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Adiponectin fine-tuning of liver regeneration dynamics
revealed through cellular network modelling

Jason M. Correnti!, Daniel Cook*?, Edita Aksamitiene!, Aditi Swarup', Babatunde Ogunnaike®,
Rajanikanth Vadigepalli*? and Jan B. Hoek!?

IMitoCare Center for Mitochondrial Research, Department of Pathology, Anatomy and Cell Biology, Thomas Jefferson University, Philadelphia, PA
19107, USA

2Daniel Baugh Institute for Functional Genomics and Computational Biology, Department of Pathology, Anatomy and Cell Biology, Thomas Jefferson
University, Philadelphia, PA 19107, USA

3 Department of Chemical and Biomolecular Engineering, University of Delaware, Newark, DE 19716, USA

Key points

e Loss of adiponectin delays the initiation of liver regeneration after partial hepatectomy, but
later accelerates regeneration.

e Loss of adiponectin modulates these regeneration kinetics through decreased hepatocyte
response to inflammation and increased growth factor bioavailability.

® Increased adiponectin suppresses liver regeneration through decreased growth factor
bioavailability.

e Qur predictive computational model was able to connect these molecular regulatory events to
tissue physiology.

Abstract Following partial hepatectomy, the liver initiates a regenerative programme involving
hepatocyte priming and replication driven by the coordinated actions of cytokine and growth
factors. We investigated the mechanisms underlying adiponectin’s (Adn) regulation of liver
regeneration through modulation of these mediators. Adn”~ mice showed delayed onset
of hepatocyte replication, but accelerated cell cycle progression relative to wild-type mice,
suggesting Adn has multiple effects fine-tuning the kinetics of liver regeneration. We developed
a computational model describing the molecular and physiological kinetics of liver regeneration
in Adn™~ mice. We employed this computational model to evaluate the underlying regulatory
mechanisms. Our analysis predicted that Adn is required for an efficient early cytokine response
to partial hepatectomy, but is inhibitory to later growth factor actions. Consistent with this
prediction, Adn knockout reduced hepatocyte responses to interleukin-6 during the priming
phase, but enhanced growth factor levels through peak hepatocyte replication. By contrast,
supraphysiological concentrations of Adn resulting from rosiglitazone treatment suppressed
regeneration by reducing growth factor levels during S phase, consistent with computational pre-
dictions. Together, these results revealed that Adn fine-tunes the progression of liver regeneration
through dynamically modulating molecular mediator networks and cellular interactions within
the liver.
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wild-type .

Introduction

Liver regeneration is a unique repair mechanism that
allows a damaged liver to recover following traumatic or
toxic injury or hepatic surgical procedures. This process
is clinically important in liver mass recovery in both
donor and recipient following live donor liver trans-
plantation. After partial hepatectomy (PHx), normally
quiescent hepatocytes are activated to re-enter the cell cycle
through a highly synchronized pro-proliferative response,
which requires precise timing of cytokine and growth
factor (GF) signals. This response is orchestrated through
a dynamic pattern of activation and inhibition of a wide
range of signalling processes coordinated across multiple
cell types in the liver, including hepatocytes, Kupffer cells
and hepatic stellate cells (Taub, 2004). Kupffer cells are
primary coordinators of the dynamic cytokine micro-
environment following tissue damage. Hepatic stellate
cells produce growth factors critical to induce hepatocyte
replication. Once lost tissue mass is recovered, hepatic
stellate cells also produce factors terminating regeneration
(Taub, 2004). In addition, signals from extrahepatic
tissues, including adipokines, play a role in modulating
this coordinated cellular response. Because adipokines
originate from outside the liver, treatment of hepatic
surgery patients with adipokines is an attractive option to
modulate liver regenerative ability following surgical inter-
vention without the complications involved in modifying
liver function directly.

One of the factors implicated in modulating both
liver cytokine microenvironment and growth factor
bioavailability is the serum adipokine adiponectin (Adn)
(Yamauchi & Kadowaki, 2013). Adn is a 30 kDa protein
produced primarily by adipose tissue that circulates as
low molecular weight (trimeric), middle molecular weight
(hexameric) and high molecular weight oligomers (Turer
& Scherer, 2012). Adn directly sensitizes the body to

insulin, and Adn levels are low in patients with Type II
diabetes (Kadowaki et al. 2006). It is thought to act in large
part through two identified Adn cell surface receptors, Adn
receptor (AdipoR) 1 and AdipoR2. Additionally, Adn has
been shown to increase acute inflammation (Park et al.
2007; Awazawa et al. 2011) and is known to modulate
balances of cytokines and growth factors critical to liver
regeneration and repair. There is evidence that Adn also
can act through direct binding and inhibition of growth
factors. Taken together, these findings suggest Adn may
have both pro- and anti-proliferative effects during liver
regeneration (Landskroner-Eiger et al. 2009; Kajimura
et al. 2013). Consistent with this hypothesis, previous
studies suggested both reduced and increased Adn levels
can impair regeneration. Adn~ mice were reported to
exhibit a delayed liver regeneration phenotype (Ezaki
et al. 2009; Shu et al. 2009), whereas treatment with the
anti-diabetic drug rosiglitazone, which is thought to act at
least in part by elevating serum Adn (Nawrocki et al. 2006;
Yamauchi & Kadowaki, 2013), inhibits liver mass recovery
(Turmelle er al. 2006). By contrast, rats with induced
diabetes show a delayed initiation of hepatocyte replication
after PHx, which is corrected by an increased replication
from 36 to 72 h following surgery (Barra & Hall, 1977).
We hypothesize that low Adn levels may have contributed
to the regeneration dynamics observed in these diabetic
animals.

The apparently conflicting actions through which
Adn impacts liver regeneration points to non-linear
effects that are difficult to parse out with typical
over-/under-expression experimental analyses. In this
study, we aim to develop a deeper understanding of
the multifaceted impact of Adn on liver regeneration
using an integrated computational modelling and
experimental approach to characterize the molecular
mechanisms underlying the Adn-mediated fine-tuning of
liver regeneration dynamics.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Molecular mechanisms underlying liver regeneration
are both redundant and complex, making prediction of
effects of molecular or cellular manipulations difficult.
For example, in studies using CI,MDP liposomes to
eliminate Kupffer cells from the liver, interleukin 6 (IL-6),
tumour necrosis factor alpha (TNF«) and hepatocyte
growth factor (HGF) were all significantly decreased;
however, mass recovery appeared to be only delayed
but not blunted (Meijer et al. 2000). Similarly, mice
harbouring a hepatocyte-specific deletion of c-Met were
expected to show little or no regeneration following CCly
injection. These mice, however, showed similar kinetics
and magnitude of proliferation following a single CCl4
injection, indicating multiple compensatory mechanisms
(Huh et al. 2004). After more extensive injury, the
c-Met-deficient mice did show lower recovery, but this
was probably due to decreased cell motility rather than
decreased proliferation.

Our computational modelling approach was designed
to account for the net effect of such molecular
redundancies and complex cellular interactions governing
liver regeneration. Through model simulations and
sensitivity analysis, we investigated how changes to relative
balances and timing of multiple regulatory mechanisms
contribute to shaping liver regeneration dynamics. We
started with a computational model of liver regeneration,
recently developed by Furchtgott et al. (2009). This
model considers hepatocytes as being distributed across
multiple cellular states: quiescent, primed or replicating.
The dynamic shift between these states is mediated by
factors produced by non-parenchymal cells. Cytokines,
such as TNF« and IL-6, produced primarily by Kupffer
cells, initiate the JAK-STAT signalling cascade, resulting
in activation of the expression of immediate early (IE)
genes, which shifts hepatocytes from the quiescent to
the primed state. GF produced by hepatic stellate cells
stimulate replication of primed hepatocytes. Termination
of replication requires renormalization of cytokine and
growth factor levels, and buildup of extracellular matrix
(ECM). Using this cellular interaction framework, the
model acts as a bridge connecting the kinetics of molecular
regulation to the regeneration dynamics.

