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ARTICLE INFO ABSTRACT

Keywords: Zinc oxide nanoparticles (ZnO NPs) are one of the most widely used nanomaterials. Following oral exposure,
ZnO these NPs can accumulate in various organs and induce the toxicity due to their physiochemical characteristics.
Nanoparticles In present study to reduce the toxicity, surface engineered ZnO NPs (c-ZnO NPs) were in-situ synthesized by using
Inflammation

polyacrylamide grafted guar gum (PAm-g-GG) polymer in alkaline media. Further, the comparative effect of
bared ZnO NPs (b-ZnO NPs) and c-ZnO NPs were assessed on secondary target organ liver and kidneys of Swiss
mice at doses of 10, 50 and 300 mg/kg following 28 days repeated oral treatment. The b-ZnO NPs were incited
severe damages in liver and kidney tissue than c-ZnO NPs as seen by transmission electron microscopy and
histopathology. The increased levels of serum biomarkers (AST, ALT, ALP, creatinine, uric acid, and urea) were
also observed, that remarking a disturbance in the function of liver and kidney. After sub-acute oral treatment of
b-ZnO NPs, the hepatic pro-inflammatory cytokines (IL-6, TNF-a, and MMP-9) were up-regulated that causes the
activation of acute phase response (APR). We also observed significantly increased in expression of hepatic acute
phase proteins (hepcidin and haptoglobin) and altered interlinked iron (Fe) signaling biomarkers (hephaestin,
TF, TFR-1, LDH, and ferroportin). This study emphasizes that exposure to ZnO NPs may cause inflammation
mediated APR through ultra-structural damage of tissue that could escort the progression of anemia.
Nevertheless, the capping with PAm-g-GG in ¢- ZnO NPs has reduced the toxicity by altering the surface reactive
property of ZnO NPs.

Sub-acute
Anemia
Acute phase

1. Introduction expected to reach $90.5 billion by 2021 from $39.2 billion in 2016 at a
compound annual growth rate of 18.2% [3]. Among these, zinc oxide

Nanoscale semiconductors have gained much attention in current (ZnO) NPs have been widely applicable in therapeutics, sunscreens,
era owing to their unique electronic, optical, structural and thermal biosensors, food additives, catalyst, pigments and electronic materials
properties which are believed to offer extraordinary economic and so- due to their chemical stability, strong adsorption ability and anti-
cietal benefits [1]. A report given by Sargent has addressed the online bacterial activity [4,5]. These NPs are shown to be superior in the se-
inventory of consumer products having a number of 1682 engineered lective destruction of tumor cells and suitable tool in drug delivery and
nanoparticles (NPs) [2], and the global nanotechnology market sensing horizon [6]. Thus, the progressive use of ZnO NPs has increased
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the concerns with regards to toxicity because the possibility of the ex-
posure of these NPs into the body is rising by the direct or indirect way
including ingestion, inhalation and dermal. Along with oral route, In-
halation is also a common exposure route of the working environment
but a part of the inhaled particles are removed from the lungs by the
mucociliary defense system and then swallowed entering gastro-
intestinal tract. Thus, intake of NPs via gastrointestinal tract is one of
the prime routes [7,8]. In biological fluid, the novel properties of NPs
are related to their size, shape, and surface chemistry. The nano-sized
particles have the high specific surface area to mass ratio, that promotes
their accumulation along with increased reactivity with biomolecules
after entered in the biological system [9]. Hitherto, few researchers
have been investigated the ZnO NPs induced organ-specific toxicity
based on surface characteristics, size, dissolution, exposure routes and
structures of NPs [7,9-11], but their mechanistic role in Fe signaling
pathway is still not well explained. The repeated dose of ZnO NPs en-
hances the zinc (Zn) level in the body that may slow down the ab-
sorption of copper (Cu) and iron (Fe) [12,13]. Willis et al., had been
reported the antagonistic effect on Cu absorption with Zn [12]. This
decreased level of Cu may suppress the Cu activated metallotransferase
activity such as ferroxidase that plays a vital role in Fe absorption [12].
Lloblet et al., has been studied the chronic exposure (90 days) of Zn
suspension (640 mg/kg body weight) that consequently decreased the
Fe level [14]. Clancey and Murphy were reported that higher Zn ex-
posure is responsible for induced hemolytic anemia in the dog [15].
These divalent cations Fe and Zn share the same enterocyte transporter,
that shows a potential opposite interaction between these two micro-
minerals [16]. Furthermore, many prior works have only substantiated
the ZnO NPs induced acute phase response (APR) that resultant in an
inflated expression of inflammatory biomarkers in the secondary target
organ. It was properly known that the conjunction of APR alter the
interlinked signaling pathway for Fe homeostasis, such as: transferrin
receptor 1 (TFR-1), hephaestin (Heph), ferroportin (FPN), hepcidin
(Hep), transferrin (TF), haptoglobin (Hp) and pro-inflammatory bio-
markers (matrix metalloproteinase-9 (MMP-9), tissue inhibitor of me-
talloproteinase-2 (TIMP-2), Interleukin-6 (IL-6) and tissue necrotic
factor-a (TNF-a). Thus, concerning the above findings, in the present
study we evaluated the effect of ZnO NPs on Fe homeostasis.

Here, we hypothesized that the ZnO NPs induced APR might be
altered the signaling pathway of Fe homeostasis that decreases the level
of iron in circulation. Additionally, the long-term exposure of ZnO NPs
might be upshot the hemolytic anemia progression by lowering the RBC
formation through depletion of iron or bruised the RBCs membrane due
to direct binding, or induction of reactive oxygen species (ROS). In this
context, we opted surface modified ZnO NPs to reduce the toxicity and
compared with bare NPs to attract a great deal of attention in Fe
homeostasis. For surface modification, the ZnO NPs were synthesized
by using hydrophilic non-ionic polyacrylamide (PAm) grafted guar gum
(GG) (PAm-g-GG) capped ZnO NPs (c-ZnO NPs). GG is a bio-safe and
compatible galactomannan polysaccharides and pertains to colon-spe-
cific drug delivery system, hypoglycemia and oral drug delivery [17].

The in vivo 28 days oral toxicity study of c-ZnO NPs with the com-
parison to bared ZnO (b-ZnO) NPs at three defined doses 10, 50 and
300 mg/kg were carried out to assess the toxicity on secondary targeted
organ (liver and kidney) and analyze the expected interlinked Fe
homeostatic biomarkers TFR-1, TFR-2, Heph, hepcidin, transferrin,
ferroportin, Hp and inflammatory biomarkers at gene and protein level.
The doses were decided based on previously reported low observe ad-
verse effect level (LOAEL) for oral exposure experiments [18]. The
highest dose was selected based on the induction of a toxic effect
without severe sufferings and mortality, whereas the lowest dose de-
monstrated slight adverse effects.
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2. Materials and methods
2.1. Chemicals and reagents

The bared ZnO NPs (b-ZnO NPs; < 50 nm), GG, zinc acetate dihy-
drate, acrylamide, protease, and phosphatase inhibitors, fluoroshield
4,6 diamidino-2-phenylindole (DAPI), DNAsel and hot start poly-
merase chain reaction (PCR) master mix were obtained from Sigma-
Aldrich, USA. Commercial GG was cleansed by using methanol. Trizol
reagent, 2, 7-dichlorofluorescein diacetate (DCF-DA) reagent, rhoda-
mine phalloidin and high capacity cDNA reverse transcription kit was
purchased from Thermo Fisher Scientific, USA. Primers for real-time
(RT) PCR were received from Integrated DNA technologies (IDT), USA.
The haptoglobin (Hp), matrix metalloproteinase-9 (MMP-9) and tissue
inhibitor of metalloproteinase-2 (TIMP-2) antibodies were procured
from Zymo Research Corporation, USA. B-actin antibody was received
from Abcam, USA. All other chemicals used in the study were of ana-
lytical grade.

