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Background: Previous studies have shown that the nicotinamide adenine dinucleotide (NAD™) precursors, nico-
tinamide mononucleotide (NMN) and nicotinamide riboside (NR), protect against endogenously or exogenously
induced DNA damage. However, whether the two compounds have the same or different efficacy against DNA
damage is not clear. In the current study, we systematically compared the effects of NMN and NR on cisplatin-
induced DNA damage in HeLa cells.

Methods: To evaluate the protective effects of NMN or NR, HeLa cells were pretreated with different doses of
NMN or NR followed with 10 pM of cisplatin treatment. Cell viability was examined by Trypan blue staining
assay. For observing the DNA damage repair process, HeLa cells were treated with 10 pM of cisplatin for 12 h,
followed with 10 mM NMN or NR treatment for another 8, 16, 24, or 32 h, DNA damage levels were assessed for
each time point by immunofluorescent staining against phosphor-H2AX (yH2AX) and alkaline comet assay. The
effects of NMN and NR on intracellular NAD" and reactive oxygen species (ROS) levels were also determined.
Results: NMN and NR treatment alone did not have any significant effects on cell viability, however, both can
protect HeLa cells from cisplatin-induced decrease of cell viability with similar efficacy in a dose-dependent
manner. On the other hand, while both can reduce the DNA damage levels in cisplatin-treated cells, NR
exhibited better protective effect. However, both appeared to boost the DNA damage repair process with similar
efficacy. NMN or NR treatment alone could increase cellular NAD™ levels, and both can reverse cisplatin-induced
decrease of NAD " levels. Finally, while neither NMN nor NR affected cellular ROS levels, both inhibited cisplatin-
induced increase of ROS with no significant difference between them.

Conclusion: NR have a better protective effect against cisplatin-induced DNA damage than NMN.

Nicotinamide riboside
DNA damage

Cisplatin

Reactive oxygen species

while DNA damage levels increase during aging [7]. Therefore, methods
for restoring NAD™ levels have been explored, such as supplementation
of NAD™ precursors nicotinamide mononucleotide (NMN) and nicotin-
amide riboside (NR), which have been verified as an effective measure to

1. Introduction

Continuously occurring DNA damage in a living organism can impact
health and modulate disease states [1,2], while the DNA damage

response (DDR) dutifully protects the integrity of DNA by either
removing or tolerating the damage [3,4], thus ensuring the overall
survival of the organism. Nicotinamide adenine dinucleotide (NAD™) is
a co-substrate for NAD" consuming enzymes, including poly ADP-ribose
polymerases (PARPs) and Sirtuins (Sirt), which are important players in
DDR [5,6]. Interestingly, it has been reported that NAD™ levels decrease

combat DNA damage and improve certain disease states of aging, such as
Alzheimer’s disease (AD) in mice [8,9]. Currently, NMN and NR are
marketed as food supplements in the United States and other countries
that are claimed to improve glucose control, enhance energy meta-
bolism, and reverse metabolic complications associated with aging. To
date, there are over 20 clinical trials using NMN, and over 30 using NR,
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respectively, to evaluate their potential in anti-aging or other diseases.
Therefore, it is important to have a clear understanding of the functions
and underlying molecular mechanisms for these NAD™ precursors.

There are three pathways for the biosynthesis of NAD" in cells,
namely, the de novo biosynthesis pathway, Preiss-Handler pathway, and
salvage pathway [10,11]. The salvage pathway is the primary source of
NAD™" in mammalian cells, in which nicotinamide (NAM) is converted to
NMN under the catalysis of nicotinamide phosphoribosyltransferase
(NAMPT), the key rate-limiting enzyme in mammalian NAD" biosyn-
thesis; NMN is then converted to NAD" by NMN adenylyltransferases
(NMNATSs) [12]. On the other hand, NR can be converted into NMN by
nicotinamide riboside kinase (NRK), indicating that NMN is a more
direct precursor for NADT. NMN and NR are natural compounds that
effectively enhance NAD" biosynthesis which bypasses the rate-limiting
enzyme NAMPT [13]. Several studies have shown that exogenous NR is
transported into cells through equilibrative nucleoside transporters
(ENTs), while exogenous NMN has to be converted into NR by CD38 and
then transported into cells via ENTs, thus making NMN a less effective
precursor for NAD™ in vivo [14]. Nonetheless, Ito et al. identified
SLC12A8 as a specific NMN transporter for NMN uptake in mice [15],
thus avoiding the step to be converted to NR and transported into cells
by ENTs. Furthermore, it was shown that SLC12A8 in the lateral hypo-
thalamus is important in maintaining energy metabolism and skeletal
muscle functions during aging in mice [15]. Therefore, such data sug-
gested that NMN and NR might have similar efficacy for their anti-aging
effects. However, this finding has been challenged by other group [16].
Thus, it is important to compare the functions of different NAD™ pre-
cursors to achieve best clinical application potential.