We used Adn~ and rosiglitazone-treated mice to
examine the kinetics of liver regeneration response after
PHx through the priming and replicative phase and
applied these experimental data to the computational
model. We utilized the recently developed pulsatile
sensitivity analysis (PSA) to investigate which regulatory
balances are critical for the effect of Adn on liver
regeneration, and in what temporal intervals the specific
changes to regulatory balances have the greatest impact on
regeneration.

The experimental data indicated that absence of Adn
caused lower STAT?3 tyrosine phosphorylation during the
first 6 h after PHx, probably associated with decreased

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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hepatocyte priming and causing a 6 h delay in the
onset of hepatocyte replication. Lack of Adn, however,
also increased GF levels following PHx, accelerating cell
cycle progression. When circulating Adn was raised to
supraphysiological levels by treatment of wild-type (WT)
mice with the anti-diabetic drug rosiglitazone, GF levels
were decreased during peak hepatocyte replication and
regeneration was suppressed. Our model suggests that
Adn modulates hepatocyte priming and GF bioavailability
during time windows when regeneration is most sensitive
to alterations in these factors.

Methods
Animals

All animal studies were approved by the Institutional
Animal Care and Use Committee (IACUC) at Thomas
Jefterson University. Jefferson’s IACUC is accredited by
the Association for Assessment and Accreditation of
Laboratory Animal Care and experiments were designed
using the Guide for the Care and Use of Laboratory
Animals.

Ten- to 12-week-old male Adn™~ mice (B6.129-
Adipog™'“""), bred from mice kindly donated by Dr
Lawrence Chan, or C57BL/6 ] mice (Jackson Laboratories,
Bar Harbor, ME, USA) underwent partial hepatectomy
based on surgical methods outlined by Mitchell &
Willenbring (2008). Briefly, animals were anaesthetized by
inhalation of 5% isoflurane in an induction chamber and
anaesthetic plane was confirmed by toe pinch. Anaesthesia
was maintained during surgery by continual inhalation
of 2% isoflurane administered by nose cone. A midline
incision was made followed by the sequential ligation and
excision of the left lateral and medial lobes of the liver. The
abdominal cavity was rinsed with warm lactated Ringer
solution, the abdominal muscle layer was sutured and
the skin was closed with wound clips. Following surgery,
animals were given subcutaneous lactated Ringer solution
(1 ml per animal) and placed in a fresh cage under a
heat lamp with ad libitum access to hydrogel (Contact
ClearH, 0O, Portland, ME, USA) and food. At specified
times after PHx, animals were anaesthetized with iso-
flurane as described for partial hepatectomy (induction
and maintenance). While anaesthetized, animals were
weighed and killed. The livers were either immediately
(within 10 s) freeze clamped using liquid nitrogen-cooled
aluminium clamps as previously described (Crumm et al.
2008), preventing rapid post-mortem changes in cytokine
or growth factor levels and protein phosphorylation, or the
livers were fixed in 10% neutral buffered formalin (NBF)
for assessment of bromodeoxyuridine (BrdU) labelling.
For determination of liver to body weight ratios, the liver
was dissected out and weighed prior to freeze clamping.
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Blood was collected from the tail vein of live animals
and from the vena cava under anaesthesia when the
animals were killed. Collected blood was incubated
at room temperature for 30 min, then centrifuged at
1500 r.p.m. for 5 min. Serum was isolated and flash
frozen for further analysis. In some cases, animals were
given LP. injections of BrdU solution (Sigma, St Louis,
MO, USA) (150 mg kg™!) in sterile 0.9% saline 2 h
prior to being killed. For rosiglitazone treatment, animals
were administered rosiglitazone (10 mg kg~!, Cayman
Chemical, Ann Arbor, MI, USA) or vehicle (1:1 mixture
of 1 x PBS and polyethylene glycol; Sigma) by gavage twice
daily beginning 2 days before surgery.

Histological analysis

Samples fixed in 10% NBF were paraffin-embedded,
sectioned, and stained for haematoxylin and eosin by the
Kimmel Cancer Center pathology core facility (Thomas
Jefterson University) for analysis of hepatosteatosis. BrdU
staining was performed using Impact DAB staining
(Vector Laboratories, Burlingame, CA, USA) according to
the manufacturer’s instructions. For BrdU quantification,
five 20x fields were scored per animal.

Biochemical analysis

For Western blotting, tissue lysates were generated by
homogenizing frozen tissue in RIPA buffer (Sigma)
supplemented with phosphatase and protease inhibitor
cocktails (Sigma). Protein was normalized using BCA
Protein Assay Reagent (Pierce Biotechnology, Rockford,
IL, USA). Then, 20 ug of protein was loaded onto
an SDS-PAGE gel and Western blotting for cell cycle
markers and pSTAT3/STAT3 was performed as pre-
viously described (Crumm et al. 2008). Alternatively,
for comparison of growth factor expression time course,
50 ug of protein was resolved by SDS-PAGE, transferred
onto nitrocellulose membrane using a Multi-Strip Western
blotting approach as described previously (Aksamitiene
et al. 2007) and probed with mouse monoclonal anti-
bodies against HGF (SBF5) (Thermo Fisher Scientific,
Rockford, IL, USA), FGF-2 (6) (sc-136255; Santa Cruz
Biotechnology, Dallas, TX), ANGI (C-1) (sc-74528; Santa
Cruz Biotechnology), GAPDH (6C5) (EMD Millipore,
Billerica, MA, USA) or rabbit polyclonal antibodies against
B-actin (D6A8) (Cell Signaling, Danvers, MA, USA).
ELISA kits were used for measurement of Adn (B-Bridge
International) and TNF« (eBioscience, San Diego, CA,
USA) according to the manufacturer’s instructions.
Transcription factor binding activity was assessed from
nuclear extracts prepared from frozen tissue using a
nuclear extraction kit (Origene, Rockville, MD, USA).
NF-kB DNA binding activity in 100 g of nuclear
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extract was measured using the NF-xB transcription
factor assay kit (Cayman Chemical) according to the
manufacturer’s instructions. Some samples were sent to
Raybiotech for analysis of cytokine and chemokine levels
using a Quantibody Multiplex ELISA Array (Raybiotech,
Norcross, GA).

For RT-PCR analysis, RNA was extracted from frozen
tissue using the RNeasy RNA extraction kit (Qiagen,
Valencia, CA, USA). Then, 2 g of RNA was reverse trans-
cribed with EasyScript Plus Reverse Transcriptase (Applied
Biological Materials Inc., Richmond, BC, Canada). cDNA
was preamplified with TagMan PreAmp Master Mix
(Applied Biosystems, Foster City, CA, USA) and PCR
reactions were performed using BioMark Dynamic Arrays
(Fluidigm, South San Francisco, CA, USA). Primer
sequences are shown in Table 1. Gy values were calculated
using Real-Time PCR Analysis software (Fluidigm) and
normalized to the expression of housekeeping genes
TBP and B2-microglobulin using the established ~AA Gy
method (Livak & Schmittgen, 2001).

Data were compared using Student’s ¢ test on raw data
(BrdU incorporation and liver-to-body weight ratios) or
log-transformed data (molecular measurements). Paired
statistics were used when appropriate. Data are presented
as mean + SEM.

