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Abstract

Chlorogenic acid (CGA) is the active constituent of green coffee beans. It has gained attention as a medicinal supplement
due to its antioxidant and chelating effects on heavy metals. Considering the importance of hepatic iron toxicity in disorders
such as hemochromatosis and thalassemia, this study investigated the therapeutic effects of CGA on hepatic toxicity caused
by iron overload. After determining the antioxidant and chelating potential of CGA, 24 male mice were randomly divided
into four groups. The first group received normal saline, the second group received iron dextran (100 mg/kg, once every
other day), and the third group received CGA (50 mg/kg/day). The fourth group received iron dextran along with daily CGA
administration. After 14 days, the animals were anesthetized and blood and liver tissue samples were collected for biochemi-
cal and histological analyses. In the present study, a significant increase was observed in the levels of hepatic serum enzymes,
including ALT, AST, ALP, and LDH. Additionally, there was a significant increase in hepatic iron accumulation and lipid
peroxidation, along with a significant decrease in hepatic antioxidant capacity and thiol content. Administration of CGA to
iron-dextran-receiving animals significantly prevented hepatic iron accumulation, inhibited the elevation of hepatic serum
enzymes ALT, AST and ALP, reduced lipid peroxidation, and improved the antioxidant capacity of liver tissue. In addi-
tion, our biochemical findings were associated well to the histopathological observations. In conclusion, the present study
demonstrated that CGA could prevent hepatic oxidative damage resulting from iron overload by improving the balance of
oxidation/antioxidation.
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Introduction

Iron is an essential micronutrient in biological processes due
to its role in oxygen transport and enzymatic reactions (Lal
2020). However, an imbalance in iron regulation in patients
with thalassemia and hemochromatosis can be associated
with oxidative damage in various tissues, particularly the
liver (Lim et al. 2019). Although chelator agents, such as
deferoxamine, are commonly employed to control iron over-
load in thalassemia patients, limitations in their administra-
tion and the need for continuous infusion of these drugs
lead to a detrimental impact on the patient’s quality of life
(Nasrallah et al. 2019). Studies have shown that certain
natural products can act as antioxidants and chelators to
prevent oxidative damage caused by iron overload (Sajadi
Hezaveh and Shidfar 2019). In this regard, several studies
have reported the effectiveness of plant-derived compounds
such as quercetin (Hezaveh et al. 2019), resveratrol (Li
et al. 2021), silymarin (Tao et al. 2022), rutin (Hawula et al.
2021), curcumin (Rainey et al. 2019), ferulic acid and caffeic
acid (AAlikhani et al. 2022) in preventing iron overload-
induced damage.

Polyphenols are secondary metabolites found in plants
that, in addition to their antioxidant effects, can act as chela-
tors in preventing damage caused by metal cations (Lakey-
Beitia et al. 2021). Among them, chlorogenic acid (CGA)
is one of the most important phenolic compounds derived
from the combination of caffeic acid and quinic acid (Fig. 1)
(Lu et al. 2020; Miao and Xiang 2020). Green coffee beans
(Rojas-Gonzalez et al. 2022), potatoes (Joly et al. 2020),
artichoke (Rosliuk et al. 2020), and sunflower seeds (Daraee
et al. 2019) are plant-based sources rich in CGA. Several
studies have reported the therapeutic effects of this com-
pound on various diseases, including diabetes (Singh et al.
2021), obesity (He et al. 2021), cancer (Huang et al. 2019),
pulmonary fibrosis (Larki-Harchegani et al. 2023), nervous
system disorders (Xi et al. 2022), cardiovascular problems
(Li et al. 2020) and hepatorenal damage caused by tamoxifen
(E Owumi et al. 2021). Xue et al. have demonstrated that
CGA can decrease cadmium toxicity in rats by chelating it

Fig. 1 The reaction between
quinic acid and caffeic acid and
the formation of chlorogenic
acid

Quinic acid (QA)

Caffeic acid (CA)

(Xue et al. 2019). Furthermore, CGA can prevent arsenic
reproductive toxicity (El-Khadragy et al. 2021) and the neu-
rotoxicity of aluminum (Cheng et al. 2020).

