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Abstract

Background/Aims: High Monomeric Polyphenols Berries Extract (HMPBE) is a formula highly
rich in polyphenols clinically proven to enhance learning and memory. It is currently used
to enhances cognitive performance including accuracy, working memory and concentration.
Methods: Here, we investigated for the first time the beneficial effects of HMPBE in a mouse
model of acute and chronic traumatic brain injury (TBI). Results: HMPBE, at the dose of 15 mg/
kg was able to reduce histological alteration as well as inflammation and lipid peroxidation.
HMPBE ameliorate TBI by improving Nrf-2 pathway, reducing Nf-kb nuclear translocation and
apoptosis, and ameliorating behavioral alteration such as anxiety and depression. Moreover,
in the chronic model of TBI, HMPBE administration restored the decline of Tyrosine Hydroxy-
lase (TH) and dopamine transporter (DAT) and the accumulation of a-synuclein into the mid-
brain region. This finding correlates the beneficial effect of HMPBE administration with the
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onset of parkinsonism related to traumatic brain damage. Conclusions: The data may open a
window for developing new support strategies to limit the neuroinflammation event of acute

and chronic TBI. © 2024 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Traumatic brain injury (TBI) is the term used to describe a variety of violent or sus-
tained mechanical impacts that cause vascular injury and hypoxia, which in turn will cause
inflammation, cell death, and tissue loss [1]. TBI can result in a variety of neurological prob-
lems, including disabilities and death, and it significantly burdens affected families and soci-
ety. The World Health Organization (WHO) states that TBI is a serious issue that affects mil-
lions of people and is a major cause of mortality and disability in the US, where one in three
injuries result in a TBI [2]. Three phases of TBI sequelae can be distinguished: acute (0-1
week), post-acute (1week-1 month), and chronic (1 month to years). Cell necrosis from di-
rect force transfer to the brain tissue occurs during the acute phase, followed by secondary
cell death from axonal disease and inflammation [3, 4]. Although secondary cell death and
inflammation result from necrosis of the cells, post-acute and chronic phases shows signs of
neuronal remodeling and chronic pathology, including neurodegeneration, ongoing inflam-
mation, and protein misfolding of proteins like a-syn, APP, Tau, and transactive response
DNA binding protein 43 kDa [3-7]. This point is probably the key of the substantial biochemi-
cal connection between the etiology of TBI and the onset of parkinsonism in humans. As a
result, a great deal of current research attempts to fully explore this pathological overlap
and take advantage of the shared targets between PD and TBI in order to create more po-
tent and long-lasting treatment plans. The pathophysiology of Parkinson’s disease (PD) is
commonly linked to the neuropathological mechanism of a-syn overexpression and Lewy
body accumulation in SN [8]. The 14-kDa protein a-syn regulates synaptic activity through
the trafficking control of vesicle docking and fusion as well as neurotransmitter release.
a-syn immunohistochemistry is considered as one of the most reliable methods for assess-
ing the neuropathology of Parkinson’s disease [9-11]. Moreover, an abnormal production of
reactive oxygen species (ROS) by mitochondrial dysregulation and the altered expression
of tyrosine hydroxylase (TH) positive dopaminergic neurons present in substantia nigra is
modulated by the elevated upregulation of activated microglia are a connection point be-
tween TBI and PD onset. Stress signals sent by neurons upon injury activates astrocytes
and microglia which consequently releases pro inflammatory factors such as tumor necrosis
factor o (TNFa) and IL-1f [12]. This further recruits microglia to the injury site in order to
clear cellular debris and favor the synthesis of neurotrophic factors. On the other hand, the
increased upregulation of pro- inflammatory factors causes mitochondrial stress by produc-
tion of ROS [6]. a-syn that has been misfolded and comes from injured neurons sets off a
cascade of signaling pathways in glial and neuronal cells. While the nuclear factor KB (NF-
KB) signaling pathway, many proinflammatory cytokines are produced and expressed when
such events are activated. As a result, this series of events exacerbates neurodegenerative
processes, especially in diseases like Parkinson’s disease and synucleinopathies. Among the
numerous cells and tissues that express the NF-KB family of inducible transcription factors
there are microglia, astrocytes, and neurons. Although the traditional NF-KB pathway is vi-
tal for controlling the synthesis of inflammatory mediators during neuroinflammation, the
dual role of NF-KB activation can be critical for neuronal survival. Mitigating dopaminergic
neuronal degeneration and Parkinson'’s disease (PD) may be possible by selectively acting on
NF-KB-associated pathways. By selectively altering the NF-KB-mediated signaling pathways,
a number of naturally occurring chemicals found in medicinal plants can be a useful treat-
ment option in attenuating dopaminergic neuronal loss associated with Parkinson’s disease
[13]. Unfortunately, palliative care is the only realistic treatment available right now for
persistent TBI and PD. Therefore, investigations targeted at finding substances capable of
reducing or preventing PD in at-risk groups need to understand the molecular link between
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TBI and PD. More and more studies in recent years evaluated the beneficial effects of dietary
supplement or nutrients on brain during inflammatory or oxidative stress condition [14-17].
Fruits and vegetables high in polyphenols are now extensively examined for their possible
positive benefits as “functional foods” promoting a healthy brain and a fast recovery after
damages [18].

Researchers have recently become interested in flavonoids due to their strong antioxi-
dant qualities and exceptional anti-neuroinflammatory activity in a variety of neurodegen-
erative diseases, including Parkinson’s disease. Numerous flavonoid subclasses, such as fla-
vones, flavonols, isoflavones, and anthocyanins, have been investigated for their potential to
protect against both in vitro and in vivo Parkinson’s disease models. The evidence currently
available is compelling for the idea that bioactive flavonoids could be used as lead pharmaco-
phores or as an ingredient in food to treat Parkinson’s disease (PD) caused by inflammation
[13].