Computational modelling of liver regeneration

Molecular regulation was connected to regeneration
phenotype using a previously published model of liver
regeneration (Furchtgott et al. 2009). The computational
model simulates liver regeneration as a series of regulatory
events initiated in non-parenchymal cells and influencing
hepatocyte quiescence, priming and replication (shown
schematically in Fig. 2A). The initiation of regeneration
is governed by a mismatch between ‘metabolic demand’
(M) of the organism and the total number of hepatocytes
(N) available to meet this demand. In this scheme,
the ‘metabolic load’ per hepatocyte (M/N) increases
proportional to the mass of the liver removed, initiating
non-parenchymal cell activation following PHx. Once
activated, non-parenchymal cells respond to liver damage
by early induction of IL-6 (representative of the
inflammatory milieu observable following PHx and
its effect on hepatocytes), later production of GF
(representative of the growth factor environment and
effect following PHx) and ECM remodelling. These
molecular signals induce hepatocytes to proceed from
quiescence (Q) to a primed state (P), from the primed
state to a replicating state (R) to recover lost liver tissue,
and finally from primed and replicating states back to
quiescence. This computational model uses representative
molecular components to describe archetypical classes of
signalling during liver regeneration. Such an empirical

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Table 1. Primer sequences

Primer Foreword Reverse

SOCS3 CTACGCATCCAGTGTGAGGG TGAGTACACAGTCGAAGCGG
B2-Microglobulin GTCGCTTCAGTCGTCAGCAT TTTCAATGTGAGGCGGGTGG
TBP CCCCTTGTACCCTTCACCAAT GAAGCTGCGGTACAATTCCAG

and approximate model allows for investigation into
how changes to the magnitude and timing of signalling
activation may affect regeneration dynamics. While
the metabolic load parameter has no direct molecular
correlate, it probably captures the effects of the molecular
drivers of liver metabolism and mitochondrial activity
such as AMP-activated protein kinase (AMPK) activation
or ATP levels or ATP/ADP ratio. Modulation of metabolic
load by perturbing this metabolic demand parameter may
therefore be considered to reflect a general metabolic
challenge.

This model includes the JAK-STAT signalling pathway
induced by IL-6 and GF produced by non-parenchymal
cells as drivers of regeneration and includes ECM as
a negative regulator of regeneration. Shifts between
hepatocyte states (Q, P, or R) are governed by the following
equations:

d
Fr ko ([IE] — [IEo]) Q — kp ([GF] — [GFo]) P
(2)

- kreqareqp - kapaapQ

ditR = kp ([GF] — [GFy]) P — kg [ECM] R

+ kprolR - kapaapR (3)
where IE gene expression catalyses a shift in hepatocytes
from the Quiescent state to the Primed state with a rate
parameter of kq. GFs produced in response to metabolic
load catalyse a shift in hepatocytes from the Primed state
to the Replicating state with a rate parameter of kp.
Upon entering the Replicating state, hepatocytes begin to
replicate at a rate k. However, hepatocytes also return to
the Quiescent state due to natural requiescence and ECM
buildup (with rate parameters of k..q and kg, respectively).

d ! .
—Q = — kq ([IE] — [IEo]) Q + kg [ECM] R The parameters o,, and o4 in the above equations
dt govern the amount of hepatocytes undergoing apoptosis
+ kieqOreqP — kapoap Q (1) (or removal by other means from the pool of hepatocytes
A o B C
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Figure 1. Analysis of hepatocyte replication after PHx in WT and Adn™~ mice

A, representative histological sections from mice at various times after PHx and injected with BrdU 2 h prior to
death were stained using BrdU-specific antibodies. B, the percentage of BrdU-positive hepatocytes was calculated
by quantifying BrdU-positive nuclei and total nuclei from five representative fields at 20x magnification (n = 4
per group). C, Western blot of representative liver samples probed with antibodies specific for cyclin D1, PCNA,
cyclin A and GAPDH. D, quantification of Western blots for cyclin D1, PCNA and cyclin A (n = 3 per group). £,
liver to body weight ratio. Data are presented as mean + SEM. n.s., Not significant, *P < 0.05, ***P < 0.01 Adn™~

significantly different from WT.
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entering the cell cycle) and requiescence, respectively. They
are calculated as sigmoidal functions to account for a
switch-like behaviour (eqns 4 and 5):

(Qap - M/ N)

J Physiol 593.2

where 0 is the threshold parameter governing at what
level a response occurs and S is the response parameter
governing how much of a response occurs.

For hepatectomies up to 75-80% o, remains small, but
for partial hepatectomies greater than 80% o, becomes

op=05x | 1+tanh | —0n——~ (4)  large enough to prevent liver regeneration. Similarly, o7eq
Pap is low when GF levels are high but increases when GF
levels return to baseline, capturing the phenomenon that
GFs are needed for cells to progress through the cell cycle.
o =05 x [ 1+ tanh (Qreq - [GF]) 5) IL-6 produced in response to metabolic load induces
R Breq IE gene expression through the JAK-STAT signalling
A M/N C
IL-6 pSTAT3 Regeneration
L6 % 20 40 06
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Figure 2. Identifying the key control factors through sensitivity analysis of a computational model of

liver regeneration

A, schematic representation of the network model of liver regeneration following PHx incorporates contributions of
non-parenchymal cells to catalyse hepatocyte replication. B, pulse changes (50% increase for 6 h) to the metabolic
demand parameter (M) caused delayed regeneration if administered early after PHx, and enhanced regeneration
if administered late after PHx. C, (top) nominal profiles of IL-6, STAT3 and fractional recovery. (Bottom) Heat maps
of fractional change from nominal model output. Hour-long, 50% pulsatile decreases in IL-6 production rate (ki )
caused a temporary decrease in IL-6 levels, independent of when the pulsatile change was introduced (note the
consistent blue diagonal). Such a temporary reduction in IL-6 led to a much longer and more pronounced decrease
in STAT3 phosphorylation, with earlier IL-6 changes leading to longer STAT3 transients, and ultimately delayed
regeneration. The earlier the pulsatile reduction in IL-6 and subsequent transient decrease in STAT3, the longer
the regeneration deficit persisted. D, phase-based sensitivity analysis showed that the timing of alterations to the
key controlling factors leads to a phase-dependent effect on overall regeneration. In general, changes to these
key factors during the priming phase had opposite effects on regeneration as compared to the effect of changes

during the replicating and termination phases.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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cascade, which also includes negative feedback from
SOCS-3. IL-6 levels, the JAK-STAT signalling cascade
and IE gene levels are calculated using a combination
of linear and Michaelis-Menton kinetics (eqns 6-10).
GF is modelled as being produced in response to
metabolic load and sequestered by ECM (eqn 11). ECM
is modelled as constitutively produced (ks) but degraded
both consitutively (kgcy) and dynamically in response
to IL-6-induced matrix metalloproteases (MMPs) (K deg)
(eqn 12). This simulates a continuous steady-state
turnover of ECM, which is dynamically regulated during
periods of tissue remodelling. All molecules are modelled
as being degraded at a rate proportional to the amount
present in the liver.

d M Viax [1L6]
ET! [IL6] = k”ﬁﬁ - [nglfw — ke [IL6] + ki
M

(6)

d _ Vak[IL6]
g[ STAT3]
dt P

Vsrs [JAK] [proSTAT3]?
[proSTAT3]? + k31 (1 + [SOCS3]/KOC?)

Vig [pSTAT3]
[pSTAT3] + kit

Vsocss [pSTAT3]
[pSTAT3] + KO0

— Ks13[pSTAT3] + ks (8)

d Vsocss [pSTAT3]
—[SOCS3] =
ar! ] [pSTAT3] + k>
— Ksocs3 [SOCS3] + k4 9)
d Vie[pSTAT3]
—[[E] = ————— — 1IE k 10
dt[ ] [pSTAT3] + KT ke [IE] + ks (10)

d M
N [GF] = kGFN — kyp [GF] [ECM]

— kar [GF] + k7 (11)

dit[ECM] = — (kpom + kaeg [1L6]) [ECM] + ks (12)

Parameters for (XX) include
production rate (kxx), degradation rate (xxx) and

Michaelis—-Menten parameters (Vxx and ky**). Further

each molecule
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model parameters include concentration of monomeric
STAT3 ([proSTAT3]), rate of GF uptake by ECM (k)
and the parameter governing inhibition of STAT3
phosphorylation by SOCS-3 (k;5°¢%*). The parameters
ky—k; represent steady-state production or degradation of
the molecule which each equation describes.

