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HIGHLIGHTS

e Effect of DEHP on ovarian gene expression is measured in PPARa knockout mice.

e Transgenerational repression of ovarian Esr1 expression by DEHP is found in WT mice.
® DEHP regulation of ovarian Esr1 gene expression is lost in PPARa-knockout mice.

® Transgenerational effect of DEHP is partly mediated by PPARa-dependent pathways.
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Di-(2-ethylhexyl)-phthalate (DEHP) is a phthalate ester that binds peroxisome proliferator-activated
receptor o (PPARa) to induce proliferation of peroxisomes and regulate the expression of specific target
genes. The question of whether the effect of DEHP on female reproductive processes is mediated via
PPARa-dependent signaling is controversial. In this study, we investigated the effect of exposure to DEHP
on ovarian expression of estrogen receptor o (Esr1) and aromatase (Cyp19al) in three generations of
Sv/129 wild-type (WT, +/+) and PPARx (—/—) knockout mice. Compared with untreated controls, ovarian

g?;{“[',wds" expression of Esr1 decreased in response to DEHP treatment in the FO (0.56-fold, P=0.19), F1 (0.45-
PPARa fold, P=0.023), and F2 (0.35-fold, P=0.014) generations of WT mice, but not PPARa-null mice. Our data
Transgenerational indicate that transgenerational repression by DEHP of ovarian Esr1 gene expression is mediated by PPARo-
Female mice dependent pathways. Further studies are required to elucidate the mechanisms underlying crosstalk

between PPARx and Esr1 signaling in reproductive processes.
© 2014 Elsevier Ireland Ltd. All rights reserved.

Reproductive

1. Introduction

Because of their common industrial application as plasticiz-
ers, phthalates esters are highly prevalent in the environment
(Halden, 2010). Di-(2-ethylhexyl)-phthalate (DEHP), which is com-
monly used as a plasticizer of polyvinyl chloride (PVC), has been

* Corresponding author. Tel.: +81 29 850 2464; fax: +81 29 850 2546.
E-mail address: hsone@nies.goip (H. Sone).
1 These authors contributed equally.

mtrps g 101018/ L1oxiet 2014.04.018
0378-4274]© 2014 Elsevier Ireland Ltd. All rights reserved.

characterized as an endocrine disruptor on the basis of its anti-
androgen activity (Fisher, 2004). Given its ability to cross the
placenta and pass into breast milk, considerable concern has been
raised over the potential harm to the developing fetus and newborn
arising from exposure to DEHP (Adibi et al., 2008). Several well-
designed epidemiological studies have consistently documented
the anti-androgenic effects of prenatal exposure to DEHP on indices
of male reproductive development, such as decreased anogenital
index (AGIl)in male neonates (Suzuki et al.,, 2012; Swan, 2008; Swan
ef al, 2005). Occupational exposure to DEHP also showed positive
associations with sperm DNA denaturation induction and negative
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associations with sperm motility (Huang et al., 201 1). However, no
significant relationships between prenatal exposure to DEHP and
birth outcomes were also reported (Suzuki et al., 2010). Although
there has been a controversy about its toxicity, many scientific and
professional organizations have made recommendations to reduce
DEHP exposure in pregnant women and young children to prevent
unexpected consequences of reproductive and development
effects in the offspring (Braun et al,, 2013).

In rodents, it has become apparent that DEHP exposure might
affect the development of reproductive tract by decreasing fetal
testosterone synthesis during sexual differentiation in male rats
and mice (Wolf et al., 1989; Wu et al, 2012 Zacharewski et al,
1948). Exposure to DEHP in utero and during lactation at dose lev-
els relevant to humans also causes a significant delay in indices
of pubertal onset in female offspring rats, such as vaginal opening
(Miller and Auchus, 2011). Moreover, long-term DEHP exposure
has been associated with reduced serum levels of estradiol, follicle-
stimulating hormone (FSH), pituitary FSH and luteinizing hormone
in female rats (Andrade ef al., 2006). Despite these studies, compre-
hensive information on the molecular mechanism underlying the
potential endocrine disruptive effect of low-dose DEHP exposure
on reproductive function in female animal model is lacking.

Peroxisome proliferator-activated receptor o (PPARa), a ligand-
regulated member of the nuclear receptor superfamily of
transcription factors, was the first of three members of the PPAR
family identified in the 1990s (Arcadi et &b, 1898). By modulating
the expression of peroxisomal lipid metabolism and growth reg-
ulatory genes, activation of PPARs plays an important role in the
metabolism of xenobiotics (L.ovekamp-Swan and Davis, 2003). Con-
sistent with weak PPAR« agonism of DEHP (Haynes-johnson et al,
1999), we have previously shown that hepatic PPAR« is required
for the toxic effect of maternal exposure to DEHP in male offspring
mice (Hayashi et al, 2011). Moreover, PPAR«a transcript is also
related to the effect of DEHP on metabolism and fertility in female
mice (Schenidt er al, 2012). On the other hand, recent evidences
also indicated that DEHP can induce liver tumorigenesis through a
PPARa-independent pathway (Jio et al., 2007). These studies aside
however, the role of PPAR« in the developmental and reproduc-
tive toxicity associated with DEHP exposure is unclear (Kobayashi
et al., 2009). Accordingly, to clarify the potential role of PPAR« in
the effects of DEHP on female reproductive health, we compared
the transgenerational effect of DEHP on ovarian gene expression in
wild-type (WT, +/+) and PPARa (—/~) knockout mice.

2. Materials and methods
2.1. Experimental animals

Experiments in this study were conducted according to the Guidelines for Ani-
mal Experiments of Shinshu University, Japan. WT and PPARa knockout mice in
the Sv/129 genetic background were generated as described elsewhere (Lee et ai,
1995), Animal husbandry was performed in a clean room with controlled tempera-
ture, relative humidity, and light with 12-h light/dark cycle, as previously described
(Hayashietal, 2011).

2.2. DEHP exposure

DEHP (CAS No. 117-82-7) was purchased from Wako Pure Chemistries (Osaka,
Japan). Corn oil (Sigma Chemical Company, St. Louis, MO, USA) was used as the
vehicle control. Mating was set up according to the schedule previously described
(Hayashi et al, 2011). WT and PPARa knockout mice were given a diet containing
vehicle control or 0.05% DEHP (approximately 80 mg/kg/day) through three gen-
erations (n=6 in each group in each generation). DEHP was administered starting
in the FO generation at 12 weeks of age and continuing to the end of experiment
in the F2 generation. Mice were sacrificed by CO, asphyxiation at 36 weeks of age
in the FO generation and at 16 weeks of age in the F1 and F2 generations (¥ig. 1).
Blood samples were taken from the abdominal aorta and plasma was separated by
centrifugation at 4°C and stored at 80°C until assay for testosterone and estradiol.
Body and organs such as liver and ovaries were dissected out and weighed as
quickly as possible. Then ovarian tissue samples for RNA analysis were separated
into two sections, one of which was snap-frozen in liquid nitrogen and stored at

36 weeks old

12 weeks old

16 weeks old

16 weeks old

0.05% DEHP in diet

Sv/129 Mice

Fig. 1. Schedule of transgenerational exposure to dietary DEHP. Maternal mice of
both genotypes in the FO generation were exposed to DEHP in their diet from 16 to
36 weeks of age. Offspring (F1) and third-generation (F2) mice were also exposed
to dietary DEHP until 16 weeks of age.

—80°C, while the other was fixed in buffered formalin for 6-24 h. Concentrations of
testosterone and estradiol in plasma were measured by a testosterone or estradiol
EIA kit (Cayman, Ann Arbor, MI).

