF-a
following LPS challenge in vivo are significantly higher than those
observed in vitro,3 and tissue-fixed macrophages and mast cells are
rich sources of TNF-a that are absent from the in vitro setting, but
would be present in vivo.27,28 Consequently, further studies are
required to investigate the precise link between TNF-a and activin
A release in acute inflammation in vivo.

In all culture experiments, activin A was also secreted by untreated
neutrophils. Previous studies have shown that neutrophils constitu-
tively secrete cytokines such as IL-8 and IL-1b.29,30 However, in the
current experiments, the basal activin A levels at 1 and 12 h of culture
were similar, indicating that the low levels of activin A in the untreated
control wells are most likely due to spontaneous release from the
isolated neutrophils at the time of plating, rather than continuous
basal secretion during culture.

Neutrophil apoptosis is an important mechanism for limiting
the extent of acute inflammation, and TNF-a induces neutrophil
apoptosis via the p38 MAPK pathway.18,31 Although it was confirmed
in the present study that the release of activin A in response to TNF-a
occurred independently of apoptosis-associated cell lysis, it may be
significant that blocking p38 signalling pathway both reduces
neutrophil apoptosis and abolishes activin A release. As activin A
has been shown in many cell systems to be pro-apoptotic,32–35 this
raises the possibility that activin A may have an autocrine role in the
apoptotic pathways in neutrophils. It is presently unknown whether
neutrophils express activin A receptors.

There is an increasing appreciation of the immunomodulatory role
that activin A has in the setting of acute and chronic inflammation.
Activin A inhibits the production of pro-inflammatory cytokines such
as IL-1b and TNF-a in activated monocytes/macrophages.36,37 and
antagonizes some of the downstream actions of IL-6 and IL-1b.38,39

The identification of preformed mature activin A in neutrophils raises

the possibility of a novel immunoregulatory role for the neutrophils
involving activin A.40 A recent study suggested that TLR activation in
highly purified neutrophils induced the production of IL-10, an anti-
inflammatory cytokine, rather than pro-inflammatory cytokines.41

Stored activin A released by activated neutrophils in acute inflamma-
tion may therefore be part of the mechanisms involved in aiding the
resolution of acute inflammation.

In conclusion, these data provide the first evidence that circulating
neutrophils are a major site of stored activin A, and the release of
activin A by these cells can be rapidly induced by the early inflamma-
tory cytokine TNF-a acting via the p38 MAPK regulatory pathway.
However, it remains to be determined whether neutrophil-derived
activin A, stimulated by TNF-a, is the principal source of circulating
activin A during acute inflammation in vivo. Several other cell types
that might be involved directly or indirectly in response to inflamma-
tory stimuli in vivo, such as tissue-fixed macrophages and bone marrow
stromal cells, would not have been represented in these in vitro
experiments, and further studies will be required to address this issue.

METHODS
Reagents
Ficoll-Paque Plus was purchased from Amersham Biosciences (Uppsala,

Sweden). RPMI-1640, glutamax, penicillin/streptomycin antibiotics and non-

essential amino acids were purchased from Invitrogen (Carlsbad, CA, USA).

Human recombinant TNF-a was purchased from R&D Systems (Minneapolis,

MN, USA). JNK inhibitor (SP600125) and p38 inhibitor (SB203580) were

obtained from Merck (Darmstadt, Germany) and ERK1/2 inhibitor (PD98059)

from Sigma Aldrich (St Louis, MO, USA). IL-8, phorbol 12-myristate

13-acetate, N-formyl-Met-Leu-Phe, cycloheximide, actinomycin D and phenol-

extracted LPS (from E. coli, serotype 0111:B4) were also purchased from Sigma

Aldrich. Antibodies to the activin (bA) subunit used for immunocytochemistry

were a gift from Wylie Vale at the Salk Institute, La Jolla, CA, USA.42

White blood cell and neutrophil isolation and culture
Heparinized blood was collected from three healthy volunteers. For whole

blood experiments, 1 ml of freshly collected blood was incubated without

dilution at 37 1C and 5% CO2 in 24-well culture plates. Unfractionated total

leukocytes were obtained by removing red blood cells and platelets using

dextran sedimentation. Serum was removed by centrifugation. Isolated leuko-

cytes were cultured at a density of two million cells per well in 24-well plates in

1 ml of serum-free RPMI-1640 media supplemented with 1 mM glutamax,

50 000 U l�1 penicillin, 50 mg l�1 streptomycin and non-essential amino acids.

Neutrophils were isolated from blood using an established density-centrifuga-

tion method.43 Purity of the isolated neutrophils was routinely 497% as

determined by flow cytometry (Abbott Cell-Dyn 3200 flow cytometer, Abbott

Park, IL, USA) and confirmed by manual counting of haematoxylin-stained

neutrophil cytospin preparations. Neutrophils were cultured in 24-well plates at

a density of two million cells per well, in 1 ml of serum-free supplemented

RPMI-1640 media. The mononuclear blood cell fraction (purity 495%,

consisting of 40–80% lymphocytes and 20–50% monocytes) was also recovered

and cultured. Culture media were collected and centrifuged to remove residual

cells. The supernatants were frozen at �20 1C until assayed. Cell pellets of

neutrophils and mononuclear cells were lysed with radioimmunoprecipitation

buffer44 for measuring intracellular protein level and western blot analysis.

All experiments were carried out in triplicate and repeated at least three times

with blood drawn from different volunteers.

Western blot analysis of neutrophil and mononuclear cell lysates
Samples were separated by SDS-PAGE on 4–10% Tris-Tricine gels. The proteins

were electro-transferred onto nitrocellulose membranes and the membranes

blocked overnight at 4 1C in 5% bovine serum albumin (Sigma Aldrich).

The membranes were probed with a mouse monoclonal anti-activin A

antibody (E4) as previously described.45 The membranes were then probed

with an horseradish peroxidase-conjugated sheep anti-mouse antibody

Neutrophils and activin
Y Chen et al

894

Immunology and Cell Biology



(GE Healthcare, Little Chalfont, Buckinghamshire, UK). The protein bands

were detected on ECL-film (GE Healthcare) using the Lumi-Light Western Blot

substrate (Roche, Basel, Switzerland) as per the manufacturer’s recommenda-

tion. Human recombinant activin A (dimeric form) (R&D Systems) was used as

a positive control.

Activin A immunocytochemistry
Immunocytochemistry was performed on cytospin preparations of neutrophils

and blood mononuclear cells, as previously described.46 The only modification

was the omission of an antigen retrieval step, which was not necessary on the

cytospin preparations. The primary antibody used was a polyclonal rabbit

antibody raised against residues 81–113 of the activin bA subunit.42 Controls

for non-specific binding of the secondary antibody were performed in all

experiments by omitting the primary antibody and by the use of a class-

matched isotype control.

Activin A and TNF-a ELISAs
Dimeric activin A was measured by ELISA, as previously described.47 The assay

uses a sandwich design employing a monoclonal antibody (E4) raised against a

synthetic peptide corresponding to residues 82–114 of the mature activin bA

subunit and has been validated for culture media. The mean sensitivity was

0.013 ng ml�1. The mean intra- and inter-assay coefficients of variation of the

assay were 6.9 and 9%, respectively.

TNF-a was measured using a Quantikine human TNF-a ELISA (R&D

Systems), as per the manufacturer’s instructions. The assay has a sensitivity

of 0.0016 ng ml�1.

Quantitative reverse transcriptase-PCR
Expression of INHBA, the gene that expressed the bA subunit of activin A was

measured by quantitative reverse transcriptase-PCR (QRT-PCR), as described

previously.48 Total RNA was extracted using Trizol (Invitrogen) according to

the manufacturer’s instructions. Genomic DNA was removed using a DNAfree

kit (Ambion, Austin, TX, USA). cDNA was synthesized using the Superscript

kit (Invitrogen). QRT-PCR was performed using a Biorad iQ5 system (BioRad,

Hercules, CA, USA) with FastStart DNA Master SYBR-green system (Roche).

Data were analysed using relative quantification, normalized against neutrophil

18S RNA as the housekeeping gene and presented as fold change compared

with control samples. Primers for human 18S RNA were 5¢-ACCGCAGCTAGG

AATAATGGAA-3¢ (forward) and 5¢-TCGGAACTACGACGGTATCTGA-3¢
(reverse) and for activin A were 5¢-TGGAGTGTGATGGCAAGGTC-3¢ (forward)

and 5¢-AGCCACACTCCTCCACAATC-3¢ (reverse).49

Neutrophil apoptosis assay
Neutrophil apoptosis was detected by flow cytometry using FITC-labelled

annexin V (BD Bioscience, Franklin Lakes, NJ, USA) and PI (Sigma Aldrich)

using an established protocol.50

Statistical analyses
Prism 5 (GraphPad Software Inc., San Diego, CA, USA) was used for graphing

and statistical analyses. Data are expressed as mean±s.e.m. Mann–Whitney,

Kruskal–Wallis and two-way ANOVA were used to compare group data as

appropriate. A P-value p0.05 was considered statistically significant.
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CHAPTER 5  
 
 

GENERAL DISCUSSION AND FUTURE DIRECTIONS 
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In this thesis, a number of observations have been made regarding activin A and 

follistatin in CPB and myocardial IR injury. The key findings are that, first, activin A 

and follistatin are both released following CPB; second, follistatin is protective in 

myocardial IR injury; and third, neutrophils are a potential source of activin A in acute 

inflammation. 

5.1 Activin A and follistatin release in CPB 

Through the use of the sheep model of CPB, activin A was found to be released in a 

biphasic pattern in CPB, similar to that seen in LPS-induced systemic inflammation. 

This release is independent of the heparin effect that causes release of both bound 

activin and follistatin from tissue surfaces. The similarity in the release pattern in CPB 

and endotoxaemia suggests that the release may be also mediated by the TLR4 

pathway. Other TLR agonists, such as Pam3Cys (TLR2) and PolyI:C (TLR3), may 

also release activin A, but lack the biphasic response that is seen in LPS-induced 

TLR4 activation (unpublished results from our laboratory). However, the magnitude of 

release by CPB is smaller than that induced by LPS. As has been previously shown, 

this LPS effect is entirely mediated by TLR4 signalling (Jones et al. 2007), and 

suggests that TLR4 may not be as robustly activated in CPB as is in endotoxaemia. 

There has been a number of papers that have shown elevated levels of HSPs 

following cardiac surgery (Becker et al. 2007; Szerafin et al. 2008) and these are 

thought to be endogenous ligands of the TLR4 signalling pathways (Chen and Nunez 

2010). However, the ability of HSPs to activate TLRs has been called into question 

due to the possibility of in vitro contamination with LPS (Gao and Tsan 2003). Serum 

endotoxin levels were not measured in our study, as transmigration of gut bacterial 

products is known to occur in CPB and therefore may be a potential confounder. 

