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Abstract: In patients with abdominal region cancers, ionizing radiation (IR)-induced long-term liver
injury is a major limiting factor in the use of radiotherapy. Previously, the major mitochondrial
deacetylase, sirtuin 3 (SIRT3), has been implicated to play an important role in the development
of acute liver injury after total body irradiation but no studies to date have examined the role of
SIRT3 in liver’s chronic response to radiation. In the current study, ten-month-old Sirt3−/− and
Sirt3+/+ male mice received 24 Gy radiation targeted to liver. Six months after exposure, irradiated
Sirt3−/− mice livers demonstrated histopathological elevations in inflammatory infiltration, the loss of
mature bile ducts and higher DNA damage (TUNEL) as well as protein oxidation (3-nitrotyrosine).
In addition, increased expression of inflammatory chemokines (IL-6, IL-1β, TGF-β) and fibrotic factors
(Procollagen 1, α-SMA) were also measured in Sirt3−/− mice following 24 Gy IR. The alterations
measured in enzymatic activities of catalase, glutathione peroxidase, and glutathione reductase in the
livers of irradiated Sirt3−/− mice also implied that hydrogen peroxide and hydroperoxide sensitive
signaling cascades in the absence of SIRT3 might contribute to the IR-induced long-term liver injury.
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1. Introduction

The lifetime probability of males developing an invasive cancer is 42% and for females, 38%.
Approximately 50% of all cancer cases benefit from radiation therapy [1]. More than 333,000 new cases of
abdominal-region cancers are expected in the U.S. alone in 2020 [1], and a serious limitation to radiation
therapy for these cancers is the possibility of irradiating the liver [2–4]. Ionizing radiation (IR)-induced
liver toxicity remains a major challenge, especially for patients with underlying liver dysfunction,
which is common with hepatic malignancies [3–9]. Clinical studies showed that IR-induced liver
pathologies could be observed within 3 months of IR, even with IR doses as low as 30 Gy [10].
Previous clinical studies have shown patients can develop radiation damage within three months
post-irradiation, which is caused by a veno-occlusive process. Fibrin accumulation of central veins
and sinusoids followed by collagen deposition increases, resulting in increased portal pressure. These
clinical manifestations have been termed “radiation-induced liver disease (RILD)”, which could
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progress to late-term radiation-induced fibrotic injury and eventual liver failure [4,11]. Received dose
and volume of the liver that has been irradiated are two major parameters correlated with increased
risk of developing RILD as well as its severity [12–14].

Stereotactic body radiation therapy (SBRT) could deliver high doses of IR to smaller volumes
and provide survival benefits to those with liver and hepatobiliary cancers. However, conventional
or SBRT IR doses delivered to the abdominal area, especially in patients with underlying liver
dysfunction, are still constrained by concerns about RILD and hepatobiliary track toxicities [12–16].
The confounding factors that contribute to these pathologies are poorly understood, so determining
the foremost molecular mechanisms is crucial for developing strategies to prevent and/or mitigate the
side effects of radiotherapy [3,17,18].

Ionizing radiation can lead to oxidative events and biological activity changes in cells by directly
interacting with target molecules, such as DNA, or through radiolysis of water. The biological activity
alterations throughout the liver following radiation exposure are paramount because of the high
mitochondrial content and oxidative metabolism [19–21]. Oxidative injury can arise from days to
months after the initial exposure from the indirect generation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS), which are associated with chronic inflammatory responses [22–24].
Increased DNA damage, apoptosis and inflammation have been shown to play significant roles in
RILD [4,13,25]. Several studies have also reported IR-induced mitochondrial dysfunction and oxidative
stress in liver tissue that are thought to contribute to RILD [26–28]. Tao et al. (2010) and Coleman et al.
(2014) demonstrated a causal link between ROS-mediated acute liver injury and decreased activity of
manganese superoxide dismutase (MnSOD) in mice lacking sirtuin 3 (SIRT3) [29,30].

SIRT3 is the major mitochondrial nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylase. Mitochondrial deacetylation targets of SIRT3, such as peroxisome proliferator-activated
receptor-gamma co-activator-1α, mitochondrial electron transport chain Complex I subunit NDUFA9,
or Complex II subunit A, mitochondrial ribosomal protein L10 or TCA cycle enzyme isocitrate
dehydrogenase 2, have been demonstrated to control a wide range of biological processes including
but not limited to gene expression, metabolism, cancer and aging [30–37]. SIRT3 also plays a significant
function as a stress response protein in regulation of ROS levels via posttranslational modification of
antioxidant enzymes such as MnSOD and increasing their enzymatic activity. Therefore, it is logical to
hypothesize that SIRT3, which is a pivotal mitochondrial stress-response protein, could also play a
critical role in the long-term progression of liver toxicity seen in radiotherapy patients [38–46].

In an effort to best represent the age demographic most impacted in humans for developing
liver and intrahepatic bile duct cancers, in the current study we used 10-month-old male mice for our
liver only irradiation design. We followed the irradiated homozygous wild-type or Sirt3−/− mice for
an additional 6-month period for the development of long-term liver injury. Our results indicated
significant increases in expression of inflammatory and profibrotic markers as well as decreased
numbers of bile ducts in the irradiated areas of Sirt3−/− livers compared to their sham treated controls.
These mice also have more inflammatory cell infiltration in the portal and perivenular space. The DNA
double strand breaks indicated by TUNEL staining and levels of protein oxidation in liver tissue
were still elevated at the end of 6 months in Sirt3−/− irradiated mice. Interestingly, there were no
significant changes in MnSOD activity in sham versus irradiated groups in either Sirt3−/− or Sirt3+/+

mice. However, activity peroxide-removing enzymes were significantly altered only in irradiated
Sirt3−/− livers, suggesting a shift in the types of reactive species contributing to the progression of
long-term liver pathology following radiation exposure.

2. Materials and Methods

2.1. Image Guided Irradiation of Liver Tissue of Sirt3+/+ and Sirt3−/− Male Mice

Littermates of Sirt3+/+ and Sirt3−/− male mice on B6/Sv129 background were housed in a
temperature and humidity controlled environment in filter top cages with ad libitum access to food
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and water at the University of Arkansas for Medical Sciences Animal Care facility until 10 months
of age. Irradiation of the liver tissue was performed using the Small Animal Radiation Research
Platform (SARRP, Xstrahl Inc., Suwanee, GA, USA) (Figure 1A). The mice were anaesthetized with 1%
isoflurane inhalation for the duration of the radiation treatment. Each mouse was place supine on
the horizontal mouse bed in the SARRP. A cone beam computed tomography (CBCT) image of each
mouse was obtained to provide image guided radiation targeted to the liver at 60 kVp and 0.8 mA
and reconstruction using 720 projections. From the image, precision targeting of the upper right lobe
was determined. The liver was irradiated with 2 fractions of 12 Gy from a 90◦ and 0◦ gantry angle
with a 7 mm and 5 mm tissue depth respectively. The liver treatments were performed utilizing a
0.5 mm copper filter with a 5 × 5 mm collimator using 220 kVp and 13 mA (Figure 1B). After 6 months,
mice were euthanized and blood was collected through cardiac puncture. Additionally, irradiated
liver tissue sections were flash-frozen in liquid nitrogen and stored at −80 ◦C or were fixed in formalin
and paraffin embedded for further analysis. All radiation sham mice were anaesthetized and placed in
the SARRP for an equivalent time as the irradiated treated mice. All animal protocols and procedures
used in this study were approved (AUP# 3750) by the Institutional Animal Care and Use Committees
of the University of Arkansas for Medical Sciences.
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male mice. (B) Image guided irradiation of the liver using Small Animal Radiation Research
Platform (SARRP).

