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Combined toxicity of Fe;O, nanoparticles and cadmium
chloride in the liver of mice by oral route
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Abstract: The combined toxicity of Fe; O, nanoparticles (nano-Fe;O,) and CdCl; in the liver of
mice was reported. The organ coefficient, histopathological changes, serum biochemical
parameters and oxidative stress responses were determined in the liver of mice after oral
administration of nano-Fe; O, and/or CdCl, for 7 d. The results show that nano-Fe; O, and CdCl,
mutually competitively inhibit Fe and Cd uptake in the liver. Oral nano-Fe; O, (50 mg/kg BW)
does not induce obvious injury in mice. In contrast, oral CdCl, (2. 0 mg/kg BW) causes
signigicant oxidative damage in the liver. Co-administration of nano-Fe;O, with CdCl,
significantly attenuates CdCl,-induced damage in the liver through reduction of oxidative stress.
The inhibition of Cd-induced deprivation of tissue Fe and decrease in Cd accumulation after co-
administration of nano-Fe; O, with CdCl; might play two key roles in the protective effect of nano-
Fe; O, on CdCl;-induced oxidative damage. Nano-Fe; O, may be used as a perfect MRI contrast
agent and drug carrier for patients with Cd poisoning, since it not only acts as an MRI contrast
agent or drug carrier, but also simultaneously attenuates Cd-induced toxicity.

Key words: nano-Fe;O,; Cd; joint toxicity; liver

CLC number: R965 Document code: A doi:10. 3969/j. issn. 0253-2778. 2019. 06. 001

Citation: GONG Jiachun, ZHANG Yan, GUI Zongxiang, et al. Combined toxicity of Fe; O, nanoparticles and

cadmium chloride in the liver of mice by oral route[ J]. Journal of University of Science and Technology
of China, 2019,49(6):431-438.

FERE ORI, RESIRE L 2. T IRGR DU = R A AL R % /N RO I B A2 vk ). P ERRE R
K2, 2019,49(6) :431-438.

OAR#KME4L =KL B/ MR G S
%%%95& 5&‘%@9&%7}#9%&’; Z EH&‘ E%fm»ﬁ}

CRERRAHAR KA FR L BAE AL 230026)

BE. RETHRWAN e F st D RGOS FHE. £ TdA IV RETL A RWEANKLZ
% AR E RS (R B4 A4S 5, MR T IR IR R %ii\éﬂm%iﬁlq—lﬂc A F A AL
BF e BAC BB, 4R E I, AR W R Z 4k A AR A 58 S b)) ST Ik x4k Ao 48 09 2RI, 2 IR A
K vg B =4k (50 mg/kg thT) & A N R RE = A0 89, M 2 RAA (2. 0 mg/kg ) F s AT

Received: 2018-05-20; Revised: 2019-02-26

Foundation item: Supported by the National Natural Science Foundation of China ( 21171157, 20871111, 20571069).

Biography: GONG Jiachun, male, born in 1992, master. Research field: bioinorganic chemistry. Email: jcgong@mail. ustc. edu. cn
Corresponding author: XU Xiaolong, PhD/associate Prof. Email: xuxl@ustc. edu. cn



432 T EAFHRRFFR

% 49 &

JE = A B 20 BAL R BARG. F B 2 IR R W B =4k 5 RS R W B kAt 48 3 IR b R 4R
5 89 BT 09 BAL BB AT B350, RACAR AT IR 69 AR 5. B B 2 IR 2h oK w9 AL =4k B R A4e e, 4 R ma A
= 2K TRAAE 3508, 4 R AT MR 09 AR R, o ELAR ) vy 48 7| AL 09 AT RE o 4K 09 B 2, X 2 2 K vg AL =4k 4R 7
B RE 5,18 RACAR A 5 BACIRAG 69 T S RAEAE R AUH]. AR W BN = TE AT R F R £ ki
F R A G BAR, B A € R AR SR IE N e 2h M BAR S AR 0 B B, ST LR D 4 G Ak

