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Hepatocellular carcinoma has high fatality and poor prognosis.
For curing hepatocellular carcinoma, the demand for effective
therapeutic reagents with low toxicity is urgent. Herein, we
investigated plasma-activated medium, an emerging reagent
obtained via irradiation of cell-free medium with cold atmos‐
pheric plasma. Plasma-activated medium exerts inhibitory effect
on many types of tumor cells with little toxicity to non-cancerous
cells. In present study, we verified the tumor-specific inhibition of
plasma-activated medium on hepatocellular carcinoma cell lines.
Under the effect of plasma-activated medium, oxidative stress,
mitochondrial dysfunction, and loss of intracellular NAD+ and
ATP were detected inside cells, suggesting an energy depletion.
Through investigating the salvage pathway which synthesizes
NAD+ and maintains the respiratory chain in hepatocellular
carcinoma, we found that the energy failure was resulted by
the blockage of the salvage pathway. Moreover, nicotinamide
phosphoribosyltransferase, the rate-limiting enzyme in the salvage
pathway, was determined as an important target to be inactivated
by the effect of plasma-activated medium. Additionally, the
blockage of the salvage pathway activates AMPKα and suppresses
mTOR pathway, which reinforces the cell growth inhibition.
Overall, our findings demonstrated that the disruption of
functions of nicotinamide phosphoribosyltransferase and the
salvage pathway contribute to the tumor-specific cytotoxicity of
plasma-activated medium.
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Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors worldwide and the second leading cause

of cancer-related death.(1) HCC, once detected, is more likely to
be advanced, owing to its rapid proliferation, high malignancy
and great propensity to metastasize.(2) At the late stage of HCC,
patients suffer from limited therapeutic means and very poor
prognosis. Nowadays, the available options for treating HCC
includes surgery, chemotherapy, radiotherapy, but in most cases,
they present unsatisfactory curative effect and incur serious
damage to normal liver function.(3) Thus, there is an increasing
demand for the development of more effective and targeted and
less harmful therapy against HCC.(4,5)

With growing knowledge of tumor physiology, the distinctive
energy metabolism of most solid tumors including HCC emerges
as a target of a great interest for development of new therapeutic
strategies.(6) The energy metabolism of solid tumors including
HCC is characterized by taking advantage of glycolysis without
oxygen than oxidative phosphorylation pathway, namely Warburg

effect, which substantially adapts HCC to its anoxic micro‐
environment.(7–9) In glycolysis pathway, nicotinamide adenine
dinucleotide (NAD+) is the only electron/proton (H•) carrier,
and functions as the coenzyme of glyceraldehyde 3-phosphate
dehydrogenase to form NADH to ensure both glycolysis and
respiratory chain proceeding normally. Therefore, HCC has a
higher demand for NAD+ than normal cells owing to its serious
dependency upon glycolytic energy.(10) So far, three NAD+

biosynthesis pathways have been discovered in mammalian cells,
out of which only the salvage pathway exists completely in HCC
cells and takes the responsibility of the provision of NAD+.(8,10,11)

The salvage pathway consists of two sequential key steps, where
nicotinamide (NAM) is converted to nicotinamide mononu‐
cleotide (NMN) under the catalysis of nicotinamide phosphori‐
bosyl transferase (NAMPT), and nicotinamide mononucleotide
adenylyltransferase (NMNAT) catalyzes the condensation between
NMN and ATP to generate NAD+.(12) In this pathway, NAMPT is
a rate-limiting enzyme, whose expression level and activity in
HCC are significantly higher than that in normal cells, hence it
has been becoming one of the most promising targets for HCC
treatment.(13–16)

In previous studies on HCC and several other types of tumors,
the down-regulation of NAMPT by either expression interference
or inhibitory agents, could fundamentally interrupt the generation
of intracellular NAD+ and result in a dysfunction of glycolysis
and a depletion of ATP.(17) Such a failure in energy metabolism
halts a range of essential physiological events to cause cell
death,(18,19) and up-regulation of AMP-activated protein kinase
(AMPK) has been unraveled as one of the most outstanding
downstream events.(20) AMPK is a major signaling enzyme for
maintaining cellular energy homeostasis and coordinating
multiple metabolic pathways.(21) AMPK is sensitive to cellular
energy status and activated by high AMP/ATP ratio to promote
catabolism for energy-production.(22) In cancer cells, AMPK is
usually found poorly expressed and opposes aerobic glycolysis
(the Warburg effect).(19) The enhanced AMPK activity exhibits
notable inhibitory effect on tumor growth.(19) One of the most
important downstream effectors of AMPK is mammalian target
of rapamycin (mTOR) signaling cascade. The activity of mTOR
is negatively regulated by AMPK function, by which the energy
variations monitored by AMPK is translated into the corre‐
sponding modulation of cellular activities.(23) As a renowned
metabolic signaling participant, mTOR exerts its kinase function
to promote a variety of gene transcriptions and protein biosyn‐
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thesis that are critical for cell proliferation and growth.(24)