Model  differential  equations  were  solved
simultaneously using odel5s in MATLAB (Mathworks,
Inc., Natick, MA, USA).

Sensitivity analyses for identifying key factors
controlling regeneration phenotype

Parametric sensitivities were estimated based on a dynamic
local sensitivity analysis (Zak et al. 2005), phase-based
sensitivity (Gunawan & Doyle, 2007) and pulsatile
sensitivity methodologies (Perumal & Gunawan, 2011).
To calculate the dynamic local sensitivities (DLSs),
parameters were changed by £10% and sensitivity
was calculated as the change in overall liver recovery
normalized to the number of cells at each time in the
nominal regeneration profile divided by the percentage
change in the parameter (20%), according to eqn (13):

DLS; (t) = —ANA(;),//;U)

where p; is the ith parameter, Ap; is the change in the ith
parameter, N(#) is the nominal fraction of hepatocytes at
any given time, and AN(¥) is the deviation from nominal
caused by the parameter change.

Phase-based sensitivities (PBSs) were calculated
following the formulations of Gunawan & Doyle (2007)
and Perumal & Gunawan (2011). Simulations were
run with the value of a single parameter increased
by 10% of its nominal value within one of the three
phases of regeneration: the priming phase (0-6 h after
PHx), the regeneration phase (12-100 h after PHx)
and the termination phase (100-200 h after PHx).
The simulations were then run again with the same
parameter decreased by 10% within the same phase.
These two simulations were repeated for every parameter.
Sensitivities were estimated as the change in overall liver
faction recovered at 300 h after PHx normalized to the
nominal regeneration profile divided by the percentage
change in parameter value for the phase when the change
occurs (20%), as shown in eqn (14):

AN (t = 300) /N (t = 300)

Api/pi
where p; is the ith parameter and Ap; is the change
in the ith parameter. Pulsatile sensitivities (PSs) were
calculated using an approach modified from that of

Perumal & Gunawan (2011). In this modified approach,
we altered each model parameter by +10% or —10% of

(13)

PBS, = (14)
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the corresponding nominal value at each hour following
PHx for 1 h, where 7 represents the beginning of the time
step where the parameter was changed. We estimated the
pulsatile sensitivity at each time point after the pulsatile
parametric change (at time 7) according to eqn (15):

s = ANEDNG

where p;; is the ith parameter at time 7 and Ap;; is
the change in the ith parameter at time t. While this
equation appears similar to that used to calculate DLS, the
pulsatile sensitivity values (PS;) take on non-zero values
only after the time of the pulse change in the corresponding
parameter value.

(15)

Parameter estimation to match Adn~'~ regeneration
phenotype

To estimate parameters characterizing the Adn™~ mice,
Sobol sampling was used to search the parameter
space of sensitive model parameters (Bratley & Fox,
1988). Each parameter was allowed to vary from its
nominal value over approximately one order of magnitude
(10x). Simulations were then run with each of 10,000
parameter sets, and the resulting regeneration profiles
were compared to the experimental Adn”~ mouse
regeneration profile generated in this study. Parameter
sets generating similar regeneration profiles were then
analysed for common molecular regulation governing
tissue behaviour. Search of the parameter space resulted in
multiple parameter sets that could simulate regeneration
profiles similar to that seen experimentally, but these
multiple parameter sets contained similar parameters
and caused similar molecular regulation. Therefore,
parameter sets generating regeneration profiles similar
to that observed in the experiments were further
explored using a combination of manual manipulation
and local optimization (fminsearch in MATLAB). The
parameter set resulting in the lowest mean squared error
between simulation and experimental observations of liver
regeneration in Adn™~ mice was reported as the parameter
set for Adn™'~ mice.

Results

Hepatocyte proliferation is delayed after PHx in
Adn~~ mice

The dynamics of liver regeneration in Adn™~ and wild-type
(WT) mice after PHx were assessed by BrdU pulse
labelling and expression of cell cycle marker proteins
24-54 h after PHx. BrdU incorporation increased in
WT mice at 30 h after PHx relative to baseline levels.
However, Adn”~ mice showed no increase at 30 h
(Fig. 1A,B). WT and Adn™~ mice showed similar levels
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of BrdU incorporation 36 h after PHx (Fig. 1A,B).
Adn™~ mice incorporated significantly more BrdU at
42 h after PHx (Fig. 1A,B). By 54 h after PHx, WT
and Adn™~ mice again showed no difference in BrdU
incorporation. When compared to WT mice, Adn™/~
mice also expressed significantly lower levels of Gl
phase cell cycle markers proliferating cell nuclear anti-
gen (PCNA) and cyclin D1 at 24 h after PHx (Fig. 1C,D).
Both PCNA and cyclin D1 levels were renormalized by
30 h after PHx and PCNA levels remained similar at
all subsequent times (Fig. 1C,D). Similarly, Adn™" mice
expressed cyclin A, an important S phase cyclin, at lower
levels than WT mice at 30 h after PHx; cyclin A levels were
renormalized by 36 h after PHx and remained similar at
42 h (Fig. 1C,D). Liver to body weight ratio was assessed as
a measure of liver mass recovery. By 54 h post PHx, both
WT and Adn™~ mouse livers had approximately doubled
in mass (Fig. 1E). No significant difference was detected
between WT and Adn~'~ liver mass recovery at this time.

Taken together, these results suggest that the onset of
hepatocyte proliferation after PHx is delayed in Adn™~
relative to WT mice but that the cell cycle may be
accelerated in Adn™~ mice to renormalize regeneration
after a delayed cell cycle onset. However, the dynamic
changes to molecular balances underlying Adn fine-tuning
control of liver regeneration remain unclear.

Pulsatile sensitivity analysis reveals critical time
windows of molecular effects on liver regeneration

We used a computational modelling approach to
investigate which molecular balances are critical to alter
regeneration dynamics and the time windows over which
regenerating hepatocytes are responsive to these signals.
We initially employed local parametric sensitivity analysis
to analyse a recently developed computational model of
liver regeneration, shown schematically in Fig. 24, to
identify the regulatory balances that control the dynamics
of regeneration (Furchtgott et al. 2009). This dynamic
sensitivity metric considers how the time profile of
liver regeneration responds to changes in the network
parameters. We defined liver regeneration profile as ‘highly
sensitive’ to a given parameter if the maximum value of
the corresponding normalized sensitivity coefficient had
a magnitude greater than 0.15 at any time point. Our
analysis identified 12 out of 32 parameters as significantly
controlling the dynamics of liver regeneration. These
included both molecular parameters — metabolic load
(M), IL-6 production rate (kj4), concentration of mono-
meric STAT3 ([proSTAT3]), ECM degradation rate by
MMPs (k4eq), ECM constitutive degradation rate (kgcwm),
GF production rate (kgp), and GF degradation rate
(kgr) — and physiological parameters governing
hepatocyte phenotypic state and apoptosis — kp, kg, Kprol>
6.p and B, (Table 2).
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Table 2. Normalized sensitivity values of the top-ranked
controlling factors

Parameter Maximum normalized sensitivity
M 0.34
KiLe 0.28
Kar 0.19
Kdeg 0.16
[proSTAT3] 0.14
KGF —0.16
KECM —0.17
Kprol 0.75
kp 0.18
Bapp —0.19
Oapp —0.19
kr —0.65

