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Studies have shown that iron accumulation in the brain leads to neurogenic

disorders. Novel iron chelating agents such as natural remedies are useful

to decrease the side e�ects of iron in the brain. In addition, flavones and

polyphenols are capable of chelatingmetals. In the current study, we evaluated

the iron chelating capacity of ferulic acid and ca�eic acid in the brain tissues

of iron-overloaded mice. The mice received iron dextran intraperitoneally

four times a week for 6 weeks. Next, blood samples were taken from the

mice. In addition, brain tissues were excised for tissue staining as well as

total iron and catalase (CAT) activity assessment. Ferulic acid and ca�eic

acid significantly decreased iron content in both brain and serum samples.

Ferulic acid decreased iron by 50 and 51% more than the iron dextran-treated

mice and by 43 and 2% more than desferal (DFO)-treated mice in serum and

brain, respectively. In addition, ca�eic acid reduced iron 57% more than the

iron-treated group and 49 and 2% more than the desferal-treated group in

the serum and brain, respectively. The catalase activity decreased with the

increase in iron. By administering natural compounds, the catalase activity was

increased equal to that of the control group. Thus, ferulic acid and ca�eic acid

might be possible natural iron chelators for brain iron overload therapy.

KEYWORDS

iron overload, neuro-cerebral diseases, neurogenic disorders, natural products,
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Introduction

Iron is an essential element for the survival of organisms (1, 2). The brain needs iron

for many important functions, such as myelination, neurotransmitter synthesis, nitric

oxide metabolism, and other biochemical activities (3). The brain is very sensitive to

oxidative stress caused by iron overload (4). Various studies have demonstrated that iron

overload leads to brain iron overload and ultimately affects brain function. Iron overload

in intracellular parts or certain areas of the brain leads to various neuro-cerebral diseases

(5). Heavy metal imbalances such as Fe, Cu, and Zn lead to oxidative stress, which is
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the key to many brain diseases (4, 6). For instance, increased

levels of these metals are observed in specific areas of the brain

in Alzheimer’s and Parkinson’s disease, and other brain diseases

(2, 7, 8). Brain iron homeostasis is very important and its

hippocampal deposition affects memory and learning (3). Brain

iron overload triggers the Fenton reaction and the production of

free radicals. As a result, free radicals damage membrane lipids,

proteins, and nucleic acids, thereby affecting neuronal function

and increasing apoptotic marker levels (9).

Many diseases, as well as premature aging of the body,

are caused by the increased concentration of free radicals,

which cause oxidation and destruction of normal cells. Studies

have shown that iron chelators protect neurons from the

negative effects of iron in a mouse model of Parkinson’s

disease (10). The iron-chelation activity of desferal (DFO),

deferiprone, and deferasirox was shown in the brain of iron-

overloaded rats. They reduced iron deposition and decreased

its subsequent negative effects (11, 12). Commonly, DFO

and deferasirox or deferiprone are used to treat diseases

related to iron accumulation. However, they have various

side effects such as irritation, systemic allergic reactions

such as rash, urticaria, anaphylactic reaction, angioedema,

agranulocytosis, arthropathy, gastrointestinal symptoms, an

increase in transaminases levels, and weight gain (13, 14).

This highlights the need for further research on new and

safe chelators.

Therefore, it is important to study antioxidant therapeutic

strategies to improve the antioxidant capacity and decrease

iron content. In addition, new therapies should not be toxic

to patients with iron-overloaded conditions. Considering the

side effects of common iron chelators, researchers are now

interested in natural compounds. Various studies have shown

that some natural compounds are iron-chelating agents in vitro

and have the capacity to reduce the toxic effects of iron in

the brain (8). Studies have shown that the extracts of some

mushrooms and plants have the iron-chelation capacity in vivo

(15, 16). Nowadays, attention has been paid to the use of

natural compounds with iron-chelation capacity. Ferulic acid

can be abundantly found in cereals, fruits such as apples,

oranges, and bananas, and vegetables such as potatoes, tomatoes,

and cabbage (17). Studies have shown that ferulic acid has

antioxidant properties and protects DNA and lipids against

oxidative substances with anti-diabetic, anti-inflammatory, anti-

aging, and anti-cancer properties (18). Balasubashini et al. (19)

have shown that pure ferulic acid inhibits lipid peroxidation

in diabetic rats. Pure ferulic acid had nephroprotective and

antioxidant effects on rats (7). In other studies, pure ferulic

acid and caffeic acid have been shown to reduce cholesterol

metabolism and had antioxidant activity in rats (20). Caffeic

acid can be found in a variety of mushrooms, tea, and coffee.