Previous research has demonstrated that consuming blueberry or grape juice every day
for a period of 12 weeks improved older volunteers’ episodic memory abilities [19]. More
recently, Bensalem et al. demonstrated that, after 8 weeks of supplementation, the combi-
nation of a polyphenol-rich grape and blueberry extract was able to prevent age-related
memory decline in middle-aged mice (16 months old) [18]. Additionally, Dudonne et al, in
recent bioavailability study found that blueberry phenolic metabolites increased in mouse
plasma when co-ingested with polyphenol-rich grape extract emphasized the synergistic
potential of grape and blueberry phenolic compounds. The same study also showed that,
in comparison to a single acute dosage, long-term administration of the grape-blueberry
combination considerably boosted plasma phenolic concentrations. With the addition of in-
dividual extracts, this result was not seen [20]. Furthermore, Impellizzeri et al. explored the
effect of MemophenolTM, a compound rich in polyphenols derived from French grape (Vitis
vinifera L.) and wild North American blueberry (Vaccinium angustifolium A.) extracts in an
experimental model of AICI3-induced Alzheimer Disease (AD). They focused on the oxida-
tive stress and inflammatory processes demonstrated its ability to control symptoms of AD,
including aberrant overexpression of APP, accumulation of 3-amyloid, behavioral changes
related to cognition and memory, and phosphorylated Tau levels [21].. Based on the poly-
phenol content listed below, this fraction of High Monomeric Polyphenols Berries Extract
(HMPBE) contains most equal amounts of flavanol monomers and oligomers as similar to
cocoa. Recent studies on large-scale flavanol derived from cocoa ingestion have indicated
that the long-term consumption of flavanol fractions enhances cognitive functions that de-
pend on the hippocampus [22, 23]. HMPBE is a special combination of extracts that offers a
special ratio of carefully chosen polyphenols with synergistic effects on cognition that have
been shown in studies to assist both short- and long-term memory and improve learning
ability. HMPBE influences the two key factors that affect memory: neurogenesis and synaptic
plasticity [22, 23]. HMPBE is rich in:

Total flavonoids (flavan-3-ols, flavonols and anthocyanins): >43%,

Flavan-3-ols monomers: 220%

Oligomers (DP <4): 222%

Flavonols (quercetin, glycosylated derivatives): =2 0.15%

Anthocyanins: 2 0.10%

With this background, we evaluated the effect HMPBE supplementation, on acute and
chronic impairment induced by TBI. In particular we would like to investigate whether the
daily intake of HMBPE is able to ameliorate inflammation, oxidative stress and the anxious
and depressive states that arise following head damage. For this reason, we decided to use a
consolidated model of acute and chronic brain trauma, collecting the brains at the end of the
experiment for histological and molecular analyses of the pathways of interest.
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Materials and Methods

Animals

CD1 male mice (8-week-old, 18-24g) were acquired from Envigo (Milan, Italy) and located in a con-
trolled environment and provided with standard rodent chow (Teklad standard diet acquire from Envigo)
and water available ad libitum. They were housed 5 mice/cage and maintained in a 12:12 h light-dark cycle
at 21 + 1°C and 50+5% humidity. The University of Messina Review Board for animal care (OPBA) approved
the study.

Experimental design and groups

- First experimental design

To find the lowest dose with a significant effect we administered HMPBE dissolved in saline orally
at three different increasing concentrations (5-15-30 Mg/kg) over a period of 3 months. At the end of the
period, the animals were subjected to behavioural analysis as described below. At the end of the first experi-
ment, 15 mg/kg was selected as the minimum dose to have an effect.

- Second experimental design

The controlled impactor device Impact OneTM Stereotaxic impactor for controlled cortical impact (CCI
9(Leica, Milan, Italy) was used to create a cortical contusion on the exposed cortex after a craniotomy (tip
diameter: 4 mm; cortical contusion depth: 3 mm; impact velocity: 1.5 m/s). Sham mice underwent the iden-
tical surgical procedure but were not injured [24-26].

Mice were divided as following:

e  Sham + vehicle group: mice were subjected to the surgical procedures as above except that
the impact was not applied and animals were treated with oral somministration (o0.s.) with
vehicle (data not shown);

e Sham + HMPBE: mice were subjected to the surgical procedures as above except that the
impact was not applied and animals were treated o.s. with HMPBE;

e  TBI: mice were subjected to CCI plus administration of vehicle (saline);

e  TBI + HMPBE: As for the TBI + vehicle group but HMPBE was administered o.s. at 15 mg/kg
in saline for 1h after TBI;

- Third experimental design

Mice were subjected to TBI as previously described but they were sacrificed 30 days after surgical
procedures [27].

Mice were divided as following:

e  Sham + vehicle group: mice were subjected to the surgical procedures as above except that
the impact was not applied and animals were treated o.s. with vehicle for 30 days (data not
shown);

e Sham + HMPBE: mice were subjected to the surgical procedures as above except that the
impact was not applied and animals were treated o.s. with HMPBE for 30 days;

e  TBI: mice were subjected to CCI plus administration of vehicle (saline) for 30 days;

e  TBI + HMPBE: As for the TBI + vehicle group but HMPBE was administered o.s. at 15 mg/kg
in saline for 1h and once a day for 30 days after TBI;

Considering that, in the Sham+HMPBE group, they had the same surgical procedures as described
above, but the impact was not used, and the animals were given orally HMPBE treatment.

Considering that we don’t find any significantly difference between Sham and Sham+HMPBE group we
choose to show only Sham+ HMPBE.

Behavioural analysis

During the different experiment, designed group of animals underwent behavioural testing at 1 and
30 days. Mice were moved to the behaviour testing room 30 minutes before the first trial started so they
could become accustomed to the environment. Based on behavioural tests that were used to keep the en-
vironment as uniform as feasible, animals were trained to use the equipment before every recording. The
behavioural tests were conducted by three distinct trustworthy experts who were blinded to the animals’
damage state. Below a brief description of tests:
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Force swimming test (FST). The method is based on that which Porsolt et al. described [28]. Briefly, FST
is used to assess depressive-like conditions. Mice are placed in an impenetrable, transparent tank filled with
water, and their movement behavior related to escape is recorded. In this experiment, for six minutes, each
mouse was gently placed in the cylinder, and the duration of floating was recorded. During the final 4-min of
the test, immobility was examined [29].

Open Field Test (OFT). The OFT, created by Calvin S. Hall, is an experiment that measures a rodent’s
general locomotor activity levels, anxiety, and exploratory willingness. Each mouse in this experiment was
trained before being put in the centre of the box, where activity was then recorded for five minutes of ex-
ploration [30].

