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Abstract: Studies have demonstrated that the tumour microenvironment is hypoxia and that hypoxia can induce
hypoxia inducible factor-1a (HIF-1x) expression and mediate tumour chemoresistance, which leads to a very poor
prognosis for cancer patients. In this study, an economical and practical HIF-1« inhibitor, plasma-activated medium
(PAM), was prepared, and its role in colorectal cancer (CRC) was investigated in vitro and in vivo. We found that
HIF-1a expression significantly increased under hypoxia in CRC cells followed by decreased chemosensitivity to
oxaliplatin (OXA). Additionally, PAM could reduce HIF-1a expression induced by hypoxia in CRC cells, and compared
to PAM or OXA alone, PAM enhanced the chemosensitivity of OXA both in vitro in CRC cells and in vivo in cell-derived
xenografts, as indicated by the inhibition of cell proliferation and tumour growth. Further mechanistic studies re-
vealed that PAM might exert synergistic antitumour activity by inhibiting the MAPK pathway, which deserves further
elucidation. In summary, PAM displayed prospective clinical application due to its important function in improving
hypoxia in CRC.
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Introduction

Although treatment strategies and early screen-
ing are becoming more prevalent, the morbidity
and mortality of colorectal cancer (CRC) are still
very high worldwide, requiring urgent treatment
methods [1]. For most CRC patients, drug-
based comprehensive therapy is the main
method, of which chemotherapy plays an indis-
pensable role. However, due to insufficient vas-
cularization inside solid tumours, tumour cells
are often in a hypoxia and low pH state, which
can ultimately induce chemoresistance by
changing the expression of molecules [2-4].
Currently, hypoxia-mediated chemoresistance
is still difficult to resolve in most cancers,
including CRC.

Hypoxia inducible factor-1a (HIF-1a) is a critical
hypoxia molecule. HIF-1a is hydroxylated by

proline hydroxylases (PHDs) followed by recog-
nition of the e3 ubiquitin ligase complex, which
subsequently leads to its degradation under
normoxic conditions [5]. However, when tu-
mour cells are hypoxia, chemoresistance is pro-
moted by a cascade of processes inside cells,
including inactive PHDs, HIF-1a subunit translo-
cation into the nucleus, and changes in gene
transcription and protein expression [6, 7].
Minassian, L.M. et al. demonstrated that HIF-1«
overexpression reduced tumour senescence
and induced therapeutic resistance in tumour
cells [8]. Mohsen Rashid et al. revealed that
HIF-la could mediate chemoresistance by
multiple mechanisms [9]. Therefore, targeting
HIF-1a by physical or chemical means is expect-
ed to overcome chemoresistance in cancer
patients.

Plasma is widely present in nature and is con-
sidered to be the fourth material state other
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than solid, liquid, and gaseous states. Thermal
plasma is commonly generated by lightning,
but it is not suitable for medical applications
due to heat. Therefore, low-temperature plas-
ma technology operating at atmospheric pres-
sure and room temperature has been devel-
oped [10]. In recent years, low-temperature
plasma technology has been deeply studied in
various mammalian cells and is expected to be
an emerging technology for the treatment of
cancers [11]. Plasma-activated medium (PAM)
was prepared using a low-temperature plasma
device, and the proliferation of cancer cells
could be inhibited when cultured with PAM [12,
13]. PAM might display a promising application
similar to photodynamic therapy. In our previ-
ous study, PAM treatment significantly reduced
cell viability and inhibited the formation of
multicellular spheres in lung cancer cells [12].
Further research has shown that PAM can
inhibit the phosphorylation of ERK and P38, fol-
lowed by degradation of HIF-1a0 and increased
chemotherapy sensitivity [14-17].

Based on a previous study, this study was first
designed to explore the role of PAM in CRC in
vitro and in vivo. We found that hypoxia CRC
cells stably expressed HIF-1a and showed che-
moresistance to oxaliplatin (OXA). PAM could
inhibit HIF-1a expression and enhance OXA
sensitivity in CRC cells and xenografts by inhib-
iting the MAPK pathway, which should be fur-
ther investigated in the future to provide a new
auxiliary method for CRC treatment.

