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ABSTRACT

Background: Cadmium (Cd) is a common environmental pollutant that causes severe health issues. Many studies
have proposed antioxidant foods to combat Cd toxicity. One such antioxidant agent is caffeine, and hence, this study
investigated its effects.

Aim: To investigate the effect of caffeine as an antioxidant agent against Cd toxicity.

Methods: Twelve male albino mice were divided into three groups of four: Group 1: Administered 1 ml of saline
orally for 7 days and injected with 1 ml of saline subcutaneously (S/C) on the eighth day. Group 2: Patients were orally
administered 1 ml of saline for 7 days and injected with 1-ml of cadmium chloride (CdCl,) S/C on the eighth day.
Group 3: Administered 1 ml of caffeine orally for seven days and injected with CdCI2 S/C on the eighth day.
Results: Results showed that caffeine can reduce Cd-induced testicular hemorrhage, lung injury, and kidney injury.
Additionally, caffeine was found to significantly reduce the Cd-induced inflammatory response in lung-associated

lymphoid tissue.

Conclusion: These findings suggest that the daily intake of caffeine could protect against Cd toxicity.
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Introduction

Cadmium (Cd) is a prevalent environmental pollutant
with significant adverse effects on human and animal
health (Genchi ez al., 2020). Unlike essential trace
elements, Cd has no physiological role and is highly
toxic even at low exposure levels (Sinicropi et al.,
2010; Friberg et al., 2019; Genchi et al., 2020). It
ranks seventh on the Agency for Toxic Substances
and Disease Registry’s priority list, underscoring its
potential danger (Cirmi ef al., 2021). Human exposure
to Cd commonly occurs through contaminated food,
air, and water, primarily due to its use in products
such as nickel-cadmium batteries, pigments, and
electroplating materials to protect from corrosion
(TARC, 1993; Karunakaran and Dhanalakshmi, 2009;
Rafati Rahimzadeh et al., 2017; Hayat et al., 2019;
Genchi et al., 2020).

Cd is naturally found in zinc, copper, and lead sulfide
ores. Duetoits chemical properties, itis widely dispersed
in the environment, leading to contamination of food,
water, and air (WHO, 1993; Sinicropi et al., 2010). This
widespread contamination results in Cd accumulation
in various organs, particularly the kidneys, which are
the primary targets of Cd toxicity (Brzoska et al., 2004;
Babaknejad et al., 2016). Seafood such as crustaceans,
oysters, and crabs, as well as offal such as livers and

kidneys, contains high concentrations of Cd (Satarug,
2018; Genchi ef al., 2020). The cumulative nature of
Cd due to its long half-life and inefficient elimination
mechanisms can lead to severe health issues, including
nephrotoxicity, osteoporosis, cardiovascular problems,
and reproductive issues (Satarug et al., 2017; Fatima
et al., 2019; Kumar and Sharma, 2019; Cirmi et al.,
2021).

The toxic effects of Cd are mediated through multiple
pathways, primarily by inducing oxidative stress.
Cd exposure increases the levels of reactive oxygen
species (ROS), which in turn deplete antioxidants such
as glutathione and cause protein cross-linking, lipid
peroxidation, and inflammation (Matovi¢ et al., 2011;
Ansari et al., 2017). Normally, the body mitigates
this induced oxidative stress through enzymes such
as superoxide dismutase and catalase (Ali Al-Gnami,
2014; Amamou et al., 2015).

Emerging research suggests that polyphenols and
antioxidants can mitigate Cd toxicity. Dietary intake
of antioxidant-rich foods, such as grape seeds, ginger,
tea, and berries, may have protective effects against
Cd and toxicity from other heavy metals (Baiomy and
Mansour, 2016; Brzéska et al., 2016). Caffeine, which
is a constituent in many beverages and is commonly
consumed, also has potential antioxidant protective
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effects (Ahluwalia and Herrick, 2015; Osz et al., 2022).
Hence, this study aimed to investigate the protective
effects of caffeine against Cd-induced toxicity in
various organs and contribute to the development of
dietary strategies to counteract heavy metal toxicity.

Materials and Methods

Chemicals

Cadmium chloride (CdCl,), tris-HCI, MgCI2, and
CaCl2 were obtained from Sigma-Aldrich (St. Louis,
MO).

