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ARTICLE INFO ABSTRACT

Aluminum (Al), which may bring about damage to the macrophages, has been implicated in the development of
immunological diseases. It has been reported that chlorogenic acid (CGA, 5-caffeoylquinic acid, chemical for-
mula: C;6H;500) is a natural antioxidant and chelating agent with the capacity against Al (III)-induced bio-
toxicity. The present study was carried out to investigate whether CGA could reduce AlCls-induced cellular
damage in RAW264.7 cells. After treatment with AlCls, the inhibition rate of viability and phagocytic activity of
RAW264.7 cells was 54.5% and 27.6%, respectively. Administration of CGA significantly improved the integrity
and phagocytic activity, and attenuated the accumulation of intracellular Al(III) level and oxidative stress in Al
(Il)-treated cells. Furthermore, CGA significantly inhibited Al(III)-induced increase of phospho-Jun N-terminal
kinase (p-JNK), a pro-apoptotic Bcl-2 family protein (Bad), cytochrome c and decrease of extracellular regulated
protein kinases (ERK1/2), protein kinase B (Akt) protein expressions. These results showed that CGA has a
protective effect against Al(II)-induced cytotoxicity through mitogen-activated protein kinase (MAPK)/Akt-
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mediated caspase pathways in RAW264.7 cells.

1. Introduction

Aluminum (Al) is widely present in the environment and is known
as a neurotoxin [1-4]. Aluminum age is a product of the developed
world today, which means humans are experiencing chronic poisoning
of AI(IIT) [5]. AI(III) migrates from the environment to water through
the acidification of the soil and the use of Al(IIl)-containing water
purifying agents [6]. The use of Al(III) compounds as additives in foods
also increases its content in foods [7]. Moreover, the sources of AI(III)
include drugs, cosmetics, tea, ware and containers [8], which have a
serious impact on the health of humans and animals. More and more
evidence showed that AI(III) has cumulative toxicity on experimental
animals and humans [9,10]. Epidemiological and experimental studies
have confirmed that excessive Al(III) exposure primarily causes neu-
rological disorders such as Alzheimer [11,12], Parkinson and dialysis
encephalopathy, accompanied by bone formation inhibition [13], liver
dysfunction [14] and immunotoxicity in lymphocytes [15]. Most im-
portantly, the immune system is the main target for Al(III) accumula-
tion and exerts effect on AI(III) toxicity [16,17]. Studies have shown
that AI(III) is an immune toxic by inhibiting immune function [18,19].

Although the use of Aluminum-based adjuvants in vaccines helps to
stimulate the immune response of co-administered antigens [20].
However, the immune response induced by Al in the form of particu-
lates in the vaccine is different from that of soluble AI(III). Importantly,
Al adjuvants are toxic especially to the nervous system [21]. Therefore,
it is urgent to study how to alleviate the immunotoxicity caused by Al
(I11).

Macrophages play a vital role in inflammation and host defense
through both pro-inflammatory and anti-inflammatory mechanisms
[22]. After 90 days of intragastric administration of AlCl; for female
Wistar rats, the peritoneal inflammation increased and peritoneal
macrophages were dysfunctional [23]. The study confirmed that Al(III)
toxic effects on rat peritoneal macrophages, and at an exposure dose of
52 mg/kg Al(III) significantly inhibited the ability of phagocytic capa-
city of peritoneal macrophages [24]. RAW264.7 cells, mouse peritoneal
macrophage cell lines, are one of the commonly used inflammatory cell
models. The interest of present study has been focused on evaluation
the Al(III)-induced damage to immune function in RAW264.7 cells.

Our laboratory is mainly devoted to studying the removal of metal
toxicity by natural products. Our previous study has shown that
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chlorogenic acid (CGA) has the capacity of preventing on hepatotoxi-
city and hematotoxicity in acute AI(III) exposure mice [25]. Another
study demonstrated that CGA attenuates Al(IIl)-induced cognitive
dysfunction through chelation and antioxidation [26]. CGA (5-caf-
feoylquinic acid, chemical formula: C;¢H;509), caffeic and quinic acid
condensed, is a phenolic compound widely which could be found in
coffee, cocoa powder, fruits, vegetables, compositae and solanaceae and
so on [27]. A large number of studies have shown that CGA has anti-
inflammation [28], antioxidant activity [29], anti-virus [30]. Further-
more, studies have shown that CGA can exert anti-inflammatory effect
by inhibiting prostaglandin E2 (PGE2) production in RAW264.7 cells
[311.