2.2. Immunohistochemistry and Histopathology Analysis

Sections were deparaffinized and rehydrated using decreasing concentrations of ethanol. One set
of slides was stained with hematoxylin and eosin. These slides were then scored by a clinical pathologist
to determine the level of liver injury in a double-blinded manner. Differences to the sham mice groups,
when present, were noted in several categories including possible micro/macrovesicular steatosis,
lymphoplasmacytic inflammation (i.e., portal, perivenular, and lobular regions), necrosis, fibrosis,
angiectasis, and the presence of any regeneration nodules. Each liver section in each group was
given a verbal score of “none”, “mild” and “moderate” that was translated into the table as “−, +,
and ++”; the table also includes how many animals out of the group presented the liver injury marker
in the group.

Another set of slides was stained for DNA damage using a fluorescent Terminal deoxynucleotidyl
transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay. Analysis of DNA damage was determined
by a double-blinded imaging and scoring of 10 random 40X fields per section for positive (green)
compared to total hepatocyte nuclei (blue).
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For the immunohistochemical staining for 3-nitrotyrosine and Cytokeratin-19, the tissue slides
were deparaffinized and endogenous peroxidase was quenched followed by incubation in Dako
protein-block to block nonspecific binding. Anti-3-nitrotyrosine rabbit polyclonal antibody (Millipore;
#06284, 1:1000) was applied for 1 h in Dako antibody diluent buffer. Rat Anti-Cytokeratin-19 antibody
(DSHB Hybridoma Product TROMA-III; #ab2133570, 1:300) was incubated for two hours in Dako
diluent. All sets were then incubated in Vector Biotinylated Goat Anti–Rabbit–1:400 prepared in TBS-T
for 30 min. Then slides were incubated in Vector ABC Elite for 30 min. Slides were developed with Dako
diaminobenzidine (DAB). Slides were counterstained with hematoxylin and mounted. The negative
control slides followed the same protocol but did not use the primary antibody. 3-Nitrotyrosine
immunohistochemical staining was quantified by counting positive cells near similar sized central
veins (cytoplasmic or nuclear staining) per 400× field with the following scoring system: 0 (0 positive
cells), 1 (1–20 positive cells), 2 (21–30 positive cells), 3 (31–40 positive cells) and 4 (>41 positive cells).
A total of 15 × 400 × fields were scored, and means of these scores were calculated. Bile ducts were
scored and counted in Cytokeratin-19 stained slides by examining 8-10 regions containing at least one
portal area per liver section.

2.3. Real Time Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA was extracted from flash-frozen liver using the DNA/RNA/Protein extraction kit
(IBI Scientific IB47702, Peosta, IA, USA) according to the manufacturer’s protocol. After extraction,
the total RNA concentration was determined. cDNA was synthesized from 1000 ng RNA using the
High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Waltham, MA, USA) as we
previously described [47].

Fibrosis and inflammation marker levels of gene transcription were determined by single gene
quantitative reverse transcription polymerase chain reaction (qRT-PCR) using Fast TaqMan Gene
Expression Assays (Life Technologies, Carlsbad, CA, USA) and the Applied Biosystems 7500 Real Time
PCR system. The genes of interest included: TGF-β, α-SMA, Procoll1, IL-6, and IL-1β; see Supplemental
Table S1. The relative fold change of mRNA for each gene of interest was determined using the
Comparative CT (2−∆∆Ct) method. These results were normalized to house-keeping gene GAPDH
values [47].

2.4. Antioxidant Enzyme Activity Measurements

Whole flash-frozen liver tissue was homogenized in 50 mM potassium phosphate buffer containing
1.34 mM diethylenetriaminepentaacetic acid (pH: 7.4) on ice. Protein concentrations were determined
using a Lowry’s Protein Assay as previously described in [48].

Catalase activity for liver homogenates was determined using a 1:10 dilution from the homogenate.
Absorbance was read using the spectrophotometer at 240 nm for both the reference blank and the
sample. 50 µL of the diluted sample was placed in a total of 4 mL of 50 mM (pH 7.0) phosphate
buffer. Then 2 mL of this total solution was placed into a sample cuvette and a reference blank cuvette.
The addition of 1 mL of 30 mM H2O2 into the sample cuvette began the reaction and absorbance
change vs. time was measured for 2 min. The absorbance of the reference blank was subtracted from
the sample cuvette to determine the level of activity per mg of protein as previously described [49].

Glutathione Peroxidase activity was calculated using an established protocol [50]. A 1:50 dilution
of liver homogenate was added into a mixture of “working buffer” (containing 1.33 mM reduced
glutathione (GSH), 1.33 U/mL glutathione reductase (GR) and 55.6 mM potassium phosphate buffer
(pH: 7)) and 4 mM NADPH. This is incubated for 5 min at 30 ◦C, then the reaction is initiated when
15 mM cumene hydroperoxide is added. Absorption changes were measured at 340 nm for 3 min that
was then compared to the blank absorbance for each sample cuvette. The activity is calculated in units
per mg protein.

Glutathione Reductase activity was measured in a similar fashion to the Glutathione Peroxidase
protocol. To initiate the reaction, a 1:10 dilution of liver homogenate was added to ddH2O, PB/EDTA
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(100 mM potassium phosphate buffer/3.4 mM EDTA), 30 mM oxidized glutathione (GSSG), 0.8 mM
NADPH, and 1% bovine serum albumin (BSA). The decrease in absorbance at 340 nm was measured
for 3 min and subtracted from the blank absorbance. The absorbance was used to calculate activity in
units per mg protein as we previously described [51].

MnSOD activity was measured based on the protocol established by Spitz and Oberley [52]. It is
determined by recording the rate of reduction of nitroblue tetrazolium (NBT) from the superoxide
generated by xanthine oxidase. The superoxide dismutase (SOD) present in the samples will scavenge
the superoxide generated. This is a competitive inhibition of the reduction of NBT. A unit of SOD is
considered the amount of SOD required to inhibit 50% of the NBT reduction. This is determined using
varying concentrations of sample to find the percent inhibition curve and determine the concentration
at 50% inhibition. The MnSOD activity is determined by adding 0.33 M sodium cyanide buffer to
inhibit the CuZnSOD enzyme activity.

2.5. Bilirubin Assay

Plasma bilirubin levels were measured following Bilirubin Assay Kit protocol (Sigma-Aldrich,
St. Louis, MO, USA) using 50 µL of blood plasma in each well of 96 well plates to determine the total
bilirubin, direct bilirubin and blank absorbance. Absorbance was measured at 530 nm. The indirect
bilirubin levels were determined by subtracting the total bilirubin numbers from the direct bilirubin,
which is also known as conjugated bilirubin.

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA,
USA). Data are expressed as mean ± 1SD, unless otherwise specified. One-way ANOVA analysis with
Tukey’s post-analysis was used to study the differences among the study group’s means. Significance
was determined at p < 0.05 and the 95% confidence interval. Statistical significance is expressed as
* p < 0.05, ** p < 0.01, and *** p < 0.005.

3. Results

3.1. Exposure to 24 Gy IR Increased the Expression of Inflammatory Markers as Well as Lymphoplasmacytic
Inflammation in the Livers of Sirt3−/− Mice

The histology of the liver sections was scored in a double-blinded manner to determine the level
of injury after irradiation. The scoring demonstrated considerably increased inflammatory cells in
the Sirt3−/− mice 6 months after 24 Gy IR, and while there were no severe cases yet, several animals
displayed moderate inflammation in the portal and perivenular space of the murine livers (Figure 2).

