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Effects of Exogenous Biliverdin Treatment on Neurobehaviors in Mice
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The neuroprotective effects of heme oxygenase (HO) have been well investigated. The potential effects of
exogenous supplementation of biliverdin (BVD), one of the main products catalyzed by HO, on neurobehav-
iors are still largely unknown. The present study aimed to investigate the effects of BVD treatment on de-
pression, anxiety, and memory in adult mice. Mice were injected with BVD through tail vein daily for a total
5d, and depression- and anxiety-like behaviors were conducted by using open field test (OFT), novelty sup-
pressed feeding (NSF), forced swimming test (FST) and tail suspension test (TST) since the third day of BVD
administration. Novel object recognition (NOR) paradigm was used for memory formation test. After the
final test, serum and hippocampal levels of interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) of mice
were analyzed by enzyme-linked immunosorbent assay (ELISA). The results showed that BVD treatment
at low dose (2mg/kg) induced depression-like behaviors, and high dose (8 mg/kg) BVD injection increased
anxiety-like behaviors and impaired memory formation in mice. ELISA data showed that BVD treatment
significantly increased hippocampal IL-6 and TNF-a level while only decreasing serum IL-6 level of mice.
The present data suggest that exogenous BVD treatment induced depression- and anxiety-like phenotypes,
which may be related to inflammatory factors, providing BVD may be a potential target for the prevention
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of mental disorders.
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INTRODUCTION

Heme oxygenase (HO)—carbon monoxide (CO) system has
attracted more attention since it has anti-inflammatory and an-
ti-oxidative stress activities in vivo and in vitro."” Endogenous
HO is the limiting step of heme catalytic degradation of pig
iron, carbon monoxide, and bilirubin/biliverdin (BVD). HO
mainly includes three isoenzymes. Previous evidence showed
that HO-1 can be induced by oxidative stress, heat shock, UV
irradiation, ischemia reperfusion, heavy metals, bacterial lipo-
polysaccharides, cytokines, nitric oxide (NO), and its substrate
heme, and other stimulants.>™ Studies have shown that HO-2
knockout increases the size of cerebral infarction in rats, and
primary cortical neurons have been used to demonstrate a
similar neuroprotective effect of HO-2.® Most endogenous
bilirubin is produced in heme oxygenase catalyzed reactions.
The biological functions of HO-3 are still largely unknown.”
Recent studies mainly focus on the biological effects of HO-1
pro-reaction products (BVD, CO and iron).¥ BVD, also known
as dehydrobilirubin, is a dark green, lamellar or columnar
crystal of bile pigments found mainly in bile and under jaun-
dice within the urine.

The significant neuroprotective effects of HO and its de-
rivatives have been well investigated.>'” The experiment
concurrently shows that the HO—CO system has the function
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of relieving anti-anxiety and epileptic seizures.!'> The BVD
reductase/HO-1 system is also associated with Alzheimer’s
disease.¥ As the main product of HO in vivo, BVD has been
reported to affect the levels of inflammatory cytokines in
blood samples, to inhibit the expression of adhesion molecules
and the aggregation of white blood cells, thereby reducing
the production of cytokines and chemokines. Also BVD can
inhibit the production of pro-inflammatory proteins and ul-
timately inhibit the inflammatory response.'”” The HO-CO
system has been well known to be associated with many kinds
of inflammation-related diseases, such as depression, cerebral
ischemia, and traumatic brain injury.”'¥ Notably, the dual
prooxidant and antioxidant activities of bilirubin and BVD
were reported, suggesting complex effects of HO system in
vivo."® Some studies have shown that the HO—CO system is
related to emotional behavior. CO produced by HO enzyme
plays an anti-anxiety-like effect by enhancing intracellular
3'-5'-guanosine monophosphate (cGMP).""'® HO products, CO
and bilirubin, show antioxidant properties in cerebral circula-
tion, so HO—CO system plays a positive role in seizures.'?
The upregulation of HO—CO system and soluble gyanylyl
cyclase (sGC)/cGMP pathways play an active role not only in
the pathogenesis of hypertension but also in many cardiovas-
cular complications caused by hypertension.” Up to now, the
potential effects of BVD on neurobehaviors and the underlying
mechanism are still poorly understood.

