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Abstract

Aging is a multifaceted and progressive physiological change of the organism categorized by the accumulation of deterio-
rating processes, which ultimately compromise the biological functions. The objective of this study was to investigate the
anti-aging potential of berberine (BBR) in D-galactose (D-Gal) induced aging in rat models. In this study, male Wistar rats
were divided into four groups: The control group was given only vehicle, the BBR group was treated with berberine orally,
the D-Gal group was treated with D-galactose subcutaneously and the BBR +D-Gal group was treated with D-galactose
and berberine simultaneously. D-galactose exposure elevated the pro-oxidants such as malondialdehyde (MDA) level, pro-
tein carbonyl and advanced oxidation protein products (AOPP) in the brain. It decreased the anti-oxidants such as reduced
glutathione (GSH) and ferric reducing antioxidant potential (FRAP) in the brain. D-galactose treatment also reduced the
mitochondrial complexes (I, II, IIT and IV) activities and elevated the inflammatory markers such as interleukine-6 (IL-6),
tumor necrosis factor- o (TNF-a) and C-reactive protein (CRP). The mRNA expressions of IL-6 and TNF-a in the brain
were upregulated following D-galactose exposure. Berberine co-treatment in D-galactose induced aging rat model pre-
vented the alteration of pro-oxidant and anti-oxidant in the brain. Berberine treatment restored the mitochondrial complex
activities in the brain and also normalized the inflammatory markers. Based on these findings we conclude that berberine
treatment has the potential to mitigate brain aging in rats via stabilizing the redox equilibrium and neuroinflammation.

Keywords Anti-aging - Berberine - Brain aging - Inflammation - /n-vivo - Oxidative stress

Introduction

Aging is categorized by modifications of numerous physi-
ological processes and biological pathways that leads to an
increased susceptibility to age-related disorders and death
(Tatullo 2023). Aging is associated with cognitive weaken-
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ing and several neurodegenerative diseases (Munkhzul et al.
2023). It is exciting to see that a recent report has described
twelve hallmarks of aging (Lopez-Otin et al. 2023) which
is a significant achievement from the earlier accepted nine
hallmarks of aging (Lopez-Otin et al. 2013). Persistently
increased oxidative stress leads to several life-threatening
pathological conditions besides playing a major role during
aging (Tong et al. 2023; Valko et al. 2007). The oxidative
stress theory of aging states that age-associated functional
losses arise due to the accumulation of reactive oxygen spe-
cies (ROS) -induced damages (Bonomini et al. 2015).

The immune system goes through abundant and intense
changes during aging (Furman et al. 2019). During aging,
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there is a state of proinflammatory stimulation categorized
by increased circulating proinflammatory cytokine levels
such as IL-6 and TNF-a and localized tissue inflammation
(Bektas et al. 2020). Oxidative stress and neuroinflamma-
tion have been linked to age-related neurodegeneration and
neuro-behavioral changes (Garg et al. 2017). Elevated ROS
and inflammatory markers - IL-6 and TNF-a in induced
aged rat model have been reported recently (Kumar et al.
2021).

Mitochondrial dysfunction is prominent in aging which
is characterized by diminished oxidative phosphorylation
and elevated free radical and ROS generation. Aging is an
important factor during which stress level increases in the
endoplasmic reticulum which in turn leads to mitochondrial
dysfunction (Glancy and Balaban 2012; Yang et al. 2024).

