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Abstract
Cancer is one of the diseases that threatens human health and is a leading cause of mortality worldwide.
High levels of reactive oxygen species (ROS) have been observed in cancer tissues compared with normal
tissues in vivo, and it is not yet known how this in�uences chemotherapeutic drug action. Cationic
porphyrin 5,10,15,20-tetra-(N-methyl-4-pyridyl) porphyrin (TMPyP4) is a photosensitizer used in
photodynamic therapy (PDT) and a telomerase inhibitor used in the treatment of telomerase-positive
cancer. Here, we investigated the anticancer activity of TMPyP4 in A549 and PANC cells cultured in H2O2.
The results showed that compared to TMPyP4 alone, the combination of TMPyP4 and H2O2 exhibited
sensitization effects on cell viability and colony formation inhibition and apoptosis in A549 and PANC
cells but had no effect in human normal MIHA cells. Mechanistically, the combination of TMPyP4 and
H2O2 activates high ROS and mitochondrial membrane potential in A549 and PANC cells, resulting in
intense DNA damage and DNA damage responses. Consequently, compared to TMPyP4 alone, TMPyP4
and H2O2 combined treatment upregulates the expression of BAX, cleaved caspase 3, and p-JNK, and
downregulates the expression of Bcl-2 in A549 and PANC cells. Taken together, these data suggested that
H2O2 enhanced the anticancer activity of TMPyP4-mediated ROS-dependent DNA damage and related
apoptotic protein regulation, revealing that the high ROS tumor microenvironment plays an important role
in chemotherapeutic drug action.

Introduction
The microenvironment of tumors (TME) is characterized by a high content of reactive oxygen species
(ROS), which is a collective term referring to unstable, reactive, partially reduced oxygen derivatives, such
as hydrogen peroxide (H2O2), superoxide anion (O2

−), singlet oxygen (1O2) and hydroxyl radical (·OH) [1,
2]. The elevated ROS in the TME is mainly due to the dismutation of superoxide dismutase in
mitochondria [3, 4]. Additionally, the production of ROS is also attributed to the rapid proliferation of
tumor cells [5]. It is well established that ROS play a signi�cant role in tumorigenesis and affect
numerous biological processes, such as in�ammation, genomic instability, metabolic reprogramming,
resistance to apoptosis and cell proliferation [6]. Moreover, ROS have been found to be deeply involved in
drug resistance [7–9] and the e�cacy of antitumor drugs [10]. As described above, ROS are of
indisputable importance in cancer development and chemotherapy e�cacy. Thus, high ROS in the TME
can not only be exploited as a strategy for selective antitumor therapy but also be a priority consideration
in antitumor drugs selectivity.

Photodynamic therapy (PDT) induces cancer cell death mainly by ROS, which are produced by irradiated
photosensitizers [11]. Since PDT mainly relies on a speci�c biodistribution of a photosensitizer drug to
tumor cells, the choice of photosensitizer is crucial for PDT treatment [12]. However, it has been
challenging to obtain an optimal photosensitizer with a high yield of ROS and high precision targeting to
cancer cells [12]. Among the available photosensitizer drugs, porphyrins are the most frequently reported
in the literature [13, 14]. Of all porphyrin derivatives, TMPyP4 has been considered a promising
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photosensitizer due to its high water solubility, limited dark toxicity, high ROS production rate, high
permeability through the cell membrane and preferential accumulation in tumor cells [15–17]. In recent
years, TMPyP4 has been discovered to also be a G-quadruplex stabilizer that consequently inhibits
telomerase activity in telomerase-positive cancer cells [18–20]. Because of this, TMPyP4 might be
endowed with greater clinical application prospects than other antitumor drugs because it possesses
both photosensitizer and telomerase inhibition activity.

As mentioned above, although the in�uence of high ROS in the TME on antitumor drug e�ciency is not
negligible and there is great potential for the clinical application of TMPyP4, the effects of high ROS in
the TME on TMPyP4 remain unclear. In this study, we aimed to investigate the antitumor activity of
TMPyP4 under TME-related high ROS and to explore the underlying mechanism in both A549 cells and
PANC cells.

Materials And Methods

Cell cultures
The non-small cell lung cancer (NSCLC) cell line A549, pancreatic cancer cell line PANC and human
normal hepatocyte line MIHA were obtained from the Cell Resource Center of Peking Union Medical
College. Cells were cultured in DMEM (Gibco, USA) at 37 °C under 5% CO2 supplemented with 10% fetal
calf serum (Gibco, USA) and 100 U/mL penicillin and streptomycin (HyClone, USA).