One consideration in the above sensitivity analysis is
that the network parameters are altered as a step change
throughout the regenerative response time. While the
effect on the regeneration is dynamic, it is not possible
to deconvolute the changes leading to instantaneous
effects versus those altering response at later times. To
address this issue, we employed a recently developed
impulse sensitivity analysis and modified the scheme to
consider finite pulses of parameter changes in defined
temporal intervals (Perumal & Gunawan, 2011). The
pulsatile sensitivity analysis revealed that magnitude and
timing of changes to parameters were both key controlling
factors in fine-tuning the regeneration profile. Among
the parameters evaluated for their pulsatile sensitivity,
the metabolic demand parameter showed a unique
sensitivity profile. Changing metabolic demand using a
short pulse or longer step increase caused a decreased early
regenerative response after PHx, but led to an enhanced
regeneration response at later times (Fig. 2B). Such a
time interval-dependent effect occurred through multiple
processes affected by metabolic demand changes. Within
the 0-50 h post-hepatectomy period, additional increases
in the metabolic demand led to a transient increase in
hepatocyte apoptosis and delayed regeneration, but a
renormalization (or moderately enhanced regeneration)
caused by increased IL-6 signalling and hepatocyte
priming. Additional increase of metabolic demand
at later time intervals between 75-150 h after PHx
caused increased GF signalling leading to enhanced liver
regeneration. In contrast, a 50% impulse decrease in
IL-6 production rate caused a transient decrease in
IL-6 levels that was quickly renormalized (Fig. 2C).
Downstream STAT3 phosphorylation, however, showed a
much larger magnitude decrease that persisted for several
hours before renormalization. The time window during
which these changes consistently resulted in observable
changes to regeneration profile were limited to the first
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50 h of regeneration (Fig. 2C). In contrast, a 50%
impulse increase in GF production rate caused a sustained
increase in hepatocyte number when GF production was
increased between 0 and 50 h or at certain time points
between 50 and 127 h after PHx. These results suggest
that fine-tuning signalling dynamics by modulating the
timing and temporal balances of non-parenchymal cell
activation can have significant functional consequences,
with persistent impact on regeneration dynamics and
tissue mass recovery.

While all of the molecular parameters apart from
metabolicload showed similar pulsatile sensitivity profiles,
the key subset identified as significant controlling
factors by the parametric sensitivity analysis displayed
a phase-dependent sensitivity (Fig. 2D). For example,
a transient increase in IL-6 production rate during
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Figure 3. Time-dependent effects of transient increases in IL-6
production rate during different phases of liver regeneration
A, transient increases in IL-6 production rate (ki) during the priming
and replication phase. IL-6 production rate was increased from 0 to
6 h after PHx (left) and 12 to 100 h after PHx (right) to identify
phase-dependent effects of IL-6 production rate increases.

B, transiently increasing IL-6 production rate during the priming
phase (0-6 h, left) caused a transient increase in IL-6 levels followed
by a persistent reduction in IL-6 levels. Transiently increasing IL-6
production rate during the replication phase (12-100 h, right)
caused a sustained increase in IL-6 levels. C, simulated regeneration
based on nominal IL-6 levels (black), increased IL-6 production
during priming (blue) and increased IL-6 production during the
replication phase (red). Persistent reduction in IL-6 levels from
increased production during priming caused a persistent decrease in
hepatocyte replication rate and a blunted overall tissue recovery.
Sustained increase in IL-6 levels caused a persistent increase in
hepatocyte replication rate and an enhanced overall tissue recovery.
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the priming phase (0-6 h) caused an early increase
in IL-6 levels followed by a persistent decrease below
nominal levels (Fig. 3A,B). This persistent decrease in IL-6
levels caused a persistently decreasing rate of hepatocyte
replication and a blunted overall tissue recovery (Fig.
3C). In contrast, transiently increasing IL-6 production
rate during the replication phase (12-100 h) caused IL-6
levels to remain elevated above nominal levels (Fig. 3A,B).
This persistent elevation caused a persistently increasing
rate of hepatocyte replication and enhanced overall
tissue recovery (Fig. 3C). This phase-dependent effect
predicts that mistiming of enhanced factor production
influences pro- or anti-regenerative effects. Therefore,
our computational modelling and sensitivity analysis
revealed the dynamic balances of initiation-related and
replication-related factors that must be closely regulated
to ensure the dynamics and magnitude of the normal liver
regeneration profile.

Computational modelling of the altered regenerative
response in the Adn~~ mice reveals the key
controlling molecular regulatory balances

We predicted the factors governing molecular control of
the Adn™~ regeneration phenotype by considering
simultaneous  alterations to multiple molecular
parameters including those identified as sensitive in
the above analyses (M, k6, K1165 KGF> KGF> Kdegs KECM> Kup).-
Our Monte Carlo approach ensured efficient sampling
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coverage of the physiologically reasonable parameter
space by using a Sobol sampling strategy to modify
sensitive parameter values simultaneously (Bratley &
Fox, 1988). We analysed the simulation results for
similar model parameter values that led to the Adn™~
regeneration phenotype. Our results revealed that the
magnitude and timing of IL-6 signalling controlled the
priming response of hepatocytes and therefore fine-tuned
the timing of initiation of regeneration. Timing and
magnitude of the GF peak controlled hepatocyte entry
into the replicating phase and therefore fine-tuned the
overall tissue regeneration rate and magnitude.

However, modulating these molecular parameters did
not adequately account for the observed regeneration
profile of Adn”~ mice. In all the simulated scenarios,
the hepatocytes entered the cell cycle either too early,
renormalized too late, or showed a large increase in cell
death in the early phase after PHx coupled with a large
overshoot in recovery. These regeneration profiles were
inconsistent with the experimental observations in the
Adn™~ mice. Because the length of the cell cycle was
modelled as lasting approximately 30 h, any molecular
changes that allow renormalization of regeneration by
54 h cause regeneration to increase earlier than was
seen experimentally in the Adn”~ mice. To account
for this difference, we increased the replication rate
of hepatocytes in the Adn™~ condition. By increasing
hepatocyte replication rate by 15%, the model captured the
experimentally observed regenerative profile, including a
delay in initiation of regeneration, similar replication by
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Figure 4. Modelling the dynamics of the Adn™~ regeneration phenotype

A, simulated profile for Adn”= mice showed delayed onset of liver regeneration, followed by renormalized liver
mass at approximately 60 h after PHx and enhanced recovery thereafter. This profile was mediated by delayed and
suppressed priming as well as replication during the first 20 h after PHx and enhanced replication beyond 30 h
after PHx. B, the Adn™~ phenotypic changes were governed by decreased IL-6 signalling in the priming phase,
causing decreased STAT3 phosphorylation, and increased GF signalling during peak hepatocyte replication.
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Table 3. Modified parameter values

Parameter Original value Adn™ value
M 16.8 19.3365
KiLe 1.5 0.7326
KIL6 0.9 0.0017
Kdeg 7 15.2973
KECM 33 37

kar 0.113 0.04

KGF 0.23 0.05

kup 0.06 0.0561
Kprol 0.02 0.023

36 h after PHx, and renormalization by 54 h after PHx
(Fig. 4A). Table 3 contains the key parameters and their
modified values for which the model simulations exhibit
an Adn™" regeneration phenotype that is consistent with
the experimental observations.

Simulations with these parameters predicted that one
of the key features driving the Adn™~ regeneration
phenotype was a slightly decreased IL-6 level, detectable
by 3 h after PHx (Fig. 4B). This moderate decrease
(~2% decrease in peak levels) led to a simultaneous
decrease in tyrosine phosphorylation of STAT3 by 3 h
after PHx (Fig. 4B). Despite this decrease, the levels of
phosphorylated STAT3 (pSTAT3) remained at sufficient
levels to induce production of suppressor of cyto-
kine signaling-3 (SOCS-3) at levels nearly identical to
that in the WT mice (Fig. 4B). The combination of
lower IL-6 and normal SOCS-3 synergistically inhibited
STAT3 phosphorylation (~25% decrease in peak levels)
and thus its activity, leading to the impaired priming
response in simulated Adn™~ mice underlying the delayed
regeneration. Note that the IL-6 levels in the model are
representative of the production of multiple inflammatory
molecules, release, diffusion, receptor binding and cellular
response. Hence, the effects of changing the cytokine
milieu after PHx may be seen as relatively small changes in
many inflammatory signalling levels instead of an isolated
change in IL-6 protein levels.

