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ABSTRACT

Metal contamination poses public health challenges around the world. This study evaluated therapeutic potential of
caffeic acid against impairments induced by combined exposure to Aluminum and Beryllium in female albino rats. Rats were
divided into five groups, group one served as control. Group two to five received combined dose of Aluminum nitrate (6.5 mg/kg,
i.p.) and Beryllium nitrate (1 mg/kg, i.p.) daily for four weeks. Groups three to five received oral doses of caffeic acid at 10, 20 and
30 mg/kg, respectively for continuous two weeks of post- exposure.Behavioral performance was assessed 24 h after final
administration of toxicants using elevated plus maze, T- maze and light and dark chamber. Rats exposed to toxicants showed
pronounced anxiety-like behaviors and reduced time in dark compartment. Caffeic acid treatment significantly attenuated these
effects in dose dependent manner, highlighted its neuroprotective roles against combined exposure to Aluminum and
Berylliuminduced behavioral alterations.
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conditions?%. Aluminum induces oxidative stress,
depletes antioxidant defense in vital organs,crosses
blood-brain barrier, accumulates in neuronal tissues and
disrupts calcium homeostasis®. It contributes
neuroinflammation, protein aggregation and

Introduction
In the era of environmental pollution by toxic
metals, much researches have focused on the toxicity
of individual metals while real-world scenarios rarely
involve exposure to a single metal. Living organisms are

frequently exposed to mixtures of multiple metals
simultaneously that create a complex interaction, which
are not always predictable from single-metal exposure
studies.Considerable studies have been conducted on
heavy metals but comparatively less information is
available on toxic effects after exposure to combination
of light metals.

Aluminum is the third most abundant element in
the Earth crust (~8%), widely used in electrical systems,
leather processing, and water treatment and released
naturally from soil, rocks and water under acidic

neurodegenerative disorders'®. Beryllium is the lightest
bivalent, low-densityhard metal with unique physical and
chemical properties. Beryllium exposure generates
reactive oxygen species leading to systemic
toxicity3C.Beryllium exposure is linked to chronic lung
disease (berylliosis), carcinogenesis, allergic, apoptosis,
mutagenic action, neurotoxic effects and
neuroinflammation disrupts blood brain barrier?3. These
effects are likely mediated by neuronal apoptosis,
neurotransmitter imbalance and oxidative damage?®.

Caffeic acid(CA) is a plant derived hydroxy
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TABLE-1: Therapeutic effect of caffeic acid on behavioral alterations
Elevate Plus Maze

Groups Total time spent % time in Total time spent % time in

in closed arm (Sec) closed arm in opened arm (Sec) opened arm
Control 248.3+ 13.7 82.76+ 4.57 51.7£2.85 17.23+ 0.95
Al+Be 139.5+ 7.71a 46.63+ 2.57a 160.5+ 8.87a 53.5+ 2.95a
Al+Be+ CA 10 239.9+ 13.2b 79.96+ 4.42b 60+ 3.31b 20+ 1.10b
Al+Be+ CA 20 240.7+ 13.3b 80.23+ 4.43b 59.3+ 3.27b 19.76+ 1.09b
Al+Be+ CA 30 241.9+ 13.4b 80.63+ 4.45b 58.1+ 3.21b 19.36+ 1.07b
ANOVA 16.3% 16.3% 108 108

cinnamic acid that exhibits a diverse biological activity,
including antioxidant, anti-inflammatory, antimicrobial,
antiviral, anticancer, neuroprotective and metal chelating
properties'’. Its two phenolic hydroxyl (-OH) groups are
responsible for its antioxidant activityto protect cells from
oxidative damage. Carboxylic acid (-COOH) group
contributes to slightly acidic medium that allows it to
participate in chemical reactions involving proton
exchange?®. Caffeic acid improves memory learning and
reduces anxiety and depression like behaviors by
modulating neuro transmitters level, reducing neuro
inflammation and preventing neuronal apoptosis?2.

Therefore, this investigation focused on the
evaluation of therapeutic potential of caffeic acid against
behavioral alterations induced by combined exposure
to Aluminum and Beryllium.