Elevated Plus-Maze (EPM). Utilizing the Elevated Plus Maze (EPM) test, rodents’ anxiety-related be-
havior is evaluated. The EPM device is made up of a core region, two oppositely positioned open arms, two
oppositely positioned closed arms, with an elevated “+”-shaped maze. A video camera set above the maze
records the subjects’ actions while they freely navigate it, and their actions are then analyzed. After train-
ing, it was counted how many times the mice entered each arm and how long they spent in open arms [31].

Morris Water Maze (MWM). Hippocampal-dependent spatial learning and memory were assessed us-
ing the MWM test [32, 33]. Following a training session, a mouse was placed in the water in each of the three
separate quadrants and given one minute to swim there. The platform was taken away for the test one day
following the navigation experiment. It was noted how much time was spent in the target quadrant.

Catalepsy Test (CT). The standard catalepsy test involves putting an animal in an odd position and tim-
ing how long it takes for the animal to rectify it. This period of time is thought to be a gauge of catalepsy
intensity [34]. Specifically, mice were placed on the bench with their hindquarters on it. We noted how long
the mice remained in this position.

Rotarod Test (RT). Mice’s’ ability to coordinate their movements is routinely evaluated using the ro-
tarod test, which is particularly good at identifying cerebellar dysfunction [35]. Briefly, animal was placed
in a neutral position on a cylinder then the rod was rotated with the speed accelerated linearly from 0 to 24
rpm within 60 s, and the time spent on the retard was recorded automatically [16, 35].

Pole Test (PT). A basic behaviour test called the pole test is used to evaluate motor impairment follow-
ing a brain damage. Mice are placed at the top of a vertical pole that is 50-60 cm tall and has a 1 cm diameter.
To encourage mice to choose to drop to the cage floor, the pole is fixed on a triangle base stand and placed
inside the home cage. When the animal started rotating, the recording began. Both the entire time required
to climb down using all four limbs and the time required to turn totally downward are measured [36, 37].
After training, mice were placed on top of the pole with their heads pointed upward. For five different trials,
the time to turn and the total time to descend were recorded.

Novel Object Recognition (NOR). The NOR test was used to determine whether mice had a natural ten-
dency to spend time studying unfamiliar or familiar objects. Mice were placed in the box for 5 minutes after
a training session, during which the examiner replaced one of the familiar objects with a novel one at ran-
dom. Each object’s total amount of mouse exploration time was recorded [38, 39].

Social Interaction Test (SIT). A three-chambered apparatus was used to conduct the social interaction
test. There were three ten-minute trials total. A mouse was initially acclimated in an empty arena for 5 min-
utes. The experimental mouse was exposed to an object, one of the wired cages that was empty, and a wired
cage that was housing a stimulus mouse during the second phase. It was observed how often the new mouse
was used in investigative behaviour [40, 41].

Histological brain analysis

After the experiment, brain tissue was removed, fixed at room temperature in buffered formaldehyde
solution (10% in phosphate buffered saline), dehydrated by graduated ethanol, and then embedded in par-
affin. Light microscopy was used to examine tissue sections that were 7 um thick after being deparaffinized
with xylene and stained with haematoxylin/eosin (Bio-Optica, Milan, Italy). The number of damaged neu-
rons was counted, and the gray matter’s histopathologic alterations were graded on a 6-point scale : No
lesion was found, 1; 1-5 eosinophilic neurons were present in the gray matter, 2; 5-10 eosinophilic neurons
were present, 3; more than 10 eosinophilic neurons were present, 4; a small infarction (less than one third
of the gray matter area), 5; a moderate infarction (one third to one half of the gray matter area); and 6, a
large infarction (more than half of the gray matter area). To determine a final score for each mouse, the re-
sults from every part of each brain were averaged. The slices were then analysed by a blinded histopatholo-
gist using an optical microscope using a Leica DM6 microscope (Leica Microsystems Spa, Milan, Italy)[42].
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Western Blot Analysis of Cytosolic and Nuclear Extracts

Cytosolic and nuclear extracts were prepared as previously described [43]. The following primary
antibodies were used: anti-Ikb-a (1:500; Santa Cruz Biotechnology (SCB), H-4 sc-1643), anti-Nf-kb p65
(1:500; SCB F-6: sc-8008), anti-Bax (1:500; SCB, B-9 sc-7480), anti-Bcl-2 (1:500; SCB, C-2 sc-7382), anti-
a-syn (1:500SCB, LB509 sc-58480), anti-Nrf-2 (1:500; SCB, A-10 sc-365949), anti-HO-1 (1:500; SCB, A3
sc-136960), anti-DAT (1:300; SCB, 65G10 sc-32258) in 1x PBS, 5% w/v non-fat dried milk, 0.1% Tween-20
at 4 °C overnight. Blots were further probed with an anti—b-actin protein antibody (1:500; SCB) for the
cytosolic fraction or an anti-lamin A/C antibody (1:500 Sigma-Aldrich Corp., Milan, Italy) for the nuclear
fraction to make sure that they were loaded with an equivalent number of proteins [44, 45]. As directed by
the manufacturer, signals were evaluated using an enhanced chemiluminescence (ECL) detection system
reagent (Thermo, Monza, Italy). Using BIORAD ChemiDoc TM XRS+ software and densitometry, the relative
expression of the protein bands was measured and standardised to the levels of b-actin and lamin A/C.

Cytokines measurement

Using commercially available enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Min-
neapolis, MN, USA) in accordance with the manufacturer’s instructions, TNF-a, IL-1b, and IL-6 levels from
brain were measured as previously described [46].

Immunohistochemical localization of TH

The immunohistochemical techniques used have been previously described [47]. Briefly, slices were
incubated with anti-TH (Millipore, 1:500 in PBS, v/v) for the entire night. After that, sections were treated
with bovine anti-mouse IgG secondary antibodies (1:2, 000 Jackson Immuno Research, West Grove, PA,
USA). Bovine anti-mouse immunoglobulin G (IgG) secondary antibody conjugated with peroxidase (1:2000
Jackson Immuno Research, West Grove, PA, USA) was applied to the sections after they had been cleaned
with PBS. Using avidin-biotin peroxidase combination and goat anti-mouse IgG conjugated with biotin (Vec-
tor Laboratories, Burlingame, CA, USA), specific labelling was observed. Control slices were incubated with
either primary or secondary antibody, none of which produced positive staining, to confirm the specificity of
antibody-binding. The digital photos were first opened in Image], then the colour deconvolution plug-in was
used to deconvolute them. The deconvoluted DAB image is automatically plotted into a histogram profile
when the THC profiler plug-in is used, and a matching scoring log is shown. The positive pixel intensity value
returned from the computer software matches the histogram profile. Two investigators who were blinded
to the treatment performed all immunohistochemistry analyses [48, 49].