Abnormal up-regulation of mTOR has been found in multiple
cancers including HCC, and demonstrated being associated with
tumor development, poor prognosis and low survival ratio.(24,25) It
has been observed that blockage of the salvage pathway in hepa‐
tocarcinoma cells triggered the suppressed AMPK kinase func‐
tion, which in turn inhibits the activity of mTOR pathway and
leads to impairment of cell growth and metabolism ultimately.(15)

Cold atmospheric plasma (CAP) is an emerging technology
of generating plasma at room temperature and can be applied on
temperature-sensitive substances. Recently, CAP is widely inves‐
tigated in terms of biomedical application and found to be a
novel agent against tumor cells.(26) In addition to direct CAP
treatment, plasma-activated medium (PAM), being obtained by
irradiation of cell-free medium with CAP, has been reported
to kill tumor cells, HCC.(27–30) The anti-tumor effect of PAM is
comparable with that of CAP but presents less cytotoxicity on
normal cells, as such, PAM becomes a popular candidates for
development of new targeted cancer therapy.(31) The mechanism
underlying the tumor-specific inhibitory effect of PAM is still
under investigation. To date, the best known cellular response to
PAM is oxidative stress induced by the abundance of reactive
oxygen and nitrogen species (RONS) in PAM, such as hydrogen
peroxide (H2O2) and nitrate/nitrite (NO2

−/NO3
−).(32) As a potential

consequence of PAM-induced oxidative stress, disruption of
the mitochordrial function and ATP generation has been reported
in several previous studies.(33,34) Being associated with this dis‐
covery, it was observed that an acute decrease in intracellular
NAD+ content occurred when PAM-treatments was applied
on tumor cells, which hints at a dysfunction of the salvage
pathway.(35) Taking all of these findings into account, the energy-
metabolism system of tumor cells, particularly the salvage
pathway, is presumed to be a fundamental target of the PAM-
treatment to induce tumor-specific cytotoxicity. However, the
direct experimental evidence to certify this inference and
pinpoint the targets involved is still lacked.
Considering the reported selective inhibition of HCC cell

lines by PAM, gaining a deeper insight into the mechanism of the
anti-tumor effect of PAM would be of a great help to advance the
clinic application of this novel agent for the HCC treatment.
Therefore, in this study we investigated the PAM-induced
alterations in the energy status of HCC cells, and made an effort
to ascertain the detailed roles of the primary salvage pathway and
its controlled AMPK/mTOR signaling in the PAM induced
tumor-specific inhibition.

Materials and Methods

Cell culture. HCC lines Huh7 and HepG2 and non-cancerous
hepatocyte cell line HL-7702 were kept in our lab, were main‐
tained in high glucose Dulbecco’s modified Eagle’s medium
(DMEM; Cytiva, Logan, Utah), supplemented with 10% (v/v)
fetal calf serum (ExCell Bio, Suzhou, China), 100 U/ml of peni‐
cillin and 0.1 mg/ml of streptomycin. All cells were cultured at
37°C in a humidified air with 5% CO2.

PAM preparation. The discharge mode of CAP device in
this study was atmospheric-pressure plasma jet (APPJ), which is
a self-sustaining discharge in a gas operating under very low
electric field.(36) The set up of APPJ device and the preparation of
PAM were shown in Fig. 1. The working gas was air, and the dis‐
charge voltage was 30 kV. The positive electrode of the power
supply was connected to the sawtooth anode, and the plasma
plume was generated in the form of DC corona discharge at the
tip of the anode. Firstly, 30 ml of high-glucose DMEM were
added to a 100 ml staining jar. Then, the cathode was inserted
into DMEM, and the positive electrode was covered on the
staining jar. The exposure distance between the positive electrode
tip and DMEM surface was kept at ~3 cm to avoid the generation
of spark. In this study, the irradiation duration to prepare PAM
was set as 5 min, 10 min, 15 min, and 20 min respectively, and
the obtained PAMs were named PAM5, PAM10, PAM15, and
PAM20 correspondingly. Finally, all PAMs were sterilized by
filtration and supplemented with 10% FCS and antibiotics for
cell treatments.

Cell treatments. NMN (Aladdin, Shanghai, China) was
dissolved in PAMs or DMEM at the concentration of 100 mM as
storage solution. In this study, cells were treated by PAMs or
DMEM either with or without the supplementation of 500 μM
NMN.