We also measured the gene expression of inflammatory chemokines, IL-6, IL-1β, and TGF-β,
in the livers of sham or 24 Gy treated mice from both Sirt3+/+ and Sirt3−/− mice. Previous studies have
demonstrated increased expression levels of these chemokines six months after liver-targeted irradiation.
Additionally, IL-1β is an important chemokine in the formation of the liver’s inflammasome that leads
to increased liver inflammation and tissue damage. These increases in inflammatory chemokines and
profibrotic factors could contribute to the removal of necrotic tissue after irradiation and stimulate
extracellular matrix deposits that assist in regeneration. However, the chronic release of IL-6, IL-1β,
and TGF-β would result in increased liver damage and fibrosis. Expression of IL-6, IL-1β, and TGF-β
were measured in triplicates for each animal in a group. The values were averaged and normalized to
GAPDH as the housekeeping gene. Fold change was determined by comparing each group to its own
sham. Only Sirt3−/− mice, which received 24 Gy IR, showed a significant increased expression of these
chemokines (Figure 3).
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Figure 2. Increased numbers of inflammatory cells were seen in irradiated Sirt3−/− mice. H&E scoring:
− (none), + (mild/focal), and ++ (moderate). All sections were normalized to the Sham Sirt3+/+ group
and presented as number of animals with marker per animals in each group (n = 4–6). Sham groups
underwent the same procedures without receiving 24 Gy IR (irradiation).
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Figure 3. Expression of inflammatory markers determined by quantitative real-time PCR. IL6 and
TGFβ were significantly increased in Sirt3−/−mice after irradiation compared to sham irradiated Sirt3+/+

or Sirt3−/− as well as Sirt3+/+ irradiated groups. IL1β was significantly increased in irradiated Sirt3−/−

mice compared to irradiated Sirt3+/+ livers (n = 4–6; * p < 0.05, *** p < 0.001).

3.2. The Number of Bile Ducts Was Decreased in Irradiated Livers of Sirt3−/− Mice

Liver tissue sections were stained with cytokeratin-19 to visualize and score the bile duct presence.
Double-blind scoring showed a significant reduction of number of bile ducts per portal area in
the Sirt3−/− irradiated mice (Figure 4), which could contribute to the development of cholestasis
and eventually chronic fibrosis. Interestingly there were no changes in the plasma bilirubin levels
(conjugated or unconjugated; Supplemental Figure S1) probably due to the small irradiation field that
was used in the study.
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Figure 4. Sirt3−/− irradiated mice showed decreased number of bile ducts. Liver sections were stained
and counted with anti-cytokeratin 19 to determine the presence of bile ducts. Scale bars: 200 µm. (8–10
fields were scored per mouse, n = 6; * p < 0.01).

3.3. Exposure to 24 Gy IR Increased the Expression of Profibrotic Markers in the Livers of Sirt3−/− Mice but Did
Not Cause Fibrosis at 6 Months after IR Exposure

Because TGF-β is a cytokine growth factor that signals the release of additional inflammatory
chemokines and fibrotic growth factors, next we measured gene expression of procollagen-1 and
α-SMA in the sham and 24 Gy irradiated livers of both Sirt3+/+ and Sirt3−/− mice. Expression of these
two profibrotic marker proteins was measured in triplicates for each animal in a group. The values
were averaged and normalized to GAPDH as the housekeeping gene. Only Sirt3−/− mice, which
received 24 Gy IR, showed a significant increased expression of procollagen-1 and α-SMA (Figure 5).
However, this increase did not translate into a bridging fibrosis (data not shown), which may develop
in severe RILD patients.
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Figure 5. Expression of profibrotic markers were increased in all Sirt3−/− mice after irradiation
compared to sham irradiated Sirt3+/+ or Sirt3−/− as well as Sirt3+/+ irradiated groups (n = 4–6;
** p < 0.01, *** p < 0.001).

3.4. Persistent Significant Increases in DNA Damage and Oxidative Stress in Liver Tissue of Sirt3−/− Mice
Following 24 Gy IR

DNA damage is an early event during exposure to IR. However, chronic inflammation and
oxidative/nitrosative stress have been suggested to contribute long-term detrimental effects of radiation
exposures by creating a feed-forward mechanism for persistent injuries to macromolecules, such as
DNA. Since we have seen increased expression of inflammatory markers 6 months post IR in
liver tissue of Sirt3−/− mice, we determined the levels of protein oxidation using 3-nitrotyrosine
immunohistochemistry. Blind scoring of liver sections were performed at 15 randomly selected central
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veins, and then given a score of 0 (0 positive cells), 1 (1–20 positive cells), 2 (21–30 positive cells),
3 (31–40 positive cells), or 4 (41 positive cells or greater). Our results showed that 24 Gy IR increased
levels of protein oxidation in mouse livers, which were persistent months after the exposure (Figure 6).
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Figure 6. Protein oxidation, determined by 3-nitrotyrosine staining (indicated by the arrows),
was increased in irradiated Sirt3−/− mice compared to sham irradiated Sirt3+/+ or Sirt3−/− as well as
Sirt3+/+ irradiated groups. Scale bar: 200 µm (15 fields scored per mouse, n = 4–6; *** p < 0.001).

Therefore, it was not completely surprising when Sirt3−/− livers in irradiated group also exhibited
a significant increase of TUNEL positive cells compared to sham irradiated mice, suggesting DNA
fragmentation and possible apoptosis still exists in liver cells lacking SIRT3 as a stress response protein
against IR-induced oxidative injury (Figure 7).
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3.5. Mice Lacking SIRT3 Demonstrated Altered Activity of Antioxidant Enzymes, Which Are Responsible for
Peroxide Removal in Liver Tissue Following 24 Gy IR.

As a major deacetylation target of SIRT3, increased activity MnSOD has been shown to respond
to exogenous cellular stressors including acute IR injury in liver tissue [29] and loss of SIRT3 has
been associated with increased levels of superoxide [29,30,42]. Therefore, we first examined whether
MnSOD activity has not been altered in irradiated Sirt3−/− mice but it was increased in Sirt3+/+ mice,
via deacetlyation of critical lysine residues at its active site. No significant changes were noted in liver
MnSOD activity between the sham and irradiated groups in either genotype (Figure 8).
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Figure 8. Exposure to 24 Gy liver only irradiation did not significantly alter enzymatic activity of
MnSOD in Sirt3+/+ or Sirt3−/− mice (n = 4–6).

Interestingly, the activity of antioxidant enzymes CAT and GPx were significantly higher in
irradiated Sirt3−/− mice, while GR activity was significantly lower in this group compared to its sham
irradiated counterparts (Figure 9).
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Figure 9. Glutathione Peroxidase (GPx) and catalase (CAT) activity were significantly increased while
Glutathione Reductase (GR) enzymatic activity was decreased in irradiated Sirt3−/− mice compared to
sham irradiated Sirt3+/+ or Sirt3−/− as well as Sirt3+/+ irradiated groups (n = 4–6; * p < 0.05, ** p < 0.01,
*** p < 0.001).

This result suggested that peroxide mediated oxidative injury is more relevant in radiation-induced
long-term liver toxicity.