Malondialdehyde measurement

Hank’s balanced salt solution was homogenized at 3000 rpm with brain tissues present. For one hour
at 95 degrees, pellets were incubated in a solution containing water, acetic acid, sodium dodecyl sulfate,
and thiobarbituric acid. After cooling, the mixture was combined with water, n-butanol, and pyridine, then
centrifuged at 3000 rpm. At 532 nm, the absorbance was measured [3, 50].

Oxidative stress and antioxidant defence

SOD, CAT, GSH, GSH-Px and GPx were investigated in the midbrain as previously described [51, 52] 24
hours (in the first experiment) or 30 days (in the second experiment) after the damage. ROS content was
measured using commercial kits according to manufacturer guidelines [53].

Reagents and standards

The analytical standards of Gallic acid, Clorogenic acid, Catechin, Caffeic acid, syringic acid, rutin, ellag-
ic acid, esperidin, ferulic acid, Miricetin, Quercetin, Apigenin, Naringenin, Kaempferol were purchased from
Merck (Darmstadt, Germany). Acetonitrile and formic acid 99, 9% (LC-MS grade), water (HPLC gradient
grade), were supplied from VWR (VWR International PBI Srl Milan, Italy). Acetone and HCI were purchased
from Merck (Darmstadt, Germany). All the reagents were of HPLC grade (>99.9%).

Sample extraction and chromatographic analysis
The extraction of the samples was carried out according to the protocol proposed by Puigventos et al
[54].. Briefly, 0.1 g of samples was mixed in 10 mL of acetone/water/hydrochloric acid (70:29.9:0.1 v/v/v)
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solution and sonicated for 30 min. Subsequently, the mixture was centrifuged at 3500 rpm at 15 min and
stored at -4°C before the analysis. The chromatographic separation was carried out with a Raptor C18 col-
umn (100x2.1 mm, 2.7 pym) maintained at 25°C. The mobile phases consisted of H,0 + 1% Formic acid (A)
and acetonitrile + 1% Formic acid (B), with a 0.3 mL/min flow rate. The injection volume was 10 pL and all
analytes are eluted with gradients from 5 to 95% A, for a total run of 13.63 min.

MS conditions and validation of the method

A Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ was used as mass spectrometer (Thermo Fisher
Scientific, California, U.S.A.) with heated electrospray ionization source (HESI-II). The analysis was carried
out in positive and negative polarity mode. All data were acquired using the Full MS scan/dd-MS? mode. The
operation parameters were according to D’Amico et al [27].: cover gas flow amount, 35 (random units); aux
gas flow amount, 10 (random units); spray voltage, 3.50 kV; capillary temperature, 300 °C; tube lens volt-
age, 55 V; heater temperature, 305 °C; scan mode: full scan; scan range (m/z) 100-1000; microscans, 1 m/z;
positive resolution: 70, 000; fourier transform (FT) automatic gain control (AGC) target: 3 x 10; negative
resolution: 35, 000; automatic gain control (AGC) target: 1 x 106; maximum IT: 100 ms. The analytes were
identified according to the retention time (t,), accurate mass and characteristic fragmentation. An external
calibration for mass accuracy was performed each day before the analysis. Acquisition data were recorded
and elaborated using Xcalibur TM version 4.0 software from Thermo.

The performance of the method was assessed in accordance with the Commission Decision 2002/657
for linearity, specificity, trueness. The LOQ was determined as the lowest amount of standard necessary to
produce a S/N> 5 while being part of the linear range of the calibration curve (back-calculated residual <
20%). The linearity test gave satisfactory values for all the analytes examined (r?>0.996).

Materials
Unless otherwise stated, all compounds were purchased from Sigma-Aldrich.

Statistical evaluation

The data in this study are presented as the average
+ SEM and represent at least three experiments con-  Tablel. chromatographic analysis HMBPE
ducted on various days. N denotes the number of ani-

mals utilized in in vivo experiments. The G*Power 3.1 Target Compounds calg;‘:ited Units
software (Die Heinrich-Heine-Universitat Diisseldorf, Gallic (-) N/F ug/kg
Diisseldorf, Germany) was employed to calculate the Chlorogenic (-) 12195,9 ug/kg
number of animals used in in vivo research. A com- Chlorogenic (+) N/F ug/kg
petent histopathologist examined the data, without CateCh?“ Q) N/E ug/kg
knowledge of the treatments. In all the statistical stud- EZ;:;}:?_)“) 511\]5/ (1;6 Eg lli:
ies, GraphPad Software Prism 8 (La Jolla, CA, USA) was Caffeic (+) N/F' ug/kg
used. One-way or two way ANOVA was used to examine Syringic (-) 40931520.6 ug/kg
the data, and then a Bonferroni post-hoc test for multi- Syringic (+) N/F ug/ke
ple comparisons was used. A p value of 0.05 or less was Rutin (-) 7109,3 ug/kg
regarded as significant. Rutin (+) 16406,2 ug/kg
Ellagic (+) N/F ug/kg

Ellagic (-) 150510,4 ug/kg

Results Hesper?d?n ) 49189 ug/kg
Hesperidin (+) 9048,1 ug/kg

Sample extraction of HMPBE ::ﬁ:i E 3) Eji E:ﬁi

In table 1 the results of the extraction of  myricetin () 6319,5 ug/kg

the samples of HMBPE. Myricetin (+) 21493,6 ug/kg
Quercetin (-) 72509,1 ug/kg

Behavioural analysis of long-term admin- ~ Quercetin (+) 194720,7 ug/kg
itrtion of HMPBE Ap?ge“?“ ) N/F ug/ke