 

Follistatin release in CPB was robust but did not occur while the sheep was on 

bypass. Its level peaked in the early post-operative period, coinciding with the second 
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peak of activin A release. This pattern was also observed in endotoxaemia (Jones et 

al. 2000; Jones et al. 2007). However, in control sheep undergoing sham CPB, the 

follistatin response to surgical trauma alone was also marked even though the 

changes in activin A levels were quite minimal. This is consistent with a previous 

study by Phillips and colleagues which demonstrated a comparable release of 

follistatin associated with surgical trauma caused by castration in male sheep 

(Phillips et al. 1996). From previous studies, activin A is known to induce follistatin 

release but our results also suggest that activin A may not be the only regulator of 

serum follistatin levels. It may be possible that the levels of follistatin following CPB 

are also under the control of other cytokines. IL-1β injection has been shown to 

cause elevated serum follistatin levels (Phillips et al. 1996) and soluble TNF-α 

receptor can reduce serum follistatin levels following LPS injection (Jones et al. 

2004a). Furthermore, TLR3 activation can cause a robust release of follistatin with 

only a minor increase in circulating activin A levels (unpublished data from our 

laboratory). These data allow one to speculate that follistatin’s role in acute 

inflammation may not be limited to activin A binding. It is also puzzling that, although 

the highest tissue levels of follistatin are found within the reproductive organs, it is 

released as part of the acute phase reaction and its levels correlate highly with serum 

IL-6 levels as demonstrated in our study. This suggests that follistatin may be an 

important modulator of acute inflammation. Serum IL-6 levels have shown 

correlations with clinical outcomes following cardiac surgery (Gueret et al. 2009; Mei 

et al. 2007; Musleh et al. 2009). It would be of interest to see if serum follistatin levels 

can provide additional predictive power over that of IL-6 regarding postoperative 

outcomes. Although heparin does cause a rapid and concurrent increase in activin A 

and follistatin levels during CPB (Chapter 2), the levels rapidly decline once the 

heparin dose is reversed with protamine at the end of CPB. By the 8th-10th 

postoperative hour, increases in serum follistatin levels are largely due to CPB per se 
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and not the heparin effect. It may therefore be possible to measure follistatin levels at 

that time point to study its correlations with clinical parameters 

.  

One key question regarding activin A and follistatin which has not been addressed by 

our study is the functional significance of elevated activin A and follistatin levels in 

CPB. Although a large number of studies have examined the inflammatory response 

to CPB, interventions aimed at reducing the inflammatory response to improve 

clinical outcomes have been disappointing in clinical trials. Follistatin has shown 

great potential as an activin A neutralising agent in animal disease models (Aoki et al. 

2005; Dohi et al. 2005; Patella et al. 2006), but without a better understanding of the 

biological effects of activin A and follistatin in CPB, it is unlikely to translate into 

clinical benefits.  

5.2 Follistatin reduces myocardial IR injury 

The expression pattern of activin A and follistatin was studied in a mouse model of 

myocardial IR injury. Both in vivo and in vitro data suggest that activin A is 

detrimental, whereas follistatin is protective, in myocardial IR. Although our study has 

not fully elucidated the mechanism of activin A’s detrimental effect, in vitro data 

showing reduced mitochondrial membrane potential and increased LDH release 

following activin A treatment, suggest that it may be at least, in part, mediated 

through apoptosis. There are conflicting data regarding whether activin A is pro- or 

anti-apoptotic. One of the original descriptions of activin A was as a neuronal survival 

factor (Schubert et al. 1990). However, activin A has also been shown to cause 

plasma cell and hepatocyte apoptosis (Hully et al. 1994; Nishihara et al. 1993). The 

study by Oshima and colleagues demonstrated activin A is anit-apoptotic in 

cardiomyoctyes by up-regulation of Bcl-2 (Oshima et al. 2009). Indeed, even TGF-β, 

while it has been shown to be protective in myocardial IR, is also pro-apoptotic in 

some culture systems (Valderrama-Carvajal et al. 2002). It now appears that TGF-β 
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superfamily signalling is highly complex, being dependent on the cellular context and 

timing sensitive (Horbelt et al. 2012). In Oshima’s study, the cardiomyocytes were 

pre-treated with activin A for eight hours before undergoing HR, whereas in our study, 

activin A was given at the time of the experiment. Possibly, prolonged incubation with 

activin A may prime the cells to be more resistant to HR but this may not be the case 

when activin A is given acutely at the time of HR. This difference in the duration of 

activin A exposure (in vitro through pre-treatment or in vivo through systemic over-

expression) can potentially explain the apparent conflicting effects of activin A on 

cardiomyocyte survival. However, further studies are warranted to test these 

speculations 

 

Another interesting finding in our study is that follistatin gene expression was not 

acutely elevated in the heart following myocardial IR. This is consistent with Oshima 

and colleagues’ findings that follistatin gene in the heart was not elevated until three 

days after reperfusion (Oshima et al. 2009). However, the same study showed that, 

although follistatin gene expression was not elevated, FSRP was in fact rapidly 

elevated, around the same time as myocardial activin A gene upregulation. This is 

consistent with previous studies showing FSRP is preferentially distributed in the 

heart (Schneyer et al. 2001). FSRP also binds activin A but at slightly lower affinity 

than follistatin (Sidis et al. 2006). In the same study by Oshima and colleagues, 

FSRP gene knockout was associated with reduced infarct size following myocardial 

IR. This is hard to reconcile with our data showing a diametrically opposite effect of 

follistatin, a structurally closely-related protein. Once again, this may be due to the 

context and timing dependent effects of TGF-β superfamily members. Chronically 

reduced levels of FSRP may allow continued hyperactivity of activin A and other 

TGF-β superfamily members which may have distinct effects to acute exposure of 

these factors. Further studies are required to elucidate the mechanisms involved. 
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The expression of FSRP was not examined in our study as no protein assay is 

available.  

5.3 Neutrophils as a source of preformed activin A  

Through this study, results have implicated neutrophils as a potential source of 

preformed activin A in the body during acute inflammation. Activin A is widely 

distributed in the body. Preformed activin has been immunolocalised in a number of 

tissues including respiratory and gastrointestinal epithelia. However, the source of 

activin A in the LPS-induced inflammatory response remains elusive. Studies on the 

heparin effect have also demonstrated a large extracellular pool of activin A and 

follistatin, most likely in a complex (Jones et al. 2004b). It is not clear whether these 

sources of activin A are actually mobilised following inflammatory stimuli such as LPS 

or CPB. However, given the neutrophil’s role in acute inflammation (Nathan 2006), it 

is highly likely that neutrophils may be an important source of activin A in acute 

inflammation. 

 

Of the number of cytokines and neutrophil-activating agents tested, only TNF-α was 

shown to be able to consistently release activin A from neutrophils. Activin A and 

TNF-α serum levels increase almost concurrently in LPS-induced systemic 

inflammation (Jones et al. 2004a; Jones et al. 2007). It is therefore tempting to think 

that activin A release in that setting is due to TNF-α-induced activin A release from 

neutrophils. This hypothesis is yet to be proven. From published studies and data 

from our laboratory, neutrophils are probably not the only source of activin A in acute 

inflammation. Bone marrow stromal cells and new protein synthesis from tissues with 

high endogenous activin mRNA levels such as the liver may well also be involved 

(Wu et al. 2012, 2013). 
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It is intriguing to speculate the function of activin A in neutrophils. Studies on the 

function of activin A supports largely an immunoregulatory role (Hedger et al. 2011). 

Neutrophils are short-lived cells. After activation, their granules are released and they 

rapidly die by apoptosis. Neutrophil activating agents such as IL-8, phorbol 12-

myristate 13-acetate and N-formyl-Met-Leu-Phe were unable to cause activin A 

release from neutrophils. This suggests that activin A release from neutrophils is not 

a passive phenomenon linked to degranulation but rather there are specific triggers 

for the release of activin A from neutrophils. In the study, results have also 

demonstrated that activin A release from neutrophils is not simply the result of 

autolysis. Considering the role of activin A in mediating apoptosis, it is an intriguing 

hypothesis that activin A is only secreted from neutrophils by specific apoptotic 

signals and once secreted, activin A acts in an autocrine fashion to cause neutrophil 

apoptosis. 

 

It has also been recently shown that neutrophils may have a hitherto unappreciated 

immunoregulatory role in acute inflammation (Cassatella et al. 2009). Neutrophils are 

capable of secreting large amounts of IL-10 following bacterial infection, and 

neutrophil depletion in chronic infection promoted inflammation (Zhang et al. 2009b). 

The presence of activin A in neutrophils lends further support to the idea that 

neutrophils are not just phagocytic effector cells, but may also be involved in limiting 

acute inflammation through immunoregulatory cytokines such as IL-10 and activin A. 

Further studies on this aspect of neutrophil function are warranted.  

 

Neutrophils are highly activated by both CPB and IR injury. Although it is conceivable 

that serum activin A levels are increased as a result of activated neutrophils, our 

study suggests that specific triggers (e.g. TNF-α) must be present for neutrophils to 

release activin A. LPS itself is unable to stimulate neutrophils to release activin and 

there were no significant differences in TNF-α levels between the CPB and the 
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surgical control group (Chapter 2).  This suggests that, although neutrophils contain 

preformed activin A, it is probably not the source of elevated activin A serum levels in 

CPB. In our myocardial IR study, the reperfusion period is relatively short. Although 

neutrophil recruitment is an important feature of myocardial IR, it usually does not 

occur until about 6 to 12 hours after ischaemia. A two hour period of reperfusion may 

be too short for the neutrophils to accumulate within the myocardium and this makes 

it unlikely that infiltrating neutrophils are the primary source of elevated myocardial 

activin A. Based on these data, it appears that neutrophil-associated activin A may 

not play a significant role in increased serum and myocardial levels of activin A in 

CPB and myocardial IR in our study models. However, postoperative complications 

such as acute lung injury are associated with neutrophil activation, so that activin A 

may potentially be involved as it has been shown to cause an ARDS-like type of lung 

pathology (Apostolou et al. 2012).  

5.4 Clinical implications of activin A and follistatin in cardiac surgery 

Both large and small animal models have been used for the study of activin A in this 

thesis.  Our studies have provided data to support the hypothesis that activin A and 

follistatin are expressed in CPB and myocardial IR. The various animal models used 

are well established and taken as a whole, do provide insights into the fundamental 

biology of activin A in acute sterile inflammation. The potential disadvantage of this 

approach is that the results may be influenced by differences in activin biology 

between the species and may not be directly translatable into clinical setting. 

Although there are considerable data to support a role for activin A and follistatin in 

infective and sterile inflammation, it is still not entirely clear how they are regulated 

and what functional significance they have. The fact that neutrophils contain 

preformed activin A is a novel finding that deserves further studies. The ultimate goal 

of researching into the basic biology of the inflammatory response in cardiac surgery 

is the hope that the basic understanding of the underlying immune processes will 
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lead to novel interventions or therapeutic options that will improve outcomes for 

patients. Follistatin has shown therapeutic potential in animal studies in limiting 

activin A associated inflammation and improving outcomes. It is hoped that these 

data presented here will serve as foundation for future research into activin A and 

follistatin in cardiac surgery related inflammation and this can one day translate to 

therapeutic applications of follistatin in limiting inflammation associated complications 

after cardiac surgery. 



