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Abstract

The crucial role of xanthine oxidoreductase (XOR) gene and its active isoform, xanthine oxidase (XO), in purine metabolism and
cellular oxidative status led us to investigative their fluctuations in food deprivation induced food hoarding in mice. After, 10 h
food deprivation, mice that hoarded lesser than 5 g were considered as ‘low-hoarders’ while mice that hoarded higher than 20 g
were considered as ‘high-hoarders’. Mice who hoarded between 5 to 20 g of food were excluded from study. An increase (1.133-
fold) in encephalic XOR expression has been found in high-hoarders compared with low-hoarders without sex consideration. An
increase (~ 50-fold) in encephalic XOR in female high-hoarders vs. female low-hoarders while a decrease (0.026-fold) in
encephalic XOR in male high-hoarders vs. male low-hoarders demonstrated that food deprivation is associated with sex-
dependent alteration in XOR expression. The encephalic and hepatic XO activities were not different in male high-hoarders
vs. male low-hoarders while encephalic XO activity has been also increased significantly in female high-hoarders (~ 4 times)
compared to female low-hoarders. The plasma and hepatic XO activities tended to be increased in female high-hoarders as
compared to female low-hoarders, however the uric acid levels in plasma, liver and brain tissues were not altered in female high-
hoarders as compared to female low-hoarders. In sum, this study generally proposed that different gene expression space is
behind of hoarding behavior in a food-deprived mouse model. Specifically, this is the first study that examined the levels of
encephalic XO activity and XOR expression in hoarding behavior, although additional studies are requested.
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Introduction

The most important adaptation strategies of animals to support
their homeostasis involve decreasing energy costs through
migration, weight gain, hibernation, fat storage and finally
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hoarding behavior (Daly et al. 1992; Erin 2002; Zhang and
Wang 2011; Zhang et al. 2011).

Hoarding has been described as a human behavioral disor-
der although it is considered as an adaptive behavior evoked in
other animals during times of capricious environmental con-
ditions such as food scarcity. Several reports that examined the
impact of food deprivation in animals acknowledged evi-
dences of much greater burden of oxidative stress in brain
and liver. For example, 36 h food-deprived rats showed am-
plified fat and protein oxidation along with reduced antioxi-
dative glutathione amounts in liver tissues (Domenicali et al.
2001). Other study reported that increased free radical produc-
tion and decreased antioxidative enzyme activities of catalase
(CAT) and superoxide dismutase (SOD) in brain tissues of
food-deprived rats (Santos et al. 2009). To date, there are no
studies examining the consequences of food deprivation on
brain oxidative status, however aforementioned studies sup-
port the likelihood that food deprivation may cause oxidative
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stress in brain and other tissues. As a housekeeping enzyme,
xanthine oxidoreductase (XOR) isoforms perform many cel-
lular protective and signaling functions associated with synthe-
sis of uric acid (UA), reactive oxygen species (ROS), and
reactive nitrogen species (RNS; Vorbach et al. 2006). The syn-
thesis of both antioxidants (i.e. UA) and numerous prooxidants
like hydrogen peroxide per a reaction makes XOR isoforms
candidate regulators of the cellular oxidative status (Vorbach
et al. 2003; Naseri et al. 2017; Asasi et al. 2016).

The XOR is a homodimer molybdoflavoenzyme which its
subunits formed from iron-sulfur, flavin adenine dinucleotide
and molyboprotein (Cheung et al. 2007). This enzyme has 2
interconvertible isoforms with identical XOR gene that are
xanthine dehydrogenase (XD; EC 1.1.1.204) and xanthine
oxidase (XOj; EC 1.1.3.22). Both isoforms are generator of
ROS, RNS (Vorbach et al. 2006) and UA as one of end prod-
uct of purine catabolism (Vorbach et al. 2003). The XOR has
been detected in brain cells, therefore, brain capillaries can be
considered as a major source of oxygen free radicals produced
throughout XO activity (Wakatsuki et al. 1999). Direct mea-
surement of XOR is difficult because of its low activity in
brain (Solaroglu et al. 2005) while activity of its XO isoform
will increase in diabetic liver (Desco et al. 2002), brain ische-
mia (Solaroglu et al. 2005), gout, heat stress, hemorrhagic
shock, viral infections (Dew et al. 2005), meningitis
(Vorbach et al. 2003), xanthinuria-induced autism (Zannolli
et al. 2003), and recurrent depression (Michel et al. 2010).
Therefore, XO activity may alter in an array of behavioral
paradigms. Based on these findings, we hypothesized that
XO may contribute to food deprivation induced food hoarding
in mice.