Materials and Methods

Experimental animals and chemicals

Wistar female rats (160+10 g) were procured from
All India Institute of Medical Science (AlIMS), New Delhi,
India. Animals were maintained in polypropylene cages
with provision of access to animal feed pellets and water
ad libitum. The experimental study was approved by the
Institutional Animal Ethics Committee (IAEC).All the
animals were procured from recognized standard
chemical dealers.

Experimental design

Thirty animals were randomly assigned into five
groups having six animals in every group.

Group I: Control. Group Il:AI(NO,), (6.5 mg/kg; i.p.) +
Be(NO,),(1 mg/kg; i.p.) for four weeks.Group
lI:AI(NO,), + Be(NO,),(as in group II)+ CA 10 mg/kg
(p.o., simultaneously for two weeks after two weeks
exposure to toxicants). Group IV:AI(NO,), + Be(NO,),
(as in group Il)+ CA 20 mg/kg(p.o., simultaneously for
two weeks after two weeks exposure to toxicants).
Group V:AI(NO,), + Be(NO,), (as in group II)+ CA 30
mg/kg(p.o., simultaneously for two weeks after two
weeks exposure to toxicants).

Behavioral studies

Elevated plus maze : The experimental device
consisted of an elevated plus maze (40 cm above the
floor) that consists of two opened and two enclosed arms,
an open roof arranged in such a manner that two open
arms were opposite to each other (four arms were 30
cm long and 5 cm wide). Rats were individually placed
at the center of maze facinga closed arm. An entry into
an arm was registered when animal placed all four paws
on it. The parameters included number of entries and
the percent time spent in closed and opened arms were
recorded during a 300 second observation period. Data
were expressed as the total time spent in closed arm
(Sec), % time in closed arm and total time spent in
opened arm (Sec), % time in opened arms*.

T- maze : The T- maze was conducted over two phases.
In phase one, animals were habituated to maize by
allowing free exploration for 5 minutes with all arms
accessible. In phase two, each animal underwent six
trials; Trial phase: one goal arm was blocked, and the
animal was placed in the start arm. Animal was allowed



Therapeutic potential of caffeic acid against alterations induced by combined exposure to Aluminum and Beryllium 227
TABLE-2 : Therapeutic effect of caffeic acid on behavioral alterations

T- Maze

Groups Correct alteration % correct alteration
Control 4+ 0.22 66.6+ 3.68
Al+Be 1.5+ 0.08a 24,9+ 1.37a
Al+Be+ CA10 4+ 0.22b 66.6+ 3.68b
Al+Be+ CA 20 4+ 0.22b 66.6+ 3.68b
Al+Be+ CA 30 4+ 0.22b 66.6+ 3.68b
ANOVA 37.04% 37.2¢

to explore opened goal arm and remained there for 20
seconds before being returned to its home cage. Choice
latency: After a 30-second interval, both arms were
opened, and the animal was placed again in the start
arm. The animal’s choice of arm was recorded, and entry
into the arm opposite to the one visited during the trial
phase was considered a correct alternation®.

Light and dark chambers : Light and dark two distinct
chambers, a dark chamber (20x 30x 35 cm) painted
black and bright chamber painted white and brightly
illuminated with white light sources. By observing the
time duration of an animal which spent light-dark area
in light and dark chamber, one can predict the anxiety
or depression status of that animals’.

Statistical analysis

The results were subjected to one way analysis
of variance (ANOVA) followed by Tukey's HSD post hoc
analysis at a significance level of 5%. All data were
expressed as mean + standard error. All statistical
analyses were performed by using SPSS statistical
software package(SPSS Inc, Chicago, IL).

Results

Elevated plus maze : Elevated plus maze test
demonstrated significant behavior alteration among the
group. Combined exposure to Aluminum and Beryllium
group exhibited a drastic reduction in time spent in
opened arm as well as % time in open were increased
significantly as compared to control group as well as
significantly decreased time spent and % time spent in
closed arm. Different concentration of caffeic acid at 10,
20 and 30 mg/kg treatment reversed these effects in
dose dependent manner. Group 10, 20 and 30 mg/kg

showed significant restoration. Tukey’s HSD post hoc
test revealed that 30 mg/kg dose had maximum
therapeutic efficacy (Table-1).