Reagents and antibodies
TMPyP4, 5,10,15,20-tetrakis(1-methylpyridinium-4-yl) porphyrin tetra(p-toluenesulfonate) and H2O2 were
purchased from Sigma and dissolved in water. Antibodies against BAX, Bcl2, caspase 3, cleaved caspase
3, JNK, p-JNK, γ-H2AX, β-actin and HRP-conjugated secondary antibodies were purchased from Cell
Signaling Technology (USA). 53BP1 was from EMD Millipore (USA). β-actin was purchased from
Proteintech (USA).

Cell viability assay
A549, PANC and MIHA cells were seeded on 96-well plates (3 × 103/well) and then treated with or without
10 μM TMPyP4 for 70 h, later treating them with 800 μM H2O2 for 2 h, after which 20 μl of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/ml) was added to each well for
another 4h. The formazan reaction product was dissolved in DMSO (100 μl) after discarding the culture
medium. Cell viability was detected by reading the absorbance at 490 nm with a Multiskan FC automatic
microplate reader (Thermo Fisher, USA). 
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Measurement of intracellular ROS production
ROS were monitored using a ROS kit (Sigma, USA) according to the manufacturer’s instructions. In short,
1.5 × 105 cells were grown in six-well cell culture plates and incubated overnight. After treatment with or
without drugs, cells were incubated with 10 μM DCFH-DA for 30 min at 37 °C in the dark. DCF
�uorescence intensity was measured by �ow cytometry (BD FACS Calibur, BD Biosciences, USA) and
Nikon �uorescence microscopy (Nikon, Japan).

Colony formation
A549 and PANC cells were plated into 12-well plates (1000 cells/well) and incubated overnight until the
cells attached to the dish and then were exposed to drugs or not. When su�ciently large colonies formed,
the cells were washed, �xed with 4% paraformaldehyde and stained with crystal violet. Colonies in each
plate were photographed under a light microscope and then the crystals were dissolved in 500 μL acetic
acid (33%) and their absorbance was detected at 560 nm by a spectrophotometer.

Apoptosis assay
A549 and PANC cells were seeded in 6 cm2 dishes (1.5 × 105/well), incubated for 6h until the cells
attached to the dish, and then treated with the indicated concentration of drugs. Cells were harvested for
the Annexin V/PI apoptosis assay according to the manufacturer’s instructions and were analyzed by a
�ow cytometer.

Measurement of mitochondrial membrane potential (Δψm)
The cell mitochondrial membrane potential was detected by �ow cytometry utilizing JC-1 (5,5',6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimi-dazolylcarbocyanine iodide) staining. Brie�y, A549 and PANC cells
were treated with the indicated drug for the indicated times, harvested, and loaded with JC-1 solution for
20 min at 37 °C in the dark. Red �uorescence and green �uorescence intensity were determined by �ow
cytometry.

Immuno�uorescence (IF) assays
Immuno�uorescence (IF) assays were performed as previously described [21]. Cells were �xed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100 for 30 min, blocked with 5% GS for 1h at 37 °C,
and incubated with primary antibodies (53BP1 or cleaved caspase 3) overnight at 4 °C in a humidi�ed
chamber. The next day, the cells were incubated with secondary antibody (anti-rabbit 488) for 1.5h at
room temperature and mounted with DAPI. Fluorescent images were captured with a Nikon �uorescence
microscope.
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Comet assays
DNA damage was measured by neutral or alkaline comet assay [22]. In short, cells were treated with or
without drugs, collected, and mixed with 0.5% low-melting-temperature agarose before being transferred
onto slides, which were coated with 1.5% normal agarose. Then, the slides were lysed in 10 mM Tris (pH
8.0), 3% DMSO, 2.5 M NaCl, 0.5% Triton X-100, 1% N-lauroylsarcosine, and 100 mM EDTA and
electrophoresed in 1% DMSO, 100 mM Tris-HCl, 300 mM sodium acetate at 1.5 V/cm for 25 min, mounted
with 0.02 mg/mL PI solution and visualized under a Nikon �uorescence microscope. The analysis was
performed with CASP.

Western blot analysis
The total protein was extracted and boiled for 10 min. The concentration of protein was detected by a
Bradford assay, and the proteins were separated via SDS-PAGE and transferred to 0.25 μm PVDF
membranes. The membranes were blocked with 5% skim milk (BD, USA) for 2 h at room temperature,
incubated with primary antibodies at 4 °C overnight, washed with TBST three times, incubated with HRP-
conjugated secondary antibodies for 1h at room temperature and detected using a Westar Supernova kit
(Cyanagen).