While previous studies have demonstrated CGA’s chelat-
ing and antioxidant properties against other metal toxici-
ties, such as cadmium, arsenic, and aluminum, this study
specifically examines the efficacy of CGA in mitigating iron
overload-induced liver damage in a mouse model.

Methods and materials

All chemicals and solutions were purchased from Merck
(Darmstadt, Germany) unless otherwise stated. Ascorbic
acid (CAS no.: 50-81-7), 1,1-diphenyl-2-picrylhydrazyl
(DPPH; CAS no.: 1898-66-4), chlorogenic acid (CGA; CAS
no.: 327-97-9), iron dextran (CAS no.: 9004-66-4), bovine
serum albumin (BSA; CAS no.: 9048-46-8), 5,5'-dithio-
bis-(2-nitrobenzoic acid) (DTNB; CAS no.: 69-78-3),
2-thiobarbituric acid (TBA; CAS no.: 504-17-6), ethylen-
ediaminetetraacetic acid (EDTA; CAS no.: 60-00-4) and
2,4,6-tri-2-pyridinyl-1,3,5-triazine (TPTZ; CAS no.: 3682-
35-7) were obtained from Sigma-Aldrich Chemical Com-
pany (St. Louis, MO, USA).

DPPH assay

The antioxidant activity of CGA was performed using the
DPPH assay (Moradkhani et al. 2020). Briefly, a DPPH solu-
tion (0.04% w/v) in 90% ethanol was prepared. Then, 80
pL of the DPPH reagent was mixed with 200 pL of various
concentrations of CGA in a 96-well plate. After 30 min, the
absorbance of the samples was measured at 520 nm using
a microplate reader (HTX, Bio tec, USA). This experiment
was repeated three times, and ascorbic acid was used as the
standard. Finally, the radical scavenging potential of the
samples was determined using the following equation.

A—-B

Inhibition(% ) =

x 100

OH

OH

Chlorogenic acid (CGA)
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Absorbance of control (A); absorbance of the sample (B).

Spectrum scanning

The absorption spectra of CGA (15 pM) and iron dextran
(15 uM) solutions, as well as their combination, were deter-
mined using a spectrophotometer (Perkin Elmer Lambda 25
UV/Visible Spectrophotometer) in the range of 200 to 500
nm.

Determination of the chelating activity on iron

The chelating activity of CGA on ferrous iron was deter-
mined following the method described by Nehir El and
Karakaya with some modifications (Nehir El and Karakaya
2004). Briefly, different concentrations of CGA (25-200
pM) were added to an iron sulfate solution (2.0 mM), and
the reaction was initiated by adding ferrozine reagent (5.0
mM). After incubating for 10 min at room temperature,
the optical absorbance was measured at 562 nm. A control
experiment was conducted using iron sulfate and deionized
water following the same procedure. This experiment was
repeated three times, and EDTA was used as a positive con-
trol. Finally, the ability of CGA to chelate ferrous iron was
calculated using the following equation.

Absorbance of sample

Chelating activity(% ) =1 — 100

Absorbance of control

Animals

Twenty-four male albino mice weighing 30-25 g and aged
2 to 3 months were purchased from the Animal House of
Hamadan University of Medical Sciences (HUMS). The
mice were housed at a temperature of 23 +£2 °C, 12-h light/
dark cycle, the humidity of 50%, and free access to water
and diet (Chow diet, Behparvar Co., Tehran, Iran). It should
be noted that the study protocol was approved by the Ethics
Committee of Hamadan University of Medical Sciences with
the code number IR.UMSHA .REC.1401.073, based on the
Helsinki Protocol (Helsinki, Finland, 1975).

Experimental protocol and groups

In this study, Sarkar et al.’s method was used to induce iron
hepatotoxicity (Sarkar et al. 2015). After 7 days of acclima-
tization, the animals were randomly divided into four groups
of six and treated intraperitoneally for 14 days. The first
group received normal saline (1 mL/kg/day). The second
group received iron dextran (100 mg/kg, once every other
day). The third group received CGA (50 mg/kg/day). The
fourth group received iron dextran (100 mg/kg, once every
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other day) following treatment with 50 mg/kg/day of CGA.
It should be noted that a time interval of 4 h was considered
between the administration of CGA and iron dextran. At the
end of the study, the animals were weighed and then anes-
thetized with ketamine and xylazine. After blood sampling
from the carotid artery, the samples were centrifuged (15
min, 2500-2000 rpm), and their serum was separated and
stored at — 20 °C. Additionally, a portion of the liver tissue
was frozen in liquid nitrogen for biochemical assays, while
another portion was fixed in 10% formalin for histological
examinations.