Materials and methods
Animal subjects

This study reviewed and approved by the Laboratory Animal
Care Committee of Razi University (no.1392/1). Animals
were maintained at 23 °C, under a 12:12 h light cycle with
ad libitum access to water and food.

Behavioral screening

To evaluate hoarding behavior in BALB/c mice (3-month-old;
25-30 g), a special apparatus was designed and manufactured
as reported previously (Deacon 2006). The hoarding appara-
tus was composed of chamber (13.0 x 32.0 x 6.5 cm’) with a
hole (internal diameter 4 cm) in its front side, a chalky
box and a water bottle. Hoarding tubes (length 45 cm,
external diameter 4 cm) were connected to the holes of
boxes equipped with a 10-cm plastic tube and joined to
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wire mesh tubes. The proximal end of designed hole
was sealed with a plastic plug (see Fig. 1).

Each mouse was placed into chamber home box in the
morning (8:00 a.m.) wherein water was available ad libitum
during the experiment but access to hoarding tubes containing
food pellets (100 g) was blocked via a plastic plug. At sun-
down (6:00 p.m.), the plugs were removed and the food-
deprived mice were allowed access to hoarding tube. All
hoarded food pellets distributed inside and outside of home
box were weight at 8:00 to 8:30 a.m. next day. In this para-
digm, mice that hoarded less than 5 g of food were considered
“low-hoarders” while mice that hoarded more than 20 g of
food were considered “high-hoarders”. Mice that hoarded be-
tween 5 to 20 g of food were considered as normal subjects
and excluded from study.

After behavioral classification, thirty-two mice were
retained and categorized into 4 groups (n = 8 for each), name-
ly; female high-hoarders, male high-hoarders, female low-
hoarders, and male low-hoarders. These mice experienced
14 h of food deprivation before tissue harvesting (vide infra).

Tissue harvesting

At the end of study, all fasted mice were weighed and deeply
anesthetized intraperitoneally with anesthetic cocktail of keta-
mine (80 mg/kg; Alfasan, Netherland) and diazepam (0.5 mg/
kg; Chemidarou Co. Tehran, Iran) and then mice were exsan-
guinated via cardiac puncture to prepare plasma. Brain and
liver tissues also were weighted. Brain tissues were divided
into 2 parts and submitted to enzymology and gene expression
(vide infra).

Xanthine oxidase activity

All reagents were purchased from Sigma-Aldrich, UK unless
otherwise stated. Lyophilized plasma, brain and liver tissues
were homogenized in 5 to 10 volume of potassium phosphate
buffer (pH 7.4) containing 5 mM ethylenediamine tetraacetic
acid disodium salt (EDTA-Na2) and 1 mM
phenylmethanesulfonyl fluoride using a WiseTis homogeniz-
er (HG-15D, Korea). The homogenate was centrifuged at
12,000xg at 4 °C for 15 min. The supernatants were centri-
fuged at 12,000xg at 4 °C for 15 min once again and final
supernatant was used to detect XO activity after Km calcula-
tion (data not shown).