LG, MAWBN R 4 oAl BT

0 Introduction

With the rapid development of nanotechnology
over the last decade, nanomaterials with unique
physicochemical properties such as high surface
area, small size and high reactivity have been used
There is

increasing concern about the potential risk of

in various fields on a global scale.

nanomaterials to human health"”’. Among a wide
variety of nanomaterials, magnetite iron oxide
nanoparticles ( MION ) have found extensive
biomedical applications such as site-specific drug
delivery, contrast agents for magnetic resonance
( MRI ),

complementary functions of MION as imaging

imaging and hyperthermia?’,  The
agents and carriers for drug delivery are of high
clinical significance. With the wide applications of
MION, much research has been carried out to
assess the toxicity of MION, and the results
indicate that MION shows low toxicities in vitro
and in vivo experiments-*,

Cadmium (Cd) is a ubiquitous contaminant of
the natural environment and dietary products™’ and
has been recognized as one of the top 20 hazardous
substances priority list®). The primary sources of
cadmium exposure are cigarette smoke, food
intake and ambient air, particularly in the vicinity
of battery, electroplating, pigment and plastic
manufactories® . Chronic exposure to Cd results in
accumulation of the metal mainly in the liver and
kidneys,  while acute exposure leads to
accumulation of Cd mainly in the liver'”. When
the amount of Cd in the liver and kidneys exceeds
the binding capability of metallothionein (MT)
that has a high affinity for Cd, the non-MT-bound
Cd ions can induce

reactive oxygen species

(ROS®!, which results in oxidative deterioration
proteins and DNAM!.  Chronic Cd

exposure is responsible for a wide range of human

to lipids,

diseases ranging from cancer, hepatotoxicity to

severe kidney failure!'*.

With the wide applications of MION and the
ubiquitous Cd contamination, it is necessary to
identify the synergistic effect of co-exposure to
MION and Cd on human health, The development
and clinical application of MION as an MRI agent
and carrier for drug delivery has increased the
interest for evaluation of the synergistic toxicity of
MION and Cd. Such an

critically important for the

co-exposure to
investigation Is
application of Fe; O, nanoparticles (nano-Fe;O,) in
clinical diagnosis and therapy of Cd poisoning.
MION are suitable candidates as oral delivery of
therapeutic agents and MRI contrast agents for the
diseases of the gastrointestinal tract organs''.
The oral route is one of the main entry portals for
nanomaterials and Cd into the body. Herein, we
investigated the synergistic acute toxicity of nano-
Fe; O, and cadmium chloride in mice by oral route.
The results indicate that the co-exposure to nano-
Fe; O, and Cd has a negative cooperative effect on
the biodistribution of both Fe and Cd, and that
nano-Fe; O, is able to protect against the CdCl,-
induced liver injury in mice. Therefore, nano-
Fe; O, may be used as an ideal MRI contrast agent

for patients with Cd poisoning.
1 Experimental

1.1 Materials

Nano-Fe; O, and bovine serum albumin were
purchased from Sigma-Aldrich (St Louis, MO,
USA ).

Nano-Fe; O, was characterized by
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transmission electron microscopy ( JEM-2010,
JEOL 1Ltd, CdCl,
(ultrapure grade) were purchased from Shanghai

Chemical Reagent Co. Ltd. (Shanghai, China).

All other reagents used were of analytical grade

Japan ). and nitric acid

from commercial sources.
1.2 Animals and treatment

6~8 week old male Kun Ming mice (21g=+
2g, Animal Center of Anhui Medical University)
were housed in polycarbonate cages with filter tops
under standard conditions (22°C 4+ 2°C; relative
humidity at 55% £+ 5%; 12 h light/dark cycle).
Distilled water and sterilized food for mice were
available ad libitum. They were acclimated to the
environment for 5 d prior to dosing. All
experiments were conducted in accordance with the
guidelines of the University of Science and
Technology of China for the care and use of
laboratory animals. Mice were randomly divided
into four groups with 8 male mice in each group:
control group (treated with saline) and three
experimental groups (50 mg/kg BW nano-Fe;O,,
2.0 mg/kg BW CdCl,, 50 mg/kg BW nano-Fe; O, +
2.0 mg/kg BW CdCl,). We chose to work with
the doses of CdCl; (2. 0 mg/kg BW) that was
suggested by Jurczuk et al. "% and Jin et al. "%,
and nano-Fe;O, (50 mg/kg BW) that was
suggested by the OECD guidelines 420", Before
treatment, animals were fasted overnight. Nano-
Fe; O, and CdCl, were suspended into physiological
saline, respectively.  The suspensions
sonicated for 25 min at 60 W (KQ 3200 ultrasonic
cleaner,