 

71 
 

BIBLIOGRAPHY 

Aird WC 2003 The role of the endothelium in severe sepsis and multiple organ 
dysfunction syndrome. Blood. 101:3765-3777. 

Allen ML, Hoschtitzky JA, Peters MJ, Elliott M, Goldman A, James I & Klein NJ 
2006 Interleukin-10 and its role in clinical immunoparalysis following pediatric 
cardiac surgery. Crit Care Med. 34:2658-2665. 

Amar D, Zhang H, Park B, Heerdt PM, Fleisher M & Thaler HT 2007 Inflammation 
and outcome after general thoracic surgery. Eur J Cardiothorac Surg. 32:431-434. 

Aoki F, Kurabayashi M, Hasegawa Y & Kojima I 2005 Attenuation of bleomycin-
induced pulmonary fibrosis by follistatin. Am J Respir Crit Care Med. 172:713-720. 

Apostolou E, Stavropoulos A, Sountoulidis A, Xirakia C, Giaglis S, Protopapadakis E, 
Ritis K, Mentzelopoulos S, Pasternack A, Foster M, Ritvos O, Tzelepis GE, 
Andreakos E & Sideras P 2012 Activin-A overexpression in the murine lung causes 
pathology that simulates acute respiratory distress syndrome. Am J Respir Crit Care 
Med. 185:382-391. 

Asimakopoulos G 2001 Systemic inflammation and cardiac surgery: an update. 
Perfusion. 16:353-360. 

Banda MA, Lefer DJ & Granger DN 1997 Postischemic endothelium-dependent 
vascular reactivity is preserved in adhesion molecule-deficient mice. Am J Physiol. 
273:H2721-2725. 

Baxter GF, Mocanu MM, Brar BK, Latchman DS & Yellon DM 2001 
Cardioprotective effects of transforming growth factor-beta 1 during early 
reoxygenation or reperfusion are mediated by p42/p44 MAPK. Journal of 
Cardiovascular Pharmacology. 38:930-939. 

Becker ST, Wendel HP, Vonthein R, Rennekampff HO & Aebert H 2007 Inducible 
HSP70 levels in thoracic wound fluid indicate myocardial damage after open heart 
surgery. Journal of Cardiovascular Surgery. 48:233-237. 

Borgermann J, Flohe S, Scheubel RJ, Kuss O, Simm A, Schade FU & Friedrich I 
2007 Regulation of cytokine synthesis in cardiac surgery: Role of extracorporeal 
circuit and humoral mediators in vivo and in vitro. Inflamm Res. 56:126-132. 

Borutaite V, Jekabsone A, Morkuniene R & Brown GC 2003 Inhibition of 
mitochondrial permeability transition prevents mitochondrial dysfunction, 
cytochrome c release and apoptosis induced by heart ischemia. J Mol Cell Cardiol. 
35:357-366. 
Brikos C & O'Neill LA 2008 Signalling of toll-like receptors. Handb Exp 
Pharmacol:21-50. 

Brosh N, Sternberg D, Honigwachs-Sha'anani J, Lee BC, Shav-Tal Y, Tzehoval E, 
Shulman LM, Toledo J, Hacham Y, Carmi P & et al. 1995 The plasmacytoma growth 
inhibitor restrictin-P is an antagonist of interleukin 6 and interleukin 11. Identification 
as a stroma-derived activin A. J Biol Chem. 270:29594-29600. 

Broxmeyer HE, Lu L, Cooper S, Schwall RH, Mason AJ & Nikolics K 1988 Selective 
and indirect modulation of human multipotential and erythroid hematopoietic 



 

72 
 

progenitor cell proliferation by recombinant human activin and inhibin. Proc Natl 
Acad Sci U S A. 85:9052-9056. 

Bruins P, te Velthuis H, Eerenberg-Belmer AJ, Yazdanbakhsh AP, de Beaumont EM, 
Eijsman L, Trouwborst A & Hack CE 2000 Heparin-protamine complexes and C-
reactive protein induce activation of the classical complement pathway: studies in 
patients undergoing cardiac surgery and in vitro. Thromb Haemost. 84:237-243. 

Butler J, Rocker GM & Westaby S 1993 Inflammatory response to cardiopulmonary 
bypass. Ann Thorac Surg. 55:552-559. 

Carden DL & Granger DN 2000 Pathophysiology of ischaemia-reperfusion injury. J 
Pathol. 190:255-266. 

Cassatella MA, Locati M & Mantovani A 2009 Never underestimate the power of a 
neutrophil. Immunity. 31:698-700. 

Chen GY & Nunez G 2010 Sterile inflammation: sensing and reacting to damage. Nat 
Rev Immunol. 10:826-837. 

Chen HJ, Li DY, Saldeen T & Mehta JL 2001 TGF-beta(1) modulates NOS 
expression and phosphorylation of Akt/PKB in rat myocytes exposed to hypoxia-
reoxygenation. American Journal of Physiology-Heart and Circulatory Physiology. 
281:H1035-H1039. 

Chen HJ, Li DY, Saldeen T & Mehta JL 2003 TGF-beta(1) attenuates myocardial 
ischemia-reperfusion injury via inhibition of upregulation of MMP-1. American 
Journal of Physiology-Heart and Circulatory Physiology. 284:H1612-H1617. 

Chen YG, Lui HM, Lin SL, Lee JM & Ying SY 2002 Regulation of cell proliferation, 
apoptosis, and carcinogenesis by activin. Experimental Biology and Medicine. 
227:75-87. 

Cho SH, Yao Z, Wang SW, Alban RF, Barbers RG, French SW & Oh CK 2003 
Regulation of activin A expression in mast cells and asthma: its effect on the 
proliferation of human airway smooth muscle cells. J Immunol. 170:4045-4052. 

Chong AJ, Shimamoto A, Hampton CR, Takayama H, Spring DJ, Rothnie CL, Yada 
M, Pohlman TH & Verrier ED 2004 Toll-like receptor 4 mediates 
ischemia/reperfusion injury of the heart. J Thorac Cardiovasc Surg. 128:170-179. 

Cocolakis E, Lemay S, Ali S & Lebrun JJ 2001 The p38 MAPK pathway is required 
for cell growth inhibition of human breast cancer cells in response to activin. J Biol 
Chem. 276:18430-18436. 

Date M, Matsuzaki K, Matsushita M, Tahashi Y, Sakitani K & Inoue K 2000 
Differential regulation of activin A for hepatocyte growth and fibronectin synthesis in 
rat liver injury. J Hepatol. 32:251-260. 

De Bleser PJ, Niki T, Xu G, Rogiers V & Geerts A 1997 Localization and cellular 
sources of activins in normal and fibrotic rat liver. Hepatology. 26:905-912. 

de Jesus AR, Magalhaes A, Miranda DG, Miranda RG, Araujo MI, de Jesus AA, 
Silva A, Santana LB, Pearce E & Carvalho EM 2004 Association of type 2 cytokines 
with hepatic fibrosis in human Schistosoma mansoni infection. Infect Immun. 
72:3391-3397. 

Derynck R & Zhang YE 2003 Smad-dependent and Smad-independent pathways in 
TGF-beta family signalling. Nature. 425:577-584. 



 

73 
 

Dohi T, Ejima C, Kato R, Kawamura YI, Kawashima R, Mizutani N, Tabuchi Y & 
Kojima I 2005 Therapeutic potential of follistatin for colonic inflammation in mice. 
Gastroenterology. 128:411-423. 

Duggan E, Caraher E, Gately K, O'Dwyer M, McGovern E, Kelleher D, McManus R 
& Ryan T 2006 Tumor necrosis factor-alpha and interleukin-10 gene expression in 
peripheral blood mononuclear cells after cardiac surgery. Crit Care Med. 34:2134-
2139. 

Ebert S, Phillips DJ, Jenzewski P, Nau R, O'Connor AE & Michel U 2006 Activin A 
concentrations in human cerebrospinal fluid are age-dependent and elevated in 
meningitis. J Neurol Sci. 250:50-57. 

Ebert S, Zeretzke M, Nau R & Michel U 2007 Microglial cells and peritoneal 
macrophages release activin A upon stimulation with Toll-like receptor agonists. 
Neurosci Lett. 413:241-244. 

Eto Y, Tsuji T, Takezawa M, Takano S, Yokogawa Y & Shibai H 1987 Purification 
and characterization of erythroid differentiation factor (EDF) isolated from human 
leukemia cell line THP-1. Biochem Biophys Res Commun. 142:1095-1103. 

Feng XH & Derynck R 2005 Specificity and versatility in tgf-beta signaling through 
Smads. Annu Rev Cell Dev Biol. 21:659-693. 

Flanders KC, Bhandiwad AR & Winokur TS 1997 Transforming growth factor-beta s 
block cytokine induction of catalase and xanthine oxidase mRNA levels in cultured 
rat cardiac cells. Journal of Molecular and Cellular Cardiology. 29:273-280. 

Franke A, Lante W, Kurig E, Zoller LG, Weinhold C & Markewitz A 2006 
Hyporesponsiveness of T cell subsets after cardiac surgery: a product of altered cell 
function or merely a result of absolute cell count changes in peripheral blood? Eur J 
Cardiothorac Surg. 30:64-71. 

Frazier WJ & Hall MW 2008 Immunoparalysis and adverse outcomes from critical 
illness. Pediatr Clin North Am. 55:647-668. 

Gao B & Tsan MF 2003 Endotoxin contamination in recombinant human heat shock 
protein 70 (Hsp70) preparation is responsible for the induction of tumor necrosis 
factor alpha release by murine macrophages. J Biol Chem. 278:174-179. 

Gasz B, Lenard L, Racz B, Benko L, Borsiczky B, Cserepes B, Gal J, Jancso G, 
Lantos J, Ghosh S, Szabados S, Papp L, Alotti N & Roth E 2006 Effect of 
cardiopulmonary bypass on cytokine network and myocardial cytokine production. 
Clinical Cardiology. 29:311-315. 

Gelape CL, Sanches MD, Teixeira AL, Teixeira MM, Braulio R, Pinto IF, Galdino F 
& Ribeiro AL 2007 Preoperative plasma levels of soluble tumor necrosis factor 
receptor type I (sTNF-RI) predicts adverse events in cardiac surgery. Cytokine. 38:90-
95. 

Geng Y, Dong Y, Yu M, Zhang L, Yan X, Sun J, Qiao L, Geng H, Nakajima M, 
Furuichi T, Ikegawa S, Gao X, Chen YG, Jiang D & Ning W 2011 Follistatin-like 1 
(Fstl1) is a bone morphogenetic protein (BMP) 4 signaling antagonist in controlling 
mouse lung development. Proc Natl Acad Sci U S A. 108:7058-7063. 

Gillinov AM, DeValeria PA, Winkelstein JA, Wilson I, Curtis WE, Shaw D, Yeh CG, 
Rudolph AR, Baumgartner WA, Herskowitz A & et al. 1993 Complement inhibition 



 

74 
 

with soluble complement receptor type 1 in cardiopulmonary bypass. Ann Thorac 
Surg. 55:619-624. 

