
Chapter 12
Hepatic Injuries Induced by Engineered
Nanomaterials

Jianbo Jia and Bing Yan

Abstract The production, usage, and disposal of engineered nanomaterial (ENM)-
based products inevitably increased their environmental accumulation and human
exposures. Liver is the major organ for deposition of ENMs after their clearance
from the circulation system. Accumulation of ENMs in liver may cause hepatic
oxidative stress, inflammation, DNA damage, hepatocyte death, as well as liver
fibrosis in healthy populations. In subpopulations with various liver diseases, such
effects may be aggravated. Critical factors such as properties of ENMs, animal
experimental protocols, and status of liver are discussed, as well as possible future
directions.
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12.1 Introduction

Liver is the major organ for xenobiotic chemicals metabolism and excretion. Liver
injury induced by therapeutic drugs (troglitazone, bromfenac and pemoline for
instance) and industrial chemicals (such as carbon tetrachloride and vinyl chloride)
and the underlying mechanisms have been discussed [1–5]. With the global pro-
duction, usage, and disposal of engineered nanomaterials (ENMs) and ENM-based
products, the release of ENMs into the environment is inevitable. Therefore, ENMs
have become a new environmental threat that may cause both acute and chronic
hepatotoxicity.
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12.1.1 Liver Function

Liver is a multifunctional organ involved in nutrient metabolism, proteins synthesis,
hormone production, glycogen storage and release, and detoxification (Table 12.1).
Blood coming from the stomach and the intestine flows through the liver prior to
entering the systemic circulation. Therefore, liver is the first organ encountering
absorbed nutrients. In liver, nutrients absorbed by intestines were metabolized into
forms that can be utilized by human body. Liver also stores some nutrients such as
vitamins (including vitamin A, vitamin D, and vitamin B12) and minerals (in-
cluding iron and copper). Moreover, liver is the major organ involved in detoxi-
fication where toxic substances, such as drugs, alcohol, and environmental toxins,
are broken down to less harmful or sometimes more toxic metabolites [6, 7].

12.1.2 Liver as the Major Organ for ENM Accumulation

As an important part of mononuclear phagocyte system, also known as reticu-
loendothelial system, liver is a major organ for xenobiotic ENMs accumulation and
clearance. Gold NPs (Au NPs) can be accumulated in liver in a size-dependent
manner. After intravenous (i.v.) injection into rats, about 50% of Au NPs with a
diameter of 1.4 nm are accumulated in liver, while >99% of Au NPs with a

Table 12.1 Major functions of the liver

Type of function Examples

Metabolism Carbohydrate metabolism
Lipid metabolism
Amino acid metabolism
Mineral metabolism
Vitamin metabolism

Synthesis Albumin
Clotting factors
Transport proteins
Binding proteins

Detoxification Xenobiotics
Steroids hormones
Thyroid hormones
Endogenous metabolites

Storage Glycogen
Vitamins

Secretory Bile acid
Bilirubin and cholesterol
Metals
Xenobiotics

Filtration of particulates Products of intestinal bacteria (e.g., endoxin)
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diameter of 200 nm are accumulated [8]. Amorphous silica particles of 70 nm
accumulate mainly in liver regardless of surface modifications [9]. Entering liver,
ENMs may be taken up by hepatocytes or Kupffer cells. The selectivity may depend
on the properties of the nanoparticles. For example, positively charged nanoparti-
cles are accumulated more in hepatocytes, whereas negatively charged nanoparti-
cles are rapidly taken up by Kupffer cells in liver sinusoids (Fig. 12.1) [10, 11].
Purposeful liver accumulation of nano-drug carrier or diagnostic agents may
facilitate development of passive liver-targeting nanomedicines [12].

Inert ENMs such as Au NPs, fullerenes, and carbon nanotubes (CNTs) can hardly
bemetabolized effectively [13]. Biliary route is a pathway for ENMexcretion from the
liver. ENMs in the liver that are not immediately internalized by Kupffer cells are
translocated through the fenestrated vascular endothelium into theDissé spaces where
they are taken up by hepatocytes and processed into biliary canaliculi [14]. Then,
ENMs are drained through the biliary duct and excreted in feces [15, 16].

