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ABSTRACT The “Foie gras” or fatty liver is the result
of hepatic steatosis from nutritional origin and induced
by the force-feeding of palmipeds. Despite identical
rearing and force-feeding conditions of ducks from the
same breed, different liver weights, within a range of 500
to more than 700 g, are generally observed at the time of
evisceration. To better understand the determinism of
this large variability in fatty liver weights, the activity
of various metabolic pathways has been explored in
4 groups of steatotic livers differing by their weights.
Different analyses were performed using biochemical
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assays on metabolites as well as ELISA tests or enzyme
activity assays. The result showed that an increase in
the final liver weight is always associated with a hypoxic
response and even a severe hypoxia observed in livers
with the highest weights (more than 650 g). This is also
combined with a rise in the cellular oxidative stress
level. In addition, for the heaviest livers (more than
700 g), signs of cell death by apoptosis were also
observed, while others programmed cell death path-
ways, such as ferroptosis or necroptosis, seemed to be
nonactive.
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INTRODUCTION

The “Foie gras” is one of the most famous specialties of
the French gastronomy. Then, France supplies about
80% of the “Foie gras” produced each year in the world,
and 90% of the French population is a consumer of this
product (CIFOG, 2018).
The “Foie gras” comes from the fatty hypertrophy of

hepatocytes induced by the force-feeding of ducks with
corn during 10 to 12 D. In ducks, at the end of this period
of force-feeding, the liver must have a weight greater
than 300 g to be legally called “Foie gras” (UE, 2008).
During the force-feeding period, ducks are fed twice a

day with corn, usually in the form of a moistened flour.
The corn contains a large quantity of starch (about
64%, Souci et al., 2000) which is transformed into fatty
acids by the liver through the process of de novo lipogen-
esis. In addition, reabsorption of circulating lipids allows
the liver to become the main organ of fat storage during
this process (Th�eron, 2011). The imbalance between the
neosynthesis and the export of lipids finally results in the
accumulation of those lipids in hepatocytes as observed
in hepatic steatosis (Hermier et al., 2003). In birds, this
storage ability of lipids in the liver is natural and revers-
ible (Babil�e et al., 1996, 1998). In palmipeds, food-
induced hepatic steatosis is totally regulated by force-
feeding because when it stopped, the animal recovers
its initial status in only a few weeks (Th�eron, 2011).
Based on rearing and force-feeding conditions, fatty liver
of ducks can weigh from 300 to more than 800 g (Th�eron,
2011; Bonnefont et al., 2014, 2019; R�emignon et al.,
2018).

At the end of the force-feeding period, several modifi-
cations of various metabolic activities of the liver have
been observed. For example, there is a huge increase in
protein and lipid metabolisms but also in oxidative stress
mechanisms and even cell death by apoptosis (Babil�e
et al., 1998; B�enard and Labie, 1998; Th�eron, 2011;
Bonnefont et al., 2014; R�emignon et al., 2018).
However, all the cellular mechanisms induced by
force-feeding are not completely known and the presence
of hepatic cell deaths by apoptosis was very recently
described only in livers with a weight greater than
700 g (R�emignon et al., 2018).

According to Gautheron (2017), necroptosis is a form
of cell death that shares the molecular machinery of the
extrinsic apoptotic pathways with symptoms of necrosis.
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In humans, necroptosis could contribute to the develop-
ment of nonalcoholic hepatic steatosis (NASH).

According to Xie et al. (2016), ferroptosis is an
iron-dependent and reactive oxygen species (ROS)–
dependent form of programmed cell death. It is distinct
from other forms of programmed cell death at morpholog-
ical, biochemical, and genetic levels. Recently, Tsurusaki
et al. (2019) showed further evidence to suggest the
involvement of ferroptosis in patients with NASH.

Owing to the excessive energy supply during the
force-feeding period, the development of hepatic steato-
sis consumes a high quantity of oxygen associated with
an increase in the number of ROS. The high level of
ROS is a sign of an upward trend in oxidative stress.
Machado and Diehl (2016) have demonstrated that the
oxidative stress induced by the abnormal accumulation
of lipids must be considered as an important initiation
factor of NASH.

A reduction in the available amount of oxygen results
in tissue hypoxia as described by Gradwell (2006).
Suzuki et al. (2014) reported that a severe liver hypoxia
is observed and is due to disrupted hepatic oxygen ho-
meostasis caused by the altered hepatic metabolism
and tissue remodeling in fatty liver disease.