4. Discussion

Almost half of all men and women have a lifetime probability of developing a new invasive
cancer; therefore, radiation therapy and chemotherapy are being used more frequently [1]. The liver,
located in the abdominal region, is a large organ that plays a critical role in metabolic homeostasis
and detoxification. Because of this metabolic role, the liver contains about 25% of mitochondria in its
cytosolic space [20]. This high mitochondrial content and oxygen requirement makes the liver especially
susceptible to radiation-induced ROS that can lead to hepatic radiation-induced damage, even with
doses as low as 30 Gy [10,19]. The typical clinical presentation of RILD develops 3 months after
irradiation and is associated with increased abdominal girth, ascites, hepatomegaly, and veno-occlusive
disease that can eventually progress to liver failure [4].

Although clinical observations are established and patient-oriented morphological characteristics
of IR-induced pathologies are well described, we have limited understanding of molecular mechanisms
that would explain dose-limiting toxicities in patients treated with high-dose IR [3,4,7,13,17,18,53–56].
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In addition, no pharmacological interventions have been shown to be consistently efficacious [9,54].
Therefore, understanding the confounding factors and mechanisms involved in IR-induced long-term
liver pathologies will particularly benefit the high-risk populations with underlying liver dysfunction.
The lack of prevention and therapy post RILD diagnosis exacerbate the need for pre-clinical models
that will allow the accurate study of radiation-induced liver damage development [2].

IR induces not only immediate production of free-radical mediated effects but also persistent
increases in metabolic production of reactive species, which contribute to the long-term tissue effects of
radiation [57]. The damage response cascades (i.e., inflammation, necrosis and fibrosis) are further
stimulated from the consistent formation of reactive species in days or even months after initial
irradiation exposure [19,24,58]. Similar damage response cascades were seen in our Sirt3−/− model
(Figures 2–7) 6-months after 24 Gy radiation was delivered to a small (5 × 5 mm) field of the liver
indicating persistent oxidative injury via the indirect generation of ROS and RNS. Superoxide anion,
hydrogen peroxide, hydroxyl radical, and peroxynitrite are a few examples of the radiation-induced
reactive species which can cause mitochondrial alterations that lead to oxidative and nitrosative stress
signaling and genomic instability; all adding to the long-term injury and dysregulation of normal liver
parenchymal function [59,60]. ROS and RNS can be removed through several different antioxidant
mechanisms, including SODs, CAT, and the glutathione, thioredoxin, and peroxiredoxin systems,
most of which are regulated via transcriptional and/or post-translational modifications [29–34]. SIRT3,
a member of NAD+ dependent enzymes family, has been shown to increase the activity of antioxidant
enzymes, including MnSOD [30–48,61]. In agreement with these studies, Coleman et al. demonstrated
SIRT3’s stress response function in an acute radiation-induced liver injury model, in which the authors
provided evidence for O2

− mediated liver injury in the absence of SIRT3, 48 h after 4 Gy total body
irradiation exposure [29]. Interestingly, in our current study of IR-induced long-term liver injury,
the model suggested that O2

− may no longer be the major participant in the chronic liver damage,
as we did not see any changes in enzymatic activity of MnSOD in the presence or absence of SIRT3
6-months following targeted irradiation (Figure 8).

After examination by a clinical pathologist, liver histology of the irradiated fields exhibited a
moderate increase in lymphoplasmacytic inflammation in the perivenular space, implying an increased
inflammation that can further signal of tissue necrosis or fibrosis. In an acute response to irradiation or
other types of liver injury, increased inflammation is necessary for tissue regeneration. Inflammation
facilitates a fibrotic network for regrowth and remodeling of liver tissue as well as vascular network
using chemokines like TGF-β, IL-1β, and IL-6. However, continual elevations of inflammatory cells
releasing, secreting and recruiting more cells using cytokines like TGF-β, can be associated with the
development of chronic liver disease [62]. While IL-1β and IL-6 are initially released to protect the
surrounding tissue from further damage in an acute response, its persistent and continued exposure
causes recruitment of additional Kupffer cells within the liver that triggers a feed-forward cycle of
continuous inflammation, damaging the hepatocytes [63]. In our targeted irradiation model, we found
that there was a significant increase in TGF-β, IL-1β, and IL-6 mRNA expression, suggesting a
persistent inflammatory response and continuous liver injury progression 6 months after treatment
in the absence of SIRT3. This fold increase in the Sirt3−/− mice was significantly higher than in the
Sirt3+/+ irradiated group, suggesting that the release of IL-6 and IL-1β are no longer a beneficial injury
response due to its new sustained nature. The elevation in inflammation cytokines and histochemistry
corroborate the idea that the inflammation is chronic in our model and will eventually lead to further
liver toxicity, demonstrating that functional SIRT3 is important for liver healing and the balance
between inflammation and regeneration even 6 months after irradiation. Adding to this finding,
the increased TUNEL staining confirms DNA degradation in the irradiated Sirt3−/− mice, further
signifying the development of long-term hepatocyte injury from persistent inflammatory cascades.
These results confirm the protective role of SIRT3, which was previously demonstrated in a sepsis
model by describing its molecular links to DNA damage, apoptosis and inflammatory responses via
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NLRP3 inflammasome upregulation as well as apoptosis-associated speck-like protein in the absence
of functional SIRT3 [64].

Sinusoidal obstruction and hepatic fibrosis are classical features of radiation-induced liver injury
in patients. Histology of the samples in the current study did not show any veno-occlusive events or an
increase in fibrotic collagen staining. However, hepatobiliary tract toxicities including vanishment of
bile ducts and elevated alkaline phosphatase are also common developments after radiation exposures,
thus we used cytokeratin 19 staining for the visualization of bile ducts. The results demonstrate
an interesting finding of possible bile ductopenia in the Sirt3−/− mice 6 months after IR exposure,
which was not observed in wild-type irradiated mice. Although to date no direct mechanistic link has
been established between SIRT3 function and bile duct injury, literature evidence suggests a strong
correlation between increased oxidative stress and increased levels of apoptosis in biliary epithelial
cells, which was mediated by glutathione in primary biliary cirrhosis [65]. Furthermore, increased
inflammatory cytokine-induced oxidative stress has been shown to decrease the expression of biliary
markers through miRNA506 regulation of DNA damage and apoptosis [66]. Corroborating with the
findings of these studies, our results also revealed increased levels of 3-nitrotyrosine on irradiated
Sirt3−/−- livers (Figure 6), which evidenced the existence of sustained oxidative injury in irradiated
Sirt3−/− livers. While the irradiated liver sections obtained from both genotypes did not demonstrate an
increase in fibrotic collagen staining (data not shown), based on our findings with decreased number of
functioning bile ducts in Sirt3−/− mice and elevated mRNA of fibrotic factors (α-SMA and procollagen
1), we believe these results indicate that these mice will eventually develop persistent fibrosis in the
irradiated field [67].

The morphological evidence we presented in our current study strongly suggests a noteworthy
role SIRT3 plays in the long-term radiation-induced liver toxicity. As an NAD+ dependent deacetylase,
which resides primarily in mitochondria, SIRT3 functions to maintain redox homeostasis under stress.
A total body irradiation study by Coleman et al., demonstrated that 48 h after exposure, there is an
early increase in O2

− generation in Sirt3−/− mice livers, which mediated the increased acute liver injury
in these animals [29]. We initially expected to see a similar response in MnSOD activity in the long-term
progression of radiation-induced injury. However, there was no significant change in MnSOD activity
between sham and irradiated groups at six months after irradiation (Figure 8). Because MnSOD,
and thus O2

− were not likely to be involved in the IR-induced chronic liver injury at 6 months time
point, we shifted our focus to other antioxidant networks that may now be attempting to overcome the
oxidative stress from radiation.