2.2. Synthesis of PAm-g-GG capped ZnO (c-ZnO) NPs

The engrafting of PAm on GG has been adopted according to the
previous report to enhance shelf life and to provide spacer onto GG
[19]. Concisely, methanol purified GG 300mg and 0.014 mol
(995.26 mg) acrylamide monomer were dissolved in 75 mL Milli-Q at
27 °C. Afterward, redox initiators; permanganate (0.0015mol) and
oxalic acid (0.0037 mol) were added and allowed to raise temperature
of reaction mixture at 37 °C for 2 h with perpetual stirring in an inert
environment. After concluding the reaction, the mixture was poured in
methanol: water (35:15 v/v) to removed PAm homopolymer and lyo-
philized for further use.

To achieve less viscous < 50 nm ZnO NPs solution for effective oral
delivery, some modification has been made in synthesis protocol [20].
Briefly, zinc acetate dihydrate (5mmol) was dissolved in 2-propanol
(100 mL) with vigorous stirring at 50 °C. Subsequently, synthesized
PAm-g-GG polymer (30 mg) was dispersed in Milli-Q (1150 mL) and
mixed to above anhydrous Zn (CH3COO), solutions. Finally, 1 N NaOH
(prepared in 2-propanol) was added into obtained homogeneous solu-
tion with dynamic stirring for 2 h at 0 °C. The precipitate was collected
using a centrifugation at 4000g for 10 min and lyophilized for further
use.

2.3. Characterizations of NPs

Modified functional group analysis of GG and synthesized c-ZnO
NPs were performed with attenuated total reflectance-fourier transform
infrared (ATR-FTIR) spectra (Thermo Fischer: Nicolet, iS5, USA) in
comparison to b-ZnO NPs. The absorbance spectra of ¢c-ZnO and b-ZnO
NPs were collected by UV-vis double beam spectrophotometer (Perkin
Elmer, Lambda 35, USA). Quantification of Zn in c-ZnO NPs was per-
formed by using atomic absorption spectroscopy (AAS, Avanta-R; GBC,
VIC, Australia) at 213.9 nm after digestion with HNO3: HCIO4 (6:1) to
leaching out Zn metal. The hydrodynamic diameter and zeta potential
of c-ZnO and b-ZnO NPs in solutions were measured by Dynamic light
scattering (DLS) using a zetasizer (Nano-ZSP Malvern, UK) equipped
with a green laser (523 nm). The intensity of the back-scattered light
was detected at the angle of 173°. The transmission electron microscope
(TEM) (FEI Technai G-2 spirit, Netherland) operated at 80kV with
15,000 x magnifications to determine actual size and shape of c-ZnO
and b-ZnO NPs.

For stability and release assessment of soluble Zn from ZnO NPs,
5 mL of freshly prepared doses (medium is Milli-Q, Ph-7.2) were kept at
room temperature for 24h. They were then ultra-centrifuged at
100,000g for one hour to settle ZnO NPs. After centrifugation, the su-
pernatant and precipitate was separated and analyzed with atomic
absorption spectrophotometer (AAS) to check the amount of Zn** and
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total ZnO NPs.
2.4. Preparation of simulated and mouse extracted gastric fluid

The simulated gastric fluid was prepared by dissolving 2 g sodium
chloride and 3.2 g pepsin in Milli-Q, and the pH was adjusted to 1.5
with 1N hydrochloric acid and then made up to 1000 mL. The mouse
gastric fluid was obtained as previously reported [21]. Briefly, stomach
was collected and rinsed with saline, and then gastric fluids were ob-
tained by centrifugation at 16,000g for 15 min at 4 °C.

2.5. Dissolution properties of ZnO NPs in biological fluids

The bared and capped ZnO NPs suspension were added to simulated
and mouse-extracted biofluid (gastric fluid and serum) (5 mg/mL) and
incubated at 37 °C for 1h with constant shaking (180 rpm). After in-
cubation centrifuged the sample at 15,000g for 15 min and the super-
natants were collected for estimation of dissolve Zn through AAS. The
characterization of NPs in biofluid was performed based on previous
literature [21,22]. For pre-digestion of collected supernatant, added
10 mL of 60% ultrapure nitric acid and 0.5 mL of H,0, at 180 °C. The
digested solutions were diluted with 2.5 mL of Milli-Q and quantitative
analysis of the dissolved Zn from ZnO was carried out using AAS
(Avanta-R; GBC, VIC, Australia).

2.6. Animals and their housing

Adult female Swiss mice aged 5 weeks, weight 25-30 g were re-
ceived with the consent of institutional animal ethics committee
(Approval No.CSIR/IITR/IAEC/48/2016) from the animal facility of
CSIR-Indian Institute of Toxicology Research, Lucknow, India and were
acclimatized for 5 days before start the experiment. The experimental
animals were housed in standard environmental conditions (12 h light/
dark cycle at 22 + 2°C and relative humidity 50 * 10%). The mice
were fed with specified pellet diet ad libitum and free access to water.

The mice were randomly divided into 7 groups (Gl to G7) con-
taining 10 animals in each group; Group 1 (G1) control mice, treated
with Milli-Q water, group 4, 3, and 2 (G4, G3, and G2) were treated
with b-ZnO NPs at the dose of 10 mg/kg, 50 mg/kg and 300 mg/kg
body weight, similarly group 7, 6, and 5 (G7, G6, and G5) were treated
with same dose of c-ZnO NPs, respectively. The dosages were ad-
ministered by oral gavages, once daily for 28 days under normal
feeding condition. These dose formulations were decided based on
previously reported LOAEL for oral exposure study conducted following
OECD guidelines [7,18]. Before each dosing, the NPs suspensions were
ultra-sonicated for 10 min at 45s sonic on/15s off condition (Sonics,
Vibracell, USA). The suspensions were administered at a dose volume of
1mL/100g body weight. The body weights growth rate and food
consumption of all animals were recorded weekly during the experi-
mental period. After 28 days of post-treatment, all animals of each
group were sacrificed for the assessment of toxicity associated with Fe
homeostasis.

2.7. Samples collection for various assay

The blood samples were collected from all animals of each group at
the time of necropsy for hematological, AAS and biochemical analysis.
The animals were anesthetized with ketamine and blood samples were
taken via cardiac puncture and transferred it into K,-EDTA coated va-
cutainer for hematology and in plain vacutainer for biochemical ana-
lysis. Liver, kidney, and intestine were isolated for further assays.

The collected liver and kidney tissues from 5 animals of each group
were perfused with 100 mL of ice-cold saline (0.9% NaCl in deionized)
and fixed in 4% paraformaldehyde (PFA) for histopathology, im-
munohistochemistry and TEM analysis. Additionally, the intestine was
taken for immunohistochemistry (IHC). Remaining tissue of 5 animals
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was snap frozen in liquid nitrogen and kept at -80 °C for real-time (RT)
PCR, ROS, and western blotting.

2.8. Determination of Zn accumulation in liver, kidney, and plasma

The collected plasma (0.2 mL), liver and kidney tissue (0.2 g) from
each group’s animal (as described in Section 2.7) were digested with
HNO; and HCIO, (6:1) at 190 °C, then the sample volume was makeup
to 10 mL with acidic water (1 N HNO3). The determination of Zn con-
tent was performed by AAS (Avanta-R; GBC, VIC, Australia).

2.9. Detection of ZnO NPs and Zn>* ratios in tissue

Accumulation of Zn solute and NP matrix ratio in liver and kidney
were measured as recently assessed by Tiwari et al., [23]. Triton X-114
(TX-114)-based cloud point extraction (CPE) was used to differentiate
the amount of ZnO NPs and Zn?™" in the tissue [24]. For this assay, an
equal amount of tissue (wet weight) was homogenized in double dis-
tilled water (DDW) and the volume adjusted to 10 mL with DDW. The
pH was adjusted to 3.5 with 10% HNO; to achieve better phase se-
paration. After adjusting pH, 200 pL. of 1 M Na»S,03 and 10% (w/v)
triton X-114 was added and mixed properly. The mixture was incubated
for 1h at 40 °C and then centrifuged at 5000g for 15 min. The super-
natant was carefully separated and further incubated for 30 min at 40
°C. Further centrifuged at 5000, the supernatant and precipitate were
separated. The precipitates and collected supernatants were processed
for AAS to check concentration in the supernatant (Zn?%*) and pre-
cipitate (nonionic, ZnO NPs).

