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Abstract
Zinc oxide nanoparticles (nano-ZnOs) are widely used and possess great potentials in agri-

culture and biomedicine. It is inevitable for human exposure to these nanoparticles. However,

no study had been conducted to investigate the long term effects of nano-ZnOs. This study

aimed at investigating effects of nano-ZnOs on development, zinc metabolism and biodistri-

bution of minerals (Zn, Fe, Cu, and Mn) in mice from week 3 to 35. After the characteristics of

nano-ZnOs were determined, they were added into the basal diet at 0, 50, 500 and 5000

mg/kg. Results indicated that added 50 and 500 mg/kg nano-ZnOs showed minimal toxicity.

However, 5000 mg/kg nano-ZnOs significantly decreased body weight (from week 4 to 16)

and increased the relative weights of the pancreas, brain and lung. Added 5000 mg/kg nano-

ZnOs significantly increased the serum glutamic-pyruvic transaminase activity and zinc con-

tent, and significantly enhanced mRNA expression of zinc metabolism-related genes, includ-

ing metallothionein 1(32.66 folds), metallothionein 2 (31.42 folds), ZIP8 (2.21folds), ZIP14

(2.45 folds), ZnT1 (4.76 folds), ZnT2 (6.19 folds) and ZnT4 (1.82 folds). The biodistribution

determination showed that there was a significant accumulation of zinc in the liver, pancreas,

kidney, and bones (tibia and fibula) after receiving 5000 mg/kg nano-ZnO diet, while no signif-

icant effects on Cu, Fe, and Mn levels, except for liver Fe content and pancreas Mn level. Our

results demonstrated that long term exposure to 50 and 500 mg/kg nano-ZnO diets showed

minimal toxicity. However, high dose of nano-ZnOs (5000 mg/kg) caused toxicity on develop-

ment, and altered the zinc metabolism and biodistribution in mice.

Introduction

In the last decades, nanotechnology has been developing fast and it is inevitable for human to
expose to nanostructuredmaterials, so more concerns have been spurred over the possible
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adverse effects of exposure to nanoparticles [1–3]. The key reason for the emerging develop-
ment of nanotechnology could be attributed to the decreased particle size and increased surface
area to volume ratio at the nanoscale which brings quantum mechanics and results in novel
and enhanced potentials[4]. Owing to their high surface area, enhanced reactivity, and high
chemical stability, metal oxide nanoparticles possess excellent potentials and are widely applied
[5,6]. Among various metal oxides, zinc oxide nanoparticles (nano-ZnOs) are the best studied
and most widely used nanostructuredmaterials for their multifunctional physical and chemical
properties and easy synthesis[5]. Nano-ZnOs can be prepared by various methods, such as the
traditional high temperature solid state method, chemical precipitation, sol-gel synthesis, and
hydrothermal method[7]. Currently, nano-ZnOs are widely used in personal care products
(cosmetics and sunscreens), plastics, ceramics, glass, rubber, batteries, fire retardant [8]. It was
also reported that nano-ZnOs showed greater effects on the inhibition of cancer cells than the
existing technologies [5,6]. Owing to the high antibacterial activity, chemical stability and solu-
bility, nano-ZnO shows great interests in the application in fields of food additives, packing
and agriculture, and biomedicine [9–11]. Many factors could affect the antibacterial property
of nano-ZnOs, including the pH precursor solution and reagents controlling the growth of
nano-ZnOs, the morphology, particle size and so on [11,12].

As for the popular application of nano-ZnOs, the human is commonly exposed to such
nanoparticles. It is an emerging need to investigate the toxicity of nano-ZnOs, which can easily
enter cells and introduce oxidative stress, although it has been reported that nano-ZnOs exhib-
ited high biocompatibility with human cells and high selectivity[11,13]. Some studies have
been conducted to investigate the short term effects of nano-ZnOs in vitro and vivo. After an
exposure of 0.5h to 72h, nano-ZnOs could cause acute cytotoxicity on various cell types, such
as human epidermal cells [14], liver and retinal cells [15,16] and white blood cells [17] via
interfering with zinc ion homeostasis or inducing oxidative stress. In vivo, inhalation exposure
to nano-ZnOs for 3 days caused severe damage in liver and lung tissues [18]. Acute exposure to
high dose ranges of nano-ZnOs (1–5 g/kg body weight) via oral treatment damaged the liver,
spleen and pancreas in mice [19]. With the repeated dermal exposure for 28 days in Sprague-
Dawley rats, nano-ZnOs showed dose-dependent toxicity on collagen in skin, potential reasons
for which may be that the nano-ZnOs passed through skin due to their small size [20]. Oral
treatment with nano-ZnOs for 14 days could disturb energymetabolism and cause mitochon-
dria and cell membrane impairment in rat kidney, which may contribute to nano-ZnO induced
nephrotoxicity [21]. Recently, it was reported that the oral doses for the study with 15-days
repeated of nano-ZnOs were maternotoxic in the 200 mg/kg/day group, and embryotoxic in
the 400 mg/kg/day group [22,23]. Despite of the significant acute effects of nano-ZnOs on
mice and rats, the long term effects of nano-ZnOs on the development has not been reported.
Moreover, it was supposed that the toxicity of nano-ZnOs could be due to interfering with the
zinc ion hemostasis via enhanced absorption and transported to the target organs [17,20,24].
However, effects of nano-ZnOs on the zinc metabolism in small intestine are still unclear.

Therefore, our present study was conducted to evaluate the long term effects of doses of
nano-ZnOs on the development, zinc metabolism, and mineral biodistribution (Zn, Fe, Cu,
Mn) in different tissues (kidney, muscle, pancreas, liver, brain, testis and bone). Results of this
study could provide additional relevant information to the safety evaluation and application of
nano-ZnOs via long term oral exposure in mice.

Material and Methods

Experiments were approved and conducted under the supervision of the Institutional Animal
Care and Use Committee of Nanjing Agriculture University, China.
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Characterization of the nano-ZnOs

The nano-ZnOs provided by Hangzhou King Techina Technology CO., Ltd (Zhejiang, China)
were characterized in the term of primary sizes, morphological and crystalline properties by
using the Malvern Autosier (Malvern Instruments, Malvern, UK), and transmission electron
microscope (TEM, JEM-200CX, Japan). The nano-ZnOs for TEM were suspended in methanol
and were placed onto a carbon coated copper grid. The high resolution transmission electron
microscopy (HR-TEM) was operated at 200 kV.

Animal and experimental design

The basal mice diet and 48 healthy CD-ICR male mice (3-week old), weight about 11.50 g,
were provided by Experimental Animal Center, Yangzhou University (Jiangsu, Chian). Mice
were randomly divided into four groups, 12 mice per group. They were fed diets as follow: (1)
the control group: basal diet; (2) 50 mg/kg nano-ZnO group: basal diet+50 mg/kg nano-ZnOs;
(3) 500 mg/kg nano-ZnO group: basal diet+500 mg/kg nano-ZnOs; (4) 5000 mg/kg nano-ZnO
group: basal diet+5000 mg/kg nano-ZnOs.Mice were housed in polypropylene cages and
maintained in an animal house at 20±5°C and 12h light/dark cycle. Mice were fed with deion-
ized water and ad libitum. The food and water supply, house temperature, behavior patterns,
and clinial signs of toxicity (lethargy, coma, tremors, nausea, vomiting, diarrhoea, etc) will be
checked twice a day (8:00 and 18:00). Once clinial sign occurred,mice would have been raised
seperately. When mice became unconscious, they would have been sacrificedhumanely with
carbon dioxide. The duration of this experiment was 32 weeks, the body weight of each mouse
was weighed everyweek and no mice died.