Researchers have reported different effects of caffeic acid, such

as antiviral, antioxidant, anti-cancer, and anti-inflammatory

properties (21, 22). In addition, various studies show that pure

caffeic acid has antioxidant activity against ischemia-reperfusion

injury, hepatoprotective ability against OXT-induced toxicity,

anti-lipid peroxidation activity, and cardio-protective activity

(23–25). Thus, the present study aimed to investigate the iron-

chelating and antioxidant activity of two phenolic compounds,

ferulic acid and caffeic acid, in the different areas of the brain

(cerebellum, hippocampus, and cortex) as well as serum.

Materials and methods

Measurement of iron chelating capacity
in in vitro

To measure the chelation capacity in vitro, 800µg/ml

of caffeic acid (PubChem CID: 102261219) or ferulic acid

(PubChem CID: 445858) was prepared. Therefore, five dilutions

of the natural compounds were prepared by adding 2ml of

water to 2ml of the compound. Then, 2.8ml of distilled water

was added to 1ml of each dilution. Then, 50 µl of iron

chloride (5mM) and 50 µl of ferrozine (5mM) were added to

each of the test tubes containing the natural compound. After

10min, the UV absorbance was read by a spectrophotometer at

562 nm. EDTA was used as a positive control in this experiment

(26). Caffeic acid and ferulic acid were purchased from Sigma

Chemical Co, Germany.

Animal study and treatment

In total, fifty-six NMRI albino male mice (aged 6–7

weeks and weighing 20–25 g) were purchased from the Pasteur

Institute (Amol, Northern Iran). They were placed in cases, as

four mice per cage, and maintained at a light cycle of 12 h light

and 12 h dark under controlled temperature and humidity (24

± 25◦C and 45–55%, respectively). We performed all the animal

experiments in terms of the ethical guidelines approved by the

Ethics Committee of Golestan University of Medical Sciences,

Gorgan, Iran (Approval number: IR.GOUMS.REC.1397.179).

The sample size of animals was calculated according to Charan

and Kantharia (27). (Note: according to the formula, we should

use four animals in every group. Because of using four mice’s

brains to determine total iron and four mice’s brains for Perl’s

staining; a total of 56 mice were enrolled in this study).

To iron-overload the mice, all mice except the negative

control group were injected with iron dextran intraperitoneally-

i.p. (100 mg/kg/day) for 6 weeks and 4 times a week. Then,

the mice were left alone for a month to reach balance (2). The

mice were then divided into groups consisting of eight mice. A:

negative control group (received normal saline), B: DFO-treated

group (25 mg/kg/day DFO as i.p. injection), C: positive control

group (iron-overloaded), D: DFO-treated iron-overload group

(25 mg/kg/day), E: caffeic acid-treated iron-overloaded group
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(30 mg/kg/day), F: caffeic acid-treated iron-overload group (50

mg/kg/day), G: ferulic acid-treated iron-overload group (30

mg/kg/day), and H: ferulic acid-treated iron-overloaded group

(50 mg/kg/day) (2, 19, 28, 29). The dosage of ferulic acid was

selected according to previous studies. They stated that ferulic

acid is safe in various dosages up to 100 mg/kg/day (19, 29).

The pure natural compounds were used four times a week for

4 weeks intraperitoneally. DFO-treated mice received DFO (25

mg/kg/day; i.p.) four times a week for 4 weeks (2, 8). Groups A

and B received normal saline in the 3rd month. Before killing,

the mice were kept hungry overnight and then anesthetized

using ketamine and xylazine. Blood samples were taken directly

from the mice’s ventricles. Then, blood serum was isolated and

stored at −20◦C. To measure total iron in the brain and liver,

the brain and liver tissues were washed with normal saline

and placed in PBS at −20◦C. Additionally, the brain and liver

samples were collected in 10% formalin for histopathological

and oxidant examinations (16, 30).

