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A B S T R A C T   

Hydrogen has been used to suppress tumor growth with considerable efficacy. Inhalation of hydrogen gas and 
oral ingestion of hydrogen-rich saline are two common systemic routes of hydrogen administration. We have 
developed a topical delivery method of hydrogen at targeted sites through the degradation of magnesium-based 
biomaterials. However, the underlying mechanism of hydrogen’s role in cancer treatment remains ambiguous. 
Here, we investigate the mechanism of tumor cell apoptosis triggered by the hydrogen released from magnesium- 
based biomaterials. We find that the localized release of hydrogen increases the expression level of P53 tumor 
suppressor proteins, as demonstrated by the in vitro RNA sequencing and protein expression analysis. Then, the 
P53 proteins disrupt the membrane potential of mitochondria, activate autophagy, suppress the reactive oxygen 
species in cancer cells, and finally result in tumor suppression. The anti-tumor efficacy of magnesium-based 
biomaterials is further validated in vivo by inserting magnesium wire into the subcutaneous tumor in a mouse. 
We also discovered that the minimal hydrogen concentration from magnesium wires to trigger substantial tumor 
apoptosis is 91.2 μL/mm3 per day, which is much lower than that required for hydrogen inhalation. Taken 
together, these findings reveal the release of H2 from magnesium-based biomaterial exerts its anti-tumoral ac
tivity by activating the P53-mediated lysosome-mitochondria apoptosis signaling pathway, which strengthens 
the therapeutic potential of this biomaterial as localized anti-tumor treatment.   

1. Introduction 

Hydrogen gas (H2) serves as a therapeutic medical gas in the treat
ment of inflammation [1,2], brain injury [3], and Alzheimer’s disease 
[4]. The mechanism of therapeutic action is often attributed to the 
H2-mediated reduction of highly cytotoxic reactive oxygen species 

(ROS), including peroxynitrite (ONOO− ) and hydroxyl radical (•OH) 
without disturbing signaling of normal cells [5]. Since the first report of 
the anti-tumor property of H2 in 1975, molecular H2 has been exten
sively studied as a new therapeutic agent [6]. Molecular H2 induces 
apoptosis of tumor cells and thereby suppresses the formation and 
growth of tumors [7–10]. H2 also improves outcomes of conventional 
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tumor treatment such as photothermal therapy and chemotherapy [11, 
12]. Clinically, H2 gas has been used to improve the prognosis in patients 
with stage IV colorectal cancer [13]. 

Common routes of H2 administration include inhalation of hydrogen- 
containing air [14], injection of hydrogen-rich saline [15], and oral 
uptake of hydrogen-rich water [16]. Unfortunately, these H2-delivery 
approaches often have limited therapeutic efficacy against tumors, as 
achieving hydrogen saturation in body fluids around the tumor is 
difficult. To overcome this challenge, new strategies to obtain a locally 
saturated H2 environment and improve the efficacy of tumor-targeting is 
being exploited, such as generating microbubbles [17] or using nano
particles of iron (Fe) [18], palladium hydride (PdH0.2) [19], and mag
nesium diboride (MgB2) [20] as H2 carriers. However, the 
nondegradability and cytotoxicity of these nanoparticles also elevate 
health risks. A safer and more efficient H2 administration approach is 
desired in clinical applications. 

As a biodegradable metal, magnesium (Mg) spontaneously degrades 
into magnesium hydroxide and release hydrogen gas under physiolog
ical or buffer conditions due to its relatively low standard reduction 
potential (− 2.37VSHE) [21]. Controlled degradation of Mg biomaterial is 
safe and well-tolerated in animals and humans [22,23]. In vivo degra
dation of Mg biomaterials can create a gaseous H2-rich environment as 
high as 1.46 mM near the implants [24], which surpasses the saturated 
concentration of hydrogen in water (0.8 mM). While the application of 
Mg to generate oversaturated H2 for tumor and inflammation therapy 
has been reported [25–27], a mechanistic understanding on how 
hydrogen can trigger the apoptosis of tumor cells and the signaling 
pathway involved is missing. 