Ltd. ).

intragastric feeding respectively, once a day for 7

were
Kunshan Ultrasonic Instrument Co. ,

Chemicals were administered to mice by

consecutive days. For co-administration, nano-
Fe; O, 2h  before the
administration of CdCl,. The

mortality were observed and recorded carefully

were administered

symptom and

every day. After the last oral administration, the
mice were fasted overnight. After anaesthetization
with ether, the blood samples were collected, and
cervical

then the mice were sacrificed by

dislocation. The livers were excised, washed
thoroughly with 95% saline, weighed and stored at
-80°C. The coefficient of liver to body weight was
calculated as the ratio of organ (wet weight, mg)
to body weight (g).
1.3 Fe and Cd content analysis

The liver tissues (0. 1~0. 3 g) were weighed
and digested with ultrapure nitric acid overnight,
respectively. Then the solutions were heated at
120°C to remove the remaining nitric acid until
they were colorless and clear. Finally, the
remaining solutions were diluted to 5 mL with 2 %
nitric acid. The Fe and Cd concentrations in
sample solutions were determined by inductively

coupled plasma-atomic emission

(ICP-AES) (Perkin Elmer Corporation, USA).

Data were expressed as micrograms per gram fresh

spectrometry

tissue.
1.4 Biochemical parameter assay of serum
Liver function was evaluated with serum

CALT ),

alkaline

aminotransferase
( AST ),

lactate

levels of alanine
aminotransferase
phosphatase ( ALP ),
(LDH), total bilirubin (TBIL). All serum

biochemical

aspartate
dehydrogenase
parameters were determined by
commercial kits (Roche Ltd. , Switzerland) using
biochemical autoanalyzer (Roche Modular DPP,
Roche Ltd. , Switzerland).
1.5 Measurement of oxidative stress makers

The liver

oxidative biomarkers by the conventional methods

tissues were assayed for the
151 The activities of
peroxidase ( GPx ).,
(SOD), and the level of lipid

peroxidation product malondialdehyde ( MDA )

as described previously
glutathione superoxide

dismutase

were determined using commercial kits (Nanjing
Jiancheng Bioeng Inst. , Nanjing, China) following
the manufacturer’s protocol.
1. 6 Histopathological examination

For pathological studies, all histopathological
standard

examinations were performed using

laboratory procedures. The tissues of liver were
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10%

solution, embedded in paraffin blocks, sliced into

sampled, immobilized in formaldehyde
5 mm in thickness and placed onto glass slides.
After hematoxylin-eosin (HE) staining, the slides
were observed and the photos were taken using
( Nikon U-III Multi-point
Sensor System, USA).

1.7 Statistical analysis

optical microscope

All results were expressed as means &£ SD.
Data were analyzed using one-way analysis of
variance (ANOVA). Differences were considered

significant when p<<0. 05.

2 Results

2.1 Characterization of nano-Fe; O,

The size and morphology of nano-Fe; O, were
characterized by TEM (Fig. 1). The TEM image
of nano-Fe;O, revealed that the particles had an
morphology with an

approximately spherical

average size of about 15. 0 nm= 0.5 nm.