To find the concentration for our studies, gp‘gem“ ® 16% 2 . ue/ ig

we chose to administered mice with HMPBE Nz:izgzzz 8] N /F' Egkg
orally at three different increasing concen-  y,empferol () 8014,5 ug/kg
trations (5-15-30 Mg/kg) over a period of 3 kaempferol (+) 28555,0 ug/ks
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Fig. 1. Behavioural analysis of long-term administration of HMPBE. Forced Swim (A), Open Field (B),
Elevated Plus Maze (C), Morris Water Maze (D), Catalepsy (E), Rotarod (F) and pole test (G) Statistical
analysis made with GraphPad show the evaluation between all groups. *p <0.5; **p <0.01; ***p <0.001; ****p
<0.0001. The Fig.s are representative of at least three experiments performed on different experimental

days. Each data are expressed as mean+S.E.M. from n=6 male mice for each group.
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months. Analysis of the data of Forced Swim (Fig. 1A), Open Field (Fig. 1B), Elevated Plus
Maze (Fig. 1C), Morris Water Maze (Fig. 1D), Catalepsy (Fig. 1E), Rotarod (Fig. 1F) and pole
(Fig. 1G) tests showing that the lowest concentration of HMPBE don’t have any significant
effect on behaviour, compared to sham animals on the other hand 15 and 30 mg/kg improve
significantly memory and spatial learning and ameliorate anxiety and depression. Addition-
ally, during the first experiment performed, no cases of mortality, aggression, or significant
changes in weight were observed.

Effects of HMPBE on spatial learning, memory function post-injury anxiety and locomotor

activity alterations induced by TBI

MWM test was performed to evaluate if HMPBE could have benefits on memory impair-
ments induced by TBI. The time taken to find the platform during training was increased
in TBI-subjected animals compared to the controls (Fig. 2A). In addition, the time spent in
the target quadrant of the platform during probe trial was reduced in animal subjected to
the trauma (Fig. 2A). Oral administration with HMPBE at the dose of 15 mg/kg significantly
reduced the escape latency and increased the time spent in the target quadrant, indicating
and improvement of the cognitive deficits induced by the trauma (Fig. 2A). We used the NOR
(Fig. 2B) and SIT (Fig. 2C) tests to assess any deficits in their social interaction and explora-
tory behaviour. In both tests, we found that following TBI, exploration time spent on new or
known items and the number of contacts were statistically higher (Fig. 2B and C, respective-
ly), suggesting compromised
cognitive function and a pro-
pensity to develop dementia-
like symptoms. The adminis-
tration of HMPBE, improve the
recognition of familiar object
but not of the novel (Fig. 2B).
Additionally, significantly im-
prove number of contacts in
SIT (Fig. 2C). According to
bibliography sham animals,
spend more time in open arms,
on the other hands, animals
subjected to the injury spend
more time in the closed arms
(Fig. 2D), also reducing the
number of entries (Fig. 2D).
However, the animals that re-
ceived the oral administration
of HMPBE spent more time in
the open arms (Fig. 2D) com-
pared to TBI group also in-
creasing the number of entries
(Fig. 2D). The OFT was used
to further evaluate locomotor
activity. In contrast to sham
mice, we discovered that after
TBI injuries mice spent less
time in the centre (Fig. 2E)
also reducing the number of

crossing (Fig. 2E). HMPBE was Fig. 2. Effects of HMPBE on spatial learning, memory function,
also successful in this instance anxiety, and locomotor activity. Morris Water Maze training and
in restoring locomotor activ- probe (A); novel object recognition (B); social interaction test (C);
ity (Fig. 2E) and the number of elevated plus maze test (D); Open field (E) ***p <0.001 vs sham;
crossing (Fig. 2E). ###p <0.001 vs TBI. For the Fig. 2A statistical analysis was made
with two way ANOVA. The Fig.s are representative of at least three
experiments performed on different experimental days. Each data
are expressed as mean+S.E.M. from n=6 male mice for each group.
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HMPBE limits histological alteration induced by TBI

When compared to brain from the sham group, histological investigation of sample at
the level of the perilesional area revealed considerable tissue damage, inflammation, and
architecture alterations in the TBI group 24 hours after TBI injury (Fig. 34, A’ for sham and
Fig. 3B, B’ for TBI, see histological score 3D). When compared to the TBI group, the HMPBE
administration at the dose of 15mg/kg considerably lessen the severity of brain damage
(Fig. 3C, C’ see histological score Fig. 3D).
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Fig. 3. HMPBE limits histological alteration induced by TBI. Representative images of histological structure
of: Sham (A and higher magnification A") TBI (B and higher magnification B’) and TBI+HMPBE (C and higher
magnification C’). Red arrows indicates damaged neurons, green arrows indicates dark cells, black arrows
indicates eosinophilic infiltration. Histological score (D) **p <0.01vs sham; ***p <0.001 vs sham; ##p <0.01
vs TBI; ###p <0.001 vs TBI. The Fig.s are representative of at least three experiments performed on different
experimental days. Each data are expressed as mean+S.E.M. from n=6 male mice for each group.
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Effects of HMPBE administration on inflammatory and antioxidant pathways

To further investigated the molecular pathways by which HMPBE could act, we analysed
by western blots two well-know inflammatory and anti-oxidative players involved in the
secondary damage TBI-related in the first 24 hours after the injury. According to bibliog-
raphy we found that after TBI there were a significantly decrease of Ixb-a (Fig. 4A) and as
consequence a significantly increase in nf-xb translocation (Fig. 4B) in the animals subjected
to TBI compared to the sham group. Additionally, we found and increase in in Nrf-2 activa-
tion (Fig. 4D) and consequently in HO-1 expression (Fig. 4C), compared to the control group.
HMPBE administration at the dose of 15 mg/kg was able to restore nf-kb translocation (Fig.
4B) as well as Ikb-a (Fig. 4A) almost at the physiological levels and additionally was able to
significantly improved Nrf-2 activation (Fig. 4D) and consequently in HO-1 expression (Fig.
4C). The improving of the physiological antioxidant endogenous system was also reflected
in the increasing of SOD (figure 4E) and GSH-Px (Fig. 4F) activity obtained after HMPBE ad-
ministration.
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Fig. 4. Effects of HMPBE administration on inflammatory and antioxidant pathways. Representative images
of western blots of and relative quantification: Ikb-a (A), Nf-kb (B), HO-1 (C) and Nrf-2 (D). SOD (E) and
GSH-Px activity (F). ***p <0.001 vs sham; ###p <0.001 vs TBI. The Fig.s are representative of at least three
experiments performed on different experimental days. Each data are expressed as mean+S.E.M. from n=6
male mice for each group
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Effects of HMPBE on apoptosis, lipid peroxidation and cytokines release

