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Abstract: Radiation has a wide variety of effects on the liver. Fibrosis is a concern in medical fields
as one of the acute effects of high-dose irradiation, such as with cancer radiotherapies. Cancer is
also an important concern following exposure to radiation. The liver has an active metabolism
and reacts to radiations. In addition, effects are modulated by many environmental factors, such
as high-calorie foods or alcohol beverages. Adaptations to other environmental conditions could
also influence the effects of radiation. Reactions to radiation may not be optimally regulated under
conditions modulated by the environment, possibly leading to dysregulation, disease or cancer. Here,
we introduce some reactions to ionizing radiation in the liver, as demonstrated primarily in animal
experiments. In addition, modulation of radiation-induced effects in the liver due to factors such as
obesity, alcohol drinking, or supplements derived from foods are reviewed. Perspectives on medical
applications by modulations of radiation effects are also discussed.
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1. Introduction

The liver is an active metabolic organ that is easily influenced by many environmental
conditions. Ionizing radiation is one such environmental factor and living organisms exposed to
relatively high-dose radiation can sustain severe damage or die within a short period due to acute
effects [1]. Moderately high-dose radiations (such as 2 Gy/day in fractionated irradiation as cancer
radiotherapy, etc.) (Gy: gray, absorbed dose) can have different effects [2,3], depending on the exposed
tissue and age at exposure [3-5]. Concerning the liver, an investigation of survivors from the Hiroshima
and Nagasaki atomic bombings found that incidences of cancer and fatty livers were increased [6,7].
In addition, in the case of cancer radiotherapies, although radiation exposure is to a limited area,
normal tissues in that area can receive high-dose exposure and the liver could thus sustain acute
damage such as fibrosis [3]. Humans encounter various opportunities for exposure to radiation in daily
life and these frequently include medical treatments such as radiotherapies and diagnostic modalities.
Radiation effects are considered to be dependent on conditions such as species, age and sex. Indeed, in
animal experiments, radiation effects are reportedly dependent on strain, age and sex [8-12]. Lifestyle
factors are extremely important in human health and are thought to cause around 70% of cancers.
To evaluate health effects, lifestyle must be taken into consideration [13].

Radiation effects on the liver may be influenced by lifestyle, particularly obesity, diet and alcohol,
each of which are also related to various liver diseases. For example, a survey of Japanese nuclear
workers suggested relationships between radiation effects and alcohol drinking [14]. Because the
liver is easily influenced by environmental conditions, radiation effects in the liver may be modulated
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by many possible cases. For example, numerous specific environmental factors are encountered in
space (low gravity, specific day-night shift time, radiation, etc.) and extended stays in space are
reportedly suggested to increase the risk of non-alcoholic fatty liver disease (NAFLD) in mouse
livers [15]. In space, living organisms influenced by environmental factors other than radiation may be
exposed to cosmic radiation, including X-rays, gamma rays and particle radiation (proton or heavy-ion
charged beams). Analyses of the mechanisms underlying NAFLD may offer a clue to understand
radiation effects in the livers.

Here, we review how radiation influences liver function either alone or in combination with
lifestyle factors.

2. Effects of Radiation on the Liver

In studies using cells or experimental animals, radiation damage such as DNA double-strand
breaks and lipid peroxidation have been observed at the molecular levels. Such damage is considered
to induce many biochemical reactions, subsequently leading to various disease states. In cancer
radiotherapies, liver fibrosis as a form of acute radiation damage has been reported following exposure
to high-dose radiation [3]. Moreover, radiation-induced cancers have been observed as late effects [6].
On the other hand, DNA damage repair and anti-oxidative abilities are induced in the liver after
irradiation [16-18], indicating that the liver has functions to react to radiation, which appear to
regulate radio-sensitivity in the liver. Indeed, though parenchymal cells (hepatocytes) in the liver
are generally in GO stage in cell cycle, irradiation induces DNA repair activities via DNA damage
even in the non-proliferating cells [19]. The other type cells in the liver also contribute to radiation
effects via inflammatory reactions and so forth, after irradiation [20,21]. Interestingly, early period after
irradiation, up-regulation of chemokine gene expression was observed only in portal vessel areas but
not in the parenchyma [22]. The induced chemokines appear to induce recruitment of inflammatory
cells. In addition, ROS induced via hypoxia and so forth, in the vascular endothelium by radiation
injury might contribute to chemokine production and subsequent inflammation in the irradiated
livers. In experiments using mice, characteristics of radiation effects are dependent on ages, sex and
strains [8-12]. In terms of age-dependency, radiation exposure in infancy, as the active, proliferative
stage of liver development, appears related to carcinogenesis [11,23]. Moreover, radio-sensitivity
leading to liver carcinogenesis appears to differ among mouse strains [8].