Numerous phytochemicals have been reported to inter-
act with the human biochemical system thereby affecting
health parameters. There are several phytochemicals that
have tremendous health benefits such as polyphenols (fla-
vonoids, tannins, stilbenes, coumarins, lignans), terpenoids
(isoprenol, cornosic acid, B-caryophyllene, a-tocopherol)
and alkaloids (reserpine, tomatidine, spermidine, berber-
ine, calycosin). These phytochemicals are reported to show
anti-inflammatory, anti-aging, anti-neurodegenerative, anti-
cancer properties (Okoro et al. 2021). Berberine (BBR) is
the main isoquinoline alkaloidal component of stems and
roots of several Berberis species such as B. aristata, B. peti-
olaris and B. vulgaris (Singh et al. 2019). BBR can pass
through blood brain barrier and elicit many pharmacologi-
cal and therapeutic actions including being neuroprotective
and neurotrophic (Ma et al. 2010). BBR has many pharma-
cological activities, such as being analgesic, anti-inflam-
matory, anticancer, antidiabetic, antioxidant (Samadi et al.
2020). It is also reported to cause memory enhancement and
act as an antidepressant (Kulkarni and Dhir 2010). BBR
inhibits mTOR/S6 signaling with decrease in the oxidants
(Zhao et al. 2013). Reports also claim the use of berberine
in the therapeutics of neurodegenerative diseases (Dadgo-
star et al. 2022; Singh and Sashidhara 2017). An in vitro
study claimed that berberine prevented the axonal degenera-
tion (Wang et al. 2023). Recently we reported that berberine
treatment attenuates aging induced alterations in erythrocyte
via stabilizing redox homeostasis in D-galactose induced
senescent rats (Yadawa et al. 2023). Several studies have
demonstrated that long-term administration of D-galactose
induces natural aging mimicking effect in many tissues of
rodents (Sadigh-Eteghad et al. 2017).

In view of the varied beneficial effects of berberine, the
present study was designed to investigate the anti-aging
effect of berberine in the brain of 2-D-Galactose (D-gal)
induced accelerated aging rat model. In this study our
main focus was on oxidative stress, neuroinflammation and
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mitochondrial dysfunction. We have undertaken this study
to provide a scientific explanation to the pleiotropic biologi-
cal activities of berberine.

Materials and methods
Chemicals and reagents

Dimethyl sulfoxide, 4, 7-diphenyl-1, 10-phenanthroline
disulfonic acid disodium salt (DPI), 2, 4, 6-Tri (2-pyridyl)-
s-triazine (TPTZ), 2, 4-dinitrophenylhydrazine (DNPH),
reduced glutathione (GSH) and dithio-bis-nitrobenzoic acid
(DTNB) were purchased from Sigma Aldrich Chemical Co.
(St. Louis, MO, USA). Berberine Chloride was purchased
from TCI Chemicals (India) Pvt. Ltd. Other chemicals were
procured from Merck, Germany, and HiMedia Labs, Mum-
bai, India.

Animals and experimental procedure

In this study male Wistar rats (200 g+ 15 g b.w.) were used.
The rats were obtained from the Animal House facility of
Indian Institute of Toxicological Research, CSIR, Luc-
know, India. They were kept in the animal house facility
of Department of Biochemistry, University of Allahabad
in a controlled environment (25+2°C temperature and
55+15% relative humidity) with a 12-h light/dark cycle.
Rats were acclimatised for a week and were given rodent
diet of nutrient rich pellets and drinking water ad libitum.
After one week of acclimatisation the rats were randomly
divided into 4 groups of 6 rats in each. Group-1 (negative
control) was given vehicle (0.9% saline); Group-2 (BBR)
was given berberine suspended in 0.9% saline (200 mg/kg
b.w. orally) (El-Horany et al. 2018; Yadawa et al. 2023);
Group-3 (D-Gal- positive control) was given D-galactose
dissolved in 0.9% saline (200 mg/kg b.w., subcutaneously)
and Group-4 (BBR+D-Gal) was given berberine and
D-galactose (as given in group-2 and 3 respectively) daily
for 6 weeks (Yadawa et al. 2023). At the end of experimen-
tal protocols rats were sacrificed using standard procedure.
Brains were dissected out and stored in -80°C for further
experiments.