Materials and methods
Cell culture

Human CRC cell lines (HCT8, HT29 and
HCT116) were obtained from our preserved
cell banks and cultured in Dulbecco’s modified
Eagle's medium (DMEM, Viva cell) supplement-
ed with 10% foetal bovine serum (FBS, Gibco,
USA), 1% penicillin streptomycin (P/S, Gibco,
USA) and 1% nonessential amino acid X 100
(NEAA x100, Gibco, USA). Aerobic cells were
routinely cultured in a humidified incubator
containing 5% CO, at 37°C. Hypoxia cells were
cultured in 1% O, according to a previously
reported study [18].

Preparation of PAM and detection of ROS and
RNS

The plasma device used in this study is shown
in Figure 2A and 2B, which mainly includes an
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electrode, DC power supply, probe, and gas
pipe. The internal electrode with a resistance of
500 MQ is externally connected to a DC power
supply of 4.7 KV at one end and a probe of 50
pm at another end. Helium and oxygen enter
the gas pipe at 2 mL per minute and 10 mL per
minute, respectively. When connecting the
power supply, the probe produces a low-tem-
perature plasma flow (i.e., mauve flame) after
contacting helium and oxygen. An Eppendorf
tube with a volume of 1.5 mL was used to pre-
pare the PAM in our study, and the injection
port of the plasma device was flush with the
upper edge of the 1.5 mL Eppendorf tube. ROS
(reactive oxygen species) and RNS (reactive
nitrogen species) levels in PAMs were detect-
ed with H,0, and NO, assay kits (BioAssay
Systems, USA) according to the manufacturer’s
instructions.

Cell viability assay

CRC cells were inoculated into 96-well plates at
5000 cells/well, and the cells were allowed to
attach overnight. Cells were treated with OXA
(concentrations of 0, 0.0005, 0.005, 0.05, 0.5,
5, 50, and 500 pg/mL) or PAM for different acti-
vation times (0, 4, 8, 12, 16, and 20 min). The
treated cells were cultured under normoxic and
hypoxic conditions for 12 h and then trans-
ferred to normoxic conditions for another 36 h.
Cell viability was evaluated using Cell Counting
Kit-8 (Beyotime, China) reagent according to
the manufacturer’s instructions. The OD value
was measured with a spectrophotometer
(Thermo Fisher, USA) at 450 nm absorbance
followed by calculation with ImageJ software.

Live/dead cell assay

CRC cells at a cell density of 5 x 10* cells/well
were inoculated into 24-well plates and incu-
bated overnight followed by PAM treatment.
Cells were washed with phosphate-buffered
saline (PBS) and then stained according to the
instructions of the calcein-AM/PI double stain-
ing kit (Yeasen, Shanghai, China). Briefly, 500
pL of 41X buffer, 0.5 yL calcein-AM, and 1.5 uL
Pl (propidium iodide, Pl) were added to each
well and incubated at 37°C for 15 min, and
then the cells were observed and photograph-
ed under a fluorescence microscope (Leica,
Germany).

TUNEL staining

CRC cells were seeded into 24-well plates with
round cell slides at a density of 10 cells/well.
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After applying different treatments, TUNEL
staining was performed on slides containing
cells according to the instructions of the
ApopTagRFluorescein in situ apoptosis detec-
tion kit (Millipore, Germany). After fixing the
slides, the slides were observed and photo-
graphed under a confocal microscope (Leica,
Germany).

Colony formation assay

CRC cells were inoculated into 6-well plates at
a density of 600 cells/well and incubated for
24 hours. Cells were initially treated with PAM,
OXA and PAM+0OXA under anoxic conditions for
12 h, and then cells were cultured under nor-
mal oxygen conditions for 12 days. After a
series of operations, including PBS (Gibco,
USA) washing, 4% paraformaldehyde (Beyo-
time, China) fixation, and crystal violet staining,
cell pictures were taken using an ultrasensitive
imaging system (Amersham ImageQuant 800,
Cytiva, USA). Data were analysed using Image)J
software.

