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ABSTRACT: Although doxorubicin (DOX) is often used to treat cancer, it causes iron-dependent and reactive oxygen
species-related ferroptosis and has serious effects on off-target organs, leading to limited therapeutic use. New evidence
suggests that nicotinamide riboside (NR), a micronutrient, may protect the liver and the kidney from injury. The precise
mechanism, however, is still unknown. This research aimed to examine the potential protective benefits of NR against
hepatotoxicity and nephrotoxicity induced by DOX. We created DOX-induced hepatotoxicity and nephrotoxicity models
in C57 mice, demonstrating liver and kidney dysfunction, collagen accumulation with inflammation, oxidative stress,
and apoptotic damage. The hepatorenal function and damage were evaluated by measuring serum levels of enzymes
and biochemical parameters as well as tissue iron and histochemical tissue staining. Intriguingly, pretreatment with
NR was associated with a decrease in serum alanine transaminase, aspartate aminotransferase, serum creatinine, and
blood urea nitrogen levels. The reduction in histological damages including hemorrhages, localized necrosis, changes
of ultrastructure in liver and kidney tissues, and collagen accumulation was observed. The DOX-induced changes in
serum malondialdehyde, protein carbonyl, glutathione, glutathione peroxidases, tissue iron accumulation and iron
content were all reversed by NR, demonstrating its antioxidative capabilities. Taken together, NR inhibits ferroptosis

to exert its curative benefits against DOX-induced acute hepatorenal toxicity.
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INTRODUCTION

Doxorubicin (DOX) is an anthracycline antitumor
small molecule used to treat many hematological and
solid malignancies. DOX has limited therapeutic use
because of its high toxicological profile in many organs,
such as the liver and kidney [1,2]. It is assumed
that DOX-induced oxidative damage mediates hep-
atotoxicity and nephrotoxicity, although the precise
mechanism remains unclear [3]. Free radical produc-
tion, iron-dependent oxidative damage to biological
macromolecules, membrane lipid peroxidation, and ul-
timately, cellular membrane degradation have all been
proposed as processes by which DOX induces toxic-
ity [4]. Moreover, DOX toxicity has been demonstrated
to cause oxidative damage and inflammatory changes
in the hepatic and renal tissues of DOX-administered
mice [5].

Unlike apoptosis and necrosis, ferroptosis is an
entirely new kind of programmed cell death resulting
from forming iron-dependent lipid peroxide [6]. Re-
active oxygen species (ROS) are essential for ferrop-
tosis, which happens in an iron-dependent accumu-
lation of ROS [7]. Although the exact mechanism is
unclear, it seems to depend on the balance between

two metabolic processes inside the cell: forming and
eradicating lipid peroxides [8]. Of note, glutathione
(GSH) depletion and inactivation of the lipid repair
enzyme glutathione peroxidase 4 (GPX4) have been
shown to control iron metabolism, lipid peroxidation,
and the ensuing process of ferroptosis [9]. GPX4, an
endogenous scavenger for lipid peroxides, has been
hypothesized to play a critical role in regulating fer-
roptosis [10]. This is confirmed by the fact that many
ferroptosis inhibitors also decrease lipid peroxidation
[11,12], whereas most ferroptosis inducers are also
inhibitors of GPX4 [13].

Nicotinamide riboside (NR) is a recently found
type of vitamin B3. It is a precursor to nicotinamide
adenine dinucleotide (NAD+) and, in turn, to NADB
the phosphorylated form of NAD+ [14]. Studies have
shown that supplementing with NR protects mam-
mals against metabolic diseases, neurodegenerative
diseases, and the physiological decline that comes with
aging [15]. However, it remains unclear whether NR
inhibits DOX-induced liver and kidney damage. In
this study, we found that NR maintained body weight
and prolonged survival time in C57 mice after DOX
administration. We predicted and confirmed that NR
could ameliorate DOX-induced liver and kidney injury
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to provide a protective effect, which was related to
the increased expression levels of GSH and GPX4. We
speculated that NR has antioxidant and ferroptosis
inhibition effects to exert its curative benefits against
DOX-induced acute hepatorenal toxicity.