2.10. Cellular internalization of NPs by TEM analysis

In order to assess the cellular uptake of NPs with respect to surface
functionality and charges, TEM analysis of liver and kidney tissues have
been performed in the high dose of b-ZnO and c¢-ZnO NPs (G2 and
G5 group) with respect to control (G1l) after 28 days repeated oral
treatment. In this context, the perfused liver and kidney tissue samples
were fixed in 4% paraformaldehyde containing 0.5% glutaraldehyde
prepared in 0.1 M cacodylate buffer (Ladd Research Industries, USA) at
4°C for 2h.

Tissues were washed thrice in 0.1 M sodium cacodylate buffer and
post-fixed in 1% osmium tetraoxide prepared in 0.2 M cacodylate buffer
for 2h. The fixed tissues were again washed three times with 0.1 M
sodium cacodylate buffer, dehydrated in acetone gradient (15-100%),
and embedded in araldite-DDSA mixture (Ladd Research Industries,
USA). After baking at 60 °C, blocks were cut (60-80 nm thick) by ul-
tramicrotome (Leica EM UC7) and sections were analyzed under FEI
Technai G2 spirit twin TEM equipped with gatan digital CCD Camera
(Netherland) at 60 or 80 KV.

2.11. Histopathological analysis

Histopathological analysis was performed for evaluating patholo-
gical lesions in liver and kidneys. The tissues were fixed in formal saline
(10% formalin with 0.9% NaCl) for 72h at room temperature. The
formalin-fixed liver and kidney tissues were dehydrated in ethanol
gradient and embedded in paraffin blocks. These blocks were cut into
5 um thin sections, deparaffinized, rehydrated and stained with hema-
toxylin and eosin (H&E). The sections were visualized under light mi-
croscope (Leica, Wetzlar, Germany) at different magnifications (6.3 and
25 X).

2.12. Determination of blood hematology parameters
The hematological parameters such as red blood cell (RBC), he-

moglobin (Hb), monocytes, lymphocytes, eosinophils, basophils, neu-
trophils, mean corpuscular volume (MCV), mean corpuscular
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hemoglobin (MCH), hematocrit (HCT), mean cell hemoglobin con-
centration (MCHC) and platelets were analyzed by automated hema-
tology analyzer (Sysmax-1800i, Japan).

2.13. Determination of serum biochemical parameters

The serum biochemical analytes such as hepatotoxic biomarkers
(total bilirubin, aspartate aminotransferase (AST), alanine amino-
transferase (ALT), lactate dehydrogenase (LDH), alkaline phosphatase
(ALP) and nephrotoxic biomarkers (creatinine, urea, uric acid, and total
protein) with other important physiological biomarker such as Fe, and
Hp were estimated through fully automated clinical chemistry analyzer
(Rx Daytona, Randox, U.K.).

2.14. Determination of ROS

The liver tissue samples from all animals of each group (G1 to G7)
were homogenized in ice-cold TRIS-HCI buffer (40 mM, pH 7.4) sepa-
rately. All tissue samples were normalized according to estimated
protein using bicinchoninic acid (BCA) assay. An equal amount of tissue
samples were incubated with 25 uM of DCF-DA for 30 min at 37 °C in
dark. The formation of fluorescent products 2, 7 -dichlorofluorescein
(DCF) was measured at wavelength of 485 and 520 nm for excitation
and emission respectively using microplate reader (FIUOstar Omega,
BMG Labtech, Germany).

2.15. RT-PCR for mRNA expression of cytokine and Fe homeostatic
biomarkers in hepatocytes

To evaluate the degree of inflammation and APR in the liver, nRNA
expression of cytokines TNF-a, IL-6 pro-inflammatory biomarkers
MMP-9 and acute phase Hp and hepcidin were measured. Further, the
mRNA expression of Fe signaling proteins was evaluated by measuring
the gene expression of hepcidin, hephaestin, TFR-1 and Ferroportin
(FPN) biomarkers. In beginning, RNA was extracted from liver of all
animals of each group G1 to G7 by trizol methods. The extracted pure
RNA was estimated and normalized. Furthermore, the cDNA synthesis
was performed by using high capacity cDNA reverse transcriptase Kkit.
The equivalent cDNA from G1 to G7 were used for the quantitative g-
PCR system “(Thermo Fischer, Rockford, IL, USA). The reaction mixture
of RT-PCR was prepared with SYBR Green master mix (Takara, Japan)
according to the manufacturer’s protocol. All Primers used for mRNA
expression of Hp, TNF-a, IL-6, MMP-9, TFR-1, FPN, hepcidin, he-
phaestin, and P-actin were designed on NCBI website and procured
from IDT Ltd, USA. The used B-actin primers act as the internal control.
The details of all primers are summarized in Table 1. The threshold
cycle numbers (Ct value) in triplicate reactions for each primer were
used to calculate relative gene expression in treated samples with re-
spect to the control according to the standard method with [25].

2.16. Western blotting for protein expression of hemolytic biomarkers

To evaluate the alteration of Fe signaling pathway, the protein ex-
pression of Hp and hephaestin in liver were performed using western
blotting where [-actin was used as an internal control. The frozen liver
tissues were homogenized in tissue lysis buffer containing a cocktail of
protease and phosphatase inhibitor. The extracted proteins were
quantified by BCA method (BCA protein estimation kit; Thermo Fisher
Scientific, USA) and normalized according to their protein estimation,
simultaneously mixed with 5 X Laemmli buffer and incubated at 90 °C
for 30 min after that loaded on 10% gel as progressively performed SDS-
PAGE. Afterward, the bands were blotted on PVDF membrane in blot-
ting buffer (14.4g/L glycine, 3.03g/L Tris, 20% methanol). The
transferred membrane was blocked in 5% bovine serum albumin in
PBST for 1 h, followed by incubation for overnight at 4 °C with primary
antibody; hephaestin, B-actin and Hp separately. Antibody immobilized
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Table 1
Detail of the primer sequence used for real time PCR.

Primer name Sequence

1 B-ACTIN F GTCCCTGTATGCCTCTGGTC (n = 20)
R CTCCAGGGAGGAAGAGGATG (n = 20)
2 Hp F CTGGCCTCACCAAGTACCAG (n = 20)
R GCAGGGCTAGAACCCATCAG (n = 20)
3 TNF-a F CCCATATACCTGGGAGGAG (n = 19)
R CTGTCCCAGCATCTTGTG (n = 18)
4 Hepcidin F CTCCTGCTTCTCCTCCTT (n = 18)
R GGTCAGGATGTGGCTCTA (n = 18)
5 IL-6 F CTCCCTTACCCACCAACTCC (n = 20)
R CTGTCTCGTGTGAGGCTAGG (n = 20)
6 TFR-1 F GTGGAGGGTCAACGTGGTAG (n = 20)
R GGCAGATGCCAAGAGGAGAG (n = 20)
7 Hephaestin F TCAGTGGGACTTTCTGTCTTATG (n = 23)
R CTTCTTCACTCCAGCTCTACAC (n = 22)
8 MMP-9 F CTTCTGGCGTGTGAGTTTCCA (n = 21)
R ACTGCACGGTTGAAGCAAAGA (n = 21)
9 Ferroportin F GGAAACAGAGAGACAGACAG (n = 20)
R CTATCACAGGTTCGGGTATG (n = 20)

TFR-1- transferrin receptor-1, Hp- haptoglobin, matrix metalloproteinase-9
(MMP-9), tissue inhibitor of metalloproteinase-2 (TIMP-2), Interleukin-6 (IL-6)
and tissue necrotic factor-o (TNF-a).

membranes were incubated with corresponded HRP-conjoined sec-
ondary antibody for 2h. Finally, the blot was analyzed using an en-
hanced chemiluminescent substrate (Thermo Fisher Scientific, USA) as
stated in the manufacturer’s protocol and imaged through gel doc-
umentation system (Amersham Imager 600, UK). The expression of
proteins was again quantified through densitometry analysis using
Image J software (National Institute of Health, Bethesda, MD, USA).