Western blot

Cells were harvested and lysed using appropri-
ate amounts of lysates containing RIPA buffer
(Sangon Biotech, China), protease inhibitors
(Zhonghui Hercai, China), and PMSF (Zhonghui
Hercai, China), and protein concentrations were
detected using a BCA protein assay kit (Sangon
Biotech, China). Approximately 30 ug of protein
samples were separated on a 12% SDS-PAGE
gel and subsequently transferred to PVDF
membranes (Millipore, MA, USA). Membranes
were blocked with 5% bovine serum albumin
(BSA) for 1 h at room temperature followed by
incubation with primary antibodies against HIF-
1o (Cell Signaling Technology, 36169, 1:1000),
p-ERK (Cell Signaling Technology, USA, 9101S,
1:1000), ERK (Cell Signaling Technology, USA,
9102S, 1:1000), p-P38 (Cell Signaling Tech-
nology, USA, 9211S, 1:1000), P38 (Cell Sig-
naling Technology, USA, 9212S, 1:1000), and
GAPDH (Proteintech, USA, 10494-1-AP, 1:5000)
at 4°C overnight and secondary antibody (HRP
conjugated anti-rabbit 1gG, Cell Signaling
Technology, USA, 7074S, 1:5000) at room tem-
perature for 1 h. Finally, proteins were detected
using chemiluminescence solution (Beyotime
Institute of Biotechnology, China) and imaged
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on an ultrasensitive imaging system (Amersham
ImageQuant 800, Cytiva, USA).

Animal experiments

All animal experiments in this study were per-
formed according to the guidelines of the
Animal Research Committee of Peking Uni-
versity Shenzhen Hospital. Six-week-old female
Balb/c nude mice (GemPharmatech Company,
Guangdong, China) were used to establish sub-
cutaneous xenografts by injection of 1 x 10°
HT29 cells/mouse. When xenografts reached
approximately 100 mm?3, mice were random-
ized into various groups (CTRL, PAM, HIF-1a
inhibitor PX-478, OXA, PX-478+0XA, and
PAM+0OXA; > 4 mice per group). PAM or drug
administration was as follows: PAM?° ™" (intra-
tumoral injection, twice weekly for 3 weeks), 10
mg/kg of OXA (intraperitoneal injection, twice
weekly for 3 weeks), and 20 mg/kg of PX-478
(intraperitoneal injection, twice weekly for 3
weeks). Tumour size and weight were measured
twice weekly, and tumour volume and tumour
growth inhibition (TGI) were calculated using
the following formulas: volume = 1/2 x (length
of long diameter) x (width of short diameter)?;
TGI = [1-(AT/AC)] x 100% (AT and AC presented
tumour volume changes of treatment group
and control group on the last day compared to
initial administration, respectively).

H&E and immunohistochemical staining

At the end of animal experiments, xenografts
and organs (heart, liver, spleen, lung and kid-
ney) were collected and prepared into paraffin
sections approximately 4 pm in thickness.
Haematoxylin and eosin (H&E) staining was
performed according to the methods in rele-
vant studies [19]. For immunohistochemical
(IHC) staining of xenografts to evaluate HIF-
1a and Ki67 expression, primary antibodies
against HIF-1« (Cell Signaling Technology, USA,
36169, 1:200) and Ki67 (Abcam, UK, ab1667,
1:200) were used in this study. The IHC proce-
dures were performed according to a previously
reported study [20]. Briefly, after a series of
operations containing deparaffinization, hydra-
tion, antigen retrieval, endogenous peroxidase
removal, BSA blocking, primary antibody incu-
bation, and secondary antibody incubation, the
sections were finally stained with DAB chromo-
genic solution followed by the evaluation of

Am J Cancer Res 2023;13(5):1985-1998



PAM enhances chemosensitivity of CRC

expression based on a reported method [21]
and analysed by ImageJ software.

Transcriptome sequencing

Total RNA of xenografts was extracted using
TRIzol reagent (Invitrogen, Cat. No. 15596-018)
followed by measurement of RNA concentra-
tion with a NanoDrop 2000 Ultramicrospectro-
photometer (Thermo Fisher, USA). After prepa-
ration of the mRNA library, transcriptome
sequencing was performed using an Illumina
NovaSeq 6000 sequencer (lllumina, USA) at
Chi Biotech Co., Ltd, Shenzhen, China. Data
quantitative analysis was performed using
featureCountsv2.0.1 software, and differential
expression analysis was performed using edg-
eRv3.28.1. Genes with log2 (fold change) > 1
were defined as upregulated genes, and genes
with log2 (fold change) < 1 were defined as
downregulated genes. GO and KEGG enrich-
ment analyses of differentially expressed genes
were performed using topGOv2.38.1 and clus-
terProfilerv3.14.3 software, respectively.