MATERIALS AND METHODS
Animals and treatments

Male C57 mice (aged 7-8 weeks) were acquired from
the Soochow University Labomiceory Animal Center.
The mice had a body weight of 22.1+2.5 g and were
kept in a clean room at 25°C with 40-60% relative
humidity. Institutional Animal Care and Use Commit-
tee at Soochow University approved all animal studies,
following the Guide for the Care and Use of Medical
Laboratory Animals (Ministry of Health, China, 1998)
(ECSU-201800094; 10 November 2017).

A single dose of DOX (20 mg/kg, i.p., Sigma, St
Louis, USA) was administered to mice. Sterile saline
was administered in the same amount to the control
mice. NR (20 mg/kg, i.p.) was administered 30 min
before the DOX injection. Different experimental treat-
ments were administered after 5 consecutive days of
injection.

Histopathology and PAS staining

Tissue samples from the liver and kidney were
formalin-fixed before being submerged in phosphate
buffer saline (PBS). Tissues were embedded in paraffin
and sectioned at 4 pm thickness after dehydration in a
gradient of ethanol and xylene. Histological analysis
was performed using hematoxylin (Beyotime, Shang-
hai, China), eosin (Beyotime), and PAS stain after
deparaffinization and rehydration. Sodium bisulfite
solution, periodic acid solution, Schiff reagent (all
from Sigma-Aldrich, St Louis, USA), and hematoxylin
were used to make the PAS stain [16].

Biochemical parameters in serum

The blood sample was centrifuged at 5000 rpm for
15 min to obtain the serum. Alanine transaminase
(ALT) and aspartate aminotransferase (AST) levels
were measured to determine liver function. Serum
creatinine (Scr), and blood urea nitrogen (BUN) levels
were also measured to assess kidney function.

Evans Blue Dye (EBD) assay

Mice were injected with saline-diluted EBD
(100 mg/kg body weight, i.p.). After about
24 h, the kidney and liver were collected and
embedded in optimal cutting temperature (OCT)
compound (Sakura, Osaka, Japan), snap frozen in
liquid nitrogen, and 5-pm cryosections were made.
Fluorescence microscopy was used to observe EBD
uptakes (red).
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Sirius red staining

Tissue sections fixed in paraffin were stained with Sir-
ius red to evaluate the amount of collagen deposition
in the liver and kidney. At a magnification of x200,
the regions stained positively for Sirius red in 10 non-
overlapping fields were measured using the Image J
program.

Electron microscopy

The renal cortex was fixed with 1% osmium tetroxide
(Sigma-Aldrich) after being treated with 0.22 mmol/1
sucrose and 3% glutaraldehyde-containing phosphate
buffer (0.1 mol/l, pH 7.2). After dehydration in an
ethanol gradient, samples were embedded in epoxy
resin. Pathological changes to the kidneys’ ultrastruc-
ture were seen using a Hitachi H-600 transmission
electron microscope (Hitachi, Tokyo, Japan).

Determination of malondialdehyde (MDA) content

Tissue homogenates were analyzed for MDA using
a spectrophotometric method based on the reaction
of thiobarbituric acid and MDA (Beyotime) when
heated [17]. The absorbance of the reaction mixture
was measured at 532 nm, and the content was pre-
sented as nmol per mg of protein.

GSH concentration

The content of GSH in tissues was calculated using
an established technique [17], and the absorbance of
the reaction mixture was measured at 412 nm. The
GSH content was calculated using a standard curve and
presented as pmol of GSH per mg protein. For protein
determination, pipette 10 nl of each BSA standard
solution and protein sample into separate wells of a 96-
well microplate. Add 200 pl of the BCA (TWreagent,
Shanghai, China) working reagent to each well. In-
cubate the plate at 37°C for 30 min. Measure the
absorbance at 562 nm within 30 min.

