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The Role of Activin A and B and the Benefit
of Follistatin Treatment in Renal
Ischemia-Reperfusion Injury in Mice
Doreen Y.P. Fang, MBBS,1,2 Bo Lu, PhD,1 Susan Hayward, BASc,3 David M. de Kretser, MD,3,4

Peter J. Cowan, PhD,1,2 and Karen M. Dwyer, PhD1,2

Background. Activins, members of the TGF-β superfamily, are key drivers of inflammation and are thought to play a significant
role in ischemia-reperfusion injury (IRI), a process inherent to renal transplantation that negatively impacts early and late allograft
function. Follistatin (FS) is a protein that binds activin and inhibits its activity. This study examined the response of activin A and
B in mice after renal IRI and the effect of exogenous FS in modulating the severity of renal injury. Methods. Mice were treated
with recombinant FS288 or vehicle before renal IRI surgery. Activin A, B, and FS levels in the serum and kidney, and renal injury
parameters were measured at 3, 6, and 24 hours after reperfusion. Results. Serum and kidney activin B levels were increased
within 6 hours postrenal IRI, accompanied by renal injury—increased serum creatinine, messenger (m)RNA expression of kidney
injury molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL); endothelial activation—increased E-selectin
mRNA; and systemic inflammation—increased serum levels of IL-6, monocyte chemotactic protein-1 and TNF-α. Further injury
was potentiated by an upsurge in activin A by 24 hours, with further increases in serum creatinine, KIM-1 and NGAL mRNA ex-
pression. Follistatin treatment significantly reduced the level of serum activin B and subsequently blunted the increase in activin
A. Renoprotectionwas evident with the attenuated rise in serum creatinine, KIM-1 andNGAL expression, tubular injury score, renal
cell apoptosis, and serum IL-6 and monocyte chemotactic protein-1 levels. Conclusions. We propose that activin B initiates
and activin A potentiates renal injury after IRI. Follistatin treatment, through binding and neutralizing the actions of activin B and sub-
sequently activin A, reduced renal IRI by minimizing endothelial cell activation and dampening the systemic inflammatory response.
These data support the potential clinical application of FS treatment to limit IRI during renal transplantation.

(Transplantation Direct 2016;2: e87; doi: 10.1097/TXD.0000000000000601. Published online 6 June 2016.)
The incidence and prevalence of end stage kidney disease
is rising rapidly in Australia, a trend that is reflected

worldwide.1 Although transplantation saves lives, only 6%
of patients who receive dialysis in Australia were trans-
planted in 2011.2 The disparity between organ demand and
supply has necessitated expanding the donor organ pool to
include the use of organs from donors after circulatory death
(DCD). In Australia, there were 120 DCD transplants
in 2015 in contrast to 23 DCD transplants in 2008.3,4
Received 5 April 2016.

Accepted 18 April 2016.
1 Immunology Research Centre, St. Vincent’s Hospital Melbourne, Victoria,
Australia.
2 Department of Medicine, the University of Melbourne, Victoria, Australia.
3 Hudson Institute of Medical Research, Victoria, Australia.
4 Monash University, Clayton, Victoria, Australia.

This study was supported by Jacquot Research Entry Scholarship to D. Fang, and
grants from the National Health and Medical Research Council of Australia (NHMRC
1048094) to D. M. de Kretser and K. M. Dwyer, and the CASS Foundation to D. M.
de Kretser.

Prof David de Kretser is a director of Paranta Biosciences, a company developing
follistatin as a therapeutic. The other authors declare no conflict of interest.

D.Y.P.F. participated in research design, performance of experiments, data analysis,
preparation of the article, and intellectual input. B.L. participated in research design

Transplantation DIRECT ■ 2016
However, organs from DCD are even more susceptible to is-
chemia-reperfusion injury (IRI), an unavoidable consequence
of transplantation occurring when blood flow is interrupted
for organ removal and reestablished after transplantation.
Although the reestablishment of blood flow is essential to
halt ongoing ischemic damage, reoxygenation is associated
with an exacerbation of tissue injury and a profound in-
flammatory response. Ischemia-reperfusion injury adversely
impacts early graft function increasing the risk of subse-
quent rejection episodes and eventual graft failure. Thus,
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approaches that attenuate renal IRI may improve short- and
long-term graft function and survival.