Statistical analysis

Data are represented by the means + standard
deviations of replicate sets (at least three
times). GraphPad Prism version 8.00 (GraphPad
Software, USA) was used to analyse the data.
Student’s t test was used to evaluate signifi-
cance between groups. Fisher’s exact test and
hypergeometric test were used to analyse GO
and KEGG enrichment results. The statistically
significant differences were described as "P <
0.05, P < 0.01, and ""P < 0.001.

Results

Hypoxia induced high HIF-1a expression and
chemoresistance in CRC cells

CRC cell lines were cultured under hypoxia for
different times (0, 1, 4, 8, 12, and 24 h), and
HIF-1a expression was induced with expression
peaks at 4-12 h of hypoxia and then gradually
decreased (Figure 1A and 1B), which suggest-
ed the successful establishment of hypoxic cell
models. In the following study, hypoxic cells
were used after culture under hypoxia for 12 h.
As expected, compared to normoxic cells,
hypoxic cells displayed OXA chemoresistance,
as indicated by higher IC50 values (HCT8 cells:
25.18 ng/uL vs. 7.78 ng/uL; HCT116 cells:
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9.12 ng/uL vs. 2.05 ng/uL; HT29 cells: 15.19
ng/uL vs. 3.25 ng/uL), as shown in Figure 1C
and 1D.

The preparation of PAM and identification by
contents of H,0, and NO,

In this study, PAM with different plasma expo-
sure times (4, 8, 12, 16 and 20 min) named
PAM*Mn was prepared using the device shown
in Figure 2A and 2B, followed by the detection
of H,0, and NO, contents in PAM. The results
showed that the contents of H,0, and NO, in
PAMs increased with prolonged plasma expo-
sure time (Figure 2C and 2D). Considering that
H,0, and NO, are consumed at ambient atmo-
spheric pressure, CRC cells treated with PAM
were cultured for 12 h, and supernatants were
collected to measure the contents of H,0, and
NO,. As shown in Figure 2E and 2F, although
the contents of H,0, and NO, decreased slight-
ly, they remained relatively high compared to
freshly prepared PAM, suggesting the potential
application prospects of PAM in the future.

PAM inhibited cell viability by decreasing
hypoxia-induced HIF-1x expression

As expected, PAM inhibited cell viability both in
hypoxic CRC cells (Figure 3A) and in normoxic
CRC cells (Figure S1A) in a plasma exposure
time-dependent manner, suggesting its poten-
tial antitumour activity. To observe the sensiti-
zation effect of PAM to chemotherapy drugs,
PAM*2min was used in the following in vitro stu-
dy. Compared to the control, PAM treatment
significantly induced more cell death in hypoxic
CRC cells (HCT8 cells: 0.11 vs. 0.02; HCT116
cells: 0.12 vs. 0.02; HT29 cells: 0.22 vs. 0.05;
Figure 3B and 3C), as well as in normoxic cells
(HCT8 cells: 0.08 vs. 0.006; HCT116 cells:
0.10 vs. 0.004; HT29 cells: 0.19 vs. 0.02;
Figure S1B and S1C). The TUNEL assay con-
firmed that PAM induced more cell apoptosis
than the control in both hypoxic (HCT8 cells:
4.47 vs. 1.0; HCT116 cells: 3.7 vs. 0.7; HT29
cells: 4.0 vs. 1.3; Figure 3D) and normoxic CRC
cells (HCT8 cells: 3.3 vs. 0.3; HCT116 cells:
3.3vs. 0.4; HT29 cells: 3.4 vs. 0.3; Figure S1D).
Next, proteins were extracted from cells under
hypoxia or normoxic conditions with or without
PAM treatment according to the flows of Figure
3E1, followed by western blot detection. The
results showed that PAM'2™n could effectively
decrease hypoxia-induced HIF-1a expression
(Figure 3E2).
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Figure 1. Hypoxia induced high HIF-1a expression and chemoresistance to OXA in CRC cells. (A) HIF-1a expression
was increased gradually under hypoxia with a peak at 4-12 h by western blot analysis. GAPDH was used as the
endogenous control. (B) The quantification of HIF-1a/GAPDH based on the results of (A) performed by ImagelJ. (C)
Cell viability curve after treatment with OXA at different concentrations. The calculated IC50 value under hypoxia
or normoxia was also annotated. (D) Quantitative histogram of cell viability treated with different concentrations of
OXA under hypoxia or normoxia. The results are presented as the mean + standard deviation of three independent
experiments. "P < 0.05, P < 0.01, "P < 0.001.