Determination of GPXs activity

Based on the reaction between the residual reduced
GSH after the reaction with H,O, and DTNB reagent
[5,5-dithiobis (2-nitrobenzoic acid),] (Beyotime), the
absorbance of the system at 340 nm was measured
to quantify GPXs activity [17]. GPXs activity was
expressed in units per mg protein.

Protein carbonyl level

The dinitrophenylhydrazine (DNPH, Innochem, Bei-
jing, China) method was used to quantify total
protein carbonyls, according to Levine et al [18].
Using a molar extinction coefficient of hydrazones
(21.0 nM~'em™!) with absorbance readings at 370 nm,
the carbonyl quantity was presented in nmol of protein
hydrazones per mg protein.
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Western blotting analysis

Specific protein expression was analyzed by Western
Blotting following the standard protocol. The fol-
lowing primary antibodies were used: GPX4 (1:1000
dilution, Catalog#:115853, Cell Signaling Technol-
ogy, Boston, USA) and the antibody against GAPDH
(1:5000 dilution, Catalog#: sc-25778, Santa Cruz
Biotechnology, Inc., California, USA).

PPB staining

Tissue iron concentration was determined using PPB
staining. The Iron Stain Kit (HT20-1KT, Sigma-
Aldrich) was used. Tissue samples preserved in paraf-
fin were rehydrated, stained with Perls’ staining so-
lution for 15 min, and then washed for 5 min under
tap water. After 3 min of counterstaining with nu-
clear fast red, the sections were given a quick rinse
under running water for 5 min to remove any excess
stain. Following dehydration in 70%, 96%, and 100%
ethanol and xylene, the sections were embedded in a
mounting media containing xylene.

Iron quantitative analysis

A microwave oven (MDS-2100, CEM Corpomiceion,
Matthews, USA) was used to dry the livers and kidneys
for 48 h at 60°C followed by weighing and putting
in the proper Teflon vessels. Dry tissues were di-
gested by adding a solution of nitric acid (Suprapur®
65%, Merck, Darmstadt, Germany) and 30% hydrogen
peroxide. Iron concentration (pg/g) was measured
using AAS on digested tissue samples. Background
correction was performed using a deuterium arc lamp
equipped Aanalyst-300 atomic absorption spectrome-
ter (PerkinElmer, Waltham, USA). Flame atomic ab-
sorption spectroscopy (FAAS) was used to quantify
the iron concentration. The accuracy of the sam-
ple preparation technique was evaluated by reading
known concentration of Fe hemoglobin in triplicate.
The mean recovery percentages were 96.23%.

Statistical analysis

Statistical analysis was performed in GraphPad
Prism 9.0. (San Diego, CA, USA). Student’s t-test
was used for pairwise comparisons, while a one-
way analysis of variance followed by Tukey’s post
hoc analysis was used for multiple comparisons.
Significant differences were defined as having a
p-value of < 0.05.

RESULTS

NR exerted a mitigative effect against
DOX-induced body weight loss and mortality

Mice were pretreated with saline or NR to assess the
NR effects in DOX-induced acute hepatorenal toxic-
ity,. When mice were intraperitoneally injected DOX
(20 mg/kg) once a day for 5 consecutive days and
weighed at a fixed time every day, the body weight of

mice in DOX group decreased compared with control
group, while the body weight of all other groups
increased. Mice in the NR+DOX group had higher
body weight than mice in the DOX group (Fig. 1A).
The Kaplan-Meier survival plots in Fig. 1B was used
to confirm DOX-induced mortality. The outcome sug-
gested that NR therapy might prolong the survival time
of DOX-treated mice.

Reduction of liver and kidney injury by NR in
DOX-induced mice

Mice were injected with saline or NR to determine the
efficacy of NR in vivo. The mice were given a single
dose of DOX after 30 min of saline or NR injection.
DOX treatment alone induced substantial increases in
liver levels of ALT and AST and kidney levels of Scr
and BUN, compared with the control group. These
elevations were significantly decreased by treatment
with NR (Fig. 2A-D) after 5 days of DOX injection,
and never returned to the baseline levels. Moreover,
the necrosis of DOX-induced liver and kidney cells, as
shown by EBD assay, was inhibited by NR (Fig. 2E-H).

