Author’s Accepted Manuscript

2
F RADICAL
Melatqnin receptor a(%tivatif)n. provides _c.ereb.ral BIOLOGY &
protection after traumatic brain injury by mitigating MEDICINE

oxidative stress and inflammation via the Nrf2
signaling pathway

Junmin Wang, Chao Jiang, Kun Zhang, Xi Lan,
Xuemei Chen, Weidong Zang, Zhongyu Wang,
Fangxia Guan, Changlian Zhu, Xiuli Yang, Hong v clseviercom
Lu, Jian Wang

PII: S0891-5849(18)32261-5
DOI: https://doi.org/10.1016/j.freeradbiomed.2018.12.014
Reference: FRB14074

To appear in:  Free Radical Biology and Medicine

Received date: 25 October 2018
Revised date: 9 December 2018
Accepted date: 12 December 2018

Cite this article as: Junmin Wang, Chao Jiang, Kun Zhang, Xi Lan, Xuemei
Chen, Weidong Zang, Zhongyu Wang, Fangxia Guan, Changlian Zhu, Xiuli
Yang, Hong Lu and Jian Wang, Melatonin receptor activation provides cerebral
protection after traumatic brain injury by mitigating oxidative stress and
inflammation via the Nrf2 signaling pathway, Free Radical Biology and
Medicine, https://doi.org/10.1016/j.freeradbiomed.2018.12.014

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.


http://www.elsevier.com
https://doi.org/10.1016/j.freeradbiomed.2018.12.014
https://doi.org/10.1016/j.freeradbiomed.2018.12.014

Free Radical Biology and Medicine (FRBM_2018_725R1)

Melatonin receptor activation provides cerebral protection after traumatic brain injury
by mitigating oxidative stress and inflammation via the Nrf2 signaling pathway
Junmin Wang®¢%12 Chao Jiang®!, Kun Zhang", Xi Lan®, Xuemei Chen®, Weidong Zang",

Zhongyu Wang®?, Fangxia Guan®©", Changlian Zhu®™, Xiuli Yang’, Hong Lu®?, Jian Wang® 2

®Department of Neurology, The First Affiliated Hospital of Zhengzhou University,
Zhengzhou, Henan 450000, China.

®Department of Anatomy, College of Basic Medical Sciences, Zhengzhou University,
Zhengzhou, Henan 450000, China.

“The Third Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan 450052, China.
9Department of Anesthesiology and Critical Care Medicine, Johns Hopkins University School
of Medicine, Baltimore, MD 21205, USA.

*Department of Neurology, The Fifth Affiliated Hospital of Zhengzhou University,
Zhengzhou, Henan 450052, China.

fSchool of Life Science, Zhengzhou University, Zhengzhou, Henan 450000, China.
9Department of Anesthesiology, The First Affiliated Hospital of Zhengzhou University,
Zhengzhou, Henan 450000, China.

"Henan Key Laboratory of Child Brain Injury, Institute of Neuroscience, Zhengzhou
University, Zhengzhou, Henan 450052, China

'Center for Brain Repair and Rehabilitation, Institute of Neuroscience and Physiology,
University of Gothenburg, Goéteborg 40530, Sweden

’Department of Neurosurgery, University of Maryland School of Medicine, Baltimore, MD

21201, USA.

Running title: Ramelteon protects against TBI

These authors contributed equally to this work.



2Corresponding authors:

Junmin Wang, Department of Neurology, The First Affiliated Hospital of Zhengzhou
University, Zhengzhou, Henan 450000, China

Hong Lu, Department of Neurology, The First Affiliated Hospital of Zhengzhou University,
Zhengzhou, Henan 450000, China

Jian Wang, Department of Anesthesiology and Critical Care Medicine, Johns Hopkins
University School of Medicine, 720 Rutland Ave, Ross Bldg 370B, Baltimore, MD 21205,
USA.

Email addresses: wangjunmin@zzu.edu.cn (Junmin Wang), zzu_luhong@163.com (H. Lu),

jwang79@jhmi.edu (Jian Wang)

Abbreviations: ARE, antioxidant response element; ELISA, enzyme-linked immunosorbent
assay; FST, forced swim test; GFAP, glial fibrillary acidic protein; GSH, glutathione; GSH-PX,
glutathione peroxidase; HO, heme oxygenase; Iba-1, ionized calcium-binding adapter; KO,
knockout; MWM, Morris water maze; NOR, novel object recognition; Nrf2, NF-E2-related
factor; mNSS, modified neurological severity score; SOD, superoxide dismutase; SPT,

sucrose preference test; TBI, traumatic brain injury; TST, tail suspension test.



Abstract

Traumatic brain injury (TBI) is a principal cause of death and disability worldwide.
Melatonin, a hormone made by the pineal gland, is known to have anti-inflammatory and
antioxidant properties. In this study, using a weight-drop model of TBI, we investigated the
protective effects of ramelteon, a melatonin MT1/MT?2 receptor agonist, and its underlying
mechanisms of action. Administration of ramelteon (10 mg/kg) daily at 10:00 am alleviated
TBI-induced early brain damage on day 3 and long-term neurobehavioral deficits on day 28
in C57BL/6 mice. Ramelteon also increased the protein levels of interleukin (IL)-10, IL-4,
superoxide dismutase (SOD), glutathione, and glutathione peroxidase and reduced the protein
levels of IL-1p, tumor necrosis factor, and malondialdehyde in brain tissue and serum on days
1, 3, and 7 post-TBI. Similarly, ramelteon attenuated microglial and astrocyte activation in
the perilesional cortex on day 3. Furthermore, ramelteon decreased Keap 1 expression,
promoted nuclear factor erythroid 2-related factor 2 (Nrf2) nuclear accumulation, and
increased levels of downstream proteins, including SOD-1, heme oxygenase-1, and NQO1 on
day 3 post-TBI. However, in Nrf2 knockout mice with TBI, ramelteon did not decrease the
lesion volume, neuronal degeneration, or myelin loss on day 3; nor did it mitigate
depression-like behavior or most motor behavior deficits on day 28. Thus, timed ramelteon
treatment appears to prevent inflammation and oxidative stress via the Nrf2-antioxidant
response element pathway and might represent a potential chronotherapeutic strategy for

treating TBI.
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Traumatic brain injury

1. Introduction

Traumatic brain injury (TBI) is estimated to affect over 10 million people annually and
represents the leading cause of disability and death among those under 45 years old [1]. In the
United States, the occurrence of TBI is increasing, with more than 1.7 million cases each year
[2]. The pathophysiology of TBI involves two typical processes: primary injury, which is
initiated directly by the trauma, and secondary injury, which is caused by inflammation,

oxidative stress, and glutamate excitotoxicity. These secondary processes lead to additional



brain injury, including edema and cell death.

