
R

D
p

P
M
a

b

c

d

a

A
R
R
1
A

K
G
I
M
A
D
L

1

p
t
(
2
w
n
l

g
s

m
I

h
0

European Journal of Cell Biology 96 (2017) 61–69

Contents lists available at ScienceDirect

European  Journal  of  Cell  Biology

jo ur nal homepage: www.elsev ier .co m/locate /e jcb

esearch  paper

ynamical  modeling  of  liver  Aquaporin-9  expression  and  glycerol
ermeability  in  hepatic  glucose  metabolism

atrizia  Genaa,  Nicoletta  Del  Buonob,  Marcello  D’Abbiccob, Maria  Mastrodonatoc,
arco  Berardid,  Maria  Sveltoa,  Luciano  Lopezb,  Giuseppe  Calamitaa,∗

Dipartimento di Bioscienze, Biotecnologie e Biofarmaceutica, Università degli Studi di Bari “Aldo Moro”, via Orabona, 4-70125 Bari, Italy
Dipartimento di Matematica, Università degli Studi di Bari “Aldo Moro”, via Orabona, 4-70125 Bari, Italy
Dipartimento di Biologia, Università degli Studi di Bari “Aldo Moro”, via Orabona, 4-70125 Bari, Italy
Istituto di Ricerca sulle Acque, Consiglio Nazionale delle Ricerche (CNR), via De Blasio, 5-70132 Bari, Italy

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 26 August 2016
eceived in revised form
8 December 2016
ccepted 19 December 2016

eywords:
lucose homeostasis

nsulin
embrane glycerol permeability

quaglyceroporin channels
ifferential equations

a  b  s  t  r  a  c  t

Liver  is  crucial  in the  homeostasis  of glycerol,  an important  metabolic  intermediate.  Plasma  glycerol  is
imported  by  hepatocytes  mainly  through  Aquaporin-9  (AQP9),  an  aquaglyceroporin  channel  negatively
regulated  by  insulin  in rodents.  AQP9  is of  critical  importance  in  glycerol  metabolism  since  hepatic  glyc-
erol utilization  is  rate-limited  at the  hepatocyte  membrane  permeation  step.  Glycerol  kinase  catalyzes  the
initial  step  for the  conversion  of  the imported  glycerol  into  glycerol-3-phosphate,  a major  substrate  for
de  novo  synthesis  of  glucose  (gluconeogenesis)  and/or  triacyglycerols  (lipogenesis).  A model  addressing
the  glucose-insulin  system  to describe  the  hepatic  glycerol  import  and metabolism  and  the  correlation
with the  glucose  homeostasis  is lacking  so  far. Here  we  consider  a  system  of first-order  ordinary  differ-
ential  equations  delineating  the  relevance  of hepatocyte  AQP9  in liver  glycerol  permeability.  Assuming
the  hepatic  glycerol  permeability  as depending  on  the  protein  levels  of  AQP9,  a  mathematical  function  is
designed  describing  the  time  course  of the  involvement  of  AQP9  in  mouse  hepatic  glycerol  metabolism
east-squared approximation in  different  nutritional  states.  The  resulting  theoretical  relationship  is  derived  fitting  experimental  data
obtained  with  murine  models  at the fed,  fasted  or re-fed  condition.  While  providing  useful  insights  into
the  dynamics  of  liver  AQP9  involvement  in  male  rodent  glycerol  homeostasis  our  model  may be adapted
to  the  human  liver  serving  as  an important  module  of a whole  body-model  of  the glucose  metabolism
both  in  health  and  metabolic  diseases.

©  2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Aquaporin-9 (AQP9) is a protein belonging to Aquaglycero-
orins, a branch of the Aquaporin family of channels facilitating
ransport of glycerol and water across biological membranes
Agre, 2004; Gena et al., 2011; Hara-Chikuma and Verkman,
006). AQP9 features broad selectivity allowing transport of a

ide variety of non-charged solutes including urea, carbamides,
ucleosides, monocarboxylates, purines, pyrimidines and metal-

oid arsenic besides to glycerol and other polyols (Liu et al., 2002;

Abbreviations: AQP9, Aquaporin-9; G3P, glycerol-3-phosphate; glycoAQP9, N-
lycosylated AQP9; ODE, ordinary differential equation; TAG, triacylglycerol; S.E.M.,
tandard error of the mean.
∗ Corresponding author at: Dipartimento di Bioscienze, Biotecnologie e Biofar-
aceutica, Università degli Studi di Bari “Aldo Moro”, Via E. Orabona, 4-70125 Bari,

taly.
E-mail address: giuseppe.calamita@uniba.it (G. Calamita).