Ischemia-reperfusion injury activates a cascade of proin-
flammatory and profibrotic events that involve the innate
and adaptive immune response. Upregulation of adhesion
molecules promotes recruitment of neutrophils, natural killer
T cells, dendritic cells, monocytes and lymphocytes; comple-
ment is activated; and oxygen-free radicals and proinflamma-
tory cytokines, including TNF-α, IL-1β, IL-6, and IL-18, are
released.5-7

Activins are members of the TGF-β superfamily of growth
and differentiation cytokines. Activins are disulphide-linked
homodimers of 2 β-subunits. Activin A is a homodimer of
the inhibin βA-subunits and activin B is a homodimer of the
inhibin βB-subunits. TheβB subunit has about 65% sequence
homology with the βA-subunit.

8 Although the proinflamma-
tory actions of activin A are well established, there is increas-
ing evidence that activin B acts as a slightly weaker activin
agonist than activin A and may exert functionally distinct ef-
fects from those of activin A.9-11 Activin A iswidely produced
and distributed in various tissues although there is a poor re-
lationship between messenger (m)RNA expression and pro-
tein content in mice, with the highest protein content is
found in bone marrow-derived cells and the highest mRNA
expression in the liver.12 Resting βB mRNA expression is
highest in the gonads, placenta, pituitary, uterus, salivary
gland, and the central nervous system.13 Activin A and likely
activin B are produced by many different cell types, such as
myeloid cells, granulocytes, some T-cell subsets, endothelial
cells and smooth muscle cells, in response to inflammation,
tissue repair, and fibrosis.13-16

Follistatin (FS), an activin-binding protein, is also synthe-
sized in many tissues usually induced by activin stimulation
including gonads, hypothalamus, pituitary, placenta, kid-
ney and adrenal.17 Through alternative gene splicing, FS is
produced in 2 main forms consisting of 288 (FS288) and
315 (FS315) amino acids.18,19 Follistatin binds activin A
with high affinity (KD 50-900pM), which is comparable to
the affinity of activin A for its receptor. Although the bind-
ing affinity of FS to activin B is 10-fold lower,20 it remains
a potent antagonist. The activin-FS complex is internalized
by endocytosis and cleared by the lysosomal degradation
pathway.18,21 FS288 is more potent than FS315 in its abil-
ity to bind activin to the cell surfaces thereby accelerating
its clearance.18

There have been limited studies examining the role of
activin A and FS in murine models of IRI of the kidney, liver,
and heart. Maeshima et al22 showed in a rat model of renal
IRI that the mRNA expression of activin Awas upregulated
in renal tubular cells after ischemia, and that administration
of recombinant FS288 reduced renal injury. In a rat model
of hepatic IRI, Kanamoto et al23 demonstrated that treatment
with FS reduced the expression of IL-6 and mRNA expres-
sion of activin A resulting in reduced liver enzymes. In a
mouse model of myocardial IRI, Chen et al24 demonstrated
that IRI stimulated the local production of activin A which
damaged cardiomyocytes, and blocking activin A action by
exogenous FS reduced this damage. However, the role of
activin B in IRI has not been previously examined.

Our study documents the dynamic changes of both activin
A and B levels in the serum and kidney tissue of mice in the
first 24 hours after renal IRI. It adds to the limited data
available regarding these proteins in renal IRI, which have
been limited to the mRNA expression of the activin βA-sub-
unit.22 We demonstrated for the first time that activin B as
well as activin A are involved in renal IRI. In fact, the re-
sponse of activin B was very rapid with a substantial increase
within 6 hours of IRI, in contrast to the increase in activin A
that was only detectable by 24 hours. Follistatin treatment
blunted this response and reduced renal injury.
MATERIALS AND METHODS

Animals

Adult male C57BL/6 wild type mice aged 10 to 12 weeks
were obtained from the Animal Resource Centre, Perth,
Australia. Mice were housed in an approved animal facility
within St. Vincent's HospitalMelbourne, and all experiments
involving animals were approved by the Animal Ethics Com-
mittee of St. Vincent's Hospital Melbourne.