Gormley SM, Armstrong MA, McMurray TJ & McBride WT 2003 The effect of 
methylprednisolone on cytokine concentration and leukocyte adhesion molecule 
expression in an isolated cardiopulmonary bypass system. Cytokine. 22:149-155. 

Gray PC, Harrison CA & Vale W 2003 Cripto forms a complex with activin and type 
II activin receptors and can block activin signaling. Proc Natl Acad Sci U S A. 
100:5193-5198. 

Gregory SJ & Kaiser UB 2004 Regulation of gonadotropins by inhibin and activin. 
Semin Reprod Med. 22:253-267. 

Greilich PE, Brouse CF, Rinder HM, Jessen ME, Rinder CS, Eberhart RC, Whitten 
CW & Smith BR 2008 Monocyte activation in on-pump versus off-pump coronary 
artery bypass surgery. J Cardiothorac Vasc Anesth. 22:361-368. 

Grunenfelder J, Miniati DN, Murata S, Falk V, Hoyt EG & Robbins RC 2002 Up-
regulation of Bcl-2 through hyperbaric pressure transfection of TGF-beta1 
ameliorates ischemia-reperfusion injury in rat cardiac allografts. J Heart Lung 
Transplant. 21:244-250. 

Gueret G, Lion F, Guriec N, Arvieux J, Dovergne A, Guennegan C, Bezon E, Baron 
R, Carre JL & Arvieux C 2009 Acute renal dysfunction after cardiac surgery with 
cardiopulmonary bypass is associated with plasmatic IL6 increase. Cytokine. 45:92-98. 

Hadley JS, Wang JE, Michaels LC, Dempsey CM, Foster SJ, Thiemermann C & 
Hinds CJ 2007 Alterations in inflammatory capacity and TLR expression on 
monocytes and neutrophils after cardiopulmonary bypass. Shock. 27:466-473. 

Halter J, Steinberg J, Fink G, Lutz C, Picone A, Maybury R, Fedors N, DiRocco J, 
Lee HM & Nieman G 2005 Evidence of systemic cytokine release in patients 
undergoing cardiopulmonary bypass. J Extra Corpor Technol. 37:272-277. 

Hammond ME, Lapointe GR, Feucht PH, Hilt S, Gallegos CA, Gordon CA, Giedlin 
MA, Mullenbach G & Tekamp-Olson P 1995 IL-8 induces neutrophil chemotaxis 
predominantly via type I IL-8 receptors. J Immunol. 155:1428-1433. 

Harada K, Shintani Y, Sakamoto Y, Wakatsuki M, Shitsukawa K & Saito S 1996 
Serum immunoreactive activin A levels in normal subjects and patients with various 
diseases. J Clin Endocrinol Metab. 81:2125-2130. 

Hardy CL, Lemasurier JS, Olsson F, Dang T, Yao J, Yang M, Plebanski M, Phillips 
DJ, Mollard R, Rolland JM & O'Hehir RE 2010 Interleukin-13 regulates secretion of 
the tumor growth factor-{beta} superfamily cytokine activin A in allergic airway 
inflammation. Am J Respir Cell Mol Biol. 42:667-675. 

Hardy CL, O'Connor AE, Yao J, Sebire K, de Kretser DM, Rolland JM, Anderson GP, 
Phillips DJ & O'Hehir RE 2006 Follistatin is a candidate endogenous negative 
regulator of activin A in experimental allergic asthma. Clin Exp Allergy. 36:941-950. 

Harris NR 1997 Opposing effects of L-NAME on capillary filtration rate in the 
presence or absence of neutrophils. Am J Physiol. 273:G1320-1325. 

Harrison CA, Gray PC, Vale WW & Robertson DM 2005 Antagonists of activin 
signaling: mechanisms and potential biological applications. Trends Endocrinol 
Metab. 16:73-78. 



 

75 
 

Harrison DG 1997 Cellular and molecular mechanisms of endothelial cell dysfunction. 
J Clin Invest. 100:2153-2157. 

Hedger MP, Drummond AE, Robertson DM, Risbridger GP & de Kretser DM 1989 
Inhibin and activin regulate [3H]thymidine uptake by rat thymocytes and 3T3 cells in 
vitro. Mol Cell Endocrinol. 61:133-138. 

Hedger MP, Winnall WR, Phillips DJ & de Kretser DM 2011 The regulation and 
functions of activin and follistatin in inflammation and immunity. Vitam Horm. 
85:255-297. 

Hoel TN, Videm V, Mollnes TE, Saatvedt K, Brosstad F, Fiane AE, Fosse E & 
Svennevig JL 2007 Off-pump cardiac surgery abolishes complement activation. 
Perfusion. 22:251-256. 

Hofmann MA, Drury S, Fu C, Qu W, Taguchi A, Lu Y, Avila C, Kambham N, 
Bierhaus A, Nawroth P, Neurath MF, Slattery T, Beach D, McClary J, Nagashima M, 
Morser J, Stern D & Schmidt AM 1999 RAGE mediates a novel proinflammatory 
axis: a central cell surface receptor for S100/calgranulin polypeptides. Cell. 97:889-
901. 

Hogemann B, Edel G, Schwarz K, Krech R & Kresse H 1997 Expression of biglycan, 
decorin and proteoglycan-100/CSF-1 in normal and fibrotic human liver. Pathol Res 
Pract. 193:747-751. 

Horbelt D, Denkis A & Knaus P 2012 A portrait of Transforming Growth Factor beta 
superfamily signalling: Background matters. Int J Biochem Cell Biol. 44:469-474. 

Huang X, Li DG, Wang ZR, Wei HS, Cheng JL, Zhan YT, Zhou X, Xu QF, Li X & 
Lu HM 2001 Expression changes of activin A in the development of hepatic fibrosis. 
World J Gastroenterol. 7:37-41. 

Huber S, Stahl FR, Schrader J, Luth S, Presser K, Carambia A, Flavell RA, Werner S, 
Blessing M, Herkel J & Schramm C 2009 Activin a promotes the TGF-beta-induced 
conversion of CD4+CD25- T cells into Foxp3+ induced regulatory T cells. J Immunol. 
182:4633-4640. 

Hubner G, Brauchle M, Gregor M & Werner S 1997 Activin A: a novel player and 
inflammatory marker in inflammatory bowel disease? Lab Invest. 77:311-318. 

Hughes RD & Evans LW 2003 Activin A and follistatin in acute liver failure. Eur J 
Gastroenterol Hepatol. 15:127-131. 

Hully JR, Chang L, Schwall RH, Widmer HR, Terrell TG & Gillett NA 1994 
Induction of apoptosis in the murine liver with recombinant human activin A. 
Hepatology. 20:854-862. 

Ikeuchi M, Tsutsui H, Shiomi T, Matsusaka H, Matsushima S, Wen J, Kubota T & 
Takeshita A 2004 Inhibition of TGF-beta signaling exacerbates early cardiac 
dysfunction but prevents late remodeling after infarction. Cardiovascular Research. 
64:526-535. 

Imahashi K, Pott C, Goldhaber JI, Steenbergen C, Philipson KD & Murphy E 2005 
Cardiac-specific ablation of the Na+-Ca2+ exchanger confers protection against 
ischemia/reperfusion injury. Circ Res. 97:916-921. 



 

76 
 

Ishibashi S, Takeuchi H, Fujii K, Shiraishi N, Adachi Y & Kitano S 2006 Length of 
laparotomy incision and surgical stress assessed by serum IL-6 level. Injury. 37:247-
251. 

Izumi M, Fujio Y, Kunisada K, Negoro S, Tone E, Funamoto M, Osugi T, Oshima Y, 
Nakaoka Y, Kishimoto T, Yamauchi-Takihara K & Hirota H 2001 Bone 
morphogenetic protein-2 inhibits serum deprivation-induced apoptosis of neonatal 
cardiac myocytes through activation of the Smad1 pathway. J Biol Chem. 276:31133-
31141. 

Jones KL, Brauman JN, Groome NP, de Kretser DM & Phillips DJ 2000 Activin A 
release into the circulation is an early event in systemic inflammation and precedes 
the release of follistatin. Endocrinology. 141:1905-1908. 

Jones KL, de Kretser DM, Clarke IJ, Scheerlinck JPY & Phillips DJ 2004a 
Characterisation of the rapid release of activin A following acute lipopolysaccharide 
challenge in the ewe. Journal of Endocrinology. 182:69-80. 

Jones KL, De Kretser DM & Phillips DJ 2004b Effect of heparin administration to 
sheep on the release profiles of circulating activin A and follistatin. J Endocrinol. 
181:307-314. 

Jones KL, Mansell A, Patella S, Scott BJ, Hedger MP, de Kretser DM & Phillips DJ 
2007 Activin A is a critical component of the inflammatory response, and its binding 
protein, follistatin, reduces mortality in endotoxemia. Proc Natl Acad Sci U S A. 
104:16239-16244. 

Kanamoto M, Shimada M, Morine Y, Yoshizumi T, Imura S, Ikegami T, Mori H & 
Arakawa Y 2011 Beneficial effects of follistatin in hepatic ischemia-reperfusion 
injuries in rats. Dig Dis Sci. 56:1075-1081. 

Kawamura T, Inada K, Nara N, Wakusawa R & Endo S 1999 Influence of 
methylprednisolone on cytokine balance during cardiac surgery. Crit Care Med. 
27:545-548. 

Keelan JA, Zhou RL & Mitchell MD 2000 Activin A exerts both pro- and anti-
inflammatory effects on human term gestational tissues. Placenta. 21:38-43. 

Kim S, Takahashi H, Lin WW, Descargues P, Grivennikov S, Kim Y, Luo JL & 
Karin M 2009 Carcinoma-produced factors activate myeloid cells through TLR2 to 
stimulate metastasis. Nature. 457:102-106. 

Kingsley DM 1994 The TGF-beta superfamily: new members, new receptors, and 
new genetic tests of function in different organisms. Genes Dev. 8:133-146. 

Kogure K, Omata W, Kanzaki M, Zhang YQ, Yasuda H, Mine T & Kojima I 1995 A 
single intraportal administration of follistatin accelerates liver regeneration in partially 
hepatectomized rats. Gastroenterology. 108:1136-1142. 

Kubes P & Granger DN 1996 Leukocyte-endothelial cell interactions evoked by mast 
cells. Cardiovasc Res. 32:699-708. 

Kulkarni AB, Huh CG, Becker D, Geiser A, Lyght M, Flanders KC, Roberts AB, 
Sporn MB, Ward JM & Karlsson S 1993 Transforming growth factor beta 1 null 
mutation in mice causes excessive inflammatory response and early death. Proc Natl 
Acad Sci U S A. 90:770-774. 



 

77 
 

Laffey JG, Boylan JF & Cheng DC 2002 The systemic inflammatory response to 
cardiac surgery: implications for the anesthesiologist. Anesthesiology. 97:215-252. 

Landis RC 2009 Redefining the systemic inflammatory response. Semin Cardiothorac 
Vasc Anesth. 13:87-94. 

Lappegard KT, Fung M, Bergseth G, Riesenfeld J & Mollnes TE 2004 Artificial 
surface-induced cytokine synthesis: effect of heparin coating and complement 
inhibition. Ann Thorac Surg. 78:38-44. 