Sample collection

At the end of the feeding trial, mice (a 12h fast) were weighed, and humanely sacrificedby car-
bon dioxide asphyxiation. Blood samples were centrifuged at 3000×g for 15min at 4°C to
obtain serum,which was stored at -20°C until for analysis. The liver, kidney, brain, spleen,
heart, pancreas, and testis were weighed and calculated relative organ weight (organ weight:
body weight). The selected tissues and thigh muscle (rectus femoris muscle and vastus medialis
muscle), and bone (tibia and fibula) samples were stored at -20°C. The 4cm jejunal samples
were collected at a 7cm distance from the pyloric sphincter, quickly-frozen by immersion in
liquid nitrogen and stored at -80°C until for analysis of zinc metabolism.

Analysis of serum biochemical parameters

The concentrations of Zn, and the activities of glutamic oxalacetic transaminase (GOT), glu-
tamic-pyruvic transaminase (GPT) and alkaline phosphatase (ALP) in serumwere determined
by corresponding commercial kits purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). These serum parameters were determinedwith the recommended procedure
of each kit.

Determination of mineral biodistribution

The mineral concentrations (Zn, Fe, Cu, and Mn) of tissues, including liver, kidney, brain, pan-
creas, testis, thigh muscle (rectus femoris muscle and vastus medialis muscle) and bones (tibia
and fibula), were determined as describedby Demirbaş [25] with some modifications. Briefly,
tissues (0.5–1.5g) were digested using an acid mixture (HNO3:HClO4 = 4:1, v:v). The digest
was brought to a volume of 25 ml with demineralizedwater. Blanks and standard solutions
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were prepared. After that, mineral concentrations were determined via inductively coupled
plasma mass spectrometry (ICP-MS, USA).

Determination of relative mRNA expression of Zn metabolism in jejunum

Total RNA of jejunum was extractedwith Trizol reagents according to the manufacturer’s
introduction (Invitrogen, USA). After that the RNA quality was verified by nano-drop 2000
(ratios of absorption including 260/280 nm and 260/230 nm between 1.90 and 2.05) and by
agarose gel electrophoresis, 2 μg RNA was incubated at 72°C with Random Primer (Promega,
Belgium) for 5 min and incubated for 1 h with reverse transcription mixture (Takara, Dalian,
China), including 5×M-MLV-RT buffer, M-MLV reverse transcriptase and dNTPs. Finally, the
reverse transcription was inactivated at 90°C for 10 min.

In this study, Zn metabolism-related gene expression of metallothionein 1 (MT1), metal-
lothionein 2 (MT2), solute carrier family 39 member 8 (ZIP8), solute carrier family 39 member
8 (ZIP14), solute carrier family 30 member 1 (ZnT1), solute carrier family 30 member 2
(ZnT2), and solute carrier family 30 member 4 (ZnT4) in jejunum were determined.Gene-spe-
cific primers were listed in Table 1 and were synthesized by Invitrogen Biotech Co. LTD.
(Shanghai, China). β-actin was chosen as the housekeeping gene. Reverse transcription poly-
merase chain reaction (RT-PCR) assays were conducted by utilization of ABI 7300 RT-PCR
system (Applied Biosystems, Foster City, CA) with a SYBR Premix Ex TaqTM Kit (TakaRa Bio-
technologyCo. Ltd, Dalian, China) according to the manufacturer’s instructions. The relative
mRNA expression was determinedwith ABI software and calculated with the 2-ΔΔCt as
describedby Livak, Schmittgen [26].

Statistical analysis

The data were analyzed by Turkey’s multiple range test of SPSS statistical package for Windows
(Version 20.0, SPSS Inc., Chicago, IL) and present as mean± SE. Effects of increasing level of
nano-ZnOs were partitioned into linear, quadratic using polynomial trend analysis. P value
below 0.05 was considered as statistical significant level.

Table 1. Primers sequences used in quantitative real time PCR assays.

Genes Accession No. Primers Sequences(5’—3’) bp

β-actin NM_007393.3 Forward CTGTCCCTGTATGCCTCTG 218

Reverse ATGTCACGCACGATTTCC

ZIP 8 NM_026228 Forward AGGGCTTGGTCCCTGAGTTA 145

Reverse CCAGAGCATGGCAAGACTGA

ZIP 14 NM_144808.4 Forward ACGCCTCCCTTTTCCTTCTG 157

Reverse ATGCCAAAATGGACCGACCT

ZnT 1 NM_009579.3 Forward CAATTCCAACGGGCTGAAGG 213

Reverse ACCAAGGCATTCACGACCAC

ZnT 2 NM_001039677 Forward TGCCCAGGAGGAATTTGCTT 118

Reverse TGGCCTTGGTAAGCCATGTT

ZNT 4 NM_001290993 Forward CACCACCATTCTCACGCTCA 129

Reverse CAAGTCTCCCAAGGCGTGTA

MT1 NM_013602 Forward ATCTCGGAATGGACCCCAAC 297

Reverse ACTCGGTAGAAAACGGGGGT

MT 2 NM_008630 Forward GCATCTGCAAAGAGGCTTCC 127

Reverse GGAGAACGAGTCAGGGTTGT

doi:10.1371/journal.pone.0164434.t001
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Results

Characteristics of nano-ZnOs

In the present study, the average particle size of nano-ZnOs was 40.90±3.18 (n = 3). To confirm
the size and determine the morphology and crystalline quality, nano-ZnOs were investigated
in detail via TEM and the corresponding results demonstrated in Fig 1. In agreement with
results of the average particle size, the TEM observations indicated that nano-ZnOs exhibited
almost spherical geometrywith diameter about 30-50nm (Fig 1A and 1B). The HR-TEM
image showed that these nano-ZnOs were single crystal particles with a lattice constant of
around 0.26 nm, as shown in Fig 1C.

Effects of nano-ZnOs on the body weights

Effects of nano-ZnOs on the body weights were shown in Fig 2. Results indicated that dietary
added 5000 mg/kg nano-ZnOs significantly decreased the body weights of male mice at week 4
as compared with those of the control (21.42±0.36 vs 23.34±0.33, P<0.01), and this difference
lasted for 13 weeks from 4 to 16 week of age. From 17 to 35 week, the body weights were still
lower than those of control, while there was no significant difference (P>0.05). The addition of
50 and 500 mg/kg nano-ZnOs showed a trend to increase the body weights of mice, while there
was no significant difference among the control, 50 and 500 mg/kg nano-ZnO groups
(P>0.05). However, mice in 50 and 500 nano-ZnO groups showed higher body weights than
those in 5000 mg/kg nano-ZnO group from week 4 to 35 (P<0.05).