PAM enhanced the chemosensitivity of hypoxic
CRC cells to OXA in vitro

Hypoxic CRC cells were treated with PAM alone,
OXA alone or PAM combined with OXA, and cell
viability assays revealed that PAM or OXA alone
exerted similar inhibitory effects, while PAM
combined with OXA displayed significant syner-
gistic cell inhibition, suggesting the enhanced
chemosensitivity of PAM to OXA (Figure 4A).
Additionally, the numbers of cell colonies
(Figure 4B and 4C) were obviously decreased in
the PAM combined with OXA group, as well as
the corresponding increased cell death in the
combined group (Figure 4D). The TUNEL assay
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also confirmed that PAM combined with OXA
induced more cell apoptosis than the other
treatments (Figure 4E). All these results sug-
gested that PAM enhanced OXA sensitivity in
hypoxic CRC cells in vitro, which was validated
in vivo.

PAM combined with OXA exerted strong syner-
gistic tumour suppression in vivo

Mouse models bearing HT29 cell-derived sub-
cutaneous xenografts were used in this study,
and the HIF-1a inhibitor PX-478 was used as a
positive control [22]. The mice in the 6 groups
were treated according to the scheme shown in
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Figure 2. PAM preparation device and evaluation of the contents of H,0, and NO,. (A) Picture of the PAM preparation
device in our study. (B) Schematic drawing of the PAM device with internal and external instruction presentation. (C)
H,0, and (D) NO, contents in prepared PAMs with different plasma exposure times. (E) H,0, and (F) NO, consump-
tion after cells were cultured in PAM for 12 h. Compared to freshly prepared PAM, the contents of H,0, and NO, in
PAM after 12 h of culture decreased slightly. The results are presented as the mean * standard deviation of three

independent experiments.

Figure 5A. From Figure 5B and 5C, we found
that compared to other groups, PAM combined
with OXA exerted strong and identical suppres-
sive activity to PX-478 combined with OXA
against CRC xenografts indicated as high TGl
(75.0% in PAM+0OXA group, 74.1% in PX-478+
OXA group) and light tumour weight (0.28 g in
PAM+0XA group, 0.27 g in PX-478+0XA group).
Although the mouse weight in the combined
treatment groups showed a slight decrease
(Figure 5B), the loss of body weight was most
likely caused by OXA rather than PAM or PX-478,
suggesting the potential good tolerance of
PAM, as well as its nontoxicity (Figure 5D). HIF-
1o and Ki67 of xenografts at the end of experi-
ments were stained, and the results demon-
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strated that HIF-1a was significantly inhibited
by PX-478 or PAM rather than OXA, and cell
proliferation was obviously suppressed by
either combination therapy, as indicated by
very weak staining of Ki67 (Figure 5E).