The aim of the present study is to monitor different
cellular markers in livers of different weights at the end
of a force-feeding period. Themain hypothesis to be tested
is that during the force-feeding period, the very significant
growth in the weight of the liver leads to a physical
obstruction which, in combination with an increase in
blood lipemia, induces discomfort in the microcirculation
of blood. Then, the major consequence could be the devel-
opment of a hepatic hypoxia caused by the decrease of
oxygen partial pressure in the liver. In addition, this hyp-
oxia combined with oxidative stress and other metabolic
disorders could induce the activation of a programmed
cell death pathway. Finally, depending on the weight of
the liver, this cell death could be supported by apoptosis,
necroptosis, or ferroptosis pathways.
MATERIALS AND METHODS

Animals and Samples

A flock of about 1,000 male mule ducks (Caïrina
moschata x Anas platyrhynchos) was reared for 12 wk in
accordance with standard commercial rules as described
by Bonnefont et al. (2019). Then, birds were force-fed
for 20 meals (twice a day during 10 D), in accordance
with a standard force-feeding programbased onmoistened
corn flour. At the beginning of the force-feeding period,
ducks received a quantity of 230 g/meal which was pro-
gressively increased to a final value of 480 g for the last
meal. As a whole, during the force-feeding period, ducks
ingested an average quantity of 8.834 kg of feed.

Approximately 11 h after the last meal, the birds were
slaughtered in a commercial slaughter house. Ducks first
underwent electronarcosis and then bleeding, scalding,
and plucking before liver evisceration (around 20 min
post-mortem). Livers were automatically weighed, and
150 of them were randomly harvested to create 4 exper-
imental groups composed of 40 livers weighing between
550 g and 599 g, 40 between 600 g and 649 g, 40 between
650 g and 700 g, and finally 30 with a weight greater than
700 g. From all those livers, 50 g was collected from the
median lobe and directly frozen in liquid nitrogen before
storage at 280�C.
The rest of the liverswere cooled to4�Con theprocessing

line before themeasurement of the color as per the CIELab
system (L*,a*, b*) performed on 3 different points located
on the large lobe of the liver with a chromameter (CR 300
Minolta, Osaka, Japan). Then, near-infrared spectroscopy
measurements were collected on 6 independent points of
the surface of the 150 livers using a spectrometer (Labspec
5000 Pro, ASD Inc., Boulder, CO) to predict the gross
biochemical characteristics of livers.

Biochemical Analyses

For all the 150 samples, the gross biochemical (i.e., dry
matter [DM], lipids, total nitrogen) contents were deter-
mined from near-infrared spectroscopy spectra in accor-
dance with the method described by Marie-Etancelin
et al. (2014). Forty-eight samples (12/groups) were
then selected for being representatives of the whole
150 samples and further analyzed for several markers
of biochemistry of the hepatocytes. The total amount
of protein was determined by the following formula:
(% Proteins 5 % total nitrogen ! 6.25).
All the biochemical determinations were done in

triplicate.

Reduced Glutathione-to-Total Glutathione
Ratio Analysis

The reduced glutathione (GSH)-to-total glutathione
(GT) ratio (GSH/GT) was determined in accordance
with the protocol described by the manufacturer (Cata-
log #: K264, BioVision Inc., CA). Briefly, comminuted
livers were homogenized in ice-cold GSH assay buffer.
Then, 60% of the homogenate was added to a prechilled
centrifuge tube containing perchloric acid (6N) to pre-
cipitate protein. After collecting the supernatant and
discarding the protein pellet, potassium hydroxide
(KOH, 6N) was added to precipitate perchloric acid
and neutralize the samples. Those mixtures were centri-
fuged, and each supernatant was taken for the assay.
For the GSH detection, the samples were diluted with

the assay buffer. For the GT detection, a reducing agent
was added to thewells,mixed, and incubated at room tem-
perature. Finally, o-phthalaldehyde was added to all sam-
ples before incubation at room temperature for 40 min.
The fluorescence intensity was then measured using a
microplate reader CLARIOstar Plus (BMG LABTECH
GmbH,Germany) at Ex/Emof 340/450 nm, respectively.