Melatonin [N-acetyl 5-methoxytryptamine, MT; Supplementary Fig. 1] is a hormone
made by the pineal gland that exhibits non-enzymatic, antioxidant, and neuroprotective
effects in various models of brain injury, including TBI [3]. The physiologic effect of
melatonin is mediated by its three membrane receptors (MT1, MT2, and MT3) [4]. MT1 and
MT2 have been localized to discrete brain areas of the rodent nervous system, including the
suprachiasmatic nucleus (SCN), cerebellum, thalamus, hippocampus, and peripheral tissues
[5], whereas MT3, now defined as quinone reductase Il, is highly expressed in the liver and
the kidneys, with moderate amounts in the heart, adipose tissue, and brain [6]. Melatonin
enhances immune function, has anti-inflammatory properties [7], regulates radical scavengers
[8], and modulates mood and behavior [9] by activating the MT1 and/or MT2 receptors
located mainly in the SCN of the hypothalamus [5]. Importantly, it can decrease brain edema,
attenuate blood-brain barrier permeability, and diminish cortical astrocyte activation and
neuronal death in animal models of TBI, likely by inhibiting oxidative stress [10-12]. In
addition, it has been shown to attenuate TBI-induced inflammatory response and ameliorate
behavioral deficits [13].

Ramelteon [(S)-N-[2-(1,6,7,8-tetrahydro-2H-indeno-[5,4-b]furan-8-yl)ethyl]
propionamide; TAK-375; Supplementary Fig. 1] is a selective melatonin MT1/MT2 receptor
agonist with a molecular weight of 259.34. It was approved by the Food and Drug
Administration for treating insomnia in 2005 [4, 14]. It is remarkably free of side effects, in
part because of its high affinity for MT1 and MT2 receptors and negligible affinity for MT3

or other receptors. Its affinity for MT1 and MT2 receptors is 3-16 times that of melatonin [5],



and after oral administration, it is absorbed rapidly (0.5-1.5 h) and has a half-life (1.0-2.6 h)
longer than that of melatonin (<30 min) [15, 16]. Ramelteon has been shown to penetrate the
brain [17] and exert neuroprotection [18].

Ramelteon has been used to treat sleep disturbance in patients with TBI [19], but its
neuroprotective effects have not been investigated in patients or in animal models of TBI. It
is unknown whether timed ramelteon treatment can mitigate oxidant stress and brain
inflammatory response after TBI. Therefore, in this study, using Feeney’s weight-drop model
of TBI in mice [20], we assessed whether timed ramelteon treatment provides neuroprotective,
antioxidative, or anti-inflammatory effects and investigated its potential mechanisms of

action.

2. Materials and methods
2.1 Mice

Male C57BL/6 wild-type mice (20-25 g, 3 months old) were purchased from the
Laboratory Animal Center of Zhengzhou University (Henan province, China), and male Nrf2
gene knockout (KO) mice (C57BL/6 background, 20-25 g, 3 months old) were originally
generated by Dr. Masayuki Yamamoto [21]. Animals were housed in a pathogen-free animal
facility with a 12-h light/dark cycle (lights on from 8:00 am to 8:00 pm), food and water
available ad libitum, a room temperature of 24+1°C, and humidity of 60£10% for at least 1
week before the experiment. The experimental procedures were approved by the Animal Care
and Use Committees of Zhengzhou University. Animal experiments are reported in

accordance with the ARRIVE guidelines.



2.2 Feeney s weight-drop model of TBI

We used Feeney’s weight-drop model of TBI to produce a contusion injury of the right
parietal cortex in mice, as we described previously [22, 23]. The mice were anesthetized with
an intraperitoneal injection of 10% chloral hydrate (0.035 mL/10 g), and the head was fixed
in a stereotactic device. Under aseptic conditions, a midline longitudinal incision was made
over the skull, and a 4-mm craniotomy was made with a dental drill and trephine over the
right parietal bone window 1 mm behind the bregma and 1 mm to the midline. A 20-g steel
rod with a flat end (3 mm in diameter) was released from a height of 20 cm onto a piston
resting on the dura to a controlled depth of 1 mm. The scalp was then closed with
cyanoacrylate tissue glue. After this procedure, the mice were returned to their home cages
and maintained at room temperature (24 = 1°C). The sham control group underwent surgical

incision but did not receive the cortical impact.

2.3 Experimental groups and drug administration

Ramelteon (purity=99.63%, Selleck Chemicals, Houston, TX) was suspended in 0.5%
methylcellulose solution as described previously [24]. Mice were assigned randomly
(http://www.randomization.com) [21, 25] to receive ramelteon (10 mg/kg) or vehicle (0.5%
methylcellulose, Sigma, Shanghai, China) by gavage at 1 h after TBI and then once daily at
approximately 10:00 am for 28 days. This chronotherapeutic strategy was based on the low
pineal and blood levels of melatonin in mice at around 10:00 am [26, 27]. We chose the

delivery route, drug dosing, drug preparation, and treatment regimen for ramelteon based on



prior studies [24, 28, 29].

A total of 170 wild-type mice and 64 Nrf2 KO mice were included in this study.
Animals that died before the end of the study (n = 16) were excluded from the final data
analysis. Brain water content and lesion volume were measured in eight to 10 mice per group.
We used five to 10 mice per group to assess behavioral performance, measure lesion volume
by histology, and determine changes in protein expression by ELISA and Western blot.
Treatment, data collection, and data analyses were blinded by using different investigators or
by masking sample labels with coded numbers. Supplementary Fig. 2 summarizes the

experimental timeline.