The mechanisms of radiation-induced liver cancer have been investigated at the molecular levels.
Defects in the FHIT gene appear related to an increased frequency of radiation-induced liver and lung
cancer [24]. The FHIT gene is a tumor suppressor gene that reportedly participates in the regulation of
normal cell checkpoint and progression of apoptosis [25]. Many cases in radiation-induced liver cancer
are reportedly induced by acute irradiation [9,11,12] but liver carcinogenesis might be also related to
radiation-dose rates [10]. In FHIT-defective mice, fractionated irradiation does not induce liver cancer.
The FHIT function may ameliorate damage from acute irradiation but not participate in the repair of
damage following low-dose-rate irradiation [24].

Many experiments have examined alterations in mRNA expression after irradiation. How these
alterations are related to radiation-induced recovery or damage remains obscure [26-28]. On the
other hand, much attention has been being given to radiation-induced epigenetic effects like DNA
methylation and microRNA regulation, although the contribution remains unclear in the liver. Global
DNA methylation has been demonstrated to be lost in the liver as well as other tissues like thymus,
spleen or bone marrow following irradiation [29]. However, changes to DNA methylation after
irradiation seem also dependent on sex strains and dose/dose rates of radiation [29,30].

As other epigenetic alterations, changes in microRNA (miRNA) expression are interesting and
represent a prominent molecular target for medical treatment [31,32]. In the liver, miRNA21 appears
related to radiation-induced liver carcinogenesis [33]. In particular, iron ion beam, high-linear energy
transfer (LET) particle radiation appears to markedly induce miRNA21 expression. In addition,
miRNA34 is reportedly also altered after irradiation [34].
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Other studies have examined alterations to protein expression [35,36]. In particular, proteins
related to inflammation or apoptosis seem to contribute to the effects of irradiation on the liver [36,37].
High-dose radiation usually induces inflammation, leading to fibrosis or cancer. Interestingly, mice
irradiated acutely at high doses (4Gy or 8Gy) showed persistent alterations to expression of proteins
related to inflammation, whereas a total dose of 8Gy by low-dose-rate, long-term irradiation induced
alteration of expression for many apoptosis-related proteins [36]. Apoptosis was suggested to have a
kind of repressive function in liver carcinogenesis [38]. Alteration of apoptosis-related proteins may
imply that radiation-induced protective abilities persist following damage from radiation [36]. We have
also detected the induction of rhodanese, a participant in sulfur metabolism, following low-dose-rate,
long-term irradiation. This enzyme is involved in intracellular redox regulation and may be increased
to reduce oxidative stress following irradiation [17]. In addition, the acute phase disulfide-rich
plasma glycoprotein, x2-macroglobulin ameliorates acute effects in the liver after irradiation [39].
Taken together, sulfur metabolism may be a critical pathway in reactions to radiation [17]. Moreover,
after high-dose irradiation, some cytoprotective reactions including Superoxide dismutase (SOD)
activation are induced in livers. Concerning the effects of radiation on nuclear factor-«B ( NFkB
)activation, various observations have been reported in early responses to radiation [40—42]. Nuclear
translocation of NF«B appears to be induced 6-24 h after radiation in mice [41]. In addition, the
activation in the expression appears to be induced late time after irradiation in rats [42]. Alteration
to many regulators are thus induced to maintain homeostasis or ameliorate damage after irradiation
(Figure 1, Table 1).
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Figure 1. Radiation-induced responses in the liver.

Table 1. Alterations in representative molecule expression or activities after irradiation (IR).