2.17. Immunohistochemistry (IHC) for expression of anemic biomarkers

For IHC, the 5 um thick sections of the intestine (duodenum) were
rehydrated and processed for antigen retrieval by using citrate-EDTA
buffer. Retrieved slides were incubated with blocking buffer (5% BSA)
for 1h to stop the nonspecific binding. Subsequently, slides were in-
cubated for overnight with Heph-primary antibody (hephaestin) at 4 °C,
washed and incubated with Alexa fluor 488 for 2h at room tempera-
ture. The unspecific immobilized antibodies were washed with 1 X PBS,
and the slides were mounted with fluoroshield DAPI solution and
analyzed under the fluorescent microscope (Leica Microsystems,
DMLB30S, Wetzlar, Germany) using appropriate filters.

2.18. Statistical analysis

All the data were presented as the mean + standard deviation
(mean * SD). The statistical analysis of quantitative variables was
analyzed by using one-way analysis of variance (ANOVA) followed by
the dunnett post hoc test (compare each group with control group for
every parameter). Data analysis was carried out by using Graph pad
prism software version 5.1 (GraphPad Software, La Jolla, CA, USA). All
the comparisons were evaluated at 5% (p < 0.05) level of significance.

3. Results
3.1. Characterization of c-ZnO NPs and b-ZnO NPs

The functionalization of the GG by PAm polymer was initiated by
KMnO, and oxalic acid in aqueous media as shown in Fig. 1(A). PAm-g-
GG proffered the spacer to regulate the in-situ synthesis of ZnO NPs
along the compatibility, hydrophilicity and surface charge neutrality.

The functional group’s analysis of GG, PAm-g-GG and c-ZnO NPs
were done by using ATR-FTIR spectra (Fig. 1(A)). The PAm-g-GG
spectrum has additional peaks regarding N—H stretching, amide-I (CO
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Fig. 1. A: ATR-FTIR spectra of GG, Pam-g-GG, ¢-ZnO and b-ZnO NPs, B: Absorbance spectra of ¢-ZnO and b-ZnO NP, C: TEM analysis along with histogram of both
NPs: b-ZnO NPs and ¢-ZnO NPs, D: A: Variance in hydrodynamic diameter of ¢-ZnO and b-ZnO NPs.

stretching) and amide-II (N—H bending) at 3205, 1670 and 1580 cm Y,
respectively. The peak at 1424 cm ™! has denoted C—N stretching vi-
brations of the amide group. An absorption band at 2925 cm ™" is re-
ferred to the C—H stretching of CH, groups of GG matrix in all spectra.
The GG, PAm-g-GG and c-ZnO NPs spectra have a glucosidic (C—0—C)
bond and primary alcohol C—O stretching vibrations corresponding to
GG moiety, respectively at 1141 and 1029 cm ™! which further pro-
mised to successful grafting on GG. Further, Zn-O stretching vibration
has been seen at 490 cm ~ ! in the c-ZnO NPs which resemble b-ZnO NPs
spectrum. Fig. 1(B) has illustrated the UV-vis absorbance of ¢-ZnO and
b-ZnO NPs.

Fig. 1(C) has shown TEM images of b-ZnO and c-ZnO NPs with the
corresponding histogram respectively. Image of b-ZnO NPs has shown
irregular particles shape with a range of 10-60 nm while the c-ZnO NPs
are globular with predominately 20-45nm which advocating the ap-
plicability of PAm grafting on GG to direct shape and size of NPs. The
DLS plot (Fig. 1(D)) of b-ZnO and c-ZnO NPs has shown the hydro-
dynamic diameter of respective NPs which are exhibited in range of
255 nm (b-ZnO NPs) and 396.1 nm for c-ZnO NPs. Zeta potential of b-
ZnO and c-ZnO NPs were —31 and —1 mV respectively.

3.2. Dissolution Properties of ZnO in dose formulation and in biofluids
The stability of ZnO NPs and release of Zn?>* in dosing medium was

assessed in samples incubated for 24 h using AAS. The concentration of
released Zn** was found to be very low (< 1% of total concentration)

as shown in Fig. 3(A).

The solubility of ZnO nanoparticles was also evaluated in simulated
gastric, mouse extracted gastric, and serum fluids in order to elucidate
their biological fate when administered orally. It was found that
12.04% and 12.22% of b-ZnO NPs and c-ZnO NPs dissolved into zinc
ions in simulated gastric fluid, however, 22.24% and 18.24% in ex-
tracted gastric fluids, respectively (Table 2). Meanwhile, the respective
solubility of b-ZnO and c¢-ZnO were 13.27% and 7.83% in serum con-
ditions (Table 2).

Table 2
Dissolution property of ZnO NPs in different bio-fluid.

Sample Test system Dissolved Fraction (%)

b-ZnO NPs Water 0.125 + 0.001
Simulated Gastric Fluid 12.04 = 1.80
Extracted Gastric Fluid 22.24 * 2.22
Serum 13.27 = 5.26

c-ZnO NPs Water 0.02 = 0.001
Simulated Gastric Fluid 12.22 = 218
Extracted Gastric Fluid 18.24 = 0.85
Serum 7.83 = 2.52

c-ZnO NPs-capped Zinc oxide nanoparticles, b-ZnO NPs-bared Zinc oxide na-

noparticles.
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Fig. 2. A and B; Food consumption and % body weight growth
of both NPs treated groups.

Data were represented as mean * SD; n = 10 animals per
groups, a, b and c denotes statistically significant differences
at p < 0.001, p < 0.01 and p < 0.05 as compared to con-
trol respectively.

NPs- Nanoparticles; c¢-ZnO NPs-capped Zinc oxide nano-
particles, b-ZnO NPs-bared Zinc oxide nanoparticles, LD- low
dose, HD- high dose.
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3.3. Effect of NPs treatment on body and organ weight of animals

There was no mortality observed in any group of experimental an-
imals. The animals of high dose groups (G2 and G5) were showed
significant falls off in feed intake and body weight growth rate as shown
in Fig. 2.

3.4. Accumulation of Zn after oral treatment

The measurement of accumulated Zn in the liver, kidney, and
plasma of treated animals was carried out by AAS analysis. A dose-
dependent significant higher accumulation in tissue was found in b-ZnO
NPs in comparison to c-ZnO NPs after repeated oral administration.
Animals treated with 300 mg/kg of b-ZnO NPs, the Zn concentration in
liver and kidney was found to be higher (p < 0.001 and p < 0.05)
48.2 + 6.07ug/g and 71.16 = 3.16 ug/g but slight lesser in c-ZnO
NPs (p < 0.05; 45.06 = 3.01 and 51.08 + 4.36 ug/mg wet tissue
respectively) as compared to control. The concentration of Zn in plasma
was significantly higher in ¢c-ZnO NPs (p < 0.001; 88.95 + 6.70) in
contrast to b-ZnO NPs (p < 0.01; 50.54 * 7.49) as presented in
Fig. 3(C). The result indicated the higher Zn accumulation in tissue with
low circulation in the blood of b-ZnO treated groups as compared to c-
ZnO NPs.

In the biological environment and during oral treatment, ZnO NPs
may release Zn>* that can significantly contribute to its toxicity. To
address this issue, we did Triton X-114 (TX-114)-based cloud point
extraction (CPE) to differentiate the amount of ZnO NPs and Zn?™" in
liver and kidney tissue. The result indicated 60-65% zinc in tissue is
ionic form and one third part 30-35% is in non-ionic form. Thus ac-
cording to finding, ZnO NPs shows maximum dissolution property
(higher Zn2t) during oral administration (Fig. 3(B)).
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3.5. Evaluation of Cellular defects and tissue damage

The ultra-structural analysis of liver and kidney tissues was per-
formed by TEM to check the comparative effect of b-ZnO and ¢-ZnO NPs
on cellular organelles. TEM analysis showed that the significant non-
ionic part of ZnO NPs also accumulated in hepatocyte cells (Fig. 4) and
kidney tissue (Fig. 5). The accumulated object in tissue was Zn was
confirmed by TEM images on CCD camera.

