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Abstract Toxicity and target organ distribution of cerium

oxide nanoparticles (CeNPs) were investigated via single

intravenous injection and single oral administration,

respectively. Rats were sacrificed at 24 h after treatment

with doses of 30 and 300 mg/kg, and cerium concentra-

tions were measured in liver, kidney, spleen, lung, blood,

urine and feces. Results revealed cerium levels in blood

and tissues were considerably low in oral treated groups

and most cerium was detected in feces, meaning CeNPs

would not be absorbed in the gastro-intestinal system.

Conversely, high concentrations of cerium were detected in

all tissues of rats after intravenous injection. Liver and

spleen were main target organs. Cerium levels in liver were

594.9 ± 95.3 lg/g tissue in 30 mg/kg treat group and

3741.7 ± 932.7 lg/g tissue in 300 mg/kg treat group.

Cerium levels in spleen reached almost levels of liver.

Cerium was also detected, that is relatively low compared

to oral administration, in feces of rats treated via intra-

venous injection, that supports biliary excretion of CeNPs.

Urine excretion of CeNPs was not detected in oral treat-

ment and intravenous injection. In accordance with level of

cerium distribution, toxicities based on hematology, serum

biochemistry and histopathology were observed in rats

treated by intravenous injection while no significance was

revealed in orally treated groups.
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Exposure routes � Toxicity differences

Ceria nanoparticles (CeNPs) have many applications for

industry, drug delivery and cosmetic formulations. Espe-

cially, many efforts on development of safe therapeutics

using CeNPs have been initiated. Reports on anti-oxidative

effects of CeNPs have been published (Kolli et al. 2014;

Rocca et al. 2015; Pešic et al. 2015). However, studies on

adverse effects on the environment and human health are

being reported (Nalabotu et al. 2011; Kumari et al. 2014;

Ali et al. 2015). It is why more toxicity tests on the CeNPs

should be conducted to clarify safety issues. Regarding

adverse effects, evidence of inflammation evaluated by

hematological-chemical-clinical assays and histological

examination was observed when acute and subacute in vivo

toxicity were assessed using CD-1 mouse systems (Poma

et al. 2014). Peng, et al. also reported that CeNPs have

higher reactivity to catalyzing the generation of reactive

oxygen species (ROS). ROS generated by CeNPs caused

lung injury in rats: broncho-alveolar lavage (BAL)

inflammation, cytotoxicity, lipid peroxidation, and pro-in-

flammation (Peng et al. 2014). When tomato plants were

treated with relatively low concentrations of CeNPs

(10 mg/L) through their lifecycle, CeNPs revealed adverse

effects including seed quality and development of second

generation seedlings. Second generation seedlings grown

from seeds collected from treated parent plants with CeNPs

(treated second generation seedlings) were generally

smaller and weaker, as indicated by smaller biomass, lower

water transpiration, and slightly higher reactive oxygen

species content (Wang et al. 2013). More on these, and

many others in vitro tests revealed CeNPs have cytotoxi-

city and pro-inflammatory activity in cultured cells.

Recently, a few in vivo tests suggested bioavailability of

nanoparticles is too low to exert intrinsic toxicity especially

when nanoparticles are treated by oral route (Choi et al.

2015). Toxic doses of orally administered nanoparticles
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were relatively higher compared to generally known toxic

chemicals, that must result from low bioavailability and

low concentration of nanoparticles in target organs (Hong

et al. 2014). In a study, mice were treated with 500, 1000,

or 2000 mg/kg zinc oxide nanoparticles for 14 days by oral

administration, and serum biochemistry, hematology, and

histopathological analysis was conducted (Patra et al.

2012). Then, no significant changes were found in lactate

dehydrogenase (LDH), creatinine (CRE), alkaline phos-

phatase (ALP), total protein cholesterol, triglyceride, uric

acid, and phosphorus in treated mice. Slight swelling in the

renal glomerulus was observed only in 2000 mg/kg treated

mice, also uniquely displaying an irregular array of veins,

loss of sinusoid, and hydrophobic degeneration with fatty

liver. The no-observed-adverse-effect level (NOAEL) was

1000 mg/kg. Oral administration of nanoparticles, it seems

to be absurd if bioavailability was not considered. NOAEL

must be significantly down when nanoparticles were

intravenously injected in test animals.