Assessment of serum ferric cation

The Pars Azmoun kit was used to measure serum iron (Pars

Azmoun, Tehran, Iran) (16). Then, 100 µl of serum sample

or standard (TruCal U calibrator, Pars Azmoun, Tehran, Iran)

was dissolved in 1,000 µl of Solution 1 (consisting of acetate

buffer 800mM, pH 4.5, and thiourea 90mM). After 10min, the

absorbance was measured at 600 nm using a spectrophotometer.

Then, 250 µl of Solution 2 (including ascorbic acid 45mM,

Ferene 0.6mM, and thiourea 20mM) was added to the mixture

and the absorbance was re-read after 10min. The serum ferric

cation level was calculated using the following formula:

Iron
(

µmoll−1
)

=

(

1ASample

1ACal
× 187

)

× 0.1791 (1)

Measurement of total iron content in the
brain and liver

Rebouche et al. (31) method was used to measure total iron

content in the brain and liver. A total of 100mg of tissue samples

(brain or liver) were homogenized in pure water. About 10% of

trichloroacetic acid was added to 400ml of 1N HCl and tissue

samples were homogenized. Samples were then incubated for 1 h

at 95◦C. After being cooled, the samples were shaken and then

centrifuged at 10,000 g for 10min. Then, 600 µl of 0.508mM

ferrozine, 1.5mM sodium acetate, and 1% acetyl glycol was

added to 200 µl of the supernatant. After 30min of incubation

at room temperature, the absorbance was read at 562 nm (31).

Preparation of the brain and liver tissue
samples

Mice were anesthetized using ketamine (90 mg/kg, i.p.)

and xylazine (10 mg/kg, i.p.). The brain and liver tissues were

removed and fixed in 4% paraformaldehyde. After 2 weeks, the

tissues were processed using an automated tissue processing

machine (Did Sabz, Urmia, Iran), and were placed in paraffin

for iron-specific staining (8). A rotary microtome (Pooyan MK

1110, Iran) was used to prepare 6µM tissue sections. The

brain sections from the cerebellum, hippocampus, and cortex

were used for further histopathological examinations. These

sections are more related to diseases, such as Alzheimer’s and

Parkinson’s diseases.

Evaluation of iron deposition and
histopathological examinations

The brain and liver tissues were stained using Perls’ staining

kit (Shimi Pajhohesh Asia, Amol, Iran). The samples were

deparaffinized and dehydrated. The tissue sections were then

FIGURE 1

Serum Fe3+ content in the treated mice. Group A: control

group, normal saline-receiving group; Group B: normal saline

and desferal (DFO)-receiving group; Group C: iron dextran and

normal saline-receiving group; Group D: iron dextran and

DFO-receiving group; Group E: low dose ca�eic acid-receiving

group (30 mg/kg/day); Group F: high dose ca�eic acid-receiving

group (50 mg/kg/day); Group G: low dose ferulic acid-receiving

group (30 mg/kg/day); and Group H: high dose ferulic

acid-receiving group (50 mg/kg/day) (Mean ± SD; ns,

non-significant and ****p ≤ 0.0001).
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placed in potassium ferrocyanide and ferrocyanide-hydrochloric

acid solutions. Afterward, samples were washed with distilled

water, juxtaposed to nuclear fast red, and then washed again.

Tissues were dehydrated with 95% alcohol and absolute alcohol,

respectively, and cleaned with xylazine. Finally, the tissues were

covered with Entellan (Merck, Germany) and lamella glue. A

×40 light microscope (Model: BX 53, Olympus, Japan) was used

to take photos from the samples with a digital camera (Model:

DP73, Olympus, Japan) (8).

Analyzing the activity of CAT

To investigate the effect of treatments on the oxidative

status of the brain, liver tissues, and serum, the activity

of the catalase (CAT) enzyme was measured by a ZellBio

kit (ZellBio GmbH, Germany). Catalase activity was

measured according to the protocol provided by the

manufacturer (2).

FIGURE 2

Brain total non-heme iron content in the treated mice. Group A:

control group, normal saline-receiving group; Group B: normal

saline and DFO-receiving group; Group C: iron dextran and

normal saline-receiving group; Group D: iron dextran and

DFO-receiving group; Group E: low dose ca�eic acid-receiving

group (30 mg/kg/day); Group F: high dose ca�eic acid-receiving

group (50 mg/kg/day); Group G: low dose ferulic acid-receiving

group (30 mg/kg/day); and Group H: high dose ferulic

acid-receiving group (50 mg/kg/day) (Mean ± SD; **p ≤ 0.01

and ****p ≤ 0.0001).