The cellular organelles of the liver such as endoplasmic reticulum
(ER) were highly degraded in b-ZnO as compared to c-ZnO NPs that
pointing loss of transportation and absorption of several micronutrient,
minerals, and hormones required for proper functioning of the cells.
There was increased hepatic cytoplasmic vacuolization and loss of he-
patocytic organelles with degenerated mitochondrial cristae were also
observed in both high dose treated groups (G2 and G5) but found
comparably higher in b-ZnO NPs (Fig. 6).

TEM analysis of kidney tissue was indicated the cellular inter-
nalization of NPs in nucleus, mesangial cell and basement membrane
(Fig. 5) that induced the deformities. The podocyte cells of glomeruli
showed irregular formatting and the lumen showed higher seepage of
proteinaceous material. The podocyte swelling and deformities in their
processing are common in NPs treated group. The induced lesions were
found in both NPs treated groups but their changes were significantly
high in b-ZnO NPs treated animals as shown in Fig. 7.

3.6. Histopathological evaluation

The histology of liver and kidney tissue (Figs. 8 and 9) has shown
the lesions in a dose-dependent manner after treatment of both types of
NPs, while more lesions were found in b-ZnO NPs. In liver tissue, the
high dose of b-ZnO NPs shows hepatocyte degeneration with mild
congestion, further the karyonectic in nucleus cells were also
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Fig. 3. Effect of b-ZnO and c-ZnO NPs treatment. (A) Dissolution property (release of ion) of both ZnO NPs in dose formulation up to 24 h from the time of dose
preparation at pH 7.4 (normal biological pH), n = 5 number of repeats, (B) Percentage of accumulated ionic and nonionic zinc in liver and kidney after 28 days
repeated treatment at the dose of 300 mg/kg, (C) Accumulation of zinc in liver, kidney and plasma at the dose of 300 mg/kg after 28 days repeated treatment assessed
by AAS, (D) ROS generation in liver, (E) ROS generation in kidney.

NPs-Nanoparticles; c-ZnO NPs-capped Zinc oxide nanoparticles, b-ZnO NPs-bared Zinc oxide nanoparticles, LD- low dose, HD- high dose.

Data were represented as mean = SD; n = 5 animals per groups. *, **, *** denotes statistically significant differences at p < 0.05, p < 0.01, and p < 0.001 as
compared to control respectively.

noticeable. At a mid dose of b-ZnO NPs the hepatocytes congestion and deformities, on the whole, the higher lesions were found in b-ZnO NPs
degenerative changes were also detected. The c-ZnO NPs at higher dose as compared to c-ZnO NPs (Fig. 8).

also show moderate hepatocyte degeneration but less as compared to b- In the kidney, the histopathological evaluation was performed to see
ZnO NPs. The lower dose groups of each NPs is not shown any major the lesions in nephritic cells after 28 days repeated oral administration

C-ZnONPs

b-ZnONPs

AV X140 102 x 1034 pevels

Fig. 4. Accumulation and internalization of ¢-ZnO and b-ZnO NPs in liver. TEM images of unstained liver sections showing accumulation of NPs after 28 days
repeated oral dose of 300 mg/kg. Inset view shows image of ZnO NPs by side mounted CCD camera. Image A, B and C represent the internalization c¢-ZnO NPs in
hepatocyte cells while D, E and F represent internalization and accumulation of b-ZnO NPs in hepatocye cell.
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Fig. 5. Accumulation of c¢-ZnO and b-ZnO NPs in various parts of the kidney, TEM images of unstained kidney sections showing accumulation of NPs in various parts
after 28 days repeated oral dose of 300 mg/kg. Inset view shows image of ZnO NPs by side mounted CCD camera. Image A, B and C represent b-ZnO NPs while D, E
and F represent c-ZnO NPs. (A) b-ZnO NPs in nucleus. (B) b-ZnO NPs in mesangial cells. (C) b-ZnO NPs membrane near lumen. (D) c-ZnO NPs in lumen. (E) c¢-ZnO NPs

near glomeruli membrane. (F) c-ZnO NPs in mesangial cell.

with ¢-ZnO and b-ZnO NPs. The b-ZnO NPs at high dose show renal
tubular degeneration, higher eosinophilic proteinaceous material de-
position in PCT lumen, the glomeruli were also damaged as seen in
Fig. 9. The glomeruli were swelled with degenerative changes. Further,
the eosinophilic proteinaceous material deposition in the tubular lumen
in c-ZnO NPs at the dose of 300 mg/kg, on the other hand at mid dose
the b-ZnO NPs show mild vascular degeneration. At lower dose, the
mildly vascular generation was seen in b-ZnO NPs in contrast low ad-
verse effects were seen in c-ZnO NPs at a low dose.

3.7. Alteration in serum nephrotoxic and hepatotoxic biochemical
parameters

The serum biochemical parameters; AST, ALT, ALP, LDH, creatinine
urea, and uric acid were accreted significantly (p < 0.001) in the high
dose of b-ZnO NPs treated group (G2) as analogized to control (G1). In
high dose, c-ZnO NPs treated group (G5), the level of ALT, uric acid and
creatinine were increased but less significant (p < 0.01). The mid dose
of b-ZnO NPs showed an elevated level of ALP and creatinine
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(p < 0.05). The other groups were not showed any significant changes
(Fig. 10).

Moreover, the significant reduction of Fe and Hp level were also
recorded in high dose treated groups (G2 and G5) as presented in
Figs. 10 and 11. The level of serum Fe and Hp were decreased sig-
nificantly in G2 (p < 0.001) of b-ZnO NPs and G5 group of ¢-ZnO NPs
(p < 0.01) as compared to control. The mid and low dose groups of b-
ZnO NPs (G3 and G4) also showed a significant (p < 0.01) reduction in
Fe and Hp (Fig. 10).

3.8. Alteration in blood hematology parameters

The mean hematological parameters of G1 toG7 groups are pre-
sented in Fig. 11. The statistically significant reduction in RBC, Hb,
HCT, MCH, MCHC, and platelets were found in a high dose of b-ZnO
NPs treated group (G2) animals in compared to control (G1). The high
dose c-ZnO NPs treated group (G5) animals have shown significantly
declined level of RBC, Hb, HCT and MCH as compared to control but
very less (p < 0.05) as compared to G2 (< 0.01), as presented in
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Fig. 6. ZnO NPs treatment causes damage to the liver tissue, the tissue were collected after 28 day repeated oral administration of c-ZnO and b-ZnO NPs at the dose of
300 mg/kg. Representative transmission electron microscopic images are shown. (A, B and C) Control hepatocyte cells at 15,000 X and 30,000 X magnification. (D
and E) Sections of animals treated with c-ZnO NPs at different area. 15,000 x magnification. (F) Sections of animals treated with c¢-ZnO NPs. 30,000 X magnification.
(G and H) Sections of animals treated with b-ZnO NPs at different area. 15,000 X magnification. (F) Sections of animals treated with b-ZnO NPs. 30,000 X mag-

nification.

NPs-Nanoparticles; c-ZnO NPs-capped Zinc oxide nanoparticles, b-ZnO NPs-bared Zinc oxide nanoparticles, ER- endoplasmic reticulum, M- mitochondria, N- nucleus,
NM- nuclear membrane, PM- plasma membrane, V-vacuole. Arrow shows the damages in relevant region.

Fig. 11.
3.9. Measurement of induced oxidative stress

The exposure of ZnO NPs in animals was associated with increased
ROS production as assessed by DCF-DA assay (Fig. 3(D and E)). A re-
markable high production of free radicals was found in the liver and
kidney at the high dose of b-ZnO (G2) (244.93 * 66.19 and
155.0 = 23.85 at p < 0.001) and c-ZnO NPs (G5) (180.96 + 43.13
and 109.98 + 5.46 at p < 0.05) as compared to control (G1).