According to reports, 24 hours after the injury TBI triggered apoptotic pathways. For this
reason, we identified the expression levels of the proteins Bax (Fig. 5A) and Bcl-2 (Fig. 5B),
two elements of the mitochondrial mechanism of death that are antagonistic to one another.
After TBI we notice a significantly increase in Bax expression and vice versa a significantly
decrease in Bcl-2 expression. Given the large concentration of polyunsaturated fatty acids in
the brain, oxidative stress after TBI primarily appears as lipid peroxidation. We found that in
TBI group there was a significantly increase in lipid peroxidation (Fig. 5C), compared to sham
animals. Moreover, since cytokines are among the additional downstream gene targets of Nf-
kb, we used ELISA kits to measure the levels of TNF-a (Fig. 5D), IL-6 (Fig. 5E), and IL-1b (Fig.
5F). While low amounts of this cytokine were identified in the sham group, brain tissues taken
from TBI mice showed a significant rise in all cytokines. HMPBE administration at the dose

of 15 mg/kg signifi-
cantly reduce apop-
tosis as well as lipid
peroxidation  and
cytokines release.

Effects of
HMPBE administra-

tion on long term
behavioural altera-
tion and histological
damage induced by
TBI

As performed
previously in acute,
we compared the
level of anxiety and
locomotor function
in mice who had
chronic TBI using
EPM and OF tests.
We noticed that TBI
animals spent less
time in open arms
during the EPM test
than control mice
(Fig. 6A) as well as
a decrease numbers
of crossing (Fig. 6B).
Moreover, OF test
further supported
the anxiety level
seenin mice with the
injury.  Compared
to Sham animals,
mice with chronic
TBI displayed more
thigmotaxis, and a
propensity to re-
main near the wall
or outside the field
(Fig. 6C and 6D). An-
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Fig. 5. HMPBE reduced apoptosis, lipid peroxidation and cytokines release.
Representative images of western blots and relative quantification of Bax (A)
and Bcl-2 (B); MDA levels (C); ELISA quantification of TNF-a (D), IL-6 (E), and
IL-1b (F). ***p <0.001 vs sham; ##p <0.01 vs TBI; ###p <0.001 vs TBI. The
Fig.s are representative of at least three experiments performed on different
experimental days. Each data are expressed as mean+S.E.M. from n=6 male mice
for each group
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imals that received daily oral administration with HMPBE at the dose of 15 mg/kg exhibited
behaviour that was like that of the Sham group; in fact, they were found to learn to approach
the black escape box and exit the open field with a considerable reduction in escape latency.
30 days after the impact, histological analysis of the brains taken from TBI animals (Fig. 6F
and F’, see histological score 6H) revealed considerable tissue modification in the cortex’s
perilesional area as compared to Sham mice (Fig. 6E and E’, see histological score 6H). Here,
we found that HMPBE decreased the severity of brain damage accelerating the physiological
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recovery (Fig. 6G and G/, see histological score 6H).

Fig. 6. HMPBE
ameliorate post-injury
anxiety, locomotor
activity and improve
histological  recovery
after  chronic  TBIL
Elevated Plus Maze
test (A) and (B); Open
field test (C) and (D);
representative images
of histological structure
of: Sham (E and
higher = magnification
E’) TBI (F and higher
magnification F’) and
TBI+HMPBE (G and
higher = magnification
G’). Histological score
(H). Red arrows
indicates damaged
neurons, black arrows
indicates eosinophilic
infiltration. ***p <0.001
vs sham; ###p <0.001
vs TBI. The Fig.s are
representative of at
least three experiments
performed on different
experimental days.
Each data are expressed
as mean+S.EM. from
n=6 male mice for each

group.
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HMPBE administration reduced Nf-kb pathways activation

We also used Western blot analysis to examine the expression of Nf-kb pathways to de-
termine how HMPBE reduced the neuroinflammatory processes that resulted in the devel-
opment of PD following TBI. The results revealed that Ikb-o(Fig. 7A) was expressed at a
low level in the control group while a large amount of this protein’s breakdown was seen
in response to TBI. According to our findings, levels of Nf-kb nuclear translocation (Fig. 7B)
were low in the Sham group and significantly higher 30 days after TBI. Additionally, we in-
vestigated the same parameters taken in consideration before, during chronic TBI. We notice
that 30 days after TBI there were an increase in increase in MDA (Fig. 7C) levels as well as
in TNF-a (Fig. 7D), IL-1b (Fig. 7E), and IL-6 (Fig. 7F). As showed after acute TBI, also in this
case, HMPBE administration significantly reduce the activation of Nf-kb pathways as well as
lipid peroxidation and cytokines release.

Influence of HMPBE on oxidative stress after chronic TBI

Increased production of genes that aid in the removal of free radicals, the restoration of
mitochondrial function, and genes sensitive to cell survival stress, known as vitagenes, are
all linked to oxidative stress in the brain that arises after TBI [27]. In this context, we aimed
to assess how the Nrf2/
HO-1 pathway was affected
by HMPBE administration.
Our results demonstrated
that 30 days after TBI in-
duction there were a sig-
nificantly increase in brain
ROS content (Fig. 8A) and
a physiological activation
of Nrf-2 pathways (Fig. 8B)
strongly connected with
HO-1 expression (Fig. 8C).
Furthermore, a basal Nrf-
2 signal can be seen in the
sham animal sections (Fig-
ures 2S, panel 2D), which
physiologically  increases
in animals subjected to
TBI (Figures 2S, panel 2E),
which following adminis-
tration with HMBPE is sig-
nificantly increased (Fig.
2S, panel 2F).On the other
hand, 1 months after the
trauma, physiological anti-
oxidant defence in signifi-
cantly decrease as demon-
strated by the reduction
of SOD (Fig. 8D), CAT (Fig.
8E), GPx (Fig. 8F) and GSH
(Fig. 8G) activity. Daily ad- Fig. 7. HMPBE reduced Nf-kb activation, lipid peroxidation and
ministration of HMPBE  cvtokines release after chronic TBI. Representative images of western
blots and relative quantification of: Ikb-a (A), Nf-kb (B), MDA levels
. . C); ELISA quantification of TNF-a (D), IL-1b (E), and IL-6 (F). ***
translocation of Nrf-2, in- Eo).om vs sgam; ##p <0.01 vs TBI; 4&#)#p <0.00(1 )Vs TBI. The (Fizg.s are
creasing the endogenous representative of at least three experiments performed on different

antioxidant system and re- experimental days. Each data are expressed as mean=S.E.M. from n=6
ducing oxidative stress in  male mice for each group

the brain.

significantly improve the
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Fig. 8.