Lipids Oxidation Assay

Lipids oxidation assay was performed with thiobarbi-
turic acid reactive substances (TBARS) in accordance
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with the method of Lynch and Frei (1993). In an acidic
medium, malondialdehyde (MDA) reacts with thiobar-
bituric acid (TBA) to give a pink-colored complex that
displays maximum absorbence at 535 nm. The results
are calculated from a calibration curve obtained with
tetraethoxypropane that is transformed into MDA dur-
ing heating and reacts with TBA. The results were
expressed in mmol of MDA per g of fresh tissue.
ELISA Tests

Hypoxia-inducible factor 1 alpha (HIF1a), hypoxia-
inducible factor 2 alpha (HIF2a), glutathione peroxi-
dase 4 (GPX4), receptor-interacting serine/threonine-
protein kinase 3 (RIPK3), and serine/threonine-
protein phosphatase (PGAM5, [Phosphoglycerate
mutase family member 5], mitochondrial) contents
were determined with ELISA tests by using assay kits
from MyBioSouce (San Diego, CA) and in accordance
with the manufacturer’s protocol. Briefly, 250 mg of
each comminuted livers was homogenized in PBS buffer.
Soluble proteins were collected in the supernatant after
centrifugation at 10,000 g for 5 min. Protein concentra-
tion in the supernatant was then determined as per
Bradford’s test (Sigma-Aldrich, St Louis, MO). For
each determination, the assay was performed with
300 mg of total proteins. Results are expressed in pg of
proteins per g of fresh tissue except for GPX4 expressed
in U/pg.
Cathepsins Activities Assays

Measurements of cathepsins B, D, and L activities
were performed using assay kits in accordance with the
protocol described by the manufacturer (KA0766,
KA0767, and KA0770, respectively, Abnova, Taiwan).
Results are expressed in ratio of enzyme unit (U) per g
of fresh tissue.
Caspases Activities Assays

Measurements of caspases 3 1 7, 8, and 9 activities
were performed using the respective caspase/Glo assay
kits from Promega (Madison, WI) in accordance with
the protocols described by the manufacturer. Results
are expressed in ratio of enzyme unit (U) per g of fresh
tissue.
Statistical Analysis

Statistical analyses were performed using the SAS
software (version 9.4 of the SAS System for Windows)
and the R software (version 3.5.3). Before each analysis,
data which did not validate the assumptions for para-
metric tests were standardized with logarithm transfor-
mation. Then, ANalyses Of VAriance were performed
with the General Linear Model (Proc GLM) completed
with the Student-Newman-Keuls’ post hoc test to
compare the means of each groups. Simple correlations
(Proc Corr) were determined in accordance with the
method of Pearson. Finally, a canonical discriminant
analysis (Proc Candisc) was performed to observe all
the data (variables and observations) as a whole.
RESULTS AND DISCUSSION

For the whole flock of about 1,000 slaughtered male
mule ducks, the average liver weight was 580 g, while
the average live body weight was 6.5 kg. As expected
(Table 1), liver weights in the 4 studied groups were
largely different (P, 0.001). On the contrary, no signif-
icant differences (P . 0.05) were observed for DM and
total lipid contents and for color parameters between
the 4 studied groups. However, the total protein
contents from the 2 groups with the lowest weights
(550–599 g and 600–649 g) were significantly higher
(P , 0.001) than those from the intermediate (650–
699 g) or heaviest (.700 g) liver weight groups.
Oxidative Stress

In the present study, a significant (Table 2, P, 0.001)
decrease in the value of the GSH/GT ratio was observed
when the livers weighed more than 650 g. The results
also showed a nonsignificant difference between the 2
lowest and the 2 highest groups of liver weights for the
value of the GSH/GT ratio (Table 2). Nevertheless, a
significant difference was observed between livers with
a weight lower than 650 g and livers weighing more
than 650 g (P , 0.001).