Although accumulating evidence has demonstrated that both NMN
and NR supplementation can reduce DNA damage in the aging process
or other diseases [9,17,18], however, to date, no comparative study of
the efficacy of these two compounds on protecting cells from DNA
damage has been conducted. Therefore, in this study, we investigated
whether there is any difference between NMN and NR in alleviating
DNA damage. As reported here, the two compounds have similar effects
on enhancing cell viability, replenishing intracellular NAD" and scav-
enging intracellular ROS induced by cisplatin in HelLa cells. Interest-
ingly, we found that NR might have a better protective (preventive)
effect against cisplatin-induced DNA damage than NMN.

2. Materials and methods
2.1. Cell line and chemicals

HeLa cells were grown in Dulbecco modified Eagle medium (DMEM)
supplemented with 10 % (v/v) of FBS, 2 mMol/L glutamine, 1 mMol/L
sodium pyruvate, 100 U/mL penicillin and 100 mg/mL streptomycin at
37 °Cunder 5 % COy. NMN (#GC16971), NR (#GC44401), and cisplatin
(#GC11908) were purchased from GlpBio Company (Montclair, CA,
USA).

2.2. Cell survival assay

Cell viability was measured by Trypan blue exclusion assay as
described before [19]. After cells were harvested and re-suspended with
fresh medium, 20 pL cell suspension and 20 pL 0.4 % trypan blue so-
lution were mixed, and then 20 pL mixture was transferred to a hemo-
cytometer. Live cells excluded trypan blue dye, whereas dead cells were
stained, and they were counted under a microscope. The cell viability
(%) was calculated as: (number of live cells/number of total cells) x 100
%. Experiments were performed in triplicates.

2.3. Immunofluorescent staining of yH2AX

The expression of YH2AX was evaluated as described before with
modifications [19,20]. First, cells were fixed in 4 % paraformaldehyde

Biochemistry and Biophysics Reports 37 (2024) 101655

for 30 min, and then permeabilized in 0.1 % Triton-X 100 and immersed
three times for 5 min each in a washing solution of PBSTX (0.1 %)
(phosphate buffer saline 0.1 mol/L, pH 7.5, 0.1 % Triton X-100) at room
temperature. The slides were incubated with a blocking solution of
PBSTX (0.1 %) containing 1 % bovine serum albumin (BSA) for 60 min
at room temperature. Slides were then rinsed with PBS three times for 5
min each and incubated with yH2AX antibody (Cat# ab81299, Abcam)
solution in a moisture chamber for 16 h at 4 °C. After washing with PBS,
a secondary goat-anti-rabbit IgG antibody conjugated with Alexa Fluor
633 was added and incubated for 2 h. Slides were then rinsed in PBS
three times and the nucleus was stained with DAPI at a concentration of
0.1 pmol/L for 10 min at room temperature. Images were acquired on a
Zeiss LSM 710 single-photon confocal system using a multitrack
configuration. The intensity of immunofluorescence was measured by
ImageJ software.

2.4. Alkaline comet assay

Comet assay was conducted as described before with some modifi-
cations [21]. In short, 75 pL of pre-warmed regular melting point
agarose (0.7 %) at 70 °C was used as the first gel layer. 10 pL of cells
(approximately 1 x 10%) were mixed with 75 pL of pre-warmed low
melting point agarose (0.7 %) at 37 °C. 10 pL of these mixtures were
used as the second gel layer. After solidification, the cometslides were
dipped into a cold lysis solution (1 % Triton X-100, 10 % dimethyl
sulfoxide and 89 % lysis buffer containing 10 mmol/L Tris, 2.5 mol/L
NaCl and 100 mmol/L NapEDTA, pH 10) for an hour. After lysis, com-
etslides were placed in a horizontal electrophoresis chamber filled with
cold alkaline buffer and incubated for 20 min in the dark for DNA un-
winding, and then electrophoresis was performed (20 V, 20 min). For
neutralization, cometslides were washed in PBS for 10 min. After
air-drying, cometslides were stained with GelRed for scoring. Tail length
was scored using ImageJ in 100 randomly selected nuclei per sample.

2.5. Measurement of NAD ™ levels

NAD" was measured using the NAD"/NADH Assay Kit following the
manufacturer’s instructions (Beyotime, Shanghai, China). Briefly, cells
were plated in six-well dishes at a density of 3 x 10° cells/well over-
night. After various treatments, cells were washed 3 times in ice-cold
PBS and were extracted in 150 pL extraction buffer. 20 pL lysates
were added to a 96-well plate and mixed thoroughly with an ethanol
dehydrogenase working solution, and incubated at 37 °C for 10 min the
chromogenic solution was then added to the plate and the mixture was
further incubated at 37 °C for 30 min. The absorbance was measured at
450 nm and analyzed using SPARK microplate multimode reader. The
total concentration of NAD™ in the cell samples was calculated accord-
ing to the standard curve. All measurements were repeated at least thrice
in independent experiments.

2.6. Measurement of reactive oxygen species (ROS) levels

ROS was measured using the ROS Assay Kit (Beyotime, Shanghai,
China). Briefly, 3 x 10° Hela cells were seeded in 6-well plates over-
night. After various treatments, cells were washed twice with PBS and
incubated with ROS detection reagent (DCFH-DA, 5 pmol/L) at 37 °C for
30 min. Subsequently, the cells were washed thrice with PBS. Finally,
the fluorescence signal was detected using SPARK microplate multi-
mode reader.