T-maze : T-maze exhibited significant decline in correct
alteration behavior and percentage correct alteration
indicating impaired spatial memory and cognitive
functions in toxicity group. Caffeic acid treatment at 10,
20 and 30 mg/kg doses significantly restored
performance towards control. Tukey's HSD Post hoc test
revealed significant recovery at all three doses of caffeic
acid for both correct alteration and % of correct alteration.
These results suggested that caffeic acid markedly
ameliorated aluminum and beryllium induced memory
impairments (Table-2).

Light and dark chambers

Combined exposure to Aluminum and Beryllium
reduced the time spent in the dark and correspondingly
increased time spent in light suggesting heightened
anxiety like behavior. Caffeic acid treatment led to a dose
dependent improvement. Caffeic acid at 20 and 30 mg/
kg dose showed significant improvement as compared
to lower dose of caffeic acid 10 mg/kg. The ANOVA
revealed significant differences in total time and
percentage time spent in light, while time spent in dark
and its percentage did not differ significantly. These
findings suggested that caffeic acid effectively mitigated
anxiety like behavior induced after combined exposure
to Aluminum and Beryllium (Table-3).

Discussion
Metal toxicity is a major concern in occupational
and environmental health problems. Aluminum and
Beryllium are widely used as light metals; however, their
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TABLE-3 : Therapeutic effect of caffeic acid on behavioral alterations

Light and Dark Chamber

Groups Total time spent % time in Total time spent % time in
in dark (Sec) dark in light (Sec) Light
Control 260+ 14.4 86.66+ 4.79 39.9+ 2.20 13.3£0.73
Al+Be 239+ 13.2 79.93+ 4.41 60.2+ 3.32a 20.06+ 1.10a
Al+Be+CA 10 240+ 13.3 80.13t 4.42 59.6+ 3.29a 19.86+ 1.09a
Al+Be+CA 20 252+ 13.9 84.26+ 4.65 47.2+ 2.60bc 15.7+ 0.86bc
Al+Be+CA 30 256+ 14.1 85.36+ 471 43.9+ 2.42bc 14.63+ 0.80bc
ANOVA 0.54 0.53 13.09 13.09

exposure poses significant health risks. Neurotoxicity
associated with these metals is well documented,
involving oxidative stress, neuronal damage and
cognitive impairment?®. Both direct and indirect
exposures to their salts impose adverse effect on the
behavior and cognition, including attention, memory,
learning capacity etc. Pathogenesis in neuro
degeneration is linked to oxidative stress, which disrupts
antioxidant defence and promotes neuronal cell
death®20. Plant derived molecules have ability to control
reactive oxygen/nitrogen species, which may be utilized
to treat memory impairments and cognitive problems.
Caffeic acid has wide spectrum of pharmacological
activities'”. To mitigate toxic effect of Aluminum and
Beryllium, caffeic acid was evaluated due to its strong
antioxidant and metal chelating properties, which helped
in reducing oxidative damage and metal induced toxicity?.

Exposure to Aluminum nitrate and Beryllium
nitrate resulted neurotoxicity in experimental animals as
indicated by inability of rats to maintain equilibrium for 5
min in each trial on elevated plus maze'3. Number of
entries in opened and closed arms reflected the safety
of closed arm. Reduction in % time spent, entry in
opened arm and increased defections indicated high
level of fear or anxiety. Anxiolytic xenobiotics enhances
the number of entries and time spent in opened arms.
Combination of toxicants decreased the number of
entries and % time spentin closed arms showing anxiety

effects. Improvement may be attributed to antioxidant
of caffeic acid reduced neuronal damage and enhanced
cognitive functions®.

The T-maze is well established behavioral tool,
used to asses spatial learning and memory in rats.
Exposure to Aluminum and Beryllium impaired the spatial
learning by increased latency and reduced alternative
behavior?3. This suggested neurotoxic effects, likely
linked to oxidative stress. However, different doses of
caffeic acid improved performance, indicating its
neuroprotective role through antioxidant and metal
chelating actions?®.