In case of CeNP, a few toxicity tests were conducted

after intravenous injection. By results, toxicity was

revealed in relatively low dose-treated groups compared to

oral groups (Minarchick et al. 2015). Tseng et al. revealed

evidence of acute and subacute adverse hepatic responses

after an infusion of nanoceria (an aqueous dispersion of

85 mg/kg) into Sprague–Dawley rats. Uptake of nanoceria

by Kupffer cells was detected as early as 1 h after infusion.

Although frank hepatic necrosis was not observed, reten-

tion of nanoceria increased hepatic apoptosis acutely, and

this persisted until day 90 (Tseng et al. 2014). They also

revealed that a statistically significant elevation of serum

aspartate aminotransferase (AST) level was observed at 1

and 20 h, but subsided 30 days after ceria infusion. Ele-

vated apoptosis was observed on day 30 (Tseng et al.

2012). However, direct comparison to different routes of

administration, i.e., oral administration and intravenous

injection was not conducted.

The purpose of this study was to investigate differences

in toxicity and kinetics including tissue distribution and

excretion of CeNPs in rats after treatment by two different

routes, an intravenous injection and single oral adminis-

tration. Toxicities as evidenced by serum biochemistry,

hematology, and histopathology of target organs were

evaluated and compared between the two groups, based on

cerium level in target organs.

Materials and methods

CeNPs

CeNPs were purchased from Sigma-Aldrich (St. Louis,

MO, USA). Nanoparticles provided by the manufacturer

were in nano-powder form. According to information

provided by the manufacturer, average particle size deter-

mined by transmission electronic microscopy (TEM) is less

than 20 nm.

Animals and treatment

Seven-week-old Sprague–Dawley female rats were pur-

chased from Orient Bio (Gyeonggi-do, Korea). Rats were

acclimatized to the laboratory for 1 week before initiation

of the experiment. Diet and water were provided ad libi-

tum. The animal facility was maintained at 23 ± 3 �C with

relative humidity of at 55 ± 15%, air circulation 12 times

each hour, and a 12-h light/dark cycle (light from 8:00 to

20:00) with light intensity of 150–300 Lux. For dosing,

CeNPs powder form was diluted with deionized and ster-

ilized water for sonication. Animal study was approved by

the Institutional Animal Care and Use Committee, Dong-

duk Women’s University.

Dosage was 300 mg/kg in high-dose group and 30 mg/

kg in low-dose group. Total treated volume of the CeNPs

suspension was 10 ml/kg in orally treated groups and 5 ml/

kg in intravenous treated group, respectively. For treat-

ment, CeNPs were sonicated by sonifier Vibra-Cell�

(Model VC 505, Sonics & Materials, CT, USA) with

13 mm Probe (Model CV334) at 25% amplitude for 8 min.

Size-distributions of CeNPs in deionized sterilized water

and in fetal bovine serum (1 ml CeNPs solution was

mixture with 9 ml FBS) were measured by dynamic light

scattering. Five rats were used in each group. At 24 h after

treatment, all rats were sacrificed for toxicological exami-

nation and CeNPs analysis. All rats were cared for in

accordance with principles outlined in the ‘‘Guide for the

Care and Use of Laboratory Animals’’ issued by the Ani-

mal Care and Committee of NVRQS (National Veterinary

Research and Quarantine Service) and guidelines of the

Korea Institute of Toxicology.

Sampling and Ce analysis

For biochemistry and hematological assays, rats were

sacrificed at 24 h after dosing. Blood and tissues (liver,

kidney, lung, and spleen) were obtained from control group

and treated groups. Feces and urine were collected daily for

24 h. For Ce analysis, samples were stored at - 80 �C and

digested in a solution of 7 ml 70% HNO3 and 1 ml 30%

H2O2 using a microwave digestion system (Milestone,

Sorisole, Italy) with high temperature and pressure. Rat

samples including tissues, blood, urine, and feces were

completely solubilized in this condition. After diluting the

acidic digested preparation with deionized water, Ce con-

centration was analyzed using inductively coupled plasma

atomic emission spectroscopy (ICP-AES) using an Ultima
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2 apparatus (Horiba Jobin, Yvon, France) at the Korean

Basic Science Institute (Seoul, Korea) (Lee et al. 2013).