(a) Representative TEM image

(b)

V2 Particle size
Gauss fit curve

Number/%

16 18 20 22
Size/nm

Bl

10 12 1

(b) size distribution profile

Fig. 1 TEM image of nano-Fe; O, with a mean

size of 15. 0Onm=0. 5 nm

2.2 Effects of co-administration on coefficient of liver

During the whole exposure, the mice were all
at a growth state. The daily behavior such as
eating, drinking and activity in the nano-Fe;O,
group and the nano-Fe; O, + CdCl, group were as

normal as the control group, while the mice

treated with CdCl,

behaviors such as unwillingness to move and

alone exhibited passive
depression after oral administration. Fig. 2 showed
the net weight increase and the coefficient of the
liver to the body weight. No obvious differences
were found in net weight increase between the
control and nano-Fe; O, groups, whereas the net
the CdCl,
significantly reduced (p <C0. 05) compared with

weight increase in group was
that of the control. Interestingly, the net weight
increase in the nano-Fe;O, + CdCl; group was
similar to the control. These results suggested
that CdCl, obviously slowed down the growth of
mice and nano-Fe; O, significantly alleviated the

harmful effect of CdCl,.
4
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Data were shown as mean®=SD, n = 6. * p < 0. 05 versus the control
Fig.2 The weight gain (a) and the liver coefficients (b)

of mice after 7 d oral administration of nano-Fe; Oy



% 64

Combined toxicity of Fe; O, nanoparticles and cadmium chloride in the liver of mice by oral route 435

2.3 Fe and Cd content analysis

Fig. 3 showed the contents of Fe and Cd in the
liver of mice. Oral nano-Fe;O, resulted in a
significant increase in Fe content in the liver. In
contrast, oral CdCl, resulted in a significant
decrease in Fe content in the liver. In the nano-
Fe;O, + CdCl, group, the content of Fe was
significantly lower than the nano-Fe;O, group
(p<<0. 05). The contents of Cd in the control
group and the nano-Fe; O, group were beyond the
limit of detection of ICP-AES. Oral CdCl, resulted
in a significant increase in Cd content in the liver.
In the nano-Fe; O, + CdCl, group, the content of
Cd was significantly lower than that of the CdCl,
group (p<C0. 05). These results revealed that co-
administration of nano-Fe;O, with CdCl, had a
negative cooperative effect on the uptake of Fe and
Cd in the liver.

200

(@)

— *

1604

H =

1204

80

40

Fe contents/(ug/g wet tissue)

control nano-Fe;Oy4 CdCl, nano-Fe;04+CdCl,

80

(b)

*

60 T

*

40

20+

Cd contents/(png/g wet tissue)

control nano-Fe;Oy4 CdCl, nano-Fe;04+CdCl,

Mice were orally administrated with nano-Fe; O, and/or CdCl; for
7 d. Results were presented as mean+SD, n = 6. * p < 0. 05

versus the control
Fig.3 The contents of Fe (a) and Cd (b) in the
liver measured with ICP-AES

2.4 Histopathological examination

The histopathological photomicrographs of
liver tissues were shown in Fig. 4. There were no
abnormal pathological changes in the liver tissues
in the control or nano-Fe; O, group. However, in
the CdCl, group,

observed in the liver tissue. In the nano-Fe; O, +

the piecemeal necrosis was

CdCl, group, although a few hepatocytes showed
hydropic degeneration, no piecemeal necrosis was
observed in the liver tissue. The results indicated
that nano-Fe; O, can protect the liver cells from

CdCl,-induced liver damage.

control

(a) normal liver tissue in the control group; (b) the nano-Fe; O,
group shows normal liver tissue; (¢) the CdCl; group shows the
spotty necrosis (oval); (d) the nano-Fe; O, + CdCl, group shows
the hydropic degeneration of hepatocytes (arrows).
Fig. 4 Histopathological sections of the liver tissue in mice following
oral administration of nano-Fe;O; and/or CdCl, for 7 d

2.5 Biochemical analysis of liver function

In order to further evaluate the protection of
Cd*"-induced hepatotoxicity in mice by nano-
Fe;O,, the serum biochemical parameters in the
mice after administration nano-Fe; O, and/or CdCl,
In the

significant

were determined and shown in Tab. 1.