In this study, we report the controlled release of hydrogen from 
biodegradable Mg by varying the pH value of the immersion solution 
and the specific surface area of Mg exposed to the immersion solution. 
Using a model of colon carcinoma treatment, we study the apoptosis rate 
of HCT116 cells after different levels of hydrogen exposition. Reactive 
oxygen species scavenging and expression of the tumor-suppressing 
genes were measured to identify the mechanism of anti-tumor action 
at different H2 levels. The antitumor activity is ascribed to the upregu
lation of P53 tumor suppression protein, resulting in damages in the 
mitochondrial membrane, followed by activation of autophagy and 
suppression of reactive oxygen species. Our results indicate that the 
activation of tumor cell apoptosis requires a minimum inhibitory con
centration of hydrogen around 91.2 μL/d/mm3. This provides a primary 
guide for anti-tumor therapy in clinical applications. 

2. Materials and methods 

2.1. Material processing and microstructural analysis 

Mg sheets (purity: 99.98 wt%, size: 12 × 10 × 0.4 mm) and Mg wires 
(purity: 99.98 wt%, size: ⌀ 1 × 5 mm) used in this work were supplied by 
Suzhou Origin Medical Technology Co. Ltd., China. Mg sheets were 
ground with 800# SiC abrasive paper from both sides and subsequently 
cleaned for 10 min with acetone and 10 min with 100 % ethanol in an 
ultrasonic bath. After cleaning, Mg samples were immersed into 70 % 
ethanol for 15 min and transfer to a clean bench for 15min with ultra
violet (UV) irradiation. 

2.2. Electrochemical test 

Electrochemical measurements were carried out using an electro
chemical workstation (Chenhua, CHI660E, China). The potentiody
namic polarization tests were performed by applying an open-circuit 
potential (OCP) from − 500 mV to +500 mV at a scan rate of 2 mV/s. The 
exposed area of the high purity Mg (HP–Mg) sheet was 1.2 cm2, which 
serve as the working electrode. The electrolyte solution was phosphate 
buffered saline (PBS, Gibco, USA) solution supplemented with N-2- 
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, Aladdin, 

China) buffer, and the pH values of the electrolyte solution were 5.6, 6.5, 
and 7.4, separately. 

2.3. Measurement of H2 evolution from Mg 

HP-Mg sheets were immersed in 10 mL PBS solution with different 
pH values (pH = 7.4, 6.5, 5.6), and the released H2 was collected 
through an inverted funnel and its total volume was numerated through 
a calibrated burette, which was described in detail in previous work 
[28]. The real-time concentration of H2 dissolved in PBS was measured 
by a dissolved hydrogen analyzer (Truslex, ENH-1000, Japan). In a 
separate experiment, the exposed surface area of Mg sheets was varied 
from 1.2 to 4.8 cm2, and the total volume of released hydrogen and the 
real-time concentration of dissolved hydrogen in PBS were recorded. 

In animal experiments, the total volume of H2 released from Mg was 
calculated by monitoring the volume loss of Mg wires. A micro-CT 
scanner (Scanco Medical, μCT 100, Swiss) was used to scan Mg wire 
and quantify the volume of remaining Mg before and on the 8th days, 
16th days, and 24th days after implantation (n = 3). 

2.4. Design of H2-emitting devices 

An H2-emitting device [29,30] was designed into three layers, as 
shown in Fig. 2b: a bottom layer of the standard six-well microplate, a 
gasket plate made of polypropylene in the middle, and a top layer of 
transwell chamber. Each microwell was filled with two pieces of Mg 
sheets and 2 mL of PBS solutions. The pH value of the PBS solution was 
adjusted by adding HEPES until the final pH reaches 7.4, 6.5, and 5.6. A 
control group was set without any H2 release. All transwell chambers 
were coated with air-permeable polycarbonate membranes (0.4 μm pore 
size), and cells were seeded on the membrane and cultured in the me
dium McCoy’s 5A (Gibco, USA). To avoid the direct interaction of liquid 
between the 6-well plate and an embedded chamber, a gasket plate was 
placed in-between. 

2.5. In vitro anti-tumor efficacy 

The human colon carcinoma HCT116 cells were purchased from the 
Cell Bank of the Chinese Academy of Sciences (CBCAS, China). The cells 
were cultured in McCoy’s 5A culture medium supplemented with 10 vol 
% fetal bovine serum (FBS, Gibco, USA), 1 vol% penicillin & strepto
mycin (Gibco, USA). The human colonic epithelial cells (HCoEpiC) were 
obtained from Guangzhou Jennio Biotech Co., Ltd, and cultured in MEM 
culture medium (Corning, USA) with 10 vol% PBS and 1 vol% penicillin 
& streptomycin. All cells were passaged by digestion using 0.25 % 
trypsin (Gibco, USA) and incubated in an atmosphere of 5 % CO2 at 
37 ◦C. The incubator was set 5 % carbon dioxide and 20 % oxygen 
partial pressure. 