Radiation-Induced Radiation Dose Fold (Altered Expression or
Responses Molecules (Observed Time After IR) Activities after IR) Ref (Ref. No.)
Anti-oxidative SOD 4.5Gy (2 h) 2.0 (in activity) . ,
responses catalase 4.5Gy (4 h) 2.0 (in activity) Koiram, etal., 2007 [43]
Apoptosis-related BelxL 4Gy (3 months) 0.3 (in protein expression) Nakajima, et al., 2017 [36]
responses Caspase3 8Gy (36 h) 1.6 (in activity) Ozyurt, et al., 2014 [37]
Inflammation-related TNFax 10Gy (24 h) 2.0 (in protein expression) )
responses IL6 10Gy (24 h) 1.8 (in protein expression) Das, etal., 2017 [41]

Epigenetic alterations such as DNA methylation, miRNA regulation and oxidative stress, which
are related to inflammation or apoptosis, are undoubtedly involved in radiation damage and
subsequent diseases. These alterations and stresses could be usually induced in the metabolizing
pathways of the liver in daily life, particularly under conditions of a high-calorie diet or drinking
alcohol. Epidemiological data concerning survivors of the Hiroshima and Nagasaki atomic bombings
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suggest that development in some cancers may be modulated by smoking, drinking alcohol, foods and
viral infections, depending on the age at which the survivors were exposed [6]. Diet is also important.
Indeed, intakes of vegetables or foods have been suggested to influence cancer incidence among the
survivors [44,45].

Radiation is a risk factor of cancer and has also been investigated in terms of relationships with
other diseases [46]. In addition, radiation can induce fatty livers [7]. Low-dose-rate irradiation close
to the rate of exposure to cosmic radiation on the International Space station (0.5-1 mSv/day) (mSv:
millisievert, effective dose) can also induce liver cancer in animal experiments [10]. Interestingly fatty
degeneration has been observed before the detection of liver cancer [10,47] A relationship between
fatty metabolism alteration and liver cancer has been demonstrated in research into the development
of NAFLD, one of lifestyle-related diseases [48]. Acute irradiation induces fat metabolic pathways [49].
Changes in fatty metabolism may be involved in radiation-induced liver carcinogenesis.

Next, in modern life, relationships between radiation effects and the three lifestyle factors of
obesity, alcohol intake and intake of food-derived supplements are discussed at the molecular level in
liver diseases.

3. Radiation Effects and Lifestyle-Related Environmental Stressors

3.1. Obesity and High-Calorie Diets

Obesity is considered to be involved in about 20% of cancers [50]. In liver cancer, the higher the
body mass index, the greater the cancer risk [48]. Mouse experiments have revealed that a high-fat-diet
induces steatosis, inflammation fibrosis, carcinomas [51]. Obesity or a high calorie diet are greater
risk factors than radiation but the modulation of radiation effects by those factors remains unclear.
A high-calorie diet is known to induce DNA damage in the liver [52] but whether a synergistic effect
exists for DNA damage from other mutagens like radiation remains obscure. We have observed that
high-fat-diets had no effects on radiation-induced DNA damage in the bone marrow of irradiated
mice but clearly modulated radiation effects in the liver at the epigenetic levels [53]. This finding
indicates that a high calorie diet or obesity modulate radiation effects in the liver. In addition, DNA
repair enzymes such as poly (ADP-ribose) polymerase 1 (PARP1) are modulated by a high-calorie
diet and these enzymes are involved in the repair of radiation-induced DNA damage [54,55]. Indeed,
DNA damage is related to not only carcinogenesis but also non-cancer diseases. Epidemiologically,
investigations of survivors from the Hiroshima and Nagasaki atomic bombings, have suggested
that fatty liver and cardiac diseases may be induced by radiation [7,56]. These pathologies are also
known to be induced by a high-calorie diet or obesity [57,58]. Concerning metabolic syndrome,
atherosclerosis-prone apolipoprotein E (ApoE)(—/ —) ataxia telangiectasia mutated (ATM)(+/—) mice
were used to investigate the effects of a high-calorie diet on DNA damage and metabolic syndrome in
the liver. ATM haplotype(+/—) mice, which show a partial defect in ATM, have defective DNA repair
abilities. In the case of ApoE(—/—) ATM(+/—) mice, atherosclerosis was accelerated by a high-calorie
diet [59]. In these mice, oxidative stress was increased and DNA damage in mitochondria was induced,
resulting in the alteration of metabolic features such as hepatic steatosis and serum liver enzyme
activities. Atherosclerosis was also reported to be induced in ApoE(—/—) mice by radiation [60].
These results suggest that high-calorie diets modulate radiation effects such as metabolic diseases
through oxidative stress and DNA damage. We have demonstrated that a high-fat diet modulates
radio-sensitivity using mouse liver cells. An increased caloric intake was suggested to promote
oxidative stress, influencing radio-sensitivities [53]. In addition, low-dose-rate, long-term irradiation
induces fatty degeneration before the incidence of liver cancers [47]. The relationship between the
metabolic alteration of lipids and liver carcinogenesis has been investigated in detail for NAFLD [48].
Overexpression of miRNAZ21 is observed in NAFLD, as well as with radiation exposure [33,61].
A high-calorie diet also induces miRNA21. Alteration of miRNAs might be a clue to understanding
how radiation effects are modulated by other factors.
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In contrast, calorie restriction to avoid obesity may be useful to protect against radiation
effects. Indeed diet control in patients receiving radiotherapies has been considered as a method
for ameliorating the adverse effects of radiation [62]. Calorie restriction has been indicated to be useful
for inhibiting radiation-induced leukemia in the UNSCEAR 2000 report. In animal experiments, a low
calorie diet was reported to suppress liver carcinogenesis [9].