Another indicator for measuring the oxidative stress
level in a tissue is the level of lipid peroxidation (Ghani
et al., 2017) as assessed by TBARS values according to
Lynch and Frei (1993). In the present study, the results
did not show any significant differences between the 4
studied groups for TBARS values.
Hypoxia

HIF1a and HIF2a are, respectively, markers of light
and severe hypoxia as reported by Rankin et al.
(2009). The results reported in Table 2 showed that
the concentration of HIF2a in livers was relatively vari-
able between the 4 studied groups. The lowest values
were found in the livers weighing between 600 and
649 g, while the highest value was recorded in the livers
weighing between 650 and 699 g. On the contrary, the
concentration of HIF1a decreased when the liver weights
increased to 650 g (P , 0.001).
Cell Death Pathways

In the present study, no significant differences be-
tween the 4 studied groups for the activity of initiator
caspases 8 and 9 were reported (Table 2). On the con-
trary, the activity of caspases 3 1 7 was found to be
higher (P , 0.05) in livers with a weight more than
700 g than in those with the lowest weights. However,
a very high variability existed in those measurements,
especially for the groups with the highest weights



Table 1. Liver weights (LW), gross chemical composition, and color parameters of livers from the
different studied groups (n 5 12 birds/groups).

Parameters 550 – 599 g 600 – 649 g 650 – 699 g .700 g P. value

LW (g) 576 6 17a 626 6 16b 676 6 14c 767 6 36d ***
Lipids (% of dry matter) 57.1 6 0.9 57.2 6 1.7 57.4 6 1.1 57.9 6 1.2 NS
Dry matter (% of raw weight) 70.2 6 0.9 70.4 6 1.4 70.6 6 1 70.9 6 1.4 NS
Proteins (% of dry matter) 7.03 6 0.43a 6.93 6 0.44a 6.47 6 0.43b 6 6 0.43c ***
L* 71.4 6 1.4 71.4 6 1.9 71.4 6 1.6 72.4 6 1.5 NS
a* 9.34 6 0.94 9.32 6 1.6 9.52 6 1.43 9.01 6 0.93 NS
b* 29.06 6 1.61 29.67 6 2.13 28.8 6 1.74 28.33 6 1.64 NS

Values are means 6 SD. Within a line, values with different superscripts differ significantly (*P � 0.05,
**P � 0.01, ***P � 0.001, and NS: not significant).
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(coefficients of variation 5 121 and 96% in 650–699
and . 700 g groups, respectively). This high variability
explains why a nonsignificant difference was reported
between the different groups of liver weights but also re-
veals a complexity in the interpretation of the results
and finally shows that a liver with a high weight will
not inevitably present that sign of activation of cell
death by apoptosis.

As reported in Table 2, the activities of cathepsins var-
ied based on groups and the types of cathepsins. For the
activities of the isoforms D and L, no significant differ-
ences were observed between the different groups of liver
weights. On the contrary, the activity of the cathepsin B
was found to be significantly higher in livers with the
lowest weights, that is, lower than 650 g (P , 0.001).

As indicated in Table 2 by nonsignificant differences
in the concentrations of their respective markers be-
tween the 4 studied groups, neither ferroptosis nor nec-
roptosis programmed cellular death pathways were
found to be differently activated in the present study.

Figure 1 reported the results of the canonical discrim-
inant analysis used to try to distinguish the 4 liver
weights groups based on the measurements of the
markers described earlier. It shows that the first
(horizontal) axis is able to distinguish the 2 lightest
from the 2 heaviest groups, while the second one (verti-
cal axis) makes possible the distinction between the 2
heaviest groups but not the 2 lightest ones. The
measured markers having the greatest influences in those
distinctions of the groups of weights of livers are the
GSH/GT ratio (relative to the oxidative status), the
Table 2. Quantity of metabolic marker involved in different metabolic

Parameters 550 – 599 g

Oxydative
stress

GSH/GT ratio 0.18 6 0.01a

TBARS
(mmol MDA/g of fresh tissue)

4.12 6 1.11

Hypoxia HIF1a (pg/g of fresh tissue) 148 6 25a 11
HIF2a (pg/g of fresh tissue) 46 6 17.6a,b 3

Necroptosis RIPK3 (pg/g of fresh tissue) 2,676 6 793 2,30
PGAM5 (pg/g of fresh tissue) 2,980 6 760 2,45

Ferroptosis GPX4 (U/g of fresh tissue) 107 6 30 8
Apoptosis CASP317 (ratio/g of fresh tissue) 1,368 6 627a 1,32

CASP8 (ratio/g of fresh tissue) 23,918 6 6,579 23,63
CASP9 (ratio/g of fresh tissue) 29,283 6 6,376 28,76
CathL (ratio/g of fresh tissue) 80.7 6 18.6 7
CathD (ratio/g of fresh tissue) 56.5 6 5.9 5
CathB (ratio/g of fresh tissue) 73 6 6a 7