nano-Fe; O, group, there were no

differences in all tested serum biochemical

parameters compared with the control group,
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except for a slight increase in AST level, revealing
that oral nano-Fe;O, didn’ t affect the liver
function. In the CdCl, group, the levels of ALT,
AST and LLDH significantly increased (p <C0.05)
and the level of TBIL significantly decreased (p <<
0.05) compared with the control group, indicating
CdCl,-induced hepatic injury. In the nano-Fe; O, +
CdCl; group, the levels of AST and I.LDH significantly

increased (p < 0. 05) compared with the control
group. However, compared with the CdCl, group, in
the nano-Fe; O, +CdCl, group, there were significant
decreases in the levels of ALL'T, AST and ILDH, and a
significant increase in the level of TBIL, suggesting
that nano-Fe; O, significantly attenuated CdCl;-induced

damage in the liver,

Tab.1 The mice were orally administrated with nano-Fe; O,

and/or CdCl, for seven consecutive days

Indexes Control nano-Fe; O, CdCl, nano-Fe; O, +CdCl,
ALT/(U- L™ 43.2%£3.1 46.1£3. 3 91.5£8.1" 48.7+4. 2%
AST/(U -« L™ 87.44£6.2 10248" 283+15" 121+4" *
ALP/(U-L™H 92.7+£5.4 95.3+£8.4 98.6£5 96.1£4.2
LDH/(U- 1" 781+£62 832+56 1153492* 898+73" 7

TBIL/(pumol « L7 1.85+0. 25 1.82+0. 21 1.35+0. 14" 1.6540.19

[Note] Data were expressed as mean=SD(n=6). * p< 0. 05 wersus the control; # p<C0. 05 wersus the CdCly group.

2.6 Measurement of oxidative stress makers

The endogenous antioxidative enzymes, SOD
and GPx in the liver were determined after oral
administration of nano-Fe;O, and/or CdCl, for 7
d. As shown in Fig. 5(a) and (b), oral nano-
Fe;O, didn’ t cause significant changes in the
activities of SOD and GPx, suggesting that oral
nano-Fe; O, didn’ t induce an obvious oxidative
stress in the liver. However, oral CdCl, caused
significant decreases in the activities of SOD and
GPx,

oxidative stress in the liver.

suggesting that oral CdCl, induced an
Interestingly, the
activities of SOD and GPx only slightly decreased
in the nano-Fe; O, + CdCl, group, compared with
the control group. Co-administration of nano-
Fe;O, with CdCl,
activities of SOD and GPx compared with the
CdCl,

significantly

significantly increased the

group, indicating that nano-Fe;O,
reduced CdCl,-induced
stress in the liver.

MDA is the product of lipid peroxidation.,

oxidative

which is one of the main manifestations of
oxidative damage. As shown in Fig. 5(c), oral
nano-Fe; O, didn’t cause significant changes in the
level of MDA, suggesting that oral nano-Fe;O,

didn’ t induce an obvious oxidative stress in the

200 @
=
Q
S 150- - #
iy *
£ 1001
2
8 s0-
wn
0 control nano-Fe;O4 CdCl, nano-Fe;0,+CdCl,
200
(b)
)
2 150 A #
=}
5 *
g 100 -
~
2
£ 504
&}
0 control nano-Fe;0y CdCl, nano-Fe;0,+CdCl,
4
(©
=) *
3_
£ > :
S = *
£32 %
~ =
< &
[a)
= 14

control nano-Fe;0y CdCl, nano-Fe;0,+CdCl,

Data were shown as mean 4 SD, n = 6.
*p < 0.05 wversus the control; #p < 0. 05 wersus the CdCl,
group.
Fig. 5 The activities of antioxidative enzymes, SOD and GPx
and the level of MDA in the liver of mice after

oral administration of nano-Fe; O, and/or CdCl, for 7 d
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liver. However, oral CdCl; caused significant
increase in the level of MDA, suggesting CdCl,-
induced lipid peroxidation in the liver. In the nano-
Fe; O, +CdCl, group, although the level of MDA
significantly increased (p <C0. 05) compared with
the control group, co-administration of nano-
Fe; O, with CdCl;, significantly decreased the level
of MDA CdCl,

indicating that nano-Fe; O, significantly attenuated

compared with the group,

CdCl,-induced oxidative stress in the liver.