Lau K, Shah H, Kelleher A & Moat N 2007 Coronary artery surgery: cardiotomy 
suction or cell salvage? J Cardiothorac Surg. 2:46. 

Lemasters JJ, Bond JM, Chacon E, Harper IS, Kaplan SH, Ohata H, Trollinger DR, 
Herman B & Cascio WE 1996 The pH paradox in ischemia-reperfusion injury to 
cardiac myocytes. EXS. 76:99-114. 

Liangos O, Kolyada A, Tighiouart H, Perianayagam MC, Wald R & Jaber BL 2009 
Interleukin-8 and acute kidney injury following cardiopulmonary bypass: a 
prospective cohort study. Nephron Clin Pract. 113:c148-154. 

Lin SD, Kawakami T, Ushio A, Sato A, Sato S, Iwai M, Endo R, Takikawa Y & 
Suzuki K 2006a Ratio of circulating follistatin and activin A reflects the severity of 
acute liver injury and prognosis in patients with acute liver failure. J Gastroenterol 
Hepatol. 21:374-380. 

Lin SJ, Lerch TF, Cook RW, Jardetzky TS & Woodruff TK 2006b The structural 
basis of TGF-beta, bone morphogenetic protein, and activin ligand binding. 
Reproduction. 132:179-190. 

Ling N, Ying SY, Ueno N, Shimasaki S, Esch F, Hotta M & Guillemin R 1986 
Pituitary FSH is released by a heterodimer of the beta-subunits from the two forms of 
inhibin. Nature. 321:779-782. 

Litt MR, Jeremy RW, Weisman HF, Winkelstein JA & Becker LC 1989 Neutrophil 
depletion limited to reperfusion reduces myocardial infarct size after 90 minutes of 
ischemia. Evidence for neutrophil-mediated reperfusion injury. Circulation. 80:1816-
1827. 

Liu L, Kelly EA & Jarjour NN 2010 Activin A is synthesized by human eosinophils 
and is selectively induced by IL-3 in combination with TNF-alpha. Am J Respir Crit 
Care Med. 181:A2799. 

Lucchesi BR 1994 Complement, neutrophils and free radicals: mediators of 
reperfusion injury. Arzneimittelforschung. 44:420-432. 

Lukacs NW, Hogaboam C, Chensue SW, Blease K & Kunkel SL 2001 Type 1/type 2 
cytokine paradigm and the progression of pulmonary fibrosis. Chest. 120:5S-8S. 

Maeshima A, Zhang YQ, Nojima Y, Naruse T & Kojima I 2001 Involvement of the 
activin-follistatin system in tubular regeneration after renal ischemia in rats. J Am Soc 
Nephrol. 12:1685-1695. 

Mahmoudabady M, Mathieu M, Dewachter L, Hadad I, Ray L, Jespers P, Brimioulle 
S, Naeije R & McEntee K 2008 Activin-A, transforming growth factor-beta, and 
myostatin signaling pathway in experimental dilated cardiomyopathy. J Card Fail. 
14:703-709. 



 

78 
 

Mant TG, Borozdenkova S, Bradford DB, Allen E, Amin DM, Toothaker RD, Collins 
RW, Hargreaves RE & Jurcevic S 2008 Changes in HLA-DR expression, cytokine 
production and coagulation following endotoxin infusion in healthy human volunteers. 
Int Immunopharmacol. 8:701-707. 

Markewitz A, Faist E, Lang S, Hultner L, Weinhold C & Reichart B 1996 An 
imbalance in T-helper cell subsets alters immune response after cardiac surgery. Eur J 
Cardiothorac Surg. 10:61-67. 

Markewitz A, Lante W, Franke A, Marohl K, Kuhlmann WD & Weinhold C 2001 
Alterations of cell-mediated immunity following cardiac operations: clinical 
implications and open questions. Shock. 16 Suppl 1:10-15. 

Martinez G, Carnazza ML, Di Giacomo C, Sorrenti V & Vanella A 2001 Expression 
of bone morphogenetic protein-6 and transforming growth factor-beta1 in the rat brain 
after a mild and reversible ischemic damage. Brain Res. 894:1-11. 

Martinon F, Petrilli V, Mayor A, Tardivel A & Tschopp J 2006 Gout-associated uric 
acid crystals activate the NALP3 inflammasome. Nature. 440:237-241. 

Masaki M, Izumi M, Oshima Y, Nakaoka Y, Kuroda T, Kimura R, Sugiyama S, Terai 
K, Kitakaze M, Yamauchi-Takihara K, Kawase I & Hirota H 2005 Smad1 protects 
cardiomyocytes from ischemia-reperfusion injury. Circulation. 111:2752-2759. 

Matsuse T, Fukuchi Y, Eto Y, Matsui H, Hosoi T, Oka T, Ohga E, Nagase T & Orimo 
H 1995 Expression of immunoreactive and bioactive activin A protein in adult murine 
lung after bleomycin treatment. Am J Respir Cell Mol Biol. 13:17-24. 

Matsuse T, Ikegami A, Ohga E, Hosoi T, Oka T, Kida K, Fukayama M, Inoue S, 
Nagase T, Ouchi Y & Fukuchi Y 1996 Expression of immunoreactive activin A 
protein in remodeling lesions associated with interstitial pulmonary fibrosis. Am J 
Pathol. 148:707-713. 

Matzuk MM, Kumar TR, Vassalli A, Bickenbach JR, Roop DR, Jaenisch R & 
Bradley A 1995 Functional analysis of activins during mammalian development. 
Nature. 374:354-356. 

McBride WT, Armstrong MA, Crockard AD, McMurray TJ & Rea JM 1995 Cytokine 
balance and immunosuppressive changes at cardiac surgery: contrasting response 
between patients and isolated CPB circuits. Br J Anaesth. 75:724-733. 

McDowall M, Edwards NM, Jahoda CA & Hynd PI 2008 The role of activins and 
follistatins in skin and hair follicle development and function. Cytokine Growth 
Factor Rev. 19:415-426. 

Meduri GU, Headley S, Kohler G, Stentz F, Tolley E, Umberger R & Leeper K 1995 
Persistent elevation of inflammatory cytokines predicts a poor outcome in ARDS. 
Plasma IL-1 beta and IL-6 levels are consistent and efficient predictors of outcome 
over time. Chest. 107:1062-1073. 

Mehta JL, Yang BC, Strates BS & Mehta P 1999 Role of TGF-beta 1 in platelet-
mediated cardioprotection during ischemia-reperfusion in isolated rat hearts. Growth 
Factors. 16:179-190. 

Mei YQ, Ji Q, Liu H, Wang X, Feng J, Long C, Cheng B, Xing Y, Li J & Hu D 2007 
Study on the relationship of APACHE III and levels of cytokines in patients with 



 

79 
 

systemic inflammatory response syndrome after coronary artery bypass grafting. Biol 
Pharm Bull. 30:410-414. 

Michel U, Ebert S, Phillips D & Nau R 2003a Serum concentrations of activin and 
follistatin are elevated and run in parallel in patients with septicemia. European 
Journal of Endocrinology. 148:559-564. 

Michel U, Gerber J, A EOC, Bunkowski S, Bruck W, Nau R & Phillips DJ 2003b 
Increased activin levels in cerebrospinal fluid of rabbits with bacterial meningitis are 
associated with activation of microglia. J Neurochem. 86:238-245. 

Michel U, Shintani Y & Nau R 1998 Serum follistatin concentrations are increased in 
patients with septicaemia. Clin Endocrinol (Oxf). 48:413-417. 

Miyazono K 2008 Shear activates platelet-derived latent TGF-beta. Blood. 112:3533-
3534. 

Miyoshi T, Hirohata S, Uesugi T, Hirota M, Ohnishi H, Nogami K, Hatanaka K, 
Ogawa H, Usui S & Kusachi S 2009 Relationship between activin A level and infarct 
size in patients with acute myocardial infarction undergoing successful primary 
coronary intervention. Clin Chim Acta. 401:3-7. 

Mocanu MM, Baxter GF & Yellon DM 1998 Anti-ischaemic action of transforming 
growth factor beta-1 in the rat isolated heart is abolished by the p38 MAPK inhibitor 
SB203580. British Journal of Pharmacology. 123:333P. 

Moens AL, Claeys MJ, Timmermans JP & Vrints CJ 2005 Myocardial 
ischemia/reperfusion-injury, a clinical view on a complex pathophysiological process. 
Int J Cardiol. 100:179-190. 

Moore KW, de Waal Malefyt R, Coffman RL & O'Garra A 2001 Interleukin-10 and 
the interleukin-10 receptor. Annu Rev Immunol. 19:683-765. 

Mukerji SS, Katsman EA, Wilber C, Haner NA, Selman WR & Hall AK 2007 Activin 
is a neuronal survival factor that is rapidly increased after transient cerebral ischemia 
and hypoxia in mice. J Cereb Blood Flow Metab. 27:1161-1172. 

Mukerji SS, Rainey RN, Rhodes JL & Hall AK 2009 Delayed activin A 
administration attenuates tissue death after transient focal cerebral ischemia and is 
associated with decreased stress-responsive kinase activation. J Neurochem. 
111:1138-1148. 

Murphy E & Steenbergen C 2008 Mechanisms underlying acute protection from 
cardiac ischemia-reperfusion injury. Physiol Rev. 88:581-609. 

Musleh GS, Datta SS, Yonan NN, Grotte GJ, Prendergast BA, Hasan RI & Deyrania 
AK 2009 Association of IL6 and IL10 with renal dysfunction and the use of 
haemofiltration during cardiopulmonary bypass. Eur J Cardiothorac Surg. 35:511-
514. 

Naldini A, Borrelli E, Cesari S, Giomarelli P & Toscano M 1995 In vitro cytokine 
production and T-cell proliferation in patients undergoing cardiopulmonary by-pass. 
Cytokine. 7:165-170. 

Nathan C 2006 Neutrophils and immunity: challenges and opportunities. Nat Rev 
Immunol. 6:173-182. 

Neumann E, Judex M, Kullmann F, Grifka J, Robbins PD, Pap T, Gay RE, Evans CH, 
Gay S, Scholmerich J & Muller-Ladner U 2002 Inhibition of cartilage destruction by 



 

80 
 

double gene transfer of IL-1Ra and IL-10 involves the activin pathway. Gene Ther. 
9:1508-1519. 

Nguyen DM, Mulder DS & Shennib H 1992 Effect of cardiopulmonary bypass on 
circulating lymphocyte function. Ann Thorac Surg. 53:611-616. 

Nishihara T, Okahashi N & Ueda N 1993 Activin A induces apoptotic cell death. 
Biochem Biophys Res Commun. 197:985-991. 

Nogai H, Rosowski M, Grun J, Rietz A, Debus N, Schmidt G, Lauster C, Janitz M, 
Vortkamp A & Lauster R 2008 Follistatin antagonizes transforming growth factor-
beta3-induced epithelial-mesenchymal transition in vitro: implications for murine 
palatal development supported by microarray analysis. Differentiation. 76:404-416. 