Cell viability assay. Huh-7, HepG2, and HL-7702 cells were
seeded in a 96-well plate at 5 × 103 cells/well, respectively, and
cultured to 80% confluence and then treated with different PAMs
described above for 24 h. After treatments, PAMs were replaced
by fresh complete DMEM medium, and the cell viability was
determined using Cell Counting Kit-8 (CCK8; Beyotime,
Shanghai, China) following the manufacturer’s protocol to
evaluate the potential toxic effects of PAMs on Huh-7, HepG2,
and HL-7702 cells.
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Fig. 1. The schematic diagram of the plasma device and the preparation of PAM.
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Cell apoptosis assay. Cell apoptosis were investigated by
either staining phosphorylserine on cell membranes or deter‐
mining intralcellular caspase 3/7 activity. Huh-7 cells were
seeded in a 96-well plate at 1 × 104 cells/well, which is followed
by treatments with PAMs or DMEM for 24 h. The treated
cells have to be washed using phosphate-buffered saline (PBS)
prior to cell apoptosis assays. The phosphorylserine on the
cell membranes was stained using Annexin V-phycoerythrin
Detection Kit (Beyotime) according to the manufacturer’s
protocol. The stained cells were observed under fluorescence
microscope. The caspase 3/7 activities of cells were detected
using caspase 3/7 assay kits (Sangon, Shanghai, China), where
TF2-DEVD-FMK was used as a fluorescent indicator for the
detection of caspase-3/7 activity. Once being bound to the
caspases, the green fluorescent dye is retained inside cells. The
fluorescence intensity was monitored at Ex/Em = 490/525 nm.

Colony-formation assay. Huh-7 cells were seeded in a
6-well plate at 1 × 103 cells/well and treated with PAMs and
DMEM for 6 h, following which the treated cells were cultured
in completed DMEM for 7 days. Sequentially, the cells were
fixed with 3.7% formaldehyde and methanol for 20 min, and then
stained with 0.05% crystal violet for 30 min. After being washed
with PBS for 3 times, the images of the plate were acquired
and the number of colonies were counted. Colony formation
was calculated as (number of colonies formed under treatment/
number of colonies formed by vehicle control group) × 100%.

Mitochondrial membrane potential detection. MitoTracker
Red CMXRos (Beyotime) was used as probe to detect the
mitochondrial membrane potential of cells. Huh-7 cells were
seeded in a 96 well plate at 1 × 104 cells/well, and treated with
PAMs and DMEM for 6 h. Afterwards, the cells were digested
and centrifuged at 1,000 × g for 5 min to collect cell pellet. The
cells were gently resuspended with the MitoTracker Red
CMXRos working solution, and incubated at 37°C for 25 min.
After incubation, the solution was centrifuged at 1,000 × g for
5 min. The obtained cell pellet was then resuspended using
fresh cell culture medium at 37°C. The fluorescence of the Red
CMXRos dye anchored to the mitochondrial membrane with
normal potential was monitored at Ex/Em = 579/599 nm.

Intracellular ATP assay. The intracellular ATP level was
measured using ATP Assay Kit (Beyotime), which is based on
the fact that firefly luciferase (also known as luciferase) requires
ATP to provide energy when it catalyzes luciferin to produce
fluorescence. Approximate 106 cells/well were seeded in a 6 well
plate, and treated with PAM or DMEM for 6 h. In each well,
200 μl of lysate was added, and centrifuged at 4°C 12,000 g
for 5 min to obtain the supernatant. Afterwards, ATP detection
working solution was added, and fluorescent intensity was
detected using Multimode Plate Reader (Molecular Devices,
Sunnyvale, CA) at chemiluminescence mode.

Determination of intracellular NAD. Approximate 1 × 106

cells/well were seeded in a 6 well plate. Cells were treated
with PAMs or DMEM for 6 h. Subsequently, intracellular NAD
content was determined using NAD+/NADH Assay Kit with
WST-8 (Beyotime) following the manufacturer’s protocol.

Measurement of intracellular reactive oxygen species
(ROS). Huh-7 cells were seeded in a 96 well plate, and treated
with PAM or DMEM for 6 h. Intracellular ROS level was
detected using reactive oxygen species assay kit (Beyotime) fol‐
lowing the manufacturers’ protocols. The fluorescence probes
DCFH-DA was used to detect ROS. The fluorescence intensity
was detected at Ex/Em = 488/525 nm.