2.4 Neurologic function testing

The modified neurologic severity score (MNSS) test was used to measure neurologic
function on days 1, 3, 7, 14, 21, and 28 after TBI based on our previous studies [30-32]. The
mNSS consists of motor (muscle status and abnormal movement), sensory (visual, tactile,
and proprioceptive), reflex, and balance tests, and is graded on a scale of 0 (normal) to 18

(maximal deficit).

2.5 Measurement of cerebral edema
Brain water content was measured by the wet-dry weight ratio method as described
previously [33, 34]. It was calculated as a percent using the following equation: brain water

content (%) = (wet weight — dry weight)/wet weight x100% [35].



2.6 Forced swim test (FST)

During the FST, mice were placed individually in a clear Perspex cylinder (65 cm high x
25 cm in diameter) filled to a depth of 15 cm with tap water at 25 + 1°C. The movements of
the mice on day 28 after TBI were recorded by a camera for 6 min, and the duration of
immobility was recorded during the last 4 min of the test by an investigator blinded to the
experimental groups. The absence of escape-oriented behaviors such as swimming, jumping,
rearing, sniffing, or diving is indicative of behavioral despair. ANYMaze software was used
to track and analyze the data. Mice that were floating upright and making only small

movements to remain above water were considered immobile [36-38].

2.7 Tail suspension test (TST)

The TST was performed on 28 day after TBI according to our established protocol [37-39].
Mice were acclimated to the behavior room for 1 h and then suspended by their tails to the
edge of a shelf 55 cm above a desk. The tail was attached to the shelf with adhesive tape (17
cm long, positioned approximately 1 cm from the tip of the tail). A plastic tube (4 cm long, 1
cm diameter, 1.5 g) placed around the tail prevented the mouse from climbing its tail.
Behaviors were recorded with a video camera for 6 min. The immobility time was calculated
by subtracting the total amount of mobility time from the 360 s of test time. Mice were

considered immobile only when they hung passively and completely motionless.

2.8 Sucrose preference test (SPT)

The SPT was performed as described previously on day 21 post-TBI [21, 37, 38]. Mice



were trained with two identical bottles containing 1% sucrose solution (w/v) for 3 days,
followed by one bottle of 1% sucrose solution and one bottle of plain tap water for 4 days.
The respective weights of the sucrose solution and water consumed before and after the test
were measured. Sucrose preference was calculated with the following equation: % sucrose
preference = sucrose intake in g / (sucrose solution intake + tap water intake in g) x 100%

[21].

2.9 Morris water maze test (MWM)

We tested mice in the MWM test to evaluate spatial memory on days 23-28 after TBI
according to the protocols reported previously [36, 40, 41]. Animals were trained to find a
hidden platform in a circular aluminum pool (180 cm in diameter and 50 cm deep) that was
surrounded by visual cues placed at the same starting point over 5 consecutive training days
before the test. The test (probe trial) was performed on the last day. Trajectory and navigation
parameters were recorded and analyzed by ANYMaze video tracking system (Version 4.8;

Stoelting Co., Wood Dale, IL).

2.10 Novel object recognition (NOR) test

The NOR test was used to evaluate recognition memory on day 28 after TBI as
described previously [21, 22, 38]. The discrimination index was used to assess cognitive
ability and was calculated as follows: Discrimination index (%) = time spent with novel

object/(time spent with novel object + time spent with old object) x 100% [37].
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2.11 Wire hanging test

The wire-hanging test was performed on days 7, 14, and 28 after TBI. It was carried out
as described previously with minor modification to evaluate limb muscle strength, balance,
and endurance [21, 37]. The mice were placed on a 55-cm long horizontal metallic wire (1
mm in diameter) that was stretched between two posts, 50 cm above a soft pillow. The
latency to fall was recorded up to 600 s. Hind limbs of the mice were gently covered with

adhesive tape to prevent them from using all four paws.

2.12 Forelimb placement test

Mice were trained in the forelimb placement test before TBI and then tested at 7, 14, and
28 days after TBI [21, 42]. We gently held the mouse by the torso and brushed its vibrissae
against the edge of a tabletop. Placing was calculated as the percentage of successful reaches

in 10 trials.

2.13 Rotarod test

On days 7, 14, and 28 after TBI, we tested mice on an accelerating rotarod apparatus to
measure motor function and balance [21, 43, 44]. Each mouse was placed in a neutral
position on the rod (4 cm in diameter). The rod then began to rotate with accelerating speed
(2 rpm/5 s) linearly from 1 rpm. An arbitrary time limit of 5 min was set on the apparatus
during the training (3 adaptation trials) and testing procedures. The time spent on the rotarod

was recorded as latency to fall.
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2.14 Tissue processing for histology

On day 3 after TBI, six mice in each group were anesthetized with an overdose of 10%
chloral hydrate and transcardially perfused via the left ventricle with 0.1 M
phosphate-buffered saline (PBS, pH 7.4) followed by 30 mL of 4% paraformaldehyde. The
brains were removed, postfixed in 4% paraformaldehyde overnight at 4°C, and then
transferred sequentially into 15%, 25%, and 35% sucrose solution overnight prior to
dissection and sectioning [45]. The brain tissue was embedded in Tissue-Tek® O.C.T.
compound (Sakura Finetek Inc, Torrance, CA) and serially sectioned into 25 um coronal
sections on a cryostat (Leica, Germany). Sections were then collected into six-well plates

containing PBS for histology.

2.15 Determination of lesion volume and neuronal death

On day 3 after TBI, coronal brain sections from C57BL/6 mice treated with ramelteon or
vehicle were stained with Cresyl violet (for Nissl bodies) and mounted with DPX mounting
medium. Sixteen sections from every six brain sections throughout the whole hemisphere
were selected from each mouse for measurement of lesion volume. Similarly, the brain
sections from Nrf2 KO mice treated with ramelteon or vehicle were stained with Cresyl violet
and Luxol Fast Blue (for myelin) or Fluoro-Jade C (FJC, for degenerating neurons), as
previously reported [21]. Image J software (NIH, Bethesda, MD, USA) was used to quantify
lesion volume, myelin loss, and degenerating neurons in the striatum. The volume of the
lesion in cubic millimeters was calculated as the sum of the damaged areas of each section

multiplied by the interslice distance. The presence of normal myelin was expressed as a

12



percentage of the total area examined. The degenerating neurons were counted in three fields
immediately adjacent to the injured area at a magnification of 200x over a microscopic field

of 0.1 mm? and expressed as cells per square millimeter [46].