Even though ENMs may be cleared from the liver via the biliary pathway, their
long-term retention increases the risk of hepatotoxicity. For example, ENMs such

Fig. 12.1 Imaging results for the liver tissues. a Optical and b quantitative LA-ICP-MS images of
AuNP 1; c zoomed-in area illustrating the amount of AuNP 1 in a selected area of the liver tissue
with a blood vessel, hepatoctyes, and Kupffer cells indicated in yellow-, white-, and black-dotted
lines, respectively; d optical image after H&E staining of the same region shown in (c), indicating
the blood vessel, hepatoctyes, and Kupffer cells in yellow-, white-, and black-dotted lines. e Optical
and f quantitative LA-ICP-MS images of AuNP 2; g optical and h quantitative LA-ICP-MS images
of AuNP 3; i optical and j quantitative LA-ICP-MS images of AuNP 4. All scale bars correspond
to 0.5 mm. Reprinted with permission from [11]. Copyright (2016) American Chemical Society
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as SWCNTs (a single i.v. injection of *0.02 mg per mouse) [15] and superpara-
magnetic iron oxide nanoparticles (a single injection at a dose of 50 lmol/kg via a
retro-orbitary route) [17] could still be detected in the liver of mouse models after 3
months.

12.2 ENM-Induced Hepatic Injuries in Healthy
Population

Long-term ENM accumulation in the liver may affect its functions in various
aspects as discussed below.

12.2.1 Hepatic Oxidative Stress

ENMs induce excess reactive oxygen species (ROS) via several mechanisms [18].
A low level of ROS in cells plays an important role in various physiological
processes including antibacterial, anti-inflammatory, and tumor suppression.
Meanwhile, excessive ROS could break the balance of the oxidant/antioxidant
system in the liver, resulting in lipid peroxidation damage and hepatocyte toxicity.

Hepatic ROS level is reflected by malondialdehyde (MDA) activity, levels of
several antioxidant enzymes such as glutathione peroxidase (GSHPx), catalase
(CAT), and superoxide dismutase (SOD), as well as non-enzyme antioxidant, e.g.,
glutathione (GSH). In human liver cancer cells (HepG2), exposure of zinc oxide
nanoparticles (ZnO NPs, 30 nm) [19], silver nanoparticles (Ag NPs, 5–10 nm) [20],
silica nanoparticles (15 nm) [21], titanium dioxide nanoparticles (TiO2 NPs, 30–
70 nm) [22], and single-walled carbon nanotubes (SWCNTs, 1–8 nm in diameter
and 2000–6000 nm in length) [23] can induce oxidative cell damage, as indicated
by increased ROS production, reduced level of GSH, increased MDA content,
hydroperoxide level, as well as level of lipid peroxidation. Similar ENM-induced
production of ROS was also observed in BRL 3A rat liver cells [24]. Ag NP (15 and
100 nm) exposure induces ROS-mediated cytotoxicity with depletion of GSH level
and reduced mitochondrial membrane potential in these cells. In a murine hepa-
tocyte cell line AML 12, cadmium telluride quantum dots (CdTe QDs) induce a
dose-dependent generation of ROS. An antioxidant, tert-butyl Hydroquinone, can
reduce intracellular ROS production [25].