Preparation of hepatic tissue homogenate

A total of 100 mg of liver tissue was homogenized in a 0.1
M phosphate buffer solution at pH 7.4 using a homogenizer
(T10B, IKA Co., Germany). Afterward, the homogenate was
centrifuged at 15,000 rpm for 10 min at 4 °C to separate the
supernatant for biochemical assays.

Liver function test

The levels of iron and the activities of aspartate transami-
nase (AST; product code: BXC0205), alanine transaminase
(ALT; product code: BXC0215), lactate dehydrogenase
(LDH; product code: BXC0242A), and alkaline phosphatase
(ALP; Product code: BXC0185) enzymes were measured
according to the protocols provided by commercial kits (Bio-
rex Fars, Iran).

Hepatic lipid peroxidation assay

The hepatic lipid peroxidation was determined using the
thiobarbituric acid reactive substance (TBARS) method
(Nili-Ahmadabadi et al. 2018). In summary, a TBA-con-
taining reagent (0.2%) was prepared in 0.05 M sulfuric
acid. Then, 500 pL of reagent was mixed with 100 pL of
the samples in a microtube and heated at 90 °C for 30 min.
The absorbance changes were measured using a microplate
reader at 532 nm, and the formation of active aldehydes
was calculated against standard curve obtained from various
concentrations of malondialdehyde. Finally, the data were
reported in nmol/mg protein.

Hepatic total thiol molecules

The content of thiol groups in the liver tissue was deter-
mined using the DTNB reagent (Hu 1994). In summary,
after mixing 200 pL of Tris—EDTA buffer solution (0.25 M
Tris, 2 mM EDTA, pH 8.2) with 10 pL of liver homogenate,
the initial absorption at 412 nm (A) was determined. Then,
after adding 10 pL of DTNB reagent (10 mM) and incubat-
ing at 37 °C for 15 min, the final absorption of each sample
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(B) and the DTNB blank were determined at 412 nm. The
thiol content was calculated against reduced glutathione as
standard. The results were reported in nmol/mg protein.

Hepatic total antioxidant capacity

The total antioxidant capacity was measured using the ferric
reducing antioxidant power (FRAP) method (Rybiriski et al.
2018). This method is based on the determination of the
antioxidant power of liver tissue to reduce Fe** ions to Fe**
ions in the presence of TPTZ. To prepare the FRAP reagent,
25 mL of a 0.3 M sodium acetate buffer (pH 6.3), 5.2 mL of
20 mM ferric chloride, and 5.2 mL of 10 mM TPTZ were
mixed together. Then, liver homogenate supernatant (10
pL) and FRAP reagent (200 pL) were mixed and incubated
for 30 min at 37 °C. The absorbance changes of the blue-
colored complex resulting from the interaction between Fe
2+ and TPTZ were measured at 593 nm, and the results were
expressed in nmol/mg protein.

Serum and hepaticiron

A total of 100 mg of liver tissue was digested in 1 mL of a
mixture of nitric acid and sulfuric acid (1:1). The iron con-
tent in serum and hepatic tissue was analyzed using the kit
brochure from Biorex Fars Company, Iran (Product code:
BXC0232).

Total iron-binding capacity assay

Total iron-binding capacity (TIBC) was determined using
the kit brochure from Biorex Fars Company, Iran (Product
code: BXC0237A).

Protein assay

At the end of each biochemical assay, the protein content
of the homogenized liver tissue was determined by the

Bradford method at 595 nm against a standard curve pre-
pared from BSA.

Results
DPPH assay

As shown in Fig. 2A, the ICy of ascorbic acid as a stand-
ard was approximately 3179 ng/mL (in the range of
2578-3921 ng/mL), and the IC5, of CGA was approxi-
mately 5425 ng/mL (in the range of 4346—-6773 ng/mL).

