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a  b  s  t  r  a  c  t

The  neurotoxicity  of inhaled  ZnO  nanoparticles  (NPs)  and  the  underlying  mechanisms  remain  largely
unknown.  In  this  study,  ZnO  NPs  (30  ±  6 nm)  were  intranasally  instilled  to  rats  via  a  single dose  (13  mg
Zn/kg  BW),  with  ZnSO4 as the  ionic  control,  and  analysis  7-days  post  exposure.  The  hippocampus  was
found  to  be  the  main  target  for Zn accumulation  for both  ZnO  NPs  and  ZnSO4. Synchrotron  radiation  based
X-ray  absorption  fine  structure  (XAFS)  analysis  showed  that  no  particulate  ZnO  was found,  suggesting  the
occurrence  of dissolution  and  transformation  of ZnO  NPs. Multi-omics  analysis,  including  transcriptomics,
proteomics  and  metabolomics,  demonstrated  that  cholinergic  neurotransmission  was  the  main  biological
process  affected  following  both  treatments.  The  release  of the  key neurotransmitter  acetylcholine  (ACh)
was  increased  by  enhanced  ACh  synthesis,  upregulation  of  vesicular  ACh  transporter,  and  suppression  of
the activity  of  ACh  hydrolysis  enzyme  (AChE),  either  by direct  Zn-AChE  interaction  or  a  transcriptional
down-regulation  mechanism.  In  addition,  ZnO  NPs  and  ZnSO4 induced  similar  molecular  consequences

and  exhibited  the  same  Zn chemical  speciation  (100  % of  Zn  complexes)  in  the  hippocampal  region
evidenced  by  XAFS  analysis,  suggesting  that  the observed  biological  effects  were  mainly  derived  from
Zn2+ released  from  the  ZnO  NPs. This  study  not  only  evidences  a new  pathway  for  the  impact  of  ZnO
NPs  on  the brain,  but  also  identifies  the  origin  of the  impact  as  ionic  Zn,  which  provides  the  basis  for
safe-by-design  of ZnO  NPs.

© 2020  The  Author(s).  Published  by  Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
ntroduction
The advent of nanotechnology has sparked a wave of novel
ommercial products from machines to medicines, bringing pro-
ound social and economic benefits. In parallel, the potential human
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health risks due to the unprecedented avenues of human exposure
to nanoparticles (NPs) are increasingly a cause for concern [1]. Com-
prehensive understanding of the toxicity of NPs can lead to safer
design and reduce the side effects or unintended consequences of
NPs.

ZnO NPs are among the three most produced nanomaterials (the
other two being TiO2 NPs and SiO2 NPs) with a global production of
more than 550 tons per year [2]. They have been utilized in various
applications due to their unique photocatalytic, electronic, optical,

dermatological, and antibacterial properties. Their most common
applications are in beauty care products, sunscreens, food additives,
cements, and fabric treatments for UV blocking [3–5]. Moreover,
their potential applications in the biomedical field have received
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onsiderable attention due to their putative anti-cancer properties
nd potency in drug delivery [6,7]. Therefore, the risk of human
xposure to ZnO NPs through inhalation, ingestion and dermal con-
act is increasing.

Concern regarding the potential for adverse effects of ZnO NPs
n the brain following uptake has been increasing recently. An
arly study reported that inhalation of micron-sized ZnO particles,
enerated during welding of galvanized zinc-coated steel, causes
mpairment of brain function (psycho-organic syndrome) [8]. NPs

ay  enter the brain via several routes. For example, inhaled NPs
ight be transferred to the central nervous system (CNS) via the

rigeminal nerve after passing the olfactory epithelium [9], or enter
he brain directly through axonal transport along the olfactory
erve [10]. A recent study by Chen et al. showed that tongue-

nstilled ZnO NPs can be transported into the CNS via the taste nerve
ranslocation pathway [11]. ZnO NPs ingested or inhaled may  reach
he systemic blood circulation from the lung or gastrointestinal
ract and cause Zn deposition in the brain after crossing the blood-
rain barrier [12], and subsequently stimulate oxidative stress and

nflammatory responses that cause damage to crucial functional
rain regions [13] and consequently lead to neurological disorders.

Given the potency of these multiple portals of entry for ZnO
Ps into the CNS, there is a high possibility that exposure to ZnO
Ps may  cause Zn accumulation in the brain and consequently

ead to neurological disorders; however, such data are still limited.
 recent in vitro toxicological study using primary astrocytes iso-

ated from postnatal 0–2 day old rat pups provided evidence that
nO NPs have neurotoxic potential [14]. Using an isolated ex vivo
rainstem-spinal cord prepared from neonatal rats, Nicolosi et al.
ound that ZnO NPs can exert deleterious effects on the central
eural networks responsible for mammalian respiratory rhythm
eneration [15]. An in vivo study showed that orally administered
nO NPs (30−40 nm)  caused deficits in normal motor function in
wiss albino mice [16]. Intranasally instilled ZnO NPs (19.61 ± 5.83
m)  induced Zn deposition in different brain regions of rats includ-

ng the olfactory bulb, hippocampus, striatum, and cerebral cortex,
eading to pathological changes in the brain [17]. Although these
ioneering studies provide evidence that ZnO NP exposure can
ause Zn accumulation in the brain and result in neurotoxicity, the
nderlying molecular mechanism remains unclear. Moreover, the
rigin of the neurotoxicity, i.e. whether the toxicity is derived from
he particulate form of ZnO or from Zn2+ released from ZnO NPs is
nknown. Addressing these questions is fundamentally important
o the risk assessment and further safe-by-design of ZnO NPs.