NR partially attenuated DOX-induced histological
changes of liver and kidney tissues

Histological abnormalities in the liver and kidney
caused by DOX were seen under a light microscope
to explore the role of NR in these alterations. Hep-
atocyte degeneration, localized necrosis, and hemor-
rhage were some of the damages caused by DOX.
Central veins also showed signs of congestion and
enlargement. Fig. 3A,B showed that NR therapy par-
tially attenuated the severe DOX-induced liver dam-
age. Atrophic or disappearing glomeruli; dilated
Bowman’s capsules and capillaries; disintegration of
renal tubules marked by exfoliated cells, protein casts,
and cystic dilatation; blood congestion in the capil-
lary loops; inflammatory cell infiltrations; were all
observed in response to DOX treatment. Inhibition of
DOX-induced renal tissues damage was achieved by
co-administration of NR with DOX. Renal epithelial
cell lining of cortical tubules was restored, and nor-
mal renal shape was restored in the NR+DOX group,
demonstrating greater preservation of the cellular and
tubular structure (Fig. 3C,D).

Electron microscopy of the liver and kidney was
performed to examine the involvement of NR in
DOX-induced ultrastructural changes. Liver sections
from control mice revealed typical ultrastructure when
viewed under an electron microscope. However, elec-
tron micrographs of DOX mice hepatocytes revealed an
altered nucleus with the outer and inner membranes
fused and showing an oval shape. Small, densely
stained particles were formed from the chromatin ma-
terial. The cytoplasm of hepatocyte cells was vacuo-
lated, and the rough endoplasmic reticulum was adher-
ent and spherical with the nucleus; several circular and
oval mitochondria were seen. Small, spherical, densely
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pigmented granules resembling lysosomes were seen
in the cytoplasm. Hepatocytes from NR+DOX mice re-
vealed small changes in mitochondrial cristae and the
appearance of several cytoplasmic organelles similar
to those seen in normal cells (Fig. 3E). The control
group’s glomerular basement membrane (GBM) was
uniformly smooth and thin, and the foot processes
were unfused, intact, clear, and well-organized. The
GBM sometimes thickened, diffusely fused, and lost
its foot processes in the DOX group. NR+DOX mice
had distinct foot processes, similar to the control group
(Fig. 3F).

Glycogen in liver and kidney are involved in in-
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tracellular metabolism and regulation and are part of
cell homeostasis. Hepatocyte glycogen content ap-
peared normal in NR+DOX group liver tissues, treat-
ment with NR increased glycogen content compared
to the DOX group (Fig. 3G). In contrast to the control
group, podocytes in the kidney of the DOX group
were severely damaged with abundant tubular casts,
and the glycogen content was significantly reduced.
Comparing with the DOX group, podocytopathy, and
tubular casts were less common in the NR+DOX group,
and the glycogen content recovered (Fig. 3H). Quan-
titative analysis of area percent of collagen in Sirius
red-stained liver and kidney sections after NR treat-
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ment was used to determine liver and kidney collagen
content. Liver and kidney tissues from saline-treated
mice appeared normal on gross inspection, and histo-
logical analysis revealed normal histologic architecture
and undetectable collagen deposition (Fig. 3I-L). After
receiving a single intraperitoneal injection of DOX daily
for 5 days, the collagen area in the liver and kidney of
DOX-treated mice was significantly higher than that of
saline-treated mice. Collagen percentage and area in
the liver and kidney were reduced by 20% and 25%,
respectively, after NR+DOX therapy, as anticipated.
No statistically significant difference between saline-
treated liver and kidney and those given NR treatment
alone in terms of collagen area was observed.

NR inhibited DOX-induced oxidative stress in the
liver and kidney

The MDA and protein carbonyl levels were evaluated to
see whether NR might attenuate the oxidative damage
caused by DOX. MDA (Fig. 4A,B) and protein carbonyl
(Fig. 4C,D) were indicators of lipid peroxidation that
were increased in the DOX treatment group compared
to the control group. MDA and protein carbonyl levels
were reduced after NR treatment.