At present, there are still many limitations in the field of
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antidepressant drugs and strategies and even the pathologi-
cal mechanism of depression. It is well accepted that exces-
sive inflammatory response and oxidative stress injury are
important pathological mechanisms of depression. Recent
studies from our and other groups also reported that the an-
tidepressant effects of sulforaphane, arctigenin, methylene
blue, Allium cepa L. bulb and quercetin, are related to their
anti-inflammatory effects.'® 2% To this mind, by using series of
behavioral test paradigms, the present study aimed to evaluate
the potential effects of exogenous BVD treatment on depres-
sion, anxiety, and memory-related behaviors and to investigate
the underlying mechanism in mice.

MATERIALS AND METHODS

Animals Six-week old ICR male mice (32-34g) were
purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). All mice were housed at a
constant temperature (23 =2 °C) with a period of light/dark of
12h (lights on from 8:00p.m. to 8:00a.m.) and had ad libitum
access to food and water. The behavioral tests and drug ad-
ministration were performed in the dark phase. All animal
experiments were reviewed and approved by the Local Ani-
mal Use Committee of Hebei Medical University, following its
guidelines for the use and care of laboratory animals.

Biliverdin Treatment BVD hydrochloride (IX-a with
N95% purity, Sigma-Aldrich (Shanghai) Trading Co., Ltd.,
Shanghai, China) was dissolved in 0.2N NaOH and adjusted
to a final pH of 7.4, and then diluted with normal saline (0.9%
NaCl) to a final concentration (8 mg/kg in 0.2mL, 2mg/kg in
0.2mL).The final pH of each BVD solution used in this study
was between 7.3 and 7.5. For mice in vehicle group, the saline
was obtained by adjusting the pH of 0.2n NaOH with HCI;
That volume of the adjusted saline was injected in the same
manner.”)

Behavioral Tests

Open Field Test (OFT)

The apparatus consisted of a 40 X 40X 35cm clear plastic
arena and the size of the central area is 20 X 20cm. The test
session was videotaped and was analyzed by a video tracking
system (SMART 3.0, Panlab, Spain). Mice were placed in the
corner of the chamber and allowed free exploration for Smin
individually. Total distance travelled and time spent in central
zone were recorded to assess the locomotion and anxiety-like
behavior of mice, respectively.'®*?

Forced Swim Test (FST)

FST was conducted according to our previous studies.'®
Briefly, activity of the animals was tracked for 6 min. Latency
of the first float status in the first 2min, as well as a total float
time in the last 4min was recorded to reflect the depression-
like behaviors of mice.

Tail Suspension Test (TST)

TST paradigm was also provided to evaluate depression-
like behaviors of mice." Mice were suspended 50cm above
the floor by the tail with duct tape and videotaped for 6 min.
Latency to first freezing and total immobility time were evalu-
ated, animals displaying tail climbing behavior were excluded
from the analysis.

Novelty-Suppressed Feeding (NSF)

The 5-min NSF test was performed to assess the anxiety-
like behaviors of mice based on previous reports.”” After a
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24-h food deprivation, mice were put in the corner of an open
field with a small of food in the center. The maximum test
time is Smin. Once the mice began to eat the chow or Smin
later, the mice were put in an individual cage with packing
and food for 10min. Latency to feeding and total food intake
in cage was assessed.

New Object Recognition (NOR)

Based on previous report, the NOR paradigm was used to
study the effects of exogenous BVD treatment on recogni-
tion ability.?” In short, mice were first given a habituation
session to freely explore the open field for Smin. The train-
ing session was conducted 24h after the habituation period.
Mice were placed individually in the experimental apparatus
facing the wall, and 2 identical objects (object Al and A2)
were positioned in 2 adjacent corners Scm from the walls.
Animals freely investigated the objects and open field for
Smin, and long-term memory (LTM) was tested 24h later.
During the test session, mice were allowed to explore freely in
the open field for Smin in the presence of one familiar (object
A) and one novel object (object B). Exploration was defined
as the mice sniffing a distance of no more than 2cm with the
nose and/or touching an object with the nose or forepaws.
Between each individual testing trial, the field and objects
were thoroughly wiped with 70% ethanol. Recognition index
(%) =TN X 100/(TN + TF) (TN = the time spent exploring the
novel object; TF = the time spent exploring the familiar object
in the test session).

