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Abstract

This study was conducted to clarify the potential mechanisms of Troxerutin neuroprotection against Lipopolysaccharide (LPS)
induced oxidative stress and neuroinflammation through targeting the SIRT1/SIRT3 signaling pathway. To establish a model, a
single dose of LPS (500pg/kg body weight) was injected to male Wistar rats intraperitoneally. Troxerutin (100 mg/kg body weight)
was injected intraperitoneally for 5 days after induction of the model. Cognitive and behavioral evaluations were performed using
Y-maze, single-trial passive avoidance, and novel object recognition tests. The expression of inflammatory mediators, SIRT1/
SIRT3, and P53 was measured using the ELISA assay. Likewise, the expression levels of SIRT1/SIRT3 and NF-«B were
determined using Western blot assay. Brain acetyl-cholinesterase activity was determined by utilizing the method of Ellman.
Reactive oxygen species (ROS) was detected using Fluorescent probe 2, 7-dichlorofluorescein diacetate (DCFH-DA).
Furthermore, malondialdehyde (MDA) levels were determined. A single intraperitoneal injection of LPS was led to ROS produc-
tion, acute neuroinflammation, apoptotic cell death, and inactivation of the SIRT1/SIRT3 signaling pathway. Likewise, ELISA
assay demonstrated that post-treatment with Troxerutin considerably suppressed LPS-induced acute neuroinflammation, oxidative
stress, apoptosis and subsequently memory impairments by targeting SIRT1/SIRT3 signaling pathway. Western blot assay con-
firmed ELISA results about SIRT1/SIRT3 and NF-kB proteins. These results suggest that Troxerutin can be a suitable candidate to
treat neuroinflammation caused by neurodegenerative disorders.
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Introduction

Neuroinflammation is a pathogenic mechanism that plays an
essential role in neurodegenerative disorders such as
Huntington’s disease, Parkinson’s disease, stroke, and
Alzheimer’s disease (AD). Neuroinflammation is characterized
by glial cell activation and up-regulation of major inflammatory
mediators (Stephenson et al. 2018). Lipopolysaccharides (LPS)
are endotoxins from the outer membrane of Gram-negative
bacteria that can evoke the immune response. A valid animal
model for evaluation of the neuroprotective effects in new ther-
apeutic agents is LPS-induced neuroinflammation (Martins
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2018). Generally, activation of the primary and secondary in-
flammatory in the body following systemic administration of
LPS damages vital organs such as the liver and brain. It has
been reported that a single intraperitoneal administration of
LPS is enough to induce neurodegenerative effects in the
mouse brain for 10 months (Qin et al. 2007). Several studies
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have shown LPS firstly activates microglia and astrocytes in the
central nervous system (CNS) through binding to their CD14/
toll-like receptor 4 (TLR-4) receptor complex (Okun et al.
2011). Afterward, activated CD14/TLR-4 receptor complex
leads to activation of the TLR4/nuclear factor (NF)-xB path-
way and subsequently the release of inflammatory mediators
such as Tumor necrosis factor o« (TNF-«) and interleukin-13
(IL-1B) (Badshah et al. 2016). On the other hand, a conse-
quence of TLR and NF-«B activation is excessive production
of reactive oxygen species (ROS) which, in turn, leads to over-
whelming endogenous antioxidant defense, lipid peroxidation,
protein oxidation, DNA damage, and consequently apoptotic
cell death (Bromfield and Iacovides 2017).