ttp://dx.doi.org/10.1016/j.ejcb.2016.12.003
171-9335/© 2016 Elsevier GmbH. All rights reserved.
Tsukaguchi et al., 1998). In rodents, AQP9 is mainly expressed in
liver parenchyma, at the sinusoidal plasma membrane of hepato-
cytes (Elkjaer et al., 2000). At lower extent rodent AQP9 is also found
in other body districts including peripheral leucocytes, epididymis,
vas deferens, epidermis and brain (Badaut et al., 2004; Ishibashi
et al., 1998; Pastor-Soler et al., 2001; Rojek et al., 2007). AQP9
expression in human tissues appears to be more selective than in
mice (Lindskog et al., 2016). In rodents, AQP9 is the major pathway
through which glycerol is imported from portal blood to hepato-
cytes during short-term fasting (Calamita et al., 2012; Jelen et al.,
2011). As soon as it is imported, glycerol is readily converted by
glycerol kinase into glycerol-3-phosphate (G3P), an important sub-
strate for de novo synthesis of glucose (gluconeogenesis) making
glycerol of pivotal importance in nutritional states requiring high
glucose production (Bernardino et al., 2016; Brisson et al., 2001;

Calamita et al., 2012; Calamita et al., 2015; Jelen et al., 2011). Hep-
atocyte AQP9 is also involved in lipid homeostasis being G3P a key
substrate also for triacylglycerols (TAGs) synthesis (Rodriguez et al.,

dx.doi.org/10.1016/j.ejcb.2016.12.003
http://www.sciencedirect.com/science/journal/01719335
http://www.elsevier.com/locate/ejcb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejcb.2016.12.003&domain=pdf
mailto:giuseppe.calamita@uniba.it
dx.doi.org/10.1016/j.ejcb.2016.12.003
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011a; Lebeck, 2014). AQP9 has also been reported to contribute
o rodent bile formation (Calamita et al., 2008) and catabolic urea
xtrusion (Jelen et al., 2012). In rodents, hepatocyte AQP9 is neg-
tively regulated by insulin at the transcriptional level (Kuriyama
t al., 2002) explaining why states of insulin resistance are accom-
anied by increased AQP9 (Calamita et al., 2015; Carbrey et al.,
003). Indicating relevance of AQP9 in glucose and lipid metabolism
nd energy balance, mice lacking AQP9 have reduced liver glycerol
ermeability associated with increased levels of plasma glycerol
nd TAGs (Calamita et al., 2012; Rojek et al., 2007). Mouse models
f obesity (specifically ob/ob mice) show reduced levels of hepa-
ocyte AQP9 accompanied with a significant decrease of the liver
lycerol permeability (Gena et al., 2013). A similar situation is seen
n obese patients with type 2 diabetes (Rodriguez et al., 2014). These
bservations have been interpreted as a compensatory mechanism
imed at contrasting both the ectopic accumulation of TAGs into
epatocytes and the progression of hyperglycemia (Gena et al.,
013; Rodriguez et al., 2014; Rodriguez et al., 2015b). Hepatocyte
QP9 is also modulated by leptin (Rodriguez et al., 2011b, 2015b)
lthough the regulation exerted by both insulin and leptin on the
xpression of the Aqp9 gene appears to be different when com-
aring rodents with humans (for reviews see Calamita et al., 2015
nd Lebeck, 2014). The expression of AQP9 is regulated at multi-
le levels as liver AQP9 undergoes sex-specific dimorphism both

n humans and rodents (for review see Rodriguez et al., 2015a).
his may  reflect a more general situation regarding the handling
f glycerol in the two sexes because gender-dependent differences
ave been also observed regarding two other metabolically impor-
ant aquaglyceroporins, AQP3 and AQP7, in the adipose tissue (for
eview see Rodriguez et al., 2015a).

Although a series of kinetic mathematical models of hepatic
lucose metabolism are already available (Bulik et al., 2016) a
odel integrating the hepatic import and handling of glycerol in

he glucose-insulin system is lacking, so far. Recently, we started to
pproach the question by describing a model for the hepatic glu-
ose metabolism based on Hill and step functions (D’Abbicco et al.,
016) as initial step in modeling the (i) refilling/depletion of glyco-
en stores during the fed/fasted state, (ii) the influence of plasma
lycerol and (iii)  the liver glycerol permeability to the protein levels
f hepatic AQP9 in glucose homeostasis. Here, we now report a sys-
em of nonlinear first-order ordinary differential equations to set
p a mathematical model of the hepatic glucose metabolism taking

nto account AQP9 and its role in facilitating the entry of lipolytic
lycerol into hepatocytes of male lean mice. A dataset of the time
ourse of plasma glucose and circulating insulin integrated with
he hepatic glycogen content is employed to simulate the expres-
ion of AQP9 and glycerol membrane permeability of mice in three
ifferent conditions of hepatic glucose metabolism, the fed, fasted
nd re-fed states. The obtained theoretical result agrees with the
xperimental data and represents a first attempt to mathemati-
ally describe changes of hepatic glycerol permeability as a direct
unction of hepatocyte AQP9 protein.