3.10. Alteration of mRNA expression of cytokine, inflammatory, and APR
biomarkers

A quantitative RT-PCR was done for mRNA expression of cytokines
and pro-inflammatory biomarkers such as IL-6, MMP-9, Hp and TNF-a
in liver tissues of b-ZnO (G2, G3 and G4) and c¢-ZnO NPs (G5, G6, and
G7) (Fig. 12(B)). A significant higher (p < 0.001) gene expression of
IL-6 was found in the G2 and G3 group of b-ZnO NPs (1.8 + 0.26 and
1.56 + 0.007) fold) while 1.19 + 0.01 folds expression was seen in
the G5 group of ¢-ZnO NPs (p < 0.05). The MMP-9 genes expressions
were significant increased (p < 0.001) in G2 (3.19 * 0.53), G3
(2.76 = 0.49), G4 (2.66 = 0.26) of b-ZnO NPs while less significant in
c-ZnO group (p < 0.001, p < 0.01, p < 0.05) in G5 (2.48 * 0.1),
G6 (2.3 = 0.3), G7 (1.78 £ 0.23) groups respectively as compare to

control. The expression of TNF-a has significantly elevated in the G5
group of ¢-ZnO NPs (1.82 = 0.34; p < 0.001) rather than G2 and G3
groups of b-ZnO NPs showed significantly higher expression
(p < 0.001; 3.16 = 0.26 and 1.9 =+ 0.23 fold respectively).

Whether the acute phase protein (APP) such as hepcidin and Hp
were increased their expression in b-ZnO NPs as compared to c-ZnO
NPs. The expression of Hepcidin elevated in fold (p < 0.001) in G2
(4.18 = 0.08), G3 (2.18 = 0.1) of b-ZnO NPs, whereas, G5 and G6 of
¢-ZnO NPs showed elevation (1.49 + 0.01 and 1.29 *+ 0.1 fold) at the
significant level p < 0.001 and p < 0.05 respectively that is less sig-
nificant than b-ZnO NPs. Another acute phase biomarker Hp gene ex-
pression was significantly increased in G2 (p < 0.001), G5 (p < 0.01)
and G6 (p < 0.01) in fold 3.38 + 0.13, 1.75 = 0.06, and
1.08 = 0.08 respectively. Consequently, the outcome has revealed that
the mRNA expression was greatly altered in b-ZnO as compared to c-
ZnO NPs that indicated the progression of inflammation and a condition
of APR were higher in b-ZnO NPs (Fig. 12(B)).

3.11. The mRNA expression of APR linked Fe signaling biomarkers

The mRNA level of Fe signaling biomarkers such as hepatic he-
phaestin, TFR-1 and FPN were assessed by RT-PCR analysis (Fig. 12(B)).
A dose-dependent alteration of all mRNA gene level was seen in all
groups with maximum changes in both G2 and G5 groups as compared
to G1. The Fe transporting gene hephaestin was significantly decreased
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in all treated groups but the decreasing pattern in G2, G3, and G4 of b-
ZnO NPs was (0.11 = 0.00, 0.26 = 0.05, 0.71 = 0.07) more sig-
nificant (p < 0.001) while G5 (0.38 * 0.00), G6 (0.56 = 0.07), and
G7 (0.79 £ 0.04) of c-ZnO NPs showed less significant p < 0.001,
p < 0.01, p < 0.05 respectively. The Fe transporting receptor gene
FPN was significantly declined in G3 (p < 0.001; 0.40 * 0.04) and G2
(p < 0.001; 0.34 = 0.02) groups of b-ZnO NPs while in c-ZnO NPs
only in G5 group (p < 0.001; 0.67 *= 0.06). Further, the expression of
TFR-1 was significantly increased (p < 0.001; 1.81 *+ 0.05 fold) in b-
ZnO NPs high dose group (G2), other groups showed non-significant
increases. The overall finding of mRNA expression was denoted that the
b-ZnO NPs having the higher observable significant alteration in
homeostasis biomarkers as compared to control.

3.12. Changes in Fe homeostatic biomarkers ‘hephaestin and haptoglobin’
protein expression in liver: Western Blotting

The hepatic Hp and hephaestin protein levels were assessed in the
liver by western blot analysis (Fig. 12(A)). Dose-dependent significant
increases in expression were seen in Hp proteins in all groups with the
maximum finding in b-ZnO in contrast to c-ZnO NPs. Whereas, the
expression of hephaestin protein were significantly declined in all
treated groups (G2 to G7) as compared to control (G1). The decreasing
pattern of hephaestin and increasing pattern of Hp were significantly

Fig. 7. ZnO NPs treatment causes da-
mage to glomerular region of kidney,
kidney were collected after 28 day re-
peated oral administration of c-ZnO
and b-ZnO NPs at the dose of 300 mg/
kg. Representative transmission elec-
tron microscopic images are shown. (A
and B) Control glomerulus at 15,000 x
magnification. (C) Sections of animals
treated with c¢-ZnO NPs. 15,000 x
magnification. (D) Sections of animals
treated with c¢-ZnO NPs. 30,000 X
magnification. (E) Sections of animals
treated with b-ZnO NPs. 15,000 X
magnification. (F) Sections of animals
treated with b-ZnO NPs. 30,000 x
magnification.

NPs- Nanoparticles; c-ZnO NPs -capped
Zinc oxide nanoparticles, b-ZnO NPs-
bared Zinc oxide nanoparticles,
Mesangial cells, N- nucleus, NM- nu-
clear membrane, PM- plasma mem-
brane, P- podocyte. Arrow shows the
podocyte foot process.

altered in b-ZnO NPs. Further the quantitative measurement through
densitometry showed the significant decreases in expression (fold) of
hephaestin in G2 (p < 0.001; 0.31 + 0.05), G3 (p < 0.001;
0.57 + 0.06), G4 (p < 0.001; 0.55 * 0.03) of b-ZnO NPs while the
decreasing pattern were less significant in c-ZnO NPs groups that is G5
(p < 0.001; 0.62 = 0.06), G6 (p < 0.001; 0.53 * 0.05), G7
(p < 0.01; 0.47 = 0.03). Whereas, the significant increased in ex-
pression (p < 0.001) of Hp in G2, G3, and G4 were 3.41 = 0.05,
3.68 =+ 0.10, 3.84 = 0.02 of b-ZnO NPs and 4.78 * 0.16,
4.30 = 0.15, 4.10 * 0.084 for G5, G6, G7 of c-ZnO NPs groups re-
spectively.

3.13. IHC for expression of Fe homeostatic biomarkers ‘hephaestin’ in the
intestine

The THC analysis in duodenum was also manifested the decreasing
level of hephaestin in ZnO NPs treated groups than the control (Fig. 13).
Since, the expression pattern in b-ZnO (G2, G3 and G4) is found to be
significantly lower than c¢-ZnO NPs (G5, G6, and G7) in a dose-depen-
dent manner. The quantitative analysis through RGB (Image J) in-
dicated the significant increased in expression (p < 0.01) for G2
(13.4 = 5.83) and G5 (15.36 * 3.71), while the low dose group of b-
ZnO NPs G4 (18.02 = 4.13) also showed significantly reduced level
(p < 0.05) as compared to control (29.78 + 5.83). The expression of



A.K. Srivastav et al.

CONTROL

Journal of Trace Elements in Medicine and Biology 52 (2019) 270-287

300 mg/kg

50 mg/kg

10 mg/kg

Fig. 8. Histopathological evaluation of liver tissue of female Swiss mice after 28 days repeated oral administration with ¢-ZnO and b-ZnO NPs (H&E Stain: A to G-
total magnification 100 x; Al to G1- total magnification 400 X ) (A and Al): no changes show in control; (B and B1): show hepatocytes degeneration, karyotectic
nucleus, in b-ZnO NPs at dose of 300 mg/kg; (C and C1): moderate hepatocyte degeneration in c-ZnO NPs at dose of 300 mg/kg; (D and D1): show degenerative
changes in hepatocytes (b-ZnO NPs-50 mg/kg); (E and E1): Image showing congestion (c-ZnO NPs-50 mg/kg); (F and F1): mildly hepatocyte degeneration (b-ZnO

NPs-10 mg/kg); (G and G1): no major changes in c-ZnO NPs (10 mg/kg).

NPs- Nanoparticles, c-ZnO NPs-capped Zinc oxide nanoparticles, b-ZnO NPs-bared Zinc oxide nanoparticles. Red arrow- hepatocyte degeneration, yellow arrow-

congestion in cells.

hephaestin in the duodenum of intestine plays a critical role for Fe
uptake from intestinal lumen to circulation.