Animals

Twelve apparently healthy male albino mice weighing
175-200 g were kept in plastic cages and were allowed
free access to clean food and water ad-libitum. They
were acclimatized for two weeks.

The mice were randomly divided into three groups of
four animals each.

Group 1: This group was administered 1 ml of saline
orally for 7 days, and on the eighth day, the mice were
injected with 1 ml of saline subcutaneously (S/C)
(control).

Group 2: This group was administered 1 ml of saline
orally for 7 days, and on the eighth day, the mice were
injected with 1 ml CdCl, S/C at a dose of 7 mg/kg.b.wt.
(Positive control) (Niewenhuis and Prozialeck, 1987).
Group 3: This group was administered 1 ml of caffeine
extracted from green tea (30 g/100 ml boiling water)
orally for 7 days, and on the eighth day, the mice were
injected with CdCIL, S/C.

Twenty-four hours later, the mice were euthanized and
the organs were removed.

The procedures used in this study were approved by the
Institutional Animal Care and Use Committee and the
Research Ethics Committee of King Faisal University;
ethical approval number (ETHICS2416).
Histopathology

The lung and kidney tissues were harvested and
immersion-fixed in 4% formalin for 72 hours. Fixed
tissues were trimmed, embedded in paraffin wax, and
sectioned at 5 um before being stained with hematoxylin
and eosin. The sections were then analyzed using
histopathological techniques and light microscopy.
Gas chromatography-mass spectrometry (GC-MS)
analysis

The crude ethanolic extracts analysis was conducted
using a Shimadzu GCMS-QP2010 Plus (Japan). The
mobile phase is Helium high purity (99.9999% pure)
used at a flow rate of 1 ml/minute. The instrument
is equipped with a capillary column DB-5MS (30-m
length, 0.25-mm thickness, 0.25 m diameter). A 1 ul
sample was injected into the splitless inlet in splitless
mode at 260°C. The temperature programming of
the GC-MS manalysis starts by setting an oven’s
temperature to 70°C for 7 minutes. This increased by
7°C/minute up to 280°C, which was then maintained
for 10 minutes. The temperature of the interface was
200°C, and the temperature of the ion source was 250°C.

The range of scan mode (50-550 amu) used for data
acquisition. The relative amount of each constituent
was calculated by measuring the corresponding peak
area and represented as a percentage of the sum of the
areas of all the peaks (EI Sherif et al., 2022).
Spectrophotometry of hemorrhaging

To estimate the level of CdCl,-induced hemorrhaging,
testes from all different mice groups were homogenized
in 10 ml of 5 mM (tris-HCI buffer, pH, 7.0) containing
1 mM MgCl, and 100 mM CaCl,. The homogenate
was then centrifuged at 5,000 rpm for 30 minutes. A
1-ml aliquot of the supernatant was diluted in 5 ml
of buffer. The absorbance of hemoglobin as evidence
of hemorrhaging was detected at 414 nm using a
Spectronic 21 spectrophotometer (Busch and Lomb)
(Niewenhuis and Prozialeck, 1987).

ImageJ image analysis

The bronchus-associated lymphoid tissue (BALT)
and cellular viability were evaluated using ImagelJ
software. For BALT, the areas of all BALT in a section
of all the different treatment groups were measured
using the ImagelJ area analysis tool.

For determining cellular viability, all intact nuclei in
sections from different groups were counted using a
nuclei-counting plugin and threshold tool.

For both BALT and cellular viability, the means of the
different groups were compared using Student’s #-tests.
Statistical analysis

All statistical analyses were performed using the PSPP
statistical package. Student’s #-test was used to compare
two groups. Measurements are presented as £ SEM.

Results

Caffeine protects testes against Cd-induced damage
To investigate whether caffeine has any protective effect
against Cd toxicity, we first performed an extraction
process using green tea and GC-MS. This extraction
process revealed only one component of caffeine. This
might be due to the fact that this extraction method only
retains the ethanol-soluble component. The extraction
retention time was 15.835 min and yielded 3.25 x
100.000 (Fig. 1).