Our simulations pointed to an increase in GF levels,
detectable by 12 h after PHx and peaking at approximately
24 h after PHx, as another key feature driving the
Adn™" regeneration profile (Fig. 4B). This increased GF
bioavailability stimulated the hepatocytes in the primed
state to begin replication. Our analysis predicted that an
increased number of replicating hepatocytes in Adn™'~
mice, coupled with an increase in proliferation rate, can
compensate for the initial delay in regeneration. Similar
to the modelled changes in IL-6 levels, increased GF levels
in the simulated scenarios do not necessarily represent a
single growth factor but rather reflect a strengthening of
the growth factor milieu and their effects on hepatocyte
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replication. Based on the model predictions, we post-
ulate that an increased bioavailability of growth factors
associated with cell cycle progression may also contribute
to the enhanced cell cycle rate seen in Adn™~ mice.

Biochemical analysis revealed an altered balance of
cytokine and growth factor profiles in Adn™~ mice,
consistent with computational model predictions

We next analysed biological correlates of the predicted
control factors from the computational analysis. We
focused on cytokine production and response during
priming (0—6 h after PHx) and growth factor levels leading
up to and during peak hepatocyte replication (6-42 h
after PHx). We evaluated the changes in the inflammatory
cytokines TNFo and IL-6 as well as several growth factors
implicated in liver repair: hepatocyte growth factor
(HGF), angiogenin-1 (Ang-1) and fibroblast growth
factor 2 (FGF-2 or bFGF). TNFa and IL-6 are the main
inflammatory-type molecules identified as priming
hepatocytes to enter the cell cycle. HGF is a potent
mitogen and strongly contributes to hepatocyte entry
into the cell cycle (Taub, 2004; Michalopoulos, 2007).
Ang-1 contributes to regulation of angiogenesis in a
variety of pathological conditions and has been shown to
be involved in several processes involved in liver recovery
from hepatectomy, including wound healing and negative
regulation of inflammation (Pan ef al. 2012; Lee et al.
2014). In contrast to these two growth factors, FGF-2
is not typically associated with liver repair, and genetic
deletion does not impair regeneration after PHx (Sturm
et al. 2004). When FGF-2 is deleted, however, VEGF
increases after PHx above that in WT mice, indicating
that FGF-2 may act synergistically with VEGF to maintain
liver architecture, activate non-parenchymal cells and
induce hepatocyte replication.

Levels of TNF« protein, a driver of priming following
PHx, were measured in liver tissue lysates. TNFa levels
declined 1 h after PHx in Adn™~ mice (Fig. 5A). Both
WT and Adn™~ mice showed reduced TNFa levels by
3 h after PHx that remained reduced relative to base-
line levels 6 h after PHx (Fig. 5A). No difference in liver
TNFa levels was noted between WT and Adn™~ mice at 3
or 6 h after PHx (Fig. 5A). Our data are consistent with
membrane-bound TNFu present at baseline being cleaved
and degraded following receptor activation. Serum IL-6
levels were significantly elevated relative to baseline levels
at 1, 3 and 6 h after PHx in Adn™" mice and at 3 h after
PHx in WT mice, with the peak observed levels occurring
3 h after PHx (Fig. 5B). No significant differences in IL-6
levels were noted between WT and Adn™~ mice (Fig. 5B).

We assessed intracellular response to these cytokines
by measuring NF-«xB DNA binding and tyrosine 705
phosphorylated STAT3 (pSTAT3), important mediators
of TNFw and IL-6 action, respectively (Fausto et al. 2006).
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A significant increase in NF-«B DNA binding activity
was observed 1 h after PHx in Adn”~ mice (Fig. 5C),
simultaneous with the observed reduction in tissue levels
of TNFa protein (Fig. 5A). NF-«B activity remained
elevated at 3 and 6 h after PHx in Adn™~ mice. Although
NF-«B was significantly elevated only at 3 h after PHx
in WT mice, no significant differences in NF-xB DNA
binding activity were detected between WT and Adn™~
mice (Fig. 5C). Although pSTAT3 levels at baseline were
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low in both genotypes, Adn™~ mice had significantly lower
baseline pSTAT3 levels than WT mice (Fig. 5D,E). pSTAT3
levels increased relative to baseline levels in Adn™~ but not
WT mice 1 h after PHx (Fig. 5D,E). Liver pSTAT3 was
significantly elevated in WT mice relative to baseline at 3
and 6 h after PHx (Fig. 5D,E), coinciding with elevated
serum IL-6 levels (Fig. 5B). Despite similar IL-6 levels in
WT and Adn™~ mice at 3 and 6 h after PHx (Fig. 5B),
pSTAT3 was significantly lower in Adn™~ mice than WT
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Figure 5. Altered TNF« and IL-6 signalling and enhanced growth factor kinetics following PHx in the

Adn™ mice

A, TNFa protein levels after PHx were measured in liver lysates by enzyme-linked immunosorbent assay (ELISA)
and normalized to total sample protein levels. B, serum IL-6 levels were analysed by Quantibody Multiplex ELISA
Array. Each point represents an individual animal and horizontal bars represent mean IL-6 levels at each time
point. C, NF-«B DNA binding activity in liver nuclear extracts. D, Western blot of representative liver samples
probed with antibodies specific for phosphor-STAT3 (Tyr 705), STAT3 protein and GAPDH. E, quantification of
pSTAT3 normalized to total STAT3 protein (n = 3 per group). F, SOCS-3 transcripts were assessed by RT-PCR
and normalized to WT control transcript levels. G, quantification of Western blots of liver lysates for ANG-1. H,
quantification of Western blots of liver lysates for FGF-2. /, quantification of Western blots of liver lysates for
HGFa. Data are presented as mean 4 SEM. *P < 0.05, **P < 0.01 compared with control of respective genotype;
#P < 0.05, P < 0.01 Adn™~ different from WT at same time point (n = 3 per group).
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mice at 3 h after PHx (Fig. 5D,E), possibly leading to
reduced hepatocyte priming.

To assess factors that could contribute to these reduced
pSTAT3 levels, we analysed transcript levels of SOCS-3,
which codes for an inhibitor of STAT3 phosphorylation
(Fausto et al. 2006). At 3 h after PHx, SOCS-3 transcripts
in Adn™~ mice were elevated fourfold over baseline levels
and were significantly higher than in WT mice (Fig. 5F),
coincident with reduced pSTAT3 in Adn™~ mice. To test
the model prediction of higher growth factor signalling in
Adn™~ mice, we measured levels of multiple growth factors
known to influence liver regeneration: Ang-1, FGF-2 and
HGE. We observed that Adn™~ mice showed significantly
elevated and persistent Ang-1 levels at 24 and 30 h after
PHx (Fig. 5G). Adn™~ mice also showed FGF-2 levels
higher than WT mice at all times examined after PHx
(Fig. 5H). Expression of HGF proceeded similarly in WT
and Adn~"~ mice up to 24 h after PHx. The increase in HGF
levels persisted in Adn™~ mice, however, at both 30 and
42 h after PHx (Fig. 51), suggesting a sustained HGF signal
in Adn™~ mice. Thus, our results show decreased STAT3
phosphorylation during the priming phase coupled with
sustained elevation in several growth factors, consistent
with our model predictions of their putative contributions
to the altered Adn™~ regeneration phenotype. Increased
levels of SOCS-3 may contribute to decreased STAT3
phosphorylation, which may induce lower hepatocyte
priming. Additionally, elevated growth factors in Adn™'~
mice coincident with accelerated cell cycle progression
provide a potential mechanism underlying the observed
acceleration of cell cycle progression in Adn~~ animals.