2.3. Quantitative real-time reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from a frozen ovary using an ISOGEN kit from NIPPON
GENE (Tokyo, Japan) following instructions from the manufacturer. Quantifica-
tion and quality assessment of the isolated RNA samples were performed and
verified using an Agilent Bioanalyzer 2100 and an RNA 6000 Nano Assay (Agi-
lent Technologies, Palo Alto, CA, USA) in accordance with the manufacturer’s
instructions. cDNA was synthesized using random primers (Perkin-Elmer Applied
Biosystems Inc., Tokyo, Japan). Oligonucleotide primers and TagMan probe were
designed using Primer Express, version 1.0 (Applied Biosystems, Foster City,
CA, USA) and Oligo 5.1 software (National Bioscience, Plymouth, MN, USA)
based on GenBank database sequences as follows: Esr1 (Accession # M38651),
primer sequences 5'-tcaactgggcaaagagagtg-3' and 5'-gtgctggacagaaacgtgta-3’ Tag-
Man probe sequences 5-agtgtgcctggetggagattctgatgatt-3'; Cyp19al (aromatase)
(Accession # D00659), primer sequences 5'-gaaagagaacgtgaatcagtg-3' and 5'-
atgatgttagtteccttttta-3’, TagMan probe sequences 5'-ttaatgaaagcatgeggtaccagect-3';
Gapdh (Accession# M32599), primer sequences 5'-tgcagtggcaaagtggagatt-3' and
5'-gttgaatttgeegtgagtggag-3’ TagMan probe sequences 5'-ccatcaacgaccectt-3,
The amplification reaction was performed in an ABI PRISM 7000 Sequence
Detector (Applied Biosystems) under the following cycling conditions: 95°C
for 10min, followed by 50 cycles of 95°C for 15s, 56°C for 1min and
72°C for 30s. The gene expression levels were calculated based on the
threshold cycle using Sequence Detection System Software (Applied Biosys-
tems). Gene expression was normalized according to Gapdh expression lev-
els.

2.4. Histological analysis

Ovarian tissue samples fixed in 10% neutral buffered formalin were embedded
in paraffin and sliced into 5-pm sections. Three sections on the cut surface of the
maximum width diameter of ovary per animal were observed. The number of fol-
licles in one slice out of three was counted. Ovarian tissue sections were stained
with hematoxylin and eosin and the number and size of follicle and corpus luteum
were examined under a light microscope using an Olympus BX50 (Olympus, Tokyo,
Japan).

2.5. Bioinformatics and statistical analysis

Quantitative data were expressed as the mean = standard deviation. For body
and organs weight, hormone concentrations, multiple comparisons were made
between the exposure groups and the control group using Dunnett’s test after one-
way ANOVA. Statistical analysis was performed by the two-tailed Student’s t-test.
Relationships were considered statistically significant at P<0.05. Molecular net-
work underlying the reproductive effect of DEHP was analyzed using the Ingenuity
Pathway Analysis program (Ingenuity Systems, Mountain View, CA, USA).

3. Results

3.1. Transgenerational effect of DEHP exposure on body, liver,
ovary weights, and sex hormones in WT and PPAR« knockout mice

No abnormalities were apparent during clinical observation in
any generation of WT and PPARa knockout DEHP-treated mice



M. Kawano et al. / Toxicology Letters 228 (2014) 235-240 237

Table 1

Generational comparison of body, liver, ovary weights, and sex hormones in female WT and PPARa knockout mice?.
Generation FO control FO DEHP F1 control F1 DEHP
WT
Number of mice 6 6 6
Body weight 28.0 £ 3.7 302 +£1.3 26.7 £ 1.3 227 +£22
Liver weight 0.87 + 0.07 1.04 + 0.11 0.93 + 0.04 0.73 £ 0.09
Liver/body (%) 3.12 £ 0.14 3.46 + 024 3.49 4+ 0.01 3.19+0.14
Ovary weight 0.014 £ 0.0001 0.014 + 0.0000 0.015 + 0.0020 0.014 + 0.0010
Ovary/body (%) 0.048 + 0.007 0.047 + 0.003 0.054 + 0.004 0.061 + 0.006
Testosterone (ng/mL) 0.20 + 0.08 045 + 0.07 0.10 + 0.05 0.22 £ 0.06
Estradiol (pg/mL) 27 %5 49 + 18 2245 38 £ 11
PPARa-knockout
Number of mice 6 6 6
Body weight 260+ 1.6 318 +£26 21.0+ 09 234437
Liver weight 0.94 + 0.21 1.51 £0.17 0.71 + 0.05 0.71 £ 0.10
Liver/body (%) 3.60 £ 0.58 4.75 + 0.52 340 £ 034 3.05 £ 0.17
Ovary weight 0.015 + 0.004 0.017 £ 0.003 0.013 + 0.004 0.015 £ 0.0020
Ovary/body (%) 0.059 + 0.010 0.055 + 0.008 0.061 + 0.018 0.063 £ 0.010
Testosterone (ng/mL) 0.15 £ 0.07 0.23 £+ 0.06 0.10 + 0.04 0.20 = 0.14
Estradiol (pg/mL) 26 £ 11 26 £4 21+6 28+ 4

a Mean + standard deviation. Significant differences from control for all data except the sex hormones were performed by the Dunnett’s test.

® Number of animals for testosterone and estradiol data were two to four in each group.

prior to sacrifice and necropsy. Similarly, DEHP treatment had no
significant effect on body, liver, and ovary weight in female dams
(FO) and offspring (F1) in either WT or PPARa knockout mice. Of
interest, increase of circulating estradiol was observed only in WT
but not PPARa knockout mice (Table 1).

3.2. Effect of DEHP on ovarian Esr1 expression in WT and PPARx
knockout mice

We next examined the effect of DEHP exposure on ovarian Esr1
gene expression in WT and PPARa knockout mice (Fig. 2). Com-
pared with controls, ovarian Esr1 expression decreased in response
to dietary 0.05% DEHP in the FO (0.56-fold, P=0.19), F1 (0.45-fold,
P=0.023), and F2 (0.35-fold, P=0.014) generations of WT mice. In
contrast, DEHP had no significant on ovarian Esr1 gene expression
in either the FO (1.49-fold, P=0.18), F1 (1.00-fold, P=0.49), or F2
(0.80-fold, P=0.27) generations of PPARx knockout mice.

3.3. Effect of DEHP on the ovarian Cyp19al (aromatase) gene
expression in F2 mice

Next, we compared the effect of DEHP exposure on ovarian
Cyp19al (aromatase) gene expression in WT and PPARa knockout
FO dams (Fig. S1) and the F2 generation (Fig. 3). We observed no
statistically significant changes of ovarian Cyp19al expression in
response to DEHP treatment in both WT and PPARa knockout mice.

Supplementary figure related to this article can be found, in the
online version, at hitp://dx.dolorg/10.1016/1.toxiet.2014.04.018.

3.4. Histopathological examination of ovaries of F2 mice exposed
to DEHP

Histopathological analysis of uteri and ovaries from FO, F1, and
F2 WT and PPARa knockout mice treated with control diet or 0.05%

Table 2
Histopathological findings in FO, F1, and F2 female WT and PPARa knockout mice.
Generation & PPARa Noof  Ovary Uterus
genotype treatment group mice
Corpus luteum Follicles Similar histology to cycle
Total New old Graafian Medium Small Atresia P E ™M M/D D DJ/P Others
FOWT
Control 3 23+21 23+21 0 -+ [+ +[++ +[++ 1 2
DEHP 4 28+24 1.8+£20 1+£07 —[+ —[++ [+ +[++ 2 2
FO PPARa-knockout
Control 3 23+09 2+08 03+05 [+ —[++ [+ +[++ 1 1 1
DEHP 4 40 £ 3.1 NE1 NE1 —[+ —[++ +[++ —[+[++ 1 2 1
F1WT
Control 3 37+1.2 37+12 0 —[+ + +[++ +[++ 1 1 1
DEHP 7 29+15 26412 03+£07 —f+ —[+ [+ ++ 12 3 1
F1 PPARa-knockout
Control 3 10+£08 03+£05 0709 —/+ + ++ +[++ 1 1 1
DEHP 5 14+ 0.8 14+08 0 —[+ —[+ [+ +[++ 2 1 1 1
F2 WT
Control 5 43 + 0.8 NE1 NE1 - +++ + + NE2
DEHP 5 1.8+ 04 NE1 NE1 - [+ +[++ +[++ NE2
F2 PPARa-knockout NE2
Control 5 32+08 NE1 NE1 - + + +[++ NE2
DEHP 5 20+ 1.1 NE1 NE1 - +H++ + [+ NE2

NE1: not available for detailed classification; NE2, not examined. Similar morphology in the uterus to those at P, proestrus; E, estrus; M, metestrus; D, diestrus.
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Fig. 2. Effect of DEHP on ovarian Esr1 gene expression in WT and PPARa« knockout
mice. Gene expression levels were normalized to GAPDH and values are reported as
mean -+ standard deviation.