Values are means 6 SD. Within a line, values with different superscripts di
Abbreviation: NS, not significant.
level of HIF1a (reporting a light hypoxia), and the activ-
ity of cathepsin B (activated in proteolysis). Those
markers are of great importance to distinguish the 2
lightest from the 2 heaviest groups of livers. Of second-
ary importance are the activities of the caspases to sepa-
rate the 2 heaviest groups of livers.
The aim of this experiment was to observe some

cellular markers in the liver of ducks weighing differently
but exhibiting similar levels of a nutritional steatosis as
assessed by similar total lipids contents.
In ducks, the weight of the liver increases from a

weight of about 80 to more than 500 g after 10 D
(Th�eron 2011; R�emignon et al., 2018; Bonnefont et al.,
2019) of force-feeding. This is due to the development
of hepatic steatosis resulting from the accumulation of
triglycerides in the hepatocytes. As described by
Locsm�andi et al. (2007), those lipids are stored in macro-
vacuoles located in the cytoplasm of hepatocytes.
According to Hermier et al. (1999), during the
force-feeding, the lipid rate in the livers of ducks can in-
crease from 5% to more than 50% of DM. In the present
study, all livers were more or less heavy but always pre-
sented a high percentage of lipids (around 57% of DM).
Mann et al. (2017) reported that the oxidative stress is

central in the pathogenesis of NASH. They suggested
that for NASH, mitochondrial dysfunction is the main
source of ROS and is closely related to endoplasmic retic-
ulum stress. Both are caused by lipotoxicity, and
together these factors form a cycle of progressive organ-
elle damage resulting in sterile inflammation and
apoptosis. According to Sahoo et al. (2017), GSH is
pathways (n 5 12 birds/groups).

600 – 649 g 650 – 699 g .700 g P-value

0.19 6 0.03a 0.13 6 0.02b 0.13 6 0.03b ***
3.66 6 0.83 4.1 6 1.22 3.8 6 0.8 NS

5 6 26b 89 6 38c 88 6 34 c ***
5.8 6 11.3b 64.7 6 22.7a 53.7 6 21.8a,b **
3 6 820 2,217 6 1,179 2,337 6 1,346 NS
7 6 835 2,557 6 995 2,984 6 1,846 NS
6 6 20 79 6 50 71 6 38 NS
7 6 433a 1,838 6 2,222a 3,756 6 3,628b *
0 6 5,314 26,197 6 16,156 39,232 6 27,616 NS
1 6 4,833 30,706 6 14,616 41,455 6 24,376 NS
7.3 6 12 74.5 6 15.7 71.1 6 19.8 NS
3.7 6 3.3 50.5 6 7.4 51.2 6 5.8 NS
0.6 6 5.7a 62.3 6 9.4b 63 6 7.3b ***

ffer significantly (*P � 0.05, **P � 0.01, ***P � 0.001).
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the most important intracellular antioxidant. It acts as a
free radical scavenger, and in combination with gluta-
thione peroxidases, it contributes to detoxification of
hydrogen peroxides by reducing ROS. Consequently,
the ratio of GSH to oxidized glutathione is an indicator
of cellular health, and a decrease of its value must be
associated with a major cellular dysfunction (Chen
et al., 2013). In mice, those authors reported that a se-
vere depletion of hepatic GSH is associated with a
massive steatosis, the death of hepatocytes, and an in-
flammatory infiltration. In the present study, the
GSH/GT ratio decreased significantly when livers
weighed more than 650 g, indicating that a high oxida-
tive stress is present in the livers with the highest
weights.
However, nonaccumulation of lipid hydroperoxides is
confirmed by the lack of significance when TBARS
values of the different groups are compared. It is notice-
able that this lack of accumulation of lipid hydroperox-
ides was already suggested by Th�eron (2011) who
reported similar levels of TBARS values in livers from
force-fed duck, while Ciapaite et al. (2011) reported
opposite results in studies with livers of rats exhibiting
steatosis induced by a high-fat diet.