Accordingly, the aim of this study was to investigate whether CGA
has an effect on Al(IlD)-induced immunotoxicity of RAW264.7 cells.
This was achieved by studying cell viability, cell morphology, anti-
oxidant parameters, and the expression of apoptosis-related proteins.

2. Materials and methods
2.1. Materials and reagents

Chlorogenic acid (CGA) (CAS:327-97-9, purity = 98%), aluminum
chloride (AICl;, CAS:7446-70-0, purity = 99%), CGA standard
(CAS:327-97-9, purity = 98%), 3-(4,5-dimethylthiazol-2-y1)-2,5-di-
phenyl tetrazolium bromide (MTT), neutral red and 4’,6-diamidi-
no-2-phenylindole (DAPI) were bought from Solarbio (Beijing, China).
CGA and AlICl; were dissolved in water. Malondialdehyde (MDA) assay
kit, superoxide dismutase (SOD) assay kit, catalase (CAT) assay Kkit,
nitric oxide (NO) assay kit, glutathione (GSH) assay kit and acid
phosphatase (ACP) assay kit were purchased from Comin Biotechnology
(Suzhou, China). Antibodies for protein kinase B (Akt, AA326), extra-
cellular signal-regulated protein kinase (ERK1/2, AF1051), phospho-
Jun N-terminal kinase (p-JNK, AJ516), a pro-apoptotic Bcl-2 family
protein (Bad, AB008), cytochrome ¢ (AC909), B-actin (AFO003) and
horseradish peroxidase (HRP)-conjugated secondary antibodies
(A0216, A0208) were purchased from Beyotime Technology (Shanghai,
China).

2.2. Cell culture and administration

RAW264.7 macrophage cells were cultured in RPMI 1640 medium
(Gibco) containing 10% fetal bovine serum (FBS, PAN BIOTECH,
Germany) at 37 °C in 5% CO, incubator (Thermo) [22]. Each group was
treated as follows: Control (treated with RPMI 1640 for 24h), Al
(treated with 200 pg/mL AlICl; for 24 h), Al + CGA (L) (treated with a
mixture of 200 pg/mL AlCl; and 37.5 pg/mL CGA for 24 h), Al + CGA
(M) (treated with a mixture of 200 pg/mL AlICl; and 75 pg/mL CGA for
24h), Al + CGA (H) (treated with a mixture of 200 ug/mL AlCl; and
150 pg/mL CGA for 24 h), CGA (treated with 150 pg/mL CGA for 24 h).
The dose selection was based on our previous experiments, and the
inhibition rate of AICl; on cells was close to 50%, under this con-
centration. In our study, we selected the logarithmic cells for sub-
sequent experiments. Each group set three parallels.

2.3. Assessment of cell viability and phagocytic activity

We used MTT assay to determine the effects of Al(III) and CGA on
cell viability [32]. RAW264.7 cells were seeded equably in a 96-well
plate at 5 x 10* cells/well and then administered in groups for 24 h.
20 pL of 5 mg/mL MTT (dissolving in PBS) was added to each well and
incubated at 37 °C for 4 h. The medium was discarded and DMSO was
added to dissolve the precipitate. After 10 min of shaking, the absor-
bance was measured at 570nm using a microplate ELISA reader
(Thermo Fisher, USA).

In addition, the phagocytosis activity assay was performed using
neutral red [33]. After 24h of administration, the medium was
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discarded. 100 puL of 0.1% neutral red (dissolving in 0.9% NaCl) was
added to each well and incubated for 4 h. After the neutral red was
discarded, the plate was washed three times with PBS. 200 pL of cell
lysate (anhydrous ethanol: glacial acetic acid = 1: 1 (v:v)) was added to
each well and the absorbance was measured at 540 nm by a microplate
ELISA reader.

2.4. DAPI staining microscopy

RAW264.7 cells were seeded equably in 6-well plates at 1 x 10°
cells/well and adhered for 4 h and then administered in groups for 24 h.
Then the plate was washed three times with PBS, and fixed with 4%
paraformaldehyde for 15 min. After discarding the solution, the 6-well
plate was washed three times with PBS and stained with 100 ng/mL
DAPI in the dark for 15 min. Then the plate was washed three times
with PBS and observed by fluorescence microscopy (OLYMPUS,
FSX100, Japan) [34].