Nusing RM & Barsig J 1999 Induction of prostanoid, nitric oxide, and cytokine 
formation in rat bone marrow derived macrophages by activin A. Br J Pharmacol. 
127:919-926. 

Ogawa K & Funaba M 2011 Activin in humoral immune responses. Vitam Horm. 
85:235-253. 

Ogawa K, Funaba M, Chen Y & Tsujimoto M 2006 Activin A functions as a Th2 
cytokine in the promotion of the alternative activation of macrophages. J Immunol. 
177:6787-6794. 

Ohga E, Matsuse T, Teramoto S, Katayama H, Nagase T, Fukuchi Y & Ouchi Y 1996 
Effects of activin A on proliferation and differentiation of human lung fibroblasts. 
Biochem Biophys Res Commun. 228:391-396. 

Ohga E, Matsuse T, Teramoto S & Ouchi Y 2000 Activin receptors are expressed on 
human lung fibroblast and activin A facilitates fibroblast-mediated collagen gel 
contraction. Life Sci. 66:1603-1613. 

Ohguchi M, Yamato K, Ishihara Y, Koide M, Ueda N, Okahashi N, Noguchi T, 
Kizaki M, Ikeda Y, Sugino H & Nisihara T 1998 Activin A regulates the production 
of mature interleukin-1beta and interleukin-1 receptor antagonist in human monocytic 
cells. J Interferon Cytokine Res. 18:491-498. 

Onichtchouk D, Chen YG, Dosch R, Gawantka V, Delius H, Massague J & Niehrs C 
1999 Silencing of TGF-beta signalling by the pseudoreceptor BAMBI. Nature. 
401:480-485. 

Orhan G, Sargin M, Senay S, Yuksel M, Kurc E, Tasdemir M, Ozay B & Aka SA 
2007 Systemic and myocardial inflammation in traditional and off-pump cardiac 
surgery. Tex Heart Inst J. 34:160-165. 

Oshima Y, Ouchi N, Shimano M, Pimentel DR, Papanicolaou KN, Panse KD, 
Tsuchida K, Lara-Pezzi E, Lee SJ & Walsh K 2009 Activin A and follistatin-like 3 
determine the susceptibility of heart to ischemic injury. Circulation. 120:1606-1615. 

Ota F, Maeshima A, Yamashita S, Ikeuchi H, Kaneko Y, Kuroiwa T, Hiromura K, 
Ueki K, Kojima I & Nojima Y 2003 Activin A induces cell proliferation of fibroblast-
like synoviocytes in rheumatoid arthritis. Arthritis Rheum. 48:2442-2449. 

Pachori AS, Custer L, Hansen D, Clapp S, Kemppa E & Klingensmith J 2010 Bone 
morphogenetic protein 4 mediates myocardial ischemic injury through JNK-
dependent signaling pathway. J Mol Cell Cardiol. 48:1255-1265. 



 

81 
 

Pachot A, Lepape A, Vey S, Bienvenu J, Mougin B & Monneret G 2006 Systemic 
transcriptional analysis in survivor and non-survivor septic shock patients: a 
preliminary study. Immunol Lett. 106:63-71. 

Patella S, Phillips DJ, de Kretser DM, Evans LW, Groome NP & Sievert W 2001 
Characterization of serum activin-A and follistatin and their relation to virological and 
histological determinants in chronic viral hepatitis. J Hepatol. 34:576-583. 

Patella S, Phillips DJ, Tchongue J, de Kretser DM & Sievert W 2006 Follistatin 
attenuates early liver fibrosis: effects on hepatic stellate cell activation and hepatocyte 
apoptosis. Am J Physiol Gastrointest Liver Physiol. 290:G137-144. 

Pawlowski JE, Taylor DS, Valentine M, Hail ME, Ferrer P, Kowala MC & Molloy CJ 
1997 Stimulation of activin A expression in rat aortic smooth muscle cells by 
thrombin and angiotensin II correlates with neointimal formation in vivo. J Clin 
Invest. 100:639-648. 

Perides G, Jensen FE, Edgecomb P, Rueger DC & Charness ME 1995 
Neuroprotective effect of human osteogenic protein-1 in a rat model of cerebral 
hypoxia/ischemia. Neurosci Lett. 187:21-24. 

Petrakou E, Fotopoulos S, Anatolitou F, Anagnostakou M & Xanthou M 2008 
Increased activin-A expression in serum of infected neonates and In leucocytes 
following stimulation in vitro. Archives of Disease in Childhood. 93 (Supplement 
2):pw328. 

Philippidis P, Mason JC, Evans BJ, Nadra I, Taylor KM, Haskard DO & Landis RC 
2004 Hemoglobin scavenger receptor CD163 mediates interleukin-10 release and 
heme oxygenase-1 synthesis: antiinflammatory monocyte-macrophage responses in 
vitro, in resolving skin blisters in vivo, and after cardiopulmonary bypass surgery. 
Circ Res. 94:119-126. 

Phillips DJ & de Kretser DM 1998 Follistatin: a multifunctional regulatory protein. 
Front Neuroendocrinol. 19:287-322. 

Phillips DJ, de Kretser DM & Hedger MP 2009 Activin and related proteins in 
inflammation: not just interested bystanders. Cytokine Growth Factor Rev. 20:153-
164. 

Phillips DJ, Hedger MP, McFarlane JR, Klein R, Clarke IJ, Tilbrook AJ, Nash AD & 
de Kretser DM 1996 Follistatin concentrations in male sheep increase following sham 
castration/castration or injection of interleukin-1 beta. J Endocrinol. 151:119-124. 

Phillips DJ, Nguyen P, Adamides AA, Bye N, Rosenfeld JV, Kossmann T, Vallance S, 
Murray L & Morganti-Kossmann MC 2006 Activin a release into cerebrospinal fluid 
in a subset of patients with severe traumatic brain injury. J Neurotrauma. 23:1283-
1294. 

Pintar T & Collard CD 2003 The systemic inflammatory response to cardiopulmonary 
bypass. Anesthesiol Clin North America. 21:453-464. 

Piper HM, Abdallah Y & Schafer C 2004 The first minutes of reperfusion: a window 
of opportunity for cardioprotection. Cardiovasc Res. 61:365-371. 

Porta C, Riboldi E & Sica A 2011 Mechanisms linking pathogens-associated 
inflammation and cancer. Cancer Lett. 305:250-262. 



 

82 
 

Prondzinsky R, Knupfer A, Loppnow H, Redling F, Lehmann DW, Stabenow I, 
Witthaut R, Unverzagt S, Radke J, Zerkowski HR & Werdan K 2005 Surgical trauma 
affects the proinflammatory status after cardiac surgery to a higher degree than 
cardiopulmonary bypass. J Thorac Cardiovasc Surg. 129:760-766. 

Puhlmann M, Weinreich DM, Farma JM, Carroll NM, Turner EM & Alexander HR, 
Jr. 2005 Interleukin-1beta induced vascular permeability is dependent on induction of 
endothelial tissue factor (TF) activity. J Transl Med. 3:37. 

Reis FM, Cobellis L, Tameirao LC, Anania G, Luisi S, Silva IS, Gioffre W, Di Blasio 
AM & Petraglia F 2002 Serum and tissue expression of activin a in postmenopausal 
women with breast cancer. J Clin Endocrinol Metab. 87:2277-2282. 

Rinder CS, Mathew JP, Rinder HM, Tracey JB, Davis E & Smith BR 1997 
Lymphocyte and monocyte subset changes during cardiopulmonary bypass: effects of 
aging and gender. J Lab Clin Med. 129:592-602. 

Robson NC, Phillips DJ, McAlpine T, Shin A, Svobodova S, Toy T, Pillay V, 
Kirkpatrick N, Zanker D, Wilson K, Helling I, Wei H, Chen W, Cebon J & 
Maraskovsky E 2008 Activin-A: a novel dendritic cell-derived cytokine that potently 
attenuates CD40 ligand-specific cytokine and chemokine production. Blood. 
111:2733-2743. 

Robson NC, Wei H, McAlpine T, Kirkpatrick N, Cebon J & Maraskovsky E 2009 
Activin-A attenuates several human natural killer cell functions. Blood. 113:3218-
3225. 

Rosendahl A, Checchin D, Fehniger TE, ten Dijke P, Heldin CH & Sideras P 2001 
Activation of the TGF-beta/activin-Smad2 pathway during allergic airway 
inflammation. Am J Respir Cell Mol Biol. 25:60-68. 

Rothenburger M, Tjan TD, Schneider M, Berendes E, Schmid C, Wilhelm MJ, 
Bocker D, Scheld HH & Soeparwata R 2003 The impact of the pro- and anti-
inflammatory immune response on ventilation time after cardiac surgery. Cytometry B 
Clin Cytom. 53:70-74. 

Rubino AS, Serraino GF, Mariscalco G, Marsico R, Sala A & Renzulli A 2011 
Leukocyte depletion during extracorporeal circulation allows better organ protection 
but does not change hospital outcomes. Ann Thorac Surg. 91:534-540. 

Sablotzki A, Welters I, Lehmann N, Menges T, Gorlach G, Dehne M & Hempelmann 
G 1997 Plasma levels of immunoinhibitory cytokines interleukin-10 and transforming 
growth factor-beta in patients undergoing coronary artery bypass grafting. Eur J 
Cardiothorac Surg. 11:763-768. 

Sasajima K, Futami R, Matsutani T, Nomura T, Makino H, Maruyama H & Miyashita 
M 2009 Increases in soluble tumor necrosis factor receptors coincide with increases in 
interleukin-6 and proteinases after major surgery. Hepatogastroenterology. 56:1377-
1381. 

Schaefer L, Babelova A, Kiss E, Hausser HJ, Baliova M, Krzyzankova M, Marsche G, 
Young MF, Mihalik D, Gotte M, Malle E, Schaefer RM & Grone HJ 2005 The matrix 
component biglycan is proinflammatory and signals through Toll-like receptors 4 and 
2 in macrophages. J Clin Invest. 115:2223-2233. 



 

83 
 

Schneider O, Nau R & Michel U 2000 Comparative analysis of follistatin-, activin 
beta A- and activin beta B-mRNA steady-state levels in diverse porcine tissues by 
multiplex S1 nuclease analysis. Eur J Endocrinol. 142:537-544. 

Schneyer A, Schoen A, Quigg A & Sidis Y 2003 Differential binding and 
neutralization of activins A and B by follistatin and follistatin like-3 (FSTL-
3/FSRP/FLRG). Endocrinology. 144:1671-1674. 

Schneyer A, Tortoriello D, Sidis Y, Keutmann H, Matsuzaki T & Holmes W 2001 
Follistatin-related protein (FSRP): a new member of the follistatin gene family. Mol 
Cell Endocrinol. 180:33-38. 

Scholz M, Nowak P, Schuller A, Margraf S, Blaheta R, Cinatl J, Windolf J & Moritz 
A 2004 Cardiac surgery with extracorporeal circulation: neutrophil transendothelial 
migration is mediated by beta1 integrin (CD29) in the presence of TNF-alpha. J Invest 
Surg. 17:239-247. 