Chemical interaction assay

As shown in Fig. 2B, the maximum absorption of CGA
solution was observed at 324 nm, and the iron dextran
solution was observed at 294 nm. The combination of
GCA and iron dextran resulted in the elimination of the
observed peaks at 324 and 294 nm and instead created a
new peak at 250 nm. Furthermore, the chelating activity
of CGA (ICs,) was determined to be 127.20 (in the range
of 64.24-252.10 ng/mL), while for EDTA as a standard, it
was 37.89 (in the range of 17.71-81.10 ng/mL) (Fig. 2C).

Liver function status

Following 14 days of iron dextran administration, the
serum activity of ALT (p<0.001), AST (p<0.001), LDH
(p<0.05) and ALP (p<0.001) enzymes significantly
increased compared to the control group. CGA adminis-
tration significantly reduced the serum activity of ALT
(p<0.05), AST (p<0.01), and ALP (p<0.01) enzymes
in the treatment group (Fig. 3).
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Fig.2 A DPPH radical scavenging activity of chlorogenic acid
(CGA) and ascorbic acid (Vit C; as positive control). B Chemical
interactions of iron dextran (I.D; 15 uM) and CGA (15 uM) at 200-
500 nm. C The chelating activity of CGA and ethylenediaminetet-

Wavelength (nm)
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raacetic acid (EDTA; as positive control) on ferrous ion using ferro-
zine reagent. The results are the average of triplicate experiments and
reported as mean +standard deviation (SD). RSA radical scavenging
activity, DPPH 2,2-diphenyl-1-picrylhydrazyl
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Fig. 3 Effect of chlorogenic A B
acid on hepatic serum enzymes
in iron dextran—exposed mice. 1001 SAE 2001 #EEE
Statistical analysis used one-
way ANOVA with Tukey’s 80 S . 1504 e
test. The results are expressed &) e @) o
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group. ALT alanine aminotrans- ; e
ferase (A), AST aspartate ami- LD CGA LD+ CGA 1D CGA 1D+ CGA
notransferase (B), ALP alkaline
phosphatase (C), LDH lactate
dehydrogenase (D), NS normal & D
saline, I.D iron dextran (equal
100 mg/kg, one dose every 2 250- 150- #*
days); CGA chlorogenic acid qt_qltf
(50 mg/kg/day) 200+ . e
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Hepatic oxidative stress markers (p<0.01) and serum iron levels (p <0.001) compared to

the control group. Additionally, no significant difference
After 14 days of iron administration, a significant increase in ~ was observed in the TIBC levels among the study groups.
liver LPO was observed (p<0.01). Conversely, there were ~ Administration of CGA effectively reduced both serum iron
significant decreases in hepatic TAC and TTM (p<0.01  and hepatic iron accumulation in mice exposed to iron dex-
and p<0.05, respectively). Although CGA administration  tran (p <0.05).
notably improved the levels of LPO (p <0.05) and TAC
(p<0.05) in liver tissue, these therapeutic effects did not  Histopathological experiments

reach significance for TTM (Fig. 4).
As shown in Fig. 6 and summarized in Table 1, no signifi-

Iron status profile cant pathological changes were observed in the control and
CGA groups. Conversely, cellular necrosis, inflammation,
As shown in Fig. 5, after administration of iron dextran,  congestion, and sinusoidal dilation were observed in the

there was a notable increase in hepatic iron accumulation  liver tissue of iron dextran—exposed mice. Administration
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Fig.4 Effect of chlorogenic acid on hepatic tissue oxidant/antioxi- #P<0.05 vs. control group, *P<0.05 vs. iron dextran group. LPO

dant status in iron dextran—exposed mice. Statistical analysis used lipid peroxidation (A), TAC total antioxidant capacity (B), 7TM total
one-way ANOVA with Tukey’s test. The results are expressed as thiol molecules (C), NS normal saline, /.D iron dextran (equal 100
means + standard deviation (SD), n=6 for each group. “*P <0.01 and mg/kg, one dose every 2 days); CGA chlorogenic acid (50 mg/kg/day)
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Fig.5 Effect of chlorogenic acid on hepatic iron accumulation (A),
serum iron (B) and total iron-binding capacity (C) in iron dextran—
exposed mice. Statistical analysis used one-way ANOVA with Tuk-
ey’s test. The results are expressed as means+standard deviation