3 Discussion

In this study, we observed that oral nano-Fe; O,
didn’ t cause obvious hepatotoxicity. However, oral
CdCl, caused obvious oxidative injury in the liver, as
indicated by the liver dysfunction and histopathological
abnormalities. Co-administration of nano-Fe; O, with
CdCl, significantly attenuated CdCl;-induced damage in
liver.

Interestingly, a negative cooperative effect on
the uptake of Fe and Cd in the liver was observed
after co-administration of nano-Fe; O, with CdCl,.
After oral administration, nano-Fe; O, and CdCl,
entered the blood by the uptake of gastrointestinal
tract and further distributed into different organs.
Cd in the liver is believed to be taken up via divalent
metal transporter 1 (DMT1), a transmembrane
proton-coupled Fe*™ transporter''™. DMTI transports
not only Fe?", but also other cations including Cd*".
The negative cooperative effects of nano-Fe; O, and
CdCl; on the biodistributions of Fe and Cd in the mice
suggested that Fe and Cd mutually inhibited the uptake
of each other in a competitive manner since they shared
the same uptake pathway via DMT1. Kwong et al. ['"
also showed that Fe?™ and Cd*" competitively inhibited
the uptake of each other in fish enterocytes.

The protection of CdCl;-induced hepatotoxicity in
mice by nano-Fe; O, may be partially attributed to
the reduction of Cd accumulation in the liver by
Fig. 3(a)

administration of CdCl, significantly decreased the

nano-Fe; O,. showed that oral
Fe level in the liver. Cd not only inhibited the
uptake of Fe in the liver, but also replaced Fe in

Fe-dependent enzymes and proteins'®, which

caused Fe deficiency and disturbances of the Fe
metabolism. Cd-induced Fe deficiency in mice is
considered as a major aspect of Cd toxicity'*?,
The Fe level dramatically increases in the liver of
the mice after co-administration of nano-Fe;O,
with CdCl, being higher than that of the CdCl,
group (Fig. 3(a)). The increase in Fe uptake and
decrease in the replacement of Fe in Fe-dependent
proteins by Cd after co-administration should be
considered as another key mechanism underlying
the nano-Fe; O,-mediated protection of Cd toxicity.
Cd*" is reported to induce oxidative stress in
the liver, which causes lipid peroxidation. The
activities of antioxidant enzymes such as GPx,
SOD are important indicators of oxidative stress.
Yalin et al. ©" reported that the activities of SOD
decreased after a single-dose injection of Cd to
rats. We also observed that the activities of SOD
and GPx in the liver
administration of CdCl,. SOD contains Zn and Cu
in its active site. The Cd-induced decrease in SOD

decreased after oral

activity should be a consequence of the replacement
of the Zn in SOD by Cd"**. GPx contains a Se-Cys
residue at its active site. The reduction in GPx
activity might be due to the interaction of the Se at
of GPx with Cd*. Co-

nano-Fe; O, with CdCl,
significantly increased the SOD and GPx activities
CdCl,

attributed to the reduction of Cd accumulation in

the active site
administration  of
which is

compared with the group,

the liver by nano-Fe;O,.

4 Conclusion

Nano-Fe; O, has an antagonistic effect on Cd-
induced hepatotoxicity in mice. Co-administration
of nano-Fe; O, with CdCl, has negative cooperative
effects on the biodistributions of Fe and Cd in the
liver. The inhibition of Cd-induced deprivation of
tissue Fe and reduction of Cd accumulation in
tissues after co-administration of nano-Fe; O, with
CdCl; may play two key roles in the protective
effect of nano-Fe;O, on CdCl,-induced oxidative
damage in mice. Nano-Fe;O, may be used as a

perfect MRI contrast agent and drug carrier for
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patients with Cd poisoning, since it not only acts
as an MRI contrast agent or drug carrier, but also

simultaneously attenuates Cd-induced toxicity.
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