Effects of daily administration
of HMPBE against oxidative
stress induced by chronic TBL
ROS content (A); representative
images of western blots and
relative quantification of Nrf-2
(B) and HO-1 (C); SOD (D); CAT
(E); GPx (F) and GSH (G). *p <0.05
vs sham ***p <0.001 vs sham; #p
<0.05 vs TBI; ##p <0.01 vs TBI
###p <0.001 vs TBIL The Figs
are representative of at least
three experiments performed on
different experimental days. Each
data are expressed as mean+S.E.M.
from n=6 male mice for each group.

G 96
L ]
: 1
204
8™ 5 o
I+ * ok A
®s A
L2
k=)
=]

i

0.0

HMPBE administration’s impact on PD Marker changes during chronic TBI

Midbrain slices from mice in each group were stained with TH to see if chronic TBI could
change PD-like marker. When compared to the Sham group (Fig. 9A), the expression of TH-
positive neurons was significantly reduced 30 days after TBI (Fig. 9B). a-syn and DAT, two
crucial PD biomarkers, were also processed by western blots in midbrain areas. We found
that compared to the Sham group, chronic TBI clearly increased a-syn (Fig. 9E) and signifi-
cantly decreased DAT expression (Fig. 9F). HMPBE was given daily at a dose of 15 mg/kg,
and we observed a considerable restoration of TH positive neurons (Fig. 9C) and DAT ex-
pression (Fig. 9F) as well as a reduction in a-syn accumulation (Fig. 9F).
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Fig. 9. HMPBE admin-
istration’s impact on PD
Marker changesduringchronic
TBI.  Immunohistochemical
analysis of TH in midbrain
section from: Sham (A), TBI
(B) and TBI+HMPBE (C);
quantification of TH positive
neurons (D). Western
Blot analysis and relative
quantification of a-syn (D) and
DAT (F). ***p <0.001 vs sham;
**p <0.01 vs sham; #p <0.05
vs CYP; ##p <0.01 vs TBI;
###p <0.001 vs TBI. The Fig.s
are representative of at least
three experiments performed
on different experimental
days. Each data are expressed
as mean*S.EM. from n=6
male mice for each group.
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Discussion