Western blotting analysis. Intracellular proteins of Huh-7
cells harvested after various treatment were extracted using
cytoplasmic protein extraction kit (Biosharp, Beijing, China)
were normalized to total protein amount in each sample. The
extracted proteins were separated by 10% SDS-PAGE electro‐
phoresis and then were transferred to polyvinylidene fluoride

(PVDF) membrane by immunoimprinting electrophoresis. After‐
wards, the target protein on the membrane was imprinted with
the primary antibody anti-NAMPT and anti-NMNAT1 were pur‐
chased from (Signalway Antibody LLC, Greenbelt, MD), and
anti-phospho-AMPKα (Thr172), anti-AMPKα, anti-phospho-
mTOR (Ser2448), anti-mTOR, anti-phospho-p70S6K (Thr389),
anti-p70S6K were purchased from Proteintech Group, Inc.
(Wuhan, China). After washing three times using TBST (Tris-
HCl buffer containing 0.1% Tween-20), the membranes were
incubated with the anti-rabbit or anti-mouse IgG coupled with
horseradish peroxidase (Promega, Madison, WI). Finally, the
target protein was detected by TMB color reaction (Beyotime). β-
actin was determined by immunoblotting as internal control to
verify equivalent loading amounts of all samples. Densitometric
quantification of Western blot was performed using Image J
(NIH, Bethesda, MD).

Expression and purification of NAMPT and NMNAT. The
gene encoding His tagged NAMPT or NMNAT was cloned and
inserted into pcDNA3.1 to construct expression vector, which
was subsequently transfected into Huh-7 cells for protein expres‐
sion. The transfected cells were grown at 37°C for 24 h to allow
the His tagged NAMPT or NMNAT expressing adequately.
Afterwards, cells were treated with PAM or DMEM for 6 h, and
then harvested and lysed. By taking advantage of a Ni2+ mediated
immobilized metal ion affinity chromatography, the recombi‐
nantly expressed NAMPT and NMNAT was isolated from the
cell lysate. The concentration of isolated protein was determined
using spectrophotometry.

Measurement of NAMPT and NMNAT enzymatic activity.
The enzymatic activity of NAMPT was determined according to
the method described by Zheng et al.(37) The reaction buffer for
NAMPT catalysis was composed of 50 mM Tris-HCl (pH 7.5),
0.4 mM phosphoribosylpyrophosphate (PRPP; Sigma-Aldrich,
St. Louis, MO), 2 mM ATP, 0.02% BSA, 2 mM dithiothreitol
(DTT) and 10 mM MgCl2. For each reaction, the purified
NAMPT was added into 20 μl reaction buffer to dilute the
enzyme concentration by 5 × 10−2 μM. This buffer containing
NAMPT was subsequently transferred into a well of a 96-well
plate. All reactions were initiated by the addition of 0.2 mM
NAM. After incubation at 37°C for 15 min, the NAMPT reaction
was terminated by heating at 95°C for 1 min. To determine the
yield of NMN in each reaction, 10 μl 20% acetophenone
(dissolved by DMSO) and 10 μl 2 M KOH were added into the
NAMPT reaction mixture in each well and storing in ice bath for
2 min. Afterwards, 45 μl 88% formic acid was added into
mixture, and then incubated at 37°C for 10 min. Finally, 85 μl of
the mixture was transferred into a black 96 well plate, and the
fluorescence intensity was detected at Ex/Em = 382/445 nm.
Background controls were set as the reaction mixture without
NAM, and reference controls were set as the reaction catalyzed
by the NAMPT without PAM treatments. The fluorescence inten‐
sity of sample (FS) and the fluorescence intensity of reference
controls (FR) should be corrected by removing background fluo‐
rescence (F0). Relative enzyme activity of NAMPT (activity%)
was calculated according to the equation, Activity % = [(FS − F0)/
(FR − F0)] × 100%.
The enzymatic activity of NMNAT was determined according

to the method described by Haubrich et al.(38) In brief, each
NMNAT catalysis reaction contains a 20 μl buffer consisting of
15 mM HEPES (pH 7.4), 20 mM NaCl, 10 mM MgCl2, 1 mM
EDTA, and 0.02% (v/v) Tween-20. 20 μM ATP and 100 μM
NMN were applied as the substrates of NMNAT catalyzed reac‐
tion. Each reaction was initiated by the addition of the purified
NMNAT with a final concentration of 2 × 10−2 μM at 37°C. The
reaction rate was detected by measuring the ATP consumption
using luciferase-catalyzed fluorescence reaction.(38) The fluores‐
cent intensity was detected using Multimode Plate Reader
(Molecular Devices) at chemiluminescence mode.
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Detection of H2O2 and total nitrate/nitrite (NO3
−/NO2

−).
Huh-7 cells were seeded in a 96 well plate, and treated with
PAM15 or DMEM for 6 h at 37°C. Intracellular H2O2 level was
detected using Hydrogen Peroxide Assay Kit (Beyotime)
according to the manufacturers’ protocols. Xylenol orange was
used in this assay to react with the Fe3+ oxidized by the intra‐
cellular H2O2 and form a product with the specific absorbance
at 560 nm.