. Materials and methods

.1. Animals

Seven-week-old male C57BL/6J mice (Envigo RMS  srl, S. Pietro
l Natisone, Italy) were allowed free access to a standard labora-
ory rodent diet (Altromin-Rieper, Vandoies, Italy) and water ad
ibitum. For the experiments of fasting and re-feeding, the fasted

roup (four to six animals for each time point) was  starved for 2,
, 8, 10, 14, 18, 20, 24, 30, 36, 42 or 48 h before being sacrificed by
ervical dislocation while the fasted/re-fed group of animals had
ree access to diet for 12, 24, 36, 48, 60 or 72 h after 48 h of fasting.
Cell Biology 96 (2017) 61–69

Animals were housed in air-conditioned room with 12/12 h dark-
light cycle. All the studies have been approved by the animal care
and use Committee of the University of Bari (OPBA di Ateneo) and
the Italian Ministry of Health.

2.2. Analytical procedures

Plasma glucose levels were measured using an Accu-Check
Sensor (Roche Diagnostics, Mannheim, Germany) and a drop of
tail vein blood. For plasma glycerol analysis, blood samples were
collected from the right cardiac ventricle into heparinized tubes
and centrifuged for 10 min  at 4,000xg to remove blood cells.
Plasma glycerol concentrations were determined by using a colori-
metric enzyme method following the manufacturer’s instructions
(EnzyChromTM Glycerol Assay Kit, BioAssay System, Hayward, CA).
Plasma insulin was assayed by an ELISA kit as recommended by the
manufacturer (Millipore, Billerica, MA).

2.3. Preparation of hepatocyte sinusoidal plasma membrane
vesicles

The sinusoidal plasma membrane fraction of mouse hepato-
cytes was  prepared as previously described (Calamita et al., 2012).
Briefly, livers were quickly removed after the sacrifice and homoge-
nized with a Potter-Elvehjem homogenizer (15 strokes at 500 rpm)
in an ice-cold isolation medium consisting of 220 mM mannitol,
70 mM sucrose, 20 mM Tris-HCl, 1 mM EDTA and 5 mM EGTA, pH
7.4, added of a cocktail of protease inhibitors (1 mM PMSF, 1 mM
leupeptin, 1 mM pepstatin A). The cell homogenate was centrifuged
at 500Xg for 10 min  and the pellet consisting of nuclei and unbro-
ken cells was  discarded; the resulting supernatant was centrifuged
at 8,000Xg for 20 min. The related pellet containing mainly mito-
chondria was discarded, whereas the supernatant was  centrifuged
at 12,000 × g for 15 min. The resulting pellet enriched in the sinu-
soidal fraction of hepatocyte sinusoidal plasma membrane was
collected and the protein concentration assayed by the Lowry
method. All centrifugations were carried out at 4 ◦C. Enrichment
and purity of isolated sinusoidal membranes were comparable to
those previously reported (Marinelli et al., 2003). All chemicals
were purchased from Sigma Chemical Company (St. Louis, MO).

2.4. Immunoblotting analysis

Aliquots (30 �g of proteins) of hepatocyte sinusoidal mem-
branes prepared as above were heated to 90 ◦C for 5 min  and
electrophoresed in an SDS 13% acrylamide gel (Mighty Small II,
Amersham Biosciences, CA) using a low molecular weight pro-
tein ladder (GE Healthcare, Buckinghamshire, UK). The resolved
proteins were submitted to immunoblotting using anti-ratAQP9
antibodies (l �g/ml; Alpha Diagnostics International, San Antonio,
TX) as previously reported (Calamita et al., 2008). The immunoreac-
tive bands were quantified by densitometry using ImageJ software
(NIH, Bethesda, MD). The density of each band was normalized
against that of the housekeeper protein �-actin.

2.5. Stopped-flow light scattering measurement of glycerol
permeability

The size of the sinusoidal membrane-enriched vesicles prepared
as described above was  determined using a N5 Submicron Particle
Size Analyzer (Beckman Coulter, Palo Alto, CA) and by transmis-
sion electron microscopy. The time course of vesicle volume change

was followed from changes in scattered light intensity at 10 ◦C at
the wavelength of 530 nm by using a BioLogic MPS-200 stopped
flow reaction analyzer (BioLogic, Claix, France) that has a 1.6 ms
dead time and 99% mixing efficiency in <1 ms.  Light scattering
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xperiments were performed as previously described by submit-
ing the vesicles to a 150 mM inwardly directed gradient of glycerol
Calamita et al., 2008; Calamita et al., 2012). Glycerol permeability
oefficient (Pgly; cm/s) was computed by using the equation:

gly = 1/[(S/V)�]

here S/V is surface-to-volume ratio and � is the exponential time
onstant fitted to the vesicle swelling phase of light scattering time
ourse corresponding to glycerol entry.

.6. Biochemical analysis of hepatic glycogen content

Glycogen was extracted from the liver of fed, fasted and
asted/re-fed mice by alkaline extraction (Sprangers et al., 1998),
s previously described (Ferri et al., 2003). Briefly, extracted glyco-
en was hydrolyzed by treatment with amyloglucosidase at pH
.7, and the related glucose was measured spectrophotometri-
ally with adenosine triphosphate, oxidized nicotinamide adenine
inucleotide phosphate, glucose-6-phosphate dehydrogenase, and
exokinase.