Statistical analysis
GraphPad Prism 5 was used for statistical analysis. In histograms, all data are presented as the mean ±
SD of at least three independent replicates for each experiment. The statistical signi�cance of the data
was assessed by Student’s two-tailed unpaired t-test or two-way ANOVA (*p < 0.05; **p < 0.01; ***p <
0.001).

Results

H2O2 enhances the anticancer activity of TMPyP4 on A549
and PANC cells but has no superimposed cytotoxicity on
normal hepatic MIHA cells
First, we examined whether H2O2 enhanced the antitumor effect of TMPyP4, and the cell viability assay
suggested that H2O2 signi�cantly increased the cell viability inhibitory effect of TMPyP4 on A549 and
PANC cells within the concentration range of 0-50 μM but had no effect on normal hepatic MIHA cells
(Supplementary Figure 1). In addition, it has been veri�ed that the concentration of H2O2 in the TME could
be as high as millimolar levels [23, 24]. Therefore, the best concentrations of TMPyP4 (10 μM) and H2O2

(800 μM) were chosen for the following experiments.



Page 6/17

The results showed that compared to TMPyP4 treatment alone, the combination of TMPyP4 and H2O2

had a stronger cell viability inhibitory effect on A549 and PANC cells without superimposed cytotoxicity
on MIHA cells (Figure 1A-1C). Moreover, the colony formation assay indicated that H2O2 strengthened the
inhibitory effect of TMPyP4 on A549 and PANC cell colony formation ability (Figure 1D and 1E).
Furthermore, the apoptosis assay indicated that H2O2 selectively increased the number of TMPyP4-
induced apoptotic A549 and PANC cells but not MIHA cells (Figure 1F and 1G). Taken together, these
results revealed that H2O2 enhanced the anticancer activity of TMPyP4 on A549 and PANC cells by
inhibiting cell viability, suppressing colony formation and enhancing cell apoptosis.

H2O2 increases TMPyP4-induced ROS production in A549
and PANC cells
It is well known that as a photosensitizer, TMPyP4 produces a large amount of ROS, and high levels of
ROS can cause oxidative distress to cells, leading to damage to biomolecules and apoptosis [25].
Therefore, it is reasonable to assume that TMPyP4 combined with H2O2 might generate more ROS than
TMPyP4 alone in A549 and PANC cells. The FACS results showed that H2O2 could potentiate ROS
production in TMPyP4-treated A549 and PANC cell lines (Figure 2A-2D). These results were consistent
with the data from �uorescence assays, which showed that TMPyP4 combined with H2O2-treated cells
had higher intracellular ROS levels than TMPyP4- or H2O2-treated cells alone (Figure 2E). Collectively,
these data indicate that H2O2 enhances the anticancer activity of TMPyP4 by raising intracellular ROS
levels in A549 and PANC cells.

H2O2 enhances TMPyP4-induced apoptosis through a
mitochondria-mediated pathway
It is generally thought that increased ROS levels are due to a perturbed intracellular redox status, which
induces mitochondrial dysfunction [26]. Loss of mitochondrial membrane potential (Δψm) is detrimental
to cells and leads to the release of cytochrome C into the cytosol [27]. We detected the mitochondrial
membrane potential through FACS �ow cytometry by using the JC-1 dye. The data revealed that
compared to TMPyP4 alone, the combination of TMPyP4 and H2O2 signi�cantly decreased the
mitochondrial membrane potential in both A549 and PANC cells (Figure 3A-3C). Next, the expression of
the mitochondrial-mediated apoptosis pathway-associated proteins Bax and Bcl-2 was measured by
western blot assay. Compared to TMPyP4 or H2O2 treatment alone, TMPyP4 combined with H2O2

treatment markedly increased the ratio of Bax/Bcl-2 in A549 and PANC cells (Figure 3D and 3E). In
addition, the results of �uorescent staining and western blot analysis demonstrated that compared to
TMPyP4 or H2O2 treatment alone, TMPyP4 combined with H2O2 treatment increased the expression of
cleaved caspase 3 in A549 and PANC cells (Figure 3F-3H). It has been well established that
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mitochondrial-dependent cell apoptosis involves alteration of the BAX/Bcl-2 proteins by c-Jun N-terminal
kinase (JNK) [28-30]. Our results revealed that TMPyP4 combined with H2O2 treatment dramatically
increased the expression of p-JNK compared to the single-agent treatment in A549 and PANC cells
(Figure 3I). Taken together, the present results showed that H2O2 enhances TMPyP4-induced apoptosis
through a mitochondria-mediated pathway.