The MAPK/ERK pathway might be involved in
the PAM-induced HIF-1a decrease

To elucidate the potential mechanisms involved
in PAM activity, xenografts treated with CTRL,
PAM alone, OXA alone, and PAM+0OXA were
subjected to transcriptome sequencing. A total
of 248 differentially expressed genes (DEGs)
were identified in PAM-treated xenografts com-
pared with the control group, with 61 upregu-
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lated genes and 187 downregulated genes.
Moreover, compared to OXA-treated xeno-
grafts, 381 DEGs were identified in PAM+0XA
tumours, with 315 upregulated genes and 66
downregulated genes (Figure 6A). Therefore,
Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrich-
ment analyses were performed, and the mito-
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gen-activated protein kinase (MAPK) pathway
was mainly enriched in the GO analysis (Figure
6B) and KEGG analysis (Figure 6C). Based on
reported studies [14, 15], the critical molecule
of ERK was evaluated by western blot, and the
expression of phosphorylated ERK (p-ERK) was
decreased in the PAM or PAM+OXA groups
rather than total ERK (Figure 6D), as well as
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Figure 4. PAM enhanced the sensitivity of OXA in hypoxic CRC cells in vitro. (A) Cell viability of hypoxic CRC cells after
treatment with CTRL, PAM, OXA, and PAM+0XA. (B) Pictures and (C) quantitative histograms of colonies evaluated
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by colony formation assay in different treatment groups. (D) PAM combined with OXA induced more dead cells than
other groups indicated as red. Green represents live cells. (E) The percentage of cell apoptosis was higher in the
PAM+0OXA group than in the other groups, as evaluated by TUNEL assay. The results are presented as the mean *
standard deviation of three independent experiments. “P < 0.05, “"P < 0.01, "P < 0.001.
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Figure 5. PAM combined with OXA exerted strong synergistic tumour suppression in CRC xenografts. A. Schematic
diagram of mice receiving different treatments. B. Tumour growth curve of mice indicated the highest inhibition in
groups of OXA combined with PAM or PX-478, and changes in mouse body weight during the treatment. C. Tumour
pictures at the end of experiments and tumour weight was measured. D. No obvious toxicity was found in the heart,
liver, spleen, lung and kidney of mice based on H&E staining. E. HIF-1a and Ki67 expression was evaluated in xe-
nografts receiving different treatments. The scale was 100 uym. The results are presented as the mean + standard
deviation of three independent experiments. *¥P < 0.05, “"#P < 0.01, ""#p < 0.001.

decreased HIF-1a. Meanwhile, the MAPK/P38
pathway is also inhibited by PAM (Figure S2),
which will be further investigated in the future.

Discussion

Hypoxia is a frequent event in solid tumours,
and HIF-1a expression has been verified to be a
hallmark of hypoxia, which is closely correlated
with chemoresistance and urgently needs to be
resolved [23]. HIF-1a expression first increased
and then gradually decreased under hypoxia in
our study, which was also found in other stud-
ies [24, 25]. Therefore, we established hypoxia
cell models by culturing cells for 12 h under
hypoxia and confirmed that hypoxia cells devel-
oped chemoresistance to OXA compared to
normoxic cells, as indicated by a higher IC50
value. Consistent with other reports [26], the-
se results suggested that hypoxia induced
increased expression of HIF-1a, which contrib-
uted to a decreased sensitivity of CRC cells to
OXA. For chemotherapeutics of CRC in clinical
practice, oxaliplatin, 5-Fu, and irinotecan are
the most commonly used drugs [27]. As
described above, only OXA was used in this
study, and we suspected similar results for the
other CRC chemotherapy drugs because hypox-
ia-induced chemoresistance was not limited by
drug classification, which will be further validat-
ed in our ongoing studies.

In recent years, PAM has been widely used in
the field of biological medicine, especially in
cancer research, and “plasma oncology” has
emerged [28, 29]. PAM has been reported to
play an important role in cancer suppression
for a variety of cancers [30]; however, most of
these studies were conducted in normoxic can-
cer cells. Hypoxia is a critical feature of malig-
nant tumours, and cancer cells obtain energy
through glycolysis by accelerating cell growth
under hypoxia, which can also quickly contrib-
ute to drug resistance [31]. Therefore, it is nec-
essary to explore the role of PAM in overcoming
drug resistance by improving hypoxia. In our
study, PAM with different plasma exposure
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times was prepared using a special device, and
its inhibitory effect on both normoxic and
hypoxia CRC was confirmed both in vitro and in
vivo by approving hypoxia, especially its sensiti-
zation effect on chemotherapy drugs. HT29
cell-derived subcutaneous xenografts in mice
were used, and PAM was administered by in-
tratumoral injection in this study, which was dif-
ferent from clinical practice. Cell- or patient-
derived orthotopic xenografts in the colorec-
tum are the optimal choice for preclinical stud-
ies [32, 33] and should be established to vali-
date the efficacy of PAM. Additionally, similar to
photodynamic therapy [34, 35], PAM adminis-
tered through the intestinal tract by special
equipment such as endoscopes might be an
alternative strategy in the real world.