2.16 Immunofluorescence staining of GFAP and Iba-1

We performed immunofluorescence staining of the coronal brain sections to examine the
activation of astrocytes [glial fibrillary acidic protein (GFAP)-positive] and microglia
[ionized calcium-binding adaptor molecule 1 (lba-1)-positive] as described previously
[46-48]. After being blocked for 1 h, the sections were incubated with rabbit anti-GFAP
(1:500, Proteintech, Rosemont, IL) or rabbit anti-Iba-1 (1:300, Proteintech) overnight at 4°C
and then with secondary antibody (CY3-conjugated donkey anti-rabbit IgG, Sangon Biotech,
Songjiang, Shanghai) for 1 h at room temperature. Nuclei were labeled with
4,6-diamidino-2-phenylindole (DAPI; D8417; 1:1000, Sigma, St. Louis, MO) for 1 min.

Fluorescence images were taken with a fluorescence microscope (Olympus, Tokyo, Japan).

2.17 Measurement of cytokines by enzyme-linked immunosorbent assay (ELISA)

At days 1, 3, and 7 after TBI, we measured the levels of cytokines interleukin (IL)-4,
IL-10, IL-1B, and TNF-a in blood serum, and oxidative stress biomarkers superoxide
dismutase (SOD), malondialdehyde (MDA), glutathione (GSH), and glutathione peroxidase
(GSH-Px) in blood serum and brain tissue using ELISA kits (Biotechnology Co., Ltd from
Donghu New & High Technology Development Zone, Wuhan and Tsz Biosciences from San

Francisco, CA) [34, 49].
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2.18 Western blotting

On day 3 after TBI, mice were decapitated under deep anesthesia. Fifty milligrams of
brain tissue collected from around the injured area was homogenized in ice-cold lysis buffer
supplemented with protease and phosphatase inhibitors. Cytosolic and nuclear protein
fractions were isolated with the Nuclear Extraction Kit (Origene, Rockville, MD). Total
protein was quantified with the BCA assay (Bio-Rad, Hercules, CA). Western blotting was
performed as previously described [21, 25]. The extracted protein was separated by 4-20%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene difluoride membrane. Membranes were blocked with 5% non-fat milk and
incubated with the following primary antibodies: rabbit anti-Nrf2 (1:2000, Abcam,
Cambridge, MA), mouse anti-Keapl (1:1000, Santa Cruz, Dallas, TX), rabbit anti-heme
oxygenase (HO)-1 (1:1500, Abcam), mouse anti-NQO1 (1:1000, Novus, Littleton, CO),
anti-SOD1 (1:1000, Abcam), mouse anti-p-actin (1:3000, Santa Cruz), and mouse anti-Lamin
B (1:1000, Santa Cruz) at 4°C overnight. Then the membranes were incubated with
horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (1:3000,
Santa Cruz) and visualized by enhanced chemiluminescence (ECL) solution (Millipore).
Images of blots were captured with an ImageQuant ECL Imager (GE Healthcare, Chicago,

IL), and the bands were quantified with Image J software.

2.19 Statistical analyses

All statistical analyses were carried out with SPSS Statistical Software (version 21).

14



Data are presented as mean + SD with p<0.05 being considered statistically significant.
Differences between two groups were assessed by unpaired, two-tailed t-test. We used a
one-way or two-way ANOVA and Bonferroni post hoc test to compare differences among

multiple groups.

3. Results
3.1 Ramelteon reduced brain lesion volume and edema after TBI

Cresyl violet staining showed that lesion volumes were significantly smaller in the
ramelteon group than in the vehicle group on days 3 (5.66 + 0.99 mm? vs. 7.29 + 0.82 mm®)
and 28 (8.40 + 1.14 mm?® vs. 10.57 + 1.30 mm®) after TBI (n = 8 mice/group, p<0.05; Figs.
1A, B). In addition, brain edema, as measured by brain water content of the ipsilateral
hemisphere, was significantly lower in the ramelteon group than in the vehicle group on day

3 after TBI (77.90 £ 1.92% vs. 81.77 £ 1.89%; p<0.05; n = 10 mice/group; Fig. 1C).

3.2 Ramelteon increased body weight but failed to reduce mortality after TBI

Mice lose body weight in the first week after TBI, but those treated with ramelteon
regained weight more quickly than mice treated with vehicle (Day 7: p<0.05, n=10
mice/group; Fig. 1D). Nevertheless, ramelteon failed to reduce mortality on day 7 after TBI

(p>0.05, n=10 mice/group; Fig. 1E).

3.3 Ramelteon ameliorated neurologic deficits and depression-like behavior after TBI

The mNSS increased markedly in the first day after TBI and then gradually decreased in

15



all groups with time. Beginning after the first day, the scores in the ramelteon-treated TBI
group remained significantly lower than those in the vehicle-treated TBI group for 4 weeks
(p<0.05, n=10 mice/group; Fig. 1F). In both the FST and TST, the immobility time in the
ramelteon-treated TBI group was significantly lower than that of the vehicle-treated TBI
group (86.83 £ 16.15 s vs. 109.60 + 21.53 s in the FST; 101.70 + 20.61 s vs. 135.90 £ 19.13 s
in the TST) on day 28 (F = 5.880, 13.27, respectively; both p<0.05, n = 10 mice/group; Figs.
1G and H). Furthermore, the ramelteon-treated TBI mice consumed more sucrose-sweetened
water (62.85 £ 12.51%) than the vehicle-treated TBI mice did (47.05 = 10.96%) in the
sucrose preference test (F = 6.411, p<0.05, n = 10 mice/group; Fig. 11), though the total liquid

consumed did not differ between the two groups (Supplementary Fig. 3).