Likewise, the transactivational activity of NF-kB can be
inhibited by the silent information regulator transcript-1
(SIRT1) that is a nicotinamide adenine dinucleotide (NAD)-
dependent nuclear histone deacetylase and regulates a numer-
ous of physiological processes such as energy metabolism, the
maintenance of genomic integrity, DNA repair, healthspan ex-
tension and longevity, deacetylation of histones and nonhistone
proteins (Yeung et al. 2004). Several previous reports have
shown that activation of SIRT1 under pathological condition
reduce the extent of the inflammation and oxidative stress fac-
tors (Salminen et al. 2011). Moreover, previous studies have
shown that pharmacological activation of SIRT3 results in the
increase of the mitochondrial oxygen consumption rate and
inhibition of ROS production following LPS -induced acute
respiratory distress syndrome (Chen et al. 2018). Owing to their
multifaceted properties and low side effects, medicinal plants
are increasingly used to treat neurodegenerative disorders, neu-
roinflammation and other diseases (Zhao et al. 2018; Amani
et al. 2017). It has been reported that natural products can con-
tribute to the attenuation of oxidative stress through targeting
sirtuins (Su et al. 2014; Na et al. 2016). Troxerutin (also known
as vitamin P4) is a derivative of the glucosidal natural biofla-
vonoid that is isolated from Sophora japonica and
Dimorphandra gardneriana (Kessler et al. 2002). Troxerutin
can act as an anti-inflammatory, antioxidant and anticancer
agent (Panat et al. 2016; Zhang et al. 2015). Nevertheless, the
effects of Troxerutin on LPS-induced neuroinflammation and
LPS-induced oxidative stress have not been explained. This
study was designed to investigate the impact of Troxerutin on
LPS-induced neuroinflammation, LPS-induced oxidative
stress, and LPS-induced neuroinflammatory-memory deficien-
cies in the hippocampus region of rats.

Methods and materials
Chemicals

Troxerutin and Lipopolysaccharides (LPS) were purchased from
Sigma Company (St. Louis, MO, USA). SIRT1 antibody and
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SIRT3 was obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). NFxB p65 antibody, Anti-rabbit IgG, HRP-linked
Antibody, and {3-Actin Antibody were purchased from Cell
Signalling Technology, Inc. (CST) (Danvers, Massachusetts).
Bovine serum albumin (BSA), Immobilon®-FL
Polyvinylidene Fluoride (PVDF) membrane and RIPA buffer
were purchased from Sigma (Sigma Aldrich Company, USA).

Ethical statement and animals

A total number of 48 male Wistar rats (200230 g), were used
in this study. The animals were supplied by the Animal
Experimental Unit of Iran University of Medical Sciences,
Tehran, Iran. The animals were maintained in a controlled
environment (22 £2 °C) with 60% humidity on a 12 h light/
dark schedule with free access to sufficient food and water. All
the experiments and protocols were accredited by the
Institutional Animal Ethical Committee of Iran University of
Medical Sciences.

Experimental design

The animals were randomly assigned into five groups: 1) this
group was included normal or healthy rats (Control); 2) nor-
mal or healthy rats intraperitoneally received 100 mg/kg of
Troxerutin for 6 consecutive days (Control+ Troxerutin); 3)
rats intraperitoneally received a single dose (500ug/kg) of
LPS to induce neuroinflammation (LPS); 4) the animals intra-
peritoneally received a single dose (500pg/kg) of LPS and
then Troxerutin with 100 mg/kg concentration was intraperi-
toneally administrated for 5 consecutive days (LPS+
Troxerutin); 5) the animals intraperitoneally received a single
dose (500ug/kg) of LPS and then dexamethasone with 100
pg/kg concentration was intraperitoneally administrated for 5
consecutive days (LPS + dexamethasone). LPS + dexametha-
sone group is a positive control.

Y-maze task

Y-maze apparatus was employed to determine short-term spa-
tial working memory by investigation of spontaneous alterna-
tions in behavior. The Y-maze defines as a hippocampal
dependent—spatial working memory task that animals using
external maze cues to steer the identical internal arms. This
apparatus is fabricated from a plastic maze including three
arms (30 cm height, 15 cm width and, 40 cm length). As
previously reported (Jamali-Raeufy et al. 2014) each rat, naive
to the maze, was placed at the end of one arm and was allowed
to move through the maze freely for an 8 min session. We
visually recorded entries into all arms and counted spontane-
ous alternations when a rat entered three various arms con-
stantly. When the base of the rat’s tail entirely placed in the
arm, entry was considered to be completed. Alternation was
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defined as successive entries into the three arms on overlap-
ping triplet sets. As for the analysis, the percentage of sponta-
neous alternations was calculated as: [(actual alternation)/
(maximal alternation —2)] x 100. The Y-maze test was per-
formed by an examiner blinded to experimental design.