2.7. Statistical analysis

Each experiment was repeated at least three times independently.
Data were presented as Mean + SD. Two-way ANOVA Tukey’s multiple
comparisons test was applied to confirm the significant differences be-
tween the groups. Results were considered statistically significant with



S. Qiu et al.

P < 0.05. The statistical evaluation between different groups was
analyzed using the R software.

3. Results

3.1. NMN and NR protect HeLa cells from cisplatin-induced decrease of
cell viability in a dose-dependent manner

Firstly, the cytotoxic effect of cisplatin on HeLa cells was evaluated.
HelLa cells were treated with different doses of cisplatin (0, 1.25, 2.5, 5,
10, and 20 pmol/L) for 24 h, then the cell viability was determined by
Trypan blue exclusion assay. As shown in Fig. 1A, cisplatin decreased
cell viability in a dose-dependent manner, and an IC50 value of 17 pmol/
L was obtained (Fig. 1B). In subsequent experiments, 10 pmol/L
cisplatin was chosen, because the cell viability was significantly reduced
at this dose, but enough cells could still be collected.

Then, the effects of NMN and NR on the viability of cisplatin-treated
cells were examined. HeLa cells were pre-treated with different con-
centrations (0, 0.625, 1.25, 2.5, 5, and 10 mmol/L) of NMN or NR and
then 10 pmol/L cisplatin for 12 h. The results showed that both NMN
and NR enhanced the cell viabilities in a dose-dependent manner
compared with cisplatin-treated cells (P < 0.05, Fig. 1C), but there was
no significant difference in cell viability between NMN and NR
cotreatment groups.

3.2. NR has a better protective effect against cisplatin-induced DNA
damage than NMN

To examine the protective effects of NMN or NR on DNA damage,
HelLa cells were incubated with 0.625, 1.25, 2.5, 5, and 10 mmol/L NMN
or NR for 12 h, then the cells were exposed to 10 pmol/L cisplatin with
fresh medium for another 12 h. The yH2AX immunofluorescent assay
results showed that pretreatment with NMN or NR decreased the yH2AX

A
100

Cell viability(%)
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levels in a dose-dependent manner (Fig. 2A and B). The intensity of
fluorescence was quantified by ImageJ software. At each dose, NR-
treated cells had relatively lower yH2AX levels than NMN-treated cells
(P < 0.05, Fig. 2C). The alkaline comet assay is another assay to evaluate
DNA damage level through tail length for fragmented DNA after elec-
trophoresis. Similarly, the tail lengths were shortened in NMN- or NR-
pretreated cells in a dose-dependent manner (Fig. 2D and E), and the
NR-pretreated groups showed even shorter tail lengths than NMN-
pretreated groups (P < 0.05; Fig. 2F). These results indicated that
both NMN and NR mitigated cisplatin-induced DNA damage in a dose-
dependent manner, whereas NR had a stronger protective effect
against DNA damage induced by cisplatin than NMN.

3.3. NMN and NR have similar effects in promoting the repair of
cisplatin-induced DNA damage

DDR senses DNA damage and initiates repair mechanisms to main-
tain genomic stability. We then compared the effects of NMN and NR on
the repair of damaged DNA. HeLa cells were exposed to 10 pmol/L
cisplatin for 12 h, and then cultured in fresh medium with 10 mmol/L
NMN or NR. Hereafter, the cells were harvested every 8 h. The DNA
damage levels were assessed.

After cisplatin was removed, the fluorescent intensity of yH2AX
decreased with time in all groups (P < 0.05; Fig. 3A). At each time point,
the yH2AX fluorescent intensity in the cells supplemented with NMN
and NR was significantly lower than the control, but there was no dif-
ference between NMN and NR treatment groups (Fig. 3B). Similar results
were obtained using the comet assay to assess DNA damage, in which
both NMN- and NR-treated cells had shorter tail length than control cells
(P < 0.05), while there was no difference between NMN and NR treated
groups (Fig. 3C and D). These results indicated that NMN and NR pro-
moted the repair of damaged DNA with similar efficacy.
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Fig. 1. NMN and NR rescue cell viability of cisplatin-treated cells. (A) HeLa cells were treated with different concentrations of cisplatin (Pt) for 24 h and then the cell
viability was measured by trypan blue exclusion assay. *: P < 0.05; **: P < 0.01, compared to control group (). (B) The dose-response curve of cisplatin and cell
viability. (C) Cell viability of HeLa cells co-treated with different concentrations of NMN or NR and 10 pmol/L cisplatin. a, P < 0.05, compared to the control group
(—); b, P < 0.05, compared to Pt group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. NR exhibits a better protective effect against cisplatin-induced DNA damage than NMN. Hela cells were pretreated with indicated concentrations of NMN or
NR for 12 h, and then exposed to 10 pmol/L cisplatin (Pt) for another 12 h, the cells were harvested and the DNA damage levels were assayed. (A-B) Cells were fixed
and stained with anti-yH2AX antibody and subjected to immunofluorescent microscopy. Shown were representative images from one of three independent exper-
iments. (C) Quantitation of YH2AX fluorescent intensity of (A) and (B) by ImageJ software. *P < 0.05. (D-E) Representative images of alkaline comet assay of HeLa
cells treated as above. Shown were from one of three independent experiments. The yellow arrow indicated the cell in the enlarged image. (F) The tail length of the
comet assay was quantified and analyzed by ImageJ software. *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