As a number of SIRT3 deacetylation targets occur in mitochondria, which could indirectly
contribute to the redox homeostasis by providing the necessary coenzyme NADPH (e.g., isocitrate
dehydrogenase 2) [31,32], we examined alternate antioxidant enzymes. Our data indicate a possible
switch from O2

− to hydroperoxide metabolism that contributes to the injury endpoints found in
this study. In the absence of SIRT3, 6 months after radiation there was a significant decrease in GR.
This is an important enzyme that requires NADPH for its enzymatic activity for glutathione recycling.
Without SIRT3 there may have been a decrease in availability of the necessary coenzyme NADPH for
the continued recycling of glutathione in response to the persistent elevated oxidative stress generated
from radiation exposure.

Considering that peroxiredoxin 3, the principal peroxidase responsible for mitochondrial hydrogen
peroxide, is also a SIRT3 deacetylation target [68], accumulation of hydroperoxides and hydrogen
peroxide in irradiated livers resulted in the significant increases in GPx and CAT activities we measured
in Sirt3−/− mice. However, with long-term elevations clearly still seen after 6 months, this antioxidant
system also appears to be overwhelmed in the absence of SIRT3, leading to the liver toxicity seen in
our study.
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5. Conclusions

In conclusion, our results exhibited a vital function of SIRT3, a major mitochondrial deacetylase,
in IR-induced long-term liver injury. Loss or decrease in SIRT3 levels could be an underlying factor
and contributor to a damage-permissive phenotype in murine liver long after exposure to IR. Although
our model did not fully represent the clinical indications of human RILD, we believe this was due to
the small volume of irradiation chosen in the design. There were important signs that this murine
model may relate to the clinical presentation of human RILD including ductopenia, lymphoplasmacytic
inflammation, continued hepatocyte toxicity from DNA damage and elevations in the expression of
fibrotic factors.

The data presented in the current study also strongly suggested that O2
− driven acute liver

injury following IR exposure appears to shift towards a peroxide-mediated long-term injury and
clearly is no longer limited to the mitochondria. Thus, specific SIRT3 target proteins and the reactive
species contributing to the progression of RILD, merit investigation to establish causal mechanisms for
IR-induced chronic liver toxicity and develop strategies to prevent RILD in cancer survivors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/5/409/s1,
Figure S1: Conjugated and unconjugated plasma bilirubin levels did not show any significant changes between
the sham and irradiated mice from both homozygous or SIRT3 knockout genotype, Table S1: Primers used in the
single gene quantitative RT-PCR assays.

Author Contributions: Conceptualization, N.A.B.; investigation and data collection, F.V.L., K.J.K., S.A., G.S.C.;
E.G.L.; formal analysis, N.A.B., F.V.L., J.A.D., Y.Y.; writing—original draft preparation, F.V.L.; writing—review and
editing, N.A.-B., J.A.D., K.J.K.; supervision, N.A.B.; funding acquisition, N.A.B. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the following National Institutes of Health grants: NIGMS P20 GM109005;
NIGMS T32GM106999; Arkansas Science and Technology Authority Award AWD50506 15-B-19.

Acknowledgments: The authors thank UAMS Experimental Pathology, DNA Damage and Toxicology,
and Experimental Radiation Cores for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2020. [CrossRef]
2. Kim, J.; Jung, Y. Radiation-induced liver disease: Current understanding and future perspectives.

Exp. Mol. Med. 2017. [CrossRef] [PubMed]
3. Benson, R.; Madan, R.; Kilambi, R.; Chander, S. Radiation induced liver disease: A clinical update. J. Egypt

Natl. Canc. Inst. 2016. [CrossRef] [PubMed]
4. Pan, C.C.; Kavanagh, B.D.; Dawson, L.A.; Li, X.A.; Das, S.K.; Miften, M.; Ten Haken, R.K. Radiation-Associated

Liver Injury. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76. [CrossRef]
5. Ben-Josef, E.; Normolle, D.; Ensminger, W.D.; Walker, S.; Tatro, D.; Ten Haken, R.K.; Knol, J.; Dawson, L.A.;

Pan, C.; Lawrence, T.S. Phase II trial of high-dose conformal radiation therapy with concurrent hepatic artery
floxuridine for unresectable intrahepatic malignancies. J. Clin. Oncol. 2005. [CrossRef]

6. Feng, M.; Smith, D.E.; Normolle, D.P.; Knol, J.A.; Pan, C.C.; Ben-Josef, E.; Lu, Z.; Feng, M.R.; Chen, J.;
Ensminger, W.; et al. A phase i clinical and pharmacology study using amifostine as a radioprotector in
dose-escalated whole liver radiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 2012. [CrossRef]

7. Munoz-Schuffenegger, P.; Ng, S.; Dawson, L.A. Radiation-Induced Liver Toxicity. Semin. Radiat. Oncol. 2017.
[CrossRef]

8. Tanguturi, S.K.; Wo, J.Y.; Zhu, A.X.; Dawson, L.A.; Hong, T.S. Radiation Therapy for Liver Tumors: Ready
for Inclusion in Guidelines? Oncologist 2014. [CrossRef]

9. Toesca, D.A.S.; Ibragimov, B.; Koong, A.J.; Xing, L.; Koong, A.C.; Chang, D.T. Strategies for prediction and
mitigation of radiation-induced liver toxicity. J. Radiat. Res. 2018, 59, i40–i49. [CrossRef]

http://www.mdpi.com/2076-3921/9/5/409/s1
http://dx.doi.org/10.3322/caac.21590
http://dx.doi.org/10.1038/emm.2017.85
http://www.ncbi.nlm.nih.gov/pubmed/28729640
http://dx.doi.org/10.1016/j.jnci.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26300327
http://dx.doi.org/10.1016/j.ijrobp.2009.06.092
http://dx.doi.org/10.1200/JCO.2005.01.5354
http://dx.doi.org/10.1016/j.ijrobp.2011.10.020
http://dx.doi.org/10.1016/j.semradonc.2017.04.002
http://dx.doi.org/10.1634/theoncologist.2014-0097
http://dx.doi.org/10.1093/jrr/rrx104


Antioxidants 2020, 9, 409 13 of 15

10. Tai, A.; Erickson, B.; Li, X.A. Extrapolation of Normal Tissue Complication Probability for Different
Fractionations in Liver Irradiation. Int. J. Radiat. Onco.l Biol. Phys. 2009, 74, 283–289. [CrossRef]

11. Lee, I.J.; Seong, J.; Shim, S.J.; Han, K.H. Radiotherapeutic Parameters Predictive of Liver Complications
Induced by Liver Tumor Radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2009, 73, 154–158. [CrossRef]
[PubMed]

12. Fajardo, L.F.; Colby, T.V. Pathogenesis of veno-occlusive liver disease after radiation. Arch. Pathol. Lab. Med.
1980, 104, 584–588. [PubMed]

13. Guha, C.; Kavanagh, B.D. Hepatic Radiation Toxicity: Avoidance and Amelioration. Semin. Radiat. Oncol.
2011. [CrossRef] [PubMed]

14. Coia, L.R.; Myerson, R.J.; Tepper, J.E. Late effects of radiation therapy on the gastrointestinal tract. Int. J.
Radiat. Oncol. Biol. Phys. 1995, 31, 1213–1236. [CrossRef]