In light dark chamber, bright light acts as
environment stress that minimizes the explorative
behavior of rats. Reduction in the time spent, rearing
behavior and number of entries in the light chamber was
regarded as markers of anxiety?!. Combined exposure
to Aluminum and Beryllium decreased time spent,
rearing behavior and number of entries in the light
chamber, which confirmed anxiogenic effects after
exposure to Aluminum and Beryllium®.

On the basis of results, it may be concluded that
all the three doses of caffeic acid i.e., 10, 20 and 30 mg/
kg recovered from behavioral alterations on a dose
dependent manner and confirmed its therapeutic
potential against behavioral alterations induced by
combined exposure to Aluminum and Beryllium.

References

1 Campos-Cardoso R, Godoy LD, Lazarini-Lopes W, Novaes LS, Dos Santos NB, Perfetti JG, Garcia-Cairasco
N, Munhoz CD, Padovan CM. Exploring the light/dark box test: Protocols and implications for neuroscience



Therapeutic potential of caffeic acid against alterations induced by combined exposure to Aluminum and Beryllium 229

10

11

12

13

14

15

16

17

18

19

research. J. Neurosci. Methods. 2023; 384 : 109748.

Coelho VR, Vieira CG, de Souza LP, da Silva LL, Pfliger P, Regner GG, Papke DK, Picada JN, Pereira P.
Behavioral and genotoxic evaluation of rosmarinic and caffeic acid in acute seizure models induced by
pentylenetetrazole and pilocarpine in mice. Naunyn-Schmiedeberg’s archives of pharmacol. 2016; 389(11) :
1195-1203.

Dai J, Bi X, Yuan H, Meng Q, Yang Y, Wang X, Ma X, Ding C, Wang F. Impact of chronic beryllium exposure on
liver and lung function and hematologic parameters. Atmosphere. 2024; 15(9) : 1086.

Danduga RC, Kola PK. Elevated plus maze for assessment of anxiety and memory in rodents. In Neuroprotection:
Method and Protocols New York, NY: Springer US. 2024; 93-96.

Deshmukh R, Kaundal M, Bansal V. Caffeic acid attenuates oxidative stress, learning and memory deficit in
intra-cerebroventricular streptozotocin induced experimental dementia in rats. Biomed. Pharmacother. 2016;
81 : 56-62.

El-Sayed NS, Khalil NA, Saleh SR, Aly RG, Basta M. The possible neuroprotective effect of caffeic acid on
cognitive changes and anxiety-like behavior occurring in young rats fed on high-fat diet and exposed to chronic
stress: role of &-catenin/GSK-3B pathway. J. Mol. Neurosci. 2024; 74(3) : 61.

Gao L, Li YJ, Zhao JM, Liao YX, Qin MC, Li JJ, Shi H, Wong NK, Lyu ZP, Shen JG. Mechanism of reactive
oxygen/nitrogen species in liver ischemia-reperfusion injury and preventive effect of Chinese medicine. Chin.
J. Integr. Med. 2025; 31(5) : 462-473.

Habedank A, Kahnau P, Lewejohann L. Alternate without alternative: Neither preference nor simple learning
behaviour shown by C57BL/6J mice in the T-maze. bioRxiv. 2020;2020-2011.

Ivanova S, Obreshkova D, Atanasov P, Mladenov B, Atanasova V, Ibrahim A. Oxidative stress and
neuroregenerative processes—pathophysiological correlations and new pharmacotherapeutic approaches in
the treatment of neuroregenerative diseases. Bulgarian Society Med. Scie. J. 2025; 7 : €144070.

Kabu M, Akosman MS. Biological effects of boron. Reviews of environmental contamination and toxicology.
2013; pp 57-75.

Kadhim A, Ben Slima A, Alneamah G, Makni M. Assessment of histopathological alterations and oxidative
stress in the liver and kidney of male rats following exposure to aluminum chloride. J. Toxicol. 2024; 2024(1) :
3997463.

Kawahara M. Effects of aluminum on the nervous system and its possible link with neurodegenerative diseases.
J. Alzheimer’s disease. 2005; 8(2) : 171-182.

Kumar D. Behavioral and biochemical analysis of a dual-target CNS agent using rodent maze models. Journal
of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS). 2025; 2(5) : 01-15.