ENM administration can also increase the production of ROS in liver tissues of
animal models. For instance, subacute oral exposure of ZnO NPs (30 nm) for 14
consecutive days at a daily dose of 300 mg/kg induces hepatic oxidative stress in
male Swiss albino mice, as indicated by an increase in lipid peroxidation [19];
Dermal exposure of TiO2 NPs (10 nm, 400 lg TiO2 per cm

2) for 60 days caused
oxidative stress-mediated liver injury with an increased MDA content and a
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reduced SOD activity in liver tissues of BALB/c hairless mice [26]; Intraperitoneal
(i.p.) injection of TiO2 NPs (5 nm) daily for 14 days increases hepatic lipid per-
oxidation and O2

�− and H2O2 generation, and reduced activities of hepatic antiox-
idative enzymes such as SOD, CAT, GSHPx, and ascorbic acid peroxidase (APx) in
CD-1 (ICR) mice [27]; I.v. administration of Na-oleate-coated Fe3O4 nanoparticles
(8 nm) at a dose equivalent to 10% of the LD50 (3.64 mg/kg) significantly increases
hepatic mitochondrial respiration in female outbred Wistar rats [28].

On the contrast, several ENMs including fullerene [29, 30] and cerium oxide
nanoparticles [31, 32] are able to efficiently scavenge ROS, protecting the liver
from chemical-induced hepatic injury.

12.2.2 Liver Inflammation

The absorption and deposition of ENMs in the liver may stimulate the activation of
immune responses. Besides, excessive ROS could activate ROS-sensitive pathways
such as the mitogen-activated protein kinase (MAPK) and nuclear factor jB
(NF-jB) cascades, resulting in pro-inflammatory responses [18].

Kupffer cells are resident liver macrophages responsible for removal of
nanoparticles from the system [33]. They are major immune effector cells in the
liver. Liver accumulation of ENMs activates Kupffer cells, resulting in hepatic
inflammation. Single i.v. injection of silica NPs (15 nm) at a dose of 50 mg/kg
caused Kupffer cell hyperplasia and hepatic inflammation in male Sprague Dawley
(SD) rats [34]. A single i.v. administration of hydroxyapatite nanoparticles (HA
NPs, needlelike, long diameter of 80 nm and short diameter of 20 nm) at a dose of
50 mg/kg induced oxidative stress-associated inflammatory cell infiltration at the
portal area in the liver of SD rats [35]. Oral administration of Ag NPs (60 nm, 300
or 1000 mg/kg) for 28 days also induces hepatic inflammation in SD rats, as
indicated by an increased level of alkaline phosphatase and infiltration of inflam-
matory cells in the liver [36].

Similar ENM-induced hepatic inflammation was also observed in mice. A single
oral dose of Ag NPs (13 nm, 2.5 g per mouse) induced acute liver inflammation in
male BALB/c mice, as evidenced by altered expression of genes related to
inflammation and lymphocyte infiltration [37]. Anatase TiO2 NPs (21 nm)
administrated (150 mg/kg/day) orally for 2 weeks triggered an inflammatory
response in the liver of male albino mice, as indicated by the activation of Kupffer
cells and increased production of TNF-a and interleukin-6 [38]. Moreover, these
NPs upregulated the mRNA expression of Nrf2 and NF-jB. In female ICR mice, i.
p. administration of Eu3+-doped gadolinium oxide nanotubes (Gd2O3:Eu

3+ nan-
otubes, 400 mg/kg daily) for 35 days induced oxidative stress-related liver injury
and increased the production of several inflammatory cytokines including TNF-a,
interleukin-1b (IL-1b), and interleukin-8 (IL-8) [39]. In another study, intragastric
administration of TiO2 NPs (5 nm, 5, 10, and 50 mg/kg) for 60 days increased the
mRNA and protein levels of Toll-like receptor-2 (TLR2) and TLR-4, as well as
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several inflammatory cytokines, such as IKK1, IKK2, NF-jB, NF-jBP52,
NF-jBP65, TNF-a, and NIK [40]. Meanwhile, TiO2 NPs exposure decreases the
mRNA and protein expression of IjB and IL-2. This suggested a potential TiO2

NPs-stimulated TLRs- and NF-jB-mediated hepatic inflammation.