Xanthine oxidase activity was spectrophotometrically
assayed based on monitoring UA formation throughout reac-
tion, xanthine + H,O + O, = UA + H,0,, as described else-
where (Hall et al. 1990; Sugawara et al. 1999). In brief, test
reaction was started by adding 0.1 ml of the supernatant in
3.9 ml of a phosphate buffer solution (pH 8.0, 50 mM, con-
taining 1 mM EDTA-Na2) with 1 ml of xanthine (500 uM,
final concentration 100 uM) as the substrate. The mixture
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Fig. 1 Manufactured apparatus
used to screen hoarding behavior.
Left photo shows empty
apparatus while right photo shows
mice during hoarding activity

(total 5 ml) was incubated at 37 °C for 30 min and the reaction
was stopped by the addition of 0.5 ml 0.58 M HCI. We con-
sidered a blank reaction containing all components of test
reaction while stopped by the addition of 0.5 ml 0.58 M HCl
at once. Then blank mixture (total 5.5 ml) was incubated at
37 °C for 30 min. The production of UA was determined by its
UV absorbance (A) at 290 nm (A = A Test wbe - A Blank tube)-
One unit of XO enzyme activity was calculated as the amount
of enzyme required to convert 1 nmol of xanthine to UA per
minute per mg protein at 37 °C using a standard curve of UA.
Each assay was performed in triplicate and protein
concentration was determined by the method of Bradford
(1976) using bovine serum albumin as standard.

Detection of uric acid

The UA levels of plasma and tissue homogenates were spec-
trophotometrically assayed based on phosphomolybdate reac-
tion by a commercial kit (Pars Azmon, Tehran, Iran) using an
autoanalyzer (Heitachi 896,Germany).

Real-time (RT)-qPCR assay

Total encephalic RNA was extracted using a commercial kit
(Thermoscientific, England) as described by the manufacturer.
Purity and RNA concentration were spectrophotometrically
evaluated by optical density measurements at 260 and
280 nm. Total RNA (1 mg) was reverse transcribed using a
complementary DNA (cDNA) synthesis kit (Bioneer,
Germany) according to the manufacturer’s instructions and
the prepared cDNA was stored at —20 °C till being used.
Primers of XOR as gene of interest and (-actin as house-
keeping gene were purchased from Takapozist Co. Tehran,
Iran (Table 1). The primer preparation was performed as de-
scribed by the manufacturer. Diethylpyrocarbonate water was
added into the primer tube in order to supply 100 pmol/ul after
30 min incubation at RT and mild pipetting; then a primer

concentration of 10 pmol/ul was poured in RNase-free
microtubes.

SYBR-Green Master Mix solution (Ampligon, Den-mark)
was prepared for real-time PCR reaction. For each sample,
real-time quantitative reverse transcription (RT-qPCR) was
performed in microtubes including 10 pl forward primer,
10 pl reverse primer, 20 ul SYBR-Green Master Mix, 5 ul
cDNA with master cycler real-time PCR (Eppendorf,
Germany) with cycling parameters: 95.0 °C for 2 min (initial
temperature) and 40 cycles at 95.0 °C for 15 s, 56.5 °C for
15 s, and 72.0 °C for 15 s. The final stage was the application
of a default temperature program for melting curve to make
sure of absence of primer dimers.

For relative quantification (RQ) of gene expression, the
mean CT values of the triplicates of the XOR and (-actin
genes were calculated, followed by subtraction of the mean
CT values of the B-actin gene to the mean CT values of the
XOR gene (delta CT values). Then, the power of all delta CT
values was calculated based on the formula power = 279t2CT
(Livak and Schmittgen 2001).

Statistical analysis

Statistical analyses were performed using SPSS, version 16.0,
statistical software (SPSS Inc., Chicago, IL, USA). Shapiro-
Wilk test was utilized to determine whether data were normal-
ly distributed. Nonparametric Kruskal-Wallis analysis of var-
iance (ANOVA) was employed when data are not normally
distributed and post hoc pair-wise Mann-Whitney test was
used where the overall Kruskal-Wallis revealed a significant
effect. For normally distributed data, if ANOVA revealed a
significant difference, post hoc Tukey’s test has been used
to determine the difference between groups. The correla-
tion between XO activity and food hoarding also checked
with Pearson and Spearman tests depends on their nor-
mality. Data were expressed as the mean =+ standard errors
of the mean (S.E.M) and significance level was consid-
ered at p value <0.05.
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Table 1 Specificity checking of pre-existing xanthine oxidoreductase (XOR) and [-actin primers using by NCBI primer