Huh-7 cells were seeded in a 6 well plate, and treated with
PAM15 or DMEM for 6 h at 37°C. Intracellular total NO3

−/NO2
−

was measured using Nitrate/Nitrite fluorometric Assay Kit
(Cayman Chemical, Ann Arbor, MI) according to the manufac‐
turers’ instruction. The fluorescence intensity was detected at
Ex/Em = 375/415 nm.

Results

PAM-treatment selectively inhibits the growth of HCC.
To determine the effect of PAM on hepatic cells, non-cancerous
hepatocytes HL7702 and HCC Huh-7 and HepG2 cell lines were
applied for comparison and incubated with regular DMEM
medium, PAM5, PAM10, PAM15, PAM20 respectively for 12 h.
As shown in (Fig. 2A), PAM-treatment only reduced the viability
of Huh-7 and HepG2 cells but not affected HL7702 cells notably,
which indicates a selective inhibitory effect of PAM on HCC
cells. Within the dose range between PAM5 and PAM15, the
specific cytotoxicity of PAM to Huh-7 became higher along
with the increase of PAM dose (Fig. 2A). The PAM20 did not
show more obvious effect on HCC cells than PAM15 (Fig. 2A).
Further investigation unraveled that the treatment of PAM15
remarkably suppressed the colony formation of Huh-7, indicating
the negative effect of the high dose PAM on cell proliferation
(Fig. 2B). Meanwhile, a great amount of cell apoptosis was
detected in the PAM-treated Huh-7 cells via either annexin V-
phycoerythrin staining or measurement of caspase 3/7 (Fig. 2C
and D). These observations exhibited a complexed cellular
mechanism underlying the PAM cytotoxicity to Huh-7 cells.

PAM-treatment induces intracellular oxidative stress
and mitochondrial dysfunction. Considering that the best
characterized cellular effect of CAP is manipulating intracellular
redox environment, the ROS level inside the PAM-treated Huh-7
cells was examined to assess the association between the PAM-
induced redox status and the PAM tumor-specific cytotoxicity.
The result of intracellular ROS assays demonstrated that the
ROS level of the Huh-7 cells grown in PAM was almost double
of that of the cells without PAM-treatment (Fig. 3A), suggesting
a superoxidized intracellular environment. To inspect whether
the high ROS level leads to oxidative damage to mitochondria,
the mitochondrial membrane potential, as an indicator of the
integrity of mitochondrial function, was determined for the
Huh-7 cells either with or without PAM-treatment. Compared
with that of the PAM-absence group, the fluorescence intensity of
PAM-exposed Huh-7 cells was significantly decreased (Fig. 3B),
which confirmed that disrupted mitochondrial membrane poten‐
tial and a dysfunction of respiratory chain were resulted by PAM-
exposure. Loss of mitochondrial membrane potential commonly
plays a considerable role in the energy metabolism failure and
cell apoptosis. Accordingly, the ATP level detected in the PAM-
treated Huh-7 cells was significantly lower than that in untreated
cells, demonstrating a energy depletion under the effect of PAM
(Fig. 3C).

The disruption of the salvage pathway and NAMPT
significantly contributes to the PAM-effect on Huh-7 cells.
Previous studies on a range of tumor cell types reveal an associa‐
tion between the diminishing of intracellular NAD+ and devasta‐
tion of the respiratory chain. To ascertain whether loss of NAD+

occurs as well as the disruption of the respiratory chain induced
by PAM in HCC, the content of total NAD, including NAD+ and

NADH, in the PAM-treated Huh-7 cells was determined. The
obtained data showed a distinct reduction in the yield of NAD
(Fig. 4A). When Huh-7 cells was subject to PAM15, the amount
of intracellular NAD dropped almost by half compared with that
of the untreated cells (Fig. 4A).
As aforementioned, the salvage pathway plays a predominant

role in the generation of NAD+ in HCC and is a critical con‐
stituent of the energy production system. This property hints at
the salvage pathway as a probable target responding to the PAM-
effect to interrupt the synthesis of NAD+ in Huh-7 cells. To
assess this hypothesis, a series of PAM-treatments on Huh-7
cells were carried out in the presence or absence of NMN, which
is followed by the measurement of the intracellular NAD level,
including both NAD+ and NADH contents. NMN is synthesized
by NAMPT catalysis and is the sole substrate for the NAD+