DEHP diet is shown in Fig. 4 and quantitative data are summa-
rized in Tabie 2. Although ovary size varied, with those in the
F1 generation of control diet-PPARa knockout mice being notably
small, most ovaries had corpora lutea and growing follicles, indi-
cating that ovulation and estrous cycle were unaffected by DEHP
treatment. Moreover, no morphological differences were observed
among genotypes and DEHP treatment. Histopathological exami-
nation indicated that DEHP exposure had no significant effect on
the number of primary ovarian follicles in either WT or PPAR«a
knockout mice.

4. Discussion

Plastics have become indispensable in modern society, with
annual global production exceeding 300 milliontons (Halden,

0.06 -

0.05 -

Relative Aromatase mRNA levels

0.02 -
0.01 -
0 1 ™
Control | DEHP | Control DEHP
Wild (+/+) | PPARa-Knockout (-/+)

Fig. 3. Effect of DEHP on ovarian aromatase gene expression in WT and PPARx
knockout mice. Gene expression levels were normalized to GAPDH and values are
reported as mean = standard deviation.

2010). DEHP is the most commonly used phthalate plasticizer
for PVC and has been described as an endocrine disruptor for
its anti-androgen activity (Fisher, 2004). The public health threat
posed by phthalate-tainted foodstuffs is exemplified in Taiwan,
where elevated concentrations (~2108 ppm) of DEHP have been
detected in a wide variety of food products, including sports drinks,
fruit beverages, tea drinks, fruit jam/nectar/jelly, and health food
supplements (Wi et al., 2012). To determine the effect of DEHP on
female reproductive health, and to clarify the molecular basis of
this effect, we set out here to study the transgenerational effect of
DEHP on ovarian gene expression in Sv/129 WT and PPAR« knock-
out mice. We found that ovarian Esr1 expression was reduced in
response to DEHP treatment in the FO, F1, and F2 generations of WT
mice but not in PPARa-knockout mice, indicating that the adverse
transgenerational effects of DEHP on female reproductive health
are mediated at least in part by PPARa.

It has been hypothesized that DEHP is an estrogenic endocrine -
disruptor in vivo but not in vitro (Wolf et al., 1999; Zacharcwski
et al,, 1998). Consistent with such a notion, we previously found
no estrogenic effect of DEHP in Esr1-positive BG1Luc4E2 human

F1

+{+ Contro}

+/+ DEHP

-f- Control

-/- DEHP

Fig. 4. Ovaries of three generations of WT and PPARa knockout mice in the control
and DEHP-treated groups. Scale bar: 50 wm.
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Fig. 5. Schematic diagram of molecular mechanism involved in the reproductive effect of DEHP. (A) The knowledge-based network generated by IPA. (B) Schematic model
showing the potential PPARa-dependent pathways of the transgenerational adverse reproductive effects of DEHP in female mice.

ovarian cancer cells at concentrations as high as 0.1 mM (Gin et al.,
2011). In contrast, in this present in vivo study, increased serum
estradiol contents and reduced ovarian Esr1 gene expression were
observed in WT mice fed with 0.05% DEHP (Tabie 1 and Fig. 2). Aro-
matase (Cyp19a1) catalyzes the conversion of androstenedione to
estrone and testosterone to estradiol (Miller and Auchus, 2011),
which are key steps in estrogen biosynthesis. Non-monotonic
dose-response effects of DEHP exposure on aromatase activity have
been reported in male rats, such that low doses are inhibitory
and high doses are stimulatory (Andrade et al, 2008), and it
has been suggested that the endocrine-disrupting effect of DEHP
development of the male reproductive tract is related to inhibi-
tion of testosterone (Arcadi et al, 1998). Production of estradiol,
which plays an essential role in female reproductive physiology,
is mediated by FSH signaling, which stimulates aromatase activ-
ity in ovarian granulosa cells to induce the synthesis of estradiol
from testosterone (MHaynes-johnson et al, 1998). Excess estradiol
in the ovary has been suggested to inhibit ovarian Esr1 expres-
sion because of the negative feedback regulation of the interaction
between Esr1 and its ligand (Kobayashi et al,, 2008). According to
the IPA knowledgebase, which is an extensive database of func-
tional interactions that are drawn from peer-reviewed publications
(Calvano et al, 2008), it is assumed that DEHP activates PPAR« to
increase ovarian aromatase expression, which in turn promotes the
synthesis of estradiol from testosterone. Elevated levels of estra-
diol subsequently inhibit Esr1 expression via negative feedback of
the Esr1-ligand interaction (Fig. 5). However, as the induction of
ovarian aromatase by DEHP observed in our study failed to reach
statistical significance, further study is needed to understand the
role of aromatase in DEHP-induced adverse reproductive effect.

The PPARx dependence of the effect of DEHP on female repro-
ductive health is a subject of controversy (Kobayashi et al,, 2009).
For example, while we previously showed that hepatic PPARx is
required for the toxic effect of maternal exposure to DEHP in male
offspring of mice (Hayashi et al., 2011), DEHP has also been shown
to induce liver tumorigenesis via a PPARa-independent pathway
(ite et al, 2047). In the present study, we found that DEHP reg-
ulation of ovarian Esrl gene expression in WT mice was lost in
PPARa-knockout mice, indicating that the transgenerational regu-
lation of ovarian gene expression by DEHP is at least partly PPARx
dependent. Consistent with this observation, arecent study showed
that reductions in the number of methylated CpG sites of imprinted
genes in the oocytes of F1-treated mice oocytes are transferable
to F2 offspring, suggesting that DEHP has an epigenetic effect in
oocytes (Li et al,, 20314).

In summary, our data indicate that transgenerational repres-
sion by DEHP of ovarian Esrl gene expression is mediated by
PPARa-dependent pathways. The possible mechanism might relate
with negative feedback of the Esr1-ligand interaction (Fig. 5). Fur-
ther studies are required to elucidate the crosstalk between PPARx
and Esr1 signaling in reproductive processes.
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Abstract Embryonic stem cells and induced plurip-
otent stem (iPS) cells are usually maintained on feeder
cells derived from mouse embryonic fibroblasts
(MEFs). In recent years, the cell culture of iPS cells
under serum- and feeder-free conditions is gaining
attention in overcoming the biosafety issues for
clinical applications. In this study, we report on the
use of multiple small-molecular inhibitors (i.e.,
CHIR99021, PD0325901, and Thiazovivin) to effi-
ciently cultivate mouse iPS cells without feeder cells
in a chemically-defined and serum-free condition. In
this condition, we showed that mouse iPS cells are
expressing the Nanog, Oct3/4, and SSEA-1 pluripo-
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tent markers, indicating that the culture condition is
optimized to maintain the pluripotent status of iPS
cells. Without these small-molecular inhibitors,
mouse iPS cells required the adaptation period to start
the stable cell proliferation. The application of these
inhibitors enabled us the shortcut culture method for
the cellular adaptation. This study will be useful to
efficiently establish mouse iPS cell lines without
MEF-derived feeder cells.

Keywords Induced pluripotent stem cells -
Cell culture condition - Serum-free - Feeder-free -
Low-molecular-weight compounds

Abbreviations

ES Embryonic stem

iPS Induced pluripotent stem
MEFs Mouse embryonic fibroblasts

SSEA Stage specific embryonic antigen
HPV Human papilloma virus

STEMCCA  Stem cell cassette

DMEM Dulbecco’s modified Eagle’s medium

KSR Knockout serum replacement

LIF Leukemia inhibitory factor

2i 2 Inhibitors (CHIR99021 and
PD0325901)

Tzv Thiazovivin

GSK-38 Glycogen synthase kinase 38

MAPK Mitogen-activated protein kinase

ROCK Rho-associated Kinase

PD Population doubling
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EBs Embryoid bodies

AP Alkaline phosphatase

DAPI 4’ 6-Diamidino-2-phenylindole
RT Reverse transcription

PCR Polymerase chain reaction
cDNA Complementary DNA

Introduction

The reprogramming of somatic cells to generate
induced pluripotent stem (iPS) cells was achieved by
expressing four defined transcription factors: Oct3/4,
Sox2, Klf4, and ¢c-Myc (Takahashi and Yamanaka
2006). Such iPS cells have major potential in the study
and therapy of human diseases because they are
capable of self-renewal and can generate all the three
primary germ layers: ectoderm, mesoderm, and endo-
derm. iPS cells are usually maintained on feeder cells
that are derived from mouse embryonic fibroblasts
(MEFs) (Takahashi and Yamanaka 2006; Takahashi
et al. 2007; Yu et al. 2007). However, several feeder-
free conditions were developed recently especially for
human embryonic stem (ES) cells and iPS cells to
ensure biosafe human clinical applications (Xu et al.
2001; Amit et al. 2004; Rosler et al. 2004; Lu et al.
2006; Navarro-Alvarez et al. 2008; Miyazaki et al.
2008; Sun et al. 2009; Kitajima and Niwa 2010; Rodin
et al. 2010; Hayashi et al. 2010; Fukusumi et al. 2013).
Animal-derived components are relatively high risk
for potential infections in clinical regenerative med-
icine. In addition to regenerative medicine, iPS cells
are also expected to play an important role in drug
screening. However, the mixed culture condition of
iPS cells and the need of feeder cells make the
evaluation of the effects of drugs difficult. Further-
more, the establishment of serum- and feeder-free
culture conditions is significant to overcome the
ethical issues related to animal experiments.