Statistical analysis

Data analysis was performed using a one-way analysis

of variance (ANOVA) followed by the Newman–Keuls test

and a p-value < 0.05 was considered the significant level

in all tests. The data analysis was carried out using Graph

Pad Prism 9.

Results

The iron chelation activity of ferulic acid
and ca�eic acid in in vitro

The iron-chelating capacity of ferulic acid and caffeic

acid was measured in vitro. The results showed that the

iron-chelating capacity was 61 and 58% for caffeic acid

(800µg/ml) and ferulic acid (50µg/ml), respectively. The

iron-chelating capacity of EDTA (10µg/ml) as the standard

was 93%.

FIGURE 3

Liver non-hem iron content in the treated mice. Group A:

control group, normal saline-receiving group; Group B: normal

saline and DFO-receiving group; Group C: iron dextran and

normal saline-receiving group; Group D: iron dextran and

DFO-receiving group; Group E: low dose ca�eic acid-receiving

group (30 mg/kg/day); Group F: high dose ca�eic acid-receiving

group (50 mg/kg/day); Group G: low dose ferulic acid-receiving

group (30 mg/kg/day); and Group H: high dose ferulic

acid-receiving group (50 mg/kg/day) (Mean ± SD; ns,

non-significant and ****p ≤ 0.0001).
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Total iron content of serum

The serum iron level is shown in Figure 1. The highest serum

iron level belongs to group C (the iron overloaded group). In this

group, the iron level reached 597.13 ± 3.36 µmol/L, while in

Group A (the negative control group), the iron level was 328.7

± 2.63 µmol/L (p < 0.001). In the DFO-treated group (group

B), the iron level decreased compared with group A (301.11 ±

5.45 µmol/L), but it was not significantly different from Group

A. In group D (the DFO-treated iron overloaded group), the

iron level was reduced significantly (569.7 ± 6.81 µmol/L), and

there was no significant difference between groups C and D.

In caffeic acid-treated groups (groups E and F), the iron level

decreased significantly and reached 402.13 ± 6.36 and 381.6

± 22.90 µmol/L, respectively, which was significantly lower

than Group C (p < 0.001). In the ferulic acid-treated group,

the highest iron reduction was related to Group H (398.28 ±

8.62 µmol/L).

Total iron content of brain and liver

The total brain iron was determined using the ferrozine

method and the results are demonstrated in Figure 2. The

highest amount of iron was seen in the brains of iron-treated

mice of group C (27.85 ± 0.20 µg/L), while the total brain

iron in the negative control group (group A) was 15.78 ± 0.16

µg/L. Total iron levels in the brain of DFO-treated mice were

significantly reduced. The highest iron reduction was observed

in the brains of caffeic acid-treated mice (50 mg/kg/day) (group

F, 17.71± 0.76 µg/L).

As shown in Figure 3, the highest amount of iron in the liver

was observed in group C (2,450 ± 2.26 mol/ml). Administering

desferal or natural compounds significantly reduced the amount

of iron in the liver tissue and brought it to the normal level equal

to the control group.

Histology parameters

Figure 4 shows the results of Perls iron staining of tissue

samples. Blue spots indicate iron deposition. Figures 4A,B

shows the brain of groups A and B, respectively. As it is

observed, there is no iron deposition in these groups. Figure 4C

displays the iron-overloaded group. In this group, a large iron

deposition is observed. DFO administration has significantly

reduced iron deposition in the brain tissue (Figure 4D).