As expected, testicles from mice that received 1 ml
of CdCl, S/C showed severe testicular hemorrhage
(Fig. 2B) and significant increases in the optical
density of hemoglobin (Fig. 2). However, the dietary
intake of extracted caffeine for 7 days prior to CdCl,
treatment significantly reduced the observed testicular
hemorrhaging and optical density of hemoglobin
compared with the control group. This suggests that
caffeine has a protective effect against Cd-induced
toxicity.

Caffeine ameliorates Cd-induced damage in lungs and
kidneys

Consistent with previous studies, histopathological
analysis of lung sections from CdCl,-treated mice
showed bronchial endothelia sloughing, alveolar
capillaries congestion, and alveolar septal thickening
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Fig. 1. Green tea China gas chromatography—mass spectrometry: The above figure shows a profile of the methanolic
extract of green tea China. It is typical for caffeine, with a retention time of 15.835 and a concentration of 3.25 x
100.000. No other extracts were detected.
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Fig. 2. Caffeine mitigating cadmium (Cd)-induced testicular damage: (A) control, (B) cadmium chloride (CdCl,),
and (C) caffeine and CdCl,. This figure shows how caffeine treatment relieved Cd-induced damage. (B) shows
congested and hemorrhagic testicles. When caffeine is included in the diet, there is clear protection against Cd-
induced damage (D).
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(Fig. 3C and D) (El-Ebiary et al., 2016; Rasheed and
Abdullah, 2022; Akaras et al., 2023). However, the
addition of caffeine to the diet of treated mice resulted
in intact bronchial endothelia and reduced the severity
of Cd-induced congestion (Fig. 3E and F). Furthermore,
the evaluation of bronchus-associated lymphoid organs
revealed a significant increase in BALT areas in CdCl,-
treated mice compared with the control group (Fig.
4). On the other hand, mice that received caffeine had
significantly smaller BALT areas, which suggests that
there is immune stimulation after CdCl, treatment and
that this immune stimulation can be protected via a
caffeine diet (Fig. 4).

Moreover, analysis of kidney tissue from CdCl,-treated
mice revealed vacuolation and degeneration of kidney
tubules (Fig. 5B). Nonetheless, receiving caffeine
as part of the diet resulted in a mild improvement in
pathological damage (Fig. 5C).

To further investigate kidney health, the number
of nuclei in sections from all groups was counted to

determine whether Cd affects the number of viable
cells in tissue. Unexpectedly, no significant differences
were found between all treated groups; the counts of
nuclei were comparable (Fig. 5).

Discussion

Cd toxicity due to contaminated food and water is a
global health hazard. As a protective measure against
this toxicity, studies have demonstrated that the
inclusion of foods and beverages with high antioxidant
properties might protect against Cd-induced oxidative
stress and tissue damage, which are the main reasons for
its toxicity. Therefore, since caffeine is a constituent of
most consumed beverages, such as tea and coffee, and
has been demonstrated to have antioxidant properties,
we investigated its potential protective properties
against Cd toxicity.

In this study, our data demonstrate that caffeine has
protective properties against Cd-induced toxicity. Mice
that consumed caffeine for 7 days before receiving 1
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Fig. 3. Caffeine extract reduces cadmium chloride (CdCl,)-induced tissue damage: Mice treated with CdCl, showed
sloughed bronchial epithelial linings and the thickening/congestion of alveolar septa (C, D). Caffein administration
protected the bronchial epithelial lining and prevented congestion of the alveolar capillaries. However, the thickness

of the alveolar septa did not change (E, F).
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Fig. 4. Caffeine extract mitigates cadmium chloride (CdCl,)-induced immune responses:
Analysis of BALT area sizes from all groups showed an overt immune response in the CdCl,-
treated group compared with the control. The addition of caffeine extract to the treatment
regimen significantly reduced this immune reaction.

ml of CdCI2 showed clear resistance to Cd-induced
damage. For instance, testes from these mice showed
a significant reduction in the amount of visually
detected hemorrhaging, which was evaluated by
measuring the amount of Hg in the testicular tissue
via spectrophotometry at an absorbance of 400 nm.
Caffeine significantly reduced testicular hemorrhaging
and the optical density of Hg in the testicles of mice
treated with CdCl2. This suggests that caffeine
can alleviate Cd-induced testicular damage. The
antioxidant properties of caffeine, which help reduce
oxidative stress and inflammation, likely play a crucial
role in this protective effect (Schepici et al., 2020).