Adn can directly inhibit growth factor-mediated
proliferation in part through direct binding of growth
factors and inhibiting their association with their cognate
receptors. This has been shown in vitro for platelet-derived
growth factor BB (PDGF BB), heparin-binding epidermal
growth factor-like growth factor (HB-EGF) and FGF-2
(Arita et al. 2002; Wang et al. 2005; Fayad et al. 2007).
We therefore investigated how Adn levels changed in WT
mice following PHx. We found that serum Adn decreased
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Figure 6. Adn serum levels following PHx in WT mice
Adn decreased during onset of S phase (30 h after PHx) and
remained decreased at 42 and 48 h after PHXx.
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significantly during the onset of S phase in WT mice,
30 h after PHx, and remained low through 48 h after PHx
(Fig. 6).

Computational analysis predicts that overexpression
of Adn disrupts regeneration by dysregulating the
cytokine and growth factor profiles

We speculated that Adn-mediated fine-tuning of liver
regeneration may be non-linear, with increasing Adn
levels leading to profoundly different effects than that of
lowering Adn levels by the same degree. We explored this
possibility using the computational model by simulating
the putative effects of increased Adn levels during
liver regeneration. We evaluated the effect of deviations
to parameters in opposite direction to those required
for matching the Adn™~ regeneration. This scenario
approximated an increase of Adn to twice the normal
physiological levels of serum Adn prior to PHx. The
resulting regeneration profile showed that increased Adn
led to an initially accelerated regeneration (612 h after
PHx) followed by a suppression of tissue mass recovery
(Fig. 7A). The underlying molecular changes, however,
were not merely the opposite of that of the Adn™'~ scenario.
Our simulation results revealed that increasing Adn levels
will lead to a relatively minor decrease in IL-6 signalling
and STAT3 phosphorylation during the first 12 h after
PHx, without significant effect on the hepatocyte priming
response during this time (Fig. 7B). Increasing Adn
levels also lengthened the priming response by sustaining
IL-6 signalling and STAT3 phosphorylation after PHx,
detectable by 48 h after PHx. In spite of this increased
priming response, our simulations predicted that GF levels
will be decreased at all times after PHx, counteracting
any potentially beneficial effects of increased priming and
leading to deficient regeneration in mice with increased
Adn levels.

Rosiglitazone-induced supraphysiological levels of
Adn inhibited hepatocyte replication in WT but not
Adn™" mice

We tested the model predictions on the effects of
elevation of Adn on hepatocyte replication after PHx
by pharmacologically increasing serum Adn levels in
WT and Adn™~ mice. We utilized rosiglitazone, an
anti-diabetic drug known to elevate serum Adn levels
(Nawrocki et al. 2006; Tao et al. 2010). Animals were
administered rosiglitazone (10 mg kg™!) or vehicle by
gavage twice a day during the 2 days preceding PHx.
Blood samples were taken before treatment and at harvest,
and livers were assessed for BrdU incorporation and
cyclin A expression at the peak of S phase, 36 h after
PHx. Rosiglitazone treatment was associated with a
60% elevation in serum Adn in WT mice relative to
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controls both before surgery and at harvest (Fig. 8A).
No serum Adn was detected in Adn™~ mice at any time,
which is consistent with previous studies of rosiglitazone
effects in Adn™~ mice (Tao et al. 2010). Rosiglitazone
treatment was associated with significant reductions
in both BrdU incorporation (Fig. 8B) and cyclin A
protein levels (Fig. 8C) 36 h after PHx in WT mice
compared to vehicle-treated controls. Adn™~ mice showed
no differences relative to vehicle-treated controls (Fig.
8C,D). Cyclin D1 protein levels were also reduced in
rosiglitazone-treated WT mice relative to Adn™'~ mice (at
a 90% confidence level) (Fig. 8D).

We additionally investigated the effects of elevated
Adn on growth factors at 36 h after PHx. Consistent
with the model-based predictions, rosiglitazone treatment
decreased both FGF-2 and HGF levels in WT animals
at 36 h after PHx (Fig. 8E,F). Adn™~ animals, however,
showed a more complex response with no change to
FGF-2 levels but a marked decrease in HGF levels (Fig.
8E,F). This indicates that in addition to stimulating Adn
to decrease HGF levels, rosiglitazone may both indirectly
(through Adn) and directly inhibit HGF production. This
is in direct conflict with a recent study reporting that
rosiglitazone induces HGF production in vitro in isolated
lung fibroblasts (Bogatkevich et al. 2012). Other studies,
however, have found that rosiglitazone treatment in vitro
inhibits HGF production by patient-derived primary
effusion lymphoma cells (Bhatt et al. 2010). Together with
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our data, these studies indicate potential cell or tissue
type-specific effects of rosiglitazone treatment on HGF
production.

Our data show that rosiglitazone treatment elevates
serum Adn levels in WT mice and, consistent with
model-based predictions, inhibits PHx-induced GF
bioavailability, cyclin A expression and BrdU incor-
poration in WT mice. Rosiglitazone-treated Adn~/~
mice, on the other hand, show no inhibition of cyclin
A expression or BrdU incorportation but a differential
GF response to PHx, with normal levels of FGF-2 and
low levels of HGF (compared to untreated Adn™'~ mice)
at 36 h after PHx. These results suggest that elevated
Adn inhibits hepatocyte proliferation through decreasing
growth factor response to PHx but that rosiglitazone has
one or more additional inhibitory effecta on some growth
factor levels that are independent of Adn.

Discussion

The PHx studies reported here demonstrate that Adn™~
mice have a delayed onset of hepatocyte proliferation
compared to WT mice after PHx but show no difference
in BrdU incorporation or liver mass recovery 54 h after
PHx. This suggests that the loss of Adn suppresses the
processes associated with priming of the liver, at least in
part through a deregulation of STAT3 signalling. Cell cycle
kinetics, however, eventually accelerate to normalize the
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Figure 7. Modelling the regeneration dynamics corresponding to the rosiglitazone-induced supra-

physiological Adn phenotype

A, the key controlling factors corresponding to the Adn

e

phenotype were altered in the opposite manner to

simulate the effect of an increase in Adn levels. The simulated profile for rosiglitazone-treated mice showed
suppressed liver regeneration. Although rosiglitazone treatment initially caused a slight lead in liver recovery
due to increased priming, ultimately reduced replication suppressed liver recovery from PHx. B, these phenotypic
changes were governed by sustained IL-6 signalling but decreased GF signalling throughout regeneration.
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regenerative response. Our model analysis suggests that
this acceleration is probably due to sustained increases in
critical pro-proliferative growth factors.

During hepatocyte priming, Adn™~ mice have similar
serum IL-6 levels to WT mice; however, they have reduced
pSTAT3, coupled with increased expression of the STAT3
inhibitor SOCS-3. The computational model suggests
that small deficiencies in IL-6 signalling transduction
during the priming phase (modelled as a ~2% decrease
in IL-6 levels) in Adn™~ mice may be responsible for
larger decreases in downstream STAT3 phosphorylation
(up to ~25% decrease, based on the model). Two clear
implications arise from these results. The first is that
subtle, unobservable changes in upstream signalling may
cause large, significant changes downstream. Therefore, it
is important to consider systems-level interactions when
unravelling complex disease phenotypes. The second
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implication is that interventions with relatively small
effect on targeted upstream regulators may be effective
at renormalizing the altered regeneration phenotypes.

Our data showing delayed onset of hepatocyte
proliferation after PHx are consistent with previous
reports involving Adn™~ mice (Ezaki et al. 2009; Shu et al.
2009). In addition, the latter authors also observed reduced
STAT3 activation coordinated with SOCS3 upregulation
at 24 and 48 h after PHx in Adn™~ mice relative to WT.
However, STAT3 phosphorylation at these times is much
lower than STAT3 phosphorylation at 3 and 6 h after PHx
(Aoyama et al. 2009), and the functional importance of
the later phosphorylation remains unclear.