Schubert D, Kimura H, LaCorbiere M, Vaughan J, Karr D & Fischer WH 1990 
Activin is a nerve cell survival molecule. Nature. 344:868-870. 

Schwall RH, Robbins K, Jardieu P, Chang L, Lai C & Terrell TG 1993 Activin 
induces cell death in hepatocytes in vivo and in vitro. Hepatology. 18:347-356. 

Scutera S, Riboldi E, Daniele R, Elia AR, Fraone T, Castagnoli C, Giovarelli M, 
Musso T & Sozzani S 2008 Production and function of activin A in human dendritic 
cells. Eur Cytokine Netw. 19:60-68. 

Semitekolou M, Alissafi T, Aggelakopoulou M, Kourepini E, Kariyawasam HH, Kay 
AB, Robinson DS, Lloyd CM, Panoutsakopoulou V & Xanthou G 2009 Activin-A 
induces regulatory T cells that suppress T helper cell immune responses and protect 
from allergic airway disease. J Exp Med. 206:1769-1785. 

Shao L, Frigon NL, Jr., Sehy DW, Yu AL, Lofgren J, Schwall R & Yu J 1992 
Regulation of production of activin A in human marrow stromal cells and monocytes. 
Exp Hematol. 20:1235-1242. 

Shi Y & Massague J 2003 Mechanisms of TGF-beta signaling from cell membrane to 
the nucleus. Cell. 113:685-700. 

Shimamoto A, Chong AJ, Yada M, Shomura S, Takayama H, Fleisig AJ, Agnew ML, 
Hampton CR, Rothnie CL, Spring DJ, Pohlman TH, Shimpo H & Verrier ED 2006 
Inhibition of Toll-like receptor 4 with eritoran attenuates myocardial ischemia-
reperfusion injury. Circulation. 114:I270-274. 

Shimasaki S, Koga M, Esch F, Cooksey K, Mercado M, Koba A, Ueno N, Ying SY, 
Ling N & Guillemin R 1988 Primary structure of the human follistatin precursor and 
its genomic organization. Proc Natl Acad Sci U S A. 85:4218-4222. 

Sidis Y, Mukherjee A, Keutmann H, Delbaere A, Sadatsuki M & Schneyer A 2006 
Biological activity of follistatin isoforms and follistatin-like-3 is dependent on 
differential cell surface binding and specificity for activin, myostatin, and bone 
morphogenetic proteins. Endocrinology. 147:3586-3597. 

Smith C, Yndestad A, Halvorsen B, Ueland T, Waehre T, Otterdal K, Scholz H, 
Endresen K, Gullestad L, Froland SS, Damas JK & Aukrust P 2004 Potential anti-
inflammatory role of activin A in acute coronary syndromes. Journal of the American 
College of Cardiology. 44:369-375. 



 

84 
 

Smith JC, Price BM, Van Nimmen K & Huylebroeck D 1990 Identification of a 
potent Xenopus mesoderm-inducing factor as a homologue of activin A. Nature. 
345:729-731. 

Smith PK, Shernan SK, Chen JC, Carrier M, Verrier ED, Adams PX, Todaro TG, 
Muhlbaier LH & Levy JH 2011 Effects of C5 complement inhibitor pexelizumab on 
outcome in high-risk coronary artery bypass grafting: combined results from the 
PRIMO-CABG I and II trials. J Thorac Cardiovasc Surg. 142:89-98. 

Sorrentino A, Thakur N, Grimsby S, Marcusson A, von Bulow V, Schuster N, Zhang 
S, Heldin CH & Landstrom M 2008 The type I TGF-beta receptor engages TRAF6 to 
activate TAK1 in a receptor kinase-independent manner. Nat Cell Biol. 10:1199-1207. 

Steensberg A, Fischer CP, Keller C, Moller K & Pedersen BK 2003 IL-6 enhances 
plasma IL-1ra, IL-10, and cortisol in humans. Am J Physiol Endocrinol Metab. 
285:E433-437. 

Sternberg D, Honigwachs-sha'anani J, Brosh N, Malik Z, Burstein Y & Zipori D 1995 
Restrictin-P/stromal activin A, kills its target cells via an apoptotic mechanism. 
Growth Factors. 12:277-287. 

Strohmeyer JC, Blume C, Meisel C, Doecke WD, Hummel M, Hoeflich C, Thiele K, 
Unbehaun A, Hetzer R & Volk HD 2003 Standardized immune monitoring for the 
prediction of infections after cardiopulmonary bypass surgery in risk patients. 
Cytometry B Clin Cytom. 53:54-62. 

Sugama S, Takenouchi T, Kitani H, Fujita M & Hashimoto M 2007 Activin as an 
anti-inflammatory cytokine produced by microglia. J Neuroimmunol. 192:31-39. 

Szende B, Lapis K, Kovalszky I & Timar F 1992 Role of the modified 
(glycosaminoglycan producing) perisinusoidal fibroblasts in the CCl4-induced 
fibrosis of the rat liver. In Vivo. 6:355-361. 

Szerafin T, Hoetzenecker K, Hacker S, Horvath A, Pollreisz A, Arpad P, Mangold A, 
Wliszczak T, Dworschak M, Seitelberger R, Wolner E & Ankersmit HJ 2008 Heat 
shock proteins 27, 60, 70, 90 alpha, and 20S proteasome in on-pump versus off-pump 
coronary artery bypass graft patients. Annals of Thoracic Surgery. 85:80-88. 

Thompson TB, Cook RW, Chapman SC, Jardetzky TS & Woodruff TK 2004 Beta A 
versus beta B: is it merely a matter of expression? Mol Cell Endocrinol. 225:9-17. 

Thompson TB, Lerch TF, Cook RW, Woodruff TK & Jardetzky TS 2005 The 
structure of the follistatin:activin complex reveals antagonism of both type I and type 
II receptor binding. Dev Cell. 9:535-543. 

Tsai CS, Chen DL, Lin SJ, Tsai JC, Lin TC, Lin CY, Chen YH, Huang GS, Tsai HY, 
Lin FY & Li CY 2009 TNF-alpha inhibits toll-like receptor 4 expression on 
monocytic cells via tristetraprolin during cardiopulmonary bypass. Shock. 32:40-48. 

Tuuri T, Eramaa M, Hilden K & Ritvos O 1994 The tissue distribution of activin beta 
A- and beta B-subunit and follistatin messenger ribonucleic acids suggests multiple 
sites of action for the activin-follistatin system during human development. J Clin 
Endocrinol Metab. 78:1521-1524. 

Ucar HI, Tok M, Atalar E, Dogan OF, Oc M, Farsak B, Guvener M, Yilmaz M, 
Dogan R, Demircin M & Pasaoglu I 2007 Predictive significance of plasma levels of 



 

85 
 

interleukin-6 and high-sensitivity C-reactive protein in atrial fibrillation after coronary 
artery bypass surgery. Heart Surg Forum. 10:E131-135. 

Vakeva AP, Agah A, Rollins SA, Matis LA, Li L & Stahl GL 1998 Myocardial 
infarction and apoptosis after myocardial ischemia and reperfusion: role of the 
terminal complement components and inhibition by anti-C5 therapy. Circulation. 
97:2259-2267. 

Valderrama-Carvajal H, Cocolakis E, Lacerte A, Lee EH, Krystal G, Ali S & Lebrun 
JJ 2002 Activin/TGF-beta induce apoptosis through Smad-dependent expression of 
the lipid phosphatase SHIP. Nat Cell Biol. 4:963-969. 

Van Zee KJ, Coyle SM, Calvano SE, Oldenburg HS, Stiles DM, Pribble J, Catalano 
M, Moldawer LL & Lowry SF 1995 Influence of IL-1 receptor blockade on the 
human response to endotoxemia. J Immunol. 154:1499-1507. 

Volk T, Schmutzler M, Engelhardt L, Docke WD, Volk HD, Konertz W & Kox WJ 
2001 Influence of aminosteroid and glucocorticoid treatment on inflammation and 
immune function during cardiopulmonary bypass. Crit Care Med. 29:2137-2142. 

Vukicevic S, Basic V, Rogic D, Basic N, Shih MS, Shepard A, Jin D, 
Dattatreyamurty B, Jones W, Dorai H, Ryan S, Griffiths D, Maliakal J, Jelic M, 
Pastorcic M, Stavljenic A & Sampath TK 1998 Osteogenic protein-1 (bone 
morphogenetic protein-7) reduces severity of injury after ischemic acute renal failure 
in rat. J Clin Invest. 102:202-214. 

Wada M, Shintani Y, Kosaka M, Sano T, Hizawa K & Saito S 1996 
Immunohistochemical localization of activin A and follistatin in human tissues. 
Endocr J. 43:375-385. 

Wan S, DeSmet JM, Barvais L, Goldstein M, Vincent JL & LeClerc JL 1996 
Myocardium is a major source of proinflammatory cytokines in patients undergoing 
cardiopulmonary bypass. J Thorac Cardiovasc Surg. 112:806-811. 

Wang Y, Chang CF, Morales M, Chou J, Chen HL, Chiang YH, Lin SZ, Cadet JL, 
Deng X, Wang JY, Chen SY, Kaplan PL & Hoffer BJ 2001 Bone morphogenetic 
protein-6 reduces ischemia-induced brain damage in rats. Stroke. 32:2170-2178. 

Wankell M, Munz B, Hubner G, Hans W, Wolf E, Goppelt A & Werner S 2001 
Impaired wound healing in transgenic mice overexpressing the activin antagonist 
follistatin in the epidermis. EMBO J. 20:5361-5372. 

Watarida S, Mori A, Onoe M, Tabata R, Shiraishi S, Sugita T, Nojima T, Nakajima Y 
& Matsuno S 1994 A clinical study on the effects of pulsatile cardiopulmonary bypass 
on the blood endotoxin levels. J Thorac Cardiovasc Surg. 108:620-625. 

Wei M, Kuukasjarvi P, Laurikka J, Pehkonen E, Kaukinen S, Laine S & Tarkka M 
2001 Inflammatory cytokines and soluble receptors after coronary artery bypass 
grafting. Cytokine. 15:223-228. 

Weis F, Beiras-Fernandez A, Schelling G, Briegel J, Lang P, Hauer D, Kreth S, 
Kaufmann I, Lamm P & Kilger E 2009 Stress doses of hydrocortisone in high-risk 
patients undergoing cardiac surgery: effects on interleukin-6 to interleukin-10 ratio 
and early outcome. Crit Care Med. 37:1685-1690. 

Welborn MB, 3rd, Douglas WG, Abouhamze Z, Auffenburg T, Abouhamze AS, 
Baumhofer J, Seeger JM, Pruitt JH, Edwards PD, Chizzonite R, Martin D, Moldawer 



 

86 
 

LL & Harward TR 1996 Visceral ischemia-reperfusion injury promotes tumor 
necrosis factor (TNF) and interleukin-1 (IL-1) dependent organ injury in the mouse. 
Shock. 6:171-176. 

Werner S & Alzheimer C 2006 Roles of activin in tissue repair, fibrosis, and 
inflammatory disease. Cytokine Growth Factor Rev. 17:157-171. 