All animal care and experimental procedures were car-
ried out with the approval of the Committee for the Pur-
pose of Control and Supervision of Experiments on Animals
(CPCSEA) and the Institutional Animal Ethics Committee
(IAEC/AU/2019(1)/08), University of Allahabad, India.
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Brain homogenate preparation

Brain was dissected out and washed in ice-cold phosphate
buffered saline (PBS 0.02 M, pH 7.4). 10% brain homoge-
nates (w/v) were prepared in ice cold PBS (0.02 M, pH 7.4).
Brain homogenates were centrifuged at 12000xg at 4°C for
15 min, supernatant was stored for different biochemical
estimations.

Lipid peroxidation assay

To measure the lipid peroxidation in brain homogenate
malondialdehyde (MDA) level was assayed by the protocol
of Esterbauer and Cheeseman (1990). Briefly, 200 pl brain
homogenate was added in 3 ml of PBS. The brain homog-
enates were incubated in 1 ml of 10% trichloroacetic acid
(TCA) and 2 ml of 0.67% thiobarbituric acid (TBA) for
20 min at 90°C-100°C in water bath and then cooled. The
reaction mixture was centrifuged at 1000xg for 5 min. The
absorbance of the supernatant was recorded at 532 nm. The
concentration of MDA was calculated using extinction coef-
ficient (€= 153,000) and expressed as nmol/mg protein.

Reduced glutathione (GSH) assay

GSH level was estimated using the protocol of Singh et al.
(2017). GSH assay is based on the capability of —SH group
to reduce 5,5’-dithiobis, 2- nitrobenzoic acid (DTNB) into
a yellow coloured product and the absorbance was noted
at 412 nm. The concentration of GSH was calculated from
standard calibration curve, expressed as mg/mg protein.

Protein carbonyl (PCO) assay

Protein carbonyl content was measured by the protocol
given by Levine et al. (1990). The protein carbonyl con-
tent was calculated using absorption coefficient of 22,000
M'em™, and concentration was expressed in nmol/ mg
protein.

Measurement of FRAP (ferric reducing antioxidant
potential)

The protocol given by Benzie and Strain (1996) was used to
determine the FRAP with slight modification. FRAP reac-
tion mixture was made by mixing 300 mM acetate buffer
(pH 3.6), 20 mM ferric chloride and 10 mM 2.4,6-tripyridyl-
s-triazine (prepared in 40 mM HCI) in the ratio of 10:1:1
respectively. Hundred microlitres of homogenate was added
to 3 ml FRAP reaction mixture and the contents were vor-
texed. The absorbance was taken at 593 nm on UV-VIS
spectrophotometer at the interval of 30 s for 4 min. FRAP

value was extrapolated using the standard calibration curve
and expressed as pmol Fe (IT)/ g tissue.

Determination of AOPPs (advanced oxidation
protein products)

The level of AOPPs was estimated by using the protocol
given by Witko-Sarsat et al. (1996). Briefly, in 0.2 ml of
brain homogenate 1.0 ml of 1.16 M potassium iodide was
added. After two minutes 2.0 ml of glacial acetic acid was
added. The absorbance was noted immediately at 340 nm.
PBS was set as blank and chloramine-T solution (0—100
pmol/l) was used as standard. The AOPPs was expressed
as umol of chloramine-T equivalents/ mg protein (umol/mg
protein).

Reactive oxygen species (ROS) measurement

ROS was measured by flow cytometer (Accuri A C6 Stream
cytometer, Becton Dickinson Biosciences, California,
USA) in the brain homogenate using standard protocol. The
green fluorescence of DCFH-DA was measured through the
FL-1 channel and every tube noted minimum 10,000 events.
C6 Sampler programming was used to analyse the data.
Unstained sample was used as control.

Measurement of inflammatory markers- IL-6, TNF-a
and C-reactive protein in plasma

IL-6, TNF-a and C-reactive protein (CRP) was measured in
the plasma by commercially available ELISA kit (Krishgen
BioSystem, India). IL-6, TNF-o and CRP were measured by
the protocols provided with kit manuals.