Renal IRI Model

Mice were anaesthetized with intraperitoneal ketamine
and xylazine (16 and 8 mg/kg, respectively). Using a midline
abdominal incision, a right nephrectomywas performed, and
subsequently, the left renal pediclewas clampedwith amicro-
vascular clamp (Roboz, Rockville, MD) for 20 minutes. The
clamp was removed after 20 minutes and the kidney was ob-
served to confirm complete reperfusion. The abdominal wall
was then sutured (Sofsilk Wax Coated Braided Silk 4-0).
Mice weremaintained at core body temperature of 37°C dur-
ing the procedure and allowed to recover on a 37°C heat-pad
for 2 to 3 hours. Mice were sacrificed at 3, 6, and 24 hours.
Shammice underwent right nephrectomy only. Baseline mice
did not undergo any procedure.

Administration of FS or Vehicle

Human recombinant FS28824 was administered intrave-
nously via the penile vein after the mice were anaesthetized
and before the IRI surgery. The dose used was 0.4 μg/g body
weight per mouse. Normal saline was used as vehicle. Base-
line mice did not receive any treatment.

Protein Extraction From Kidney

Fresh frozen mouse kidneys were homogenized in phosphate-
buffered saline containing protease inhibitor (EMDMillipore,
San Diego, CA). After homogenization, samples were centri-
fuged at 14 000g at 4°C for 10 minutes. The supernatants
were collected for protein measurement.

Immunoassays

Activin A was measured using a 2-site enzyme-linked im-
munosorbent assay (ELISA) (Oxford Bio-Innovations, Ox-
fordshire, UK) which measures total (free and FS-bound)
activin Awith no significant cross-reactivity with other forms
of activin.25 Activin B was measured using an ELISA which
measures total activin B with no significant cross-reactivity
with activin A and other related proteins (Oxford Bio-
Innovations).26 The average intraplate coefficient of varia-
tion (CV) was 5.4%, the interplate CV was 7.0% (n = 4
plates), and the detection limit was 0.01 ng/mL.

Follistatin concentrations were measured using a discon-
tinuous radioimmunoassay which detects total FS using a re-
agent that dissociates the activin-follistatin complex.27 The
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samples were measured in a total of 5 assays, the average
intra-assay CV was 10.1%, the inter-assay CV was 6.2%,
and the limit of detection was 0.99 ng/mL.

Analysis of Renal Function

Renal functionwas assessed bymeasurement of serum cre-
atinine at 3, 6, and 24 hours after renal IRI using a kinetic
colorimetric assay based on the Jaffé method, analyzed on a
Roche COBAS Integra 400 Plus analyzer.

RNA Extraction, Complementary DNA Synthesis, and
Quantitative Real-Time Polymerase Chain Reaction

Total RNA from frozen mouse kidneys was isolated using
the PureLink RNA mini kit (Life Technologies, Carlsbad,
CA) according to the manufacturer's instructions. Total
RNA quality and quantity were determined using the
NanoDrop spectrophotometer (NanoDrop Technologies,
Oxfordshire, UK). First-strand complementary DNA synthe-
sis was performed by incubating 1.0 μg total RNA in a 50-μL
reaction mix containing 0.5 μg Oligo (dT) primers and 1 μg
random primers (both from Invitrogen, Carlsbad, CA)
at 70°C for 10 minutes. A 50-μL reaction mix containing
10 mM dNTP, 300 U SuperScript III recombinant ribonucle-
ase inhibitor, 60 U RNaseOUT recombinant ribonuclease in-
hibitor, 0.1 M DTT, and 5� first-strand buffer (all from
Invitrogen) was then added. Reverse transcription was per-
formed at 42°C for 1 hour and 70°C for 10minutes. The com-
plementary DNAwas stored at −20°C. Real-time polymerase
chain reaction was performed using the TaqMan Universal
PCRMaster Mix system according to the manufacturer's in-
structions (Applied Biosystem, Bedford, MA).