2.5. Scanning electron microscope analysis

2 mL cell suspensions (5 X 10* cells/mL) were added to each well of
a 6-well plate with a creep plate. After discarding the medium, the cells
were administered in groups of 24 h. The groups of cell culture medium
were then discarded and cells were fixed with 2.5% glutaraldehyde for
2 h. The water was gradually removed with 10%, 30%, 50%, 70%, 90%,
90%, 100% ethanol, and then examined for changes in cell state under
scanning electron microscopy (Hitachi, SU1510, Japan) [34].

2.6. Determination of intracellular AL(III) level

The cells treated for 24 h were collected and washed three times
with PBS (1000 rpm, 5 min) to remove the interference of extracellular
AI(ID). Then 0.1 g cells were added to a microwave digestion tube pre-
placed with 5 mL of HNO; (superior grade pure) and allowed to stand
overnight. Before digestion, 2 mL of 30% H,O, (superior grade pure)
were added to per tube. After 2h of digestion, the diluted digestion
solution was purified by the membrane (0.22 pm, Filter Membranes-
aquo System). Then the sample solution was detected by inductively
coupled plasma mass spectrometry (ICP-MS) (CX7000, Aglient
Corporation, USA), and the level of AI(III) in RAW264.7 cells was ob-
tained [25,35].

2.7. Determination of CGA utilization

Cells were incubated in T25 flasks and administered for 24 h. 100 pL
of cell medium supernatant and 400 pL of methanol were mixed with
vortex for 2 min. After centrifugation (9000 rpm, 10 min), 400 pL of the
supernatant was collected and dried through nitrogen. And then vor-
texed again with 100 pL of methanol for 2 min to obtain a crude sample.
Finally, the coarse sample was passed through a 0.22 um filter mem-
brane to obtain a pure sample. High performance liquid chromato-
graphy (HPLC) (LC-20AT and SPD-20A, SHIMADZU, Japan) is used to
detect CGA in samples. Analytical column C18 (Venusil MP
4.6 x 250 mm ID, 5um, Agela Technologies, Suzhou, China) was used
and maintained at 35 °C. The gradient elution of mobile phase A (1%
formic acid in water) and B (methanol) was as follows: 100% A (5 min),
90% A (10 min), 80% A (15 min), 60% A (5min), 50% A (10 min), 20%
A (10 min), 90% A (5min). The flow rate was 0.8 mL/min and the in-
jection volume was 10 pL. The detection wavelength of UV detector was
set to 326 nm. The level of CGA in the sample was calculated by com-
parison with the retention time and peak area of the CGA standard [36].

2.8. Western blotting analysis

Cells treated for 24h were collected and cleaved by cell lysates
(Radio Immunoprecipitation Assay (RIPA): phenylmethanesulfonyl
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fluoride (PMSF) = 100:1 (v:v)) to prepare different groups of protein
samples. Followed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) (12% separation gel and 5% stacking gel) and
transferred to nitrocellulose membrane (NC membrane, BIORAD, USA).
5% skimmed milk prevented non-specific sites. The primary antibody
and HRP-conjugated secondary antibody (both 1:1000) were incubated
on the NC membrane respectively. After the addition of the fluorescent
luminescent solution, the expression of the protein was observed by
developing [37].

2.9. Statistical analysis

Data were analyzed using SPSS 19.0 and expressed as mean *
standard deviation (SD). The differences between the treatment groups
were analyzed using one-way analysis of variance (ANOVA) followed
by Dunnett's contrast. When the P value is < 0.05 is considered statis-
tically significant.

3. Results

3.1. Effect of CGA on viability and phagocytosis of RAW264.7 cells induced
by AlCl;

We used MTT assay to detect the effect of chlorogenic acid (CGA) on
the viability of RAW264.7 cells induced by AlCls. As shown in Fig. 1A,
after 24 h treatment with 200 ug/mL AlCl;, the viability of the cells was
significantly inhibited and the inhibition rate was 44.6% as compared
with the control group. The administration of CGA (37.5, 75, 150 ug/
mL) remarkably reduced the rate of inhibition compared with the Al
treated group. With the increase of CGA concentration, the cell viability
was also increasing, which was positively correlated with the con-
centration of CGA.