Toxicity tests

All the rsts were observed thoroughly for onset of imme-

diate signs of toxicity. Hematology was analyzed using an

Advia 2120 hematological autoanalyzer (Bayer, Whippany,

NJ, USA) including total red blood cell (RBC) count,

hematocrit (HCT), hemoglobin (HGB) concentration, mean

corpuscular volume (MCV), mean corpuscular hemoglobin

(MCH), mean corpuscular hemoglobin concentration

(MCHC), platelet count (PLT), total white blood cell

(WBC) count, and differential leukocyte percentage.

Serum was used for examination of the following param-

eters using a model AV400 biochemistry auto-analyzer

(Olympus, Tokyo, Japan): total protein (TP), albumin

(ALB), A/G ratio, total bilirubin (TBIL), alkaline phos-

phatase (ALP), aspartate aminotransferase (AST), alanine

aminotransferase (ALT), creatinine (CRE), creatinine

phosphokinase (CPK), blood urea nitrogen (BUN), total

cholesterol (TCHO), triglyceride (TG), glucose (GLU),

calcium (Ca), and phosphorus (IP). Serum electrolytes

chloride (Cl-), sodium (Na?), and potassium (K?) were

measured using a Rapidchem 744 Na/K/Cl ion auto-ana-

lyzer (Rapidchem, Erlangen, Germany).

Complete gross postmortem examinations were con-

ducted on all sacrificed rats and three rats were examined

for histopathology in high-dose treated groups. Tissues of

liver, kidney, and lung were taken from the same three

parts of organs and prefixed in 10% (v/v) neutral buffered

formaldehyde for histopathological examination. Fixed

tissues were trimmed, dehydrated, embedded in paraffin,

sectioned, mounted on glass slides, stained with hema-

toxylin and eosin, and examined by light microscopy.

Statistical analyses

Results are presented as mean ± standard deviation (SD).

Differences in parameters between treated groups and

control group were assessed by standard two-way analysis

of variance (ANOVA). If statistical significance was

observed, Duncan’s or Dunnett’s multiple range test was

used for comparative analyses among the groups using

SPSS version 10.1 K (SPSS, Chicago, IL, USA). A

p value\ 0.05 was considered statistically significant.

Results

Size distribution of CeNPs in preparation for dosing

Size distributions of CeNPs in deionized water and in 10%

FBS are shown in Table 1. Average diameter of CeNPs

ranged from 69.2 ± 11.5 to 98.1 ± 7.2 (nm) in deionized

water. Nanoparticles in water were stable. When

nanoparticles in deionized water were mixed with fetal

bovine serum (1:9) to simulate distribution of CeNPs in rat

blood after intravenous injection, nanoparticles were also

well dispersed without aggregation, and average size ran-

ged from 56.4 ± 48.7 to 201.7 ± 44.0 nm.

Tissue distribution and excretion of Ce after single

treatment of CeNPs

Ce concentrations of rat samples measured by ICP-AES at

24 h after oral administration or intravenous injection of

CeNPs are shown in Table 2. Blood concentrations of Ce

were significantly elevated in intravenously injected rats.

Levels were 0.8 ± 0.3 lg/g in low dose and 5.9 ± 2.9 lg/
g in high dose, while Ce was not detected in rats treated by

oral administration. Even in rats orally treated with high

dose of CeNPs (300 mg/kg), no elevation was observed.