Analysis of Histological Changes

Kidneys were fixed in 10% formalin for at least 48 hours
and embedded in paraffin wax at the Department of Ana-
tomical Pathology, St. Vincent's Hospital Melbourne. Four-
micron paraffin-embedded kidney sections mounted on
Superfrost slides were stained with hematoxylin-eosin ac-
cording to standard methods. Tissue sections were firstly
dewaxed and rehydrated. Rehydrated sections were stained
in filtered hematoxylin, counterstained with alcoholic eosin,
dehydrated and cover-slipped. A score of 0 to 5 (0, normal;
1, <10% [minimal]; 2, 10-25% [mild]; 3, 26-50% [moder-
ate]; 4, 51-75% [severe]; 5, >75% [very severe]) was deter-
mined without knowledge of the treatment group by
assessing the percentage of renal tubular injury involvement
(necrosis, cast formation, cell swelling, and dilatation) in 3
randomly selected corticomedullary fields from each upper,
mid, and lower poles of the kidney.

Analysis of Apoptosis

Terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) staining was performed using the QIA33
FragEL DNA Fragmentation Detection Kit (Calbiochem,
Darmstadt, Germany) according to the manufacturer's in-
structions. Four-micron paraffin-embedded tissue sections
were firstly dewaxed and rehydrated in 1� Tris-buffered sa-
line. Sections were then permeabilized with Proteinase K,
and endogenous peroxidase was blocked using 3% H2O2

diluted in 100% methanol. Subsequently, the apoptotic nu-
clei in tissues sections were labelled using the terminal
deoxynucleotidyl transferase enzyme for 90 minutes and
TUNEL staining was developed using the diaminobenzidine
solution. Finally, TUNEL-stained tissue sections were coun-
terstained with methyl green, dehydrated, and cover-slipped.

Measurements of Proinflammatory Cytokines

Serum was analyzed for proinflammatory cytokines
using the BD cytometric bead array Mouse Inflammation
Kit (BD Biosciences, San Diego, CA) as per the manufac-
turer's instructions.

Statistical Analyses

The Graphpad Prism 6 graphical and statistics package
(Graph-Pad Software Inc., San Diego, CA) was used for pre-
sentation and analyses of the data. Results are expressed as
mean ± standard error of themean (SEM).Groupswere com-
pared using unpaired Student t test or Mann-Whitney U test
as appropriate. A P value less than 0.05 was considered to be
statistically significant.

RESULTS

Changes in Serum and Kidney Activin and FS Levels
After Renal Ischemia and Reperfusion

Serum and kidney levels of activin A, activin B, and FS were
measured 3, 6, and 24 hours after reperfusion. Comparedwith
baseline (untreated) mice, sham-operated mice (ie right ne-
phrectomy only) exhibited a modest increase in serum activin
A at 24 hours (Figure 1A) and in serum activin B at 6 and
24 hours (Figure 1C), presumably representing an acute phase
response to surgery. Neither activin A nor B was significantly
increased in kidney tissue in sham mice during the 24 hours
follow-up (Figures 1B, D). Both activins were increased after
renal IRI however with different kinetics: serum and kidney
activin A levels were unchanged at 3 and 6 hours, but were
significantly increased by 24 hours (Figures 1A, B), whereas
serum and kidney activin B levels increased earlier, at 6 hours
and 3 hours, respectively (Figures 1C, D).

Endogenous serum FS levels were elevated at 6 hours in
mice subjected to renal IRI compared to sham-operatedmice,
but returned to baseline at 24 hours (Figure 1E). In the kid-
ney, endogenous FS remained close to baseline levels at all
times (Figure 1F).