With this motivation, ZnO NPs were intranasally administered
ia a single dose to four-week-old male Sprague-Dawley rats, with
nSO4 as a comparison. The hippocampus was found to be the
ain target region of Zn deposition for both ZnO NPs and ZnSO4

reatments. Changes to the hippocampal region at mRNA, protein
nd metabolite levels were analyzed by a combination of tran-
criptomics, proteomics and metabolomics techniques. Cholinergic
eurotransmission was found to be the main pathway affected and
he mechanisms were then explored. The contribution of ZnO dis-
olution to the observed biological effects was also explored to
dentify the origin of the toxicity. This study provides new under-
tanding of the impact of ZnO NPs on the brain and highlights a
asis for safe-by-design of ZnO NPs.

esults and discussion

nO NP exposure caused Zn accumulation and pathologies in the

rain

In a previous study, Liu et al. [17] used a dose of 20 mg/kg BW
or acute inhalation exposure study and found ZnO NPs caused neu-
o Today 35 (2020) 100977

rotoxicity to Wistar rat. In our study, we tested three lower doses
4.33, 8.67 and 13 mg  Zn/kg BW in preliminary experiments to find
dose for the subsequent studies. A decrease of body weight was
observed only in the high dose (13 mg  Zn/kg BW)  treatment (Fig.
S1). In addition, we  found that the dose of 13 mg  Zn/kg BW caused
sufficient Zn accumulation in the brain (Fig. S2) for detection by
XAFS with a good signal for chemical species analysis to allow con-
firmation of the Zn form, which was a core goal of the present study
in order to correlate speciation with biological effect. Therefore, 13
mg  Zn/kg BW was  used for the following studies.

Intranasal exposure to ZnO NPs (30 ± 6 nm;  Fig. S3) at a
single dose (13 mg/kg BW)  did not cause significant change in
brain weights and relative brain weights (brain weights / body
weights) determined at 7 days post-exposure, while ZnSO4 expo-
sure induced a slight decrease in the relative brain weights (p <
0.01) (Fig. S1).

Zn content was  determined across critical functional brain
regions. ZnO NP exposure led to significant Zn accumulation
(20 % increase as compared with untreated control) only in the
hippocampus (p < 0.01; Fig. 1a) while ZnSO4 exposure caused
significant Zn elevation in several brain regions including the
hippocampus, cerebellum and midbrain (p < 0.01; Fig. 1a). Addi-
tionally, the amount of newly accumulated Zn in the hippocampus
was similar in both the ZnO NP and ZnSO4 groups. There was no
significant accumulation of Zn in other brain regions after either
treatment (p > 0.05; Fig. 1a). Zn accumulated in the hippocam-
pus after both treatments, indicating that the hippocampus was
the main target region, which is consistent with previous studies
that also found the hippocampus as the main target region after
intranasal administration of ZnO [17], Fe2O3 [18] or TiO2 NPs [19].
For example, TiO2 NPs had significantly accumulated in the hip-
pocampus only 2 days after intranasal exposure and the Ti content
was much higher than in other regions such as the olfactory bulb,
cerebral cortex and cerebellum after 30 days of exposure (with NP
administration every other day). It was  suggested that after NPs
enter the brain, the olfactory bulb is the first deposition region,
followed by the hippocampus and other sub-brain regions with
prolonged exposure time [19]. In our study, although the Zn content
in olfactory bulb did not show significant difference between treat-
ment and control groups, it showed a trend of increase for both ZnO
NPs (7.42 %) and ZnSO4 (7.37 %). The reason might be due to that the
background Zn content in brain is very high relative to the newly
accumulated Zn. Such slight difference between endogenous and
exogenous element cannot be distinguished by inductively coupled
plasma optical emission spectrometry (ICP-OES) and needs other
techniques such as isotope labeling [20]. Such phenomenon was
also reported in a previous study where the authors also found the
trend of Zn accumulation in olfactory bulb with no statistical sig-
nificance after daily exposure to 20 mg/kg BW intranasally instilled
ZnO NPs for 15 days [17]. The exact regions and amounts of NP
deposition in brain depend on factors such as the physicochemical
properties of the NPs and the exposure mode, animal species and
duration. Since ZnO NPs and ZnSO4 resulted in similar amounts of
Zn accumulation in the hippocampal region, comparing the effects
of ZnO NPs with that of ZnSO4 will provide insights into the mech-
anism of action of ZnO NPs. Thus, further analyses focused on the
hippocampal region.

The Zn species in the hippocampus were analyzed by syn-
chrotron radiation-based X-ray fine structure spectroscopy (XAFS)
(Fig. 1b). The Zn K-edge XAFS spectra showed similar features
between control and treatment groups indicating that similar
species were present. Linear combination fitting (LCF) analysis