Furue et al. (2005) previously developed a serum-
free, chemically defined medium called “ESF7”
(now available as ESF-C), which maintains mouse
ES cells on collagen-coated dishes. In this manu-
script, we show that mouse iPS cells can be cultured
in feeder-free conditions as well as on feeder cells
using the ESF-C medium containing different kinds
of  low-molecular-weight cell  differentiation
inhibitors.

@ Springer

Materials and methods
Mouse iPS cell induction

A human papilloma virus-derived E6 gene was
introduced to MEFs (E6-MEFs) to extend the cell
proliferation until cellular senescence (Yamamoto
et al. 2003). Then, STEMCCA-loxP lentiviral vector
(STEMCCA means a “stem cell cassette”), which is
composed of Yamanaka 4 factors and self-cleaving 2A
peptides, was introduced into E6-MEFs to generate
iPS cells (Sommer et al. 2009).

Cell culture

MEFs and feeder cells were cultured in MEF medium
consisting of Dulbecco’s modified Eagle’s medium
(DMEM,; #08459-35, Nacalai Tesque, Kyoto, Japan)
supplemented with 10 % fetal bovine serum (FBS;
#12483-020, Invitrogen, Carlsbad, CA, USA) and
100 antibiotic—antimycotic mixed solution (#02892-
54, Nacalai Tesque). The experimental conditions for
the established mouse iPS cells are as follows: (1)
mouse iPS cells were cultured on MEF feeder cells in
mouse iPS cell medium [DMEM with 15 % Knockout
Serum Replacement (referred to as KSR, #10828-028,
Invitrogen), 0.22 mM 2-mercaptoethanol (#21438-82,
Nacalai Tesque), 100 x MEM Non-essential Amino
Acids Solution (#139-15651, Wako Pure Chemical
Industries, Osaka, Japan), 100x antibiotic—antimy-
cotic mixed solution and 1,000x leukemia inhibitory
factor (LIF, Human, recombinant, Culture Superna-
tant, #125-05603, Wako Pure Chemical Industries)];
(2) mouse iPS cells were cultured on collagen
(Cellmatrix Type I-A, Nitta Gelatin, Osaka, Japan)-
coated dishes in ESF-C medium (#2004-05, Cell
Science and Technology Institute, Sendai, Japan)
containing 1,000 x LIF; (3) the same cell culture of
point (2) containing three low-molecular-weight
inhibitors [1.5 uM CHIR99021 (#163-24001, Wako
Pure Chemical Industries), 0.5 uM PD0325901 (here-
inafter the combination of these two inhibitors are
referred to as 2i for short, #13034, Cayman Chemical,
Ann Arbor, MI, USA), and 0.5 pM Thiazovivin
(referred to as Tzv, #04-0017, Stemgent, Cambridge,
MA, USA)]. The preparation of MEFs and feeder cells
were described in our previous report (Donai et al.
2013).
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Population doubling (PD) assay

Mouse iPS cells were seeded at a density of
5.0 x 10* cells per well in a 6-well plate. We evalu-
ated three independent mouse iPS clones. The passages
of the mouse iPS cells were carried out until one well of
the 6-well plate became confluent. The cell number
was counted using an automatic cell counter (Countess,
Invitrogen), and the cell growth was evaluated with
triplicated experiments. The passage process was
repeated up to the 6th passage. Cell PD was obtained
from the number of cells using the formula described in
aprevious report as follows: PD = log,(a/b), where ‘a’
is the number of the cells counted in passage and ‘b’
represents the number of seeded cells (Qin et al. 2012).
The results of PD assay are shown as means with
standard deviations. Statistical significance was eval-
uated using Student’s ¢ test (P < 0.05).

Embryoid bodies (EBs) formation

To form EBs, 2-3 x 10° iPS cells were seeded into a
Petri dish (for bacterial culture). After 3—4 days,
floating EBs were picked up and transferred to 0.1 %
gelatin-coated 24-well plates and cultured for 3—4
additional days. EB medium contained DMEM with
15 % FBS, 100x antibiotic—antimycotic mixed solu-
tion, 0.22 mM 2-mercaptoethanol and 100x MEM
non-essential amino acids solution.

Alkaline phosphatase (AP) staining
and Immunocytochemistry

Detailed method for detection of AP activity and
pluripotent markers with immunocytochemistry was
previously described in our publication (Donai et al.
2013). EBs on gelatin-coated dishes were stained with
BII tubulin monoclonal antibody (1:600 dilution,
#MAB1637, Millipore, Billerica, MA, USA), 4',6-
diamidino-2-phenylindole (DAPI) solution (1:1,000
dilution, #340-07971, Wako Pure Chemical Indus-
tries) and Alexa Fluor 568 (1:500 dilution, #A21124,
Invitrogen).

Reverse transcription (RT) and quantitative real-
time polymerase chain reaction (PCR)

Total RNA was extracted from cells confluent in a
6-well plate and a Petri dish using the TaKaRa

FastPure RNA Kit (#9190, TaKaRa Bio, Shiga, Japan)
according to the manufacturer’s protocol. Comple-
mentary DNA (cDNA) synthesis and PCR were
performed in a similar way as in our previous report
(Donai et al. 2013).

Results and discussion

We initially investigated whether mouse iPS cells
could maintain their specific morphologies in each
culture condition. Figure | shows the cell morphology
and alkaline phosphatase (AP) staining under the
conditions 1 and 2. In condition 1, using feeder cells
as control, the cells showed mouse ES cell-like
morphology, characterized by larger nuclei, scant
cytoplasm, dome-shaped colonies, and strong positive
AP staining (Fig. la, b). In condition 2 (collagen
coating + ESF-C), mouse iPS cells showed colonies
with scattering morphologies (Fig. 1c), and relatively
weak AP activity (Fig. 1d). Then, we compared the
cell proliferation between condition 1 and 2 using the
corresponding PD values. The cell numbers in condi-
tion 1 exponentially increased (Fig. 1e, white circle)
and showed aggressive growth potential represented
by >1.5 population doubling per day (Fig. 1f, open
bar). In condition 2, the cell growth of mouse iPS cells
was remarkably delayed (Fig. le, black circle). The
delayed iPS cell growth restored after passage three,
suggesting that the cellular adaptation of mouse iPS
cells to the feeder-free condition was necessary to
ensure a stable cell growth. The delayed cell growth in
the early passages of mouse iPS cells was apparent
when the PD value was normalized by the culture day
(PD per day, Fig. 1f). Furthermore, although we tried
to maintain the three independent mouse iPS clones
under feeder-free conditions, one of the mouse iPS
clones did not show cell growth and was unable to
survive in ESF-C medium (data not shown).