Effects of nano-ZnOs on the organ weights

Effects of nano-ZnOs on the relative organ weights were present in Table 2. Results indicated
that supplementation with doses of nano-ZnOs did not changed the relative weights of liver,
spleen, kidney, heart, and testis. However, 5000 mg/kg nano-ZnOs significantly increased the
relative weights of the pancreas, brain and lung as compared with the control (P<0.05). There
was no significant difference in the selected organ weights among the control, 50 and 500 mg/
kg nano-ZnO groups (P>0.05), except for relative weights of lung which was increased by long
term exposure to 500 mg/kg nano-ZnOs (P = 0.03).

Effects of nano-ZnOs on serum parameters

As shown in Table 3, long term exposure to doses of nano-ZnOs did not affect the serum activ-
ities of ALP and GOT (P>0.05). However, added 5000 nano-ZnOs significantly increased the
zinc concentration and GPT activity in serum as compared to the control (P<0.01), while

Fig 1. TEM image of nano-ZnOs: (a) low magnification image, (b) high magnification images, and (c) HR-TEM

image.

doi:10.1371/journal.pone.0164434.g001
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Fig 2. Mean body weights of male mice in control and 50, 500 and 5000 mg/kg groups from week 3 to 35. No. of

animals studied per group was 12. For clarity, the significance symbols at different time points are omitted. Mice in 5000

mg/kg nano-ZnO group had significant lower body weights than the control from 4 to 16 weeks; showed lower body

weights than 50 and 500 nano-ZnO groups from 4 to 35 weeks. There was no significant difference in body weights of

mice among the control, 50 and 500 nano-ZnO groups.

doi:10.1371/journal.pone.0164434.g002

Table 2. Effects of nano-ZnOs on the relative organ weights (10 mg/g).

Item1 control nano-ZnO SEM2 P P-Value Trend3

50 mg/kg 500 mg/kg 5000 mg/kg L Q

liver 4.17 4.13 4.08 4.11 0.04 0.82 0.45 0.62

Spleen 0.23 0.23 0.25 0.27 0.01 0.41 0.21 0.70

Pancreas 0.61b 0.72ab 0.73ab 0.86a 0.03 0.01 <0.01 0.88

Kidney 1.72 1.75 1.73 1.85 0.03 0.22 0.10 0.35

Heart 0.59 0.58 0.59 0.65 0.01 0.09 0.05 0.11

Testis 0.79 0.76 0.81 0.82 0.01 0.40 0.21 0.56

Brain 1.03b 1.05b 1.07b 1.21a 0.02 <0.01 <0.01 0.07

Lung 0.67b 0.68ab 0.77a 0.78a 0.02 0.03 0.01 0.91

a-b Means in a row with different superscripts were significantly different (P<0.05).
1Data were expressed as mean values.
2SEM = standard error of the mean (n = 12).
3P-Value Trend refers to polynomial trend analysis; L = linear trend; Q = quadratic trend.

doi:10.1371/journal.pone.0164434.t002
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there was no significant difference in serum zinc level and GPT activity among the control, 50
and 500 mg/kg nano-ZnO groups (P>0.05).

Effects of nano-ZnOs on mineral contents of selected tissues

Compared with the control, long term exposure to 5000 mg/kg nano-ZnOs significantly
(P<0.05) increased the Zn contents in the liver, pancreas, kidney, and bones (tibia and fibula),
without significant effects on the Zn levels of thigh muscle (rectus femoris muscle and vastus
medialis muscle), brain and testis (P>0.05), as shown in Table 4. There was no difference in Zn
contents of the selected tissues among the control, 50 and 500 mg/kg nano-ZnO groups
(P>0.05). Long term exposure to nano-ZnOs (50, 500 and 5000 mg/kg) did not affect the con-
tents of Cu, Fe and Mn in selected tissues (P>0.05), except for the liver Fe content and pan-
creas Mn level (P<0.05). Addition of nano-ZnOs showed significantly quadratic effects on
hepatic Fe contents, which were the highest in mice exposed to 50 mg/kg nano-ZnOs and low-
est in mice exposed to 5000 mg/kg nano-ZnOs. As compared to the control, nano-ZnOs (50,
500 and 5000 mg/kg) significantly decreased the Mn contents of the pancreas (P<0.05).

Effects of nano-ZnOs on mineral concentrations of feces

Long term exposure to nano-ZnOs did not affect the Fe, Cu and Mn contents in feces
(P>0.05). However, Added nano-ZnOs significantly increased the fecal Zn contents with sig-
nificant dose-dependent effects (P<0.05), as shown in Table 5.

Effects of nano-ZnOs on the mRNA expression of Zn metabolism-

related genes in jejunum

Compared to the control, mice receiving 5000 mg/kg nano-ZnOs showed significantly
(P<0.05) higher relative mRNA expression of the selectedZn metabolism-related genes,
including MT1 (32.66 folds), MT2 (31.42 folds), ZIP8 (2.21folds), ZIP14 (2.45 folds), ZnT1
(4.76 folds), ZnT2 (6.19 folds) and ZnT4 (1.82 folds). Added 50 and 500 mg/kg nano-ZnOs did
not affect the Zn metabolism-related gene expression (P>0.05), as shown in Fig 3.

Discussion

Zinc is an important essential trace element for growth, immune system, metabolism and
wound healing in both human and animals. Zinc oxide (ZnO) is generally considered as a
cheap inorganic material with low toxicity, which is commonly used as a nutritional or medical
additive for the zinc-deficient children or animals [9,22]. Owing to the small size, increased

Table 3. Effects of nano-ZnOs on serum parameters.

Item1 control nano-ZnO SEM2 P P-Value Trend3

50 mg/kg 500 mg/kg 5000 mg/kg L Q

Zn(μmol/L) 25.45b 25.15b 29.48b 38.14a 1.37 <0.01 <0.01 0.06

ALP(U/dL) 7.69 8.62 7.08 7.51 0.30 0.32 0.43 0.68

GPT(U/L) 16.51b 17.43b 18.84b 31.00a 1.63 <0.01 <0.01 0.05

GOT(U/L) 58.31 54.58 59.18 63.23 1.82 0.43 0.24 0.29

a-bMeans in a row with different superscripts were significantly different (P<0.05).
1Data were expressed as mean values.
2SEM = standard error of the mean (n = 12).
3P-Value Trend refers to polynomial trend analysis; L = linear trend; Q = quadratic trend.

doi:10.1371/journal.pone.0164434.t003
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surface area to volume ratio at nanoscale, nano-ZnOs possess multiple properties and have
been widely used [4–6]. Although it was reported that nano-ZnOs exhibited high biocompati-
bility with human cells and high selectivity[27],more concerns have been spurred over the pos-
sible adverse effects of exposure to nanoparticles [28,29]. Recently, the acute toxicity of nano-
ZnOs had been investigated in vitro and vivo [30–32], while no long term effects of nano-
ZnOs had been reported yet.

Table 4. Effects of nano-ZnOs on mineral concentrations of selected tissues.