RNA extraction, cDNA synthesis and PCR

The total RNA from the brain of all groups were extracted
using Trizol-T Reagent (SRL, India) according to its user
manual provided, dissolved in nuclease free water and quan-
tified using the nanodrop SPECTRO Star Nano Spectro-
photometer (BMG LABTECH, Germany). Two microgram
RNA was reverse transcribed to synthesize cDNA by using
commercially available cDNA synthesis kit (New England
BioLabs MA, USA). cDNA was synthesised by using the
protocol provided with ¢cDNA synthesis kit manual. PCR
was done by using specific primers for IL-6 (forward primer
5'-TCCTACCCCAACTTCCAATGCTC- 3', Reverse primer
5'- TTGGATGGTCTTGGTCCTTAGCC- 3'), TNF-a (For-
ward primer 5-AAATGGGCTCCCTCTCATCAGTTC- 3/,
Reverse primer 5-TCTGCTTGGTGGTTTGCT ACGAC
—3") and B-actin (Forward primer 5'- TGTGATGGTGGG
AATGGGTCAG -3, Reverse primer 5’-TTTGATGTCAC
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GCACGATTTCC —3'). The PCR were performed in 25 pl
reaction mixture using PCR kit (New England BioLabs MA,
USA). The reactions were carried out in Smart PCR Pro
CYBERLAB Thermo cycler. The samples were denatured at
95 °C for 5 min and amplified using conditions (denaturation
at 94 °C for 45 s, primer annealing at 62 °C for 30 s, elonga-
tion at 72 °C for 45 s and no. of cycles — 35).

The PCR products were electrophoresed on 2% agarose
gel having ethidium bromide. The gel bands were visual-
ized, images were captured using gel doc system (BioRad,
USA). The mRNA expression of IL-6 and TNF-o were
expressed as relative fold change of band intensity relative
to control normalized by B-actin.

Mitochondrial complex activity assay

To isolate the mitochondria, brain was homogenized in
medium having 230 mM mannitol, 70 mM sucrose, 1.0 mM
EDTA, and 10 mM Tris—HCI, pH 7.40 in a homogenizer
(Powergen-500 Fisher Scientific, USA). The homogenate
was centrifuged at 700xg for 10 min and supernatant at
8000xg for 10 min to pellet mitochondria that were washed
in the same conditions to obtain mitochondrial preparations
(Navarro et al. 2005). The mitochondria obtained was stored
in the same medium. The purity of the mitochondrial prepa-
ration was assessed by the activity of succinate dehydroge-
nase. Electron transport chain complexes (I-IV) activities
have been measured according to the Srividhya et al. (2009).

Histological study

To assess the effect of aging on brain architecture, haema-
toxylin-eosin (HE) staining was done in the coronal brain
sections. After perfusion brains were dissected out and fixed
for 24 h in 10% formalin, dehydrated in graded ethanol
and embedded in paraffin wax. Blocks were prepared and
5 um thick coronal sections of brain were cut on a micro-
tome and collected on albumin-coated slides. HE staining
was performed in brain of rats using standard protocol. Sec-
tions were viewed and images were taken under Olympus
microscope.

Statistical analysis

The results are expressed as mean + SEM. Statistical analy-
ses were done using Graph Pad Prism 5 software. The sta-
tistical significance of differences among different groups
were calculated by ANOVA (one way analysis of vari-
ance) followed by Tukey’s post hoc test. Value of p<0.05
was considered as statistically significant. The * indicates

@ Springer

significant difference in comparison to control group and #
denotes significant difference as compared to D-Gal group.

Result

Co-treatment of berberine mitigates the oxidative
stress

Lipid peroxidation was determined in the brain homogenate
by estimating the MDA level. The MDA level in D-Gal
treated rats was significantly high (52.74 nmol/mg pro-
tein; p <0.01) in comparison to the control and BBR group
(41.03 and 45.37 nmol/mg protein respectively). The MDA
level reduced in the BBR +D-Gal group (21.00 nmol/mg
protein; p <0.001) than D-Gal group (Fig. 1A).