Like blood level, Ce in tissues including liver, kidneys,

lung and spleen were not detected at 24 h after oral

administration of CeNPs. However, increased distribution

was observed in the high-dose group and the low-dose

group after intravenous injection of CeNPs. In all tested

tissues including liver, kidney, lung, and spleen, dose-de-

pendent elevations of Ce level were observed. Ce level in

the liver after injection was 3741.7 ± 932.7 lg/g in the

high-dose group and 594.9 ± 95.3 lg/g in the low-dose

group. As shown in Table 2, Ce was also highly distributed

in spleen as well as liver. Ce was detected at a level of

3474.1 ± 1230.7 lg/g in high-dose group and

442.0 ± 441.9 lg/g in spleen. Liver and spleen were major

targets of CeNPs. Ce was also detected in lungs after

intravenous injection but it was about one-tenth level

compared to the liver and spleen. Among organs, kidney

was a minor target after intravenous injection, compared to

the other organs. Ce levels in feces and urine are also

shown in Table 2. Absorption of orally administered

CeNPs through the gastrointestinal tract was very poor, but

was excreted in feces. Ce was detected at a level of

4925.2 ± 3312.9 lg/g in feces of high-dose group and

929.0 ± 515.0 lg/g in low-dose group. The amount of Ce

excreted in feces was very high compared to intravenous

injection, that means CeNPs would not be absorbed in the

gastro-intestinal tract. The rest of CeNPs was still in the

gastro-intestinal tract at 24 h after treatment. Small amount
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of Ce was also detected in feces of rats treated by intra-

venous injection, considerably low compared to those of

oral administration. Excretion via feces after injection

suggested biliary excretion of CeNPs. Compared to feces

excretion, urine excretion after oral administration and

intravenous injection was almost negligible and did not

reveal meaningful difference from the vehicle treated

control level.

Hematology and serum biochemistry

Hematological and serum biochemical findings in rats

sacrificed at 24 h after treatment are shown in Tables 3 and

4, respectively. Although Ce was not detected in blood

after oral administration, statistical reduction in the number

of white blood cells and lymphocytes were observed.

However, other hematological changes were not observed

in orally treated rats. In intravenously treated rats, signifi-

cant reduction of platelet number was observed in the high-

dose group. Neutrophil % was increased and lymphocytes

% was reduced in the low-dose group and high-dose group,

respectively. White blood cells and lymphocyte were also

reduced as shown in the orally treated group (Table 3).

Results of serum biochemical analysis in rats sacrificed

24 h after CeNPs treatment are summarized in Table 4.

Significant changes were not observed in serum biochem-

ical parameters in the orally treated group. Serum param-

eters in the intravenous treated group as well as orally

treated group, were not changed except for A/G ratio. In

the high dose-group of intravenous injection, slight

reduction of A/G ratio from 1.8 ± 0.1 in control group to

1.6 ± 0.1 in treated group was shown. However, the

reduced level does not have toxicologically meaning.

Coagulation parameters were also checked and shown in

Table 5. As shown in the table, prothrombin time (PT) was

increased in high-dose of orally treated group

(15.5 ± 0.8 s) compared to the control group

(14.1 ± 0.4 s). In case of intravenous injected group, it

was increased in low-dose group (16.2 ± 0.7 s) and in

high-dose group (17.4 ± 0.9 s). However, activated partial

thromboplastin time (APTT) was not changed in the two

different treated groups.

Histopathological findings

A histopathological examination was conducted in the

control group and the high-dose group. A summary of

histological findings is presented in Table 6. In liver, mild

infiltration of mononuclear cells was observed in the con-

trol group (3/3), orally treated group (2/3), and intra-

venously treated group (1/3). It is not the effect of CeNPs

because cell infiltration was also shown in the non-treated

control group. Compared to the control group (0/3) and

orally treated group (1/3), hepatocytic vacuolization sig-

nificantly increased in the intravenously treated group (3/

3). Greenish materials were observed in hepatocyte,

Table 1 Size distribution of

CeNPs in deionized water and

10% fetal bovine serum

Vehicle Exp. repeats 6000 3000 600 300 (ppm)

Water N = 1 63.2 77.2 96.9 106.4

N = 2 62.0 80.5 94.3 93.1

N = 3 82.5 87.4 98.3 94.9

Mean ± SD 69.2 ± 11.5 81.7 ± 5.2 96.5 ± 2.0 98.1 ± 7.2 (nm)

FBS1) N = 1 21.2 132.2 250.4 241.9

N = 2 36.0 110.8 189.8 167.8

N = 3 112.0 127.5 164.8 143.9

Mean ± SD 56.4 ± 48.7 123.5 ± 11.2 201.7 ± 44.0 184.5 ± 51.1 (nm)

Nine volume of fetal bovine serum was mixed with one volume of deionized water (1:9). The experiments

were performed three times separately

Table 2 Ceria concentration in blood, feces, urine and target tissues after treatment of CeNPs (lg/g) (n = 4–5)