Item1 control nano-ZnO SEM2 P P-Value Trend3

50 mg/kg 500 mg/kg 5000 mg/kg L Q

Liver

Zn(mg/kg) 31.35b 31.42b 33.26b 39.94a 0.77 <0.01 <0.01 0.01

Fe(mg/10g) 11.12ab 14.11a 11.87ab 9.27b 0.51 0.01 0.06 <0.01

Cu(mg/kg) 12.21 13.72 13.39 13.75 0.22 0.04 0.03 0.18

Mn(mg/kg) 5.03 4.83 4.69 5.00 0.12 0.75 0.83 0.31

Pancreas

Zn(mg/kg) 29.28b 30.67b 33.35b 211.76a 13.31 <0.01 <0.01 <0.01

Fe(mg/kg) 614.29 454.29 489.31 520.03 35.06 0.42 0.44 0.18

Cu(mg/kg) 17.90 15.32 15.97 16.03 0.80 0.71 0.49 0.45

Mn(mg/kg) 11.03a 8.50b 8.65b 9.02b 0.30 0.01 <0.01 0.08

Kidney

Zn(mg/kg) 13.63b 14.02b 14.19b 20.42a 0.90 0.14 0.01 0.08

Fe(mg/kg) 478.28 403.39 382.19 335.69 22.96 0.17 0.03 0.75

Cu(mg/kg) 12.69 12.34 12.93 12.21 0.25 0.74 0.71 0.72

Mn(mg/kg) 6.40 6.28 6.60 5.47 0.27 0.48 0.31 0.99

Thigh muscle

Zn(mg/kg) 11.98 10.93 10.57 14.39 0.55 0.06 0.15 0.03

Fe(mg/kg) 128.71 130.48 122.97 132.51 4.18 0.88 0.92 0.66

Cu(mg/kg) 4.31 4.58 4.76 5.07 0.12 0.15 0.05 0.91

Mn(mg/kg) 1.26 1.10 1.19 0.93 0.05 0.13 0.06 0.60

Brain

Zn(mg/kg) 7.96 8.35 9.96 9.52 0.64 0.67 0.29 0.76

Fe(mg/kg) 140.22 135.76 162.34 134.76 6.96 0.48 0.87 0.42

Cu(mg/kg) 11.91 11.73 11.42 10.17 0.27 0.08 0.02 0.29

Mn(mg/kg) 1.96 1.91 2.05 1.78 0.10 0.82 0.65 0.61

Testis

Zn(mg/kg) 20.21 23.11 21.20 21.48 0.50 0.23 0.67 0.19

Fe(mg/kg) 229.60ab 240.99a 230.86ab 202.36b 4.74 0.02 0.02 0.03

Cu(mg/kg) 11.83 12.23 11.15 11.98 0.21 0.33 0.74 0.62

Mn(mg/kg) 2.97 3.15 3.02 2.63 0.11 0.36 0.23 0.19

Bone

Zn(mg/kg) 219.41b 204.54b 261.53b 722.77a 45.69 <0.01 <0.01 <0.01

Fe(mg/10g) 10.05 10.37 14.26 14.74 1.72 0.70 0.29 0.98

Cu(mg/kg) 12.33 11.81 12.00 14.38 0.37 0.05 0.05 0.04

Mn(mg/kg) 10.95 8.22 10.43 14.09 0.81 0.09 0.10 0.04

a-bMeans in a row with different superscripts were significantly different (P<0.05).
1Data were expressed as mean values.
2SEM = standard error of the mean(For samples of the liver, pancreas, kidney, thigh muscle, brain and testis, n = 12; for bone samples, n = 6).
3P-Value Trend refers to polynomial trend analysis; L = linear trend; Q = quadratic trend.

doi:10.1371/journal.pone.0164434.t004
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It has been proved that the size, shape and chemical structure are important factors affect
the cytotoxicity caused by nanoparticles [12,33]. The nano-ZnO toxicity was increasedwith
the decreased size or increased concentration [19,21,34]. The cytotoxicity of spherical nano-
ZnO was higher than that of the nano-ZnO tetrapods or the flower-like nanoparticle[12,35].

Table 5. Effects of nano-ZnOs on mineral concentrations of feces.

Item1 control nano-ZnO SEM2 P P-Value Trend3

50 mg/kg 500 mg/kg 5000 mg/kg L Q

Zn (mg/10g) 1.67c 4.99c 21.21b 79.54a 9.45 <0.01 <0.01 <0.01

Fe (mg/10g) 12.48 8.99 12.27 11.31 76.61 0.06 0.03 0.24

Cu (mg/kg) 108.55 92.33 87.76 93.06 5.39 0.61 0.34 0.37

Mn (mg/kg) 180.60 176.50 173.54 142.39 8.02 0.35 0.13 0.41

a-cMeans in a row with different superscripts were significantly different (P<0.05).
1Data were expressed as mean values.
2SEM = standard error of the mean (n = 3).
3P-Value Trend refers to polynomial trend analysis; L = linear trend; Q = quadratic trend.

doi:10.1371/journal.pone.0164434.t005

Fig 3. Relative mRNA expression of Zn metabolism-related genes (MT1, MT2, ZIP8, ZIP14, ZnT1, ZnT2, and ZnT4) in

jejunum of mice as determined by qPCR. Data expressed relative to the housekeeping gene β-actin, normalized to the NBW

group and represent means ± SE (n = 12). a-b Means for the same gene with different superscripts are significantly different

(P<0.05).

doi:10.1371/journal.pone.0164434.g003
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Therefore, the particle size, morphology and chemical structure were first analyzed in the pres-
ent study. Results of size distribution and TEM images indicated that the average size of nano-
ZnOs we usedwas about 40 nm with a range from 30 to 50 nm. The morphology of these nano-
particles was nearly spherical geometry. The HR-TEM image confirmed that the single crystal-
linity of these nano-ZnOs exhibited an average lattice spacing of 0.26nm, which was identical
to the previous report by Aneesh et al. [7].

Body and organ weights are the common and sensitive indicators for identification of the
potentially harmful effects of drugs on animals [36–38]. In this long term study, mice fed with
the high dose of nano-ZnOs (5000 mg/kg) had significant lower body weights from week 4 to
16, and tend to be lower from 17 to 35 as compared to the control mice. These results indicated
that dietary added high dose of nano-ZnOs could produce toxicological impact, which was in
line with previous results reported by Wang et al. [19]. In addition, dietary added 5000 mg/kg
nano-ZnOs increased the relative organ weights, including the pancreas, brain, and lung with
dose-dependent effects (linear trend). Inconsistent with previous studies, most of the studies
reported that nano-ZnOs damaged the organs such as lung, liver and pancreas [18] or decrease
their relative weight [22]. The reduced body weight in 5000 mg/kg nano-ZnO group might par-
tially contribute to the increases in the relative organ weights.