Lazzara CA, Kim YH. Potential application of lithium in Parkinson’s and other neurodegenerative diseases.
Frontiers in neuroscience. 2015; 9 : 403.

LiL, LiH, Wu L, Qi H. Sulfur dioxide improves drought tolerance through activating Ca?* signaling pathways in
wheat seedlings. Ecotoxicology. 2022; 31(5) : 852-9.

Lucarini M, Durazzo A, Sette S, Lombardi-Boccia G, Santini A, Strazzullo P. Sodium intake and related diseases.
Intern. J. Mole. Sciences. 2021; 22(14) : 7608.

Lv L, CuiH, Ma Z, Liu X, Yang L. Recent progresses in the pharmacological activities of caffeic acid phenethyl
ester. Naunyn-Schmiedeberg’s Archives of Pharmacol. 2021; 394(7) : 1327-1339.

McKnight RF, Adida M, Budge K, Stockton S, Goodwin GM, Geddes JR. Lithium toxicity profile: a systematic
review and meta-analysis. The Lancet. 2012; 379(9817) : 721-728.

Newman LS, Mroz MM, Balkissoon R, Maier LA. Beryllium sensitization progresses to chronic beryllium disease:
a longitudinal study of disease risk. Amer. J respiratory critical care medi. 2005; 171(1) : 54-60.



230
20

21

22

23

24

25

26

27

28

29

30

Pavitra Behra, Satendra Kumar Nirala and Monika Bhadauria

Niu Q. Overview of the relationship between aluminum exposure and human health. Neurotox. Aluminum.
2023; pp 1-32.

Peng X, Lin J, Zhu Y, Liu X, Zhang Y, Ji Y, Yang X, Zhang Y, Guo N, Li Q. Anxiety-related behavioral responses
of pentylenetetrazole-treated zebrafish larvae to light-dark transitions. Pharmacol. Biochemist. Behavior. 2016;
145 : 55-65.

Purushothaman A, Babu SS, Naroth S, Janardanan D. Antioxidant activity of caffeic acid: Thermodynamic and
kinetic aspects on the oxidative degradation pathway. Free Radical Res. 2022; 56(9-10) : 617-30.

Reddy DS, Li Y, Qamari T, Ramakrishnan S. Behavioral assays for comprehensive evaluation of cognitive and
neuropsychiatric comorbidities of traumatic brain injury and chronic neurological disorders. Current Protocols.
2024; 4(10) : e70019.

Ren H, Zhang Y, Zhong M, Hussian J, Tang Y, Liu S, Qi G. Calcium signaling-mediated transcriptional
reprogramming during abiotic stress response in plants. Theoretical and Applied Genetics. 2023; 136(10) :
210.

Rezk MM, Rezk MM, Mohammedan TF, Morsi WM, Hafez WS, Cheira MF, Negm SH, EI-Magied A, Mahmoud
O. Effects of Tannic Acid and Daily Intraperitoneal Beryllium Injections on Adult Male Albino Rats: Distribution
and Physiological Hazards in Body Organs. Iranian J. Toxicol. 2024; 18(2) : 20.

Romani AM. Magnesium in health and disease. Interrelations between essential metal ions and human diseases.
2013; pp 49-79.

Sharif K, Amita H, Shoenfeld Y. The role of dietary sodium in autoimmune diseases: The salty truth. Autoimmunity
reviews. 2018; 17(11) : 1069-1073.

Soriano-Ursua MA, Farfan-Garcia ED. The cracked potential of boron-containing compounds in Alzheimer’s
disease. Central Nervous System Agents in Medicinal Chemistry-Central Nervous System Agents. 2023;
23(3) : 213-221.

Taysi S, Algburi FS, Taysi ME, Caglayan C. Caffeic acid phenethyl ester: A review on its pharmacological
importance, and its association with free radicals, COVID 19, and radiotherapy. Phytotherapy Research. 2023;
37(3) : 1115-35.

Teschke R. Aluminum, arsenic, beryllium, cadmium, chromium, cobalt, copper, iron, lead, mercury, molybdenum,
nickel, platinum, thallium, titanium, vanadium, and zinc: molecular aspects in experimental liver injury.
International journal of molecular sciences. 2022; 23(20) : 12213.



	1
	1r