According to McGarry et al. (2018), an increase in
ROS can result from a reduction of an oxygen supply ef-
ficiency which leads to a hypoxic microenvironment and
mitochondrial dysfunctions. According to Suzuki et al.
(2014), in mammals, altered hepatic metabolism and tis-
sue remodeling in fatty liver disease further disrupt
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hepatic oxygen homeostasis resulting in severe liver hyp-
oxia. For Lefere et al. (2016), the overexpression of
HIF-1a is an essential step in the progression to
NASH. Morello et al. (2018) reported that HIF-2a is
overexpressed in humans or mice developing hepatic
steatosis from different origins. In the present study,
HIF-1a was overexpressed in the lightest fatty livers,
while the highest values of HIF-2a were encountered in
livers weighing more than 650 g. Those results could
indicate that for fatty livers with light weight, the level
of hypoxia could be considered as light, while, on the
contrary, in livers exhibiting the highest weights, it
might be considered as severe as demonstrated by a
low level of HIF-1a and a high level of HIF-2a.

Different forms of cellular death have been explored in
this experiment to check if they were activated by the in-
crease of the weight of the liver associated with the nutri-
tional steatosis. The major way of the programmed
cellular death is apoptosis, which is mainly supported
by caspases. Those proteolytic enzymes can be divided
into 2 groups: initiator (isoforms 2, 9, 8, and 10) and
executioner (isoforms 3, 6, and 7) caspases according
to Shalini et al. (2015).

Apoptosis is one of the active pathways in patients
with nonalcoholic fatty liver disease in steatohepatitis,
and recently, Kanda et al. (2018) demonstrated that
the activation of caspases, a key step in apoptosis, plays
a role in the activation of nonalcoholic fatty liver dis-
ease/NASH. The activities of the caspases 3 and 7,
markers of the irreversible phase of cells entering in
apoptosis according to Shalini et al. (2015), are signifi-
cantly higher for livers with the highest weights (more
than 700 g). This result has already been observed by
R�emignon et al. (2018). For cathepsins D and L, no dif-
ference in activities was observed between liver weight
groups. However, unlike caspase 3 and 7 activities, the
cathepsins B activities decrease when the liver weight
rises. R�emignon et al. (2018) suggested that the rapid
development of hepatic steatosis during force-feeding
resulted from a reduction of the autophagic degradation
of hepatocytes mediated by lysosomal proteases such as
cathepsins and associated to an enhanced development
of apoptosis.

Another way of the programmed cellular death could
be necroptosis or ferroptosis. According to Lu et al.
(2016), an increase of RIPK3 and PGAM5 concentra-
tions is a good indicator of the activation of the necrop-
tosis pathway. On the contrary, an increase in the level
of activity of the GPX4 enzyme indicates an activation
of the ferroptosis pathway (Xie et al., 2016).

Gautheron (2017) demonstrated that during the
development of NASH, the necroptosis pathway can be
activated. This is mainly visible through the increase
of RIPK3 or PGAM5 levels in the livers of patients
with NASH and by the decrease in the activity of the cas-
pase 8, which normally inhibits necroptosis by suppress-
ing the function of RIPK1 and RIPK3 to activate
MKML. None of these variations are visible in the pre-
sent study when we compare our 4 different groups of
liver weights. This indicates that in steatotic livers of
different weights resulting from force-feeding in ducks,
the necroptosis cell death pathways are not activated.
In liver steatosis or in cases of NASH-related hepatic

steatosis in diverse species including birds, the ferropto-
sis, a form of regulated cell death characterized by the
iron-dependent accumulation of lipid hydroperoxides
to lethal levels, can be observed (Conrad et al., 2018).
It is mainly characterized by the inactivation of the
GPX4. In the present study, we do not observe a signif-
icant variation of GPX4 activity in any group of livers
differing in weights. This indicates that the ferroptosis
is not present in the livers exhibiting a steatosis induced
by force-feeding in ducks.
CONCLUSION

Our results demonstrated that when liver weights are
increased as a result of force-feeding activities, cell death
pathways such as ferroptosis or necroptosis are not acti-
vated. On the contrary, for livers weighing more than
700 g, apoptosis is activated. The activation of this cell
death pathway could be related to an oxidative stress
consequently to a rise in the level of hypoxia in hepato-
cytes. However, the origin of the apoptosis occurring in
heavy steatotic livers could also be more diverse. There-
fore, further investigations are needed to better charac-
terize the level of hypoxia and its consequences in
livers undergoing steatosis in force-fed ducks.
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