One of the most significant public health problems is TBI, which is commonly referred
to as a “silent epidemic” since the difficulties it causes take time to manifest. The processes
behind the TBI pathology have been considerably defined by research. These involve a pri-
mary injury brought on by direct biomechanical forces and a secondary injury that follows a
traumatic brain injury and causes brain damage and death. A TBI may cause behavioural and
physical symptoms, and it may leave the victim completely recovered or permanently disa-
bled. Additionally, TBI-related secondary events can affect the patients’ quality of life. Pa-
tients may have cognitive deterioration, dementia risk, and brain atrophy [6]. First reports of
Nrf2’s neuroprotective effects on TBI date back to 2007[55]. Numerous investigations have
subsequently shown that Nrf2 protected against TBI. In recent decades, Nrf2 has drawn
more attention as a crucial part of cellular defence against a range of endogenous and exog-
enous stressors [56]. Numerous studies show that Nrf2 functions as a downstream target of
therapeutic drugs in addition to being a significant protective element in damage models.
Numerous studies have determined that Nrf2 activation influences TBI by preventing oxida-
tive stress, apoptosis, and inflammation through a variety of molecules and pathways, in-
cluding HO-1, Bcl-2, and NF-kB [57, 58]. More than 200 cytoprotective proteins are regulated
by Nrf2, which is specifically the master regulator of antioxidant defences in response to
oxidative stress. Under ordinary conditions, Nrf2 is anchored by its inhibitor Keap1 and is
found in the cytoplasm. On the other hand, Nrf2 separates from Keap1 in the presence of
oxidative or xenobiotic stress, moves into the nuclear region, and interacts with the ARE to
regulate the expression of antioxidant genes. Furthermore, it is possible that Nrf2 activation
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could lessen the secondary damage that results from a TBI because oxidative stress brought
on by the generation of ROS causes significant damage to brain tissue [59]. Apoptosis in TBI
exacerbates damage and shortens survival time by causing additional neuronal death. Re-
searchers have investigated the potential impact of Nrf2 on TBI-induced apoptosis in this
regard. According to Jin et al’s findings, mice lacking Nrf2 had higher rates of neuronal death
in their brains [60]. The precise nature of the connection between Nrf2 and NF-kB remains
unclear; nevertheless, the discovery of NF-kB binding sites in the Nrf2 gene’s promoter re-
gion raises the possibility of cross-talk between these two regulators during inflammatory
processes. It has been suggested that Keap1 inhibits IKK-f3 phosphorylation and mediates
IKK- degradation by autophagocytosis, thereby acting as a negative regulator of NF-kB sign-
aling. Each of these investigations indicated that, depending on the circumstance, Nrf-2, Bcl-
2, and NF-kB interacted with one another. Nonetheless, there have been reports of both
positive and negative regulation between Nrf-2, Bcl-2, and NF-kB; hence, more research is
necessary to understand the interplay among these pathways [61-63]. Numerous phyto-
chemicals have recently been discovered in natural plants, including fruits, vegetables,
grains, and other therapeutic herbs, and they have been found to downregulate nf-kb or to
stimulate the Nrf2 signalling pathway to have neuroprotective effects in TBI [64]. In detail,
about nf-kb, it was previously demonstrated that after being transported into the cells, mon-
omers, dimers, and related metabolites can act in the following ways: (1) reducing the rise in
oxidants linked to certain stimuli and the subsequent activation of NF-KB (antioxidant ef-
fect); (2) blocking IKK-related events upstream or directly inhibiting IKK; (3) preventing the
phosphorylation and/or degradation of the inhibitory protein IKBa; (4) interfering with the
movement of active NF-B from the cytosol into the nucleus; (5) preventing NF-kB from bind-
ing to NF-KB DNA sites, either directly through interactions with NF-kB proteins or by inter-
acting with DNA. Large procyanidins (three units or more) that are not taken up by the cells
may be able to control the membrane-level activation of NF-kB. Procyanidins have been
shown to interact with both synthetic and biological membranes, changing the physical
characteristics of the membranes. Therefore, flavanols and procyanidins may either (1) alter
the biophysical properties of the membrane and alter the receptor environment, or (2) di-
rectly interact with the receptor to influence the binding of the ligand (stimuli) to its recep-
tor [65-68]. On the other hand, these organic substances act on Nrf-2 pathways thanks to the
ability to: (i) oxidize or alkylate Keap-1 proteins; (ii) prevent Nrf2 from attaching to Keap-1;
and (iii) phosphorylate Nrf2 by GSK-3, which leads to proteasomal destruction [69, 70].
Studies on HMPBE are still few and limited, for this reason, in our first step we wanted to
demonstrate that the prolonged administration of HMPBE at different concentrations was
able to improve mice behaviour. Using 3 different doses we established that the lowest dose
with a significant effect was 15 mg/kg. After identifying the minimum dose with a beneficial
effect on behaviour, we used this dose to plan the next two studies, acute and chronic TBI.
Animal models of trauma are frequently used to study the prevalent clinical issue in humans.
The acute inflammatory response causes nuclear transcriptional factor activation, pro-in-
flammatory complex assembly, release of inflammation mediators, and an increase in oxida-
tive stress after regulated cortical impact [24, 25]. TBI also causes secondary processes in
animals that result in neurological conditions like impaired memory and learning as well as
seizures. In our study, a single oral administration 1 h after trauma induction was able to
improve spatial learning and memory function as well as post-injury anxiety and locomotor
activity altered after the trauma. The molecular pathways by which its act it’s probably due
to its ability to modulate Nf-kb as well as Nrf-2 and apoptotic pathways. According to the
literature, by modulating these two pathways the entire downstream cascade was also mod-
ulated including cytokine release and lipid peroxidation, as well as enhancement of physio-
logical antioxidant enzymes. The physiological responses to PD and TBI are comparable,
therefore it’s likely that TBI could accelerate underlying PD pathology in an additive or syn-
ergistic way, causing subclinical PD disease to become overt PD pathology. Since both mice
and rats have physiological responses that are comparable to those found in post-mortem
human brain tissue, these animals make an excellent study platform for future studies that
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will clarify how in-
flammation may in-
fluence TBI patho-
physiology and lead
to the development
of PD [71, 72]. Even
30 days after TBI the
neuroinflammatory
and oxidative stress
events were still pre-
sent in the brain to-
gether with the re-
duction of dopamin-
ergic neurons and
the accumulation of
o-syn protein. Impel-
lizzeri et al. in par-
ticular demonstrated
that the TBI inflicted
on mice after CCI re-
sults in a considera-
ble decline in PD-
specific markers like
TH and DAT after 30 days and in an accumulation of a-syn into midbrain region [73]. In this
third experiment, daily administration of HMPBE, at the dose of 15 mg/kg was able to reduce
histological alteration as well as inflammation and lipid peroxidation. Additionally, it was
able to significantly improve behavioural recovery as well as physiological antioxidant re-
sponse. Last but not least, HMPBE has been shown to be able to reduce the alterations that
from TBI lead to PD by limiting the death of dopaminergic neurons, increasing the expres-
sion of DAT and reducing the accumulation of a-syn [74]. In conclusion, HMPBE has been
demonstrated for the first time to be able to act on molecular processes involved in acute and
chronic brain trauma. The neuroinflammation of the brain appears to be reduced in part
because of its apparent action on the Nf-kb pathway. Additionally, this compound’s effects on
oxidative stress are accompanied by an increase in the physiological antioxidant response
due to the modulation of the Nrf-2 pathway. Chronic neuroinflammation has come to light as
a potential contributory element to behaviour change along with these cell stress responses.
Preclinical studies have demonstrated that a large inflammatory load is linked to TBI. Addi-
tionally, it has been demonstrated that neuroinflammation in the brains of retired sports-
men can last for years after an injury. Neuroinflammation and neurobehavioral symptoms
are linked by recent clinical research. We assume that reducing cellular stress after TBI will
have a favourable impact on the extracellular inflammatory environment, leading to better
behavioural results [75, 76]. For this reason, in addition to the results demonstrating the
beneficial effects of HMPBE administration on learning and memory processes, we demon-
strated that it was able to improve the behavioural alterations induced by trauma both dur-
ing the acute and chronic phases, limiting thus the onset of anxiety to depression. HMPBE
may therefore be utilized as dietary supplements to stop the neurodegenerative effects of
chronic traumatic brain injury (Fig. 10).

Fig. 10. Pathways involved and regulated by HMBPE in acute and chronic brain
injury. Schematic representation on pathways involved in acute and chronic
TBI and mechanism of action of HMBPE

Conclusion

This study provides the first evidence that HMPBE can counteract inflammation, oxida-
tive stress and apoptosis induced after TBI in the mouse in both acute and chronic. Given
that neuroinflammation plays an important role in neurotrauma, the investigation of free
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radical generation, as well as determining the antioxidant abilities and the effects of antioxi-
dants, may be important for evaluating the overall balance of oxidative stress after acute and
chronic brain injury. Moreover, in this study we demonstrate for the first time that HMPBE
administration could be helpful to ameliorate cognitive deficits induced after the trauma.
Acute neuroprotective therapies aim to block the molecular cascade of injury following TBL
Although neuroprotection is an important strategy for the treatment of such injury, to date,
no effective neuroprotective agents have been identified from TBI clinical trials. Another im-
portant aspect is that most clinical trial strategies have used compounds that target a single
pathophysiological mechanism, even though many mechanisms are involved in secondary
injury after TBI especially during long term recovery. Our study possesses many limitations
related to the other TBI-induced event such as has reactive astrogliosis, neuron loss, axonal
damage, demyelination, and microgliosis, which have an effect on the entire recovery. Ad-
ditionally, more studies are mandatory to pharmacokinetics, bioavailability, mood of action
of these components and all the cascade events it begins with the impact and lasts through-
out the patient’s life. Future prospecting of our study could be testing HMBPE on different
aspects and consequences of trauma that have not been taken into consideration to date,
such as double the risk after a trauma of suicide and is a primary determinant for the devel-
opment of acquired seizure disorders, significantly increases in the risk of AD, and chronic
traumatic encephalopathy (CTE) to investigate whether the unique combination of this com-
pound is able to act on multiple fronts.
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