15. Hsieh, C.H.; Liu, C.Y.; Shueng, P.W.; Chong, N.S.; Chen, C.J.; Chen, M.J.; Lin, C.C.; Wang, T.E.; Lin, S.C.;
Tai, H.C.; et al. Comparison of coplanar and noncoplanar intensity-modulated radiation therapy and helical
tomotherapy for hepatocellular carcinoma. Radiat. Oncol. 2010. [CrossRef]

16. Yamashita, H.; Onishi, H.; Murakami, N.; Matsumoto, Y.; Matsuo, Y.; Nomiya, T.; Nakagawa, K. Survival
outcomes after stereotactic body radiotherapy for 79 Japanese patients with hepatocellular carcinoma.
J. Radiat. Res. 2014. [CrossRef]

17. Huang, Y.; Chen, S.W.; Fan, C.C.; Ting, L.L.; Kuo, C.C.; Chiou, J.F. Clinical parameters for predicting
radiation-induced liver disease after intrahepatic reirradiation for hepatocellular carcinoma. Radiat. Oncol.
2016. [CrossRef]

18. Jung, J.; Yoon, S.M.; Kim, S.Y.; Cho, B.; Park, J.H.; Kim, S.S.; Song, S.Y.; Lee, S.W.; Do Ahn, S.; Choi, E.K.; et al.
Radiation-induced liver disease after stereotactic body radiotherapy for small hepatocellular carcinoma:
Clinical and dose-volumetric parameters. Radiat. Oncol. 2013. [CrossRef]

19. Fry, R.J.M.; Hall, E.J. Radiobiology for the Radiologist. Radiat Res. 1995. [CrossRef]
20. Lautt, W.W. Hepatic Circulation Physiology and Pathophysiology; Morgan & Claypool Publishers: San Rafael,

CA, USA, 2009. [CrossRef]
21. Sharp, G.B. The Relationship between Internally Deposited Alpha-Particle Radiation and Subsite-Specific

Liver Cancer and Liver Cirrhosis: An Analysis of Published Data. J. Radiat. Res. 2002, 43, 371–380. Available
online: https://academic.oup.com/jrr/article-abstract/43/4/371/986795 (accessed on 30 March 2020). [CrossRef]

22. Formenti, S.C.; Demaria, S. Local control by radiotherapy: Is that all there is? Breast Cancer Res. 2008.
[CrossRef] [PubMed]

23. Robbins, M.E.C.; Zhao, W. Chronic oxidative stress and radiation-induced late normal tissue injury: A review.
Int. J. Radiat. Biol. 2004. [CrossRef] [PubMed]

24. Kryston, T.B.; Georgiev, A.B.; Pissis, P.; Georgakilas, A.G. Role of oxidative stress and DNA damage in
human carcinogenesis. Mutat. Res. Fundam. Mol. Mech. Mutagen. 2011. [CrossRef] [PubMed]

25. Castilla, A.; Prieto, J.; Fausto, N. Transforming Growth Factors β1 and α in Chronic Liver Disease Effects of
Interferon Alfa Therapy. N. Engl. J. Med. 1991. [CrossRef] [PubMed]

26. Cai, X.; Hao, J.; Zhang, X.; Yu, B.; Ren, J.; Luo, C.; Li, Q.; Huang, Q.; Shi, X.; Li, W.; et al. The polyhydroxylated
fullerene derivative C60(OH)24 protects mice from ionizing-radiation-induced immune and mitochondrial
dysfunction. Toxicol. Appl. Pharmacol. 2010. [CrossRef] [PubMed]

27. Kawamura, K.; Qi, F.; Kobayashi, J. Potential relationship between the biological effects of low-dose irradiation
and mitochondrial ROS production. J. Radiat. Res. 2018. [CrossRef]

28. Richardson, R.B.; Harper, M.E. Mitochondrial stress controls the radiosensitivity of the oxygen effect:
Implications for radiotherapy. Oncotarget 2016. [CrossRef]

29. Coleman, M.C.; Olivier, A.K.; Jacobus, J.A.; Mapuskar, K.A.; Mao, G.; Martin, S.M.; Riley, D.P.; Gius, D.;
Spitz, D.R. Superoxide mediates acute liver injury in irradiated mice lacking Sirtuin 3. Antioxid. Redox Signal.
2014. [CrossRef]

30. Tao, R.; Coleman, M.C.; Pennington, J.D.; Ozden, O.; Park, S.H.; Jiang, H.; Kim, H.S.; Flynn, C.R.; Hill, S.;
McDonald, W.H.; et al. Sirt3-Mediated Deacetylation of Evolutionarily Conserved Lysine 122 Regulates
MnSOD Activity in Response to Stress. Mol. Cell. 2010. [CrossRef]

31. Zou, X.; Zhu, Y.; Park, S.H.; Liu, G.; O’Brien, J.; Jiang, H.; Gius, D. SIRT3-mediated dimerization of IDH2
directs cancer cell metabolism and tumor growth. Cancer Res. 2017. [CrossRef]

http://dx.doi.org/10.1016/j.ijrobp.2008.11.029
http://dx.doi.org/10.1016/j.ijrobp.2008.04.035
http://www.ncbi.nlm.nih.gov/pubmed/18823715
http://www.ncbi.nlm.nih.gov/pubmed/6893535
http://dx.doi.org/10.1016/j.semradonc.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21939854
http://dx.doi.org/10.1016/0360-3016(94)00419-L
http://dx.doi.org/10.1186/1748-717X-5-40
http://dx.doi.org/10.1093/jrr/rru130
http://dx.doi.org/10.1186/s13014-016-0663-1
http://dx.doi.org/10.1186/1748-717X-8-249
http://dx.doi.org/10.2307/3579017
http://dx.doi.org/10.4199/C00004ED1V01Y200910ISP001
https://academic.oup.com/jrr/article-abstract/43/4/371/986795
http://dx.doi.org/10.1269/jrr.43.371
http://dx.doi.org/10.1186/bcr2160
http://www.ncbi.nlm.nih.gov/pubmed/19014406
http://dx.doi.org/10.1080/09553000410001692726
http://www.ncbi.nlm.nih.gov/pubmed/15204702
http://dx.doi.org/10.1016/j.mrfmmm.2010.12.016
http://www.ncbi.nlm.nih.gov/pubmed/21216256
http://dx.doi.org/10.1056/NEJM199104043241401
http://www.ncbi.nlm.nih.gov/pubmed/1900574
http://dx.doi.org/10.1016/j.taap.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19914272
http://dx.doi.org/10.1093/jrr/rrx091
http://dx.doi.org/10.18632/oncotarget.7412
http://dx.doi.org/10.1089/ars.2012.5091
http://dx.doi.org/10.1016/j.molcel.2010.12.013
http://dx.doi.org/10.1158/0008-5472.CAN-16-2393


Antioxidants 2020, 9, 409 14 of 15

32. Yu, W.; Dittenhafer-Reed, K.E.; Denu, J.M. SIRT3 protein deacetylates isocitrate dehydrogenase 2 (IDH2) and
regulates mitochondrial redox status. J. Biol. Chem. 2012. [CrossRef] [PubMed]

33. Jing, E.; O’Neill, B.T.; Rardin, M.J.; Kleinridders, A.; Ilkeyeva, O.R.; Ussar, S.; Bain, J.R.; Lee, K.Y.; Verdin, E.M.;
Newgard, C.B.; et al. Sirt3 regulates metabolic flexibility of skeletal muscle through reversible enzymatic
deacetylation. Diabetes 2013. [CrossRef] [PubMed]