3.4. NMN and NR restore intracellular NAD " levels in cisplatin-treated
cells

NAD™ is important in maintaining cellular redox status, and cisplatin
decreases intracellular NAD " level [22]. It is still not clear whether there
was a difference in the effect of NMN and NR in maintaining NAD ™"
levels in cisplatin-treated cells. Therefore, HeLa cells were treated as
described above, and total NAD" content was measured.

As shown in Fig. 4A, compared with the untreated cells, cisplatin
significantly decreased intracellular NAD™ levels (P < 0.05), while both
NMN and NR alone can increase cellular NAD " levels (P < 0.05). On the
other hand, supplementation with NMN or NR restored NAD™ level in
cells treated with cisplatin. However, there was no significant difference
between NMN and NR for their effects on increasing intracellular NAD ™"
levels.

3.5. NMN and NR decreased cisplatin-induced intracellular ROS

As shown in Fig. 4B, compared to the control group, neither NMN nor
NR alone affected cellular ROS levels, while the ROS levels in cisplatin-
treated cells were significantly increased (P < 0.05). However, in
cisplatin-treated cells supplemented with NMN or NR, intracellular ROS
level was decreased significantly, although it was still higher than that in
the untreated control group (P < 0.05). There was also no significant
difference in ROS levels between NMN/cisplatin and NR/cisplatin co-
treatment groups, suggesting that NMN and NR have similar effects on
reducing intracellular ROS levels.

4. Discussion

Maintaining intracellular NAD™ levels has been gradually recognized
as an important approach for combating aging [23]. However, as NAD*
cannot be absorbed directly by cells, supplementation of NAD™ pre-
cursors, such as NMN and NR, which are presented in natural foods,
including broccoli, tomatoes, milk, etc., has been tested in cell/animal
models, as well as human clinical trials with relatively satisfying results
[24]. Therefore, NMN and NR are now being marketed in many

countries as food supplements. Nonetheless, whether these two com-
pounds have the same efficacy is worth further investigation considering
the huge market share and financial gain.

One key aspect of the beneficial effects of NMN and NR is the pro-
tection against DNA damage. Indeed, many studies have clearly
demonstrated such effects. For example, a recent study showed that the
administration of NMN maintained telomere length and dampened DDR
by activating Sirtl [8]. NMN administration could also significantly
minimize tubular cell DNA damage and subsequent cellular senescence
caused by H202 and hypoxia [25]. Similarly, NR reduced DNA damage
levels in Alzheimer’s disease model mice [9,26]. These results indicated
that the NAD" precursors, including both NMN and NR, could alleviate
DNA damage, although a quantified comparison between the two has
not been reported. In this study, interestingly, the results showed that
NMN and NR mitigated cisplatin-induced DNA damage in a
dose-dependent manner, but NR had a stronger protective effect than
NMN (Fig. 2).

Based on the biosynthesis pathway for NAD ", NMN is a more direct
precursor for NAD™, and thus should have better efficacy than NR. On
the other hand, in mammals, exogenous NR is transported into cells
through ENTs, while exogenous NMN has to be converted into NR by
CD38 [14], and the conversion of NMN to NR is essential for it to act as
an extracellular precursor of intracellular NAD" in HEK293 cells [27].
NMN must be transformed into NR before intracellular transport, which
may be the reason for its low efficiency of DNA damage protection. In
contrast, it has also been reported that NMN can be directly transported
into cells via a transporter coded by the SLC12A8 gene in the intestine of
mice [28]. If this was the case, some other mechanisms should be
investigated. However, as whether HeLa cells or human intestinal cells
express SLC12A8 is not yet known, and the expression pattern of
SLC12A8 in human tissues should be carefully examined. Nonetheless,
in a recent study, it was reported that mice primarily rely on the nico-
tinamide and NR salvage pathways to generate NAD" from NMN, while
the uptake of intact NMN plays a minimal role [29]. If this is the case,
then NR should have better efficacy than NMN.