Effect of FS Treatment on Serum and Kidney
Activin and FS Levels

After FS treatment, circulating FS levels were significantly
increased at 3 and 6 hours before returning to baseline at
24 hours (Figure 1E). Treatment with FS reduced serum
activin B at both 3 and 6 hours to below baseline levels,
whereas activin B levels at 24 hours were similar to sham
(Figure 1C). In contrast, FS treatment did not affect serum
activin A levels at 3 and 6 hours, although a significant de-
crease was observed at 24 hours (Figure 1A).

Follistatin treatment also increased FS levels in the kidney
at 3 hours and these remained elevated at 6 and 24 hours al-
though decreasing over time (Figure 1F). Follistatin treatment
had no significant effect on either activin A or B levels in the
kidney at any time point (Figures 1B, D).

Effect of FS Treatment on Renal Injury
After Ischemia-Reperfusion

In vehicle treated mice that were subjected to IRI, serum
creatinine was elevated from 3 hours after reperfusion and
reached a 5-fold increase by 24 hours, reflecting significant



FIGURE 1. Serum and kidney tissue activin and FS levels after renal IRI. Protein levels of activin A, B and FS were determined within the
serum (A, C, E) and kidney tissue (B, D, F) 3, 6 and 24 hours after reperfusion. Results expressed as mean ± SEM. * P < 0.05; **
P < 0.01; *** P < 0.001; **** P < 0.0001; ns = not significant. White bar, sham (n = 6-8); lined bar, vehicle-treated (n = 6-9); black bar,
FS-treated (n = 6-7); dotted line, baseline (n = 4-7).

FIGURE 2. Follistatin treatment reduced renal injury and endothelial activation after IRI. Serum creatinine (A), and mRNA expression of KIM-1
(B), NGAL (C), and E-selectin (D) in kidney tissue at 3, 6 and 24 hours after renal IRI. Results expressed asmean ± SEM. * P < 0.05; ** P < 0.01;
*** P < 0.001; **** P < 0.0001. White bar, sham (n = 6-8); lined bar, vehicle-treated (n = 7-9); black bar, FS-treated (n = 6-7).
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deterioration in renal function (Figure 2A). There was a
concomitant increase in the mRNA expression of the bio-
markers kidney injury molecule-1 (KIM-1) and neutrophil
gelatinase-associated lipocalin (NGAL) at all time-points
(Figures 2B, C). E-selectin, a marker of endothelial cell acti-
vation, was rapidly upregulated after IRI and persisted to
24 hours (Figure 2D). Histologically, kidneys harvested at
24 hours after IRI showed extensive tubular injury involv-
ing 50% to 75% of the renal cortex, cast formation, and
overall disruption of the renal architecture (Figures 3A, B
[ii]). Numerous TUNEL-positive apoptotic nuclei were ob-
served (Figures 4A, B[ii]).

Treatment with FS reduced early injury and endothelial ac-
tivation, noted as a reduction in mRNA expression of KIM-
1, NGAL, and E-selectin (Figures 2B-D). There was no effect
on serum creatinine at 3 and 6 hours after IRI but the late rise
in serum creatinine between 6 and 24 hours was attenuated
FIGURE 3. Renal morphology 24 hours after reperfusion. Semiquantitat
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. Representative he
a baseline mouse showing normal histological morphology; (ii) Kidney
(50-75%) tubular injury. (iii) Kidney sections from a FS-treated mouse FS
(Figure 2A). This was accompanied by reduced tubular injury
(Figures 3A, B[iii]) and cellular apoptosis (Figures 4A, B[iii]).