3.2. Alcoholic Beverages and Radiation Effects

Drinking alcohol is considered to be related to many diseases, including cancers and excess
drinking is a prominent social issues. Indeed, a relationship between alcohol and tumor development
has been reported [63]. The carcinogenesis in the liver has been considered to be related to alcohol
drinking. Alcohol intake seems to influence radiation effects [14]. Alcohol-related cancers appear
to have a higher incidence among nuclear workers. The adverse effects of alcohol beverages are
considered to be mostly induced by ethanol. Ethanol has been also observed to influence radiation
damage in HepG2 cells [64]. Alcohol is metabolized in the liver and induces oxidative stress [65]. Excess
alcohol drinking is known to induce adverse effects on health and can lead to cancer development
and liver diseases [66,67]. Excess alcohol intake induces miRNA34 expression [68]. During alcoholic
liver diseases, miRNA34 is likely to be a critical mediator in ethanol-activated survival signaling.
This miRNA is also an important player in the management of radiotherapy, because it seems to be
related to radio-resistance in tumors and radiotoxicity, such as fibrosis in normal tissues [31] (Table 2).

Table 2. Levels and functions of miRNAs in human hepatocellular carcinomas.

miRNAs Levels in HCC Characteristics of Ref. of Data in miRNA Remarkable Functions
HCC Expression (Ref. No.) in HCC (Ref. No.)

High (9.43 £ 0.15)

MIiRNA21 comp'ared‘to - Meng, et al., 2007 [69] A cancer-promoting
normal liver tissues factor [32]
Higher expression Poor prognosis Huang, et al., 2015 [70]
High (4.66 == 0.39)

- . lling of

miRNA34a comp.ared‘to Meng, et al., 2007 [69] .Contro. 1ng o
normal liver tissues radio-sensitivity [31]
Lower expression Early recurrence Cui, et al., 2015 [71]

On the other hand, alcoholic beverages are known to have beneficial effects. For example, nutrients
in wine such as resveratrol [72], are popular and moderate drinking of wine appears to ameliorate
skin damage after radiotherapy [73]. In addition, Japanese sake is gaining popularity around the
world and drinking of sake has been reported to rescue mice exposed to high-dose radiation [74].
Ethanol-water appears to rescue mice to some extent but not as effectively as sake. We have also
observed beneficial effects from Japanese sake [75]. Mice administered Japanese sake for a month and
then irradiated showed greater anti-oxidative abilities in the liver than other mice (control mice, mice
administrated sake alone or mice irradiated alone). This alteration has not been observed in the case of
mice administrated ethanol-water instead of Japanese sake, so components in sake other than ethanol
appear to influence the mouse liver after irradiation. Indeed, some components included in alcohol
beverages appear to have beneficial effects [74,76]. In particular, beer, wine and sake reportedly have
anti-mutagenic factors [76].