production in the salvage pathway. In theory, if the addition of
NMN restores the NAD+ supply, PAM-effect should influence
NMAPT or its upstream enzymes, contrariwise NMNAT would
be identified as the unique target of PAM-effect in the salvage
pathway. As a result, compared with the singly PAM-treated
group, the addition of NMN effectively counteracted the deple‐
tion of NAD+ caused by PAM-treatment, increasing the NAD
content to the similar level of that in non-treated cells (Fig. 4A).
Correspondingly, the presence of NMN rescued Huh-7 cells from
the PAM-induced cytotoxicity to a notable extent (Fig. 4B). It
worth noting that in the absence of PAM-effect the addition of
NMN did not promote the NAD+ generation and cell proliferation
of Huh-7 cells. We reasoned that the substantially high NAD+

turnover inside HCC to meet the cells’ great demand for energy
is likely to exploit NAMPT and NMNAT catalytic capacities to
the utmost extent already, which results in the supplemented
NMN can not be utilized notably.
These observations indicate that NAMPT, but not NMNAT is

seemingly the primary target of PAM-effect in HCC, so the
changes in the expressions and activities of NAMPT and
NMNAT under the effect of PAM were detected respectively, as
to clarify the roles of NAMPT and NMNAT. The NAMPT
expression level was examined using Western blot (WB), which
exhibited little change under the effect of PAM (Fig. 4C). Subse‐
quently, the NAMPT enzymes expressed in the Huh-7 cells with
and without PAM-treatment were isolated separately and then
subjected to enzymatic assays. It was observed that in the
presence of PAM-effect the NAMPT activity was obviously
decreased compared with that from the non-treated cells (Fig.
4D). In contrast, neither expression level nor enzymatic activity
of NMNAT exhibited significant change following the PAM-
treatment (Fig. 4E and F). Based on these results, it is deduced
that PAM-effect indeed targets on NAMPT and down-regulates
the enzyme’s activity. NAMPT and its catalyzed NMN synthesis
play a crucial role in the response to PAM caused energy
depletion.

The effect of main long-lived RONS species on NAMPT
enzymatic function. To clarify the association of the super‐
oxidized intracellular environment with the unefficient NAMPT
function under PAM-effect, enzymatic activities of the purified
NAMPT pre-treated by a buffer (25 mM Tris-Cl, pH 8.0,
150 mM NaCl, 0.02% BSA, and 10 mM MgCl2) containing the
main long-lived RONS species (RONS-buffer), including H2O2,
NO2

−, and NO3
−, were examined in vitro. Concentrations of the

RONS species were adjusted to 6 μM for H2O2, 18 μM for NO2
−,

and 18 μM for NO3
− referring to the intracellular concentrations

of H2O2 and total nitrate/nitrite of the Huh-7 cells treated by PAM
which are much higher than those inside the untreated cells
(Fig. 5A). NAMPT was treated with the RONS-buffer for 4 h
prior to being subjected to enzymatic assays. Resultantly, the
enzymatic activity of NAMPT was declined by ~20% under the
treatment of RONS-buffer (Fig. 5B), not as much as what
observed for the NMAPT isolated from PAM treated cells. This
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Fig. 2. The tumor-specific inhibitory effect of PAM on the HCC. (A) non-cancerous hepatocyte cell line HL7702, or HCC cell lines Huh-7 or HepG2
were treated with normal DMEM medium (control), PAM5, PAM10, PAM15, and PAM20 for 24 h respectively. Thereafter, cell viability was mea‐
sured using CCK8 assay. The relative viability was calculated as the ratio of the viability of PAM-treated to control cells. (B) The upper panel shows
the colony-formation ability of Huh7 cells exposed to different media as indicated for 7 days; the lower panel shows the quantification of colony-
formation data. (C) After 24 h exposure to different PAM as the indicated, apoptotic Huh-7 cells were stained by annexin V-phycoerythrin and
observed under fluorescence microscopy (scale bar: 100 μm). (D) The quantification of apoptosis of Huh-7 cells exposed to different PAM through
detecting caspase 3/7 using TF2-DEVD-FMK fluorescent indicator. The fluorescent intensities were monitored, and the relative apoptosis was calcu‐
lated as the ratio of the fluorescent intensities of PAM-treated to control cells. All data are presented as means ± SD of three independent experi‐
ments. **p<0.01, ***p<0.001, ****p<0.0001 compared to control; ###p<0.001.