3.4 Ramelteon improved cognitive deficits after TBI

The MWM and NOR test were used to evaluate cognitive impairment after TBI. In the
MWM test, mice that find the platform more quickly are interpreted as having better learning
and memory function. Performance during training on days 23 to 27 and during the probe
trial on day 28 was evaluated by analyzing the percentage of time spent swimming toward the
platform. The ramelteon-treated TBI mice spent significantly more time in the target quadrant
trajectory than did the vehicle-treated TBI mice across the training days and the probe trial
period (Fig. 2A). The ramelteon-treated TBI mice exhibited significantly shorter escape
latency than did the vehicle-treated TBI mice on the last two days of training (day 26: 21.5 +
2.9svs. 27.6 £3.95s; day 27: 19.7 £ 1.6 svs. 27.7 £ 2.4 s; both p<0.05, n=10 mice/group; Fig.

2B). However, the average swimming speed did not differ among the ramelteon-treated,

16



vehicle-treated, and sham groups during the training days (Fig. 2C) or the probe trial (Fig. 2D)
(F = 0.9342, both p>0.05, n = 10 mice/group), suggesting that ramelteon did not alter the
swimming ability. The ramelteon-treated TBI mice also had significantly greater retention
time in the target quadrant (29.3 £ 4.8 s) and more platform crossings (3.7 £ 1.2 times) than
did vehicle-treated TBI mice (20.5 + 5.7 s, 2.1 + 1.0 times) during the probe trial (F = 16.78,
11.24, respectively, both p<0.05, n = 10 mice/group; Figs. 2E and F). Moreover, TBI caused
a clear decrease in the discrimination index of the NOR test (49.72 + 9.6% vs. 74.19 £
11.5%) that was reversed by ramelteon administration (62.60 £ 11.5% vs. 49.72 + 9.6%,

F = 12.66, both p<0.05, n = 10 mice/group; Fig. 2G).

3.5 Ramelteon increased anti-inflammatory cytokines and reduced pro-inflammatory
cytokines after TBI

TBI is associated with altered cytokine profiles in the blood and brain tissue. To
investigate the role of inflammatory response after TBI, we determined serum and brain
levels of IL-10, IL-4, IL-1pB, and TNF-a on days 1, 3, and 7 after TBI. TBI induced secretion
of pro-inflammatory cytokines IL-1B and TNF-o and anti-inflammatory cytokines IL-10 and
IL-4 in the brain tissue and serum of vehicle-treated mice during the experimental period (Fig.
3A and B). Brain and serum levels of these four cytokines increased over time after TBI
induction. Compared with vehicle treatment, ramelteon treatment significantly increased
brain and serum IL-10 and brain IL-4 on days 1, 3, and 7, as well as serum IL-4 on day 7. In
contrast, ramelteon significantly decreased brain IL-1p on days 3 and 7; serum IL-1p on day

7; brain TNF-a on days 1, 3, and 7; and serum TNF-a on days 3 and 7 compared with levels

17



in vehicle-treated mice (all p<0.05, n = 6 mice per group).

3.6 Ramelteon attenuated oxidative stress after TBI

We measured SOD, MDA, GSH, and GSH-Px levels in brain tissue and serum on days 1,
3, and 7 after TBI to determine whether ramelteon attenuated oxidative damage in the central
and peripheral systems. SOD, GSH, and GSH-Px levels were decreased in brain tissue and
serum after TBI, whereas MDA was increased, when compared with levels in the sham group
on days 1, 3, and 7 (p<0.05, n = 6 mice/group). Ramelteon reversed these changes.
Ramelteon-treated mice displayed significantly higher brain concentrations of SOD and GSH
on days 1, 3, and 7, and higher GSH-Px on days 1 and 7, than did vehicle-treated mice
(p<0.05, n = 6 mice/group). Ramelteon also significantly increased the serum levels of SOD
and GSH-Px at all three time points and GSH on days 1 and 3 compared with those in the
vehicle group (p<0.05, n = 6 mice/group). Moreover, ramelteon-treated mice had
significantly lower levels of brain and serum MDA on days 1, 3, and 7 than did
vehicle-treated mice (all p<0.05, n = 6 mice/group). Overall, ramelteon treatment increased
brain and serum levels of SOD, GSH, and GSH-Px and decreased serum levels of MDA at

most of the three time points tested (Fig. 3B).

3.7 Ramelteon inhibited activation of astrocytes and microglia in the perilesional cortex after
TBI
We assessed microglia/macrophage and astrocyte activation with Iba-1 and GFAP

immunofluorescence labeling, respectively. Microglial/macrophage activation was classified
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by morphologic criteria and a cell body diameter cutoff of 7.5 mm [45, 50]. In mice with TBI,
the immunoreactivity of reactive astrocytes was more intense and the processes were longer
and thicker, as we have previously described [51]. Immunofluorescence staining of GFAP
and Iba-1 on day 3 showed that astrocytes and microglia were activated in the perilesional
area of the injured cortex. However, this activation was markedly decreased in the
ramelteon-treated TBI group (F = 39.58, 32.02, p<0.05, n = 6 mice/group). Furthermore, the
branches of the astrocytes tended to be larger in the vehicle-treated TBI group than in the
sham group (Fig. 3C). Microglia from the vehicle-treated TBI mice had enlarged, round cell
bodies and shortened processes, whereas those from the ramelteon-treated TBI mice
exhibited a less activated phenotype with smaller cell bodies and elongated processes (Fig.
3D). The numbers of activated astrocytes and microglia surrounding the lesion were
determined by counting cells in four sites within a specified sampling zone selected from the

ipsilateral dorsal parietal cortex (Supplementary Fig. 4).