3.3. Food Factors and Radio-Sensitivity

As described above, a high calorie diet or alcoholic beverages influence radiation effects on
the liver. This modulation may also be due to food factors, including high-calorie food or alcohol
beverages. Some of these effects might be beneficial. Some food factors have been suggested to suppress
radiation effects in the liver. Radiation protective agents have been developed so far. Amifostine,
a radiation-protective agent, is the only drug approved by the FDA in the United States, although
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it has side effects [77]. In the liver, amifostine is likely to ameliorate radiation-induced damages by
suppressing cell death via mechanisms such as autophagy [78]. If beneficial factors are found out in
foods, they are expected to be used as radiation-protective agents, as they are considered safe and
easy to take. Some factors that influence liver function following radiation are introduced below and
provide clues to understanding the effects of radiation on the liver (Table 3).

Table 3. Modulation of radiation effects in the liver and liver cells by food factors.

Food Factors Modulation of Radiation Effects in Liver Ref. (Ref. No.)
DADS Anti-oxidative stress responses (GSHT) Chittezhath and Kuttan 2006 [79]

Anti-oxidative stress responses (SOD7? etc.)
Curcumin Inflammatory responses (NFkBJ)
Apoptosis-related responses (Bcl2| etc.)

Koiram, et al., 2007 [43]
Hsu, et al., 2015 [80]

Anti-oxidative stress responses (GSHT)

Resveratrol Inflammatory responses (TNFe] etc.) Velioglu-Ogting, et al., 2009 [81]
Ruti Anti-oxidative stress responses (GSHT etc.) Patil, et al., 2012 [82]
utin Inflammatory responses (TNFa/ etc.) Mansour, et al., 2017 [83]
A Inflammatory responses (TNFa/ etc.) Das, et al., 2014 [41]
Anti-oxidative stress responses (SOD7? etc.) Salem, et al., 2016 [84]

Arrows of 1 or | indicate promotion or suppression by food factors, respectively.

3.3.1. Resveratrol

Resveratrol is a phytoalexin produced by a variety of plants such as grapes or peanuts and is
a known food factor present at high levels in red wine [72]. This substance is considered one of
reasons for “French paradox,” the observed inverse relationship between consumption of red wine
and incidence of cardiovascular diseases. In terms of effects on the liver following radiation, treatment
with resveratrol attenuates decreases in glutathione (GSH) levels and increases in malondialdehyde
levels or collagen contents after irradiation [81]. In addition, as an increase in plasma tumor necrosis
factor-o (TNFa) concentrations is also suppressed, resveratrol seems to inhibit inflammatory responses
after irradiation.

3.3.2. Diallyl Disulfide (DADS)

Garlic is known to have beneficial function [85]. In particular, DADS is a major component
of the sulfur-containing compounds in garlic oil and considered to exert anti-cancer effects [86].
The functions of components of garlic oil have been evaluated in terms of radiation protection in the
liver [79]. Although some differences existed among indicators of biological effects, radio-protective
functions were identified. DADS restored decreased GSH and increases in lipid peroxidation and
alkaline phosphatase [79]. DADS may induce 3-mercapopyruvate sulfurtransferase, leading to GSH
production [17]. Conversely, DADS has also been reported to have no effect on radiation effects in the
liver [87] and further evaluation will be needed in the future.