12.2.3 Hepatic DNA Damage

ENMs may impact DNA molecules directly by forming covalent linkages with
them. By computational modeling, Al12X (X = Al, C, N, and P) nanoparticles are
able to tightly bind to Watson–Crick DNA base pairs to form stable complexes,
suggesting the potential adverse impacts of Al nanoparticles on the structure and
stability of DNA [41]. I.p. injection of TiO2 NPs (5 nm) for 14 days resulted in a
dose-dependent accumulation of NPs in the liver of ICR mice [42]. TiO2 NPs were
able to bind DNA base pairs by interacting with three oxygen or nitrogen atoms and
two phosphorous atoms on the DNA molecules. Lengths of Ti–O(N) and Ti–P
bonds were 1.87 and 2.38 Å, respectively. The combination of TiO2 NPs with DNA
altered the secondary structure of DNA, resulting in perturbations of genetic
information transmission.

To induce genotoxicity, ENMs do not need to bind DNA directly. ENMs
exposure may cause genotoxicity by interacting with nuclear proteins [44] or dis-
turbing cell cycle checkpoint functions [45]. In most cases, ENM-induced oxidative
stress leads to hepatic DNA damage indirectly (Fig. 12.2). ROS generated in cells
may cause oxidative DNA damage through free radicals. For example, metal oxide
NPs such as TiO2 NPs (30–70 nm) [22], ZnO NPs (30 nm) [19, 46], and nickel
oxide nanoparticles (NiO NPs, 44 nm) [47] induce DNA damage in HepG2 cells
through ROS generation. Furthermore, ZnO NPs [19], TiO2 NPs [48], CuO NPs
[49], C60 fullerenes, and SWCNTs [50] induce oxidative DNA damage in the liver
of rodents. Ag NPs (5–20 nm) administration induced hepatic DNA damage in
adult zebrafish [51].

12.2.4 Hepatocyte Death

Death of hepatocytes typically follows one of two patterns: necrosis and apoptosis
[52]. Necrosis is the consequence of acute metabolic injury with ATP depletion.
ENMs could induce necrotic cell death of hepatocytes both in vitro and in vivo. For
instance, ZnO NPs (47–106 nm) increase the number of necrotic catfish primary
hepatocytes in a dose-dependent manner [53]; Chitosan nanoparticle (18 nm)
exposure induces a dose-dependent increase in CYP3A4 enzyme activity and
necrotic or autophagic cell death of human liver cells [54]; Administration of several
ENMs including MWCNTs (20–30 nm in diameter, 5–50 lm in length) [55],
Ag NPs (<100 nm) [56], Au NPs (10 and 20 nm) [57], TiO2 NPs (42 nm) [58],
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and silica NPs (20 and 80 nm) [59] all induce hepatocyte necrosis in livers of various
animal models.

Apoptosis, on the other hand, is a form of programmed cell death. Apoptosis is
initiated through one of the two main pathways: the extrinsic pathway (death
receptor pathway) or the intrinsic pathway (mitochondrial pathway) [60].
ENM-induced apoptosis in hepatocytes is more likely through a mitochondrial
pathway. For example, ENMs, such as copper oxide NPs (CuO NPs, 22 nm) [61],
silica NPs (15 nm) [21], HA NPs (26, 45 and 78 nm) [62], CdTe QDs (2.2 nm)
[25], and Ag NPs (5–10 nm) [20], can induce mitochondria-dependent apoptosis of
hepatocytes, as shown by upregulated expression of apoptotic genes (caspase-3,
p53, Bax, Bid, p21, etc.), downregulated expression of anti-apoptotic gene (Bcl-2),
decreased mitochondrial membrane potential, and the release of cytochrome c from
mitochondria into cytoplasm. Ag NPs (5–20 nm) induce oxidative stress and
apoptosis in the liver of adult zebrafish by the upregulation of p53-related
pro-apoptotic genes Bax, Noxa, and p21 [51].