Our result shows the GSH level decreased in the brain of
D-Gal exposed rats (0.204 mg/ mg protein; p<0.01) com-
pared to control and BBR rats (0.276 & 0.357 mg/ mg pro-
tein respectively). Co-treatment of BBR in D-Gal treated
rats prevented the decrease in GSH level (0.239 mg/ mg
protein; p <0.05) (Fig. 1B).

Protein carbonyl (PCO) is the biomarker of oxidative
stress. PCO content in the brain of D-Gal induced aging rats
increased significantly (56.30 nmol/mg protein; p<0.01)
in comparison to control and BBR groups (50.05 & 50.70
nmol/mg protein). However, PCO content did not increase in
BBR + D-Gal treated rats (49.49 nmol/mg protein; p <0.01)
when compared with D-Gal rats (Fig. 1C).

Biochemical estimation showed decreased FRAP in
the brain of D-Gal treated rats (50.96 pmol Fe(Il)/g of tis-
sue; p<0.001) in comparison to control and BBR groups
(141.35 & 131.73 umol Fe(Il)/g of tissue respectively). In
BBR +D-Gal group FRAP was elevated (94.23 umol Fe(Il)/g
of tissue; p <0.001) than that of D-Gal group (Fig. 1D).

AOPPs are also biomarker of oxidative stress. The level of
AOPP in the brain of D-Gal treated rats increased (0.22 pmol/
mg protein; p < 0.001) compared to control and BBR rats (0.10
& 0.11 pmol/mg protein respectively). BBR co-treatment in
the D-Gal treated rats attenuated the AOPP (0.15 pmol/mg
protein; p <0.01) in comparison to D-Gal rats (Fig. 1E).

BBR prevents the ROS production

Flow cytometric data shows that ROS level was high in
D-gal treated rats (288 AU, p <0.001) when compared with
control and BBR group (58 AU and 54.5 AU respectively).
When BBR was given simultaneously with D-gal, the ROS
level decreased (222 AU, p<0.01) compared to D-Gal
group (Fig. 2) (AU- arbitrary unit).
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Fig. 1 Effect of berberine on oxidative stress. A Represents the effect
of D-galactose and berberine on the lipid peroxidation (MDA level)
in the brain of rats. MDA level was significantly high in the brain of
D-gal treated rats which was further decreased in D-gal + BBR treated
rats. B represents the effect of D-gal and berberine on GSH level in
the brain of rats. GSH levels were decreased in D-gal treated rats and
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ation in the different groups of rats. PCO levels was high in the brain of
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Fig. 2 Represents the level of ROS in brain. The level of ROS was
high in D-gal treated rat compared to control and BBR group. Ber-
berine treatment in D-gal treated rat lowered the ROS level com-

BBR reduces the inflammation in D-galactose
induced aging

The level of inflammatory markers IL-6, TNF-o and C-reac-
tive protein elevated in the plasma of D-galactose treated
rats (67.56 pg/ml, 1450.13 pg/ml and 216.15 ng/ml plasma
respectively; p <0.01) compared to the control group (45.24
pg/ml, 1076.5 pg/ml and 107.37 ng/ml respectively). BBR
co-treatment in the D-Gal treated rats lowered the level of
IL-6, TNF-a and C-reactive protein (53.08 pg/ml, 1232.78
pg/ml, 144.36 ng/ml; p<0.05) in comparison to D-gal
treated rats (Fig. 3A, B and C).