Timeline of the Experiment Mice were reared in home
cages for 5d for habituation and then used for the experiment.
Drugs were administered from day 1 to day 5. OFT and FST
were performed 30min after the administration on day 3,
TST was on day 4, and NSF test was on day 5. For NOR, the
habituation session was performed on day 6, the training was
on day 7, and the LTM was on day 8. After the LTM, tissue
samples were collected.

Measurement of Inflammatory Cytokines Serum and
hippocampal levels of interleukin-6 (IL-6) and tumor ne-
crosis factor-a (TNF-a) were determined by using commer-
cially available kits (IL-6, m1002293-C; TNF-a, m1002095-C;
Shanghai Enzyme Biotechnology Co., Ltd., China) according
to the manufacturer’s instructions. Briefly, the hippocampus
samples were homogenized in RIPA lysis buffer. The superna-
tants were obtained by centrifugation at 8000 rpm for 10min.
The concentration of IL-6 and TNF-a in the supernatants was
measured at 450nm of wave length with a spectrophotom-
eter.>

Statistical Analysis All data was expressed as mean =+
standard error of the mean (S.E.M.). One-way ANOVA, fol-
lowed by Tukey—Kramer test’s multiple comparison tests was
used to analyze data from enzyme-linked immunosorbent
assay (ELISA), depression- and anxiety-like behavioral ex-
periments. Two-way repeated measures ANOVA, followed
by Dunnett #’s multiple comparison tests was used to analyze
data of NOR experiment. The statistical analysis was com-
pleted by using the GraphPad Prism software, version 4.0
(GraphPad Software Inc., San Diego, CA, U.S.A.).>

RESULTS

Biliverdin Treatment Had No Effects on Body Weight
of Mice As shown in Fig. 1A, mice were randomly di-
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Fig. 1. Biliverdin Treatment Had No Effects on Body Weight of Mice

(A) Experimental procedure. (B) BVD treatment on body weight in mice. (C) Weight after NSF fasting.
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Biliverdin Treatment Induced Depression-Like Behaviors in Mice
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Biliverdin treatment significantly increased floating time (A) without effects on latency to floating (B) in the FST. BVD treatment significantly increased the immobility
time (C) without any effects on latency to immobility (D) in the TST. *p < 0.05, **p < 0.01 vs. Veh group. n=7-8 per group.

vided into 3 groups (n=7-8 per group): mice were injected
with vehicle (Veh group), 2mg/kg (BVD2 group) or 8 mg/kg
BVD (BVDS group) based on previous reports.>?® After a
5-d habituation, exogenous BVD was injected via tail vein
daily, series of behavioral tests were carried out about 30 min
after BVD treatment. Body weight of mice was monitored.
The results showed that there was no statistically significant
difference in weight gain between the control group and the
mice treated with BVD during the experiment [group effect

(F,47="0.058, p=0.943), time (F;g,=21.005, p=0.001), in-
teraction (Fyg, = 0.379, p=0.890), Fig. 1B]. And there was no
significant difference of body weight between the groups after
a 24-h fasting before NSF test (F, o =0.093, p>0.05, Fig. 1C).

Biliverdin Treatment Induced Depression-Like Behav-
iors In FST, BVD treatment at 2mg/kg dose significantly
increased the floating time of mice (F),,;,=10.57, p<0.01,
Fig. 2A) compared with that in Veh group, without significant
effects on latency to floating (F), o = 1.032, p>0.05, Fig. 2B).
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BVD treatment significantly decreased time spent in center (A) and locomotion activities (B) of mice in the OFT. BVD treatment significantly increased the latency to
feeding (C) without any effects on total food intake (D) of mice in the NSF. *p < 0.05, **p<0.01 vs. Veh group. n=7-8 per group.

Similar to that of data from FST, low dose BVD treatment
increased the immobility time (F, = 3.040, p<<0.05, Fig.
2C), but had no significant effects on latency to immobility
(F,,0=0.916, p>0.05, Fig. 2D) of mice in TST. And TST data
also showed that there was no significant difference in immo-
bility time in high dose group (p >0.05, Fig. 2C).