As shown in Fig. 1B, RAW264.7 cells in the control group had re-
latively high phagocytic activity. After 24 h treatment with AlCl;, the
absorbance was significantly lower than that of the control group. The
phagocytic activity of the cell which was exposed to 200 ug/mL AlCl;
for 24 h was decreased to about 27.7% of the control. The phagocytic
activity of the cell supplied with CGA (37.5, 75 and 150 pg/mL) in-
creased, compared with AlCl; treatment alone. These results showed
that CGA and AICl; co-treatment can effectively reduce AlCl; inhibition
of viability and phagocytosis of cells, and this protective effect has
showed dose-dependence.

3.2. Effect of CGA on DAPI staining of RAW264.7 cells induced by AlCl;

In order to investigate the apoptosis of RAW264.7 cells induced by
AlCl; and the protective effect of CGA, we used DAPI, a fluorescent dye
that binds to double-stranded DNA in the nucleus for staining. As shown
in Fig. 2, the administration of CGA could markedly increase the
number of cells, and inhibit AI(III)-induced nuclear fragmentation.
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With the additive concentration of CGA increased, the protective effect
of CGA is more obvious.

3.3. Effect of CGA on morphology of RAW264.7 cells induced by AlCl;

Morphological changes are one of the important signs of cell
apoptosis. As shown in Fig. 3, RAW264.7 cells exposed to AlCl; were
smaller in volume and exhibited apoptotic morphology. Compared with
AlCl; treatment alone, cells supplied with CGA can obviously prevent
apoptosis. Our results show that CGA can reduce the AlCl; damage to
RAW264.7 cells by inhibiting apoptosis.

3.4. Effect of CGA on various enzyme activities induced by AlCl; in
RAW264.7 cells

To explore the effect of AlCl; and CGA on macrophages sterilization,
we measured intracellular acid phosphatase (ACP) activity. Compared
with the control group, intracellular ACP activity decreased 51.0%
(Fig. 4A). The administration of CGA (37.5, 75 and 150 ug/mL) en-
hanced the activity of ACP by 14.1%, 41.1% and 52.5% in cells, and it
was positively correlated with the concentration of CGA added.

The level of MDA (the end product of lipid peroxidation) indirectly
reflects the extent of oxidative damage to cells. As shown in Fig. 4B, the
MDA level in RAW264.7 cells showed a significant increase responding
to AlCl; exposure. The administration of CGA (150 pg/mL) significantly
decreased the level of MDA by 32.4% in cells compared with AlCl;
treatment alone.

Meanwhile, oxidative stress was assessed by measuring the level of
GSH and the activities of SOD and CAT in cells. As shown in Fig. 4C-E,
the exposure to AlCl; resulted in an obvious decrease of the activities of
SOD and CAT and the level of GSH in cells. The administration of CGA
(150 pg/mL) enhanced the activities of SOD, CAT and the level of GSH
by 68.9%, 45.3% and 39.7%, respectively. It is suggested that CGA
attenuates the immunotoxicity of AlCl; to cells by increasing the anti-
oxidant capacity of cells.

As shown in Fig. 4F, the NO production increased significantly in
the RAW264.7 cells exposed to AlCls, indicating that the cells were
treated with AICl; to produce oxidative stress. The administration of
CGA (37.5, 75 and 150 pg/mL) resulted in significant decreases in NO
production in cells, under that of AlICl;.

3.5. Effect of CGA on Al(III) level and CGA utilization in RAW264.7 cells
induced by AlCl;

After microwave digestion of the cells, Al(III) level was determined
by ICP-MS. As shown in Fig. 5A, the AI(III) level in cells with AlCl;
exposure increased 170.3% over that of control, indicating that AI(III)
was accumulated in the cells. The AI(III) levels in cells with the ad-
ministration of CGA at doses of 1, 5 and 10 uM decreased by 5.81%,
15.7% and 31.4%, respectively, compared to that of AlCl; treatment