3.8 Ramelteon decreased Keapl expression, promoted Nrf2 nuclear accumulation, and
increased SOD1, HO-1, and NQOL expression after TBI

Nrf2 is a key transcription factor that regulates antioxidant enzymes [21, 52]. Under
conditions of oxidative stress, it is released from the Keapl-Nrf2 complex in the cytoplasm,
and its free form translocates to the nucleus. Therefore, we measured cytoplasmic Keapl
protein expression and cytoplasmic and nuclear Nrf2 protein expression on day 3 after TBI.
Ramelteon significantly reduced cytosolic Keapl expression compared with that in the

vehicle-treated TBI group (F = 21.91, p<0.05, n = 5 mice/group; Fig. 4A) and increased
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nuclear Nrf2 expression (F = 58.31, p<0.05, n = 5 mice/group; Fig. 4B) without altering
cytoplasmic Nrf2 expression (F = 0.5776, p>0.05, n = 5 mice/group; Fig. 4C). Furthermore,
expression levels of Nrf2 downstream molecules SOD1, HO-1, and NQO1 were increased
after TBI compared with those in the sham group and were further increased by ramelteon (F

= 16.86, 20.26, 18.93, respectively, all p<0.05, n =5 mice/group; Fig. 4D-F).

3.9 Neuroprotection by ramelteon was mostly lost in Nrf2 KO mice

To assess whether ramelteon protects against TBI via the Nrf2-antioxidant response
element (ARE) signaling pathway, we administered ramelteon to Nrf2 KO mice subjected to
TBI. Lesion volume on day 3 and survival rate during the first 7 days after TBI did not differ
between the vehicle- and ramelteon-treated Nrf2 KO mice (both p>0.05, n = 10 mice/group;
Fig. 5A-C). In contrast, ramelteon significantly increased body weight of TBI mice on day 3
(p<0.05, n = 10 mice/group; Fig. 5D) and decreased the neurologic deficit scores compared
with those of the vehicle group on days 14 and 28 (both p<0.05, n = 10 mice/group; Fig. 5E).
However, ramelteon failed to improve performance of Nrf2 KO mice in the wire hanging test,
rotarod test, and forelimb placement test on days 7, 14, and 28 (all p>0.05, n = 10 mice/group;
Fig. 5F-H). Furthermore, ramelteon treatment did not improve performance of Nrf2 KO mice
in the NOR test (Fig. 51), TST (Fig. 5J), FST (Fig. 5K), or SPT (Fig. 5L and Supplementary
Fig. 3B) compared with that of vehicle-treated mice on day 28 after TBI (F = 11.14, 19.07,
5.918, 6.950, and 0.7026, respectively, all p>0.05, n = 10 mice/group). Additionally,
ramelteon failed to increase the percentage of area with normal myelin, as assessed by Luxol

fast blue staining (F = 8.695, p>0.05, n = 6 mice/group; Fig. 5M and Supplementary Fig. 4C),
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or decrease the number of degenerating neurons, as measured by Fluoro-Jade C staining, in
the perilesional area of the Nrf2 KO mice on day 3 (F = 359.8, p>0.05, n = 6 mice/group; Fig.

5N).

4. Discussion
Using young adult mice subjected to a weight-drop model of TBI, we evaluated the
protective effects of ramelteon and elucidated its potential mechanism of action. We found
that ramelteon reduced brain lesion volume on days 3 and 28, reduced brain edema on day 3,
and improved neurologic function on day 28 after TBI. In addition, ramelteon ameliorated
depression-like behavior and cognitive deficits, and attenuated the TBI-induced
pro-inflammatory response and oxidative stress. Importantly, it reduced Keapl expression,
promoted Nrf2 nuclear accumulation, and increased the expression of Nrf2 downstream
molecules SOD1, HO-1, and NQO1. However, in Nrf2 KO mice, ramelteon failed to 1)
decrease lesion volume, neuronal death, and myelin loss; 2) mitigate the motor deficits in the
wire-hanging test, rotarod test, and forelimb placement test; and 3) ameliorate the cognitive
deficits and depression-like behaviors. However, ramelteon did modestly decrease neurologic
deficit score after TBI in Nrf2 KO mice. Together, these novel findings provide evidence that
ramelteon attenuates TBI-induced brain damage primarily through the Nrf2-ARE signaling
pathway.
TBI can cause damage to the cingulate, a part of the brain situated in the medial
aspect of the cerebral cortex that has been shown to affect a variety of neurobehavioral

functions, including cognition and emotion [53]. In addition to motor deficits, our TBI mice
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exhibited cognitive deficits and depression-like behavioral abnormalities, which were
mitigated by long-term ramelteon treatment, suggesting that prolonged melatonin receptor
activation might be able to help repair brain tissue and promote functional recovery.

Inflammation is one of the major determinants of secondary brain damage after TBI
[54]. Melatonin was reported to restrain microglial and astrocyte activity and alleviate
neuroinflammation in animal models of TBI [10, 55]. Although ramelteon inhibits the
systemic inflammatory response in patients with insomnia, probably via the MT receptors
[56], it is unclear whether it inhibits inflammatory response in the TBI model. In this study;,
we provide evidence that ramelteon markedly increases the protein level of anti-inflammatory
cytokines (IL-4 and IL-10) while decreasing the level of pro-inflammatory cytokines (IL-1
and TNF-a) in brain tissue and serum on days 1, 3, and 7 post-TBI. Moreover, ramelteon
decreased TBI-induced microglial and astrocyte activation as shown by decreased Iba-1 and
GFAP immunoreactivity, supporting the notion that ramelteon has anti-inflammatory effects
after TBI.

The neuroprotective effects of melatonin might also be attributed to its ability to
induce antioxidant enzymes. This property might be correlated with the activation of MT1
and/or MT2 melatonin receptors [1]. In this study, we assessed the brain's antioxidant status
by measuring four major oxidative stress biomarkers. We found that ramelteon significantly
increased brain and serum levels of SOD, GSH, and GSH-Px on days 1, 3, and 7 post-TBI
while levels of MDA were correspondingly reduced. These effects might be due to
ramelteon's ability to activate the ARE, which regulates key cellular antioxidants. A prior

study showed that ramelteon reduced protein oxidation in the hippocampus of transgenic
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mice in a model of Alzheimer's disease [57]. Because melatonin has anti-inflammatory and
antioxidative properties, its low levels in pineal gland and blood of mice at around 10:00 am
[26, 27] may indicate that the inflammatory response and oxidative stress are highest at that
time. The efficacy of our treatment regimen supports a timed drug administration strategy
(chronopharmacology) to combat proinflammatory response and oxidative stress after TBI.