Single-trial passive avoidance test

To evaluate memory retention deficit, single-trial passive
avoidance test was performed at 3 days after LPS injection
according to previous reports (Golechha et al. 2011; Jamali-
Racufy et al. 2015). Passive avoidance instrument is fabricat-
ed from light and dark compartments (30 x 20 x 30 cm) with
equal sizes. A 40-W lamp was fixed in 30 cm above the floor
in the center of the light chamber. A guillotine door separates
light and dark compartments. Each rat was habituated with
passive avoidance instrument for first and second days
(15 min per day). On the third day, an acquisition trial was
performed. Rats were put in the light chamber individually
and following 5 min habituation, the guillotine door was
opened. After entering the rats to the dark chamber, the guil-
lotine door was closed and an electric shock (1 mA for 1 s)
was exerted via the stainless-steel grid floor. Time-lapse from
putting the rat in the light chamber before it entered the dark
and had all four paws inside the chamber is described as Initial
latency (IL). Afterward, the animals were returned to their
cages. Once again, 24 h after the IL, the latency time was
measured as mentioned above in the acquisition trial without
electric shock and was described as the retention trial. In re-
tention trial, step-through latency (STL) was defined as the
interval between placement of animal in the light chamber
and entry into the dark chamber.

Novel object recognition test

An open field test box was used to perform a novel object
recognition test. The animals were habituated to test box for
10 min in the absence of any objects in the test arena. At the
end of the habituation period, each rat was individually
housed into the test box with two identical objects and permit-
ted to search for 5 min. The time spent for exploration of each
object by rat was measured. After 4 h of delay, one of the
original objects was removed and a new object was replaced.
Once again, rats were allowed to explore in the test arena for
5 min. Determination of discrimination ratio (DR) was based
on the difference between the exploration time of the novel
and familiar objects divided by the total exploration timex 100
(D =t[novel]-t [familiar] /t[novel] + t[familiar] X100).

Tissue homogenization

The brain tissues were rapidly removed from skull bone on
ice. After dissecting and weighing of hippocampus tissue, it

was homogenized within 1 mL phosphate buffer using a ho-
mogenizer at 4 °C for 5 min. After centrifugation at 3000 rpm
for 2 min, the supernatant was collected and was used to
determine the expression of proteins.

Assessment of brain acetyl-cholinesterase activity

Brain acetyl-cholinesterase activity was measured based on
the method of Ellman et al. (Ellman et al. 1961). Briefly,
0.4 ml supernatant and 100 pl of Ellman’s reagent (0.5 mM,
19.8 mg DTNB and 0.1 M sodium phosphate, pH 7.2) were
added to a cuvette, containing 2.6 ml of sodium phosphate
buffer (0.1 M, pH 7.2). Subsequently, we measured ab-
sorbance utilizing spectrophotometer at 412 nm until the
increasing absorbance become stable. Later on, after
shifting of stable absorbance toward zero and mixing
with 20 pl of acetylthiocholine iodide (substrate), vari-
ations in absorbance per minute were recorded for
10 min. The rate was calculated based on the following
formula: R=5.74 (10-4)x A / Co. Brain acetyl-
cholinesterase activity was presented as pM/l/min/g tis-
sue. In the case of the mentioned formula, R is rate; A is
alterations in absorbance per minutes; Co is the original con-
centration of tissue (mg/ml).

Assessment of lipid peroxidation

MDA level is one of the end products of lipid peroxidation
and usually is determined the method of Esterbauer and
Cheeseman (Esterbauer and Cheeseman 1990). This
method is based on thiobarbituric acid-reactive sub-
stance (TBARS) formation. Briefly, thiobarbituric acid
(2 ml, 0.67%) and trichloroacetic acid (1 ml, 20%) were
mixed with tissue homogenates, including | mg protein
concentration. Then, the resulting substance was incu-
bated at 100 °C for 60 min. After centrifugation and
removing of the precipitate, the rate of the absorbance
change of reaction mixtures was measured at y =532 nm
against a blank including all ingredients except for brain tissue
homogenates.

Evaluation of ROS

To measure ROS, 2, 7-dichlorofluorescein diacetate fluores-
cent probe (DCFH-DA, Molecular Probes, Eugene, OR)
was used. The Interaction between intracellular ROS
and DCFH-DA result in fluorescent dichlorofluorescein
formation. Briefly, 10 ul of DCFH-DA (10 uM) was
mixed with 150 ul tissue homogenates and incubated
at 37 °C for 40 min. Quantification of the DCF fluo-
rescence intensity at an excitation of 488 nm and an
emission of 525 nm was performed using a fluorescence
microplate reader.
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Assessment of NF-k B, TNFa, SIRT1, SIRT3, and P53

The expressions of NF-k B, TNF«, SIRT1, SIRT3, and P53
were measured using commercially available kits inconsistent
with the manufacturer’s instructions.