The serum biochemical parameters (activities of GOT, GPT, and ALP) were analyzed to
evaluate hepatic damage. The activities of GOT and ALP were not changed much, while the
activity of GPT, a more sensitive indicator of hepatic injury, was increased after dietary supple-
mentation of 5000 mg/kg nano-ZnOs for 32 weeks. It was reported that the liver is a main tar-
get organ damaged by nano-ZnOs. Hong et al. [22] revealed that 400 mg/kg/day nano-ZnOs
significantly decreased the absolute liver weight of dams. Wang et al. [19] reported that 14-d
exposure to high dose of nano-ZnOs (1–5 g/kg body weight) led to hepatic damages aggravated
with the dose increase by histopathologic examination. The possible mechanism for hepatic
injury might be involved in the zinc accumulation of nano-ZnOs, which further induced the
oxidative stress, DNA damage and apoptosis in liver [30].

The biodistribution of zinc was also investigated in this study. Long term exposure to 5000
mg/kg nano-ZnOs did not affect the zinc level in muscle, brain, and testis, but increased the
zinc contents in liver, pancreas, kidney and bones. Wang et al. [19] also revealed that zinc was
mainly retained in the bone, kidney and pancreas after 20-nm and 120-nm ZnO administra-
tion. The biodistribution of nanoparticles in the tissues indicated that particles could be trans-
ported to other tissues and organs after uptake by gastrointestinal tract [24]. However, this
study just determined the zinc content for the biodistribution, and the levels of nano-ZnOs in
different tissues or organs should be analyzed in future. It was reported that zinc affected the
absorption and biodistribution of other minerals, including Cu, Fe and Mn [39,40]. However,
there was no effects of dietary nano-ZnOs (50, 500 and 5000 mg/kg) on the Cu, Fe, and Mn
contents in selected tissues, except for the liver Fe content and pancreas Mn level.

Fecal, serum zinc contents and expression of zinc metabolism-related genes were used to
determine the long term effects of nano-ZnOs on the zinc metabolism.Dietary supplemented
5000 mg/kg nano-ZnOs increased the serum zinc level, indicating that dietary supplementation
with high dose of nano-ZnOs increased zinc absorption, while decreased the zinc bioavailabil-
ity since the fecal zinc contents significantly increased as the dietary nano-ZnO level increase.
Gastrointestinal system is a central system for zinc homeostasis and the small intestine charges
for the dietary zinc absorption and intestinal zinc excretions [41–43]. Hoadley et al. [44]
revealed that metallothionein (MT) acts as a zinc pool, from which zinc is highly available to
be transported back to the lumen. The absence of MT resulted in a detectable increase in zinc
accumulation in the small intestine [45]. Four isoforms of MT have been described,while MT1
and MT2 are highly expressed in the small intestine [46]. In this study, long term exposure to
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5000 mg/kg nano-ZnOs significantly enhanced the MT1 and MT2 mRNA expression (32.66
and 31.42 folds, respectively), indicating that dietary added 5000 mg/kg nano-ZnOs might
transport zinc back to the intestinal lumen, which could partially explain the increased fecal
zinc contents.

Although most of the studies have found that oral treatment with nano-ZnOs could
enhance the zinc absorption and tissue distribution[19,47], the mechanism is still unclear. It
has been thought that nanoparticles could permeate through the gastrointestinal barrier and
the neutral surface charge increased this diffusion rate[13,48]. However, WG et al. [49] evi-
denced that the insoluble nanoparticles could not be absorbed in the gut, who also speculated
that in contrast to the insoluble iridium, the zinc oxide nanoparticles was much more soluble
and could be absorbed as zinc ions. In our present study, the mRNA expression of ZIP and
ZnT families were determined, which are the two main conserved families regulating the pro-
cess of intestinal zinc uptake [42,50]. Our present results showed that dietary added 50 and
500 mg/kg nano-ZnOs did not change the mRNA expression of ZIP family (ZIP 8 and 14)
and ZnT family (ZnT1, 2 and 4), while 5000 mg/kg nano-ZnOs enhanced the mRNA expres-
sion of these genes. ZIP8 and ZIP14 are abundantly expressed in small intestine and localized
to the apical membrane of polarized cells, and mediate the intestinal zinc into the enterocytes
[51,52]. Knockout of ZIP14 significantly reduced the cellular zinc contents in chondrocytes
[52]. ZnT1 and ZnT4 are abundant in the proximal small intestine and directly mediates zinc
efflux across the basolateral membrane [53,54]. ZnT2 is also expressed in small intestine,
which localized to vesicles on the apical side of the enterocytes [55]. Our results indicated
that added high dose of nano-ZnO enhanced the intestinal zinc absorption, which might be,
at least partially, attributed to the absorption of zinc ions via regulating both ZIP and ZnT
families [42,49].

Conclusions

In summary, the high crystallinequality of nano-ZnOs (about 40nm) were used here to investi-
gate the long term effects on the development, zinc metabolism and mineral biodistribution
(Cu, Zn, Fe and Mn) in male mice. These results indicated that long term exposure to 50 and
500 mg/kg nano-ZnOs showed minimal toxicity to male mice from week 3 to 35, while 5000
mg/kg nano-ZnOs decreased the body weight, increased the relative weights of the pancreas,
brain and lung. Dietary added 5000 mg/kg nano-ZnOs damaged hepatic function, altered zinc
metabolism in small intestine and led to a significant accumulation of zinc in the liver, pan-
creas, kidney, and bones (tibia and fibula), without significant effects on Cu, Fe, and Mn levels,
except for the liver Fe content and pancreas Mn level. This study just analyzed the zinc content
in the biodistribution assays, and levels of nano-ZnOs in different tissues or organs should be
investigated in future. Our comprehensive observationsmight be helpful in reducing the exces-
sive worry about oral exposure to low level of dietary nano-ZnOs. These results could also be
beneficial in the foreseen researches of nano-ZnOs and their applications in agriculture and
biomedicine. It is better to study the long term effects of nanoparticles with some more suitable
animal models, such as the model of pigs.

Acknowledgments

This work was financially supported by Hangzhou King Techina Technology CO., Ltd and by
Open Fund Project in Jiangsu Provincial Key Laboratory of Gastrointestinal Nutrition and
Animal Health (Grant No. 2015js02). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Safety Evaluation of Long-Term Exposure to Zinc Oxide Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0164434 October 12, 2016 11 / 14



Author Contributions

Conceptualization:CW TW JJL.

Formal analysis: CW LLZ.

Funding acquisition: CW TW.

Investigation: CW LZ JL JMX WJL.

Methodology:CW.

Project administration:CW TW JJL.

Supervision:CW TW JJL.

Validation: CW JJL.

Visualization: CW LLZ.

Writing – original draft: CW XZ.

Writing – review& editing: CW XZ.