demonstrated that Zn in both ZnO NP and ZnSO4 groups presented
the same form as that in the control samples, that is, Zn complexes,
suggesting no presence of particulate ZnO in the hippocampus from
ZnO NP-instilled animals. This indicated that any effects occurring
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Fig. 1. ZnO NP exposure induced Zn accumulation in the brain and caused pathological changes in the hippocampus. (a) Zn contents in different brain regions following ZnO
NP  or ZnSO4 exposure (n = 6). **p  < 0.01 indicates significant difference as compared with control. (b) XAFS spectra of hippocampal samples from ZnO NP or ZnSO4 treated
animals. Control in the XAFS spectra indicates the spectrum collected from the hippocampal samples of the untreated control animals; Zn-His, Zn-Cys, Zn-Cit, and Zn-Ace
indicate Zn-histidine, Zn-cysteine, Zn-citrate, and Zn-acetate complexes, respectively; original line indicates originally collected XAFS spectra; fit indicates the fitting spectra
by  Linear Combination Fitting (LCF) analysis. (c) Histopathological analysis of the hippocampus. Sections were stained with H&E, and the images are representative of all
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ections examined. Images in the right column are the magnification of the rectang
xpression levels of TNF-�, IFN-�, and IL-6 determined by real-time PCR analysis o
e)  TEM images of the hippocampal region. Red arrow indicates vacuolate-like stru

n this region in the ZnO NP group were induced by the Zn2+ dis-
olved from ZnO NPs.

Hematoxylin and eosin (H&E) staining showed pathological
hanges in the hippocampus, with shrunken hyperchromatic nuclei
n both ZnO NP and ZnSO4 groups (Fig. 1c). Proinflammatory
ytokines are important modulators of neural functions and neu-
onal survival [21]. Our data showed that transcript levels of TNF-�
ignificantly decreased by 20 % in both treatment groups. IFN-�

ecreased by 75 % and 55 % in ZnO NP and ZnSO4 groups, respec-
ively. IL-6 was only downregulated in the ZnSO4 group. These
esults indicated that release of proinflammatory cytokines may
e decreased in the hippocampus of treated animals (Fig. 1d). TEM
as highlighted in the left column; scale bar = 100 �m (left) and 20 �m (right). (d)
 RNA extracted from the hippocampus of animals from different treatment groups.

 scale bar = 1 �m.

images showed the appearance of vacuole-like structures in myeli-
nated nerve fibers in both ZnO NP and ZnSO4 groups (Fig. 1e),
indicating separation of the myelin sheath and damaged lamellar
structures. All these data suggested that ZnO NP exposure caused
pathological changes in brain.

ZnO NP exposure induced disturbance in cholinergic
neurotransmission
To reveal the holistic molecular consequences and identify the
key affected pathways linked with the observed pathologies, a com-
bination of omics techniques was employed. Omics technologies
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Fig. 2. Transcriptomic and proteomic data showed that cholinergic neurotransmission was the main target of ZnO NP action. (a-b) Volcano plots of the transcriptomic results
following ZnO NP (a) or ZnSO4 exposure (b). n = 5. (c-d) Heatmap analysis of significantly differentially expressed genes in response to ZnO NPs (c) or ZnSO4 (d). (e) KEGG
e  (f-g) 
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w
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nrichment analysis of differentially expressed genes in ZnO NP and ZnSO4 groups.
g).  (h-i) Heatmap analysis of significantly differentially expressed proteins in res
xpressed proteins in the ZnO NP and ZnSO4 groups.

ave opened new avenues in many fields including toxicological
nd pathogenetic and pathophysiological studies, enabling us to
uild a molecular basis for the connection between environmental
actors and different diseases [22,23]. We  firstly assessed genome-
ide gene expression by transcriptomic RNA sequencing (RNA-seq)

nalysis of total mRNA isolated from the corresponding hippocam-
al samples. The volcano plots of the transcriptomics showed
3,413 genes expressed (Table S1) in the ZnO NP treatment group,
ith 631 significantly downregulated and 369 upregulated (p < 0.05

nd |log2FC| > 0.59) compared to the unexposed control (Fig. 2a).

or the ZnSO4 group, of the 23,453 expressed genes (Table S1),
13 were significantly downregulated and 254 were significantly
pregulated (Fig. 2b). Fig. 2c and d show the heatmaps of the differ-
ntially expressed genes in the ZnO NP and ZnSO4 exposed groups,
Correlations between mRNA levels and protein levels in ZnO NP (f) or ZnSO4 group
 to ZnO NPs (h) or ZnSO4 (i). n = 3. (j) KEGG enrichment analysis of differentially

respectively. Significant differences can be observed between the
different treatments, with intragroup parallelism.

Gene set enrichment analysis (GSEA) using the KEGG (Kyoto
Encyclopedia of Genes and Genomes) database showed that the
differentially expressed genes triggered by ZnO NP exposure were
significantly enriched in biological processes including cholinergic
synapse, choline metabolism, synaptic vesicle cycle, and intracellu-
lar signaling pathways triggered by nicotinic acetylcholine receptor
(nAChR) including the PI3K-Akt, MAPK, cAMP, and calcium signal-
ing pathways, indicating that the cholinergic neurotransmission

pathway was  disturbed (Fig. 2e). Cholinergic synapses use acetyl-
choline (ACh) as their neurotransmitter for signal transmission.
During neurotransmission, ACh is exocytosed from synaptic vesi-
cles and released into the synaptic cleft, where it can activate both
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Fig. 3. ZnO NP exposure enhanced ACh release. (a) Intracellular ACh levels in the different treatment groups. (b) Relative expression level of SLC18A3. (c) Box plots of relative
a osynt
b se 6-p
d ate: P
c

m
i
r
t
a
H
c
p
l
i
i
w

t
l
t
(
(
m
l
d
t
a
f
a
[
o
N
(
f
p
f
a
s
f
m
e
P
c
(
t
s
t

bundance of choline. (d) Schematic figure showing intermediates related to the bi
iosynthesis of pyruvate (e) and metabolism of acetyl-CoA (f). Abbreviation: Gluco
ihydroxyacetone phosphate: DHAP; 3-phosphoglycerate: PGA; phosphoenolpyruv
ontrol.