3.3.3. Curcumin

Curcumin is a main component in turmeric (Curcuma Longa rhizomes), which is used as a
spice [88]. Curcumin has various functions [43] and may augment radio-sensitivity [89]. Curcumin
lowers levels of reactive oxygen species (ROS) and suppresses activation of nuclear factor-xB (NFkB).
In the liver, the constitutive activities of NFkB in cancer cells have been demonstrated to be higher than
those in normal cells [90]. Curcumin not only reduces constitutive NF«B activity but also markedly
reduces radiation-induced NFkB activities. This may lead to the promotion of radio-sensitivities
in liver cancer cells. Indeed, curcumin induces apoptosis in liver cancer cells in combination with
radiation [80].
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3.3.4. Rutin and Derivative

Rutin is found in onions, apples and red wine and is a well-known flavonoid glycoside [91].
Oral administration of rutin induces anti-oxidative enzymes and protects liver functions and tissue
architecture after irradiation [82,83]. Troxerutin, a derivative of rutin [92], may selectively protect
normal tissues, including the liver, after irradiation by decreasing lipid peroxidation in normal tissues
but not in tumors [93]. Indeed, troxerutin rescues mice after exposure to high-dose irradiation [94].

3.3.5. Ferulic Acid

Ferulic acid (FA) was first isolated from Ferula foetida and is found in foods such as rice,
wheat, beans, nuts [95]. Although radiation induces decreased activities of superoxide dismutase
and catalase, FA restores these activities [41,84]. FA prevents the production of radiation-induced
inflammatory mediators and inflammatory responses, including NFkB signaling. In addition, FA
reduces radiation-induced lipid peroxidation. Interestingly, FA also influences DNA damage-repair
enzymes [96].

Other food factors such as 3-carotene and soy constituents may also be effective against damages
or carcinogenesis in the liver after irradiation [12,97,98].

4. Perspectives from the View of Radiation Effects on the Liver

Alterations to inflammation-related pathways are definitely important, leading to various liver
diseases after irradiation. Inflammation-related pathways including NF«B seem to be between steatosis
and liver carcinogenesis. In addition, inflammation is likely to also be related to radiation effects in the
liver, modulated by alterations to fatty metabolism induced by obesity or alcohol intake. For example,
NF«kB may be a target for medical treatment. However, NFkB functions in the liver may be distinct
from those in other organs [99]. Modulation of NF«kB pathways in the liver should be dealt with very
carefully, although suppression of NF«B appears effective against hepatocellular carcinoma cells in
combination with radiation [80]. On the other hand, food factors have also been investigated in terms
of radiation protection. Antioxidants in foods seem to reduce oxidative stress in our bodies [98,100]
and many can also attenuate inflammatory responses.

Effects of irradiation on the liver have been reviewed with consideration of the impact of other
factors. Avoiding high-calorie foods and thus suppressing ROS production seems important for health.
Using food factors to modulate appropriate pathways associated with radiation effects in the medical
field and activities in space may be one method for reducing radiation risks in radiotherapy patients
and astronauts.

The liver has numerous functions for maintaining homeostasis. As liver diseases, fatty liver
and liver cancer are induced after irradiation. On the other hand, cancer radiotherapies for liver
cancers have been increasing recently, although liver tumors are often assumed to be relatively
radio-resistant because of the low tolerance of the whole-liver irradiation [101]. The efficacy of
therapies and reductions in secondary cancer risk with liver cancer would be helped by improvements
including the application of miRNA targeting [102,103]. Particularly miRNA21 and miRNA34a could
be promising targets in radiation therapy. Indeed, increased expression of miRNA21 and miRNA34a
were reported in human hepatocellular carcinomas and these miRNAs were suggested to be related
to cancer recurrence [69-71] (Table 2). Understanding the molecular basis of radiation effects in the
liver would lead to various applications that will facilitate medical treatment (Figure 2). In modern
society, radiation is seeing use in medical fields more and more often. Appropriate lifestyles promote
anti-inflammatory or anti-oxidative abilities in the liver, possibly reducing not only metabolic diseases
but also the adverse effects of exposure to radiation.



Int. ]. Mol. Sci. 2018, 19, 3855 8of 13

Radiation LIFESTYLE FACTORS

Modulators
/ ( obesity, etc.) Radio-preventive agents
g Food factors (e.g., DADS, FA)

microRNA / Alcohol beverages

Antioxidants
Anti-inflammatory responses

(Radio-sensitizers)

microRNA-targeted vector Cancer prevention
(microRNA 21, 34 etc.)

Efficacy of cancer therapy

Figure 2. Radio-sensitivity and related factors in radiation protection and cancer radiotherapy.
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