Template strand Nucleotide sequence Length Tm GC% Self-complementarity 3’-Self -complementarity
F-primer XOR TATGGCCCCGAGGTAAAAAC 20 57.58 50.00 4.00 0.00

R-primer XOR GGGCGGCCTGTCTTGTATGC 20 63.83 65.00 5.00 2.00

F-primer [-actin AGATTACTGCTCTGGCTCCT 20 57.83 50.00 3.00 0.00

R-primer (-actin CATCTGCTGGAAGGTGGACA 20 59.67 55.00 4.00 2.00

F-primer; forward primer sequence, R-primer; reverse primer sequence. Tm; the primer melting temperature, and GC%; guanine-cytosine content

Results
XO activity

We found significant differences in the amount of hoarded
food pellets (F3,28 =51.180;, p =0.000) among groups and
an increase of hoarded food in high-hoarder versus low-
hoarders in both male (p = 0.000) and female (p = 0.000) mice
(Table 2).

Encephalic XO activity was different among groups
(F3,26=4.890; p= 0.008). In this line, it significantly in-
creased in female high-hoarder mice compared to female
(p=0.008) and male (p =0.017) low-hoarder mice (Table 2).
Hepatic XO activity showed significant difference among
groups (F3,22=3.422; p=0.035; Table 2). In this regard, re-
sults showed only significant difference between male high-
hoarder and female low-hoarder (p = 0.045; Table 2).

Plasma XO activity (F3,23 =0.193; p =0.900) and plasma
(F3,28=0.771; p=0.520), hepatic (F3,28=1.422; p=
0.257), and encephalic (F3,28 =2.625; p=0.070) UA levels
did not differ among groups (Table 2). The bodyweight
(F3,28=1.794; p=0.171), and relative weights of liver
(F3,28=1.207; p=0.325) and brain (F3,28=2.508; p=
0.079) were not different among groups (Table 2).

The correlation between amount of hoarded food and
encephalic XO activity was positive (Spearman’s rho =
0.585; p =0.001), while there was no difference between plas-
ma, encephalic and hepatic XO activities (p > 0.05).

XOR gene expression

Total XOR mRNA and (-actin mRNA were measured by RT-
gPCR in whole brain homogenate. Whole brain mRNA levels
of housekeeping gene (-actin did not differ among studied
groups and thus were used to normalize levels of XOR
mRNA. According to the melting curve, there were no
primer-dimers (data not shown). The amount of calculated
XOR expressions in high-hoarder compared with low-
hoarder without sex consideration were 1.133 fold changes.
The XOR expressions in female and male high-hoarders
showed 49.180 and 0.026 fold changes as compared to female
and male low-hoarders, respectively.
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Discussion

Food hoarding is characterized by frequently excessive food
acquiring following a short period (10 h, in this study) of food
deprivation. Many studies declared that animals do food
hoarding that modulated by external (e.g. food deprivation)
and internal factors (e.g., orexigenic neuropeptides like
agouti-related protein; see seminal review Keen-Rhinehart
et al. 2010). In a pioneered study (Karami et al. 2006), it has
been reported that mice that were deprived of food, water, and
bedding for upper than 6 h (between 9 and 24 h), when
allowed to re-feed for up to 1 h, only 50% of the available
food being consumed. Interestingly, feeding behavior appears
retained for up to 6 h after deprivation. Thereafter, some
mechanism inhibits the animals’ ability to fully feed, unlike
continuously fed control animals (1 g of food/h). The bio-
chemical basis of this process is not clearly understood
(Karami et al. 2006). To the best of our knowledge, no study
addressed how animals make decisions to hoard food in var-
ious amounts. For example, colonymate mice in the present
study hoarded food in dissimilar amounts following 10 h food
deprivation.