Fig. 12.2 Indirect mechanisms that can lead to genotoxicity. Nanomaterials may result in
oxidative stress or inflammatory responses that in turn have the potential to damage DNA and alter
transcriptional patterns. Reprinted with permission from [43]. Copyright © 2009 Elsevier Ltd.
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12.2.5 Hepatic Fibrosis

Hepatic fibrosis is an excessive deposition of extracellular matrix (ECM) proteins
including glycoproteins, collagen, and proteoglycans [63]. It is a response of the
liver to chronic damages. The cellular mechanisms of liver fibrosis are highly
complex and sophisticated, with several different hepatic cell types involved. ENMs
can induce liver fibrosis in mouse models. Repeated i.v. injection of silica NPs
(70 nm, 10 or 30 mg/kg) twice a week for 4 weeks causes hepatic fibrosis in male
BALB/c mice, as evidenced by elevated hepatic hydroxyproline levels 1.6- or
3.5-fold over the control value [64]. Significant hepatic fibrosis around the central
vein in ICR mice can be observed 7 days after a single i.p. injection of TiO2 NPs
(100 nm) at a dose of 1944 mg/kg [65]. When female ICR mice are i.p. injected
with silica NPs (110 nm, 10, 25, and 50 mg/kg) twice a week for 6 weeks [66], a
dose-dependent hepatocyte fibrosis and collagen fibers accumulation around sili-
cotic nodular-like lesions in the liver will occur. Activation of Kupffer cells may
play a key role in these injuries.

In brief, various ENMs are able to cause hepatic DNA damage, necrosis,
apoptosis of hepatocytes, and liver fibrosis. ENMs induce liver injuries by pro-
ducing ROS and activating pro-inflammatory responses in the liver (Fig. 12.3).
Excess ROS and pro-inflammatory cytokines disturb the oxidant/antioxidant
equilibrium as well as the balance between pro-inflammatory and anti-inflammatory
cytokines, resulting in hepatic toxicity.

Fig. 12.3 A schematic showing the ENM-induced hepatic injuries. ENMs accumulated in the
liver induce hepatic oxidative stress and inflammation, which further cause liver DNA damage,
hepatocyte death, and liver fibrosis
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12.3 ENM-Induced Hepatic Injuries in Diseased
Populations

Liver diseases of both acute and chronic nature are common and the rate of liver
diseases is steadily increasing over the years. Liver diseases are recognized as the
fifth most common cause of death in the UK [42]. They are ranked as the second
leading cause of death (after colorectal cancer) among all digestive diseases in the
US [67]. In China, liver diseases affect approximately 300 million people, exerting
a significant impact on the global burden of liver diseases [68]. The three major
aetiologies of liver failure are nonalcoholic fatty liver disease (NAFLD), viral
hepatitis, and alcoholic liver disease. It has been well known that populations with
liver diseases were more susceptible to environmental pollutants [69, 70]. The
potentially more severe toxicity of ENMs to hepatic diseased population needs to be
addressed.

12.3.1 Chemical-Induced Hepatitis Animal Models

Hepatitis is an inflammation of the liver caused by virus, drugs, or other factors.
Animal models of both acute and chronic hepatitis have been established for the
investigation of the pathogenesis of liver disease and development of novel diag-
nostic, and therapeutic tools [71, 72]. Several hepatitis animal models were used to
study the toxicity of ENMs. These models include concanavalin A (ConA)-induced
hepatic injury model [73], carbon tetrachloride (CCl4)-induced hepatitis animal
model [32], monocrotaline-induced liver injury model [31], and alcohol-induced
liver injury model [30].

Gold nanorods (AuNR) exposure at a dose showing no toxicity in healthy mice
(12 lg/kg body weight via i.v. administration) causes exacerbated liver damage by
inducing pre-activation of hepatic macrophages in ConA-induced acute C57BL/6
hepatitis mouse model [73]. Meanwhile, such AuNR shows no effects on liver
scarring or termed fibrosis in CCl4-induced chronic hepatic injury model.