Wildi S, Kleeff J, Maruyama H, Maurer CA, Buchler MW & Korc M 2001 
Overexpression of activin A in stage IV colorectal cancer. Gut. 49:409-417. 

Wilms H, Schwark T, Brandenburg LO, Sievers J, Dengler R, Deuschl G & Lucius R 
2010 Regulation of activin A synthesis in microglial cells: pathophysiological 
implications for bacterial meningitis. J Neurosci Res. 88:16-23. 

Wohlfahrt JG, Kunzmann S, Menz G, Kneist W, Akdis CA, Blaser K & Schmidt-
Weber CB 2003 T cell phenotype in allergic asthma and atopic dermatitis. Int Arch 
Allergy Immunol. 131:272-282. 

Wrana JL & Attisano L 2000 The Smad pathway. Cytokine Growth Factor Rev. 11:5-
13. 

Wu H, Chen Y, Winnall WR, Phillips DJ & Hedger MP 2012 Acute regulation of 
activin A and its binding protein, follistatin, in serum and tissues following 
lipopolysaccharide treatment of adult male mice. Am J Physiol Regul Integr Comp 
Physiol. 303:R665-675. 

Wu H, Chen Y, Winnall WR, Phillips DJ & Hedger MP 2013 Regulation of activin A 
release from murine bone marrow-derived neutrophil precursors by tumour necrosis 
factor-alpha and insulin. Cytokine. 61:199-204. 

Yamashita M, Fatyol K, Jin C, Wang X, Liu Z & Zhang YE 2008 TRAF6 mediates 
Smad-independent activation of JNK and p38 by TGF-beta. Mol Cell. 31:918-924. 

Yamashita N, Nakajima T, Takahashi H, Kaneoka H, Mizushima Y & Sakane T 1993 
Effects of activin A on IgE synthesis and cytokine production by human peripheral 
mononuclear cells. Clin Exp Immunol. 94:214-219. 

Yang BC, Zander DS & Mehta JL 1999 Hypoxia-reoxygenation-induced apoptosis in 
cultured adult rat myocytes and the protective effect of platelets and transforming 
growth factor-beta(1). Journal of Pharmacology and Experimental Therapeutics. 
291:733-738. 

Yasuda H, Mine T, Shibata H, Eto Y, Hasegawa Y, Takeuchi T, Asano S & Kojima I 
1993 Activin A: an autocrine inhibitor of initiation of DNA synthesis in rat 
hepatocytes. J Clin Invest. 92:1491-1496. 

Yellon DM & Hausenloy DJ 2007 Myocardial reperfusion injury. N Engl J Med. 
357:1121-1135. 

Ying SY & Zhang Z 1995 Activin and activin receptors in the normal urinary bladder: 
immunohistochemistry, in situ hybridization, and RT-PCR. Life Sci. 57:1599-1603. 

Yndestad A, Haukeland JW, Dahl TB, Bjoro K, Gladhaug IP, Berge C, Damas JK, 
Haaland T, Loberg EM, Linnestad P, Birkeland K, Konopski Z, Halvorsen B, Berge 
RK & Aukrust P 2009a A complex role of activin A in non-alcoholic fatty liver 
disease. Am J Gastroenterol. 104:2196-2205. 

Yndestad A, Larsen KO, Oie E, Ueland T, Smith C, Halvorsen B, Sjaastad I, 
Skjonsberg OH, Pedersen TM, Anfinsen OG, Damas JK, Christensen G, Aukrust P & 



 

87 
 

Andreassen AK 2009b Elevated levels of activin A in clinical and experimental 
pulmonary hypertension. J Appl Physiol. 106:1356-1364. 

Yndestad A, Ueland T, Oie E, Florholmen G, Halvorsen B, Attramadal H, Simonsen 
S, Froland SS, Gullestad L, Christensen G, Damas JK & Aukrust P 2004 Elevated 
levels of activin A in heart failure - Potential role in myocardial remodeling. 
Circulation. 109:1379-1385. 

Yu EW, Dolter KE, Shao LE & Yu J 1998 Suppression of IL-6 biological activities 
by activin A and implications for inflammatory arthropathies. Clin Exp Immunol. 
112:126-132. 

Zauberman A, Lapter S & Zipori D 2001 Smad proteins suppress CCAAT/enhancer-
binding protein (C/EBP) beta- and STAT3-mediated transcriptional activation of the 
haptoglobin promoter. J Biol Chem. 276:24719-24725. 

Zhang L, Deng M, Parthasarathy R, Wang L, Mongan M, Molkentin JD, Zheng Y & 
Xia Y 2005 MEKK1 transduces activin signals in keratinocytes to induce actin stress 
fiber formation and migration. Mol Cell Biol. 25:60-65. 

Zhang LJ, Huang H, Pan PX, Liu XJ, Wu WC & Fu H 2009a [Study on the 
expression of activin-A in myocardial ischemia postconditioning]. Sichuan Da Xue 
Xue Bao Yi Xue Ban. 40:97-99. 

Zhang X, Majlessi L, Deriaud E, Leclerc C & Lo-Man R 2009b Coactivation of Syk 
kinase and MyD88 adaptor protein pathways by bacteria promotes regulatory 
properties of neutrophils. Immunity. 31:761-771. 

Zhao ZQ, Lefer DJ, Sato H, Hart KK, Jefforda PR & Vinten-Johansen J 1997 
Monoclonal antibody to ICAM-1 preserves postischemic blood flow and reduces 
infarct size after ischemia-reperfusion in rabbit. J Leukoc Biol. 62:292-300. 

 
 


	activin phd thesist final_revisions from examiners.pdf
	ABSTRACT
	GENERAL DECLARATION
	ACKNOWLEDGEMENTS
	PRESENTATIONS AND PUBLICATIONS
	LIST OF ABBREVIATIONS
	CHAPTER 1
	LITERATURE REVIEW
	1. Activin A and follistatin
	1.1 TGF-β superfamily classification and structure
	1.2 Activins
	1.3 Activin A receptors and intracellular signalling
	1.4 Activin A binding proteins and antagonists
	1.4.1 Follistatin
	1.4.2 FSRP

	2. Activin A and acute inflammation
	2.1 Activin A release in animal models of systemic inflammation
	2.2 Activin A release in infective and sterile inflammatory conditions
	2.2.1 Infection
	2.2.2 Trauma
	2.2.3 Inflammatory arthropathies
	2.2.4 Inflammatory bowel disease
	2.2.5 Allergic inflammation
	2.2.6 ARDS
	2.2.7 Myocardial ischaemia
	2.2.8 Malignancy
	2.2.9 Burns
	2.3 TLR/IL-1 and the regulation of activin A synthesis and release
	2.4 Functions of activin A
	2.4.1 Pro-inflammatory and immunoregulatory effects
	2.4.2 Proliferation, apoptosis and fibrosis
	2.5 Sources of activin A in acute inflammation
	2.6 Therapeutic potential of follistatin in inflammation and fibrosis

	3. Cardiac surgery and inflammation
	3.1 Triggers of the inflammatory response in cardiac surgery
	3.2 Pattern of the inflammatory response in cardiac surgery
	3.3 Cytokines in cardiac surgery
	3.4 TGF-β superfamily members and CPB

	4. Myocardial ischaemia reperfusion injury and inflammation
	4.1 Pathophysiology of IR injury
	4.2 Role of TGF-β superfamily members in IR induced inflammation

	CHAPTER 2
	PATTERN OF ACTIVIN A AND FOLLISTATIN RELEASE IN A SHEEP MODEL OF CARDIOPULMONARY BYPASS
	CHAPTER 3
	REGULATION AND ACTIONS OF ACTIVIN A AND FOLLISTATIN IN MYOCARDIAL ISCHAEMIA-REPERFUSION INJURY
	CHAPTER 4
	TUMOUR NECROSIS FACTOR-α STIMULATES HUMAN NEUTROPHILS TO RELEASE PREFORMED ACTIVIN A
	CHAPTER 5
	GENERAL DISCUSSION AND FUTURE DIRECTIONS
	5.1 Activin A and follistatin release in CPB
	5.2 Follistatin reduces myocardial IR injury
	5.3 Neutrophils as a source of preformed activin A
	5.4 Clinical implications of activin A and follistatin in cardiac surgery

	BIBLIOGRAPHY
	Activin A and myocardial IRI_for submission_for thesis post examination.pdf
	Materials and Methods
	In situ murine IR model
	Determination of area at risk (AAR) and infarct size
	Activin A ELISA
	The expression of Inhba, the gene for the βA subunit of activin A, and Fst, the follistatin gene, were measured by QRT-PCR, as described previously.22 Total RNA was extracted from the left ventricular portion of the hearts using Trizol (Invitrogen) ac...
	Mouse neonatal ventricular cardiomyocyte (NVCM) isolation and culture
	Measurement of lactate dehydrogenase (LDH)
	Release of LDH as a marker of cellular necrosis was measured in media collected from NVCMs, as previously described.23 Briefly, 100μl of 1 mmol/L NADH (Sigma Aldrich) was added to 800 ml of assay mix containing 125 mmol/L NaH2PO4 (pH 7.5) and 1.25 mmo...

	Statistical analyses
	Myocardial follistatin protein and mRNA levels following IR
	Effect of follistatin pre-treatment on cardiac IR injury in vivo
	Altogether, these data suggest that IR, acting through TLR4, stimulates activin A expression in the myocardium, which is able to damage the cardiomyocytes. Blocking activin action by exogenous follistatin reduces the subsequent damage. However, the da...
	Discussion
	References

	Neutrophil activin published copy.pdf
	Tumour necrosis factor-alpha stimulates human neutrophils to release preformed activin A
	RESULTS
	Activin A is rapidly released from LPS-treated whole blood and isolated total leukocytes in vitro, but not from isolated blood mononuclear cells
	Neutrophils, but not mononuclear leukocytes, contain preformed activin A

	Figure 1 Activin A and TNF-alpha release from whole blood, isolated leukocytes and blood mononuclear cells in vitro.
	Release of activin A from isolated neutrophils is stimulated by TNF-alpha but not by LPS
	Neutrophil activin A mRNA expression is upregulated by LPS
	Inhibition of p38 MAPK signalling blocks TNF-alpha induced activin A release
	Activin A release is not due to autolysis of apoptotic neutrophils

	Figure 2 Activin A content in neutrophil and blood mononuclear cells and immunocytochemical localization of activin A.
	DISCUSSION
	Figure 3 Dose-response and time-course studies of activin A release from neutrophils in vitro.
	Figure 4 Measurement of activin A subunit mRNA expression in neutrophils by QRT-PCR.
	Figure 5 Effects of MAP kinase pathway inhibitors on TNF-alpha stimulated activin A release by neutrophils.
	Figure 6 Flow cytometric analysis of neutrophil apoptosis in culture.
	METHODS
	Reagents
	White blood cell and neutrophil isolation and culture
	Western blot analysis of neutrophil and mononuclear cell lysates
	Activin A immunocytochemistry
	Activin A and TNF-alpha ELISAs
	Quantitative reverse transcriptase-PCR
	Neutrophil apoptosis assay
	Statistical analyses

	ACKNOWLEDGEMENTS