Dose (mg/kg) Blood Liver Kidneys Lung Spleen Feces Urine

0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.8 ± 0.2 0.0 ± 0.0

30 (oral) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 929.0 ± 515.0 0.0 ± 0.0

300 (oral) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 4925.2 ± 3312.9 0.0 ± 0.0

30 (i.v.) 0.8 ± 0.3 594.9 ± 95.3 0.1 ± 0.2 39.2 ± 11.2 442.0 ± 441.9 2.8 ± 3.0 0.0 ± 0.0

300 (i.v.) 5.9 ± 2.9 3741.7 ± 932.7 36.8 ± 9.1 470.3 ± 44.8 3474.1 ± 1230.7 1.7 ± 2.0 0.0 ± 0.0
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Kupffer cells and sinusoids of the intravenous treated

group, suggesting presence of CeNPs. Focal necrosis was

also observed in the one rat of intravenous treated group,

while no evidence of necrosis was found in the control

group and orally treated group. Representative

histopathological image of liver in intravenous group was

shown in Fig. 1. In the kidney, greenish material deposit

(which seems to be the accumulated CeNPs) were observed

only in the intravenous treated group (3/3) as in liver, while

no evidence was revealed in the control group and orally

treated group (Fig. 2). Greenish deposits were found in

blood monocytes and in glomerular capillaries. Multifocal

mineralization was revealed only in the intravenous treated

group (2/3). No specific lesion in kidney was found in the

orally treated group. In the lung as well as liver and kidney,

greenish material deposits were observed in alveolar walls

and monocytes. Eosinophil crystals and alveolar injury

were found with necrotic cell debris (Fig. 3). No specific

lesion was found in the control group and orally treated

group.

Discussion

Recent studies on bioavailability, biodistribution and

kinetics of nanoparticles have rapidly increased because

many types of nanoparticles have potential development of

biomedicine (Khlebtsov and Dykman 2011; Ruiz et al.

2013; Arami et al. 2015). To exert therapeutic effect or

toxicological effect, nanoparticles should be absorbed and

distributed to target organs. However, many studies using

oral administration of nanoparticles have not demonstrated

appropriate pharmacological or toxicological effects and it

is the poor bioavailability. Recently, studies of nanoparti-

cles using intravenous routes have been increasingly con-

ducted for target organ distribution and toxico-

pharmacological effects (Fraga et al. 2014; Disdier et al.

2015; Elgrabli et al. 2015). When dextran-coated silver

nanoparticles were intravenously injected into a rabbit,

they were mainly accumulated in liver/spleen region

(Ashraf et al. 2015). Organ distribution of gold nanopar-

ticles are influenced by surface charge when treated by

intravenous injection (Elci et al. 2016). When rats were

treated with nanoparticles by oral administration, levels of

target distribution were very low compared to intravenous

injection (Park et al. 2011; Choi et al. 2015). As mentioned

above, toxicity of nanoparticles appeared in the groups

treated with high-dosage of nanoparticles after oral

Table 3 Hematological data at 24 h after CeNP treatment (n = 5)

Parameter (unit) Control Oral Intravenous

0 (mg/kg) 30 (mg/kg) 300 (mg/kg) 30 (mg/kg) 300 (mg/kg)

RBC 9106/lL 8.3 ± 0.4 8.4 ± 0.5 8.0 ± 0.3 8.8 ± 0.3 8.3 ± 0.9

HGB g/dL 16.5 ± 0.9 16.9 ± 0.8 16.2 ± 0.5 17.0 ± 0.8 16.2 ± 2.0

HCT % 46.9 ± 1.8 47.3 ± 0.9 46.3 ± 0.9 49.1 ± 2.2 46.6 ± 5.2

MCV fL 56.5 ± 2.0 56.1 ± 1.6 57.8 ± 1.6 55.5 ± 1.6 55.9 ± 1.7

MCH Pg 19.8 ± 0.6 20.0 ± 0.8 20.2 ± 0.8 19.3 ± 0.6 19.5 ± 1.2

MCHC g/dL 35.2 ± 1.2 35.7 ± 0.6 35.0 ± 0.7 34.7 ± 0.4 34.8 ± 1.2

RET% % 3.2 ± 0.8 2.6 ± 0.7 2.6 ± 0.5 2.6 ± 0.8 2.7 ± 0.5

PLT 103/lL 1031.4 ± 127.9 960.4 ± 144.1 955.2 ± 82.4 913.0 ± 140.6 581.8 ± 200.7**