Furthermore, lung tissue from Cd-treated mice showed
pathological damage, as represented by bronchial
endothelia sloughing, alveolar capillaries congestion,
and alveolar septal thickening. However, these
pathologies were mitigated if caffeine was included in
the diet, showing a clear decrease in the level of alveolar
capillary congestion and intact bronchial endothelium.
This protective effect may be supported by caffeine’s

ability to enhance antioxidant defenses and reduce
oxidative stress in pulmonary tissues (Manca et al.,
1994; Wang et al., 2023). Furthermore, caffeine’s
anti-inflammatory properties may also contribute to
its protective effects on lung tissue, as inflammation
is a significant component of Cd-induced pulmonary
damage (Genchi ef al., 2020).

Additionally, sections of lung tissue from Cd-treated
mice showed obvious expansion of the BALT,
suggesting that Cd stimulates an immune response.
This immune response was mitigated by caffeine
consumption, as mice that consumed caffeine exhibited
significantly normal BALT sizes. This finding aligns
with studies that demonstrated that Cd can stimulate
immune responses (Blakley, 1985; Knoell and Wyatt,
2021; Wang et al., 2021).

In kidney tissue, Cd-treated mice exhibited significant
vacuolation and degeneration of kidney tubules.
However, mice that received caffeine showed mild
improvement in these pathological changes with no
changes in the number of cells in the section. This
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Fig. 5. Caffeine has mild protective effects for kidneys: Sections of kidneys from cadmium chloride-treated mice (B)
show degenerated and vacuolated kidney tubules (arrowhead) compared with the control group (A). Caffein treatment
resulted in mild protective effects on kidney parenchyma (C). The analysis of kidney nuclei numbers in all groups

revealed no significant differences (D).

indicates that caffeine can partially protect against
Cd-induced nephrotoxicity. The lack of significant
differences in the number of viable cells among the
treated groups suggests that caffeine’s protective effect
may primarily involve preserving cellular function
rather than preventing cell death. Caffeine’s role in
preserving kidney function could be attributed to
its ability to reduce oxidative damage and improve
mitochondrial function, which is critical in maintaining
renal health (Satarug, 2018; Vieira et al., 2020; Osz
etal., 2022).

The primary mechanism through which caffeine
exerts its protective effects against Cd toxicity
is likely related to its antioxidant properties. Cd
exposure induces oxidative stress by ROS and depletes
antioxidant defenses, such as glutathione. Caffeine,
which is an effective antioxidant, can counteract this
oxidative stress, reducing the damage caused by ROS
(Lacorte et al., 2013; Ikram et al., 2020). Additionally,
caffeine’s role in enhancing the activity of endogenous
antioxidant enzymes, such as superoxide dismutase
and catalase, further supports its protective effects (Osz
etal.,2022).

Additionally, caffeine may modulate the expression of
microRNAs (miRNAs) involved in oxidative stress and

inflammation. Cd exposure is known to dysregulate
miRNA expression, contributing to tissue damage
and disease progression (Nguyen and Kim, 2023).
By influencing miRNA expression, caffeine may help
restore normal cellular function and mitigate Cd-
induced toxicity. For instance, certain miRNAs affected
by Cd exposure are involved in pathways related to cell
proliferation, apoptosis, and immune response, and
modulating these miRNAs could significantly impact
the cellular response to Cd (Khan et al., 2019; Tkram
et al., 2020; Labib and Galal, 2021; Nguyen and Kim,
2023).

The findings of this study suggest that incorporating
caffeine-rich foods and beverages into the diet could
provide a dietary method for counteracting Cd toxicity.
Given the widespread use of caffeine in beverages
such as tea and coffee, this approach can be easily
implemented. Moreover, the potential of caffeine
as a protective agent against other heavy metals and
environmental toxins warrants further investigation
(Osz et al., 2022).

Future research should focus on further elucidating the
molecular mechanisms underlying caffeine’s protective
effects against Cd toxicity. Exploring the combined
effects of caffeine with other dietary antioxidants could
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also reveal synergistic protective mechanisms that
enhance resilience against Cd toxicity (Khan et al.,
2019; Labib and Galal, 2021).
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