uscarinic acetylcholine receptors (mAChRs) and nAChRs, trigger-
ng a downstream signaling cascade, ultimately modulating cellular
esponse or synaptic plasticity [24]. Cholinergic synaptic neuro-
ransmission can be terminated following rapid hydrolysis of ACh
t the synaptic cleft by the enzyme acetylcholinesterase (AChE).
ere, for the first time we have discovered that ZnO NPs can disturb
holinergic neurotransmission in the hippocampus, which may
otentially alter hippocampal synaptic plasticity or modulate cel-

ular response [25]. Similarly, ZnSO4 exposure also caused changes
n those abovementioned pathways and processes (Fig. 2e), indicat-
ng that the molecular consequences induced by ZnO NP exposure

ere similar to those induced by ZnSO4.
We next carried out quantitative proteomic analysis to study

he holistic protein changes in the hippocampus. Overall, the abso-
ute (“static”) levels of proteins correlated positively with mRNA
ranscript levels in both ZnO NP (Spearman coefficient rs = 0.21)
Fig. 2f) and ZnSO4 (Spearman coefficient rs = 0.2168) groups
Fig. 2g). No correlations were observed between the changes in

RNA transcript levels and the changes in protein levels at the
evel of the whole datasets (Fig. S4), consistent with the very
ifferent processes and timescales for regulation of genes and pro-
eins which requires detailed temporal data to deconvolute. Such

 phenomenon was also reported previously [26], arising from dif-
erential regulation of mRNA expression, stability, and degradation
s compared with protein expression, stability, and degradation
27]. We  detected 6008 proteins in all samples (Table S2), and
f these, 338 and 433 were differentially regulated in the ZnO
P and ZnSO4 groups, respectively. As shown in the heatmap

Fig. 2h and i), excellent intragroup parallelism and intergroup dif-
erences were noted. ZnO NPs and ZnSO4 induced similar changes in
rotein pattern. Consistent with the transcriptomic results, the dif-
erentially expressed proteins induced by ZnO NPs or ZnSO4 were
lso enriched in pathways related to cholinergic neurotransmis-
ion such as cholinergic synapse and choline metabolism (Fig. 2j),
urther demonstrating at protein level that cholinergic neurotrans-

ission was the main pathway affected by ZnO NP and ZnSO4
xposure. The signaling pathways triggered by nAChR, such as the
I3K-Akt signaling pathway, the MAPK signaling pathway and the
AMP signaling pathway, were enriched only in the ZnSO4 group

Fig. 2j), indicating that the effect of ZnO NPs on the cholinergic sys-
em at the protein level is not as significant as that of ZnSO4 or as
ignificant as the effects that occurred at transcript levels, although
he Zn accumulation in the hippocampus was similar. This may
hesis of ACh. (e-f) Box plots of the relative abundance of metabolites related to the
hosphate: G6P; fructose 6-phosphate: F6P; fructose 1,6-bisphosphate: Fru-1,6-P2;
EP. n = 10; *p < 0.05 and **p < 0.01 indicate significant difference as compared with

be due to the fact that in the ZnSO4 group Zn ions were instanta-
neously available, producing a rapidly elevated local concentration
of Zn2+, while in the ZnO NP group, dissolution of the ZnO NPs took
time and the rate of the release of Zn ions is not comparable with
ZnSO4. For example, only 0.44 % and 0.1 % of Zn2+ can release from
ZnO NPs in water and in 0.1 % in sodium carboxymethyl cellulose
solution (SCMC) which was also used in this study as a stabilizer,
respectively, after 48 h incubation [22].

Taken together, the transcriptomic and proteomic data showed
that cholinergic neurotransmission is the main pathway affected
by ZnO NP or ZnSO4 exposure. This indicated that the cholinergic
system is a molecular target of ZnO NP action in the brain, and that
Zn2+ ions released from the ZnO NPs are the main contributor.

ZnO NP exposure enhanced ACh release by upregulating the ACh
transporter and promoting ACh synthesis

Since cholinergic neurotransmission uses ACh as the neuro-
transmitter, ACh release in the hippocampal region was examined
next. Intracellular ACh levels were found to be enhanced in both
ZnO NP and ZnSO4 treatments (p < 0.01; Fig. 3a), further demon-
strating the enhanced cholinergic neurotransmission. Vesicular
acetylcholine transporter (VAChT) is responsible for loading ACh
into secretory organelles in neurons thus making ACh available for
secretion. Previous research has shown that VAChT stringently reg-
ulates ACh release and is proposed as a possible target to enhance
cholinergic function. Upregulation of VAChT is sufficient to lead to
increased ACh release [28]. The mRNA levels of its encoding gene,
solute carrier family 18, member 3 (SLC18A3), were found to be sig-
nificantly upregulated in both treatment groups (p < 0.05; Fig. 3b).
This suggested that the upregulation of VAChT might be a potential
mechanism leading to the enhanced ACh release detected.

ACh is synthesized from acetyl coenzyme A (acetyl-CoA) and
choline by the enzyme choline acetyltransferase. We  found that
the choline level was significantly elevated in the ZnSO4 group (p <
0.05) and showed a slight increasing trend (p > 0.05) in the ZnO NP
exposed group (Fig. 3c). One of the sources of choline used for ACh
synthesis comes from the breakdown of phosphatidylcholine [29].
The increased choline reserves ensure a rich supply of precursors

that can be directed into ACh.