34. Kendrick, A.A.; Choudhury, M.; Rahman, S.M.; McCURDY, C.E.; Friederich, M.; Van Hove, J.L.; Watson, P.A.;
Birdsey, N.; Bao, J.; Gius, D.; et al. Fatty liver is associated with reduced SIRT3 activity and mitochondrial
protein hyperacetylation. Biochem. J. 2011. [CrossRef] [PubMed]

35. Kincaid, B.; Bossy-Wetzel, E. Forever young: SIRT3 a shield against mitochondrial meltdown, aging,
and neurodegeneration. Front. Aging. Neurosci. 2013. [CrossRef]

36. Hirschey, M.D.; Shimazu, T.; Goetzman, E.; Jing, E.; Schwer, B.; Lombard, D.B.; Grueter, C.A.; Harris, C.;
Biddinger, S.; Ilkayeva, O.R.; et al. SIRT3 regulates mitochondrial fatty-acid oxidation by reversible enzyme
deacetylation. Nature 2010. [CrossRef]

37. Brown, K.; Xie, S.; Qiu, X.; Mohrin, M.; Shin, J.; Liu, Y.; Zhang, D.; Scadden, D.T.; Chen, D. SIRT3 Reverses
Aging-Associated Degeneration. Cell Rep. 2013. [CrossRef]

38. Liu, J.; Li, D.; Zhang, T.; Tong, Q.; Ye, R.D.; Lin, L. SIRT3 protects hepatocytes from oxidative injury by
enhancing ROS scavenging and mitochondrial integrity. Cell Death Dis. 2017. [CrossRef]

39. Sundaresan, N.R.; Samant, S.A.; Pillai, V.B.; Rajamohan, S.B.; Gupta, M.P. SIRT3 Is a Stress-Responsive
Deacetylase in Cardiomyocytes That Protects Cells from Stress-Mediated Cell Death by Deacetylation of
Ku70. Mol. Cell Biol. 2008. [CrossRef]

40. Ansari, A.; Rahman, M.S.; Saha, S.K.; Saikot, F.K.; Deep, A.; Kim, K.H. unction of the SIRT3 mitochondrial
deacetylase in cellular physiology, cancer, and neurodegenerative disease. Aging Cell. 2017. [CrossRef]

41. Chen, Y.; Zhang, J.; Lin, Y.; Lei, Q.; Guan, K.L.; Zhao, S.; Xiong, Y. Tumour suppressor SIRT3 deacetylates and
activates manganese superoxide dismutase to scavenge ROS. EMBO Rep. 2011. [CrossRef]

42. Kim, H.S.; Patel, K.; Muldoon-Jacobs, K.; Bisht, K.S.; Aykin-Burns, N.; Pennington, J.D.; van der Meer, R.;
Nguyen, P.; Savage, J.; Owens, K.M.; et al. SIRT3 Is a Mitochondria-Localized Tumor Suppressor Required
for Maintenance of Mitochondrial Integrity and Metabolism during Stress. Cancer Cell. 2010. [CrossRef]
[PubMed]

43. Pi, H.; Xu, S.; Reiter, R.J.; Guo, P.; Zhang, L.; Li, Y.; Li, M.; Cao, Z.; Tian, L.; Xie, J.; et al. SIRT3-SOD2-
mROS-dependent autophagy in cadmium-induced hepatotoxicity and salvage by melatonin. Autophagy
2015. [CrossRef] [PubMed]

44. Park, S.H.; Ozden, O.; Jiang, H.; Cha, Y.I.; Pennington, J.D.; Aykin-Burns, N.; Spitz, D.R.; Gius, D.; Kim, H.S.
Sirt3, mitochondrial ROS, ageing, and carcinogenesis. Int. J. Mol. Sci. 2011, 12, 6226–6239. [CrossRef]
[PubMed]

45. Someya, S.; Yu, W.; Hallows, W.C.; Xu, J.; Vann, J.M.; Leeuwenburgh, C.; Tanokura, M.; Denu, J.M.; Prolla, T.A.
Sirt3 mediates reduction of oxidative damage and prevention of age-related hearing loss under Caloric
Restriction. Cell 2010. [CrossRef]

46. Zeng, H.; Li, L.; Chen, J.X. Loss of Sirt3 limits bone marrow cell-mediated angiogenesis and cardiac repair in
post-myocardial infarction. PLoS ONE 2014. [CrossRef]

47. Alam, S.; Carter, G.S.; Krager, K.J.; Li, X.; Lehmler, H.-J.; Aykin-Burns, N. PCB11 Metabolite,
3,3′-Dichlorobiphenyl-4-ol, Exposure Alters the Expression of Genes Governing Fatty Acid Metabolism
in the Absence of Functional Sirtuin 3: Examining the Contribution of MnSOD. Antioxidants 2018, 7, 121.
[CrossRef]

48. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 1951. [CrossRef]

49. Aebi, H. Catalase in Vitro. Methods Enzymol. 1984. [CrossRef]
50. Lawrence, R.A.; Burk, R.F. Glutathione peroxidase activity in selenium-deficient rat liver. Biochem. Biophys.

Res. Commun. 1976. [CrossRef]
51. Pinto, R.E.; Bartley, W. The effect of age and sex on glutathione reductase and glutathione peroxidase activities

and on aerobic glutathione oxidation in rat liver homogenates. Biochem. J. 1969. [CrossRef]
52. Spitz, D.R.; Oberley, L.W. An assay for superoxide dismutase activity in mammalian tissue homogenates.

Anal. Biochem. 1989. [CrossRef]

http://dx.doi.org/10.1074/jbc.M112.355206
http://www.ncbi.nlm.nih.gov/pubmed/22416140
http://dx.doi.org/10.2337/db12-1650
http://www.ncbi.nlm.nih.gov/pubmed/23835326
http://dx.doi.org/10.1042/BJ20100791
http://www.ncbi.nlm.nih.gov/pubmed/21044047
http://dx.doi.org/10.3389/fnagi.2013.00048
http://dx.doi.org/10.1038/nature08778
http://dx.doi.org/10.1016/j.celrep.2013.01.005
http://dx.doi.org/10.1038/cddis.2017.564
http://dx.doi.org/10.1128/MCB.00426-08
http://dx.doi.org/10.1111/acel.12538
http://dx.doi.org/10.1038/embor.2011.65
http://dx.doi.org/10.1016/j.ccr.2009.11.023
http://www.ncbi.nlm.nih.gov/pubmed/20129246
http://dx.doi.org/10.1080/15548627.2015.1052208
http://www.ncbi.nlm.nih.gov/pubmed/26120888
http://dx.doi.org/10.3390/ijms12096226
http://www.ncbi.nlm.nih.gov/pubmed/22016654
http://dx.doi.org/10.1016/j.cell.2010.10.002
http://dx.doi.org/10.1371/journal.pone.0107011
http://dx.doi.org/10.3390/antiox7090121
http://dx.doi.org/10.1016/0922-338X(96)89160-4
http://dx.doi.org/10.1016/S0076-6879(84)05016-3
http://dx.doi.org/10.1016/0006-291X(76)90747-6
http://dx.doi.org/10.1042/bj1120109
http://dx.doi.org/10.1016/0003-2697(89)90192-9


Antioxidants 2020, 9, 409 15 of 15

53. Barshishat-Kupper, M.; Tipton, A.J.; McCart, E.A.; McCue, J.; Mueller, G.P.; Day, R.M. Effect of ionizing
radiation on liver protein oxidation and metabolic function in C57BL/6J mice. Int. J. Radiat. Biol. 2014.
[CrossRef]