Western blot assay

Western blot assay was performed according to a previous
study (Amani et al. 2019). The hippocampus tissues were
homogenized in RIPA buffer. Afterward, the lysate tissues
were centrifuged at 13300 g at 4 °C for 20 min. In the next
step, the supernatant was collected and the total protein
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concentrations were determined using the Nanodrop equip-
ment. Soluble proteins (50 pg) were separated into the elec-
trophoresis chamber in 4-20% gradient SDS/PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) and then
transferred to PVDF membranes. PVDF membranes were in-
cubated with a blocking solution (3% solution of BSA and
0.1% Tween-20 (TBST)) to black nonspecific reaction sites.
Then, the membranes were incubated with the primary anti-
bodies including anti-SIRT1 antibody, SIRT3 antibody and
NFxB p65 antibody at 4 °C overnight. After washing, the
membranes were exposed to anti-rabbit IgG peroxidase-
conjugated secondary antibody for 1 h at room temperature.
Finally, the membranes were exposed to chemiluminescent
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Fig. 1 Post-treatment with Troxerutin significantly reduced LPS-induced
memory impairments (a) Effect of Troxerutin on Y-maze spatial memory
(*P<0. 05, **P<0. 01 vs. controls; #P <0.05 vs. LPS group). b The
effects of Troxerutin on step-through latency (*P <0. 05, and ***P <0.
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001 vs. controls; #P < 0.05 vs. LPS group). ¢ Effect of Troxerutin on
novel object recognition test (*P <0. 05, and **P <0. 01 vs. controls;
#P < 0.05 vs. LPS group)
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Fig. 2 Troxerutin injection markedly reduced expression levels of
inflammatory mediators. (a) Effect of Troxerutin on NF-k B (*P <0.
05, and **P < 0. 01 vs. controls; ##P <0.01 vs. LPS group) and (b)

HRP Substrate (Millipore) as a detector of immunoreactivity
onto Kodak X-OMAT films for 5 min. Alpha Ease ® FC
Imaging System was used to determine the mean values of
proteins based on their optical densities. The [3-actin was used
as a loading control and for normalization.

Data analysis

All the experimental data are expressed as mean + standard
deviation (SD). One-way analysis of variance (one-way
ANOVA) followed by Tukey test as post hoc analysis
was used to analyze statistical differences between dif-
ferent groups. P<0.05 was accepted to be statistically
significant.

Results

The effects of Troxerutin on cognitive and behavioral
evaluations

Y-maze test revealed that the rate of alternations was
markedly decreased in the LPS group compared with
control and control+ Troxerutin (Fig. la). Post-
treatment with Troxerutin considerably reversed the per-
centage of alternation while dexamethasone failed to
exert a significant effect. As shown in Fig. 1b, a signif-
icant decrease in STL was observed in the LPS group
compared with control and control+ Troxerutin. Both
Troxerutin and dexamethasone significantly increased
STL compared to the LPS group. Moreover, the novel
object recognition test revealed that LPS group had a
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TNF«x (*P < 0. 05, and ***P < 0. 001 vs. controls; #P < 0.05 and ##P <
0.01 vs. LPS group)

significant decrease in discrimination ratio between the
novel and familiar objects relative to control and con-
trol+ Troxerutin. Intraperitoneal administration of Troxerutin
significantly increased the DR compared to the LPS group
whereas increased DR by dexamethasone did not reach a sig-
nificant level (Fig. 1¢).

The effects of Troxerutin on expression levels
of inflammatory mediators (ELISA assay)

As depicted in Fig. 2a, b, ELISA assay confirmed that levels
of NF-k B and TNF« significantly elevated in the LPS group
in comparison with control and control+ Troxerutin.
Subsequently, the levels of NF-k B and TNF« in the LPS rats
which treated with Troxerutin and dexamethasone were
reduced.