Since glucose-derived pyruvate metabolism is a principal source
of acetyl-CoA in the brain as shown in the schematic in Fig. 3d,
we quantified pyruvate and intermediates related to the synthesis
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Fig. 4. Effects of ZnO NPs and ZnSO4 on enzymatic activity and secondary structure of AChE. (a) AChE and BChE activity in hippocampus, CSF, plasma, and liver (n = 10). *p
<  0.05 and **p < 0.01 indicate significant difference compared with unexposed control animals. (b) AChE activity in lysate of hippocampal tissues after incubation with ZnO
NPs,  ZnSO4, BW284c51 (AChE inhibitor used as the positive control (PC)), or with 0.1 % SCMC (negative control) for 0.5 h, 1 h, 6 h, 24 h. *p < 0.05 and **p < 0.01 indicate
significant difference compared to control. (c) CD spectra of AChE after incubation with ZnO NPs or ZnSO4 for 0.5 h to 24 h. (d) Effects of ZnO NPs or ZnSO4 on the fractional
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ontents of secondary structure components of AChE after incubation with ZnO NP
 incubation with AChE in vitro. (f) CD spectra of AChE after incubation with Zn2+ (
ChE  after interaction with dissolved Zn2+ in e.

f pyruvate. We  found pyruvate concentrations in the hippocam-
us were elevated by 111 % and 157 % in ZnO NP (p < 0.05) and
nSO4 treatment (p < 0.01), respectively, compared to untreated
ontrols (Fig. 3e). We  also observed that the glycolytic interme-
iates involved in the biosynthesis of pyruvate, including glucose
-phosphate (G6P), fructose 6-phosphate (F6P), fructose 1,6-
isphosphate (Fru-1,6-P2), dihydroxyacetone phosphate (DHAP),
-phosphoglycerate (PGA), and phosphoenolpyruvate (PEP) were
ll significantly increased in both treatments (Fig. 3e). The increased
lycolytic substrate levels may  ensure a rich supply of substrates
hat flux into pyruvate. Moreover, we found that intermediates in
he TCA (tricarboxylic acid cycle) cycle, for which acetyl-CoA serves
s a direct energy precursor substrate, including citrate, aconitate,
umarate, malate, and ATP, were all decreased following treatment
Fig. 3f), suggesting a reduction in the flux of acetyl-CoA to the TCA
ycle to ensure that more acetyl-CoA can fuel the ACh pool. These
ata suggested that enhanced ACh synthesis is another potential
echanism leading to the increased release of ACh. The ZnSO4

reatment group presented similar effects on ACh transporter and
recursors for ACh synthesis as occurred in the ZnO NP group, sug-
esting that Zn2+ ions released from the ZnO NPs were the main
ontributor to the observed effects.

nO NP exposure enhanced ACh release by suppressing

ippocampal AChE activity

AChE is a fundamental enzyme for cholinergic neurotransmis-
ion, which can hydrolyze ACh to terminate synaptic transmission.
nSO4 for 0.5 h. (e) Percentage of free Zn2+ dissolved from ZnO NPs after 0.5 h to 24
g/L, with amount equal to that obtained in e). (g) Change in secondary structure of

Therefore, alteration of AChE activity can directly affect ACh levels.
AChE activity has also been reported to be associated with neu-
rological disorders such as Alzheimer’s disease (AD). For example,
previous evidence showed that AD patients or patients with proba-
ble Alzheimer-type dementia showed significant reduction of AChE
activity in lumbar cerebrospinal fluid (CSF) [30] and in the hip-
pocampus [31], while other results showed increased plasma AChE
activity in subjects with AD [32]. We  found that the AChE activity
in the hippocampus and CSF were significantly suppressed in both
ZnO NP and ZnSO4-treated animals (p < 0.05; Fig. 4a). Suppressed
AChE activity can delay or inhibit the degradation of ACh in the
synaptic cleft, thereby exacerbating the accumulation of ACh. This
result demonstrated that suppression of AChE activity is another
potential mechanism leading to upregulated ACh levels in the hip-
pocampus. In addition to AChE, the levels of ACh are also regulated
by butyrylcholinesterase (BChE). Our results did not show signifi-
cant change in enzymatic activity of BChE in the hippocampus and
CSF in both treatments (p > 0.05). We  also examined the activity
of the two enzymes in plasma. We  found significantly decreased
AChE activity in plasma of ZnSO4 exposed animals (p < 0.05) and
reduced BChE activity in plasma of both groups (p < 0.01) (Fig. 4a).
Low plasma cholinesterase activities were reported to be associ-
ated with AD [33]. Plasma cholinesterase originates mostly from
the liver [34]. However, we  found that cholinesterase activity in

the liver did not show any change in response to either treatment
(Fig. 4a).
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echanisms involved in the suppressed AChE activity by ZnO NP
xposure

n2+ released from ZnO NPs inhibited AChE activity, possibly by
nteracting with its structure