Caffeic acid treatment significantly reduced iron deposition

(Figures 4E,F). In the group treated with a lower dose of ferulic

FIGURE 4

Perls staining of mice brain tissues [blue spots indicate iron deposition, indicated by arrows and circles; (magnification ×40)]. (A) Control group,

normal saline-receiving group; (B) normal saline and DFO-receiving group; (C) iron dextran and normal saline-receiving group; (D) iron dextran

and DFO-receiving group; (E) low dose ca�eic acid-receiving group (30 mg/kg/day); (F) high dose ca�eic acid-receiving group (50 mg/kg/day);

(G) low dose ferulic acid-receiving group (30 mg/kg/day); and (H) high dose ferulic acid-receiving group (50 mg/kg/day).
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FIGURE 5

Perls staining of mice liver tissues (blue spots indicate iron deposition, indicated by arrows and circles; (magnification ×40). (A) Control group,

normal saline-receiving group; (B) normal saline and DFO-receiving group; (C) iron dextran and normal saline-receiving group; (D) iron dextran

and DFO-receiving group; (E) low dose ca�eic acid-receiving group (30 mg/kg/day); (F) high dose ca�eic acid-receiving group (50 mg/kg/day);

(G) low dose ferulic acid-receiving group (30 mg/kg/day); and (H) high dose ferulic acid-receiving group (50 mg/kg/day).

acid, the iron deposition rate was lower than its high dose

(Figures 4G,H).

In Figure 5, related to the liver tissue, it is clear that

except for the two groups A and B, there is a high amount

of iron sedimentation in iron-receiving groups. However,

the administration of desferal or natural compounds

ferulic acid and caffeic acid have greatly reduced the

amount of iron in the liver tissue compared with group

C. The highest reduction of liver iron is observed in

groups E and G treated with ferulic acid and caffeic

acid, respectively.

The catalase enzyme activity

To investigate the oxidative status of the tissues, the activity

level of the antioxidant enzyme catalase was investigated in the

brain, liver tissues, and serum. As shown in Figure 6, Iron intake

caused a strong decrease in the catalase activity in both tissues

and serum compared with the control group (Figures 6A–C)

(6.71 ± 2.59, 1.58 ± 0.12, and 9.49 ± 1.02 U/ml, respectively).

The catalase activity in the brain of the iron group decreased

to 6.71 ± 2.59 U/ml compared with the control group (13.87

± 0.19 U/ml). In group D, which was iron overloaded and

then treated with the desferal catalase activity was increased

significantly up to 17.8 ± 0.45 U/ml. Both concentrations of

ferulic acid and caffeic acid increased the catalase activity to

the normal level in the control group. Changes in the activity

of the antioxidant enzyme catalase in the liver were similar to

those in the brain (Figure 6B). In the iron overloaded group

(Group C), the catalase activity was decreased significantly in

the liver compared to group C. However, the administration

of desferal or ferulic acid and caffeic acid greatly improved

catalase activity. The highest CAT activity was found in group

D (the iron overloaded group that was treated by DFO) (3.07

± 0.17 U/ml). According to Figure 6C, the minimum CAT

activity in serum was obtained in group C (9.49 ± 1.02 U/ml),

and the highest one was found in group D (47.08 ± 2.37

U/ml). In treated groups with natural products, CAT activity was

increased significantly.
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FIGURE 6

The activity level of the catalase (CAT) antioxidant enzyme in the brain (A), liver (B), and serum (C). Iron greatly reduces the activity of catalase.

Desferal or ca�eic acid and ferulic acid improve the activity of catalase enzyme with their antioxidant e�ect. Group B: normal saline and

DFO-receiving group; Group C: iron dextran and normal saline-receiving group; Group D: iron dextran and DFO-receiving group; Group E: low

dose ca�eic acid-receiving group (30 mg/kg/day); Group F: high dose ca�eic acid-receiving group (50 mg/kg/day); Group G: low dose ferulic

acid-receiving group (30 mg/kg/day); and Group H: high dose ferulic acid-receiving group (50 mg/kg/day) (Mean ± SD; *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, and ****p ≤ 0.0001).

Discussion

Medicinal plants contain various compounds, i.e., phenols,

flavonoids, coumarin, and anthocyanins. Studies have shown

that these compounds have antioxidant and chelating capacities

(16, 32, 33). Plant extracts can be a new source of chelators

and a good candidate for the treatment of iron overload-related

diseases. Our previous studies have shown that plant extracts

have the antioxidant and iron-chelating capacities in vitro and

in vivo (26, 32).

Since mammals’ bodies need iron, complex mechanisms

have been developed to absorb, transport, and store iron in

their bodies. Existing mechanisms safely inhibit iron overdose.