Keen-Rhinehart et al. (2010) proposed that ‘energy flux’ is
a unifying factor controls food hoarding behavior. Based on
‘energy flux’ hypothesis, the signals that elicit foraging/
hoarding are generated from central neuropeptides, endocrine
or other circulating factors associated with mobilization of
available metabolic fuels from energy reservoir compartment
(e.g., liver) to energy utilizing tissues (e.g., brain). The mech-
anisms that differently alter XO activity after food deprivation
(14 h before biochemical analysis) or differently ignite food
hoarding behavior after food deprivation (10 h before
refeeding) among a homogenous colony of mice are not in-
vestigated till now.

There are several evidences that hypothetically support pu-
tative role of XO in hoarding behavior. In this continuum,
energy imbalance before or during hoarding behavior is one
of probable key players. The purinergic system often relates to
the level of adenine-based purines (ATP, ADP, AMP, and
nucleoside adenosine; Murray 2003). The other side of this
issue is involvement of XO in purine metabolism (Murray
2003). The pattern of encephalic XOR expression was sex-
dependent in this study and showed ~ 50-fold increase in
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Table2  The involvement of xanthine oxidase (XO) in hoarding behavior in food-deprived mice
Parameter Groups

Male low-hoarder Male high-hoarder Female low-hoarder Female high-hoarder

Liver XO (mmol/min.g) 1957 (749)® 41,833 (26632)* 919 (154)° 1113 (206)™®
Brain XO (mmol/min.g) 791 (104)* 1052 (184)™ 630 (225) 2418 (764)°
Plasma XO (mmol/min.g) 261 (79) 285 (151) 184 (70) 252 (53)
Liver uric acid (mmol/l) 2.05 (0.44) 2.03 (0.56) 2.20 (0.58) 0.99 (0.09)
Brain uric acid (mmol/l) 0.51 (0.05) 0.51 (0.09) 0.43 (0.03) 0.75 (0.12)
Plasma uric acid (mmol/l) 131 (0.17) 1.20 (0.27) 131 (0.28) 0.86 (0.22)
Hoarded food (g) 2.46 (0.68)° 4921 (5.32)° 131 (0.63)? 50.82 (5.61)°
Bodyweight (g) 25.8 (0.88) 25.1(1.36) 27.12.07) 29.7(1.53)
Relative liver weight (%)* 5.43 (0.16) 5.11 (0.20) 5.56 (0.31) 5.69 (0.19)
Relative brain weight (%)* 1.74 (0.10) 1.76 (0.12) 1.47 (0.13) 1.40 (0.09)

Results shown as mean+ SEM; in rows, values with different letters are significantly different.*Relative weight is expressed as (organ weight/

bodyweight) x 100

female high-hoarders compared to female low-hoarders. The
encephalic XO activity was also increased in female high-
hoarders compared to female low-hoarders. The encephalic
UA level tended to increase in female high-hoarders compared
to female low-hoarders. We can cautiously conclude that pu-
rine catabolism has been accelerated in brain tissues of female
high-hoarders compared to female low-hoarders. In support of
this notion, conditions characterized by augmented ATP deg-
radation and/or diminished ATP synthesis (e.g., starvation,
tissue hypoxia or strenuous exercise) burden the purine cata-
bolic pathway accumulating degradation products (Becker
2001). Since XO activity will be increased in harsh (starva-
tion/food deprivation) and pathological conditions (e.g., tissue
ischemia or chronic sleep apnea; Parks et al. 1983; McCord
1985), we can cautiously conclude that high-hoarder mice
may have a pathological condition as compared with low-
hoarder mice.

Hoarding behavior may be a reflexive strategy against in-
ternal derangements like energy stagnation or hidden metabol-
ic disorders (e.g., diabetes mellitus) or more possibly a neuro-
chemical error. The hepatic XO activity and both hepatic and
plasma UA level did not show any significant differences in
female high-hoarders compared to female low-hoarders.
Therefore, it seems that a partitioning of energy utilization is
occurred between brain and other tissues like liver which
works in higher intensity in female high-hoarders compared
to female low-hoarders. The “selfish brain” theory supports
this conclusion. This theory states that brain behaves greedily
by adjusting energy fluxes in such a way that it allocates ener-
gy to itself before the requests of the other organs are gratified.