NR exerted the therapeutic effects against
DOX-induced acute hepatorenal toxicity by
inhibiting ferroptosis

Reduced antioxidant protein expression induced by
DOX makes it a potent agent for promoting oxidative
stress. DOX significantly decreased GSH and total
GPXs activity compared to the control group. Of inter-
est, whereas GSH and GPXs activities were noticeably
increased in the NR group compared to the DOX group,
the elevation of these lipid peroxidation parameters
was greatly suppressed by NR administration (Fig. 5A-
D). Moreover, these findings demonstrated that NR
triggered the antioxidant system in DOX treatment. We
examined the GPX4 expression level in DOX-treated
mice to understand better how NR controls ferropto-
sis. DOX administration decreased GPX4 expression
in liver and kidney tissues, while NR pretreatment
reversed it (Fig. 5E-H).

Hemosiderosis, characterized by the accumula-
tion of hemosiderin in the liver, kidney, and other
affected organs, is a common complication of ferrop-
tosis. Hemosiderin accumulation in tissues was seen
using Perls’ Prussian blue (PPB) staining (Fig. 51J).
Hemosiderin deposition in liver and kidney tissues
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(blue patches) was hardly detectable in normal mice
but elevated in DOX-treated mice. Interestingly, the
deposition was much lower in liver and kidney sections
from NR+DOX mice. In addition, liver fibrosis, which
is caused by iron deposition, is characterized by the
proliferation of stellate cells in the periportal zones and
conjunction with regions of hepatocellular necrosis.
The FAAS technique was used to quantify iron levels
in the liver and kidney tissues. It turned out that DOX-
treated mice had considerably increased iron levels in
their liver and kidney tissues compared to untreated
mice. The iron indices were not affected by NR alone
compared to the control group. Liver and kidney
iron levels were significantly reduced in NR+DOX mice
compared to those of DOX-treated mice.

DISCUSSION

There have been numerous hypotheses for the pro-
cesses driving DOX toxicity and strategies to circum-
vent it because of the drug’s significance in treating
many types of cancer. Unfortunately, most of the
published investigations focused on the cardiotoxic
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effects of DOX, whereas only few studies attempted
to assess its hepatorenal toxicity [19]. The liver and
the kidney are often affected by chemically induced
damage [20, 21]. Many chemotherapeutic drugs have
hepatorenal toxicity, including DOX [21]. NR is one of
the promising candidates for toxicity effect leveling in
DOX treatment [22]. Previous reports show that NR
promotes liver regeneration [23] and can increase the
level of NAD+ in the kidney, which reflects an excellent
protective effect [24]. Here, we proved that NR could
alleviate DOX-induced kidney and liver damage. In the
current study, the body weight gain of mice at a slower
rate after DOX administration and their body weight
was significantly decreased after the intervention for
3 days compared with control group. Intriguingly,
NR pretreatment could counteract the trend of body
weight loss in DOX-induced mice. Meanwhile, NR
treatment could improve the survival rate of DOX-
induced mice (Fig. 1). These data demonstrated that
NR showed a protective effect on DOX-induced mice.
Additionally, NR maintained liver and kidney func-
tion by reducing serum ALT, AST, Scr, and BUN levels.
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Histopathology and EBD staining were then used to
assess the potential protective effect of NR against
DOX. NR pretreatment also significantly reduced the
histological damages caused by DOX, including con-
gestion, necrosis, and severe loss of hepatic architec-
ture (Fig. 2). Glycogen is involved in the antioxidant
defenses of the liver and kidney, and depletion of
its stores can affect homeostasis [25]. PAS stain-
ing showed that the glycogen content in liver and
kidney cells decreased compared to control group,
and glomerular structure and podocytes were severely
damaged with tubular casts. The glycogen content
increased, and tubular casts were fewer when treated
with NR. The collagen content of the liver and kidney
stained with Sirius red showed that NR could signif-
icantly reduce collagen area (Fig. 3). These findings
suggested that NR had a potential protective effect on
liver and kidney injury treated with DOX.