The molecular mechanisms of action of ramelteon after TBI are unknown, but the
Nrf2-ARE pathway could be involved. The transcription factor Nrf2 plays an indispensable
role in the induction of endogenous antioxidant enzymes [52, 58]. The Nrf2-ARE system is
considered to be a multi-organ protector and is fundamentally neuroprotective in several
brain diseases, including TBI [21, 52, 58-60] and intracerebral hemorrhage [52, 61]. Under
physiologic conditions, Nrf2 binds with its negative regulator, Keapl, in the cytoplasm;
however, under conditions of oxidative stress or injury, Nrf2 is liberated from the Keap1-Nrf2
complex and translocates into the nucleus, where it activates the Nrf2-ARE pathway [21].
Therefore, we investigated changes in the Nrf2-ARE signaling pathway after ramelteon
administration. We found that ramelteon reduced levels of MDA and Keapl in the brains of
mice with TBI. Moreover, ramelteon increased nuclear accumulation of Nrf2 and cytoplasmic
expression of phase Il enzymes SOD1, HO-1, and NQO1, which can decrease oxidative
stress. Thus, ramelteon might increase Nrf2 expression at its post-translational level after TBI.
These results reveal that the Nrf2-ARE signaling pathway was enhanced by ramelteon
treatment.

Evidence supports a critical role for Nrf2 in counteracting the inflammatory response

in TBI models [59]. It has been reported that, when subjected to a TBI model, Nrf2 KO mice
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produce greater levels of TNF-a, IL-1pB, and IL-6 than do wild-type mice [62]. Our data
indicate that ramelteon differentially regulates anti- and pro-inflammatory cytokine
production via the Nrf2-ARE pathway. After TBI, Nrf2 is highly induced in neurons,
astrocytes, and microglia [63-66]. In a recent study, Dong et al. reported that Nrf2
immunoreactivity was co-localized predominantly with NeuN-positive cells, but this
accumulation was transient, as fewer neurons (NeuN") were Nrf2-positive at 3 days post-TBI.
In contrast, Nrf2 expression was continuously high in microglia, particularly at 3 and 7 days
post-injury. The ratio of Nrf2-positive cells in Ibal” cells peaked at 7 days. In addition, slight,
but stable Nrf2 immunoreactivity was detected in astrocytes (GFAP®) from 6 h to 21 days
after TBI. Most GFAP" cells co-stained for Nrf2 at 7 days post-TBI, and Keap 1 exhibited the
same expression pattern as Nrf2 [67].

To confirm that ramelteon protects against TBI via the Nrf2-ARE signaling pathway,
we treated Nrf2 KO with ramelteon after TBI and investigated histologic and behavioral
outcomes. We found that ramelteon did not decrease lesion volume, neuronal death, or
myelin loss or improve performance in most of the behavioral tests (cognition and
depression-like behaviors), but it did modestly decrease the neurologic severity score. These
results indicate that ramelteon produces cerebroprotection predominantly via the Nrf2-ARE
pathway, although its protection might not be solely dependent on this pathway. As indirect
evidence, a recent study showed that the neuroprotection conferred by melatonin after TBI
was lost in Nrf2 KO mice [60].

Because TBI is most common in young male adults, we chose 3-month-old male mice

as the test subjects. We will carry out future studies in female mice to make these preclinical
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studies more translatable to the clinic. Interestingly, it was reported that the sex does not
influence the effect of ramelteon in humans [68]. Importantly, our data indicate that
ramelteon has antioxidant and anti-inflammatory effects; however, we still must determine
whether these effects are mediated by MT1, MT2, or both receptors.

In conclusion, we provide the first evidence that ramelteon has antioxidative and
anti-inflammatory properties and protects the brain after TBI primarily by targeting the
Nrf2-ARE signaling pathway. These findings imply that ramelteon may hold promise for
treating TBI and other acute brain insults. A major challenge in the future will be to
understand the effects of timed ramelteon treatment on microglial phenotype and cell death
pathways and the underlying circadian mechanisms. The insights gained from this study will

prompt new chronotherapeutic strategies for treating TBI.
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Figure legends

Fig. 1. Ramelteon reduces brain lesion volume and edema and mitigates neurologic deficits
and depression-like behaviors after TBI. (A) Cresyl violet-stained brain sections at 3 and 28
days post-TBI. Injured areas lack staining and are circled in black (Scale bar = 1 mm). (B)
Ramelteon decreased lesion volumes at 3 and 28 days post-TBI. n = 8 mice/group.*P<0.05 vs.
vehicle group (t-test). (C) At 3 days post-TBI, ramelteon reduced brain water content of the
ipsilateral hemisphere, but not cerebellum. n = 10 mice/group. *P<0.05 vs. vehicle group
(one-way ANOVA followed by Bonferroni post hoc test). (D) Mice treated with ramelteon
gained body weight more quickly than did mice treated with vehicle and weighed
significantly more on day 7 after TBI. n = 10 mice/group. *P<0.05 vs. sham group; “P < 0.05
vs. vehicle group (repeated measures ANOVA followed by Bonferroni post hoc test). (E)
Ramelteon failed to enhance the survival rate during the first week after TBI. n = 10
mice/group. (F) Neurologic deficit scores were lower in ramelteon-treated mice than in
vehicle-treated mice at all time points except for day 1 after TBI. n = 10 mice/group. *P<0.05
vs. sham group; “P< 0.05 vs. vehicle group (repeated measures ANOVA followed by
Bonferroni post hoc test). (G, H) Ramelteon-treated mice exhibited less immobility time in
the forced swim test (FST) and tail suspension test (TST) on day 28. n = 10 mice/group.
*P<0.05 vs. sham group; "P< 0.05 vs. vehicle group (one-way ANOVA). (1)
Ramelteon-treated mice consumed more sucrose-sweetened water than did vehicle-treated
mice in the sucrose preference test (SPT). n = 10 mice/group. *P<0.05 vs. sham group; “P<
0.05 vs. vehicle group (one-way ANOVA followed by Bonferroni post hoc test). Data are