.7. Histochemistry

Samples of each mouse liver specimen were fixed in a 4%
araformaldehyde solution in 0.1 M phosphate-buffered saline
PBS) pH 7.4 at 4 ◦C for 3 h. Samples were then dehydrated with
ncreasing acetone and embedded in Technovit 8100 kit (EMS, Hat-
eld, PA). Two microns thick sections were sequentially stained
ith Toluidine blue (TB)-periodic acid-Schiff (PAS). Digital pictures

original magnification: 400x) were taken for each sample using a
ikon Eclipse 600 photomicroscope equipped with a Nikon DMX
200 camera (Nikon Instruments SpA, Calenzano, Italy).

.8. Mathematical model

To describe the regulatory mechanism of the hepatic AQP9 pro-
ein output, later denoted by A, we employed a first-order ordinary
ifferential equation (ODE) containing an insulin negatively regu-

ated source term and a linear degradation rate, which is typical
f proteins. To determine the linear degradation rate, based on
ur previous time-course expression study (Calamita et al., 2012),
e assumed the hepatic AQP9 protein half-life approximately in

 h. Since the degradation rate � satisfies e−˛T = 0.5, where T = 8 h,
e derive � = T−1loge 2, approximately, � = 0.038/hour. The value

ssigned to � did not influence the derivation of the devised model.
he resulting equation describing the protein level of AQP9 was  the
ollowing one:

A/dt = h(I) − �A

here h(I) is a function depending on the circulating plasma insulin
. If the insulin level is kept constant at the value I for a sufficiently
arge time, then A tends to the equilibrium point A† = h(I)/�.

To mimic  this, we decided to model the function h(I)/� so that
t approximated the values obtained experimentally for I and A, at
ifferent time points, during the fasting state. The ODE regulating
he expression of AQP9 and, consequently, the liver glycerol per-

eability, denoted by Pgly(A), was then employed in the following
bstract differential system:

G/dt = f1(G,  I, �, Pgly(A))
I/dt = f2(G,  I)

�/dt = f3(G,  �)
Cell Biology 96 (2017) 61–69 63

dA/dt = h(I) − �A

where the four variables are the hepatic glucose, G, the circulating
plasma insulin I, the level of the glycogen stores �, and the AQP9
protein level, A.

The interplay between hepatic glucose, G, and glycogen stores,
�, is regulated by the opposite processes of glycogenolysis and
glycogen synthesis, in which glycogen is employed to produce
glucose or vice versa. As far as the glycogen stores deplete, the
glycogenolysis becomes less and less relevant. In prolonged fast-
ing, the gluconeogenesis becomes more and more relevant for the
hepatic glucose homeostasis as glycogen stores deplete. Several
models for the glucose-insulin system have been proposed (Bulik
et al., 2016; Chalhoub et al., 2007; Silber et al., 2010; Chen et al.,
2010; Palumbo et al., 2013) some of them specifically address-
ing the glucose-insulin-glycogen system (König et al., 2012). A
model for the hepatic glucose metabolism based on Hill and step
functions (general expression of Hill function are presented and dis-
cussed is the Results section), has been recently developed by our
group (D’Abbicco et al., 2016) starting from previous mathemati-
cal considerations indicating the importance of these functions in
modeling biological dynamical systems (Del Buono et al., 2014).

The novelty in the proposed system is that the variable Pgly
appearing in the function f1, represents the influence of the glycerol
permeability on the critical relevance of gluconeogenesis in deter-
mining the hepatic glucose dynamics. In the proposed model the
regulatory mechanism of hepatic AQP9 protein output as function
of h(I) and the Pgly value as function of the hepatic AQP9 protein
are described for the first time. The mathematical expression of h(I)
and Pgly(A) have been experimentally derived using nonlinear fit-
ting based on Hill function as described in the Results section. Hill
functions are largely used to describe the pattern of curve shapes for
most biochemical reactions and, more in general, biological input-
output relationships (Alon, 2006; DiStefano, 2015). Hill function of
order 2 could be used, for instance, to represent a positively reg-
ulated glucose-dependent nonlinear source term in the function
f2.

2.9. Statistical analysis

Experiments with each group of animals were performed at
least in triplicate. All data resulting from three to five independent
preparations were expressed as mean ± S.E.M. Data were analyzed
statistically by the Student’s t-test. Results were considered statis-
tically significant when P < 0.05.

3. Results

To set up a mathematical model capable to simulate the changes
in male murine hepatic glycerol permeability (Pgly) in function of
the different nutritional states we  started by assessing experimen-
tally the time course of the major metabolic parameters modulating
hepatic AQP9 expression and Pgly.

3.1. Analysis of plasma glucose, insulin and glycerol and hepatic
glycogen stores

Mice were kept in the fed, fasted (48 h) or re-fed states (72 h)
and the (i) plasma levels of glucose, glycerol and insulin and the
hepatic (ii) expression of AQP9 protein, and (iii) extent of glyco-
gen stores were measured at defined time intervals as described in

Materials and Methods. The impact of fasting and re-feeding condi-
tions was  also checked by measuring the mean body weight of the
animals at these two different nutritional states compared to the
mean body weight value assessed at the fed state, before the fast-
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Table 1
Mean body weight of mice at the fed, fasted and re-fed states.