NEU% % 8.4 ± 2.7 12.2 ± 4.5 12.8 ± 3.5 20.0 ± 6.5* 43.0 ± 9.5**

LYM% % 85.3 ± 3.0 81.1 ± 3.8 79.5 ± 3.2 65.0 ± 6.0** 49.1 ± 10.1**

EOS% % 1.1 ± 0.4 1.2 ± 0.2 1.6 ± 0.6 1.4 ± 0.4 1.8 ± 0.3

MON% % 3.3 ± 1.3 3.9 ± 1.1 4.2 ± 1.3 8.7 ± 1.2** 2.2 ± 0.6

BAS% % 0.4 ± 0.1 0.4 ± 0.2 0.4 ± 0.1 0.6 ± 0.3 0.6 ± 0.1

LUC% % 1.6 ± 0.5 1.2 ± 0.3 1.5 ± 0.2 4.4 ± 1.1 3.3 ± 1.2

WBC 9103/lL 11.4 ± 2.4 6.9 ± 1.6** 6.3 ± 1.2** 7.2 ± 2.0** 6.8 ± 2.0**

RBC total red blood cell count, HCT hematocrit, HGB hemoglobin concentration, MCV mean corpuscular volume, MCH mean corpuscular

hemoglobin, MCHC mean corpuscular hemoglobin concentration, PLT platelet count, WBC total white blood cell count, NEU neutrophil, LYM

lymphocyte, EOS eosinophil, MON monocyte, BAS basophil, LUC leucocytes

*Significant different compared to control group at p\ 0.05, **at p\ 0.01
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administration (Kim et al. 2013, 2014; Kumari et al. 2014).

It was because appropriate administration routes for

bioavailability was not considered that systemic circulation

and target organ distribution would not have occurred.

Although biomedical applications of ceria nanoparticles

were reported and information on in vivo target organ

distribution is essential, only a few reports on distribution

of ceria nanoparticles in target organs have been produced.

Reports are insufficient to ensure bioavailability of orally

administered CeNPs. It was reported that radiolabeled

CeNPs accumulated mainly in lungs, spleen, and liver.

The physico-chemical properties of CeNPs in gastric

juices after oral administration may be rapidly changed.

When CeNPs entered stomach, they will be in acidic

condition and may be aggregated to form big micro-sized

particles. Then, CeNPs would not be absorbed through

gastrointestinal tract. However, the size-change in 10%

fetal bovine serum is not serious and they are still in nono-

size (Table 1). It means that the physico-chemical prop-

erties of CeNPs in blood after intravenous administration

would be rather stable. As shown in Table 2, CeNPs highly

accumulated in liver and spleen. Total amount of accu-

mulated in liver (average weight; 7.59 g) can be calculated

as 28.4 mg in high-dose group and 4.5 mg in low-dose

group. In case of spleen (average weight; 0.49 g), total

amount of ceria can be calculated as 1.7 mg in high-dose

Table 4 Serum biochemistry

data at 24 h after CeNP

treatment (n = 5)

Parameter (unit) Control Oral Intravenous

0 (mg/kg) 30 (mg/kg) 300 (mg/kg) 30 (mg/kg) 300 (mg/kg)

GLU mg/dL 161.0 ± 7.3 140.9 ± 39.8 161.8 ± 35.4 128.1 ± 43.3 118.6 ± 38.3

BUN mg/dL 14.6 ± 1.1 15.1 ± 1.9 14.6 ± 1.3 15.6 ± 2.1 18.1 ± 5.9

CRE mg/dL 0.5 ± 0.0 0.5 ± 0.0 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.0