One of the effects for cisplatin is the decreased cellular NAD™ levels
(or decreased NAD™/NADH ratio) [30]. This imbalance in NAD"/NADH
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Fig. 3. NMN and NR promote the repair of cisplatin-treated DNA damage. HeLa cells were exposed to 10 pmol/L cisplatin (Pt) for 12 h, and then the cells were
cultured in fresh medium with the addition of 10 mmol/L NMN or NR, and the cells were harvested every 8 h until 44 h. (A) Cells were fixed and stained with anti-
yH2AX antibody and subjected to immunofluorescent microscopy. Shown were representative images from one of three independent experiments. (B) Quantitation of
yYH2AX fluorescent intensity by ImageJ software. *, P < 0.05, compared to NMN treatment; #, P < 0.05, compared to NR treatment. (C) Shown were representative
images of alkaline comet assay of HeLa cells treated as above from one of three independent experiments. The yellow arrow indicated the cell in the enlarged image.
(D) The tail length of comet assay was quantified and analyzed by ImageJ software. *, P < 0.05, compared to NMN treatment; #, P < 0.05, compared to NR
treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

is coupled with the generation of excess ROS, which can lead to exten-
sive DNA damage. Consequently, DDR is initiated by sensing the DNA
damage, and various DNA repair systems are activated to repair the
corresponding different types of DNA damage. Among them, NAD"
severed as an important substrate for the key DNA repair enzyme,
PARP1 [31]. However, if intracellular NAD" were exhausted, DNA
repair might be interrupted, which eventually causes deleterious effects
on cells, such as cell death. Therefore, the basis for the protective effects
of NMN and NR lies in their ability to restore cellular NAD™ levels.
Indeed, the results presented here showed that cisplatin decreased
cellular NAD™ levels and increased ROS levels, while both NMN and NR
could restore NAD' levels, and reduced the ROS level of
cisplatin-induced cells. However, there was no significant difference
between the effects of NMN and NR.

Collectively, our results showed that both NMN and NR effectively
protected HeLa cells against cisplatin-induced DNA damage. The two
compounds have similar effects on enhancing cell viability, replenishing
intracellular NAD™" and scavenging intracellular ROS. Interestingly, we
found that NR might have a better protective (preventive) effect against
cisplatin-induced DNA damage than NMN, which is a novel finding.

Still, there are some limitations for this study. For example, HeLa
cells were used as the model system. Although it is probably the most

commonly used cell line in laboratories across the world, as a cancer cell
line, it may not reflect how normal cells would respond to NMN or NR.
Another problem is that HeLa cells are known to be relatively resistant to
cisplatin. This further hampered the application of the conclusion ob-
tained from this study to other type of cells/tissues. To deal with such
issues, currently we have conducted the same experiments using a
normal cell line, the primary human hepatocytes (PHH), and obtained
basically the same results (unpublished data). Thus, it appears that NMN
and NR act indiscriminately regarding cell types. However, more
detailed study using diverse cell types should be conducted to verify this
conclusion. Also, the dosage of NMN and NR in the study was relatively
high, and whether it is physiologically relevant is not clear. Currently,
the supplementation dose for NMN or NR ranging from 150 mgto 1 g
daily, which can be roughly converted to < 1 mmol/L, and thus is much
lower than the doses in our study. Still, as NAD" would function indis-
criminately in both normal cell and cancer cell, our results implied that
it may not be a good idea for cancer patients to take NMN or NR.

Funding

This research was funded by the National Natural Science Founda-
tion of China (Nos. 32270186, and 81772168), Zhejiang Provincial



S. Qiu et al.

A
ns
40— ns
* ———
S #
©
=
c
Q
(&]
c
o
O
B
(m)
<
pd

Relative ROS level
(DCFH-DA)

Biochemistry and Biophysics Reports 37 (2024) 101655

NMN - -  + + - -
NR - - - - + +
Pt -+ - + -+

Fig. 4. NMN and NR increase intracellular NAD * levels and decrease ROS levels in cisplatin-treated cells. HeLa cells were cultured in a medium containing 10
mmol/L NMN or NR with or without 10 pmol/L cisplatin (Pt) for 12 h, then (A) the intracellular NAD" levels and (B) intracellular ROS levels were analyzed. *, P <

0.05, compared with untreated cells; ns, no significance.

Natural Science Foundation (Nos. LY23H190001 and LQ18H190003),
the Huadong Medicine Joint Funds of the Zhejiang Provincial Natural
Science Foundation (No. LHDMZ24H040001), Hangzhou Bio-medicine
and health industry development support science and technology proj-
ect (Nos. 2021WJCY144, 2022WJC016) and Postgraduate research and
innovation promotion program of Hangzhou Normal University (No.
1115B20500437).

CRediT authorship contribution statement

Shuting Qiu: Writing — original draft, Methodology, Data curation.
Shihan Shao: Writing — original draft, Methodology, Data curation.
Yunheng Zhang: Writing - original draft, Methodology, Formal anal-
ysis, Data curation. Yingying Zhang: Methodology, Data curation. Jie
Yin: Methodology, Data curation. Yu Hong: Validation, Methodology,
Data curation. Jun Yang: Writing — review & editing, Investigation,
Conceptualization. Xiaohua Tan: Writing — review & editing, Project
administration, Investigation, Conceptualization. Chunhong Di:
Writing — original draft, Project administration, Funding acquisition,
Data curation.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] N. Chatterjee, G.C. Walker, Mechanisms of DNA damage, repair, and mutagenesis,
Environ. Mol. Mutagen. 58 (2017) 235-263, https://doi.org/10.1002/em.22087.