Bliverdin Treatment Increased Anxiety-Like Behaviors
OFT and NSF were provided to evaluate anxiety-like behav-
iors of mice. OFT data showed that BVD treatment showed
significantly decreased time spent in center zone (£, ;o = 6.319,
p<0.01, Fig. 3A) and decreased total distance (£, =6.412,
p<0.01, Fig. 3B) in OFT test. Similarly, BVD treatment
at 8mg/kg dose significantly prolonged latency to feeding
(F,,19=4.179, p<0.05, Fig. 3C) without effects on total food
intake (F,,9=0.946, p>0.05, Fig. 3D) in the NSF test. Re-
sults from the NSF showed that low dose BVD treatment had
no effects on latency to feeding (p > 0.05, Fig. 3C).

Biliverdin Treatment Impaired NOR Memory Formation
The NOR procedure was used to assess the potential effects
of BVD treatment on memory formation. Two-way repeated
measures ANOVA of data from NOR test revealed that BVD
exposure significantly affected recognition of mice [group
effect (F,9=2.405, p=0.117), time (F, o =7.368, p=0.014),
interaction (F), o = 5.223, p = 0.016), Fig. 4]. Post-hoc analysis
showed that the 8mg/kg BVD exposure impaired the long-
term memory formation (p = 0.037).

Biliverdin Treatment Increased Hippocampal IL-6 and
TNF-a Levels but Decreased Serum IL-6 Levels Further,
we conducted a preliminary exploration on the mechanism
underlying the effects of BVD on neurobehaviors in mice. We
then randomly selected 5—7 from each group for subsequent
ELISA tests. The results of Tukey’s multiple comparison tests
showed that both doses BVD treatment significantly increased
the hippocampal IL-6 levels mice (F,;s=3.834, p<<0.05,
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Fig. 4. Biliverdin Treatment Impaired Memory Formation in the NOR
Paradigm

The results showed that BVD exposure at high dose impaired the memory
formation of NOR. *p<0.05 vs. Veh group; *p<0.05, #¥p<0.01 within group.
n="7-8 per group.

Fig. 5A), but decreased serum levels of IL-6 (F,;=6.174,
p<0.05, Fig. 5B). The results of Tukey’s multiple comparison
tests showed that BVD treatment at 2mg/kg dose significant
increased hippocampal levels of TNF-a (F, ,, = 4.617, p<0.05,
Fig. 5C) without any effects on serum samples (/,,, = 3.720,
p>0.05, Fig. 5D).

DISCUSSION

As an endogenous product of HO, the effects of BVD have
been well investigated.”® However, the potential functions on
the central nervous system are still not fully understood. In
the present study, we mainly focused on the neurobehavioral
effects of exogenous BVD treatment on depression, anxiety,
and memory in mice by using series of classic behavioral
tests.?” Contrary to our expectations, the behavioral results
showed that exogenous BVD treatment induced significant
depression- and anxiety-like behaviors as well as memory im-
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Biliverdin Treatment Increased Hippocampal Levels of Inflammatory Cytokines While Decreased Serum Levels of IL-6

After all the behavioral tests were completed, serum and hippocampus of mice were collected for ELISA analysis. BVD treatment significantly increased IL-6 levels in
hippocampus (A) while decreased that in serum (B) of mice. Low dose BVD treatment significantly increased TNF-a level in hippocampus (C) without any effects on that

in serum of mice. *p<0.05 vs. Veh group. n = 5-7 per group.

pairment of mice under normal condition. ELISA data showed
that BVD treatment significantly increased hippocampal levels
of IL-6 and TNF-a, while decreased serum levels of IL-6
without any effects on serum TNF-a.

Previous studies showed that extensive inflammation is
often accompanied with higher anxiety, learning, and memory
impairment in mice, and therapeutic strategies targeting the
regulation of the immune system have been paid more at-
tention to.”® Stress response upregulates the components of
the immune system involved in inflammation.”” The key me-
diator is proinflammatory cytokines, such as IL-1, IL-6, and
TNF-a, which can cause depressive symptoms. Some studies
have shown that the level of inflammatory cytokines in the
hippocampus can lead to depression-like behavior caused by
estrogen deficiency.®*" Inflammation is also associated with
anxiety-related diseases.’>*¥ Studies have shown that hip-
pocampal inflammation is related to depression and anxiety
behavior. Considering the regulatory roles of BVD and the
relationship between hippocampal inflammation and behav-
ioral dysfunction, we examined several inflammation-related
cytokines.’® Behavioral tests used in the present study, mainly
include OFT, NSF, TST and FST which are all widely used for
the evaluation of depression- and anxiety-like behaviors and
for rapidly screening potential antidepressant- and anxiolytic
drugs.’®?Y Our present data showed that mice with exogenous
BVD treatment exerted depression- and anxious-like behav-
iors, accompanied with inflammatory response in both the
peripheral and the central nervous system. It is well accepted
that memory impairment is also accompanied with depres-