As mentioned above, some ENMs exhibit efficient ROS scavenging. They may
protect the liver from ROS-related liver injury. For example, C60 accumulated in the
liver of Wistar rats efficiently scavenges radicals including CCl3

� and CCl3OO
� and

improved the antioxidant status of rats [29]. As a result, C60 protects liver in a
dose-dependent manner against CCl4-induced free-radical damage. C60 nanoparticles
also exhibit potential hepatoprotective effects against alcohol-induced liver injuries by
scavenging intracellular ROS induced by ethanol [30]. Similarly, cerium oxide
nanoparticles also protect the liver from CCl4- [32] or monocrotaline-induced [31]
liver injury by reducing oxidative stress in vivo. Besides, i.v. injected graphene
quantum dots (40 nm, 50 mg/kg) are accumulated in the liver and reduced Con
A-induced mouse hepatitis by interfering with T cell and macrophage activation [74].
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12.3.2 Diet-Induced Fatty Liver Animal Models

Among various liver diseases, the most prevalent liver condition is fatty liver
disease, which affects one-third of the population in the United States [75]. I.v.
injection of Au NPs (5 mg/kg) in methionine- and choline-deficient diet-fed mice
results in a higher level of liver injury, as evidenced by elevated the serum ALT and
AST levels, severe hepatic cell damage, acute inflammation, and increased apop-
tosis and ROS production, compared to that in mice fed a normal chow diet [76]. In
a high-fat diet (HFD)-induced overweight mouse model, HFD feeding results in
hepatic steatosis. Oral administration of Ag NPs (30 nm) daily for 14 days at a dose
(300 mg/kg) showing no toxicity to normal weight mice aggravates the progression
of fatty liver disease in overweight mice, as evidenced by focal inflammation,
hydropic degeneration, and enhanced steatosis [77]. Ag NPs, rather than Ag+ ions,
are responsible for such a disease progression because Ag+ ions are reduced to Ag
NPs in the liver of overweight mice and the liver doses of Ag NPs, not Ag ions are
correlated to the toxic effects. Further mechanistic study reveals that
pro-inflammatory activation of Kupffer cells and suppression of fatty acid oxidation
play critical roles in the Ag NP-induced fatty liver disease progression. Meanwhile,
orally co-exposure of ZnO NPs (14 or 58 nm, 200 mg/kg) and Pb2+ (150 mg/kg)
for 14 days increases the Pb deposition in various organs (the liver, the kidneys,
and the spleen) in overweight mice, compared to that in normal weight mice [78].
The ZnO NP-enhanced liver deposition of Pb causes hepatic ROS and increases the
release of pro-inflammatory cytokines, resulting in enhanced liver injury in over-
weight mice.

ROS and inflammation play vital roles in the progression of various liver dis-
eases including alcoholic liver disease, nonalcoholic fatty liver disease, virus
hepatitis, and cirrhosis [79, 80]. When the liver is under diseased conditions, it is
more sensitive to environmental toxicants including ENMs. ENM-induced addi-
tional oxidative stress and inflammation would definitely aggravate the disease
progression.

12.4 Critical Factors in ENM-Induced Liver Injuries

ENMs can cause hepatic injuries in both healthy population and population with
liver diseases. Even though our understanding of ENMs-induced liver injury is
incomplete, several factors are of obvious importance, according to recent studies.
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12.4.1 Physicochemical Properties of ENMs

Physicochemical properties of ENMs determine what the cells see and how the cells
interact with them. These properties mainly refer to the primary characters of an
ENM including composition [49], crystal structure [81], size [82], shape [83],
surface coating [84], and agglomeration state [85], which further determine their
secondary characters (protein adsorption and in situ characterization in cells or
tissues, etc.). Physicochemical properties of ENMs not only affect their cellular
uptake and sub-organ distribution and clearance [11], but also altered their hepatic
toxicity. For example, surface chemical modifications are able to alter the inter-
action between CNTs and CYP450 enzymes in human liver microsomes, resulting
in various perturbations on CYP3A4 (Fig. 12.4) [86]. Certain surface chemical
structures responsible for inducing the inhibitory effects of CNTs are identified
using a cheminformatics analysis.