Fig. 1. Effect of chlorogenic acid (CGA) on
viability (A) and phagocytic activity (B) of
RAW264.7 cells induced by AlCl; for 24 h.
Control, Al (treated with 200 ug/mL AlCl5),
Al + CGA (L) (treated with 200pg/mL
AlCl3 + 37.5pug/mL CGA), Al + CGA (M)
(treated with 200 pg/mL AICl; + 75 pg/mL
CGA), Al + CGA (H) (treated with 200 pg/
mL AlCl; + 150 pg/mL CGA), CGA (treated
with 150 pg/mL CGA).Values are presented
as means = SD (n = 6), * (p < 0.05) and
** (p < 0.01) are compared with control, #
(p < 0.05) and ## (p < 0.01) are com-
pared with Al.
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Fig. 3. Effect of chlorogenic acid (CGA) on morphology of RAW264.7 cells
induced by AICI; for 24 h. A: the control group showed cells were intact, and
the surface has a large number of microvilli and clustering, along with regular
arrangement; B: the Al group (treated with 200 pg/mL AlCl3) showed the cell
volume was reduced, and cell surface was deformed and disintegrated; C: the
Al + CGA (H) group (treated with 200 pg/mL AICl; + 150 pg/mL CGA) showed
a significantly increase on cell volume, and small part of collapse appeared on
cells; D: the CGA group (treated with 150 pg/mL CGA) showed normal cell
volume and regular shape, and smaller protuberances and partial pseudopodia
were observed on the cell surface.

alone. This shows that CGA can effectively reduce the accumulation of
AI(III) in cells. The level of CGA in the culture supernatant was analyzed
by HPLC. As shown in Fig. 5A, no CGA was detected in the control
group and the Al group. The administration of CGA (37.5, 75 and
150 pg/mL) remarkably enhanced the CGA utilization rate to 61.1%,
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Fig. 2. Effect of chlorogenic acid (CGA) on
DAPI staining of RAW264.7 cells induced by
AlCl; for 24 h. A:the control group showed
cells were full, the nuclei were intact and
the chromatin was homogeneous; B: the Al
group (treated with 200pg/mL AlCl3)
showed the intracellular chromatin was
condensed into granular substance, the final
nucleus ruptured into pieces and the nucleus
disintegrated; C-E: the Al + CGA (L, M, H)
group (treated with 200 pg/mL
AlCl3 + 37.5, 75,150 ug/mL CGA) showed a
decreased shrinkage of intracellular chro-
matin compared with Al-treated group; F:
the CGA group (treated with 150 pg/mL
CGA) was not significant compared to the
control group.

100 um

100 um

F

100 um

70.3% and 81.8%, respectively. As shown in Fig. 5B, the CGA con-
centration in each group in the cell-free supernatant medium was
higher than that in the cell medium (Supplementary material Fig. S1).
In Al + CGA groups, the utilization of CGA in cells was positively
correlated with the added concentration of CGA and correlated with the
level of endogenous antioxidation.

3.6. Effect of CGA on protein expressions of RAW264.7 cells induced by
AlCl;

The expressions of p-JNK, Akt, ERK1/2, Bad, and cytochrome c (cyt-
c¢) were measured in order to detect the effect of Al(III)-induced
RAW264.7 cells apoptosis and CGA intervention on these proteins. The
expression of p-JNK was up-regulated in cells exposed to AlCl;. This
indicated that the AICl; stimulated cells produce a response that in-
creased p-JNK expression. The administration of CGA (37.5, 75 and
150 pug/mL) significantly decreased the expression of p-JNK by 13.9%,
23.2% and 31.3%, respectively (Fig. 6B).

As shown in Fig. 6C, D, the expressions of Akt and ERK decreased
35.0% and 30.4% after AlCl; treatment in cells. Al + CGA groups could
significantly inhibit AI(III)-induced Akt and ERK expression levels de-
creased, while the expression levels were positively correlated with the
concentration of CGA added.

The Bcl-2 protein family is a special family that contains 25 kinds of
homologous proteins, and some of its members promote apoptosis such
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Fig. 4. Effect of chlorogenic acid (CGA) on enzyme activities (ACP(A), MDA(B),
SOD(C), CAT(D), GSH(E), NO(F)) in AlCl;-induced RAW264.7 cells for 24 h.
Control, Al (treated with 200 pg/mL AlCl3), Al + CGA (L) (treated with 200 ug/
mL AlCl; + 37.5ug/mL CGA), Al + CGA (M) (treated with 200 pg/mL
AlCl3 + 75pg/mL  CGA), Al+ CGA (H) (treated with 200pug/mL
AlCl3 + 150 ug/mL CGA), CGA (treated with 150 pg/mL CGA). Values are
presented as means = SD (n = 6), * (p < 0.05) and ** (p < 0.01) are com-
pared with control, # (p < 0.05) and ## (p < 0.01) are compared with Al

as Bad, Bid, Bax. As shown in the Fig. 6E, the Al group significantly up-
regulated the expression of Bad protein compared with the control
group, indicating that AICl; enhanced the expression of pro-apoptotic
proteins. The administration of CGA (150pug/mL) significantly de-
creased the expression of Bad by 54.3%.