Of note, the mechanism through which NR exerts
its effects is not well understood. Additional study
is needed to determine the precise protective effect
of NR and the specific mechanism of NR on DOX-
induced liver and kidney injury. Several proposed
mechanisms of NR action have been discussed. These
include its ability to scavenge free radicals and clear
autolysosomes [26]. However, whether NR also has
a protective impact on ferroptosis is still not entirely
clear. Thus, looking into the role of NR in DOX-
induced acute hepatorenal toxicity in mice is logical.
Ferroptosis, different from apoptosis, necroptosis, and
autophagy on a morphological, biochemical, and ge-
netic level, is a new kind of controlled cell death
defined by the iron-dependent accumulation of lipid
peroxides to fatal levels [11]. We discovered that lipid
peroxidation indicators (MDA and protein carbonyl)
were increased in those given DOX, and this impact
could be reversed by taking NR (Fig. 4). Ferroptosis is
defined by breaking the GSH-dependent lipid peroxide
defense network [27]. GPXs are crucial antioxidant
enzymes in animals, controlling several physiological
functions [28]. GPX4 prevents ferroptotic cell death by
combating lipid peroxidation [29], and its degradation
is essential for increasing lipid peroxidation in ferrop-
tosis [9]. The presence of GSH and the enzyme GPX4
activity are reliable predictors of cell ferroptosis vulner-
ability. Our research showed that DOX administration
decreased the synthesis of GSH, total GPXs, and GPX4
in liver and kidney tissues, but NR could counteract
this effect (Fig. 5). Therefore, these results suggested
that ferroptosis was associated with liver and kidney
damage caused by DOX, and that NR could reverse this
damage.

The fundamental difference between ferroptosis
and other forms of planned cell death (such as apop-
tosis and necroptosis) is that iron overload directly
causes ROS accumulation [7]. In this process, unsat-
urated fatty acids are further hydroxylated, promoting
the formation of lipid peroxides and hydroperoxides,
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and excess iron in cells may accelerate the genera-
tion of hydroxyl radicals through the Fenton reaction.
This causes intracellular oxidative imbalance and iron-
dependent lipid peroxidative death, causing damage
to the structure and function of cell membranes [30].
In this study, we found that liver and kidney sections
showed increased hemosiderin deposition, and iron
content in liver and kidney tissues of DOX-treated
mice was significantly higher than in organs of control
mice. As expected, NR treatment effectively reduced
hemosiderin deposition and iron concentration. The
results showed that NR inhibited ferroptosis by re-
ducing iron concentration and hemosiderin deposition.
Thus, NR could attenuate DOX-induced injury in the
liver and kidney as an anti-ferroptosis compound. In
conclusion, NR inhibited ferroptosis by maintaining
body weight and prolonging survival time, ameliorat-
ing histological injury and cell necrosis in the liver
and kidney, reducing oxidative stress, hemosiderin
deposition and iron concentration, and increasing the
expressions of GSH and GPX4 in DOX-induced mice
(Fig. 6). There are many similarities with the reported
results of Dox-induced cardiotoxicity [31, 32], both of
which lead to cell death, DOX-induced the increase in
Fe" content, elevated MDA levels and ROS produc-
tion, decreased GSH levels and SOD activity, reduced
expression of GPX4, eventually the function of liver
and kidney injured and the cardiac function declined.
Therefore, the inhibitory effect of NR in ferroptosis
provides a new perspective for understanding DOX-
induced liver and kidney injury. Accordingly, in order
to further identify the target genes of NR that improve
ferroptosis in liver and kidney tissues induced by DOX,
further identification of specific genes of DOX-induced
liver and kidney injury is needed.

In summary, our work demonstrated that NR in-
hibits ferroptosis to exert its curative benefits against
DOX-induced acute hepatorenal toxicity.
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