Given the fundamental roles of AChE in cholinergic neurotrans-
ission, the mechanisms involved in the suppression of AChE

ctivity by ZnO NP exposure were further explored. In general, the
ctivity of AChE can be inhibited either by direct interaction with
ts structure or through suppression of transcription. For exam-
le, organophosphorus insecticides (OP) can irreversibly inhibit
he activity of AChE by binding to its catalytic residue [35], while
,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) can exert a suppres-
ive effect in neuronal AChE through transcriptional regulation
36]. In vitro assays were employed to investigate the possibility
hat direct interaction of ZnO NPs with AChE affects the enzymatic
ctivity of AChE. ZnO NPs (with Zn concentrations of 4, 8 or 40
g/L) were mixed with lysate of hippocampal tissues for differ-

nt durations. Results showed that AChE activity was inhibited by
nO NPs in a time- and concentration- dependent manner. ZnO
Ps of 40 mg/L started the inhibition of AChE activity after 0.5 h,
nd stronger inhibition was found over time, with 35 % inhibition
fter 24 h. While at low concentration (4 mg/L), ZnO NPs started
epressing the activity of AChE after 24 h of incubation (Fig. 4b).
ompared with ZnO NPs, ZnSO4 with same molar concentration of
n induced stronger inhibition at all concentrations tested at all
ime points (Fig. 4b, p < 0.05). These data indicated that ZnSO4 is a
tronger inhibitor of AChE than ZnO NPs. It was previously reported
hat the dissolution of ZnO NPs under aqueous conditions is low,
nd increases with the presence of biological components such as
mino acids and peptides [37] as well as under acidic conditions
38]. Therefore, the different inhibition rates between the two treat-

ent groups in the in vitro assay may  be due to the lower Zn2+

elease rate from ZnO NPs compared to the instantaneously avail-
ble Zn2+ from ZnSO4. Our in vivo data showed Zn accumulation in
he hippocampus was similar between the two  treatment groups
Fig. 1a), and AChE activity in the hippocampus did not show a
ignificant difference between the two treatment groups (Fig. 4a),
urther demonstrating that Zn2+ contributes to the AChE inhibition.

The enzymatic activity of an enzyme is determined by its
tructure. We  further examined if direct interaction of ZnO NPs
ith AChE can cause conformational change. We  acquired circular
ichroism (CD) spectra of AChE after incubation with ZnO NPs or
nSO4 for different durations. ZnSO4 caused significant peak shift
f the original spectra of AChE (from 214.7 nm to 220.6–222.5 nm)
hile ZnO NPs had no effect on the peak position (Fig. 4c). The

ompositions of the secondary structure of AChE with or with-
ut the presence of ZnO NPs or ZnSO4 are presented in Fig. 4d.
oth �-helix and �-sheet content showed no significant changes
fter incubation with ZnO NPs for 0.5 h (Fig. 4d). However, the
ddition of ZnSO4 significantly decreased the �-helix content and
ncreased the �-sheet and random coil contents after 0.5 h incuba-
ion (Fig. 4d). There were no further changes with longer incubation
imes. These data indicate that Zn2+ can cause structural perturba-
ion of the enzyme. Although the structural region that was  affected
ould not be determined from the CD data, the possibility that the
atalytic region was perturbated cannot be ruled out. As a result,
he function of the enzyme might be reduced due to inactivation of
he catalytic residue.

Further experiments found that the Zn2+ released from the ZnO
Ps after incubation with AChE only accounted for 3% of the total
n after 0.5 h–24 h incubation (Fig. 4e). Those released Zn2+ did

ot show any effect on the CD spectra (Fig. 4f) and the fractional
ontents of secondary structure types (Fig. 4g). This indicated that
he amount of Zn2+ released from the ZnO NPs is not sufficient to
Fig. 5. Expression levels of AChE transcripts (AChER and AChET variants) and PRiMA
transcripts in the hippocampus of ZnO NP or ZnSO4-treated animals. n = 10; **p <
0.01  indicates significant difference compared with control.

cause any change in the secondary structure of AChE. As described
above, however, ZnO NP dissolution is higher in the presence of
biological components as present in vivo, and the released Zn2+ was
sufficient to induce structural changes of AChE and subsequently
caused suppression of the enzyme activity.

Transcriptional down-regulation mechanism as a potential
mechanism for suppression of AChE activity

In order to determine if the decrease in hippocampal AChE
activity was a consequence of transcriptional regulation, we  also
measured the expression of AChE at mRNA level. AChE is expressed
as multiple splice variants, which serve both cholinergic degrada-
tive functions and non-cholinergic functions [39]. The results
showed that the levels of the non-cholinergic “readthrough” AChE
(AChER) decreased by 42 %; while AChET (cholinergic “tailed” vari-
ant), the most abundant variant of AChE in the human brain, did not
show any significant change in transcript levels in the hippocam-
pus of ZnO NP-treated animals (Fig. 5). For ZnSO4 treated animals,
AChER and AChET transcript levels significantly decreased by 46 %
and 21 %, respectively (p < 0.01). The proline-rich membrane anchor
(PRiMA-1), a structural subunit of the active form of neuronal AChE,
did not show significant change at the mRNA level in either treat-
ment (Fig. 5). Decrease in the mRNA expression of AChE subunit
resulted in decreased expression of the active form of AChE, which
may  lead to decreased AChE activity. These findings suggest that
transcriptional down-regulation might be a potential mechanism
for the suppression of AChE activity. Future studies are necessary
to explore the mechanism, e.g., the transcription factors involved
in the down-regulation process.