In condition 3, we added three inhibitors
(CHIR99021, PD0325901 and Thiazovivin) to the
ESF-C medium. CHIR99021 is reported as the inhib-
itor of glycogen synthase kinase 3B (GSK-3p) signal-
ing, which has a large impact to maintain pluripotency
of ES and iPS cells effectively (Sato et al. 2004; Besser
2004; Polychronopoulos et al. 2004; Ying et al. 2008).
PD0325901 targets mitogen-activated protein kinase
(MAPK/ERK kinase) (Sebolt-Leopold and Herrera
2004; Bain et al. 2007). In combination with
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Fig. 1 Morphology of
mouse iPS cell colonies in
condition I and condition 2.
Condition 1, on feeders in
mouse iPS cell medium with
LIF; Condition 2, on
collagen-coated dishes
(feeder-independent) in
ESE-C medium (serum-
free) with LIF. White

bar = 50 pm. a,

b Morphology of mouse iPS
cell colonies (a) and AP
staining (b), respectively, in
condition 1, showing
compact colonies and strong
reactivity. ¢, d Morphology
of mouse iPS cell colonies
(¢) and AP staining (d),
respectively, in condition 2.
Shape scattering of colonies
and weak AP signals are
evident. e The population
doublings under condition 1
and condition 2.n =3 x 3

f Population doubling per
day. Open and closed bars E F
correspond to condition 1 >
and 2, respectively. The cell 35 1 —O— Condition 1 (on feeders) z
growth was parﬂ‘y recovered o 30 { @ Condition 2 o 1 ™ .
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CHIR99021, PD0325901 affects the self-renewality of
ES and iPS cells to prevent cell differentiation (Lin
et al. 2009). Thiazovivin acts as a Rho-associated
Kinase inhibitor, which can improve the survival of ES
and iPS cells from single cell dissociation (Lin et al.
2009; Xu et al. 2010). The iPS cell colonies were more
rounded with clearer boundaries than those obtained
under condition 2 (Fig. 2a). In agreement with the
improved morphology, the reactivity against AP of the
cells in the ESF-C in the presence of these three
inhibitors as well as on the feeder cells became strong
(Fig. 2b). Furthermore, mouse iPS cells showed
enhanced cell proliferation compared to those in
condition 2 (Fig. 2¢). Although the cell proliferation
speed in condition 3 was significantly lower than that

@ Springer

in condition 1, the PD value of condition 3 was similar
to that of condition 1. As shown in Fig. 2d, the effect
of these low-molecular inhibitors (2i 4+ Tzv) became
more apparent with increasing PD per day. Based on
these results, we concluded that 21 + Tzv enabled us
to efficiently maintain mouse iPS cells in the chem-
ically defined medium and in feeder-free conditions
without requiring the cellular adaptation period. We
evaluated the expression of pluripotent markers of
mouse iPS cells under condition 3 by immunocyto-
chemistry (Fig. 2e). The detection of the expression of
markers in mouse iPS cells was in good agreement
with that of mouse ES cells. Briefly, the mouse iPS cell
colonies in condition 3 showed immunoreactivity
against Nanog, Oct3/4, and SSEA-1 antibodies. From
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Fig. 2 The small-molecule inhibitors improve the morphology
of mouse iPS cell colonies, their proliferation, and the expression
of pluripotent markers. Condition 3, on collagen-coated dishes
(feeder-independent) in ESF-C medium (serum-free) with LIF,
2i and Tzv. White bar = 50 pm. a, b Morphology of mouse iPS
cell colonies and AP staining, respectively, under condition 3.
The cells formed dome-shaped colonies with clear edges and
displayed strong AP activity. ¢ The number of population
doubling under condition 1 and condition 3. The growth speed

A B

3

ey
1

relative expression

Oct3/4 Nanog Sox2

Fig. 3 In vitro differentiation of iPS cells. a, b Morphology of
EBs floating in a Petri dish after 4 days incubation. Left panel
(a) EBs derived from iPS cells cultivated under condition 1;
Right panel (b) EBs derived from iPS cells cultivated under
condition 3. White bar 100 pm. ¢ Detection of stem cell-specific
genes by real-time quantitative polymerase chain reaction (RT-

in condition 3 showed enhanced proliferation similar to that of
condition 1. d Population doubling per day. Mouse iPS cells
showed good cell proliferation starting from early passages.
Open and closed bars represent condition 1 and 3, respectively.
e Expression of pluripotent markers in mouse iPS cells. Nanog-
and Oct 3/4-positive staining, which could be overlapped with
DAPI blue counterstaining, was detected in the nuclei. Stage-
specific embryonic antigen (SSEA)-1 protein localizes at the cell
surface. White bar = 100 pm. (Color figure online)

D

Il Tubulin

gPCR) between iPS cells and EBs in condition 3. White column
iPS cells (undifferentiated state); Black column EBs (differen-
tiated state). n = 3 d immunostaining of BIII tubulin (ectoderm)
marker in EBs cultivated 4 days on gelatin-coated dishes
derived from condition 3. White bar 50 pm
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these data, we concluded that our mouse iPS cells
maintained a pluripotent state even in the absence of
serum and feeder cells.

To validate whether 1PS cells have differentiation
capacity in feeder-independent culture, we tried to
form EBs after incubation in condition 1 and 3. We
could not detect any difference in EBs formation
between condition 1 and 3 (Fig. 3a, b). After EBs
formation, we detected lower expression levels of
stem cell-specific genes compared with pluripotent
state (Fig. 3¢). Furthermore, we also detected BIII
tubulin (ectoderm) marker by immunostaining
(Fig. 3d). These findings indicate that differentiation
capacity is still intact even in chemically-defined and
serum-free condition.

In this study, we demonstrated the efficient expan-
sion of mouse iPS cells on collagen-coated dishes
under serum- and feeder-free conditions in combina-
tion with three small-molecule cell differentiation
inhibitors. We could not observe any morphological or
cell proliferation change until passage 10. We also
confirmed the effect of the inhibitors on the cell
growth of mouse ES cell line El4tg2a. They expect-
edly showed growth pattern similar to that of iPS cells
under the presence of these inhibitors (data not
shown). Collagen coating is a simple method and
does not require special techniques. This method
provides a useful means for using mouse iPS cells to
assess novel drugs and animal-derived components
without adaptation periods.
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HIGHLIGHTS

¢ Asingle dose of PAMAM dendrimers was intranasally administered to 8-week old male BALB/c mice.

® Gene expression profiling was examined in the olfactory bulb, hippocampus, and cerebral cortex of the mouse brain.

® Brain derived-neurotrophic factor mRNA was up-regulated in the hippocampus and cerebral cortex in PAMAM-treated mice.
°* PAMAM dendrimers may reach the brain after intranasal instillation and induce neuronal effects.
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Dendrimers are highly branched spherical nanomaterials produced for use in diagnostic and therapeu-
tic applications such as a drug delivery system. The toxicological profiles of dendrimers are largely
unknown. We investigated the in vivo effects of nasal exposure to polyamidoamine (PAMAM) dendrimers
on their effects on neurological biomarkers in the mouse brain. A single dose of PAMAM dendrimers (3
or 15 pg/mouse) was intranasally administered to 8-week old male BALB/c mice. Twenty-four hours
after administration, the olfactory bulb, hippocampus, and cerebral cortex were collected and poten-

Keywords: . tial biomarkers in the blood and brain were examined using blood marker, microarray and real-time
Nanomaterials . . R .

PAMAM dendrimers RT-PCR analyses. No remarkable changes in standard serum biochemical markers were observed in the
Biomarkers blood. A microarray analysis showed the alterations of the genes expression level related to pluripotent
Neurotoxicity network, serotonin-anxiety pathway, TGF-beta receptor signaling, prostaglandin synthesis-regulation,
Mouse complement-coagulation cascades, and chemokine-signaling pathway and non-odorant GPCR signaling

pathways in brain tissues. Brain derived-neurotrophic factor mRNA was up-regulated in the hippocam-
pus and cerebral cortex in mice treated with a high dose of dendrimers. These findings suggest that
PAMAM dendrimers may reach the brain via the systemic circulation or an olfactory nerve route after
intranasal instillation, and indicate that a single intranasal administration of PAMAM dendrimers may
potentially lead to neuronal effects by modulating the gene expression of brain-derived neurotrophic
factor signaling pathway.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Dendrimers are generally described as macromolecules with
highly branched structures that provide a high degree of sur-
face functionalities and interior cavities. Dendrimers are very
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promising nanomaterials for therapeutic and diagnostic purposes
(Lee et al, 2005; Tekade et al, 2008). Because of their multiva-
lent and monodisperse characters, dendrimers have been a topic of
interestin the fields of chemistry and biology, especially for applica-
tions in drug delivery, gene therapy, and chemotherapy (Buhieier
et al, 1978; Newkome ot al., 1985; Tomalia ot al., 1983). Current
understanding of the toxicological and pharmacological effects of
dendrimers is limited, and an improved understanding of the toxi-
cities of various dendrimer formulations is essential. Toxicological
and pharmacokinetic investigations examining the cytotoxicity of
dendrimers and the immune response to dendrimers are needed
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to design dendrimers for therapeutic and diagnostic uses. Although
attention has been paid to clinical applications, little is known about
their biological safety. Therefore, the possible adverse effects on
humans and the environment needed to be evaluated.