References
1. Yah CS, Simate GS, Iyuke SE. Nanoparticles toxicity and their routes of exposures. Pakistan Journal

of Pharmaceutical Sciences. 2012; 25: 477–491. PMID: 22459480

2. Singh S, Nalwa HS. Nanotechnology and health safety–toxicity and risk assessments of nanostruc-

tured materials on human health. Journal of nanoscience and nanotechnology. 2007; 7: 3048–3070.

doi: 10.1166/jnn.2007.922 PMID: 18019130

3. Maynard AD, Aitken RJ, Butz T, Colvin V, Donaldson K, Oberdörster G, et al. Safe handling of nano-

technology. Nature. 2006; 444: 267–269. doi: 10.1038/444267a PMID: 17108940

4. Sghir Abdelghani GG, Suau Antonia, Rochet Violaine, Pochart Philippe, Dore Joel. Quantification of

Bacterial Groups within Human Fecal Flora by Oligonucleotide Probe Hybridization. Applied & Environ-

mental Microbiology. 2000; 66: 2263–2266. doi: 10.1128/aem.66.5.2263-2266.2000

5. Wahab R, Dwivedi S, Umar A, Singh S, Hwang IH, Shin HS, et al. ZnO nanoparticles induce oxidative

stress in Cloudman S91 melanoma cancer cells. Journal of Biomedical Nanotechnology. 2013; 9:

441–449. doi: 10.1166/jbn.2013.1593 PMID: 23621000

6. Bauer LA, Birenbaum NS, Meyer GJ. Biological applications of high aspect ratio nanoparticles. Jma-

terchem. 2004; 14: 517–526. doi: 10.1039/b312655b

7. Aneesh PM, Vanaja KA, Jayaraj MK. Synthesis of ZnO nanoparticles by hydrothermal method. Nano-

photonic Materials IV. 2007; 6639: 66390J-66390J-66399.

8. Ma H, Williams PL, Diamond SA. Ecotoxicity of manufactured ZnO nanoparticles–a review. Environ-

mental Pollution. 2013; 172: 76–85. doi: 10.1016/j.envpol.2012.08.011 PMID: 22995930

9. Zhao CY, Tan SX, Xiao XY, Qiu XS, Pan JQ, Tang ZX. Effects of dietary zinc oxide nanoparticles on

growth performance and antioxidative status in broilers. Biol Trace Elem Res. 2014; 160: 361–367.

doi: 10.1007/s12011-014-0052-2 PMID: 24973873

10. Dwivedi S, Wahab R, Khan F, Mishra YK, Musarrat J, Alkhedhairy AA. Reactive oxygen species medi-

ated bacterial biofilm inhibition via zinc oxide nanoparticles and their statistical determination. Plos

One. 2014; 9: e111289–e111289. doi: 10.1371/journal.pone.0111289 PMID: 25402188

11. Sirelkhatim A, Mahmud S, Seeni A, Kaus NHM, Ann LC, Bakhori SKM, et al. Review on zinc oxide

nanoparticles: antibacterial activity and toxicity mechanism. Nano-Micro Letters. 2015; 7: 219–242.

doi: 10.1007/s40820-015-0040-x

12. Talebian N, Amininezhad SM, Doudi M. Controllable synthesis of ZnO nanoparticles and their mor-

phology-dependent antibacterial and optical properties. Journal of Photochemistry & Photobiology B

Biology. 2013; 120: 66–73. doi: 10.1016/j.jphotobiol.2013.01.004 PMID: 23428888

13. Miller LV. Mathematical model of zinc absorption: effects of dietary calcium, protein and iron on zinc

absorption. British Journal of Nutrition. 2012; 109: 1–6.

Safety Evaluation of Long-Term Exposure to Zinc Oxide Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0164434 October 12, 2016 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/22459480
http://dx.doi.org/10.1166/jnn.2007.922
http://www.ncbi.nlm.nih.gov/pubmed/18019130
http://dx.doi.org/10.1038/444267a
http://www.ncbi.nlm.nih.gov/pubmed/17108940
http://dx.doi.org/10.1128/aem.66.5.2263-2266.2000
http://dx.doi.org/10.1166/jbn.2013.1593
http://www.ncbi.nlm.nih.gov/pubmed/23621000
http://dx.doi.org/10.1039/b312655b
http://dx.doi.org/10.1016/j.envpol.2012.08.011
http://www.ncbi.nlm.nih.gov/pubmed/22995930
http://dx.doi.org/10.1007/s12011-014-0052-2
http://www.ncbi.nlm.nih.gov/pubmed/24973873
http://dx.doi.org/10.1371/journal.pone.0111289
http://www.ncbi.nlm.nih.gov/pubmed/25402188
http://dx.doi.org/10.1007/s40820-015-0040-x
http://dx.doi.org/10.1016/j.jphotobiol.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23428888


14. King JC, Brown KH, Gibson RS, Krebs NF, Lowe NM, Siekmann JH, et al. Biomarkers of Nutrition for

Development (BOND)—Zinc Review. Journal of Nutrition. 2016; 146: doi: 10.3945/jn.115.220079

PMID: 26962190

15. Wang Y, Tang JW, Ma WQ, Feng J, Feng J. Dietary zinc glycine chelate on growth performance, tissue

mineral concentrations, and serum enzyme activity in weanling piglets. Biological Trace Element

Research. 2009; 133: 325–334. doi: 10.1007/s12011-009-8437-3 PMID: 19557314

16. Fong LY, Farber JL, Croce CM. Zinc intake, microRNA dysregulation, and esophageal cancer. Aging.

2016; 8: 1161–1162. doi: 10.18632/aging.100978 PMID: 27280381

17. King JC. Zinc: an essential but elusive nutrient. American Journal of Clinical Nutrition. 2011; 94:

679S–684S. doi: 10.3945/ajcn.110.005744 PMID: 21715515

18. Wang L, Wang L, Ding W, Zhang F. Acute toxicity of ferric oxide and zinc oxide nanoparticles in rats.

Journal of nanoscience and nanotechnology. 2010; 10: 8617–8624. doi: 10.1166/jnn.2010.2483

PMID: 21121374

19. Wang B, Feng W, Wang M, Wang T, Gu Y, Zhu M, et al. Acute toxicological impact of nano-and submi-

cro-scaled zinc oxide powder on healthy adult mice. Journal of Nanoparticle Research. 2008; 10:

263–276. doi: 10.1007/s11051-007-9245-3

20. Surekha P, Kishore AS, Srinivas A, Selvam G, Goparaju A, Reddy PN, et al. Repeated dose dermal

toxicity study of nano zinc oxide with Sprague-Dawley rats. Cutaneous and ocular toxicology. 2012;

31: 26–32. doi: 10.3109/15569527.2011.595750 PMID: 21830917

21. Yan G, Huang Y, Bu Q, Lv L, Deng P, Zhou J, et al. Zinc oxide nanoparticles cause nephrotoxicity and

kidney metabolism alterations in rats. Journal of Environmental Science and Health, Part A. 2012; 47:

577–588. doi: 10.1080/10934529.2012.650576 PMID: 22375541

22. Hong JS, Park MK, Kim MS, Lim JH, Park GJ, Maeng EH, et al. Prenatal development toxicity study of

zinc oxide nanoparticles in rats. Int J Nanomedicine. 2014; 9 Suppl 2: 159–171. doi: 10.2147/IJN.

S57932 PMID: 25565834

23. Hong JS, Park MK, Kim MS, Lim JH, Park GJ, Maeng EH, et al. Effect of zinc oxide nanoparticles on

dams and embryo-fetal development in rats. Int J Nanomedicine. 2014; 9 Suppl 2: 145–157. doi: 10.