The effects of Troxerutin on the expression levels
of SIRT1, SIRT3, and P53 (ELISA assay)

Our results revealed that SIRT1 and SIRT3 expression were
reduced in contrast to control group upon LPS administration
for 6 days. As shown in Fig. 3a, b, Troxerutin admin-
istration significantly promoted SIRT1 and SIRT3 ex-
pression levels as compared with the LPS group while
dexamethasone failed to exert a significant effect.
Likewise, a significantly increased level of P53 was
observed in the LPS-induced adult rat hippocampus
compared with control and control+ Troxerutin. Both
Troxerutin and dexamethasone markedly decreased the
expression level of P53 relative to the LPS group
(Fig. 3c).
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Fig. 3 Troxerutin administration affects the expression of the SIRT1/
SIRT3 signaling pathway, p53, as well as brain acetyl-cholinesterase ac-
tivity. The effects of Troxerutin on expression levels of (a) SIRT1 (*P < 0.
05, and **P <0. 01 vs. controls; #P <0.05 vs. LPS group), (b) SIRT3

Brain acetyl-cholinesterase activity

Systemic administration of LPS increased the activity of brain
acetyl-cholinesterase compared to control and control+
Troxerutin. Troxerutin injection markedly reduced the activity
of this enzyme whereas dexamethasone failed to decrease its
activity significantly (Fig. 3d).

The effects of Troxerutin on the expression levels
of NF-kB, SIRT1, and SIRT3 (Western blot assay)

To confirm the above-mentioned result in targeting the

SIRT1/SIRT3 signaling pathway and inhibition of in-
flammation by Troxerutin, we also determined the
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(**P <0. 01 vs. controls; #P < 0.05 vs. LPS group), C) p53 (**P <0. 01
vs. controls; #P <0.05 vs. LPS group) as well as D) brain acetyl-
cholinesterase activity (*P <0. 05, and **P <0. 01 vs. controls;
#P < 0.05 vs. LPS group)

expression levels of NF-k B, SIRTI1, and SIRT3 using
Western blot assay. In keeping with ELISA assay, the
expressions of SIRT1 and SIRT3 were significantly re-
duced in LPS rats that reversed by Troxerutin (Fig. 4a,
b). Likewise, a significant increased expression level of
NF-k B was found in LPS rats that reversed by
Troxerutin (Fig. 4c).

Oxidative stress

ROS production in the LPS-induced adult rat hippocam-
pus was considerably increased and suppressed by
Troxerutin treatment. There is no significant difference
between LPS + dexamethasone and LPS group (Fig. 5a).
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Fig. 4 Western blot assay
confirmed that Troxerutin
administration affects the
expression of the SIRT1/SIRT3
signaling pathway and NF-x B
signaling pathway. The effects of
Troxerutin on expression levels of
(a) SIRT1 (*P<0. 05 vs. control;
##P < 0.01 vs. LPS group), (b)
SIRT3 (*P < 0. 05 vs. control;
##P < 0.01 vs. LPS group), and
(¢) NF-k B (**P<0. 01 vs. con-
trol; #P < 0.05 vs. LPS group)
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As shown in Fig. 5b, a significant increment in MDA
level was found upon LPS administration contrast to
control and control+ Troxerutin groups. Post-treatment
with Troxerutin markedly reduced MDA level compared
with the LPS group. There is no significant difference
between LPS + dexamethasone and LPS group.
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Discussion