Inflammatory cytokines IL-6 and TNF-a mRNA expres-
sions were checked by RT-PCR in the brain. IL-6 mRNA
expression upregulated in the brain of D-gal treated rats
(1.79 fold, p<0.001) in comparison to control and BBR
groups. Co-treatment of BBR with D-gal mitigated the
upregulation of IL-6 mRNA (1.26 fold, p<0.001) when
compared to D-gal rats (Fig. SA & B). TNF-a mRNA
expression also upregulated in the brain of D-gal treated
rats (1.47 fold, p <0.01) in comparison to control and BBR
groups. However, the treatment of BBR with D-gal down-
regulated the TNF-a mRNA (1.08 fold, p <0.01) compared
to D-gal rats (Fig. 3D, E and F).

BBR restores the mitochondrial function

The mitochondrial function was measured by estimating the
mitochondrial complexes NADH-ubiquinol oxidoreductase
(Complex I), succinateubiquinol oxidoreductase (Complex
II), ubiquinol cytochrome ¢ oxidoreductase (Complex III)
and cytochrome c¢ oxidase (Complex IV) activities. Com-
plexes I, II, IIT and IV activities decreased in D-gal treated
rats (69.66, 13.33, 101.71 and 25.95 nmol/min/mg pro-
tein respectively, p<0.001) in comparison to control (111,
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pared to D-gal group. All the data are presented as mean+SEM
(n=06); *p<0.05, **p<0.01, ***p<0.001 when compared with control,
#p<0.05, #p<0.01, ###p<0.001 when compared with D-Gal

28.71,161.93 and 47.22 nmol/min/mg protein respectively).
Co-treatment of berberine in D-gal treated rats restores the
activities of Complex I, II, III (99.67, 21.91, 148.07 nmol/
min/mg protein respectively, p<0.001) and IV (38.29,
nmol/min/mg protein respectively, p <0.01) in comparison
to D-gal group (Fig. 4).

Histological study

In the histological study of brain we mainly focused on hip-
pocampal region of the brain. To examine the histological
changes in the hippocampal region, HE staining was per-
formed in the coronal sections of brain hippocampus. In the
control and BBR group rats the pyramidal cell layer was
intact and compactly arranged. In case of D-gal treated rats
the pyramidal cell layer was broken and loosely arranged
while co-treatment of berberine with D-gal did not show
any deformity in the pyramidal cell layer of hippocampus

(Fig. 5).

Discussion

D-galactose induced aging in organs of rodents show notable
similarity to natural aging in terms of biochemical, morpho-
logical and behavioral data and is a well established animal
model for aging research (Ji et al. 2014; Pantiya et al. 2023).
Higher levels of D-galactose cause overproduction of ROS
(Yanar et al. 2011). Increased lipid peroxidation could be
involved in neuronal damage in the brain leading to brain
aging. In this study we found that D-gal treatment (200 mg/
kg b.w.) enhanced the lipid peroxidation in the brain, this
finding is corroborated by previous finding (Liu et al. 2021).
Our result showed that berberine co-treatment attenuated
lipid peroxidation in brain of D-gal treated rats indicating



Metabolic Brain Disease (2024) 39:649-659

655

600 % .
80 ®5% : 230 Hokke
70 i = 1400 ] # 2 =
= e 200 2
g 60 # g 1200 - =
£ £
£ s0 E 2100077 £ _ 150 #ﬁ#
E 40 =7 § 800 - g E
Bao < 600 & g 100
©° oL o .g
2 20 L 400 5 g
= 200 3
© | :
0 : A . 0 T - T y. 1 0 - : : . )
Control BBR D-Gal D-Gal+BBR Control BBR D-Gal D-Gal+BBR Control BBR D-Gal D-Gal+BBR
(A) (B) (©)
2 1 ok _ 18 4
g & %16 -
815 HEH £ 14 4
2 i = 1.2 A HHt
3 @y
g 17 = £
£ £ 08 |
5 0.6 -
£ 65 g
€ 0. 5 0.4 -
®° L
a4 £ 02 -
=
0 + 0