Fed Fasted (48 h) Re-fed (72 h)

16.94 ± 0.57** (n = 22) 22.95 ± 0.29 (n = 22)
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Fig. 2. Changes of glycogen stores. Male mice were sacrificed in fed state or after 0, 2,
Body weight (grams) 22.83 ± 0.36 (n = 22) 

** P < 0.0001.

ng period (Table 1). Samples of each mouse liver specimen were
sed to evaluate the hepatic glycerol permeability (see below) after
reparing vesicles of the sinusoidal plasma membrane of hepa-
ocytes. As expected, starvation led to a significant reduction of
he body weight and plasma glucose whose levels, after re-feeding,
eturned to the ones measured at the initial fed state (Table 1 and
ig. 1A). In terms of circulating insulin, the decrease induced by
asting was reversed when the animals were re-fed (Fig. 1B). In
ine with our previous work (Calamita et al., 2012) and consistent

ith the significance of lipolytic glycerol as main source of glu-
oneogenesis in short-term fasting, 24–30 h of starvation led to a
ignificant increase of plasma glycerol whose levels returned to the
asal extent after 60 h of re-feeding (Fig. 1C).
Hepatic glucose output results from the contribution of de novo
ynthesis via gluconeogenesis and/or from degradation of hepatic
lycogen via glycogenolysis. Hence, samples of each mouse liver

ig. 1. Effect of feeding, fasting and re-feeding on the plasma levels of glucose,
nsulin and glycerol. Plasma was prepared from blood samples collected from male

ice sacrificed at various time points in fed state (full line), fasted (dashed line) or
e-fed (dotted line) conditions. Values are compared to those of mice always kept in
ed  state (continuous full line). Plasma glucose (A), insulin (B) and glycerol (C) were
ssayed as described in Materials and Methods. Data are mean ± S.E.M. from 4 to

 independent plasma samples. Asterisk (*), P < 0.01 (fed, fasted or re-fed state vs.
orresponding time point of mice constantly kept in fed state).

4,  8, 14, 18, 20, 24, 30, 36, and 48 h of fasting or 12, 24, 36, 48, 60 and 72 h of re-feeding
following the fasting and then livers removed for analyses. Glycogen content in
mouse liver parenchyma (milligrams per gram of hepatic mass) is from fed (full line),
48  h-fasted (dashed line) or after 72 h-re-feeding (dotted line). Values are compared
to  those of mice constantly kept in fed state (continuous full line). Glycogen storage
was  determined spectrophotometrically as described in Materials and Methods. The

values are presented as mean ± S.E.M. of 4–5 mice per group. Asterisk (*), P < 0.01
(fed, fasted or re-fed state vs. corresponding time point of mice constantly kept in
fed state).

specimen were used to assess the time course of hepatic glyco-
gen storage in the various experimental conditions. Glycogen stores
were assayed biochemically after alkaline extraction as described in
Materials and Methods. As expected, short term fasting was  accom-
panied by a marked increase in the rate of glycogenolysis leading
to a strong reduction of the glycogen stores. Glycogen started to
be re-accumulated within liver parenchyma when mice regained
access to food (Fig. 2). These changes in hepatic glycogen content
were fully confirmed by the histochemical analysis carried out with
sections of the same liver samples (Fig. 3A–F).

3.2. Hepatic AQP9 and glycerol permeability during short term
fasting and re-feeding

In a next step, the levels of hepatic AQP9 protein were analyzed
in the different nutritional states. The extent of AQP9 protein was
measured by semi-quantitative immunoblotting using a gravita-
tional membrane fraction enriched in hepatocyte sinusoidal plasma
membranes (see Materials and methods). Consistent with a pre-
vious work (Calamita et al., 2012), immunoreactive bands of 32
and 37–43 kDa were detected corresponding to the core and N-
glycosylated (glycoAQP9) forms of the AQP9 protein, respectively.
In line with the above results and role of AQP9 as glycerol chan-
nel, the levels of AQP9 were significantly higher in the fasted state
(18–20 h of starvation) than the fed or fasted/re-fed states (Fig. 4A).
Fig. 4B reports the time course of AQP9 expression in the liver of
the fed, fasted or re-fed mice. Hepatic AQP9 increased in the first
18–24 h of fasting while decreased considerably in the following
16–24 h of starvation. Seventy-hours of re-feeding returned AQP9
to the levels measured at the fed state (Fig. 4B).