2147/IJN.S57931 PMID: 25565833

24. Wang J, Zhou G, Chen C, Yu H, Wang T, Ma Y, et al. Acute toxicity and biodistribution of different

sized titanium dioxide particles in mice after oral administration. Toxicology letters. 2007; 168: 176–

185. doi: 10.1016/j.toxlet.2006.12.001 PMID: 17197136

25. Demirbaş A. Proximate and heavy metal composition in chicken meat and tissues. Food chemistry.

1999; 67: 27–31. doi: 10.1016/s0308-8146(99)00103-x

26. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and

the 2− ΔΔCT method. methods. 2001; 25: 402–408. doi: 10.1006/meth.2001.1262 PMID: 11846609

27. Wahab R, Khan F, Mishra YK, Musarrat J, Al-Khedhairy AA. Antibacterial studies and statistical design

set data of quasi zinc oxide nanostructures. Rsc Advances. 2016; Just Accepted: 32328–32339. doi:

10.1039/c6ra05297e

28. Lu X, Liu Y, Kong X, Lobie PE, Chen C, Zhu T. Nanotoxicity: a growing need for study in the endocrine

system. Small. 2013; 9: 1654–1671. doi: 10.1002/smll.201201517 PMID: 23401134

29. Boverhof DR, Bramante CM, Butala JH, Clancy SF, Lafranconi M, West J, et al. Comparative assess-

ment of nanomaterial definitions and safety evaluation considerations. Regulatory Toxicology and

Pharmacology. 2015; 73: 137–150. doi: 10.1016/j.yrtph.2015.06.001 PMID: 26111608

30. Sharma V, Singh P, Pandey AK, Dhawan A. Induction of oxidative stress, DNA damage and apoptosis

in mouse liver after sub-acute oral exposure to zinc oxide nanoparticles. Mutation Research/Genetic

Toxicology and Environmental Mutagenesis. 2012; 745: 84–91. doi: 10.1016/j.mrgentox.2011.12.009

PMID: 22198329

31. Esmaeillou M, Moharamnejad M, Hsankhani R, Tehrani AA, Maadi H. Toxicity of ZnO nanoparticles in

healthy adult mice. Environmental Toxicology & Pharmacology. 2013; 35: 67–71. doi: 10.1016/j.etap.

2012.11.003 PMID: 23262039

32. Setyawati MI, Tay CY, Leong DT. Nanotoxicity: Mechanistic Investigation of the Biological Effects of

SiO2, TiO2, and ZnO Nanoparticles on Intestinal Cells (Small 28/2015). Small. 2015; 11: 3390–3390.

doi: 10.1002/smll.201570163

33. Wahab R, Khan F, Yang Yb, Hwang IH, Shin HS, Ahmad J, et al. Zinc oxide Quantum Dots: Multifunc-

tional candidates for arresting the C2C12 cancer cells and their role towards Caspase 3 and 7 genes.

Rsc Advances. 2016; Just Accepted 6: 26111–26120. doi: 10.1039/c5ra25668b

34. Lopes S, Ribeiro F, Wojnarowicz J, #x, ojkowski Witold, et al. Zinc oxide nanoparticles toxicity to Daph-

nia magna: size-dependent effects and dissolution. Environmental Toxicology & Chemistry. 2014; 33:

190–198. doi: 10.1002/etc.2413 PMID: 24123301

Safety Evaluation of Long-Term Exposure to Zinc Oxide Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0164434 October 12, 2016 13 / 14

http://dx.doi.org/10.3945/jn.115.220079
http://www.ncbi.nlm.nih.gov/pubmed/26962190
http://dx.doi.org/10.1007/s12011-009-8437-3
http://www.ncbi.nlm.nih.gov/pubmed/19557314
http://dx.doi.org/10.18632/aging.100978
http://www.ncbi.nlm.nih.gov/pubmed/27280381
http://dx.doi.org/10.3945/ajcn.110.005744
http://www.ncbi.nlm.nih.gov/pubmed/21715515
http://dx.doi.org/10.1166/jnn.2010.2483
http://www.ncbi.nlm.nih.gov/pubmed/21121374
http://dx.doi.org/10.1007/s11051-007-9245-3
http://dx.doi.org/10.3109/15569527.2011.595750
http://www.ncbi.nlm.nih.gov/pubmed/21830917
http://dx.doi.org/10.1080/10934529.2012.650576
http://www.ncbi.nlm.nih.gov/pubmed/22375541
http://dx.doi.org/10.2147/IJN.S57932
http://dx.doi.org/10.2147/IJN.S57932
http://www.ncbi.nlm.nih.gov/pubmed/25565834
http://dx.doi.org/10.2147/IJN.S57931
http://dx.doi.org/10.2147/IJN.S57931
http://www.ncbi.nlm.nih.gov/pubmed/25565833
http://dx.doi.org/10.1016/j.toxlet.2006.12.001
http://www.ncbi.nlm.nih.gov/pubmed/17197136
http://dx.doi.org/10.1016/s0308-8146(99)00103-x
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1039/c6ra05297e
http://dx.doi.org/10.1002/smll.201201517
http://www.ncbi.nlm.nih.gov/pubmed/23401134
http://dx.doi.org/10.1016/j.yrtph.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26111608
http://dx.doi.org/10.1016/j.mrgentox.2011.12.009
http://www.ncbi.nlm.nih.gov/pubmed/22198329
http://dx.doi.org/10.1016/j.etap.2012.11.003
http://dx.doi.org/10.1016/j.etap.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23262039
http://dx.doi.org/10.1002/smll.201570163
http://dx.doi.org/10.1039/c5ra25668b
http://dx.doi.org/10.1002/etc.2413
http://www.ncbi.nlm.nih.gov/pubmed/24123301


35. Papavlassopoulos H, Mishra YK, Kaps S, Paulowicz I, Abdelaziz R, Elbahri M, et al. Toxicity of Func-

tional Nano-Micro Zinc Oxide Tetrapods: Impact of Cell Culture Conditions, Cellular Age and Material

Properties. Plos One. 2014; 9: e84983. doi: 10.1371/journal.pone.0084983 PMID: 24454775

36. Bailey SA, Zidell RH, Perry RW. Relationships between organ weight and body/brain weight in the rat:

what is the best analytical endpoint? Toxicologic Pathology. 2004; 32: 448–466. doi: 10.1080/

01926230490465874 PMID: 15204968

37. Andersen H, Larsen S, Spliid H, Christensen ND. Multivariate statistical analysis of organ weights in

toxicity studies. Toxicology. 1999; 136: 67–77. doi: 10.1016/s0300-483x(99)00056-6 PMID:

10514000

38. Hadley JA, Fowler DR. Organ weight effects of drowning and asphyxiation on the lungs, liver, brain,

heart, kidneys, and spleen. Forensic Science International. 2003; 133: 190–196. doi: 10.1016/s0379-

0738(03)00069-0 PMID: 12787651

39. Willis MS, Monaghan SA, Miller ML, McKenna RW, Perkins WD, Levinson BS, et al. Zinc-induced cop-

per deficiency. Am J Clin Pathol. 2005; 123: 125–131. doi: 10.1309/V6GVYW2QTYD5C5PJ PMID:

15762288

40. Hamilton R, Fox M, Fry B, Jones A, Jacobs R. Zinc interference with copper, iron and manganese in

young Japanese quail. Journal of food science. 1979; 44: 738–741. doi: 10.1111/j.1365-2621.1979.

tb08488.x

41. Krebs NF. Overview of zinc absorption and excretion in the human gastrointestinal tract. Journal of

Nutrition. 2000; 130: 1374S–1377S. PMID: 10801946

42. Wang X, Zhou B. Dietary zinc absorption: a play of Zips and ZnTs in the gut. IUBMB life. 2010; 62:

176–182. doi: 10.1002/iub.291 PMID: 20120011

43. King JC, Shames DM, Woodhouse LR. Zinc homeostasis in humans. Journal of Nutrition. 2000; 130:

1360s–1366s. PMID: 10801944

44. Hoadley JE, Leinart AS, Cousins RJ. Relationship of 65Zn absorption kinetics to intestinal metallothio-

nein in rats: effects of zinc depletion and fasting. The Journal of nutrition. 1988; 118: 497–502. PMID:

3357065

45. Davis SR, McMahon RJ, Cousins RJ. Metallothionein knockout and transgenic mice exhibit altered

intestinal processing of zinc with uniform zinc-dependent zinc transporter-1 expression. The Journal of

nutrition. 1998; 128: 825–831. PMID: 9566988

46. Haq F, Mahoney M, Koropatnick J. Signaling events for metallothionein induction. Mutation Research/

Fundamental and Molecular Mechanisms of Mutagenesis. 2003; 533: 211–226. doi: 10.1016/j.

mrfmmm.2003.07.014 PMID: 14643422

47. Baek M, Chung HE, Yu J, Lee JA, Kim TH, Oh JM, et al. Pharmacokinetics, tissue distribution, and

excretion of zinc oxide nanoparticles. International Journal of Nanomedicine. 2012; 7: 3081–3097.

doi: 10.2147/IJN.S32593 PMID: 22811602

48. Chung C, Stookey J, Dare D, Welch R, Nguyen T, Roehl R, et al. Current dietary zinc intake has a

greater effect on fractional zinc absorption than does longer term zinc consumption in healthy adult

men. American Journal of Clinical Nutrition. 2008; 87: 1224–1229. PMID: 18469243

49. WG K, M S, F E, P M, S T, H S, et al. Translocation of ultrafine insoluble iridium particles from lung epi-

thelium to extrapulmonary organs is size dependent but very low. Journal of Toxicology & Environmen-

tal Health Part A. 2002; 65: 1513–1530. doi: 10.1080/00984100290071649 PMID: 12396866

50. Lichten LA, Cousins RJ. Mammalian zinc transporters: nutritional and physiologic regulation. Annual

review of nutrition. 2009; 29: 153–176. doi: 10.1146/annurev-nutr-033009-083312 PMID: 19400752

51. Girijashanker K, He L, Soleimani M, Reed JM, Li H, Liu Z, et al. Slc39a14 gene encodes ZIP14, a

metal/bicarbonate symporter: similarities to the ZIP8 transporter. Molecular Pharmacology. 2008; 73:

1413–1423. doi: 10.1124/mol.107.043588 PMID: 18270315

52. Jenkitkasemwong S, Wang C-Y, Mackenzie B, Knutson MD. Physiologic implications of metal-ion

transport by ZIP14 and ZIP8. Biometals. 2012; 25: 643–655. doi: 10.1007/s10534-012-9526-x PMID:

22318508

53. Yu YY, Kirschke CP, Huang L. Immunohistochemical analysis of ZnT1, 4, 5, 6, and 7 in the mouse gas-

trointestinal tract. Journal of Histochemistry & Cytochemistry. 2007; 55: 223–234. doi: 10.1369/jhc.

6A7032.2006 PMID: 17101726

54. Murgia C, Vespignani I, Cerase J, Nobili F, Perozzi G. Cloning, expression, and vesicular localization

of zinc transporter Dri 27/ZnT4 in intestinal tissue and cells. American Journal of Physiology-Gastroin-

testinal and Liver Physiology. 1999; 277: G1231–G1239.

55. Liuzzi JP, Bobo JA, Cui L, McMahon RJ, Cousins RJ. Zinc transporters 1, 2 and 4 are differentially

expressed and localized in rats during pregnancy and lactation. The Journal of nutrition. 2003; 133:

342–351. PMID: 12566465

Safety Evaluation of Long-Term Exposure to Zinc Oxide Nanoparticles

PLOS ONE | DOI:10.1371/journal.pone.0164434 October 12, 2016 14 / 14

http://dx.doi.org/10.1371/journal.pone.0084983
http://www.ncbi.nlm.nih.gov/pubmed/24454775
http://dx.doi.org/10.1080/01926230490465874
http://dx.doi.org/10.1080/01926230490465874
http://www.ncbi.nlm.nih.gov/pubmed/15204968
http://dx.doi.org/10.1016/s0300-483x(99)00056-6
http://www.ncbi.nlm.nih.gov/pubmed/10514000
http://dx.doi.org/10.1016/s0379-0738(03)00069-0
http://dx.doi.org/10.1016/s0379-0738(03)00069-0
http://www.ncbi.nlm.nih.gov/pubmed/12787651
http://dx.doi.org/10.1309/V6GVYW2QTYD5C5PJ
http://www.ncbi.nlm.nih.gov/pubmed/15762288
http://dx.doi.org/10.1111/j.1365-2621.1979.tb08488.x
http://dx.doi.org/10.1111/j.1365-2621.1979.tb08488.x
http://www.ncbi.nlm.nih.gov/pubmed/10801946
http://dx.doi.org/10.1002/iub.291
http://www.ncbi.nlm.nih.gov/pubmed/20120011
http://www.ncbi.nlm.nih.gov/pubmed/10801944
http://www.ncbi.nlm.nih.gov/pubmed/3357065
http://www.ncbi.nlm.nih.gov/pubmed/9566988
http://dx.doi.org/10.1016/j.mrfmmm.2003.07.014
http://dx.doi.org/10.1016/j.mrfmmm.2003.07.014
http://www.ncbi.nlm.nih.gov/pubmed/14643422
http://dx.doi.org/10.2147/IJN.S32593
http://www.ncbi.nlm.nih.gov/pubmed/22811602
http://www.ncbi.nlm.nih.gov/pubmed/18469243
http://dx.doi.org/10.1080/00984100290071649
http://www.ncbi.nlm.nih.gov/pubmed/12396866
http://dx.doi.org/10.1146/annurev-nutr-033009-083312
http://www.ncbi.nlm.nih.gov/pubmed/19400752
http://dx.doi.org/10.1124/mol.107.043588
http://www.ncbi.nlm.nih.gov/pubmed/18270315
http://dx.doi.org/10.1007/s10534-012-9526-x
http://www.ncbi.nlm.nih.gov/pubmed/22318508
http://dx.doi.org/10.1369/jhc.6A7032.2006
http://dx.doi.org/10.1369/jhc.6A7032.2006
http://www.ncbi.nlm.nih.gov/pubmed/17101726
http://www.ncbi.nlm.nih.gov/pubmed/12566465