Nanoparticles are divided into combustion-derived nanoparti-
cles and manufactured or engineered nanoparticles. Previously, our
laboratory has demonstrated the effects of the intranasal instilla-
tion of carbon black nanoparticles on inflammatory mediators in
the mouse brain (Win-Shwe &t 2006) and the effects of inhala-
tion exposure to nanoparticle-rich diesel exhaust on the expression
level of memory function-related genes and hippocampal depend-
ent spatial and non-spatial learning behavior (Win-Shwe et al.,
2008a, 2009, 20124, 2012h; Win-Shwe et al, 2011). Nanotechnol-
ogy has been advanced increasingly and among the well-developed
nanomaterials, polyamidoamine (PAMAM) dendrimers are widely
used for various biomedical applications including drug delivery,
molecular imaging, and gene therapy (Na et al., 2008; Zhou et al,
2008; Dear et al, 2006; Swanson et al,, 2008). PAMAM dendrimers
are synthesized using a divergent method starting from ammonia
or ethylenediamine initiator core reagents (Pushkar et al., 2006).
Currently, many in vitro studies using mammalian cell lines have
shown the cytotoxicity of PAMAM dendrimers (Lee et al, 2008;
Naha et al,, 2010; Mukherjee et al, 20103, 2010h). [t was reported
that PAMAM dendrimers can make a hole in the plasma mem-
brane, which may trigger membrane disruption (Hong et al., 2004;
Leroueil et al, 2008). Toxicity has also been shown to increase
with increasing dendrimer generation (Naha et al. 2008). How-
ever, reports describing the in vivo toxicological assessment of
dendrimers are limited. These findings prompted us to investigate
the toxicological effects of dendrimers.

Regarding recent in vivo studies of nanomaterials, the intranasal
instillation of titanium dioxide nanoparticles for 90 consecutive
days was reported to induce oxidative stress and to trigger the
overproliferation of spongiocytes and to induce hemorrhage in
the mouse brain (Ze et al, 2013). Moreover, a kinetic study has
reported that zinc oxide nanoparticles have a higher absorption
and a more extensive organ distribution, compared with titanium
dioxide nanoparticles, after 13 weeks of oral exposure (Cho et al.,
2013).

We hypothesized that since dendrimers are nano-sized parti-
cles, they could potentially reach the brain via an olfactory nerve or
through the systemic circulation following intranasal instillation, as
previously described in our other studies (Win-Shwe et al., 2006,
2008h); once they have reached the brain, they might affect the
immune system or induce an inflammatory response. Therefore,
we selected the olfactory bulb to detect the effects of intranasally
instilled dendrimers. Other areas, such as the hippocampus and the
cerebral cortex, were selected to enable a comparison with our pre-
vious findings for neuro-immune biomarkers in those areas after
the intranasal instillation of nanoparticle carbon black. Therefore,
in the present study, to determine whether PAMAM dendrimers
cause toxicity in an animal model, we used male BALB/c mice to
assess the neurotoxic effects of the single intranasal administration
of PAMAM dendrimers on neurological biomarkers in the mouse
brain. We also assessed the genes affected by PAMAM dendrimers
using microarray analyses.

2. Materials and methods
2.1. Nanomaterials

PAMAM dendrimer (1,4-diaminobutane core, generation 4, 10% w/w methanol
solution) was purchased from Sigma-Aldrich (product number 683507, PAMAM-
amine dendrimer, NH, surface type, positive charge; St. Louis, MO, USA). The
dendrimer particles were desiccated after the spontaneous volatilization of
methanol and were re-suspended in ultrapure water (Milli-Q). Aliquots were then
used in the experiments after storage for more than one day to enable a thorough
distribution of the particles.

2.2. Characterization of PAMAM-NH, dendrimers

According to the manufacturer, the primary size of PAMAM-NH; dendrimers
(G4) is 4.5nm in diameter; each dendrimer has 64 (amine) surface groups and a
molecular weight of 14,234 Da. A schematic diagram of the PAMAM dendrimer (G4)
that was used in the present study and the distribution of the hydrodynamic diam-
eter of PAMAM dendrimers in ultrapure water are shown in ¥ig. 1. In the present
study, we selected G4 dendrimers because our in vitro pilot study had shown that
among the PAMAM dendrimers, the G4 dendrimers were associated with potential
cytotoxicity in human neural progenitor cells. The particle size distributions were
calculated using the light intensity distribution data. For measurement, the whole
range of operations from the detection of scattered light intensity distribution pat-
terns to the calculation of the particle size distribution was performed. Using Zeta
Potential and Particle Analyzer (Otsuka Electronics ELSZ-2, Osaka, Japan) we first
measured the particle size distribution of PAMAM in 100% methanol (mean size,
3.4+ 0.9 nm); after removing methanol using nitrogen purging, PAMAM was again
distributed in ultrapure water (mean size, 5.7 + 1.4 nm in first peak; 976 + 391 nm
in second peak). Then, the PAMAM was stored in ultrapure water overnight to allow
the thorough dispersal of the PAMAM dendrimers (mean size, 5.6 + 2.3 nm; second
peak was disappeared) prior to use in the intranasal instillation experiments.

2.3. Animals

Male BALB/c mice (7 weeks old) were purchased from Japan Clea Co. (Tokyo,
Japan). Eight-week-old mice were used in the experiments. Food and water were
given ad libitum. The mice were allotted into three groups: a control group (n=5),a
low-dose dendrimer-treated group {n=>5)and a high-dose dendrimer-treated group
(n=5). The mice were housed in plastic cages under controlled environmental con-
ditions (temperature, 22 0.5 °C; humidity, 50 £ 5%; lights on 07:00-19:00h). The
experimental protocols were approved by the Ethics Committee of the Animal Care
and Experimentation Council of the National Institute for Environmental Studies
(NIES), Japan.

24. Administration of dendrimers

The intranasal route is widely used for the administration of pharmaceutical
agents and vaccines. We considered a single intranasal instillation dose of 15 g to
be a “high dose” and 3 p.g to be a “low dose” of dendrimers in the present study.

The mice were treated with a single dose of 30 wL PAMAM dendrimers (3 or
15 pg/mouse) into both nostrils under light sodium pentobarbital anesthesia. The
control mice were given ultrapure water only.

2.5. Serum biochemical assay

Twenty-four hours after the intranasal instillation of PAMAM dendrimers, blood
was drawn from the heart of each mouse under deep sodium pentobarbital anes-
thesia to examine various biochemical markers. The blood urea nitrogen (BUN),
creatinine (CRE), total cholesterol (T-CHO), triglyceride (TG), pyruvic acid (PA), and
lactic acid (LA) levels were analyzed using enzymatic methods, while the sodium
(Na) and potassium (K) levels were analyzed using ion electrode methods. Then, the
calcium (Ca) and iron (Fe) levels were analyzed using colorimetric assays, and the
aspartate transaminase (AST), alanine transaminase (ALT), and lactate dehydroge-
nase (LDH) levels were analyzed using enzyme activity assays.

2.6. Microarray analyses and bioinformatics

To detect gene expression changes in the olfactory bulb, hippocampus, and cere-
bral cortex after a single intranasal instillation of dendrimers, microarray analyses
were performed using an Agilent microarray (SurePrint G3 8 x 60K mouse; Agi-
lent Technologies, Inc., Santa Clara, CA, USA). An equivalent amount of total RNAs
from six mice were pooled from each group and were used for microarray analy-
ses. The arrays were hybridized and scanned in accordance with the manufacturer’s
directions at the facility of Hokkaido System Science Co., Ltd. (Sapporo, Japan). The
expression values were normalized according to a median of 75%, filtered with a
flag tag to remove genes which expression levels were low, and statistically ana-
lyzed using GeneSpring GX12.01 software (Agilent Technologies). Alterations in
gene expression were represented as the log; ratio. Finding pathways that inte-
grated the collected biological knowledge were also analyzed using the GeneSpring
software. Microarray data was submitted to GEO (Gene Expression Omnibus in
National Center for Biotechnology Information, it {iwww.ehinimanihgovigeo!)
and was registered as GSE56159.