The hepatic XO activity in ovariectomized rats was higher
than control rats (Khany et al. 2016). Accordingly, we can
conclude that hormonal milieu may affect XO activity in var-
ious tissues and probably hormonal milieu of female high-

hoarders are different as compared to female low-hoarders
(for a review see Keen-Rhinehart et al. 2010). In this line,
one study reported that the amount of hoarding in female mice
is controlled with estrogen wherein hoarding is reduced dur-
ing estrus and mating phases when estrogen is high (Bartness
et al. 2011). Furthermore, XO activity has been reported to be
inhibited by estradiol (Budhiraja et al. 2003). In this regard,
more investigations including repetition of present study in
estrous synchronized mice and a gonadal hormone assay in
the presence of hoarding behavior are suggested to find an
accurate explanation for this heterogeneity in hoarding behav-
ior in colonymates. The encephalic XOR expression in male
high-hoarders decreased by 0.026-fold as compared to male
low-hoarders, while encephalic and hepatic XO activities
were not different in male high-hoarders as compared to male
low-hoarders. We cannot explain this heterogeneity in hoard-
ing behavior in a homogeneous colony of male mice. It should
be noted that there is no comparable study focused on XO
activity in hoarder mice in the literature.

Food deprivation also alters mammalian antioxidative de-
fense through ROS production, especially in the liver. In this
line of findings, an increase in antioxidant enzyme and lipid
peroxidation was found in food-deprived Atlantic cod (Furné
et al. 2009) and reduced antioxidative enzyme (CAT and
SOD) activities were identified in liver and erythrocytes fol-
lowing 36 h food deprivation in trouts. Finally, food depriva-
tion has been reported to increase markers of oxidative stress
in rat brains (Santos et al. 2009). Therefore, according to the
higher brain XO activity in high-hoarders versus low-
hoarders, it can be concluded that an oxidative stress and
enhanced brain purine metabolism would be occurred in
high-hoarders.

The increase (1.133-fold) in encephalic XOR expressions
has been found in high-hoarder compared with low-hoarder
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without sex consideration. However, an increase (~ 50-fold) in
XOR mRNA in brain tissue in female high-hoarders versus
female low-hoarders and a decrease (0.026-fold) in XOR
mRNA in brain tissue in male high-hoarders versus male
low-hoarders demonstrate that fasting are associated with
sex-specific changes in XOR expression. In this continuum,
the encephalic XO activity has been also increased significant-
ly in female high-hoarders (~ 4 times) compared to female
low-hoarders. The plasma and hepatic XO activities tended
to be increased in female high-hoarders as compared to female
low-hoarders, however the UA levels in plasma, liver and
brain were not altered in female high-hoarders as compared
to female low-hoarders. These findings may explain that
hoarding behavior of female mice is not modulated by the
level of UA and it seems XO catalyzes reversible reaction that
leads to UA reutilization and xanthine production for salvage
purinogenesis (Asasi et al. 2016). In support of this explana-
tion, Sonanez-Organis et al. (2012) showed that increased
purine recycling coincident by upregulating hypoxanthine-
guanine phosphoribosyl transferase (HGPRT) and XO
mRNA and protein expression in a tissue-specific manner
during fasting coincident with parallel increases in plasma
HGPRT and XO activities and circulating hypoxanthine and
xanthine content, suggesting an adaptive strategy to cope with
prolonged fasting in post-weaned northern elephant seals.
Accordingly, we postulate that encephalic XO catalyzes the
reverse reaction during food restriction since mice encoun-
tered to a physiological energy shortage and based on ‘selfish
theory’ that stated conservation of brain weight at this condi-
tion, brain tissues need molecular oxygen (De Oliveira et al.
2008) and hypoxanthine for synthesis of purine bases and
nucleotides through salvage pathway (Stevens 1996).

In sum, this study provides insight into different gene ex-
pression space behind of hoarding behavior in a food-deprived
mouse model. Specifically, this is the first study to examine
levels of encephalic XO activity and XOR expression as can-
didate regulators in hoarding behavior, although additional
studies are requested to thoroughly characterize molecular
neuroeconomics of hoarding behavior.
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