Effect of FS Treatment on Proinflammatory
Cytokine Expression

Ischemia-reperfusion injury initiates an inflammatory
cascade, and expression of IL-6, monocyte chemotactic
protein-1 (MCP-1) and TNF-α were elevated in vehicle
treated mice subjected to IRI (Figures 5A-C). The level of
IL-6 was significantly increased compared to sham mice up
to 24 hours after IRI with the highest concentration seen at
the earliest time point, 3 hours (Figure 6A). The increase in
MCP-1 and TNF-α levels were evident from 6 hours and
sustained through to 24 hours (Figures 6B, C). Follistatin
treatment significantly reduced the concentrations of IL-6
and MCP-1, which were sustained to 24 hours (Figures 6A,
B) but had little impact on TNF-α levels (Figure 6C).
ive scoring of tubular damage (A). Results expressed asmean ± SEM.
matoxylin-eosin–stained kidney sections (B): (i) Kidney section from
section from a vehicle-treated mouse after renal IRI showing severe
showing mild (26-50%) tubular injury.
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DISCUSSION
Activin A and B play a key role in inflammation. There is

increasing evidence that serum and tissue activin levels are in-
creased in acute and chronic inflammatory conditions, such
as septicemia, preeclampsia, asthma, inflammatory bowel
disease, burns injuries, and rheumatoid arthritis.13,16 Studies
in mice showed that activin A is rapidly increased in response
to a lipopolysaccharide (LPS) challenge, and treatment with
FS can halve the mortality in mice after a lethal LPS injec-
tion.28,29 Further, in patients with acute respiratory failure
in intensive care units, the elevation of both activin A and B
during the first 5 days in intensive care unit was associated
with a marked increase in mortality up to 1 year.29

Maeshima et al22 showed in a rat model of renal IRI that
mRNA expression of activin A was not detected in normal
and sham-operated kidneys, but increased markedly after re-
nal ischemia-reperfusion. Follistatin mRNAwas abundantly
FIGURE 4. FS treatment reduced apoptosis 24 hours after renal IRI. Se
of apoptotic nuclei per high power field (hpf ) were counted (A). Result
**** P < 0.0001. Representative sections of TUNEL-stained renal cortex
TUNEL-positive cells. (ii) Kidney section from a vehicle-treated mouse
(iii) Kidney sections from a FS-treated mouse showing reduction in num
expressed in normal kidneys but decreased significantly at
24 and 48 hours after IRI. In this study, we measured the
levels of serum and kidney activin A and FS protein. We
showed that activin A protein was present in the serum
and kidney of baseline (normal) and sham-operated mice.
This may represent bound activin A-FS complexes that are
biologically inactive as the activin A ELISA measures total
activin A and cannot differentiate between the free and
bound forms of the protein. This finding of poor relation-
ship between mRNA expression and protein content of
activin A in mouse is consistent with that previously re-
ported.12 We also showed that FS protein was present and
measurable in normal kidneys, a finding consistent with
the detection of abundant FS mRNA expression in normal
kidneys but in contrast to Maeshima et al, we observed an
increase in FS protein at 24 hours after IRI in the kidneys
of the vehicle treated mice.
ctions of renal tissue were analyzed by TUNEL-stain and the number
s expressed as mean ± SEM. * P < 0.05; ** P < 0.01; *** P < 0.001;
at 24 hours (B): (i) Kidney section from a sham mouse showing no
showing significant number of TUNEL-positive cells (black arrow).
ber of TUNEL-positive cells.



FIGURE 5. Expression of systemic proinflammatory cytokines af-
ter renal IRI. Serum IL-6 (A), MCP-1 (B), and TNF-α (C) were deter-
mined 3, 6, and 24 hours after reperfusion. Results expressed as
mean ± SEM. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
White bar, sham (n = 4-5); lined bar, vehicle-treated (n = 4); black bar,
FS-treated (n = 4-5).
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In addition to activin A, we also measured changes of
activin B level in response to renal IRI, which has not been ex-
amined previously. We showed that the increase in activin B
in the serum and kidney after renal IRI preceded that of
activin A. These results contrast with those from an acute
LPS inflammation mouse model, where serum activin A in-
creased by 5- to 10-fold within 1 hour of administration of
LPS12,28 and serum activin B increased several hours later,
along with a secondary rise in activin A.30 Our findings sug-
gest that the regulation of activin A and B levels in inflamma-
tion can differ depending on the stimulus.