4. Discussion

Nanoscale ZnO is widely exploited in various industrial, commer-
cial, biomedical and household fields due to emerging properties. With
expanded uses of ZnO NPs containing products, it is expected that the
exposure may increase from previously reported daily intake of Zn,
maximum (15 mg/day) in humans [26,27]. The recommended doses of
Zn in pregnancy and during childhood diarrhea are 15mg/day and
10 mg/day respectively [27]. Due to its relative safety as compared to
other NPs, short-term studies at low doses have shown less adverse
effects. However, there is limited long-term studies in animal systems
have been reported, especially their metabolic effect on the nutritional
surveillance at the molecular levels. ZnO NPs have a strong affinity for
sulfur rich proteins and amino acids such as metallothionine leading to
their alterations and even precipitation. Nowadays, surface modifica-
tion is one of the strategies used to prevent or regulate these attach-
ments to biological molecules. Therefore, the objective of the present
study is to design surface engineered ZnO (c-ZnO) NPs that alleviated
the APR interlinked Fe signaling by reducing the toxicity. The synthesis
and desired modifications of c-ZnO NPs was successfully verified
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through functional group analysis (Fig. 1(A)). The observed absorbance
band at 366 nm in UV-vis spectra has to advocate 3.38 eV band gap
energy between valance and conduction band of ZnO NPs (Fig. 1(B))
[28]. The TEM analysis demonstrated that c-ZnO NPs have defined ri-
pening owing to the presence of polymeric capping which regulating
their crystal growth whereas, commercial b-ZnO NPs having irregular,
shape and size which might be due to lack of any stabilizing agent
(Fig. 1(C and D)). The results obtained through DLS indicate an in-
creased hydrodynamic size than their primary particle size as evidenced
through TEM. It is observed due to the property of agglomeration of
NPs in suspension. According to DLS data, aggregation readily occurs in
order to reduce their high surface energy and they tend to attract each
other resultant form a clump. The hydrophilic polymer moiety around
the c-ZnO NPs justified the higher hydrodynamic size than the bared.
To analyze the adverse effect of ZnO NPs after surface modification,
sub-acute oral toxicity study was conducted in Swiss mice at the dosage
of 10, 50 and 300 mg/kg body weight, furthermore the interlinked Fe
homeostasis were also emphasized. Systemic Fe is antagonistically de-
pended on Zn concentration during exposure for long periods [29]. In
case of oral exposure, a large number of factors such as variation in pH
of gastrointestinal tract, digestive hydrolyzes, and interaction with
various food materials are influenced the amount of particles that will
be absorbed and release in bloodstream. The absorbed NPs and their



A.K. Srivastav et al.

Control

Journal of Trace Elements in Medicine and Biology 52 (2019) 270-287

50 mg/kg 300 mg/kg

10 mg/kg

Fig. 9. Histopathological evaluation of kidney tissue of female Swiss mice after 28 days repeated oral administration with c-ZnO and b-ZnO NPs (H&E Stain: A to G-
total magnification 100 X; Al to G1- total magnification 400 %) (A and Al): no changes show in control; (B, B1, and B2): show renal tubular degeneration,
eosinophilic protenaceous material deposition in tubular lumen in b-ZnO NPs at dose of 300 mg/kg; (C and C1): eosinophilic proteinaceous material deposition in
tubular lumen in c-ZnO NPs at dose of 300 mg/kg; (D and D1): show mild vascular degeneration (b-ZnO NPs-50 mg/kg); (E and E1): Image showing DCT damages (c-
ZnO NPs-50 mg/kg); (F and F1): mildly vacular degeneration (b-ZnO NPs-10 mg/kg); (G and G1): same changes with low effect in c-ZnO NPs (10 mg/kg).

NPs- Nanoparticles; c-ZnO NPs-capped Zinc oxide nanoparticles, b-ZnO NPs-bared Zinc oxide nanoparticles, LD- low dose, HD- high dose.

Arrow: Red-vascular degeneration, yellow-eosinophilic proteinaceous material deposition, green-damages in glomeruli.

ions are highly reactive with the biological molecule and may get ac-
cumulate in most common target organ liver and kidney. Recently, Li-
Jing et al., has found a significant Zn accumulation in the liver of ZnO
NPs treated mice [30]. Here, TEM and AAS analysis were indicated
higher accumulation of Zn in liver and kidney tissues after treatment of
b-ZnO, where c-ZnO NPs were highly circulated in bloodstream and
showed less accumulation in tissue might be due to their surface neu-
trality. The nature of accumulated Zn in targeted tissues, whether it is
solute or NPs matrix was confirmed by cloud point extraction (CPD).
The result manifested that 60-65 % Zn was accumulated as solute
(ionic) and remaining 30-35 % was found as particulate matter (non-
ionic) that was further seen by TEM analysis (Fig. 3). During oral ex-
posure, the ratio of ionic and NPs matrix in accumulated Zn might
depend on the dissolution of NPs in the biological fluid (gastrointestinal
fluid and serum). The previous report has been demonstrated that the
ZnO NPs were partially dissolved in simulated gastric fluid [7,30,31].
Yu et al., explained that ZnO NPs was dissolved only up to 12% and
25% in ex vivo and simulated gastric fluid respectively and 5% in serum
[21]. Therefore, after oral administration the ZnO NPs were absorbed
maximum in the form of NPs matrix and only up to 25% in ionic form
and after entering in to the blood it was further dissolved at some extent
(up to 15%) and finally internalized in the tissue in ionic as well as NPs

form (Table 2). Hence, the present findings support the notion that the
oral toxicity of ZnO NPs was stimulated by the contribution of both
intact NPs matrix and released Zn>* [32].

The privileged binding property of the b-ZnO NPs was found due to
the hydrophobic surface that may interact with a higher affinity with
lipid and protein of cell membrane as a result increased the membrane
integrity that leads to membrane rupture as compared to c-ZnO NPs
(bearing hydrophilic surface). Ramasamy et al., were also found a re-
duced toxicity of ZnO NPs in human dermal fibroblast cells by surface
modification, they explained that the modified hydrophilic surface
around capped ZnO NPs were restricting free radical formation, the
release of zinc ions, and decreasing surface contact with cells [33]. Due
to privileged surface reactive property, b-ZnO NPs might be accelerated
higher macrophages associated phagocytosis (MAPs) in liver tissue and
also across the hepatocyte membrane as compared to c-ZnO NPs.
Toxicity associated with high loading of NPs to mononuclear phagocyte
system (MPS) organs are represented by cell stress biomarkers, speci-
fically, subsets of cytokines, chemokines and ROS [34-36]. Further-
more, the NPs internalization into the cells could impel the direct H,O,
generation from mitochondria and may produce ROS [37,38]. The ROS
generation may increase either due to direct NPs internalization or
following the MPS pathway. In our experiment, both treated groups
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were produced ROS in a similar pattern to the induced hepatic and
nephrotoxicity (Fig. 3). The serum creatinine, uric acid, and urea are
very potent biomarkers of nephrotoxicity were found increased in the
high dose of b-ZnO NPs treated group that was signature of slight ne-
crosis in kidney tissue as seen in histopathology (Fig. 9). The alteration
in kidney biomarkers along with pathological lesions was strongly
correlated with TEM analysis, The TEM images have revealed damages
in kidney tissue in form of ruptured of a large number of mitochondria
with total loss of their content, along with lesions in their foot process
that were higher in b-ZnO NPs (Fig. 7). These lesions in kidney tissue
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may affect the glomerular filtration and might be the reason for in-
creased level of serum creatinine, urea and uric acid (Fig. 10). Such
type of submicroscopic changes has been also previously reported in the
intravenous and subcutaneous treatments [39,40]. Wang et al also re-
ported that urea and creatinine level were increased in mice treated
with ZnO NPs at dose of 5 g/kg body weight [7].