[2] B. Schumacher, J. Pothof, J. Vijg, J.H.J. Hoeijmakers, The central role of DNA
damage in the ageing process, Nature 592 (2021) 695-703, https://doi.org/
10.1038/541586-021-03307-7.

[3] A. Ciccia, S.J. Elledge, The DNA damage response: making it safe to play with

knives, Mol. Cell 40 (2010) 179-204, https://doi.org/10.1016/j.

molcel.2010.09.019.

J.P. McNally, S.H. Millen, V. Chaturvedi, N. Lakes, C.E. Terrell, E.E. Elfers, K.

R. Carroll, S.P. Hogan, P.R. Andreassen, J. Kanter, C.E. Allen, M.M. Henry, J.

N. Greenberg, S. Ladisch, M.L. Hermiston, M. Joyce, D.A. Hildeman, J.D. Katz, M.

B. Jordan, Manipulating DNA damage-response signaling for the treatment of

immune-mediated diseases, Proc. Natl. Acad. Sci. U. S. A. 114 (2017)

E4782-E4791, https://doi.org/10.1073/pnas.1703683114.

P. Oberdoerffer, S. Michan, M. McVay, R. Mostoslavsky, J. Vann, S.K. Park,

A. Hartlerode, J. Stegmuller, A. Hafner, P. Loerch, S.M. Wright, K.D. Mills,

[4

=

[5

—

(6]

71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

A. Bonni, B.A. Yankner, R. Scully, T.A. Prolla, F.W. Alt, D.A. Sinclair, SIRT1
redistribution on chromatin promotes genomic stability but alters gene expression
during aging, Cell 135 (2008) 907-918, https://doi.org/10.1016/j.
cell.2008.10.025.

A. Ray Chaudhuri, A. Nussenzweig, The multifaceted roles of PARP1 in DNA repair
and chromatin remodelling, Nat. Rev. Mol. Cell Biol. 18 (2017) 610-621, https://
doi.org/10.1038/nrm.2017.53.

J. Li, M.S. Bonkowski, S. Moniot, D. Zhang, B.P. Hubbard, A.J. Ling, L.A. Rajman,
B. Qin, Z. Lou, V. Gorbunova, L. Aravind, C. Steegborn, D.A. Sinclair, A conserved
NAD(+) binding pocket that regulates protein-protein interactions during aging,
Science 355 (2017) 1312-1317, https://doi.org/10.1126/science.aad8242.

H. Amano, A. Chaudhury, C. Rodriguez-Aguayo, L. Lu, V. Akhanov, A. Catic, Y.
V. Popov, E. Verdin, H. Johnson, F. Stossi, D.A. Sinclair, E. Nakamaru-Ogiso,

G. Lopez-Berestein, J.T. Chang, J.R. Neilson, A. Meeker, M. Finegold, J.A. Baur,
E. Sahin, Telomere dysfunction induces sirtuin repression that drives telomere-
dependent disease, Cell Metabol. 29 (2019), https://doi.org/10.1016/j.
cmet.2019.03.001, 1274-1290.e1279.

Y. Hou, S. Lautrup, S. Cordonnier, Y. Wang, D.L. Croteau, E. Zavala, Y. Zhang,

K. Moritoh, J.F. O’Connell, B.A. Baptiste, T.V. Stevnsner, M.P. Mattson, V.A. Bohr,
NAD(+) supplementation normalizes key Alzheimer’s features and DNA damage
responses in a new AD mouse model with introduced DNA repair deficiency, Proc.
Natl. Acad. Sci. U. S. A. 115 (2018) E1876-E1885, https://doi.org/10.1073/
pnas.1718819115.

E. Verdin, NAD(+) in aging, metabolism, and neurodegeneration, Science 350
(2015) 1208-1213, https://doi.org/10.1126/science.aac4854.

C. Canto, K.J. Menzies, J. Auwerx, NAD(+) metabolism and the control of energy
homeostasis: a balancing act between mitochondria and the nucleus, Cell Metabol.
22 (2015) 31-53, https://doi.org/10.1016/j.cmet.2015.05.023.

J. Yoshino, J.A. Baur, S.I. Imai, NAD(+) intermediates: the biology and therapeutic
potential of NMN and NR, Cell Metabol. 27 (2018) 513-528, https://doi.org/
10.1016/j.cmet.2017.11.002.

J. Ratajczak, M. Joffraud, S.A. Trammell, R. Ras, N. Canela, M. Boutant, S.

S. Kulkarni, M. Rodrigues, P. Redpath, M.E. Migaud, J. Auwerx, O. Yanes,

C. Brenner, C. Canto, NRK1 controls nicotinamide mononucleotide and
nicotinamide riboside metabolism in mammalian cells, Nat. Commun. 7 (2016)
13103, https://doi.org/10.1038/ncomms13103.

A. Grozio, G. Sociali, L. Sturla, I. Caffa, D. Soncini, A. Salis, N. Raffaelli, A. De
Flora, A. Nencioni, S. Bruzzone, CD73 protein as a source of extracellular
precursors for sustained NAD+ biosynthesis in FK866-treated tumor cells, J. Biol.
Chem. 288 (2013) 25938-25949, https://doi.org/10.1074/jbc.M113.470435.