Fig. 3 Effect of berberine on inflammatory markers. A shows the
plasma IL-6 level in the different groups. Plasma IL-6 level was high
in the D-gal treated rats compared to that of control. Berberine co-
treatment prevented the elevation of plasma IL-6 as compared to D-gal
rats. B denotes the plasma TNF-a level. TNF-a level elevated in the
D-gal exposed rat however, berberine treatment attenuated the TNF-a
level. C represents the C-reactive protein (CRP) level in the serum.
CRP level increased in the D-gal treated rats however; berberine treat-

the anti-oxidative potential of berberine. These results indi-
cate that D-galactose triggered oxidative stress however
BBR treatment diminished stress in rats. The increased lipid
peroxidation could be the cause behind decreased antioxida-
tive defence systems such as catalase and GSH (EI-Shiekh
et al. 2020). GSH sustains redox homeostasis in cells and
inhibits oxidative damage. D-gal treatment decreases
GSH level in rats and mice (Li et al. 2021) thus affecting
the redox balance. In the present study we also found that
D-gal administration for 6 weeks decreased GSH level in
the brain of rats. Furthermore, BBR treatment enhanced
the GSH level in the brain. Previous studies also report that
BBR caused an increase in GSH level in rodents (Gendy et
al. 2023; Seth et al. 2021). Protein carbonyl is a stable oxi-
dative alteration in protein structure (Stadtman and Berlett
2008). Protein carbonylation increased in the D-gal treated
rat brain while it was unaltered in the berberine treated rat
brain. Allameh et al. (2020) reported that berberine lowers
protein carbonylation in rodents. AOPPs are formed during
oxidative stress, belong to the category of dityrosine-con-
taining protein products (Witko-Sarsat et al. 1998).

Control BBR

Control BBR D-Gal D-Gal+BBR

(F)

D-Gal D-Gal+BBR

ment reduced the serum CRP level. D represents RT-PCR products of
IL-6, TNF-a and B-actin in the different groups of rat brain analysed on
2% agarose gel. E & F show relative fold change in IL-6 and TNF-a
mRNA normalised by B-actin. Expression of IL-6 and TNF-o mRNA
increased in D-gal treated rats. Co-treatment of berberine decreased
the IL-6 and TNF-ao mRNA expression in the brain. All the data are
presented as mean+ SEM (n=06); **p<0.01, ***p<0.001 when com-
pared with control; ##p<0.01, ###p<0.001 when compared with D-Gal

FRAP is a reliable measure for oxidative injury (Ben-
zie and Strain 1996). Berberine treatment prevented the
decrease in FRAP in D-gal induced aging rats. Adefegha
et al. (2021) also reported that berberine increases FRAP
in vitro. D-gal exposure elevated the ROS level in the brain
however, berberine treatment reduced the ROS production.
This result also explains the driving force behind alteration
of other oxidative and antioxidative markers. During aging
AOPPs level elevated (Zhuang et al. 2021) which is estab-
lished by oxidative stress. In this experiment we also found
the higher level of AOPP in D-galactose treated aging rats.
Berberine lowered the AOPP level in the brain of aging rat
model. A recent study also claims that berberine diminishes
AOPP level in diabetic rats (Zych et al. 2020). It is well
established that berberine activates the anti-oxidant systems
in disease models and thereby attenuates the oxidative stress
(Gupta et al. 2023; Luo et al. 2023).

D-galactose increases the inflammatory markers and
induces neuro-inflammation through the stimulation of
NFk-B signaling pathways, resulting in memory impair-
ment (Hadzi-Petrushev et al. 2014; Shwe et al. 2018). In
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Fig.4 Effect of berberine on mitochondrial complexes activities. A, B,
C, and D show the mitochondrial complex I, IL, I1I, IV activities respec-
tively. D-gal treatment lowered the mitochondrial complexes activities
in the brain. Co-treatment of berberine prevented the decrease in mito-