2.7. Quantification of mRNA expression levels

Twenty-four hours after dendrimer instillation, the mice were sacrificed under
deep pentobarbital anesthesia and the olfactory bulb, hippocampus, and cerebral
cortex were collected from each group of mice and frozen quickly in liquid nitrogen,
then stored at —80°C until the total RNA was extracted. Briefly, total RNA extrac-
tion from the tissue samples was performed using the BioRobot EZ-1 and EZ-1 RNA
tissue mini-kits {Qiagen GmbH, Hilden, Germany). Then, the purity of the total RNA



T.-T. Win-Shwe et al. / Toxicology Letters 228 (2014) 207-215 209

A
HaNAASNH2 - 1 4-diaminobutane
HaNA S\ ~NHz cthylenediamine
B In 100% methanol
3% . - pod B
fE -
_é'\ i
2
£
';} | e "
SO
IS
(>3 §
m B N LTI T TT IO PPy ’
BT || E—
b T 1w w0y i ¢ 7

Particle diameter (nm)

Fig. 1. (A) Schematic diagram of PAMAM dendrimer-NH; (G4) used in the present study and (B) distribution of hydrodynamic diameter of PAMAM dendrimer-NH; in
ultrapure water. The particle size distributions were calculated using the light intensity distribution data. For the measurements, the whole range of operations from the
detection of scattered light intensity distribution patterns to the calculation of the particle size distribution was performed. First, we measured the particle size distribution
of PAMAM in 100% methanol; after the removal of methanol by air drying, the PAMAM dendrimers were again distributed in ultrapure water. Then, PAMAM was stored in
ultrapure water overnight at 4°C to allow the thorough dispersal of the PAMAM dendrimers, which were then used for the intranasal instillation experiments.

was examined, and the quantity was estimated using the ND-1000 NanoDrop RNA
Assay protocol (NanoDrop, Wilmington, DE, USA), as described previously (Win-
Strwe et al, 20081). Next, we performed first-strand cDNA synthesis from the total
RNA using SuperScript RNase H~Reverse Transcriptase Il (Invitrogen, USA), accord-
ing to the manufacturer’s protocol. We examined the mRNA expressions using a
quantitative real-time RT-PCR method and the Applied Biosystems (ABI) Prism 7000
Sequence Detection System (Applied Biosystems Inc., Foster City, CA, USA). The
tissue 18S rRNA level was used as an internal control. Some primers (cyclooxy-
genase 2 [COX2], NM.011198; heme oxygenase [HO] 1, NM.010442; interleukin
[IL-1] B, NM.008361; nuclear factor kappa B [NFkB], NM.025937; and brain-
derived neurotrophic factor [BDNF], NM_.007540) were purchased from Qiagen,
Sample & Assay Technologies. Other primers were designed in our laboratory: 18S
(forward 5~TACCACATCCAAGAAGGCAG-3, reverse 5'-TGCCCTCCAATGGATCCTC-
3"), and nerve growth factor [NGF] (forward 5-TGGGCTTCAGGGACAGAGTC-3,
reverse 5'-CAGCTTTCTATACTGGCCGCAG-3'). Data were analyzed using the compar-
ative threshold cycle method. The relative mRNA expression levels were expressed
as mRNA signals per unit of 18S rRNA (Rn18s) expression.

2.8. Preparation of histological brain slices

Twenty-four hours after dendrimer instillation, the brains were removed from
two mice in each of the control and high-dose exposure groups after the animals
had been deeply anesthetized with sodium pentobarbital; the brains were then
fixed with 10% formalin. The fixed brains were dehydrated using a graded series
of ethanol, cleared with xylene, and embedded in paraffin. Coronal paraffin sec-
tions were cut at a thickness of 4 um using a microtome and were mounted on
3-aminopropyltriethoxysilane-coated glass slides and stained with hematoxylin
and eosin (H&E) for histological examination.

2.9, Statistical analysis

All the data were expressed as the mean +standard error (S.E.). The statisti-
cal analysis was performed using the StatMate II statistical analysis system for
Microsoft Excel, Version 5.0 (Nankodo Inc., Tokyo, Japan). The dose-response data

were analyzed using a one-way analysis of variance with a post hoc analysis using
the Bonferroni/Dunn method. Differences were considered significant at P<0.05.

3. Results
3.1. Serum biochemical markers

Standard serum biochemical markers were monitored after
acute PAMAM dendrimer treatment. The BUN, CRE, Na, K, Fe, AST,
ALT, LDH, T-CHO, TG, PA, and LA levels did not differ significantly
between the control and the dendrimer-treated mice (Table 1).
These findings indicate that no general toxicity was observed in
the present study.

3.2. Microarray analyses

2506 to 5027 genes with logy fold changes >1.5 or <-1.5
from the three brain areas were selected and analyzed by
the SEA (Single Experiment Analysis) of Genespring to find
matching genes out of functional pathways in Wikipath-
way which was downloaded into GeneSpring database. The
SEA pathway analysis can find functional annotation pathway
listed by those matching genes between experimental data
and genes in the known pathway of Wikipathway. The path-
way analysis showed pluripotent network, serotonin-anxiety
pathway, TGF-beta receptor signaling, prostaglandin synthesis-
regulation, complement-coagulation cascades, blood coagulation
cascade and chemokine-signaling pathway and non-odorant GPCR
signaling pathways among a more than 1.5-fold up-regulation or
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Table 1
Standard serum biochemical markers from dendrimer-treated mice.
BUN CRE Na K Fe AST ALT LDH T-CHO TG PA LA
(mg/dLl)  (mg/dL)  (mEq/L) (mEq/L)  (ng/dL) (10/L) (Iu/L) (IU/L) (mg/dL)  (mg/dL) (mg/dL)  (mg/dL)
Control 13.8+42 005+0.0 150.0+247 3.1+07 782+303 582+336 178 +6.7 187.8 £823 298+ 98 48.6+26.7 023401 201 +6.2
Lowdose 145+45 0.05+00 1628 +22 28+ 1.0 684 +24.8 456+ 158 19.0+56 171.8 £54.1 298+ 142 314+ 130 0.12+0.1 162+ 12.0
Highdose 194 +64 008+0.1 1640+12 33+08 682+243 482+96 214+1.0 1702+222 388+ 150 508 +19.5 0.12+03 2834242

Data represents the mean + SD (n=5 from each group).

Abbreviations: blood urea nitrogen; BUN; creatinine; CRE; sodium; Na; potassium; K; iron; Fe; aspartate transaminase; AST; alanine transaminase, ALT; lactate dehydrogenase,

LDH; total cholesterol, T-CHO, triglyceride, TG; pyruvic acid, PA; lactic acid, LA.

Table 2

Functional annotation pathway listed by pathway analysis that found matching genes between experimental data and genes in the known pathway of Wikipathway.

Tissues Functional annotated pathways of Wikipathway P-value Matched gene entities Gene entities in the pathway
Olfactory bulb Mm_PluriNetWork - WP1763.41345 0.00150 12 291
Mm.serotonin.and_anxiety WP2141.47355 0.00192 3 18
Mm_TGF-beta_Receptor.Signaling_Pathway.WP258.41259 0.00192 8 150
Mm_Alpha6-Beta4.Integrin_Signaling.Pathway WP488_41271 0.00326 5 67
Mm_ErbB_signaling_pathway WP1261.41378 0.00486 4 46
Mm_.-EGFR1.Signaling_Pathway . WP572_41396 0.00493 8 176
Mm.Insulin_Signaling-WP65.41286 0.00945 7 159
Cerebral Cortex Mm_Prostaglandin_Synthesis_and_Regulation.WP374_41394 0.00000 12 31
Mm.Complement_and_Coagulation.Cascades.WP449_41301 0.00000 13 62
Mm_PluriNetWork - WP1763.41345 0.00025 28 291
Mm.metapathway_biotransformation.WP1251.41349 0.00069 16 143
Mm_Eicosanoid_Synthesis_ WP318_41263 0.00149 5 19
Mm.-Monoamine.GPCRs_-WP570.48232 0.00386 6 33
Mm._TGF-beta_Receptor_Signaling_Pathway.WP258_41259 0.00458 15 150
Adherens junction 0.00478 3 8
Mm_Androgen_Receptor_Signaling_Pathway WP252_47768 0.00577 12 112
Mm_Nuclear_Receptors_- WP509.41291 0.00789 6 38
Hippocampus Mm.Chemokine_signaling_pathway WP2292 53116 0.00010 16 193
Mm_TGF_Beta_Signaling_Pathway WP113.41270 0.00013 8 52
Mm_Non-odorant.GPCRs_-WP1396.41256 0.00013 20 267
Mm_MAPK signaling_pathway WP493_47770 0.00086 13 159
Mm.Type Linterferonsignaling (IFNG).WP1253.48389 0.00257 5 34
Mrm.-Monoamine.GPCRs_-WP570.48232 0.00257 5 33
Mm_PluriNetWork-WP1763.41345 0.00562 17 291
Mm.Insulin Signaling-WP65_41286 0.00674 11 159
Mm._Tryptophan_metabolism_-WP79.47759 0.00819 5 44