Hepatic glycerol permeability (Pgly, 10−6 cm/s) was  assessed by
stopped-flow light scattering using aliquots of the hepatocyte sinu-
soidal membranes vesicle specimens employed to determine the
AQP9 protein in the different nutritional conditions. To measure the

hepatic glycerol permeability, membrane vesicles were submitted
to a 150 mM inwardly directed gradient of glycerol, as described
in Materials and Methods. In line with our previous study, hepatic
Pgly changed accordingly with the AQP9 protein values. Glycerol
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Fig. 3. Histochemical analysis of hepatic glycogen stores. Liver sections were stained with toluidine blue (TB)-periodic acid-Schiff (PAS) as described in Materials and Methods.
A  48 h 
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,  C and E, sections from fed (B), fasted (48 h; D) and re-fed (72 h of re-feeding after
tate  at time points 0-h, 48-h and 120-h (as from Fig. 2), respectively. Red staining
nterpretation of the references to colour in this figure legend, the reader is referred

ermeability steadily increased during fasting reaching the high-
st levels in the first 16–24 h and declining in the following 30 h of
tarvation (Fig. 5). Hepatic Pgly returned to the basal values after
0–36 h of re-feeding (Fig. 5).

.3. Approximation of liver glycerol import through AQP9 in the
asting state

To set up a mathematical expression of the functions h(I) and
gly (A) correlating the protein levels of AQP9 and expected value of
nsulin and glycerol permeability, respectively, we focused on the
QP9-mediated permeation of glycerol within liver parenchyma.
he liver glycerol permeability was assumed to depend only on the
evel A of the AQP9 protein during the fasting state, when hepa-
ocyte AQP9 is of maximal importance in mediating the import of
lycerol from the sinusoidal blood (Calamita et al., 2012).

The experimental observations were collected in a dataset con-

aining 20 pairs of Pgly and sinusoidal AQP9 protein values. The
ependence of Pgly from A was approximated using least squares
egression models. Data fitting in the least squares sense is a
odel approximation approach particularly useful when curvilin-
of fasting; F) mice, respectively. B, D and F, liver sections from mice kept in the fed
ates glycogen stores. cv,  centrolobular vein; ss,  sinusoidal space; bar, 25 �m. (For
e web version of this article.)

ear effects are present in the true response function or when very
complex nonlinear relationships are supposed to exist between
experimental data.

We approximated the experimental data using a nonlinear least
squares model based on Hill function of the form

Hill(x) = �1 + (�2–�1)/(1 + �n/xn)

where �i (i = 1,2) and � are real parameters and n is the degree of Hill
function assumed to be integer. Particularly, positive values of the
degree n provide an ascending curve while negative values model
a descending behavior (Alon, 2006; Gadagkar and Call, 2015).

The parameter values were obtained using the least squares
method, while the degree n of the Hill model which “best” fits
the data was  estimated by the 10-fold Cross Validation method (to
reduce variability, multiple rounds of 10 cross-validation are per-
formed using different partitions, and the validation results were
averaged over the rounds). Accordingly to the obtained results, the

smallest mean value error was  obtained using the following third
degree Hill function:

Pgly (A) = 8.6741 + (16.2616–8.6741)/(1 + 2.14643/A3) (1)
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Fig. 4. Hepatic expression of AQP9 in various nutritional conditions. A, represen-
tative immunoblot using an anti-AQP9 antibody showing the distribution of AQP9
among hepatocyte sinusoidal membrane fractions prepared from liver homogenates
of  fed, fasted (18 h) and re-fed (72 h) mice. AQP9 is detected as immunoreactive
bands of 32 and 37–43 kDa, corresponding to the core (AQP9) and glycosylated (gly-
coAQP9) forms of the protein, respectively. The lower panel shows the expression
of  ß-actin, a housekeeping protein used to normalize the expression of AQP9. B,
time course of AQP9 protein levels, expressed as the optic density (O.D.) of AQP9
and glycoAQP9 immunoreactive bands, in hepatocyte sinusoidal plasma membrane
of livers from mice in fed (full line), fasted (dashed line) or re-fed (dotted line) state
expressed as optic density of AQP9 and glycoAQP9 immunoreactive bands. The val-
ues are presented as mean ± S.E.M. of 4–5 mice per group. Asterisk (*), P < 0.01 (fed,
fasted or re-fed state vs. corresponding time point of mice constantly kept in fed
state).

Fig. 5. Time course of changes of the coefficient of glycerol permeability (Pgly) of
hepatocyte sinusoidal membrane of male mice at various time points of fed (full
line),  fasted (dashed line) or re-fed (dotted line) state. Glycerol permeability was
measured by stopped-flow light scattering as described in Materials and Methods.
Paralleling the expression of hepatic AQP9, the highest values of P were measured
a
t

g
t

i
e
i
n

Fig. 6. Graphical illustration of the third degree increasing Hill function fitting Pgly as
function of AQP9. The continuous red line represents the graph of the mathematical
function reported in Eq. (1) for the AQP9 protein levels, expressed as the optic den-
sity  (O.D.) of AQP9 and glycoAQP9 immunoreactive bands, in the interval [0,4]. Blue
circles represent the experimental data whereas blue error bar indicate the errors
between experimental observations and predicted mathematical value. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web  version of this article.)