Y. Bai et al. J. Clin. Biochem. Nutr. | September 2024 | vol. 75 | no. 2 | 95
©2024 JCBN



result indicates that these long-lived RONS species are likely
involved in the disruption of NAMPT activity by PAM-treatment
but do not exert the major effect by themselves.

PAM-induced depletion of NAD+ activates AMPKα and
suppresses the mTOR pathway in Huh-7 cells. AMPKα-
mTOR signaling axis functions as an important effector regu‐
lating protein synthesis and cell growth responding to cellular
energy variations. To assess the effect of PAM-caused NAD+

reduction on AMPKα-mTOR axis in Huh-7, the expression and
phosphorylation levels of AMPKα, mTOR, and 70S ribosomal
protein S6 kinase (p70S6K) were determined. p70S6K is one of
the mTOR’s substrate-kinases. Under the effect of PAM, the
expression of all the three kinases in Huh-7 cells did not show
observable change (Fig. 6). However, the phosphorylation of
AMPKα at Thr172 was enhanced by PAM-treatment (Fig. 6),
and accordingly the phosphorylations of mTOR at Ser2448 and
p70S6K at Thr389 were both significantly down-regulated, indi‐
cating the activation of AMPKα and the inhibition of mTOR
pathway (Fig. 6). Intriguingly, when NMN was supplemented in
the PAM-treatment, the phosphorylation status of AMPKα,
mTOR, and p70S6K induced by PAM-effect were all reversed,
back to their original levels (Fig. 6). This finding reveals that the
modulation of AMPKα-mTOR axis is a downstream event of the
variation of NAD+ levels induced by PAM-effect in Huh-7 cells.
Therefore, the NAMPT enzymatic function should be extensively
involved in the regulation of AMPKα-mTOR signaling axis by
PAM-effect.

Discussion

Lack of effective therapeutic tools and poor prognosis consid‐
erably increase the difficulty of treatment of HCC, and make it
urgent to seek for new agents with low side-effect to fight against
this notorious disease. The recent advancement of CAP technique
and its reported tumor-killing effect inspire researchers to exploit
the CAP potential in clinic cancer therapy.(30,39) Direct irradiation
is the conventional way of CAP treatment, besides which, lately
CAP is applied to generate PAM which then exerts the biological
effect of plasma in a direct way.(40) Previous studies on PAM-
effect on several tumor cells exhibited the outstanding advantage

of PAM-treatment, that is, inhibiting tumor cells exclusively
with little cytotoxicity on normal cells.(31,41,42) With respect to
HCC, Li et al.(43) reported that the PAM was able to discriminated
HCC cell line Hep3B from normal cell line MIHA and exerted
inhibitory effect on the carcinoma cells. In our study, we chose
HCC cell lines Huh-7 and HepG2 and normal hepatic cell line
HL7702 as materials for examining how the presence of PAM
affects cellular viability. As a consequence, we observed a
serious cell death of Huh-7 in contrast to the insignificantly
affected growth of HL7702 (Fig. 2A), which is consistent to pre‐
vious finding. Based on our observation, PAM-treatment impairs
the viability of Huh-7 cells through both interrupting cell prolif‐
eration and inducing apoptosis, presenting a complexed anti-
tumor effect (Fig. 2B–D).

Up to dated, the understanding of mechanism underlying the
PAM-induced cell death have focused on the intracellular oxida‐
tive stress and its resulted mitochondrial dysfunction.(33,34,44)

According to the available research data, the presence of PAM
disrupts the mitochondrial redox balance via promoting the yield
of intracellular RONS, which in turn profoundly decreases the
NAD+ and ATP levels and induces apoptosis.(35) In accordance
with these findings, our investigation demonstrates significant
increases of ROS level in Huh-7 cells under the effect of PAM
(Fig. 3A). In companion with the oxidative stress, the mitochon‐
drial potential of PAM-treated Huh-7 cells was disordered and
the ATP was depleted, suggesting a dysfunctional respiratory
chain (Fig. 3C and D). Such a disruption in energy supply is
lethal to HCC cells. However, the detailed mechanisms trans‐
lating oxidative stress to the dysfunction of respiratory chain still
remains unclear. Based on previous researches and our current
study, we thought that the loss of NAD+, another dramatic
response of HCC to PAM (Fig. 4A), could be the key pieces to
crack this puzzle.
As aforementioned, anoxic microenvironment adapts solid

tumors to employ glycolysis as the sole energy origin to provide
NADH for the normal function of respiratory chain.(45) The
deficiency in NAD+ directly results in the NADH depletion that
further obstructs respiratory chain.(35,45) Therefore, as the only
NAD+ supplier in HCC, the salvage pathway and its component
enzymes, such as NAMPT and NMNAT, are the most potential
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effectors responding to the PAM-caused oxidative stress.(33,35)