Implications for neurological disorders

The importance of Zn to the function of the CNS is undisputable,
given its structural and catalytic functions in proteins, transcription
factors and enzymes that regulate a breadth of cellular processes
and intracellular signaling transduction essential for brain function,
as well as its vital role as the free ionic form in modulating synap-
tic function [40,41]. While Zn is indispensable for physiological
brain functions, excess brain Zn content can also induce a myriad of
pathological conditions, ultimately leading to the onset of chronic
neurological disorders such as Alzheimer’s disease (AD), epilepsy,
and Parkinson’s disease [42–44]. Thus, maintaining Zn at homeo-
static levels is crucial for normal brain development and function.
Taking exogenous Zn supplementation from food and vitamins is
considered the most common cause of zinc excess. However, only
limited amounts of orally ingested Zn can reach the brain since
humans have the capacity to maintain relatively constant tissue

levels of Zn via the gastrointestinal system, except under extremes
of intake. Besides, following uptake of Zn into enterocytes and sub-
sequent transport from enterocytes to the blood, approximately
98.3 % of zinc is distributed to tissues including skeletal muscle,
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one, skin and liver, while only a very small amount of Zn can enter
he brain by crossing the blood-brain barrier system [45]. Unlike
ietary Zn intake, inhaled Zn can enter the brain through multiple
athways without gastrointestinal adjustments.

As we found in this study, inhalation of ZnO NPs resulted
n Zn overaccumulation in the hippocampus and caused brain
athologies and disturbance of cholinergic neurotransmission in
he hippocampus which are typical of those found in patients with
D or AD-type diseases. In addition, increasing evidence in recent
ears suggests that demyelination of neurons is mechanistically
mportant in AD pathology [46]. The structural changes of myeli-
ated nerve fibers observed in our study may  imply the potential

or subsequent development of AD. The elevated glutamate lev-
ls in the hippocampus further demonstrate the potential of ZnO
Ps to induce AD (Fig. S5). Glutamate is another common neuro-

ransmitter in the brain, and in the brains of AD patients excessive
lutamate can release due to the death of brain cells [47], which
an overstimulate healthy brain cells and cause further damage to
he brain. Taken together, our findings give implication that ZnO
P-induced Zn accumulation and alterations in cholinergic neuro-

ransmission in brain might be linked with chronic neurological
isorders such as AD. Further studies are required to provide more
vidence for this link and explore the involved mechanism. More-
ver, previous study has shown that high dose of oral administered
iO2 NPs also caused suppression of AChE activity and increased
evel of cerebral IL-6 in brain, suggesting that other NPs may  also
ause neuroinflammation and neurotoxicity [48]. While the TiO2
Ps might induce neurotoxicity via different mechanism given the
ifference in composition and solubility compared with ZnO NPs,
urther studies are therefore also needed to determine the potential
f other NPs for inducing neurotoxicity.

onclusion

In conclusion, ZnO NP exposure caused significant Zn accumu-
ation in the hippocampus and induced pathological changes and

 cascade of signaling effects related to cholinergic neurotrans-
ission. ZnO NPs increased the release of neurotransmitter ACh

y enhancing ACh synthesis or transportation or by inhibiting the
ctivity of AChE. ZnO NPs suppressed AChE activity, possibly due to
he interaction of Zn2+ released from the ZnO NPs with AChE alter-
ng its secondary structure or via a transcriptional down-regulation

echanism. The excessive Zn accumulation and consequent distur-
ance of cholinergic neurotransmission in the brain indicate that

nhalation of ZnO NPs may  be a risk factor for neurological disor-
ers such as AD. Further studies are thus required to explore the
ey molecular initiating events and consequences such as effects on
rain function and neurological behavior over longer term and mul-
iple exposures to ZnO NPs. Additionally, the reversibility potential
f the ZnO NPs induced neurotoxicity need to be explored in the
uture research. The finding that Zn2+ released from ZnO NPs was
he main contributor to the observed biological effects provides a
asis for safe-by-design of ZnO NPs.

xperimental section

Animal Experiment: Animal procedures were permitted by, and
onducted in accordance with, Chinese Academy of Science Ani-
al  Care guidelines and ARRIVE guidelines. Four-week-old male

prague-Dawley rats were housed 2 animals/cage in a 12 -h
ight/dark cycle with food and water ad libitum. After 7 days’

cclimatization, rats (mean weight 194 ± 10 g) were randomly
ivided into three groups of thirty and instilled intranasally with
ne single dose (13 mg  Zn/kg BW)  of ZnO NPs or ZnSO4. On the
ay of instillation, ZnO NPs and ZnSO4 were dispersed / dissolved,
o Today 35 (2020) 100977

respectively, in 0.1 % SCMC to achieve Zn elemental concentration
of 64 mg/mL. A total of 40 �L of the suspensions were administered
intranasally to rats, 10 �L at a time, alternating between each naris
every 2 min. This provided a total dosage of 13 mg  Zn/kg BW in
both treatments. Rats were also exposed to 0.1 % SCMC as a con-
trol. Rats were left undisturbed until 7 days post exposure, when
they were sacrificed after being anesthesized in an isoflurane-filled
chamber. Brains were collected immediately and samples from dif-
ferent brain regions were dissected and washed 3 times with 1 ×
PBS, and then snap-frozen in liquid nitrogen and stored at −80 ◦C
for futher study.

Zn Content and Chemical Speciation:  Zn concentrations were
measured on a Perkin Elmer Optima 8000 inductively coupled
plasma optical emission spectrometry (ICP-OES) (Perkin Elmer,
Shelton, CT, USA). Zn chemical species was analyzed using XAFS.
A detailed description of the sample preparation and the quality
control procedures are provided in the SI.