Fig. 7. Graphical illustration of the fourth degree decreasing Hill function best fitting
the  experimental values of circulating insulin. The continuous red line represents the
graph of the obtained Hill function in the range interval of given data whereas blue
circles represent the experimental data coming from the immunoblotting analysis
(levels of AQP9 protein) and plasma biochemistry (circulating insulin). (For inter-
gly

fter 18–24 h of fasting. Asterisk (*), P < 0.01 (fasted or re-fed state vs. corresponding
ime point of fed state).

The behavior of the best fitting 3◦ Hill function in (1) against the
iven data (depicted as blue circles) and the error bar corresponding
o each data point is illustrated in Fig. 6.

Hill based nonlinear regression model with descending behav-
or (i.e., with negative degree value n) was adopted to best fit the

xperimental data composed of 7 observation values of circulating
nsulin and AQP9 protein. However, in this case, due to the reduced
umber of examples, a single trial was performed. The smallest
pretation of the references to colour in this figure legend, the reader is referred to
the web  version of this article.)

mean value error (in least squared sense) was obtained using the
fourth degree descending (n = –4) Hill function

h(I) = 0.0030 + (4.4255–0.0030)/(1 + I4/0.59284)
Fig. 7 shows the best fitting Hill function (depicted as a continu-
ous red curve) against the given data (depicted as blue circles) and
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he error bar corresponding to each data point. Finally, the system
f ODEs becomes:

G/dt = f1(G,  I, �,Pgly(A))

I/dt = f2(G,  I)

�/dt = f3(G,  � )

A/dt = 0.0030 + (4.4255–0.0030)/(1 + I4/0.59284) − ˛A

here the function Pgly(A) is described in Eq. (1).
We finally observed that the results obtained with least squares

tting models would not be reliable for values of the predictor
ariables outside the range of the experimental data.

. Discussion

Liver is the main organ controlling energy metabolism and
epatocytes exhibit high capacity of glycogenesis, glycogenolysis,
lycolysis and gluconeogenesis enabling them to temporarily store
onsiderable amounts of glucose as glycogen, to newly synthe-
ized glucose from different sources. In its phosphorylated form
G3P), glycerol is an important gluconeogenetic substrate, espe-
ially during short term fasting. Glycerol utilization by hepatocytes
s rate-limited by the permeation step through the sinusoidal
lasma membrane (Li and Lin, 1983) and AQP9 has been proved
o be the major pathway through which glucogenetic glycerol is
mported from the portal blood, especially during short-term fast-
ng (Calamita et al., 2012; Jelen et al., 2011). As a matter of fact, Aqp9
nockout mice did not show any increase in hepatic Pgly during
hort-term fasting whereas no other known mouse glycerol facili-
ators, namely AQP3 and AQP7 (Aqp10 is a pseudogene in mouse),
ppeared to be detected in the liver parenchyma of the same ani-
als. This was consistent with the observation that the hepatic

lycerol permeability of the AQP9-ablated mice does not diminish
fter treatment with phloretin, a blocker of the facilitated glycerol
ransport (Calamita et al., 2012). A recent work by Gregoire et al.
eported transcriptional expression of Aqp3 and Aqp7 (in addition
o Aqp9) in primary murine hepatocytes (Gregoire et al., 2015).
his suggests that the expression profile of hepatocyte aquaglyc-
roporins may  change in vitro conditions.

A series of detailed kinetic models of human glucose metabolism
oncentrating on inter-convertible metabolic enzymes and/or
nsulin and its antagonists glucagon and epinephrine are already
vailable (Bulik et al., 2016; Chalhoub et al., 2007; König et al., 2012;
ilber et al., 2010). However, a mathematical model of hepatic
lucose metabolism integrating the hepatic uptake of glucoplastic
lycerol and the dynamical role played by AQP9 in this process is
acking, so far. Recently, we approached the question by describing

 model of human hepatic glucose metabolism based on Hill and
tep functions (D’Abbicco et al., 2016). As initial step, we decided
o model critical parameters such as the changes of glycogen stores
ssociated to the fed and fasted states and the influence of plasma
lycerol and hepatic glycerol permeability in glucose homeostasis.
s a next step, in the present work, we added two  novel and critical
epatic variables such as the output of liver AQP9 protein and the
epatic permeability to glycerol. Based on the experimental data
btained using male murine models we derive, for the first time, a
orrelation between the two variables. We  also tentatively describe
he expression of AQP9 at the sinusoidal plasma membrane by

eans of a first-order ordinary differential equation where we

ssumed the linear degradation rate with a half-life time of 8 h, and
erived a production rate function, the latter known to be down-
egulated by circulating insulin. Limitations of our model cannot be
ompletely ruled out since hepatocyte AQP9 protein might be also
Cell Biology 96 (2017) 61–69 67

controlled by agents other than insulin acting on the degradation
of the protein. The signaling pathway and related control under-
lying liver AQP9 degradation will be matter of further studies. The
linear function used in the proposed model is therefore the sim-
plest option in modeling the degradation of the protein. After all,
the acquired data do not permit to completely parameterize the
whole model.