Cyt-c is an important protein in the mitochondrial electronic re-
spiratory chain. Compared with the control group, the up-regulated cyt-
c in the Al group showed that AlCl; induced apoptosis and cyt-c was
released from the mitochondria into the cytoplasm. Al + CGA groups
can effectively inhibit the up-regulation of Al-induced cyt-c expression.
And with the increase of CGA concentration, cyt-c release gradually
decreased, indicating that the protective effect gradually increased
(Fig. 6F).

4. Discussion

It is inevitable that aluminum (Al) enters the human body in a
variety of ways, accumulates and even produces toxicity. To date, more
and more researchers pay attention to the damage of AI(III) to the
nervous system and how to prevent and alleviate it. However, Al(III) is
also toxic to macrophages that play an important role in immune organs
[38]. Hence, it is extremely urgent to select a substance that is safe,
low-dose effective against Al(Ill)-induced macrophage toxicity.
Chlorogenic acid (CGA) is a kind of phenolic acid which has a wide
range of sources, easy to extract and high content, with a variety of
physiological activity. Our previous study confirmed that CGA has anti-
inflammatory effects and was resistant to Al(III)-induced inflammation
of the liver and blood. This study provides a strong evidence that CGA
protects RAW264.7 cells from AlClz-induced cytotoxicity.
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Fig. 5. Effect of chlorogenic acid (CGA) on AICl; level (A) in Al-treated
RAW264.7 cells for 24 h. CGA concentration in medium with or without Al-
treated RAW264.7 cells for 24h (B). Control, Al (treated with 200 pg/mL
AlCl3), Al + CGA (L) (treated with 200 pg/mL AlCl; + 37.5ug/mL CGA),
Al + CGA (M) (treated with 200 ug/mL AlCl; + 75 pug/mL CGA), Al + CGA (H)
(treated with 200 ug/mL AlCl; + 150 pg/mL CGA), CGA (treated with 150 pug/
mL CGA). ND: not detected. Values are presented as means + SD (n = 6), *
(p < 0.05) and ** (p < 0.01) are compared with control, # (p < 0.05) and
## (p < 0.01) are compared with Al.

We determined the cytotoxicity induced by AlCl; and evaluated it
by MTT. In rat peritoneal macrophages, Al(II) decreased chemotaxis,
adhesion and phagocytosis at a dose of 0.97 mM [39]. After oral ad-
ministration of 0, 13, 26 and 52 mg/kg Al(IIl) in drinking water for
120 days, AI(III) had significant toxicity to rat peritoneal macrophages
[40]. In vitro studies have confirmed at least three different metal-
specific toxic modes that affect the vitality and phagocytosis of earth-
worm coelomocytes. Therefore, our findings in RAW264.7 cells are
consistent with those derived from other macrophages. Now, the via-
bility and phagocytosis of RAW264.7 cells treated with AlCl; and CGA
has improved. These results indicate that CGA plays a role in the alle-
viation of Al(IIl)-induced cytotoxicity.

At present, microscopic observation, flow cytometry and enzyme
activity detection methods are used for apoptosis detection.
Nevertheless, the morphological changes of apoptotic cells are gen-
erally recognized as the basis for evaluating apoptosis. Therefore, in
order to study the protective effect of CGA on Al (III)-induced apoptosis
of RAW264.7 cells, we observed the nuclear morphology by
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Fig. 6. Effect of CGA on protein expressions in RAW264.7 cells induced by AICl; for 24 h. Control, Al (treated with 200 pg/mL AICl53), Al + CGA (L) (treated with
200 pg/mL AlCl; + 37.5 ug/mL CGA), Al + CGA (M) (treated with 200 pg/mL AICl; + 75 pg/mL CGA), Al + CGA (H) (treated with 200 pg/mL AlCl; + 150 pg/mL

+

CGA), CGA (treated with 150 ug/mL CGA). Values are presented as means
and ## (p < 0.01) are compared with Al.

fluorescence microscopy and the morphology of cells by scanning
electron microscopy (SEM). In our study, most cells of Al + CGA groups
were observed with clear margins and fine dendritic networks. DAPI
staining showed that the cells co-treated with AlCl; and CGA were
round, the chromatin was evenly distributed without dark spots, and no
obvious morphological changes were observed. Similarly, typical
apoptotic condensation and fragmentation of chromatin were observed
in astrocytes and cortical neurons treated with AI(III) [40,41]. Nuclear
chromatin condensation occurred in the root tip cells of peanut exposed
to AlCl, and nuclear damage increased with increasing AlCl; treatment
time [42].