N. Ito, A. Takatsu, H. Ito, Y. Koike, K. Yoshioka, Y. Kamei, S.I. Imai, Slc12a8 in the
lateral hypothalamus maintains energy metabolism and skeletal muscle functions
during aging, Cell Rep. 40 (2022) 111131, https://doi.org/10.1016/j.
celrep.2022.111131.

M.S. Schmidt, C. Brenner, Absence of evidence that Slc12a8 encodes a
nicotinamide mononucleotide transporter, Nat. Metab. 1 (2019) 660-661, https://
doi.org/10.1038/542255-019-0085-0.

K.F. Mills, S. Yoshida, L.R. Stein, A. Grozio, S. Kubota, Y. Sasaki, P. Redpath, M.
E. Migaud, R.S. Apte, K. Uchida, J. Yoshino, S.I. Imai, Long-term administration of
nicotinamide mononucleotide mitigates age-associated physiological decline in
mice, Cell Metabol. 24 (2016) 795-806, https://doi.org/10.1016/j.
cmet.2016.09.013.

K.S. Tummala, A.L. Gomes, M. Yilmaz, O. Grana, L. Bakiri, I. Ruppen, P. Ximenez-
Embun, V. Sheshappanavar, M. Rodriguez-Justo, D.G. Pisano, E.F. Wagner,


https://doi.org/10.1002/em.22087
https://doi.org/10.1038/s41586-021-03307-7
https://doi.org/10.1038/s41586-021-03307-7
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.1016/j.molcel.2010.09.019
https://doi.org/10.1073/pnas.1703683114
https://doi.org/10.1016/j.cell.2008.10.025
https://doi.org/10.1016/j.cell.2008.10.025
https://doi.org/10.1038/nrm.2017.53
https://doi.org/10.1038/nrm.2017.53
https://doi.org/10.1126/science.aad8242
https://doi.org/10.1016/j.cmet.2019.03.001
https://doi.org/10.1016/j.cmet.2019.03.001
https://doi.org/10.1073/pnas.1718819115
https://doi.org/10.1073/pnas.1718819115
https://doi.org/10.1126/science.aac4854
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1016/j.cmet.2017.11.002
https://doi.org/10.1016/j.cmet.2017.11.002
https://doi.org/10.1038/ncomms13103
https://doi.org/10.1074/jbc.M113.470435
https://doi.org/10.1016/j.celrep.2022.111131
https://doi.org/10.1016/j.celrep.2022.111131
https://doi.org/10.1038/s42255-019-0085-0
https://doi.org/10.1038/s42255-019-0085-0
https://doi.org/10.1016/j.cmet.2016.09.013
https://doi.org/10.1016/j.cmet.2016.09.013

S. Qiu et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

N. Djouder, Inhibition of de novo NAD(+) synthesis by oncogenic URI causes liver
tumorigenesis through DNA damage, Cancer Cell 26 (2014) 826-839, https://doi.
org/10.1016/j.ccell.2014.10.002.

G. Zhang, L. Sun, X. Lu, Z. Chen, P.J. Duerksen-Hughes, H. Hu, X. Zhu, J. Yang,
Cisplatin treatment leads to changes in nuclear protein and microRNA expression,
Mutat. Res. 746 (2012) 66-77, https://doi.org/10.1016/j.mrgentox.2012.03.004.
E. Fathi, S.A. Mesbah-Namin, I. Vietor, R. Farahzadi, Mesenchymal stem cells cause
induction of granulocyte differentiation of rat bone marrow C-kit(+)
hematopoietic stem cells through JAK3/STAT3, ERK, and PI3K signaling pathways,
Iran J Basic Med Sci 25 (2022) 1222-1227, https://doi.org/10.22038/
1JBMS.2022.66737.14633.

C. Zhou, Z. Li, H. Diao, Y. Yu, W. Zhu, Y. Dai, F.F. Chen, J. Yang, DNA damage
evaluated by gammaH2AX foci formation by a selective group of chemical/
physical stressors, Mutat. Res. 604 (2006) 8-18, https://doi.org/10.1016/j.
mrgentox.2005.12.004.

A. Iskander, L.J. Yan, Cisplatin-induced kidney toxicity: potential roles of major
NAD(+)-Dependent enzymes and plant-derived natural products, Biomolecules 12
(2022), https://doi.org/10.3390/biom12081078.

E.F. Fang, S. Lautrup, Y. Hou, T.G. Demarest, D.L. Croteau, M.P. Mattson, V.

A. Bohr, NAD(+) in aging: molecular mechanisms and translational implications,
Trends Mol. Med. 23 (2017) 899-916, https://doi.org/10.1016/j.
molmed.2017.08.001.

O.K. Reiten, M.A. Wilvang, S.J. Mitchell, Z. Hu, E.F. Fang, Preclinical and clinical
evidence of NAD(+) precursors in health, disease, and ageing, Mech. Ageing Dev.
199 (2021) 111567, https://doi.org/10.1016/j.mad.2021.111567.