Fig. 12.4 CYP3A4 activity is modulated by f-MWCNTs from a combinatorial MWCNT library.
The CYP3A4 activity in the HLM-only group was defined as 100%, and that in the ketoconazole
group was defined as 0%. The activity of CYP3A4 in f-MWCNT-treated groups was calculated
according to the following equation: f-MWCNT’s effect on CYP3A4 activity = (peak area of NFP
in ketoconazole group—peak area of NFP in f-MWCNT group)/(peak area of NFP in ketoconazole
group—peak area of NFP in HLM-only group). Reprinted with permission from [86]. Copyright ©
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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12.4.2 Administration Procedures

Various administration methods such as dermal [26], intragastric (or oral) [40], i.v.
[87], i.p. [66], or respiratory [88] exposure routes have been used in nanotoxicity
investigations, mimicing the different ways of human exposures. Administration
routes influence the amount of absorption and deposition of ENMs in animal
models, resulting in different toxicities. For instance, the blood Ag content in
lactating mice i.v. administrated with Ag NPs is twice as high as that exposed
orally, even though the dose in the former is only 15% of the latter [89]. I.p.
exposure causes greater hepatic accumulation of Ag NPs than i.v. administration,
resulting in disordered hepatic cord alignment and enlarged central veins in livers of
BALB/c mice [90]. Dosing and duration of exposure, on the other hand, are more
direct factors determining ENM-induced hepatic injuries. In rat models, oral
administration of Ag NPs at a dose >125 mg/kg for 90 days [91], or >300 mg/kg
for 28 days [36] induces slight liver damages. Meanwhile, Ag NPs administration
causes no hepatotoxicity or immunotoxicity after orally exposed for 28 days at a
dose of 90 mg/kg [92].

12.4.3 Physiology of the Liver

The liver is the major organ for metabolism of xenobiotic chemicals and detoxi-
fication. A good redox and immunological status of the liver is essential for the
operation of normal functions. Knowing that populations with hepatic diseases may
be more sensitive to ENM exposures, hepatic toxicity of ENMs to aged population
characterized by reduced metabolic activity, oxidative stress, and chronic inflam-
mation is reported recently. Oral administration of ZnO NPs at 300 mg/kg for
14 days increases the liver accumulation of Zn in aged mice, which may be mainly
attributed to the increased intestinal permeability and decreased hepatic metabolic
capability [93]. Together with higher levels of oxidative stress and inflammation in
livers of aged mice, ZnO NPs cause additional hepatic oxidative stress and
inflammation and result in acute liver injury.

12.5 Concluding Remarks

In conclusion, ENMs can induce hepatic ROS and inflammation, resulting in
hepatotoxicity in both healthy and diseased populations. Generally, populations
with liver diseases are more susceptible to nanotoxicity because the additional ROS
and inflammation induced by ENMs accelerate the progression of various liver
diseases. Relating factors include the properties of the ENMs, amounts of liver
deposition of ENMs, and the physiological state of the liver.
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Investigations on hepatic nanotoxicity still need to be continued and intensified.
A better characterization of ENMs is crucial. Both primary (composition, crystal
structure, size, shape, surface coating, agglomeration state, etc.) and secondary
(protein adsorption and in situ characterization in cells or tissues) characterizations
of tested ENMs are very important for toxicity investigations. Hepatic toxicity
assessment of ENMs should mimic the environmental exposure scenarios. Current
studies use much higher doses of ENMs and quite different exposure periods.
Therefore, low-dose and long-term exposures of ENMs will be much more helpful
for the determination of the hepatic toxicity of ENMs. Furthermore, only limited
studies have been carried out on ENM-induced hepatic injuries in diseased popu-
lations. Such understandings are very important for the safe applications of
nanomaterial-based therapy and products. Toxicological data should be analyzed by
computational and modeling approaches to uncover the general regularity of
ENM-induced hepatic injuries. This will also guide ENMs’ safe applications in
advanced biomedical fields, as well as many other applications.
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