TP g/dL 6.8 ± 0.6 7.3 ± 0.5 7.3 ± 0.9 7.3 ± 0.5 7.4 ± 0.6

ALB g/dL 4.4 ± 0.3 4.7 ± 0.4 4.7 ± 0.5 4.7 ± 0.3 4.6 ± 0.3

A/G ratio 1.8 ± 0.1 1.9 ± 0.0 1.8 ± 0.1 1.8 ± 0.1 1.6 ± 0.1*

AST IU/L 133.6 ± 24.3 118.4 ± 12.8 237.8 ± 175.3 164.9 ± 18.0 317.2 ± 97.1

ALT IU/L 31.5 ± 11.2 33.5 ± 11.7 115.7 ± 142.8 51.2 ± 20.3 80.4 ± 33.2

TBIL mg/dL 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 0.1 ± 0.0

GGT IU/L 0.9 ± 0.3 0.9 ± 0.7 2.5 ± 4.2 0.8 ± 0.3 6.9 ± 3.6

ALP IU/L 189.4 ± 99.0 191.7 ± 133.3 142.5 ± 48.7 143.5 ± 30.9 328.4 ± 62.1

TCHO mg/dL 70.6 ± 15.7 70.6 ± 25.2 88.6 ± 34.3 66.6 ± 11.1 83.4 ± 20.4

TG mg/dL 27.1 ± 17.2 30.9 ± 30.7 23.5 ± 10.9 16.5 ± 7.4 32.2 ± 15.1

Ca mg/dL 11.0 ± 0.3 11.2 ± 0.3 11.3 ± 0.6 11.2 ± 0.5 11.6 ± 0.7

IP mg/dL 8.1 ± 1.2 6.9 ± 1.8 6.2 ± 1.7 6.5 ± 1.2 6.4 ± 1.5

K mmol/L 7.5 ± 0.2 6.7 ± 1.2 6.7 ± 1.3 7.4 ± 0.8 7.1 ± 0.7

CK IU/L 742.2 ± 210.5 437.0 ± 57.3 608.2 ± 140.3 471.2 ± 154.2 726.8 ± 582.3

PL mg/dL 124.4 ± 28.5 132.0 ± 48.9 156.8 ± 58.2 122.0 ± 20.7 148.2 ± 30.7

Na mmol/L 144.4 ± 0.5 147.0 ± 2.9 146.0 ± 1.6 146.2 ± 0.8 146.8 ± 4.5

Cl mmol/L 101.2 ± 0.4 103.6 ± 1.5 102.4 ± 2.3 104.2 ± 1.9 102.2 ± 3.0

GLU glucose, BUN blood urea nitrogen, CRE creatinine, TP total protein, ALB albumin, A/G albumin

globulin ratio, AST aspartate aminotransferase, ALT alanine aminotransferase, TBIL total bilirubin, GGT

gamma-glutamyl transferase, ALP alkaline phosphatase, TCHO total cholesterol, TG triglyceride, Ca

calcium, IP inorganic phosphorus, K potassium, CK creatinine kinase, PL phospholipid, Na sodium, Cl

serum electrolytes chloride

*Significant different compared to control group at p\ 0.05

Table 5 Changes of

prothrombin time (PT) and

activated partial thromboplastin

time (APTT) (n = 5)

Parameter (unit) Control Oral Intravenous

0 (mg/kg) 30 (mg/kg) 300 (mg/kg) 30 (mg/kg) 300 (mg/kg)

PT Sec 14.1 ± 0.4 14.5 ± 0.6 15.5 ± 0.8* 16.2 ± 0.7** 17.4 ± 0.9**

APTT Sec 15.8 ± 1.0 15.7 ± 1.1 15.7 ± 0.7 13.9 ± 2.0 16.7 ± 2.8

*Significant different compared to control group at p\ 0.05, **at p\ 0.01

Toxicity and tissue distribution of cerium oxide nanoparticles in rats by two different routes… 1113

123



group and 0. 2 mg in low-dose group. Although concen-

tration of Ce was almost same in liver and spleen, total

accumulated Ce was significantly higher in liver than in

spleen. In liver, approximately half (47.3%) of total

injected CeNPs in high-dose group (60 mg CeNPs in 200 g

body weight) was accumulated and more than half (75.0%)

of total injected CeNPs in low-dose group (6 mg CeNPs in

200 g body weight) was accumulated. In case of oral

administration, CeNPs were not distributed in all tested

targets including liver, kidneys, spleen, lung and liver. But

most treated CeNPs were found in feces; 4.93 mg/g in

high-dose group and 0.93 mg/g in the low dose-group.