Y. Jia, X. Kang, L. Tan, Y. Ren, L. Qu, J. Tang, G. Liu, S. Wang, Z. Xiong, L. Yang,
Nicotinamide mononucleotide attenuates renal interstitial fibrosis after AKI by

[26]

[27]

[28]

[29]

[30]

[31]

Biochemistry and Biophysics Reports 37 (2024) 101655

suppressing tubular DNA damage and senescence, Front. Physiol. 12 (2021)
649547, https://doi.org/10.3389/fphys.2021.649547.

Y. Hou, Y. Wei, S. Lautrup, B. Yang, Y. Wang, S. Cordonnier, M.P. Mattson, D.

L. Croteau, V.A. Bohr, NAD(+) supplementation reduces neuroinflammation and
cell senescence in a transgenic mouse model of Alzheimer’s disease via cGAS-
STING, Proc. Natl. Acad. Sci. U. S. A. 118 (2021), https://doi.org/10.1073/
pnas.2011226118.

V. Kulikova, K. Shabalin, K. Nerinovski, A. Yakimov, M. Svetlova, L. Solovjeva,
A. Kropotov, M. Khodorkovskiy, M.E. Migaud, M. Ziegler, A. Nikiforov,
Degradation of extracellular NAD(+) intermediates in cultures of human HEK293
cells, Metabolites 9 (2019), https://doi.org/10.3390/metabo9120293.

A. Grozio, K.F. Mills, J. Yoshino, S. Bruzzone, G. Sociali, K. Tokizane, H.C. Lei,
R. Cunningham, Y. Sasaki, M.E. Migaud, S.I. Imai, Slc12a8 is a nicotinamide
mononucleotide transporter, Nat. Metab. 1 (2019) 47-57, https://doi.org/
10.1038/542255-018-0009-4.

A.A. Sauve, Q. Wang, N. Zhang, S. Kang, A. Rathmann, Y. Yang, Triple-isotope
tracing for pathway discernment of NMN-induced NAD(+) biosynthesis in whole
mice, Int. J. Mol. Sci. 24 (2023), https://doi.org/10.3390/ijms241311114.

S.Y. Lin, J.P. Syu, Y.T. Lo, Y.P. Chau, M.J. Don, H.T. Shy, S.M. Lai, H.N. Kung,
Mitochondrial activity is the key to the protective effect of beta-Lapachone, a NAD(
+) booster, in healthy cells against cisplatin cytotoxicity, Phytomedicine 101
(2022) 154094, https://doi.org/10.1016/j.phymed.2022.154094.

D. Huang, W.L. Kraus, The expanding universe of PARP1-mediated molecular and
therapeutic mechanisms, Mol. Cell 82 (2022) 2315-2334, https://doi.org/
10.1016/j.molcel.2022.02.021.


https://doi.org/10.1016/j.ccell.2014.10.002
https://doi.org/10.1016/j.ccell.2014.10.002
https://doi.org/10.1016/j.mrgentox.2012.03.004
https://doi.org/10.22038/IJBMS.2022.66737.14633
https://doi.org/10.22038/IJBMS.2022.66737.14633
https://doi.org/10.1016/j.mrgentox.2005.12.004
https://doi.org/10.1016/j.mrgentox.2005.12.004
https://doi.org/10.3390/biom12081078
https://doi.org/10.1016/j.molmed.2017.08.001
https://doi.org/10.1016/j.molmed.2017.08.001
https://doi.org/10.1016/j.mad.2021.111567
https://doi.org/10.3389/fphys.2021.649547
https://doi.org/10.1073/pnas.2011226118
https://doi.org/10.1073/pnas.2011226118
https://doi.org/10.3390/metabo9120293
https://doi.org/10.1038/s42255-018-0009-4
https://doi.org/10.1038/s42255-018-0009-4
https://doi.org/10.3390/ijms241311114
https://doi.org/10.1016/j.phymed.2022.154094
https://doi.org/10.1016/j.molcel.2022.02.021
https://doi.org/10.1016/j.molcel.2022.02.021

	Comparison of protective effects of nicotinamide mononucleotide and nicotinamide riboside on DNA damage induced by cisplati ...
	1 Introduction
	2 Materials and methods
	2.1 Cell line and chemicals
	2.2 Cell survival assay
	2.3 Immunofluorescent staining of γH2AX
	2.4 Alkaline comet assay
	2.5 Measurement of NAD ​+ ​levels
	2.6 Measurement of reactive oxygen species (ROS) levels
	2.7 Statistical analysis

	3 Results
	3.1 NMN and NR protect HeLa cells from cisplatin-induced decrease of cell viability in a dose-dependent manner
	3.2 NR has a better protective effect against cisplatin-induced DNA damage than NMN
	3.3 NMN and NR have similar effects in promoting the repair of cisplatin-induced DNA damage
	3.4 NMN and NR restore intracellular NAD ​+ ​levels in cisplatin-treated cells
	3.5 NMN and NR decreased cisplatin-induced intracellular ROS

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	References