sion in both animals and human. As a classic mice memory
paradigm, NOR was provided to assess the effects of BVD
exposure on memory formation.?” The results showed that
exogenous BVD treatment impaired the memory formation of
NOR. All these behavioral data indicated that exogenous BVD
treatment induces depression- and anxiety-like and memory
impairment effects.

Considering the present data is contrary to expectations,
the following possibilities are proposed. First, we make the
assumption that BVD plays a dual role, which has been indi-
cated previously.>® It is however worth exploring the differ-
ent effects of low-dose versus high-dose BVD on depression,
anxiety, and memory behaviors. The differences may be due
to the respective difference in dose. At low doses, BVD can
have residual anti-inflammatory, antioxidant, and other neu-
roprotective effects; while high-dose BVD treatment is associ-
ated with inflammation and nerve damage, which can lead to
depression and anxious behaviors. No evidence is provided to
investigate the effect of tail vein BVD on drug concentration
in the target brain area and blood. In combination with the
unexpected findings of the present study, we will carry out
relevant research in the future. Additionally, it may be due
to the injection of high doses of BVD into the tail vein may
result in negative feedback regulation of HO-1, which weaken
HO-1-mediated anti-inflammatory and antioxidant effects. In
addition, we hypothesize that excessive injection of exogenous
BVD will produce bilirubin in the body, which has a role in
causing central inflammation and oxidative stress damage®’
and passing through the blood—brain barrier,*” this is due
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to the conversion between BVD/bilirubin. High serum level
of bilirubin has been found to be association with depres-
sion.*” This confirmed that mice in the low concentration
group showed depressive behaviors, while mice in the high
concentration group showed anxious behaviors and decreased
learning and memory ability due to nerve damage. Therefore,
we hypothesized that low levels of inflammation would lead to
depression in mice, while high levels of inflammation would
damage neurons in mice, leading to learning and memory im-
pairment and anxiety-like behaviors. The increase of IL-6 in
the hippocampus, the decrease of IL-6 in the serum of mice,
and the increase of TNF-a in the hippocampal of the low-
dose group, indicate that mice produce the central inflamma-
tory response after administration, but the specific mechanism
needs to be further discussed. We presumed that the differ-
ences would be attributed to the dual effects of BVD and its
metabolic transformation in vivo and that tail vein injection of
BVD would play the anti-inflammatory role in the peripheral
system, while the increase of BVD in the body may promote
the metabolism of bilirubin, and the increased bilirubin will
pass through the blood—brain barrier,***” thus causing an
excessive central inflammatory response.’®* Finally, previous
studies have shown that anxiety can reduce spontaneous loco-
motor activity and increase the immobility time in FST.*#?
Since in this study, there was no significant difference in the
latency to floating of the mice in the FST and TST tests, we
suspect that the mice in the experimental group had normal
activities, and the prolonged floating time and immobility time
in the FST and TST tests was not due to the restricted activity
of the mice. Therefore, in the case of reduced spontaneous ac-
tivity in the OFT test, we speculate that the prolonged floating
time of FST is due to the depression of the mice.

In conclusion, the preliminary data showed that exogenous
BVD supplement could induce depression- and anxious-like
effects and memory impairment in mice. We noticed that low
dose of BVD treatment increase depression-like behaviors and
high dose of BVD increase anxiety-like behaviors. We specu-
late that there are two possibilities. One is the dose-dependent
effect of BVD treatment on different behavioral phenotypes,
the other possibility is that the dual effects of BVD treatment
on behaviors. Compared with previous research, this experi-
ment used the method of injecting BVD into the tail vein of
mice to explore its effect on depression and anxiety. The re-
sults of the study were different from those of previous BVD,
and the dual effects of BVD on proinflammatory cytokines
within the peripheral and central nervous system should be
further investigated.
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