The liver glycerol permeability (Pgly) as a function of the hep-
atocyte AQP9 expression is assumed to appear as a source term
in the ordinary differential equation that regulates the variable
G representing the hepatic glucose. Due to the large number of
mechanisms and variables involved, no speculation appears to be
possible in absence of a huge amount of experimental data for
the measurements of glycerol permeability levels in different time
points of the fasting state for a large population of subjects. The
only educated guess which may  be formulated is that a very simple
model for function f1 should include: a linear component (of the
form −c1G) representing the insulin independent glucose utiliza-
tion, a nonlinear term (−c2IG) representing the insulin dependent
glucose utilization, and some source terms related to glycogenol-
ysis and glycerol membrane permeability which are negatively
regulated by insulin values. Still, derived abstract model can be
used to tentatively describe from a mathematical point of view the
dynamics of the AQP9 involvement in hepatic glucose metabolism
providing useful predictive information on how the liver glycerol
permeability changes as a direct function of the AQP9 protein at
the sinusoidal plasma membrane of hepatocyte. The correlation
between circulating insulin and hepatocyte AQP9 is also derived
constituting, to our knowledge, a novelty in the field of aquaporin
channels. The obtained abstract model is a tool to underlie the crit-
ical importance of modulating the levels of AQP9 and the extent of
glycerol permeability to adapt the hepatic metabolism to the dif-
ferent nutritional states acting on plasma glucose levels, hormonal
signals and content of glycogen stores within liver parenchyma.
The obtained data are also important for the fully understanding
of the role of the liver in glucose homeostasis, which is not always
completely accessible experimentally.

Consistent with previous studies, the highest extent of mouse
liver glycerol permeability is measured after 18–24 h of starva-
tion (Calamita et al., 2012), when glycerol constitutes the main
substrate sustaining hepatic gluconeogenesis (Landau et al., 1996;
Peroni et al., 1996), before declining gradually in the following
16–30 h of fasting, when the glucoplastic action of this metabolic
intermediate is steadily replaced by other sources in supplying the
hepatocyte glucose output (Reshef et al., 2003). This profile fits well
with the changes of the expression levels of AQP9 in the liver of mice
in different nutritional conditions. Moreover, the hepatic Pgly and
AQP9 protein are both inversely correlated with the liver glycogen
whose stores are almost completely emptied after 10–15 h of fast-
ing. While the main function of hepatocyte AQP9 seems to be that
of importing glycerol in short term fasting this aquaporin might be
of pleiotropic relevance to liver physiology as, in fed conditions, it
has been suggested to contribute to the extrusion of catabolic urea
(Jelen et al., 2012) and the import of water in primary bile formation
(Calamita et al., 2008).

Mathematical models are often an abstraction of reality describ-
ing multiple aspects of biological phenomena. Even so, it is
necessary to make some assumptions to figure out both the range
of model application and the limitations. The results of this work
refer to the normal physiological situation of male lean C57BL/6J
mice fed a standard diet where significant changes of the blood
glucose level occur in a time lapse of hours (Figs. 1–5) with the

metabolic network always being in quasi-steady state. The model
is also limited to physiological states of the liver where changes
in the energy and redox state can be neglected. Since the hepatic
energy condition is normally decoupled from the hepatocyte glu-
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ose metabolism, with �-oxidation of fatty acids providing ATP and
educed redox equivalents (NADH), our model is not able to sim-
late situations such as those created under hypoxic or ischemic
onditions. A further limitation is that of describing the metabolic
et behavior of the liver of a hepatocyte averaged over the whole

iver parenchyma. The model is therefore able only to simulate the
et effect of the liver on glucose balance. Considerable differences
xist in the coordinated regulation of fat-specific AQP7 and liver-
pecific AQP9 in determining glucose metabolism between healthy
nd insulin resistant rodents (Calamita et al., 2015; Hirako et al.,
015; Lebeck, 2014). Hence, mathematical modeling of glycerol
ermeability and aquaglyceroporins expression should take into
ccount the peculiarities of the specific patho-physiological condi-
ion especially when applying to metabolic disorders with altered
lucose metabolism.

Hepatic handling of glycerol is not fully comparable between
umans and rodents (Reshef et al., 2003). In line with this, the
epatic metabolism of the AQP9-imported glycerol is reported to
e quite distinct between man  and rat or mouse (for review see
odriguez et al., 2015a). However, both in humans and rodents,
oth the expression and hormonal control of liver AQP9 undergo
ender dimorphism (for review see Rodriguez et al., 2015a). In
umans, the higher expression of hepatocyte AQP9 in males than

emales seems to reflect the known preference of carbohydrate
etabolism in men  and lipid in women. These distinctions should

ot be disregarded in future mathematical models involving human
epatic AQP9 and glycerol permeability.

In conclusion, our mathematical model may  represent a valu-
ble tool in understanding the mechanistic relationships involving
QP9 and glycerol in rodent liver glucose metabolism. Moreover,

he model has good premises to be adapted and integrated to
odels of human whole-body glucose metabolism, especially in

eproducing the dynamics of glucose and energy homeostasis in
ealth and diseases accompanied by metabolic disorders.
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