Fe2+ can enter the Fenton reaction and react with hydrogen

peroxide to produce a hydroxyl radical. The resulting reactive

oxygen species (ROS) can damage biomolecules and lead to

various diseases (34, 35). A quick treatment is the use of iron

chelators (34, 36). Various studies have shown that iron can cross

the blood-brain barrier (BBB) and accumulate in neurons (37).

On the other hand, the total brain iron concentration increases

with age and leads to diseases, such as Alzheimer’s, Parkinson’s,

and Huntington’s disease (34, 38). Studies have shown that

some natural compounds have antioxidant and iron-chelating

capacities in vitro (8, 26). The results of the present study have

shown that ferulic acid and caffeic acid have iron-chelating

capacity in vivo. Natural compounds ferulic acid and caffeic acid

could reduce iron overload in the brain, liver, and serum. Studies

show that ferulic acid can cross the blood-brain barrier (BBB)

(28, 29). These compounds showed stronger chelating capacity

than DFO (a common iron chelator). As the results of the

present study showed, the total brain iron of the iron overload

group increased, which confirms that iron crosses the blood-

brain barrier. Our previous study have shown that naringin

reduced the brain and serum iron levels in iron-overloaded mice

(8). Mandel et al. (37) showed that green tea catechins have

iron-chelating, antioxidant, and anti-inflammatory properties,

and can penetrate the blood-brain barrier and protect against

nerve death in a wide range of cellular and animal models of

neurological diseases. Natural compounds such as coumarin

and epigallocatechin gallate have iron-chelating capacity and

reduce the negative effects of iron in the brain (39). In the DFO,

caffeic acid, and ferulic acid-treated groups, the total iron was

decreased in the brain and liver. The results of the present study

also showed treatment with natural compounds reduced brain

and liver iron deposition better than DFO. Reducing iron levels

depends on the dose of natural compounds. Various studies

have shown that natural compounds reduce oxidative stress

in the brain tissue and reduce the production of ROS. Our

results show that there are no significant differences between

iron chelation of DFO, caffeic acid, and ferulic acid (Figures 1–

3). Previous studies have shown that hesperidin and coumarin

chelate iron are less than DFO (2). Other studies on naringin

have shown that the total iron in the brain was decreased by

consuming 60 mg/kg/day of naringin. DFO chelates iron better

than 30 mg/kg/day of naringin (8). Due to the negative effects

of DFO, the use of natural compounds as iron chelators is

justified. Other studies have shown some natural products, such

as CaA, FA, Berberine, and Vanillic acid, reduced iron content

in the heart or liver significantly (2, 40–42). Resveratrol reduces

oxidative stress in the brains of treated rats (43). As iron overload

leads to oxidative stress, as shown in Figures 6A–C, the CAT

activity was decreased significantly in group C (iron overloaded
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group) compared with group A. According to our results, DFO

significantly increased CAT activity (Figures 6A–C). FA and

CaA increased CAT activity in the brain, liver, and serum

of the treatment mice (Figures 6A–C). Previous studies have

shown that the antioxidant enzyme activity was affected by

iron overload; and natural products and DFO increased the

antioxidant enzyme activity (2, 40, 41).

A study investigated the neuroprotective and chelating

capacities of green tea catechins in vitro and in vivo. The

results showed that these natural compounds reduce the

negative effects of iron and reduce the risk of developing

Alzheimer’s and Parkinson’s diseases (37, 44). There are

various reports that different natural compounds, such as

curcumin, baicalein, apocynin, and quercetin, have iron-

chelating and brain-protective properties (45). Collectively, iron

is an important factor in the normal functioning of neurons,

but iron accumulation in the brain causes many diseases.

Iron therapy is a new strategy for treating diseases, such as

Alzheimer’s and Parkinson’s diseases. It is possible to prevent

the development of iron-related diseases in the brain by early

detection of iron-overload conditions and the use of natural iron

chelators (46).

Conclusion

The results of the present study showed that caffeic acid

and ferulic acid are strong iron-chelating agents compared with

DFO in the brain and liver of iron-overloaded mice. In addition,

the results of this study show that ferulic acid and caffeic acid

have direct iron chelating and scavenging activities in vitro. It

is recommended to investigate the effects of caffeic acid and

ferulic acid on Alzheimer’s and Parkinson’s diseases in future

clinical studies.
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