Acid Phosphatase (ACP) is the material basis for phagocytic cell
sterilization. It can destroy and eliminate foreign bodies invading the
body, and play a role in defending the body. Yousef et al. found that
ACP activity in sperm of male New Zealand white rabbits decreased
significantly after 4 h of treatment with 1-20 mM AICl; [43]. In addi-
tion, the activity of ACP in liver and testis decreased significantly after
oral administration of AlCl; (34 mg/kg BW/day) for 16 weeks [44]. At
present, we found that AICl; inhibited the ACP activity of RAW264.7
cells, whereas CGA was effective against Al(Ill)-induced inhibition.
Therefore, it can be concluded that AICl; weakened the bactericidal
ability of RAW264.7 cells and inhibited their activation, and CGA
played a significant role in reducing AlCl; toxicity.

Oxidative stress is one of the most common forms of metal toxicity.
The definition of oxidative stress is the imbalance between reactive
oxygen species (ROS) and antioxidant defense systems (GSH, SOD,
CAT, etc.). MDA is a decomposition product of lipid peroxides induced
by ROS, and its content is an indicator of lipid peroxidation and cell
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damage. It has been determined that the level of MDA is increased, the
activities of SOD and CAT and the level of GSH are reduced in cells
treated with AI(III), which resulted in a decrease in RAW264.7 cells
viability and phagocytic activity. Studies have shown that treatment
of primary hippocampal neurons with Al (III) for 24 h resulted in
significant changes in MDA levels, SOD and CAT activities [45]. In our
previous studies, Al (III) increased MDA accumulation by inhibiting
liver SOD and CAT activities [25]. Similarly, Wang et al. suggested
that pretreatment of primary hippocampal neuronal cells with CGA
before exposure to AlCl; significantly restored the activities of su-
peroxide dismutase, catalase, glutathione peroxidase (GPx), and glu-
tathione S-transferase and attenuated Al(III)-induced MDA levels in
cells [35]. Moreover, MDA, GSH and GPx in Al(Ill)-treated kidney
proximal tubular cells were significantly higher than those in the
control group [46]. The results of Fig. 4B-E showed that CGA could
effectively inhibit the decrease of the antioxidant capacity of the Al
(IIN)-induced cells.

Nitric oxide (NO), second messenger molecule, regulates various
cell functions, and widely involved in the body's physiological and
pathological processes [47]. Satoh et al. found that 150 uM Al(III) was
used to treat PC12 cells for 48 h, resulting in NO production in cells
[48]. Several studies have shown that damage caused by Pb2* is ac-
complished by the production of ROS and NO [49]. In this study, in-
tracellular levels of NO in cells treated with CGA and AlCl; for 24 h
were significantly lower than those treated with AICl; alone, indicating
that CGA had a certain anti-inflammatory effect and showed a dose-
dependent inhibitory effect. All of these results reveal that CGA exerts
its protective effect in relation to its antioxidant activity.
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Aluminum is a well-known toxic reagent and accumulates in cells
and animals. In our previous study, mice injected with AlCl; in-
traperitoneally had significantly increased levels of AI(III) in the liver
and blood [25]. Guo et al. found that the AI(III) concentration in rat
plasma and erythrocytes was significantly increased after in-
traperitoneal injection of AlICl; at a dose of 27 mg/Kg body weight for
3 weeks [50]. In our results, it was found that the co-treatment with
CGA and AICl; effectively reduced the intracellular Al(III) level, which
was lower than that of Al group. Moreover, we analyzed the CGA
concentration in each group. It has been demonstrated that the accu-
mulation of CGA in CGA-treated primary hippocampal neuronal cell,
and the level of CGA was positively correlated with the CGA added
concentration [45], consistent with our results. According to the liquid
chromatogram that was supplemented (Supplementary material Fig.
S1), the retention time of CGA in the cell-free supernatant medium was
almost the same as that of the cell-containing supernatant medium,
indicating that CGA can still be detected after chelating with AlCls.
Furthermore, the detected concentration of CGA in the cell-free su-
pernatant medium was higher than that of the cell-containing super-
natant medium. The degree of oxidative damage of cells was negatively
correlated with the utilization of CGA. Thus, these results show that
decreased CGA in cell-containing supernatant medium is utilized by
cells compared to cell-free supernatant medium. These reduced CGA
have a contribution to the clearance of AlCl; toxicity and may function
as an antioxidant component.