In our study, the regulation of NAMPT and NMNAT by PAM-
treatment was investigated. The results did not show any signifi‐
cant effect of PAM on both the expression and activity of
NMNAT (Fig. 4E and F). However, the presence of PAM
remarkably weakened the enzymatic activity of NAMPT to con‐
vert NAM to NMN in spite of little change in the expression
level of the enzyme (Fig. 4C). In vitro assay for detecting
the effect of the mixture including H2O2, NO2

−, and NO3
− on

NAMPT indicates long-lived RONS is able to influence NAMPT

activity but not remarkable (Fig. 5B). Despite of this, the impact
of RONS upon NAMPT and the salvage pathway can not be
underestimated hastily yet, considering that the long-lived RONS
only accounts for a part of the complexed RONS system arising
from PAM-treatment, and different RONS components poten‐
tially produce synergistic effects.(46) However, the composition
and content of RONS induced by PAM-effect has not been
completely unraveled so far, which causes a huge trouble in
reconstruction of the RONS system in vitro for mimicing the
effect of the intracellular oxidative stress on NAMPT. To tackle
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this issue, further investigations are underway. Moreover, the
addition of NMN in the PAM-treatment so as to compensate for
the inefficacy of NAMPT activity increased the NAD yield close
to the normal level, and profoundly rescued the Huh-7 cell from
the cytotoxicity of PAM (Fig. 4A). Being combined with the
results of enzymatic assays, this finding suggests that down-
regulation of NAMPT activity is a major consequence of PAM-
treatment on Huh-7 cells, which plays an essential part in the

blockage of the salvage pathway and the loss of NAD+ induced
by PAM-effect. In contrast to HCC cells, non-cancerous hepato‐
cytes can employ all three NAD+ synthesis pathways and gen‐
erate energy via both glycolysis and oxidative phosphorylation,
hence, the salvage pathway is dispensable and the loss of
NAMPT function could not be fatal for normal hepatocytes.(47)

To a certain extent, the susceptibility of NAMPT to PAM-effect
determines that PAM-treatment imposes considerable inhibitory
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effect on HCC rather than normal hepatocytes.
In parallel with the energy failure in Huh-7 cells due to the

PAM-induced NAMPT’s dysfunction, the activity of AMPK-
mTOR signaling axis was significantly modulated according to
our observation. This modulation presents a significant increase
in AMPK activity and a consequent inhibition of mTOR and
its downstream kinases, such as p70S6K (Fig. 6). Suppressed
AMPK and activated mTOR pathway has been reported in
several human cancer cells including HCC, which contributes to
the abnormally rapid proliferation and growth state of carcinoma
cells.(15,19,23,24) Therefore, it is reasonable to consider manipulation
of AMPK-mTOR pathway as one of the means whereby the
effect of PAM suppresses the cell growth of HCC. Intriguingly,
the presence of NMN in the PAM-treatment counteracted the
effect of PAM singly on AMPKα-mTOR axis, leading to a drop
in AMPK activity and a bounce in mTOR activity. This combina‐
torial effect of NMN and PAM implicates that the modulation of
AMPK-mTOR axis is a downstream event following the impair‐
ment of NAMPT activity by PAM-treatment. Hence, we infer
that the AMPK-mTOR axis of HCC is able to sense and respond
to the energy metabolic signal generated by the salvage pathway
to inhibit cell growth and metabolism. Taking the inhibitory
effect of AMPK on aerobic glycolysis into account, the up-
regulation of AMPK induced by the disruption of the salvage
pathway may further interrupt the energy metabolism of PAM-
treated HCC in a feedback manner.
All in all, our study confirmed that PAM-treatment exerts

specific cellular toxicity on hepatocarcinoma cells rather than
normal cells. Cellular investigations revealed that the oxidative
stress induced by PAM-treatment led to the mitochondrial dys‐
function and energy depletion in HCC. On the basis of this PAM-
effect on the energy metabolism, the salvage pathway and its key
component enzyme NAMPT were further unraveled as crucial
targets of PAM to discriminate HCC from normal cells and
thereby inhibit the energy production. In addition to the shortage
of energy, the PAM caused blockage of the salvage pathway
triggers the activation of AMPKα and suppression of mTOR
pathways, resulting in a reinforced cell growth inhibition. These
findings provide a deeper insight into the mechanism under‐

pinning the tumor-specific inhibition by PAM-treatment (Fig. 7).
Only with a better understanding of the treatment targets, it is
possible to modify PAM purposely to advance its clinic applica‐
tion in the future.
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