Histopathological Examination: Brain tissues were washed with
0.9 % cold saline and fixed in 2.5 % glutaraldehyde polyoxymethy-
lene solution. Briefly, the samples were dehydrated and embedded
in paraffin wax  and sliced at a thickness of 4 �m using a micro-
tome. The sections were subjected to three consecutive xylene
washes to remove paraffin and were subsequently hydrated with
five consecutive ethanol washes in descending order of concentra-
tion: 100 %, 95 %, 80 %, 70 %, and deionized water. The paraffin
sections were then stained with H&E, and pathological changes
were visualized using a light microscope with Leica Application
Suite software (Leica Microsystems). Five sections were examined
from each animal, and six animals were evaluated from each group.

Transmission Electron Microscopy (TEM):  Small blocks (∼1 mm3)
of brain tissue (n = 6) were fixed for 2 h. Then, the samples were
dehydrated through an ethanol gradient and embedded in Epon
resin. The blocks were then sectioned on a microtome and the ultra-
thin sections (100 nm)  obtained were mounted on copper grids.
Ultrastructural examination and photography were performed on
a Bio TEM (JEOL 1400, Toyko, Japan).

Omics Analysis: RNA-seq analysis was  performed using a
BGIseq500 platform (BGI-Shenzhen, China). Quantitative pro-
teomic analysis was carried out using liquid chromatography-
tandem MS  (LC–MS/MS). Hydrophilic interaction chromatography
(HILIC) triple quadrupole (QqQ) tandem mass spectrometry
(MS/MS) was  used for targeted metabolomic analysis. Detailed
information is provided in Section 1 of the SI.

Quantification of Intracellular ACh Release in the Hippocampus:
Intracellular ACh release was measured using the Amplex Red
detection kit (Thermo Fisher scientific) according to the manufac-
turer’s instructions. Detailed information is provided in Section 1
of the SI.

Determination of AChE and BChE Enzymatic Activity:  AChE enzy-
matic activity was determined according to the method described
previously with some modification [49] (Section 1 of the SI).

In Vitro Assay to Examine the Effects of ZnO NPs on AChE Activity:
Total protein was  extracted from hippocampal tissue as described
above. The protein samples were incubated with ZnO NP or ZnSO4
solution (with Zn concentrations of 4, 8, and 40 mg/L) for 0.5 h, 1
h, 6 h, and 24 h. The newly accumulated Zn in hippocampus region
measured by ICP-OES was  about 4.5 mg/kg for both ZnO and ZnSO4
treatments. Therefore, we used a series of concentration (4, 8, and
40 mg/L) for the in vitro studies. SCMC solution was used as the
control and BW284c51 (AChE inhibitor) was  used as the positive
control (PC). AChE activity was  then examined using the protocol
described above.
Circular Dichroism (CD) Measurements: CD spectra of AChE
were measured with an 0.1-cm path length cylindrical cell in the
200−260 nm wavelength region at 25 ◦C. Briefly, 10 units of AChE
enzyme were incubated with ZnO NP or ZnSO4 solution (with Zn
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oncentration of 150 mg/L) for 0.5, 1, 3, 6 and 24 h. Zn concentra-
ion was selected based on a preliminary experiment in which we
ound that an obvious structural change of AChE can be observed
t this concentration. Samples were analyzed with CD spectropho-
ometry (JASCO International Co., Ltd., Hachioji, Tokyo, Japan). The

olar ellipticity was measured every 2 s with an integration time
f 100 nm min−1. Full wavelength scans of each sample were per-
ormed three times and the average determined for each sample.
ll the experiments were performed in triplicate. Secondary struc-

ure of AChE before and after incubation with ZnO NPs and ZnSO4
as obtained by analyzing the CD spectra on Dichroweb [50].

Dissolution of ZnO NPs after Incubation with AChE: Dissolution of
nO NPs was analyzed by measuring the Zn2+ released into solution.
riefly, ZnO NP suspensions (150 mg/L) were incubated with 10
nits of AChE for 0.5 h, 1 h, 3 h, 6 h and 24 h at 37 ◦C. Samples
ere taken at different time points and centrifuged at 13,000 rpm

or 10 min. The supernatants were collected and diluted with 2%
itric acid for ICP-OES analysis (PerkinElmer, USA). A range of Zn
tandard solutions (0.1, 1, 5, 10, 50, 100, 500, 1000 �g/L) were used
or calibration. The recovery rate of Zn was tested and found to be
9.7 %.

Real-time Quantitative PCR: Total RNA was isolated using Trizol
eagent (Invitrogen, Carlsbad, CA, USA). Then cDNA was  prepared
ith 5 �g RNA using Moloney Murine Leukemia Virus Reverse

ranscriptase (Invitrogen) according to the manufacturer’s instruc-
ions. Real-time PCR was performed using SYBR Green Master mix
nd Rox reference dye according to the manufacturer’s instructions
Applied Biosystems, Foster City, CA, USA). The primers used are
isted in Table S3.  The SYBR green signal was detected by MX3005

 multiplex quantitative PCR system (Stratagene, La Jolla, CA, USA).
he relative transcript expression levels were quantified using the
�CT method. The specificity of amplification was  confirmed by
elting curves and by gel electrophoresis.
Statistical Analysis: Data are expressed as mean ± SD and were

nalyzed with GraphPad InStat software (Version 3, GraphPad Soft-
are, Inc., La Jolla, CA). Student’s t-test was applied for comparison

etween control and ZnO NP or ZnSO4 groups. Differences were
onsidered as statistically significant at values of *p < 0.05 and **p

 0.01.
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