Our previous studies suggest the CGA to be effective not only in
reducing the biochemical variables indicative of oxidative stress but
also in preventing the accumulation of AI(II) in the liver and blood in
the Al(II)-treated (intraperitoneally) mice [25]. Although we find that
CGA-mediated protection against Al (III)-cytotoxicity is connected with
CGA antioxidation, we should not exclude the contribution of CGA
chelation properties. We hypothesize that the cytoprotection role of
CGA against Al(III)-toxicity involve chelation and antioxidant effects.
These two protective mechanisms' respective contribution to CGA
mediated protection against Al(III)-toxicity need further study.

To investigate the effects of AlCl; and CGA at the molecular level on
RAW264.7 cells, we selected five crucial proteins for western blotting.
Mitogen-activated protein kinases (MAPKs) mainly include extra-
cellular regulatory protein kinases (ERKs), c-Jun N-terminal kinases
(JNKs), and p38 MAPKs. ERKs play an important role in cell viability
and differentiation, while JNK and p38MAPKs are responsible for reg-
ulating cellular stress response. Fu et al. found that the level of JNK
phosphorylation in cortical neurons exposed to AlCl; decreased with
the prolongation of time, but was still higher than those in the control
group [41]. Studies have shown that compared with the control group,
the expression of ERK in hippocampus of Wistar rats was decreased
[51].

Akt protein kinase regulates cell viability and growth, involved in
cell processes including apoptosis and glucose metabolism. Akt plays a
role in the anti-apoptotic effect of phosphorylation of target proteins
through downstream routes. In Al(III)-induced long-term impairment in
rats, it was confirmed that the relative intensity of active caspase-3
increased, and the relative intensity of Akt and phosphorylation gly-
cogen synthase kinase (p-GSK-3) decreased with the increase of Al(III)
concentration in a dose-dependent manner [52].

It is well-known that apoptosis-related proteins in the Bcl-2 family
are key regulators of apoptosis. In the Bcl-2 family, anti-apoptotic
protein Bel-2 inhibits apoptosis, and pro-apoptotic proteins Bad inhibit
or enhance the release of cyt-c, respectively [53]. One of the important
indicators of cell apoptosis is the release of cyt-c from mitochondria to
cytoplasm. Our results showed that CGA down-regulated the expres-
sions of Bad and cytochrome c induced by AlCl; and showed a dose-
response relationship. Ghribi et al. found direct injection of aluminum
complex into the rabbit brain induced cyt-c release from mitochondria
and reduced Bcl-2 protein in mitochondria and endoplasmic reticulum
[54]. Moreover, treating rabbits with malto-aluminum resulted in the
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translocation of cyt-c, down-regulation of Bcl-2, up-regulation of Bax
and activation of caspase-3. It has been observed that cyt-c is released
from mitochondria into the cytoplasm of RAW264.7 cells treated with
AI(IID), which has the same effect on rat hippocampus [55] and human
teratocarcinoma (NT2) precursor cells [56] as reported in other reports.

5. Conclusion

In summary, chlorogenic acid (CGA) has cytoprotective effect
against Al(Il)-induced functional and biochemical changes, which
might be through PI3K/Akt and MAPK signaling pathways. The accu-
mulation of oxidative stress induced by Al (III) initiated the activation
of MAPKs (up-regulation of p-JNK) and blocked the Akt. As a result, the
expression of cytochrome ¢ was up-regulated and the cell apoptosis was
induced. We hypothesize that the cytoprotective role of CGA against Al
(III)-toxicity involves antioxidant and chelation effects, while these two
mechanisms' respective contribution to CGA-mediated protection is
unclear. Therefore, for humans, exposure to Al(III) should be monitored
and limited, CGA supplementation may be favorable to alleviate the
immunotoxicity caused by AI(III).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jinorgbio.2018.11.001.
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