Activin Bmay be an earlymediator of injury after renal IRI
which is later potentiated by activin A.We demonstrated that
the early rise in serum and kidney activin B was associated
with renal injury, characterized by an elevation in serum cre-
atinine, and mRNA expression of KIM-1 and NGAL in the
kidney. Renal tubules are the most susceptible region to
IRI31 and both KIM-1 and NGAL are useful and sensitive
early markers of renal tubular damage.32-34 Follistatin treat-
ment prevented the rise in serum activin B level, and this was
associated with a decrease in mRNA expression of KIM-1
andNGAL.We did not show an early reduction in serum cre-
atinine, which may reflect the poor sensitivity of this marker
for the detection of renal injury.33-35 In parallel, FS treatment
also reduced systemic IL-6 and MCP-1, and mRNA expres-
sion of E-selectin, a cell adhesion molecule expressed on acti-
vated endothelial cells. Endothelial dysfunction is the result
of initial ischemia and is well described in the pathogenesis
of renal IRI.5,6,32,36 This finding suggests that FS treatment
may confer early renal protection through minimizing endo-
thelial cell activation and reducing activin B-mediated sys-
temic inflammation.

Despite this early renal protection, injury propagated with
evidence of further increases in serum creatinine and the
mRNA expression of KIM-1 and NGAL. There was a con-
comitant significant upsurge in serum and kidney activin A
in addition to the elevated activin B level, suggesting this late
injurious effect was potentiated by activin A. Reducing the
rise in serum activin Awithout significant reduction in serum
activin B preserved renal function as illustrated by reduced
serum creatinine, KIM-1 and NGAL expression, renal tubu-
lar injury score and renal cell apoptosis. This suggests that
activin A may play a more potent role than activin B11,13,20

in renal IRI.
The renoprotective effect at 24 hours paralleled the extent

of activin A reduction which was dependent on the FS treat-
ment dose (our unpublished data).

Interestingly, FS treatment had no impact on activin levels
within the kidney despite the demonstrable protective renal
effect. It is well established that acute kidney injury ignites a
systemic inflammatory response in addition to a local inflam-
matory response.37 We propose that the protective renal ef-
fect of FS was predominantly due to dampening of the
systemic inflammatory response consequent to reduced se-
rum activin B and A. Indeed, we showed that FS potently re-
duced systemic IL-6 and MCP-1 at all time-points, but had
little effect on TNF-α which may have been the main source
of activin A and B stimulation.11,28

In summary, these data provided novel information on the
kinetics of activin A and B in response to renal IRI in mice.
We demonstrated that the increase in activin B preceded that
of activin A after renal IRI. We propose that IRI induces
endothelial cell activation which augments serum activin B
levels and promotes systemic inflammation. Together these
trigger renal injury and increase the susceptibility of the renal
tubules to further injury mediated by activin A (Figure 6A).
We suggest that FS treatment binds circulating activin B
and inhibits endothelial cell derived activin B release and sys-
temic inflammation to reduce early injury. Follistatin also
binds activin A. Thus, by 24 hours, after renal IRI, not only
is there less activin A present in the serum, but also the renal
tubules are less vulnerable to further injury having experi-
enced less early injury (Figure 6B). These data add to the



FIGURE 6. Proposed role of activins in renal IRI. The increase in activin B, which precedes that of activin A, initiates early renal injury by stim-
ulating endothelial cell (EC) activation and pro-inflammatory cytokine expression. The later upregulation of activin A potentiates renal injury lead-
ing to further increases in KIM-1, NGAL, serum creatinine (Se Cr), tubular injury score (TIS) and cellular apoptosis (TPN, TUNEL positive nuclei)
(A). FS treatment reduced Se activin B and subsequently activin A, with associated reduction in EC activation, serum IL-6 and MCP-1, KIM-1,
NGAL, Se Cr, TIS and TPN (B).
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increasing literature on the role of activin in inflammatory
conditions and point to potential clinical application in the
transplantation process.
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