Because of insufficient vascularization inside
solid tumours, tumour cells are often in a
hypoxia state, which was confirmed in our
study. Based on Figure 1, CRC cells cultured in
two dimensions in vitro without hypoxia did not
express HIF-1a; however, HIF-1a was highly
expressed in solid xenografts derived from
cells (Figure 5). Although angiogenesis was not
detected in our study, high expression of HIF-1x
in xenografts suggested hypoxia inside the
xenografts, which also demonstrated that
hypoxia could be approved by intratumoral
injection of PAM. In addition to the sensitiza-
tion effect of PAM, the toxicity of PAM was also
considered. From Figure 5, the mouse weights
in the combined treatment groups and OXA
group showed a slight identical decrease, which
suggested no extra toxicity induced by PAM or
PX-478. Additionally, no abnormal changes
were found in critical organs of mice treated
with PAM, indicating the safety of PAM and its
potential application.

Hypoxia induces chemoresistance by increas-
ing HIF-1a expression, but the underlying regu-
latory mechanisms are unclear. To provide use-
ful clues for further investigation, transcriptom-
ic sequencing of some xenografts treated with
PAM was performed. GO analysis emphasizes
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Figure 6. Investigation of the potential mechanism involved in the PAM-induced HIF-1a decrease by transcriptome
sequencing. (A) Volcano plot of differentially expressed genes in groups of CTRL-treated xenografts versus PAM-
treated xenografts (left) and in groups of OXA-treated xenografts versus PAM+0XA-treated xenografts (right). (B) GO
and (C) KEGG analysis for differentially expressed genes in (A). MAPK pathways are highlighted using red boxes. (D)
The expression levels of P-ERK, ERK and HIF-1a in different xenografts were validated by western blot, and quantity
analysis was performed using ImageJ software. GAPDH was used as the endogenous control. The results are pre-
sented as the mean + standard deviation of three independent experiments. "P < 0.05, P < 0.01, *P < 0.001.

the response of cells to active substances in
PAM, including response to oxygen containing
compound and response to nitrogen com-
pound. Next, the KEGG analysis of CTRL vs.
PAM emphasizes changes in the HIF-1a signal-
ing path, MAPK signaling path, and PI3K-Akt
signaling path. At the same time as OXA vs.
PAM+0OXA changes in the above pathways,
Apoptosis and p53 signaling pathways also
undergo changes. Meanwhile, relevant studies
have shown that PI3K-Akt and MAPK are two
upstream pathways that regulate HIF-1a
expression [36]. In our previous research, we
found that PAM can significantly inhibit the
expression of PI3K-Akt [12]. Therefore, this
experiment will conduct preliminary validation
in the MAPK pathway.

Compared with control or OXA treated xeno-
grafts, PAM or PAM+OXA significantly inhibited
the expression of HIF-1a and phosphorylated
ERK rather than total ERK. In addition, the
MAPK/p38 pathway is necessary for the hypox-
ic activation of HIF-1a [16], and its inhibition by
PAM will also lead to a decrease in HIF-1a. At
the same time, some studies have found that
p-p38 contributes to the drug resistance of
several types of tumors to chemotherapy [17,
37]. Among them, inhibiting p-p38 in the colon
cancer mouse model can enhance the effect of
traditional chemotherapy (such as cisplatin,
5-FU or irinotecan) [38, 39], which also con-
firms that PAM can effectively improve chemo-
therapy sensitivity. These results suggested
that PAM exerted its inhibitory effect by alleviat-
ing hypoxia, as indicated by decreased HIF-1a
expression and MAPK pathway inhibition.
Based on our preliminary analysis, other path-
ways or molecules might also be involved in
hypoxia, which will be explored in detail.

In summary, this study showed that PAM could
reduce hypoxia-induced HIF-1a expression in
hypoxia CRC cells in vitro and in xenografts in
vivo and enhance chemosensitivity by alleviat-
ing hypoxia. MAPK pathway inhibition by PAM
might be the major mechanism involved in the
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inhibitory effect of PAM; however, detailed regu-
latory mechanisms need to be elucidated in the
future. Our results provide a promising combi-
nation strategy for clinical application.
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Red represented dead cells and green represented live cells. C. The quantification of dead/live cell ratio in CRC
cells treated with or without PAM. D. The percentage of cell apoptosis was increased by PAM in normoxic CRC cells
evaluated by TUNEL assay. Results are presented as mean + standard deviation of three independent experiments.
“P <0.05, P < 0.01, "P < 0.001.
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Figure S2. PAM inhibits phosphorylation of P38. Results are presented as mean + standard deviation of three inde-
pendent experiments. "P < 0.05, P < 0.01, ""P < 0.001.