H2O2 aggravates TMPyP4-induced DNA damage and the
DNA damage response in A549 and PANC cells.
Increased and accumulated ROS have previously been reported to cause oxidative DNA damage,
including single-stranded breaks, double-stranded breaks and others [31, 32]. The alkaline comet assay
and neutral comet assay that can detect multiple DNA lesions (SSBs, DSBs, and alkali-labile sites) were
�rst performed to measure the DNA lesions in A549 and PANC cells treated with TMPyP4, H2O2 or
TMPyP4 combined with H2O2. As expected, the results show that compared to single agent treatment, the
combination of TMPyP4 and H2O2 caused more intense DNA damage in A549 and PANC (Figure 4A-4D
and Supplementary Figure 2) cells. Moreover, the IF assay indicated that compared to TMPyP4 or H2O2

treatment alone, TMPyP4 combined with H2O2 treatment provoked more 53BP1 foci per cell in the A549
(Figure 4E and 4G) and PANC cells (Figure 4F and 4H), revealing intense accumulation of DSBs in these
cells, provoking strong DNA damage response. These results were consistent with western blot analysis
data, which demonstrated that signi�cantly increased expression of γ-H2AX was observed in A549 and
PANC cells in the TMPyP4 and H2O2 co-treatment group compared with the TMPyP4 or H2O2 treatment
alone (Figure 4I and 4J). Collectively, these data suggested that H2O2 potentiates TMPyP4-induced DNA
damage and the DNA damage response in A549 and PANC cell lines.

Discussion
TMPyP4 has already attracted a substantial amount of attention due to its dual role in PDT and
telomerase treatment [14, 18, 19]. However, most cells used in TMPyP4-related studies were cultured in a
traditional culture environment with no or diminished ROS levels. The tumor microenvironment (TME) is
known to have a high ROS level [1]. Consequently, it is di�cult to achieve equivalent in vivo application
values based on the results from cells in vitro. The present study provides evidence that H2O2 enhanced
the anticancer activity of TMPyP4, including promoting TMPyP4-induced reductions in cell viability and
colony formation, as well as cell apoptosis (Fig. 1). The underlying mechanism behind the synergistic
anticancer effects of TMPyP4 and H2O2 on A549 and PANC cells is summarized in Fig. 5. This �nding is
of interest because high intracellular ROS levels are a typical characteristic of the TME.

It has been found that unbalanced intracellular ROS levels are harmful to cells, resulting in intense DNA
damage leading to cell apoptosis [33, 1]. Because of this, ROS have been considered a valuable
therapeutic target in the TME. Our results showed that the intracellular ROS levels increased signi�cantly
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in TMPyP4 combined with H2O2-treated A549 and PANC cells compared to TMPyP4- or H2O2-treated
alone groups when using a sensitive free-radical indicator DCFH-DA probe (Fig. 2). Since intracellular ROS
are mainly produced by mitochondria [7], it has been proposed that H2O2 enhances the anticancer activity
of TMPyP4 via a ROS-mediated mitochondria-dependent pathway. The elevation of JC-1 green
�uorescence indicated the loss of mitochondrial membrane potential in TMPyP4 combined H2O2 treated
A549 cells and PANC cells compared to TMPyP4 or H2O2 treated alone groups (Fig. 3A-3C). Mitochondrial
function disruption affects the regulation and expression of apoptosis-related proteins [34, 35]. Hence, the
data in the present study suggested that TMPyP4 combined with H2O2 treatment upregulated the
expression of pro-apoptotic protein Bax and downregulated the anti-apoptotic protein Bcl-2 (Fig. 3D),
leading to an increased ratio of Bax/Bcl2 in TMPyP4 combined H2O2-treated A549 cells and PANC cells
(Fig. 3E). Furthermore, increased activity of cleaved caspase 3 and phosphorylated JNK (p-JNK) in
TMPyP4 and H2O2-treated A549 cells and PANC cells (Fig. 3F-3I) further indicated that apoptosis
enhanced by H2O2 is a ROS-mediated mitochondria-dependent pathway [34, 36].

Unbalanced intracellular ROS trigger strong DNA damage and DNA damage responses [32]. Our results
showed that H2O2 enhanced TMPyP4-induced DNA damage and provoked stronger DNA damage
response. Taken together, the data in the present study suggested that H2O2 enhanced the anticancer
activity of TMPyP4 by disrupting ROS-mediated mitochondrial function, upregulating apoptosis-related
proteins, triggered intense DNA damage and provoking a strong DNA damage response. This effect was
not observed in normal human hepatocyte MIHA cells, indicating the advantages of TMPyP4 in cancer
treatment.