Total amount of CeNPs was calculated as 15.2 mg in feces

of high-dose group at 24 h after treatment, approximately

25% of orally administered CeNPs. In the low-dose group,

total amount of CeNPs in feces of high-dose group at 24 h

after treatment was calculated at 1.30 mg, approximately

21.7% of orally administered CeNPs. Feces were collected

for 1 day and total amount was calculated (average weight:

3.1 g in high-dose group, 3.5 g in low-dose group). Only

22–25% of total CeNPs treated by oral administration was

excreted through feces. More than 70% of total adminis-

tered CeNPs still remained at 1 day in the gastro-intestinal

tract. CeNPs remaining in the body shall be excreted dur-

ing the next few days. Urine excretion was negligible in

our test. As shown in Table 2, relative small amount of

CeNPs was excreted through feces after intravenous

injection. Although levels were very minor compared to

feces, it suggests the possibility of bile excretion of CeNPs.

Regarding toxicity data in Table 3, total white blood

cells, platelet and lymph were reduced but neutrophils were

increased in the intravenously treated group. Compared to

orally treated groups, more changes in hematological

parameters were found in the intravenously treated group.

Changes in immune/inflammatory cells such as lympho-

cytes, neutrophils may suggest certain adverse effects.

Changes of white blood cells (WBC) count was also in oral

treated groups as well as intravenous treated groups. As

described before, bioavailability of CeNPs was almost

negligible after oral administration. At this moment, we do

Fig. 1 Histopathology of the liver with intravenous treatment with

300 mg/kg. Note the greenish material deposits in the sinusoid and

Kupffer cells (arrows) (9200)

Table 6 Histopathological findings in the liver, kidney and lung of the rats treated with nanoparticles (n = 3)

Organ/histopathology Group Control 300 (mg/kg) (oral) 300 (mg/kg)

(i.v.)

Rats a b c d e f g h i

Liver NSL

Cell infiltration, mononuclear cells, multifocal 1? 1? 1? 1? 1? 1?

Hepatocytic vacuolation, focal 1? 1? 1? 1?

Greenish material deposits, hepatocytes/Kupffer cells/sinusoids 3? 2? 2?

Focal necrosis 1?

Kidney NSL NSL NSL NSL NSL

Lymphocytic infiltration, (multi)focal 1?

Greenish material deposits, refractile, glomerulus/blood monocytes 1? 1? 1?

Mineralization, CM junction, (multi)focal 1? 1?

Lung NSL NSL NSL NSL NSL

Greenish material deposits, refractile, alveolar walls/blood monocytes 1? 1? 1?

Eosinophilic crystals, alveolar spaces, focal 1?

Mineralization, arterial wall, (multi)focal 1? 1?

NSL no specific lesion

Grades: 1? , minimal; 2? , mild; 3? , moderate
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not understand the meaning of WBC changes in oral

treated groups. More information on blood coagulation

system needs to be obtained because increased prothrom-

bin time (Table 5) and platelet reduction were revealed in

the intravenous treated group (Table 3). Unexpectedly, no

meaningful changes in serum biochemical parameters were

observed. Although A/G ration was reduced statistically in

the injected high-dose group, it does not have physiological

meaning (Table 4). AST and ALT levels were not signifi-

cantly increased although the Ce level in liver was elevated

and confirmed in histopathological analysis. It suggested

that CeNPs did not strong toxicity in vivo, compared to

other nanoparticles such as silver nanoparticles. As shown

in Table 2, blood concentration of CeNPs are relatively

considerably low compared to target organs including liver,

spleen, lung and kidney at 24 h after treatment. CeNPs are

easily distributed to target organs that have high volume of

distribution. Low blood concentration of CeNPs in this

study may have minor effects on blood/serum parameters.

Histopathological analysis of CeNPs-treated groups was

summarized in Table 6. Compared to other organs, livers

from intravenous treated rats revealed the adverse effects

including vacuolization. However, the histopathological

changes in the major target organ were not meaningful in

orally treated group and intravenous treated group, even-

though the CeNPs levels were significantly higher in

intravenously treated group.

In summary, bioavailability of CeNPs was negligible in

orally treated rats and no toxicologically meaningful

effects were observed, while systemic circulation and dis-

tribution to target organs were validated to reveal toxico-

logical effects in the intravenously treated group.
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