54. Maeda, M.; Ishikawa, H.; Yoshida, Y.; Takahashi, T.; Ohkubo, Y.; Musha, A.; Komachi, M.; Nakazato, Y.;
Nakano, T. Long-term pathological and immunohistochemical features in the liver after intraoperative
whole-liver irradiation in rats. J. Radiat. Res. 2014. [CrossRef]

55. Osmundson, E.C.; Wu, Y.; Luxton, G.; Bazan, J.G.; Koong, A.C.; Chang, D.T. Predictors of toxicity associated
with stereotactic body radiation therapy to the central hepatobiliary tract. Int. J. Radiat. Oncol. Biol. Phys.
2015. [CrossRef] [PubMed]

56. Seidensticker, M.; Burak, M.; Kalinski, T.; Garlipp, B.; Koelble, K.; Wust, P.; Antweiler, K.; Seidensticker, R.;
Mohnike, K.; Pech, M.; et al. Radiation-Induced Liver Damage: Correlation of Histopathology with
Hepatobiliary Magnetic Resonance Imaging, a Feasibility Study. Cardiovasc. Interven. Radiol. 2015.
[CrossRef] [PubMed]

57. Spitz, D.R.; Hauer-Jensen, M. Ionizing radiation-induced responses: Where free radical chemistry meets
redox biology and medicine. Antioxidants Redox Signal. 2014. [CrossRef]

58. Tamminga, J.; Kovalchuk, O. Role of DNA Damage and Epigenetic DNA Methylation Changes in
Radiation-Induced Genomic Instability and Bystander Effects in Germline In Vivo. Curr. Mol. Pharmacol.
2012. [CrossRef]

59. Barjaktarovic, Z.; Shyla, A.; Azimzadeh, O.; Schulz, S.; Haagen, J.; Dörr, W.; Sarioglu, H.; Atkinson, M.J.;
Zischka, H.; Tapio, S. Ionising radiation induces persistent alterations in the cardiac mitochondrial function
of C57BL/6 mice 40 weeks after local heart exposure. Radiother. Oncol. 2013. [CrossRef]

60. Morgan, W.F.; Day, J.P.; Kaplan, M.I.; McGhee, E.M.; Limoli, C.L. Genomic Instability Induced by Ionizing
Radiation. Radiat. Res. 1996. [CrossRef]

61. Qiu, X.; Brown, K.; Hirschey, M.D.; Verdin, E.; Chen, D. Calorie restriction reduces oxidative stress by
SIRT3-mediated SOD2 activation. Cell Metab. 2010. [CrossRef]

62. Fausto, N.; Mead, J.E.; Gruppuso, P.A.; Castilla, A.; Jakowlew, S.B. Effects of TGF-beta s in the liver:
Cell proliferation and fibrogenesis. Ciba Found. Symp. 1991. [CrossRef]

63. Jin, X.; Zimmers, T.A.; Perez, E.A.; Pierce, R.H.; Zhang, Z.; Koniaris, L.G. Paradoxical effects of short- and
long-term interleukin-6 exposure on liver injury and repair. Hepatology 2006. [CrossRef] [PubMed]

64. Zhao, W.Y.; Zhang, L.; Sui, M.X.; Zhu, Y.H.; Zeng, L. Protective Effects of Sirtuin 3 in a Murine Model of
Sepsis-Induced Acute Kidney Injury. Sci. Rep. 2016. [CrossRef] [PubMed]

65. Salunga, T.L.; Cui, Z.G.; Shimoda, S.; Zheng, H.C.; Nomoto, K.; Kondo, T.; Takano, Y.; Selmi, C.; Alpini, G.;
Gershwin, M.E.; et al. Oxidative Stress-Induced Apoptosis of Bile Duct Cells in Primary Biliary Cirrhosis.
J. Autoimmun. 2007. [CrossRef] [PubMed]

66. Erice, O.; Munoz-Garrido, P.; Vaquero, J.; Perugorria, M.J.; Fernandez-Barrena, M.G.; Saez, E.; Santos-Laso, A.;
Arbelaiz, A.; Jimenez-Agüero, R.; Fernandez-Irigoyen, J.; et al. MicroRNA-506 Promotes Primary Biliary
Cholangitis–like Features in Cholangiocytes and Immune Activation. Hepatology 2018. [CrossRef]

67. Degott, C.; Feldmann, G.; Larrey, D.; Durand-Schneider, A.M.; Grange, D.; Machayekhi, J.P.; Moreau, A.;
Potet, F.; Benhamou, J.P. Drug-induced prolonged cholestasis in adults: A histological semiquantitative
study demonstrating progressive ductopenia. Hepatology 1992. [CrossRef]

68. Wang, Z.; Sun, R.; Wang, G.; Chen, Z.; Li, Y.; Zhao, Y.; Liu, D.; Zhao, H.; Zhang, F.; Yao, J.; et al. SIRT3-Mediated
Deacetylation of PRDX3 Alleviates Mitochondrial Oxidative Damage and Apoptosis Induced by Intestinal
Ischemia/Reperfusion Injury. Redox Biol. 2019. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3109/09553002.2014.930536
http://dx.doi.org/10.1093/jrr/rru005
http://dx.doi.org/10.1016/j.ijrobp.2014.11.028
http://www.ncbi.nlm.nih.gov/pubmed/25659885
http://dx.doi.org/10.1007/s00270-014-0872-7
http://www.ncbi.nlm.nih.gov/pubmed/24610229
http://dx.doi.org/10.1089/ars.2013.5769
http://dx.doi.org/10.2174/1874467211104020115
http://dx.doi.org/10.1016/j.radonc.2013.01.017
http://dx.doi.org/10.2307/3579454
http://dx.doi.org/10.1016/j.cmet.2010.11.015
http://dx.doi.org/10.1002/9780470514061.ch11
http://dx.doi.org/10.1002/hep.21087
http://www.ncbi.nlm.nih.gov/pubmed/16496306
http://dx.doi.org/10.1038/srep33201
http://www.ncbi.nlm.nih.gov/pubmed/27620507
http://dx.doi.org/10.1016/j.jaut.2007.04.002
http://www.ncbi.nlm.nih.gov/pubmed/17544621
http://dx.doi.org/10.1002/hep.29533
http://dx.doi.org/10.1002/hep.1840150212
http://dx.doi.org/10.1016/j.redox.2019.101343
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Image Guided Irradiation of Liver Tissue of Sirt3+/+ and Sirt3-/- Male Mice 
	Immunohistochemistry and Histopathology Analysis 
	Real Time Quantitative Reverse Transcription PCR (qRT-PCR) 
	Antioxidant Enzyme Activity Measurements 
	Bilirubin Assay 
	Statistical Analysis 

	Results 
	Exposure to 24 Gy IR Increased the Expression of Inflammatory Markers as Well as Lymphoplasmacytic Inflammation in the Livers of Sirt3-/- Mice 
	The Number of Bile Ducts was Decreased in Irradiated Livers of Sirt3-/- Mice 
	Exposure to 24 Gy IR Increased the Expression of Profibrotic Markers in the Livers of Sirt3-/- Mice but Did Not Cause Fibrosis at 6 Months after IR Exposure 
	Persistent Significant Increases in DNA Damage and Oxidative Stress in Liver Tissue of Sirt3-/- Mice Following 24 Gy IR 
	Mice Lacking SIRT3 Demonstrated Altered Activity of Antioxidant Enzymes, Which Are Responsible for Peroxide Removal in Liver Tissue Following 24 Gy IR. 

	Discussion 
	Conclusions 
	References