Additionally, other signalling processes may contribute
to the observed profile. Adn may also regulate changes
in liver ceramide levels after hepatectomy (Correnti et al.
2014). TNF« is a potent activator of sphingomyelinase,
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Figure 8. Effects of rosiglitazone treatment on hepatocyte replication after PHx in WT and Adn 7~ mice
A, serum samples taken from tail blood of WT mice at various times were assessed for Adn by ELISA. B, the
percentage of BrdU-positive hepatocytes was calculated from liver sections stained for BrdU and quantifying
BrdU-positive nuclei and total nuclei from five representative fields at 20x magnification (n = 4 per group).
C, quantification of Western blots for cyclin A (n = 3 per group). D, quantification of Western blots for cyclin D1
(n = 3 per group). £, Western blot of representative liver samples probed with antibodies specific for FGF-2 and
B-actin. (Lower) Quantification of Western blots for FGF-2 (n = 3 per group). £, Western blot of representative
liver samples probed with antibodies specific for HGF-a and B-actin. (Lower) Quantification of Western blots for
HGF-a (n = 3 per group). Data are presented as mean 4 SEM. ***P < 0.01, *P < 0.05 significantly different from
vehicle-treated WT mice. ###P < 0.01 compared to vehicle-treated Adn™~ mice.
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which hydrolyses sphingomyelin to ceramide. Therefore,
inflammatory signals early after PHx probably promote
increases in cellular ceramide, which have been observed
after PHx (Alessenko et al. 1999). We expect this effect
to be enhanced in Adn™~ mice because of the absence
of Adn receptor-dependent ceramidase activity (Holland
et al. 2011). Increased ceramide levels have also recently
been linked to elevated levels of the tyrosine phosphatase
SHP-1 (Gopalan et al. 2013). Increased SHP-1, which can
dephosphorylate STAT3, provides an additional potential
mechanism for the abrogated STAT3 signalling observed
in Adn™"~ mice.

While hepatocytes are in the replicating stage of
regeneration, Adn™~ mice have sustained higher levels
of growth factors that are known drivers of regeneration
as well as growth factors not typically associated with
regeneration. HGF is one of only a few potent mitogens
which can induce hepatocyte proliferation without the
benefit of cofactors (Court et al. 2002). It is produced
predominantly in hepatic stellate cells, can be bound to
the ECM and is released from ECM MMPs produced by
non-parenchymal cells. HGF signals through the c-Met
receptor in hepatoctyes to stimulate regeneration (Taub,
2004; Michalopoulos, 2007). The sustained increase in
HGF suggests hepatocytes from Adn™~ mice receive a
more sustained growth signal, which may both promote
cell cycle entry and contribute to the accelerated cell cycle
progression in Adn™~ mice. Ang-1 is one of the highest
expressed genes in activated hepatic stellate cells in vitro
and contributes to vascularization in tissues (Jiang et al.
2006; Pan et al. 2012). Higher Ang-1 levels probably
correspond to increased tissue remodelling in Adn™'~
mice to maintain liver architecture during later periods of
enhanced regeneration. In contrast to these two growth
factors, FGF-2 has been shown to have little effect during
liver regeneration in WT animals. It is therefore not
surprising that FGF-2 levels were not altered after PHx
in WT mice. In contrast, Adn™~ mice expressed elevated
FGF-2 following PHx, suggesting that Adn negatively
regulates the FGF-2 response. Also, an earlier report of
an increase in VEGF after PHx in mice carrying a genetic
deletion of FGF-2 suggests that FGF-2 can act similarly
to VEGF to regulate liver structure and non-parenchymal
cell activity. By measuring these three growth factors,
we were able to characterize classical growth factor
signalling to hepatocytes, remodelling growth factor
signalling influencing non-parenchymal cell activity, and
compensatory or additional growth factor signalling
(Sturm et al. 2004). The sustained bioavailability of
these growth factors in Adn™~ mice suggests that cells
producing these growth factors (predominantly hepatic
stellate cells) may be constitutively activated or activated
to an alternative phenotype following PHx in the absence
of Adn (Jiang et al. 2006; Friedman, 2008).

A recent study suggests that Adn may inhibit hepatic
stellate cell activation and induce apoptosis by binding
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to AdipoR1 and AdipoR2, inducing activation of PPAR-«
(Ding et al. 2005). It is possible that the absence of Adn
removes this inhibition on stellate cell activation, thus
enabling stellate cell-produced factors to persist longer in
the liver, including the growth factors FGF-2, Ang-1 and
HGE The altered dynamics of growth factor signalling
during the first 20 h after PHx, however, indicates that the
modulatory effect of Adn on stellate cells is more complex
than a simple activation/deactivation relationship.

Adn has also been shown to directly inhibit growth
factor-mediated proliferation in part through direct
binding of growth factors and inhibiting their association
with their cognate receptors (Fayad et al. 2007; Wang et al.
2005). We observed significant decreases in serum Adn
during the onset of S phase in WT mice, 30 h after PHx.
While these decreases were modest, because serum Adn
levels are tightly regulated, small decreases in Adn may
have larger effects on sequestering GFs (Nawrocki et al.
2006). Although GFs were higher in Adn™~ mice, we noted
no differences in cyclin D1 expression between genotypes
at this time, suggesting the effect of elevated Adn is to
block hepatocyte cell cycle after G1, potentially at the G1/S
transition. We have investigated intracellular pathways
classically activated by growth factors (ERK, JNK, Akt)
but have found no differential regulation between WT
and Adn™~ mice.

Rosiglitazone also modulates liver regeneration,
probably in part through raising serum Adn. Rosiglita-
zone-treated mice show higher levels of serum Adn
and opposite changes in the progression of regenera-
tion to that observed in Adn™~ mice. Rosiglitazone-treated
mice have lower growth factor levels and lower
regeneration markers than WT mice. Our data show
that deficient regeneration is associated with a significant
elevation of serum Adn in WT mice and is abrogated
in the Adn™~ mice, suggesting that Adn is required for
this effect. This is also consistent with a growing body
of literature demonstrating that Adn is required for the
full beneficial effects of rosiglitazone treatment in diabetic
patients (Combs et al. 2002; Nawrocki et al. 2006; Hoo
et al. 2007; Tao et al. 2010). Rosiglitazone, however, may
have an additional inhibitory effect on HGF production
that is independent of Adn.

These results have further implications for the systemic
effects of rosiglitazone (and possibly other drugs of the
glitazone class that act through increasing Adn levels).
Rosiglitazone, which probably has tissue-specific effects,
does not specifically target the liver. Previous studies
have shown that rosiglitazone treatment increases the
risk of myocardial infarction and subsequent death from
cardiovascular causes in humans (Nissen & Wolski, 2007),
decreases the extent of lung injury in animals (Honiden
& Gong, 2009) and may be protective in cancer (Monami
et al. 2008), in addition to blunting liver repair as we
have shown in the present study and has been shown
previously (Turmelle et al. 2006). Additionally, our study
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suggests that Adn is required for the suppressive effect of
rosiglitazone on liver regeneration. It is possible that the
sustained inflammatory response to injury and reduced
GF response that we observed may parallel the effect of
rosiglitazone on other tissues as well, which may also be
mediated by Adn.

Our integrated experimental and computational
modelling demonstrates that Adn regulates liver
regeneration through modulating multiple opposing
hepatocyte signalling inputs from non-parenchymal cells
governing the rate of progression through the cell cycle,
cytokine signalling and growth factor bioavailability. Adn
probably fine-tunes the dynamics of regeneration by
enhancing the onset of hepatocyte proliferation during
the priming phase by increasing STAT3 phosphorylation
but suppressing overall liver regeneration through
sequestration of GFs and decreasing GF persistence in the
liver.
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