The serum LDH, AST, ALP, and ALT are good indicators of hepatic
dysfunction and was selected for monitoring liver damages [18,41].
The AST and ALT are abundant in the cytoplasm of hepatocytes, their
elevation in serum denotes the altered hepatocellular membrane
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permeability [42]. After long-term exposure of b-ZnO NPs at the dose of
300 mg/kg, an increasing level of these enzymes was observed in serum
which relates to the injury in the hepatocyte cells (Fig. 10). The results
were concurrent with histopathological examination of liver tissue,
shows a spotty necrosis (Fig. 8). However, TEM images were also de-
picted diminishes endoplasmic reticulum process, injured mitochon-
dria, higher macrophages and interstitial spaces in cells (Fig. 6). The
damages in the liver induced by ZnO NPs, that was revealed by the
histopathological examination and serum AST and ALT level
[18,30,31]. Similarly, Almansour et al., found liver damage in mice
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after 21 days repeated oral exposure of ZnO NPs that was revealed by
the serum histochemical, ultrastructural and histopathological ex-
amination [43]. The liver injury/inflammation clearly enhanced mRNA
expression of cytokine (IL-6, MMP-9, and TNF-a), Hp and hepcidin that
leads to progression of APR [44-48]. In this study, a significant ele-
vation was found in mRNA expression of hepatic cytokine and proin-
flammatory biomarkers (IL-6, TNF-a, and MMP-9) in both NPs treated
groups at a higher dose but more in b-ZnO NPs, indicating higher APR
progression in same (Fig. 12(B)). This result was also consistent with
the previous report by Monse et al., who illustrated the dose-dependent
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APR stimulation in humans by inhalation of ZnO nanoparticles [49].
This APR progression could hike the expression of acute phase protein;
APPs (Hp and hepcidin) that has a significant role in iron homeostasis
[50]. Hepcidin is the main regulator of iron homeostasis in mammals
and is up-regulated by pro-inflammatory cytokines [51]. The higher
production of liver-derived protein hepcidin during APR, reduces the
expression of FPN and hephaestin has been previously reported
[52,53]. FPN is cellular iron exporter that controls iron release from
duodenal enterocytes and absorb dietary iron from iron-recycling
macrophages, and from hepatocytes that store iron [54,55]. Iron release
from cells through FPN requires the ferroxidases hephaestin [56].
Binding of hepcidin, triggers FPN internalization, ubiquitination, and
subsequent lysosomal degradation that continuing to hold the iron in
iron exporting cells, this mechanism is reconciled to hypoferraemia
[57]. Accordingly, we found liver hepcidin mRNA expression was up-
regulated and this most likely down-regulated the mRNA expression of
FPN-1 and Heph in liver and intestine (Figs. 12 and 13). This state
might be the reason of low export of Fe in circulation from exporting
cells. Additionally, we also observed strong up-regulation of TFR-1
(mRNA) in liver which persuades the uptake of Fe from circulation to
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hepatic cells. In the previous study an up-regulation of hepatic trans-
ferrin, TFR-1 and TFR-2 supported to uptake the circulatory Fe to he-
patic cells during the APR [46]. Cumulatively, low absorption of Fe by
duodenal enterocyte to circulation and higher uptake from circulation
to hepatic cells strongly escorts a condition of hypoferraemia. The c-
ZnO NPs induced low ROS and APR relates to low inflammation might
be due to their surface modification as compared to b-ZnO NPs, hence c-
ZnO NPs slightly altered the Fe signaling pathway. Besides, the ad-
ministration of excessive Zn through oral route has impaired the ab-
sorption of Cu and Fe, hence retardation in growth and anemia were
seen [12,58]. Cu is the trace element which is a co-factor for Heph
enzyme [53]. In this study, down-regulation of Heph protein expression
in liver and intestine was seen that might be the reason for low trans-
portation of Fe into the circulation from liver, duodenal enterocytes,
and macrophages (Figs. 12(A) and 13). Resultant, ZnO NPs could alter
the Fe signaling pathway by reducing the expression of ferroxidase
enzyme Heph, that require for iron exporter protein FPN-1. Wang et al.,
also concluded that an anemic condition in mice were induced after
acute oral treatment of ZnO NPs [7].

The persevered anemic conditions by ZnO NPs were again
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confirmed through a hematological evaluation as found the decreased
level of RBC, Hb, HCT, and serum Hp in NPs treated group at high dose
(300 mg/kg body weight) (Fig. 11). Rajak et al., has reported that the
activity of heme biosynthesis was probably affected by the NPs, would
be the main reason for the decreased level of these hematological
parameters [59]. The erythropoiesis was affected by Fe homeostasis, Fe
deficiency in the body limits the synthesis of heme (a prosthetic group
of hemoglobin) that in turn to limit the synthesis of hemoglobin, as a
result, decreases the production of RBCs in the bone marrow [60]. In
the present study, the decreased lifespan of RBC in circulation might be
accelerated due to the deficiency of Fe that indicated the progression of
erythropoiesis (suicidal death of RBCs) (Fig. 11) [60]. Furthermore, the
increased level of serum LDH is the sign of hemolysis, the LDH diffuse
out from the RBC’s into the serum at the time of hemolytic condition
[61]. Interestingly, the finding of decreased RBC along with increased
level of serum LDH was indicated the progression of hemolytic anemia
might be driven due to long-term exposure of ZnO NPs at the dose of
300 mg/kg (Fig. 11). This finding correlates with the previous study
that defined the size-dependent hemolytic anemia of ZnO NPs in ery-
throcyte cells [62]. Further Hp analysis in serum and liver were also
performed for the confirmation of progression of hemolysis and APR.
The serum Hp (APP) is used as one of the biomarkers for the diagnosis
of hemolytic anemia and their level increase at the time of inflamma-
tion or liver injury [63,64]. It was found that Hp was highly expressed
in liver tissue at the higher dose of b-ZnO NPs (Fig. 12), but at the same
time, it decreased in serum (Fig. 10). The higher expression of Hp
(mRNA and protein) in liver tissues is indicated the APR induction that
might be due to the long-term exposure of b-ZnO NPs. These Hp pro-
teins after come into serum might be bind with free hemoglobin (Hb)
that was leak out from damaged RBC and formed Hp-Hb complex. The
formed Hp-Hb complex may rapidly be cleared through monocyte-
macrophage system resultant serum level of Hp was declined. Hence,
our findings suggested that 28 days repeated exposure of b-ZnO-NPs at
the dose of 300 mg/kg body weight might be impeled APR mediated
inflammatory anemia as well as a hemolytic condition which was ef-
ficaciously reduced through capping of PAm-g-GG on c-ZnO NPs as
summarized in Fig. 14.

5. Conclusion

After oral exposure, ZnO NPs has entered into the circulation and
accumulated in secondary target organ in the form of solute and NPs
where they were interacted with biological molecules and induced se-
vere toxicity, the surface modification of PAm-g-GG was used as a
convincing approach to mitigate the toxicity. The effect of bared b-ZnO
and capped c-ZnO NPs were comparably examined after 28 days sub-
acute repeated oral exposure, bared NPs promotes submicroscopic da-
mage in liver and kidney causing a mitochondrial rupture, podocyte
swelling and alteration of various hematological and biochemical
parameters as compared to c-ZnO NPs. Furthermore, injury/in-
flammation in cells seemed to activate the acute phase response (APR).
The enhanced expression of APPs (hepcidin and Hp) might be the
reason to alter interlinked signaling pathway (TFR-1, TFR-2, Heph,
transferrin) involved in iron homeostasis. Additionally, the higher Zn
ion in circulation has mitigated the expression of iron exporter protein
as found in the study. Hence, the long-term exposure of b-ZnO NPs
could accumulate in the liver in the form of NPs and ion content that
could interfere with the iron signaling pathways by inducing APR or by
direct interruption of Fe absorption. Interestingly; the adverse effects of
ZnO NPs were minimized by PAm-g-GG coating around NPs in ¢-ZnO,
presumably because of fewer surface interactions of NPs with cells,
decreased release rate of zinc ion, and modified hydrophilic surface.
This novel surface modulation would suggest a simple yet efficient
approach for biomedical utilization of ZnO NPs with reduced side ef-
fects. These data is beneficial when concerning the fabrication of ZnO
NPs for various biomedical applications.
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