The particular knowledge about targeting neuroinflammation
opens up potential avenues for discovery of efficient ap-
proaches to treat neurodegenerative diseases such as
Parkinson’s and Alzheimer’s diseases (Amani et al. 2018).
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Fig.5 Post-treatment with Troxerutin significantly decreased oxidative stress. The effects of Troxerutin on (a) ROS production (*P < 0. 05, and **P < 0.
01 vs. controls; #P < 0.05 vs. LPS group) and (b) MDA levels (**P <0. 01 vs. controls; #P < 0.05 vs. LPS group)
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Many previous studies have shown that bioactive
phytoconstituents of herbal medicines could give rise to sup-
pression of LPS induced memory impairment though
targeting neuroinflammation and oxidative stress (Esterbauer
and Cheeseman 1990; Song et al. 2013). In a previous study
by our group, we observed that Troxerutin confers neuropro-
tection in a rat model of Parkinson’s disease by targeting some
cellular signaling pathways (Baluchnejadmojarad et al.
2017a). Herein, we found the neuroprotective capability of
Troxerutin in coping with LPS induced cognitive deficiency
via targeting LPS-induced neuroinflammation and oxidative
stress in the hippocampus region of rats. The fundamental
effector components of the immune system in the CNS which
play a pivotal role in host defense mechanisms are neuroglial
cells like astrocytes and microglia. They also possess para-
mount roles in memory, learning and synaptic remodeling
(Geinisman 2000). It has been reported that LPS can be bond-
ed to TLR4 receptors that are expressed by astrocytes and
microglia cell and initiates acute inflammatory responses.
Moreover, CD14 receptors amplify LPS responses to trigger
its detrimental effects on vital body organs (Park and Lee
2013; Zanoni et al. 2011). Likewise, it has recognized that
LPS-TLR4 signaling leads to phosphorylation and nuclear
translocation of the transcription factor NFk B and subsequent
release of pro-inflammatory cytokines such as TNFx and
IL1f in the microglial cells (Gorina et al. 2011). In fact, acti-
vated microglia and astrocytes are critical factors for exacer-
bation of neuroinflammation because these cells are pools for
secretion and release of pro-inflammatory cytokines (Block
et al. 2007). According to previous reports, elevated levels
of NFkB and TNFx upon LPS administration for the 6 days
were found in this study and were reversed by Troxerutin. It is
well documented that sirtuins paramount key role in
healthspan extension and longevity as a result of their ability
to suppress inflammation and oxidative stress (Salminen et al.
2008). It has been reported that LPS can act as a competitive
inhibitor to SRIT1 with glucose and cholesterol toxicity to
various cells and tissues (Ian 2017). Activation of SRIT1 by
therapeutic agents and nutritional diets during pathological
condition results in deacetylation of NF- kB and consequently
inhibition of its transactivational activity (Yeung et al. 2004).
Also, a previous report showed that activation of the Sirt3/
AMP-activated protein kinase (AMPK) signaling axis by bio-
active phytoconstituents led to protection against LPS-
induced acute respiratory distress syndrome (Chen et al.
2018). Sirt3 ameliorates microglia activation-induced oxida-
tive stress injury via modulation of the mitochondrial pathway
(Jiang et al. 2017). This study also revealed that the expres-
sions of SRIT1 and SIRT3 decreased upon LPS administra-
tion for the 6 days and Troxerutin post-treatment increased the
expression level of them. In keeping with our findings, a pre-
vious report showed that activation of the SIRT1/ nuclear
factor erythroid 2-related factor (Nrf2) signaling pathway by
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pharmacological agents resulted in suppression of LPS-
induced oxidative stress in postnatal rat brain (Shah et al.
2017). On the other hand, some studies have shown that
LPS as a toxic agent; confers excessive ROS production.
Then, LPS-generated ROS phosphorylates NFk B that, in
turn, results in the initiation of a pathological cascade and
subsequent acute neuroinflammation (Zhao et al. 2008). In
keeping with these studies, excessive ROS production, elevat-
ed MDA and apoptosis were found upon LPS administration
for the 6 days and reversed by post-treatment with Troxerutin.
Additionally, previous studies have shown that neuroinflam-
mation and oxidative stress caused by LPS administration
result in LPS-induced memory impairments in rats. This study
also confirmed cognitive deficit following injection of a single
dose of LPS. Troxerutin showed better improvement of LPS-
induced memory impairments compared to dexametha-
sone. In this study, we also found an increased activity
of acetylcholinesterase that was reversed by Troxerutin.
It is known that high activity of acetylcholinesterase
along with excessive ROS production under pathological
condition gives rise to initiation of acute inflammatory
responses (Baluchnejadmojarad et al. 2017b).

Conclusion

Collectively, the present study shows the anti-
neuroinflammatory capacity of Troxerutin against LPS-
induced memory impairments by targeting SIRT1/SIRT3 sig-
naling pathway, neuroinflammation and oxidative stress in a rat
model. Furthermore, our results suggest that Troxerutin can be
a suitable candidate to treat inflammatory and neurodegenera-
tive disorders by targeting the SIRT1/SIRT3 signaling pathway.
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