expressed as mean = SD.
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Fig. 2. Ramelteon improves learning and memory functions in mice after TBI. (A) Typical
escape route across the training days (upper) and the trajectories of mice during the probe
trial period (lower) of the Morris water maze (MWM) test. (B) In the MWM test, ramelteon
decreased escape latency on the last two training days. n = 10 mice/group. *P<0.05 vs. sham
group; “P<0.05 vs. vehicle group (repeated measures ANOVA followed by Bonferroni post
hoc test). (C, D) Ramelteon did not affect the average swimming speed during the training
days (C) or during the probe trial period on day 28 (D). (E, F) During the probe trial on day
28, ramelteon-treated mice spent significantly more time in the target quadrant (E) than did
the vehicle-treated mice and crossed the platform location more times (F). n = 10 mice/group.
*P<0.05 vs. sham group; "P<0.05 vs. vehicle group (one-way ANOVA followed by
Bonferroni post hoc test). (G) Ramelteon increased the discrimination index in the novel
object recognition test. n = 10 mice/group. *P<0.05 vs. sham group; "P<0.05 vs. vehicle
group (one-way ANOVA followed by Bonferroni post hoc test). Data are expressed as mean *

SD.

Fig. 3. Ramelteon attenuates the inflammatory response and oxidative stress in brain tissue
and serum of mice after TBI. (A) Ramelteon increased anti-inflammatory cytokines 1L-10
and IL-4 but decreased pro-inflammatory cytokines IL-1B and TNF-a in brain tissue and
serum on days 1, 3, and 7 after TBI. n = 6 mice/group. *P<0.05 vs. sham group; *P<0.05 vs.
vehicle group (one-way ANOVA followed by Bonferroni post hoc test). (B) Ramelteon

markedly increased the levels of superoxide dismutase (SOD), glutathione (GSH), and
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glutathione peroxidase (GSH-Px) and decreased the level of malondialdehyde (MDA) in
brain tissue and serum on days 1, 3, and 7 after TBI. n = 6 mice/group. *P<0.05 vs. sham
group; “P<0.05 vs. vehicle group (one-way ANOVA followed by Bonferroni post hoc test).
(C, D) Representative images of immunofluorescence staining for GFAP (C) and Iba-1 (D) in
the perilesional region of the injured frontal cortex on day 3 (Scale bar = 50 um). Ramelteon
decreased the number of activated microglia and astrocytes (in red) after TBI. Insets show
merged images of GFAP or IBA-1 staining with DAPI-stained nuclei. n=6
mice/group.*P<0.05 vs. sham group; *P<0.05 vs. vehicle group (one-way ANOVA followed
by Bonferroni post hoc test). Data are expressed as mean + SD. lbal, ionized

calcium-binding adapter molecule 1, GFAP, glial fibrillary acidic protein.

Fig. 4. Ramelteon decreases Keapl expression, promotes nuclear accumulation of Nrf2, and
increases the expression of Nrf2 downstream molecules after TBI. (A-C) Western blotting
showed that ramelteon decreased Keapl expression (A) and increased nuclear Nrf2
expression (B), but did not affect cytoplasmic Nrf2 expression (C). n = 5 mice/group. *P<
0.05 vs. sham group; “P < 0.05 vs. vehicle group (one-way ANOVA followed by Bonferroni
post hoc test). (D-F) Western blotting showed that ramelteon increased the expression of
cytoplasmic proteins superoxide dismutase-1 (SOD1; D), hemoxygenase-1 (HO-1; E), and
NQO1 (F) on day 3 post-TBI. n = 5 mice/group. *P<0.05 vs. sham group; *P<0.05 vs.
vehicle group (one-way ANOVA followed by Bonferroni post hoc test). Data are expressed as

mean + SD.
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Fig. 5. The neuroprotection conferred by ramelteon is mostly lost in Nrf2 KO mice after TBI.
(A) Cresyl violet and Luxol fast blue staining on day 3 post-TBI. Injured areas lack staining
and are outlined in black (Scale bar: 1 mm). (B, C) Ramelteon failed to decrease lesion
volume on day 3 (B) or mortality during the first week (C) in Nrf2 KO mice. n = 10
mice/group. (D) Ramelteon-treated Nrf2 KO mice exhibited a greater increase in body weight
than did vehicle-treated Nrf2 KO mice on day 3. n = 10 mice/group. *P<0.05 vs. vehicle
group (repeated measures ANOVA followed by Bonferroni post hoc test). (E) Neurologic
deficits were less severe in ramelteon-treated Nrf2 KO mice than in vehicle-treated Nrf2 KO
mice on days 14 and 28 post-TBI. n = 10 mice/group. *P<0.05 vs. sham group (repeated
measures ANOVA followed by Bonferroni post hoc test). Ramelteon did not improve motor
performance of Nrf2 KO mice in the wire-hanging test (F), rotarod test (G), or left paw
placement test (H) on days 7, 14, and 28 after TBI. n = 10 mice/group. Similarly, ramelteon
did not alleviate memory deficits of Nrf2 KO mice in the novel object recognition test (I) or
depression-like behaviors in the tail suspension test (TST; J), forced swim test (FST; K), or
sucrose preference test (L) on day 28 after TBI. n = 10 mice/group. *P<0.05 vs. sham group
(one-way ANOVA followed by Bonferroni post hoc test). (M) (Left) Cresyl violet and Luxol
fast blue staining of ipsilateral corpus striatum on day 3 post-TBI. Scale bar = 50 um. (Right)
Bar graph shows that ramelteon did not increase the percentage of area with normal myelin in
the Nrf2 KO mouse brain compared with that in the vehicle group. n = 6 mice/group.
*P<0.05 vs. sham group (one-way ANOVA followed by Bonferroni post hoc test). (N) (Left)
Fluoro-Jade C staining of the perilesional cerebral cortex on day 3 post-TBI. Scale bar = 30

pm. (Right) Bar graph shows that ramelteon did not decrease the number of degenerating
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neurons in the perilesional region of the Nrf2 KO mice. n = 6 mice/group. *P<0.05 vs. sham

group (one-way ANOVA followed by Bonferroni post hoc test).

Highlights
1. Ramelteon provided marked neuroprotection after TBI.
2. Ramelteon activated the Nrf2-ARE pathway in the brain after TBI.

3. The protection by ramelteon was partially lost in Nrf2”" mice with TBI.
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