(SD), n=6 for each group. “”P<0.01 and **#P <0.001 vs. control
group. *P<0.05 vs. iron dextran group. NS normal saline; /.D iron
dextran (equal 100 mg/kg, one dose every 2 days); CGA chlorogenic
acid (50 mg/kg/day); TIBC total iron-binding capacity

Fig.6 Photomicrographs of liver tissue in various groups. A mice
received normal saline; B mice received iron dextran (equal 100 mg/
kg, one dose every 2 days); C mice received chlorogenic acid (50 mg/
kg/day); D: mice received chlorogenic acid and iron dextran. The

slides were dyed using hematoxylin and eosin (H&E). Original mag-
nification of all images is 400x (scale bar=50 pm). Hepatocyte (h),
sinusoids (s), central vein (cv), necrosis (n), kupffer cell (k)
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Table 1 Hepatic weight and its histopathological alterations in experimental groups

Groups Body and liver weight changes Histopathological alterations

Initial body weight (g) Final body weight (g) Liver weight (g) Liver index (%) Nec Inflam DS CGSTN
NS 25.60+1.88 27.41+£1.40 1.51+0.20 5.49+0.53 - - - -
1D 24.56+2.13 25.64+3.12 1.75+0.18 6.85+0.46 + ++ ++  ++
CGA 26.9+2.57 28.52+2.03 1.80+0.19 6.32+0.49 - - - -
LD+CGA 28.36+2.15 27.07+1.71 1.79+0.13 6.65+0.59 - + + +

NS normal saline, 1.D iron dextran (equal 100 mg/kg, one dose every 2 days); CGA chlorogenic acid (50 mg/kg/day). Histopathological altera-
tions such as necrosis (Nec), inflammation (Inflam), dilated sinusoids (DS), and congestion (CGSTN) were evaluated in comparison with control

(NS). Changes: normal (—), moderate (4), severe (++)

of CGA improved some iron-induced pathological changes
such as cellular necrosis and inflammation.

Discussion

Due to the detrimental effects of iron overload on the liver,
this study investigated the effects of CGA on hepatotoxicity
induced by iron overload in mice.

CGA is a natural polyphenol that possesses different anti-
oxidant capabilities depending on its structural characteris-
tics (Indy Tamayose et al. 2019). In the present study, the
antioxidant activity of CGA was estimated to be over 50% of
the activity of ascorbic acid, which is supported by studies
conducted by Nakatani et al., Rojas-Gonzélez et al. (Naka-
tani et al. 2000; Rojas-Gonzalez et al. 2022). The evidence
suggests that CGA, through the hydroxyl phenolic groups
present in its structure, is capable of electron transfer to free
radicals, thereby preventing the destructive effects of free
radicals (Miao and Xiang 2020).

Studies have shown that phenolic and flavonoid com-
pounds can interact chemically with heavy metals, affect-
ing their kinetic and dynamic properties (Singh and Sharma
2020). The spectro-photometric findings in the absorption
range of 500-200 nm demonstrated that iron causes a shift
in the absorption peak of CGA from 324 to 250 nm, indi-
cating a chemical interaction between these two substances
and the formation of a new complex. In confirmation of the
spectroscopic findings, CGA was able to chelate iron ions to
the extent of 29.78% of EDTA in the presence of the indica-
tor ferrozine. Previously, Yang et al. confirmed the chemical
interaction of CGA with ferritin and trivalent iron molecules
and it seemed that the presence of polyphenolic structures in
this molecule can provide a suitable platform for chemical
bonding with iron molecules (Yang et al. 2021).