BBR

Fig. 5 Coronal brain section microphotographs through hippocampus
stained with haematoxylin and eosin. Intact and compactly arranged
pyramidal cell layer can be seen in the control and BBR groups. In
D-gal treated rats this layer is damaged and loosely arranged while in
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the present study we observed that inflammatory markers
IL-6, TNF-0 and CRP were high in the plasma of D-galac-
tose treated rats. The mRNA expression of IL-6 and TNF-a
upregulated in the D-gal treated rats which again supports
the occurrence of inflammation in D-gal induced aging
brain in rats. Berberine stabilizes the inflammatory factors:
TNF-a, IL-1p and IL-6 (Hussien et al. 2018). In our study
we also found the similar results where berberine co-treat-
ment prevented the elevation of IL-6, TNF-o and CRP in
plasma and also normalized the mRNA expression of IL-6
and TNF-a in the brain. In BV-2 microglia, berberine lowers
the lipopolysaccharide- or interferon-y-induced iNOS and
cyclooxygenase-2 level, and inhibits inflammatory cyto-
kines IL-6, IL-1p and TNF-a expression (Lu et al. 2010).
Recently it is reported that berberine treatment prevents the
neuroinflammation in the rodents (Liu et al. 2023).

Mitochondria have a vital role in aging process and are
considered as contributing factor of cell survival and cell
death which are fundamental markers of neurodegeneration
(Li et al. 2017). Mitochondrial Complex I is the key site of
ROS production and therefore potentially contribute to the
changes in brain function throughout aging (Paradies et al.
2011). Increased ROS production is linked with mitochon-
drial dysfunction (Bonnard et al. 2008). It is reported that
aging is linked with deterioration in mitochondrial function,
characterized by a decline in oxidative phosphorylation and
ATP synthesis and enhanced free radical production (Long
et al. 2007). The present study indicates that D-galactose
administration results in mitochondrial dysfunction as indi-
cated by decrease in mitochondrial complexes I, II, III and
IV activities. The co-treatment of berberine in D-gal admin-
istered rats restored the mitochondrial complex activities in
comparison to D-gal treated rats. Due to imbalanced redox
homeostasis in D-galactose induced aging, increased ROS
was one of the main contributors to mitochondrial dys-
function. Berberine is an activator of energy regulators and
mitochondrial function and thus promotes mitochondrial
energy output (Fang et al. 2022; Qin et al. 2020). Antioxi-
dative potential of berberine (Yadawa et al. 2023) may be
the driving force to improve the mitochondrial function in
D-galactose induced aging brain.

In the present experiment histological study showed that
D-galactose treatment caused the pyramidal cell layer dam-
age in the hippocampus region. The enhanced ROS produc-
tion and increased inflammation might cause the distortion
in hippocampus in D-gal induced aging brain. Berberine
treatment reduces the neuronal damage and cerebral edema
in traumatic brain injury mice model (Chen et al. 2014).
Berberine treatment can diminish brain tissue injury and
neurological deficits at early time points following stroke
(Song et al. 2012). Similarly, berberine co-treatment pro-
tected the hippocampal pyramidal cell layer from damage in

D-gal treated rats. This result once again suggests the neu-
roprotective potential of berberine in induced aging brain
in rats. This effect of berberine may arise due to its anti-
oxidative and anti-inflammatory effects.

Conclusion

In this study we found that D-galactose treatment in the rats
resulted in the elevation in the pro-oxidants, inflammatory
markers and decrease in the level of antioxidant and antioxi-
dant markers and mitochondrial complexes activities in the
brain. From our results we conclude that berberine adminis-
tration attenuates the markers of D-galactose induced brain
aging in rat. Outcome of this study suggests that berberine
has the ability to mitigate the brain aging in rats via stabilis-
ing the redox homeostasis, inflammatory markers and mito-
chondrial function in the brain and has anti-aging potential.
These findings provide an understanding into likely inter-
ventions which may be suggested for age dependent altera-
tions especially neurodegeneration and cognition.
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