Olfactory bulb
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Fig. 2. Microarray analyses in the olfactory bulb. The relative mRNA expression was
shown as the log fold-change referring to the control RNA level. Each bar represents
a value of pooled RNAs from six mice per group.

down-regulation in the gene expression level (Tabie 2). Top 15-26
altered-gene expressions were shown in the olfactory bulb (Fig. 2),
cerebral cortex (Fig. 3) and hippocampus (Fig. 4) of mice treated
with high-dose dendrimers, compared with the levels in the con-
trol mice. Interestingly, pluripotent network and TGF-beta receptor
signaling related-genes were commonly responsive among three
brain areas by exposure to PAMAM dendrimers. In the hippocam-
pus, we found that Mapk4, Bdnf and Htr2 C were up-regulated

(Fig. 4A) and Bdnf-Mapk-related signaling pathway was expressed
in Fig 4B.

3.3. Inflammatory markers and neurotrophins in the brain

To detect the inflammatory and immune responses after den-
drimer treatment, we examined the gene expression levels of the
potent inflammatory mediator Cox2, the oxidative stress marker
Ho1l, the immune cell cytokine Il-18, and the transcription fac-
tor NfkB in the olfactory bulb, hippocampus, and cerebral cortex
(Table 3). In addition, as we found that Bdnf expression was
up-regulated in hippocampus in our microarray results, we also
examined the expression levels of neurotrophins, such as Ngf and
Bdnf, and found that the Bdnf mRNA levels were significantly
increased in the hippocampus and cerebral cortex of the high-dose
dendrimer-treated mice (P<0.05, Fig. 3).

3.4. Histological findings

We examined the morphological and pathological changes in
the olfactory bulb and hippocampus after a single exposure to den-
drimers. We did not find any obvious significant changes in the
brains of mice exposed to dendrimers, compared with the control
group (data not shown).
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Fig. 3. Microarray analyses in the cerebral cortex. The relative mRNA expression was shown as the log fold-change referring to the control RNA level. Each bar represents a

value of pooled RNAs from six mice per group.

Table 3
The relative mRNA expression level of inflammatory markers from dendrimer-treated mice.
Brain area Dendrimers Cox2 Hol qllip NfikB
Olfactory bulb Control 0.55 + 0.11 1.40 + 0.28 1.25 4 0.82 1.15 + 0.07
Low dose 0.55 + 0.13 1.42 + 0.23 0.99 + 0.25 135+ 0.11
High dose 0.43 + 0.07 2.00 + 0.76 1.12 4+ 041 1.30 4+ 0.08
Hippocampus Control 1.01 + 0.27 1.02 £ 0.90 0.64 =+ 0.29 0.95 + 0.16
Low dose 0.87 £0.15 0.97 £ 0.11 0.38 £ 0.13 0.78 £ 0.13
High dose 1.04 4+ 0.23 1.24 £ 0.09 0.78 £ 0.28 0.96 £ 0.15
Cerebral cortex Control 1.69 + 1.08 1.08 £ 0.07 1.44 + 0.62 1.05 + 0.17
Low dose 2.03 + 0.85 1.13 £ 0.24 1.24 4 0.36 1.03 + 0.10
High dose 1.58 + 0.61 1.14 £ 0.14 1.15 % 0.21 0.95 £ 0.15

Data are normalized for Rn18s mRNA levels and represents the mean & SE (n=5 from each group).
Abbreviations: cyclooxygenase 2; Cox2; heme oxygenase 1; Hol; interleukin-1f3; JI18; nuclear factor kappa B; Nf«B.

4. Discussion

The major findings of the present study were that pluripotent
network and TGF-beta receptor signaling related-genes were com-
monly responsive among specific pathways with less than 0.01 of
P-value in three brain areas by exposure to PAMAM dendrimers.
Moreover, the increased expression level of Bdnf gene in the hip-
pocampus and cerebral cortex of high-dose dendrimer-treated
mice was observed. To detect the general toxicity of dendrimers,
we examined serum biochemical markers and brain inflammatory
biomarkers. The results showed that no remarkable changes were
observed in the blood or brain. This was the first in vivo study to
show that the administration of an acute single high dose of den-
drimer causes mild effects on neurological gene expressions in the
olfactory bulb, hippocampus and cerebral cortex.

Regarding the treatment of central nervous system diseases, it
is important to understand the drug delivery system to the brain
and to study the toxicity of drug-carrying dendrimers in the brain.
There are many routes of administration to the brain, such as
intraparenchymal, intraventricular, and subarachnoid injections.
In the present study, we used intranasal instillation, which is
relevant to human applications. A recent study showed that den-
drimers are able to cross the cell membrane of primary neurons,
as detected using confocal imaging, and are also able to diffuse to
the CNS tissues after intraparenchymal or intraventricular injec-
tions (Albertazzi et al, 2013). The same group also demonstrated
that the apoptotic cell death of neurons was induced by 100-nm
of G4 PAMAM, but not in brain tissues by a sub-micromolar dose.
Moreover, using zebra fish embryos, the developmental toxicity of
low-generation G3.5 and G4 PAMAM dendrimers has been demon-
strated (Heiden et al, 2007).

Some in vitro studies have demonstrated that the exposure
of human hepatocellular carcinoma (HepG2) cells and human
peripheral blood mononuclear cells (PBMCs) from healthy human
volunteers to gold nanoparticles capped with PAMAM or sodium
citrate (50 M) might lead to the disturbance of cells, with cytotoxic
effects and DNA damage (Paino et al,, 2012).

In this study, a microarray analysis showed the up-regulation
of the expression levels of genes related to pluripotent net-
work, serotonin-anxiety pathway, TGF-beta receptor signaling,
prostaglandin synthesis-regulation, complement-coagulation cas-
cades, blood coagulation cascade and chemokine-signaling path-
way and non-odorant GPCR signaling pathways in brain tissues. A
trimethyltin~induced model! of hippocampal dentate granule cell
death dependent upon TNF receptor signaling were demonstrated
elevations of TGF@ accompanied with other TNF related cytokines
(Funk er al, 2011). Taken together, these results suggest that an
acute dose of dendrimers may at least partly cause neuroinflam-
mation and may affect some behavioral functions. Moreover, in the
present study, our microarray results showed that Bdnf expres-
sion was up-regulated in the hippocampus. This is consistent with
mRNA result. It has been reported that BDNF and its signaling
pathway involving Akrt, MAPK and P70S6K are potential target
for environmental chemical-induced neurotoxicity (Fattori et al.,
2(0%). BDNF is a neurotrophin and it affects survival and function
of neurons in the central nervous system. The up-regulation of Bdnf
expression in the present study may be due to body homeostasis,
it is also suggested that BDNF-MAPK pathway may involve cellu-
lar proliferation, differentiation and inflammation and apoptosis in
molecular mechanism.

Regarding the biodistribution of dendrimers, several stud-
ies have suggested that the olfactory nerve pathway should be
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in mice of the Wikipathway.

considered as a portal of entry to the central nervous system in
humans who are environmentally or occupationally exposed to air-
borne NPs (Gherdfirster et ak, 2004; De Lorenzo, 1870; Tidlve et al,,
1496).In alandmark study in 1970, De Lorenzo used ultrafine parti-
cles to demonstrate that, in squirrel monkeys, intranasally instilled
Ag-coated colloidal Au particles (50 nm) translocate anterogradely
in the axons of the olfactory nerves to the olfactory bulbs (e

Lorenzo, 1970). It has also been shown that manganese (Mn), cad-
mium (Cd), nickel (Ni), and cobalt (Co) nanomaterials that come
into contact with the olfactory epithelium can be transported to
the brain via olfactory neurons (Tallkvist et al., 1888; Tidlve and
Henrilkisson, 1999, Henriksson and Tidlve, 2000; Persson et al,
2003; Elder et al,, 2006). Oberdérster and colleagues demonstrated
that the inhalation of ultrafine elemental 13C particles (36nm)