The present study demonstrated that after a 2-week expo-
sure to iron dextran in mice, the activities of serum hepatic
enzymes, such as aminotransferases (ALT and AST), LDH,
and ALP, significantly increased, confirming the findings of
Abo-Elghiet et al. and Das et al. (Abo-Elghiet et al. 2023;
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Das et al. 2022). The elevation of hepatic aminotransferases
may be associated with hepatocyte membrane integrity
loss (Moradkhani et al. 2020). Overall, periportal hepato-
cytes (zone 1) are responsible for storing iron; therefore,
iron deposition is more prominent in this zone. In the event
of iron overload, oxidative stress increases, and periportal
hepatocytes become more susceptible to damage (Mori et al.
2020). Moreover, the increase in ALP enzyme activity fol-
lowing iron exposure may indicate damage to the biliary
tract. Previously, Ghasemi et al. demonstrated that iron
overload disrupts bile acid synthesis through an unknown
mechanism (Ghasemi et al. 2023). The administration of
CGA effectively prevented the rise in serum hepatic enzyme
activity following iron dextran exposure. Consistent with our
findings, the therapeutic effects of CGA on hepatotoxicity
induced by carbon tetrachloride (Hsu et al. 2021), arsenic
(Dkhil et al. 2020), and doxorubicin (Abbas et al. 2020) have
been reported. Therefore, CGA appears to play a significant
role in stabilizing the hepatocyte membrane by virtue of its
inherent antioxidant activity and interference with iron ions
(Wang et al. 2022).

Oxidative stress refers to the imbalance between the pro-
duction and accumulation of free radicals and the body’s
ability to detoxify them, and it can lead to damage to cel-
lular macromolecules (Sies 2020). In this study, iron dextran
administration significantly increased lipid peroxidation,
depleted thiol groups and reduced the antioxidant capacity of
liver tissue, which is consistent with the findings of Ghasemi
et al. and Shendge et al. (Ghasemi et al. 2023; Shendge et al.
2021). The occurrence of oxidative stress resulting from iron
overload may be associated with the induction of the Fenton
reaction and increased production of reactive oxygen spe-
cies (Sousa et al. 2020). Furthermore, Sarkar et al. showed
that iron could significantly decrease the expression of effec-
tive enzymes in the antioxidant system, such as superoxide
dismutase (SOD), glutathione peroxidase (GPx), and cata-
lase, thereby markedly reducing the detoxification of free
radicals in liver tissue (Sarkar et al. 2012). Excessive accu-
mulation of free radicals in liver tissue leads to oxidative
damage to unsaturated fatty acids of hepatocyte membrane,
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accompanied by the formation of active aldehydes, depletion
of thiol groups, and impairment of the antioxidant capacity
of liver tissue (Dwi-Primayanti et al. 2020). Administration
of CGA could significantly prevent lipid peroxidation result-
ing from iron toxicity. The chelation of iron ions and subse-
quent inhibition of the Fenton reaction by CGA indirectly
prevent the formation of free radicals and lipid peroxidation
in liver cells (Kalinowska et al. 2022). Additionally, Liang
and Kitts demonstrated that CGA could enhance the activity
of antioxidant enzymes such as GPx, glutathione reductase
(GR), and SOD, thereby enhancing the hepatic antioxidant
capacity and protecting against oxidative damage caused by
reactive oxygen species (Liang and Kitts 2015).

After iron dextran administration, there was a significant
rise in serum and hepatic iron levels. Treatment with CGA
notably decreased both serum and hepatic iron levels. How-
ever, no change in TIBC levels was noted, possibly because
excess iron tends to accumulate in tissues rather than being
bound by transferrin in the bloodstream. This is consistent
with evidence indicating that in iron overload conditions
such as hemochromatosis, TIBC levels may remain within
normal limits or exhibit a slight decrease (Kotze et al. 2009).

In this study, despite the chelating effects of CGA on iron,
no significant change was observed on the normal level of
serum iron. It seems that CGA has a low affinity for iron
bound to transferrin. This situation causes CGA preferen-
tially chelates excess non-transferrin bound iron (NTBI) and
labile plasma iron (LPI), which are toxic forms of iron that
accumulate in iron overload conditions (Cabantchik et al.
2005). By removing these harmful forms of iron, CGA pre-
vents organ damage without depleting essential iron stores.

Conclusion

Our findings suggest that CGA has potent antioxidant and
metal chelator properties, which can protect liver cells from
damage caused by iron toxicity. However, extending the
duration of CGA administration or administering it con-
currently with common iron chelating drugs, such as defer-
oxamine, may enhance its effectiveness in preventing liver
complications associated with iron overload.

Overall, this study contributes to the growing body of evi-
dence supporting the use of natural compounds like CGA as
complementary or alternative approaches to managing iron
overload-related liver complications. The findings highlight
the need for continued investigation into the mechanisms and
clinical applications of CGA and other natural antioxidants
in the context of iron-induced toxicity and liver disease.
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