In conclusion, these data suggested that H2O2 enhanced the anticancer activity of TMPyP4-mediated
ROS-dependent mitochondrial dysfunction, leading to upregulation of apoptosis-related protein
expression and triggering DNA damage. These �ndings contribute to a better understanding of the
biological effects induced by TMPyP4 and provide new insight into the effects of a high ROS tumor
microenvironment.
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Figure 1

H2O2 enhances the antitumor activity of TMPyP4 in A549 and PANC cell lines but has no superimposed
cytotoxicity on normal hepatic MIHA cells. (A, B and C) A549, PANC and MIHA cells were exposed to
TMPyP4 (10 μM) for 70 h and then incubated with 800 μM H2O2 for another 2 hours. Cell viability was
detected by MTT assays. (D) Colony formation analysis for cell proliferation evaluation. (E)
Quanti�cation of D. (F) H2O2 enhanced TMPyP4-induced apoptosis in A549 and PANC cells as measured
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by Annexin V/PI staining but did not increase apoptosis in normal hepatic MIHA cells. (G) Quanti�cation
of F. Values represent the mean ± standard deviation (SD) of at least three independent experiments.
Statistical signi�cance was calculated using unpaired Student’s two-tailed t-tests (*p<0.05, **p<0.01,
***p<0.001).

Figure 2

H2O2 potentiates TMPyP4-induced ROS generation in A549 and PANC cell lines. A549 (A) and PANC (B)
cells were treated with 10 μM TMPyP4 for 70 hours, and then 800 μM H2O2 was added for another 2
hours. Then, all cells were collected for DCFH-DA staining and measured by FACS. Data analysis was
carried out with FlowJo 7.1. (C) Quanti�cation of ROS levels in A549 cells. (D) The same as C, except
PANC cells were used. (E) Representative DCF �uorescence intensity images of the cells. Scale bar, 100
μm. The values are presented as the mean ± SD of at least three independent experiments. Statistical
signi�cance was calculated using unpaired Student’s two-tailed t tests (*p<0.05, **p<0.01, ***p<0.001).
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Figure 3

H2O2 enhances TMPyP4-induced apoptosis through a mitochondrial-associated apoptosis pathway in
A549 and PANC cells. (A) Mitochondrial membrane potential (Δψm) was measured by �ow cytometry
using JC-1 staining. Cells were incubated with TMPyP4 (10 μM) for 70 hours, and then H2O2 (800 μM)
was added for another 2 hours. (B and C) Quanti�cation of A. (D) Western blot analysis of the expression
of Bax and Bcl-2 proteins in cells treated with TMPyP4 (10 μM) for 70 hours, and then H2O2 (800 μM)
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was added for another 2 hours. (E) Quanti�cation of D. (F) The expression of cleaved caspase 3 in A549
cells was examined by �uorescence microscopy. Scale bar, 50 μm. (G) The same as F, except PANC cells
were used. (H) Western blot analysis of caspase 3 and cleaved caspase 3. (I) Western blot analysis of
JNK phosphorylation. JNK protein was used as the internal control. Values are presented as the mean ±
SD of at least three independent experiments. Statistical signi�cance was calculated using unpaired
Student’s two-tailed t-tests (*p<0.05, **p<0.01, ***p<0.001).

Figure 4
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H2O2 enhanced TMPyP4-induced DNA damage in A549 and PANC cell lines. (A, C) The alkaline comet
assay was performed to detect DNA damage in A549 (A) and PANC (C) cells exposed to TMPyP4 (10 μM)
for 70 hours and then incubated with H2O2 (800 μM) for another 2 hours. Scale bar, 100 μm. (B, D)
Quanti�cation of A and C, respectively. Statistics of tail DNA% and olive tail moment re�ect the degree of
DNA damage, and ≥200 cells were examined in each group. (E, F) The accumulation of 53BPl nuclear
foci as a marker of the DNA damage response was investigated by IF in A549 and PANC cells. Scale bar,
10 μm. (G) and (H) Quanti�cation of E and F, respectively. More than 200 cells were counted in each
group. (I, J) Western blot analysis of γ-H2AX. Values are presented as the mean ± SD of at least three
independent experiments. Statistical signi�cance was calculated using unpaired Student’s two-tailed t-
tests (*p<0.05, **p<0.01, ***p<0.001).

Figure 5

Schematic illustration of key �ndings of the present study. H2O2 elevated TMPyP4-induced ROS, then
decreased mitochondrial membrane potential, up-regulated the expression of mitochondrial-mediated
apoptosis pathway associated protein and triggered DNA damage which were contributed to cell
apoptosis.
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