The cell lines HCT116 and HCoEpiC were separately seeded in an H2- 
emitting device and a real-time cell growth process was observed under 
a 3D cell explorer microscope (Nanolive, 3D Cell Explorer, Swiss). The 
viability of cells after exposed to hydrogen at different concentrations 
was tested by a Cell Counting Kit-8 assay (DOJINDO, Japan) at time 
points of t = 24, 48, and 72 h. Results were collected by a microplate 
reader (BioTek, ELX800, USA). 

To detect the apoptosis of tumor cells induced by the released H2, 
HCT116 cells were seeded in the H2-emitting device. After 48 h incu
bation, cells were collected and stained with Fluorescein (FITC) Annexin 
V and Propidium Iodide (PI) solution (Sony Biotechnology, Japan). 
Then, cells were tested by a flow cytometer (Beckman Coulter, CytoFLEX 
S, USA) and analyzed by the software FlowJo (BD, USA). 

The effect of H2 on the distribution of the arrested cell cycle of 
HCT116 cells was tested by flow cytometry. Cells were prestained by PI/ 
RNase staining buffer (BD, USA) and the distribution of the arrested cell 
cycle was analyzed by ModFit LT (Verity Software House, USA). 
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2.6. Detection of mitochondrial membrane potential and apoptotic cells 

The tumor cells preseeded on the cell culture slide (⌀ 24 mm) were 
flipped over and covered on the H2-emitting device for 12 h. The 
Mitochondrial Membrane Potential and Apoptosis Kit (Beyotime, China) 
was added for 20 min. Cells were subsequently washed twice for 5 min 
with buffer and photographed by confocal laser scanning microscopy 
(CLSM, Leica, TCS SP8 STED 3X, Germany). Nuclei were stained by 
Hoechst. 

2.7. Detection of cleaved caspase 3 and cytochrome C 

After exposed to H2 for 12 h, tumor cells were transferred and seeded 
in the cell culture slide. After fixation and washing, cells were blocked 
for 1 h, then stained with cleaved caspase-3 antibody or Cytochrome C 
Antibody (Abcam, UK) overnight at 4 ◦C on a shaker. The cells were 
counterstained with fluorescein isothiocyanate (FITC, ABCAM, USA) or 
allophycocyanin (APC, ABCAM, USA) conjugated secondary antibody 
for 1 h. Finally, the cells were washed with an Immunol staining wash 
buffer three times before observation by CLSM. Nuclei were stained with 
Hoechst. 

2.8. RNA-sequencing and western blotting 

To investigate the molecular mechanism of H2-induced death of 
tumor cells, HCT116 cells were exposed to H2 for 48 h before harvested. 
Cells without H2 treatment were set as a control group. Total RNA was 
extracted using Trizol (Invitrogen, USA) according to manual instruc
tion. Subsequently, total RNA was quantified using a NanoDrop and 
Agilent 2100 bio-analyzer (Thermo Fisher Scientific, USA). Oligo(dT)- 
attached magnetic beads were used to purify mRNA. The double- 
stranded PCR products were heated until denatured and circularized 
by the splint oligo sequence to get the final library. The single-strand 
circle DNA was formatted as the final library. To compare the differ
entially expressed genes (DEGs) between the H2 and control group, the 
data were analyzed using bioinformatics tools, and only genes with a 
value of fold change ≥2 and a P-value <0.05 were considered. 

After 48 h H2-treatment, tumor cells were collected and lyzed. The 
protein content in the lysate was quantified by a BCA assay kit (Solarbio, 
China) to ensure an equal amount of protein. The protein was resolu
bilized in loading buffer, loaded onto 10 % SDS–polyacrylamide gels and 
then transferred to polyvinylidene fluoride membranes. The membranes 
were blocked in PBS with Tween 20 with 5% bovine serum albumin 
(BSA) and incubated with primary antibodies (diluted 1:1000; Cell 
Signaling Technology, USA) against p53, Cathepsins B, Bax, Bcl-2, and 
LC3B at 4 ◦C overnight. Then, the membrane was incubated with an 
HRP-linked antibody (diluted 1:2000; Cell Signaling Technology, USA) 
at 37 ◦C for 1 h. A ChemiDoc Imager system (Bio-Rad, ChemiDoc MP, 
USA) was used to measure the levels of specific proteins after the 
treatments. 

2.9. Construction of solid tumor model 

All animal experiments were approved by the Experiment Animal 
Ethics Committee of the Shanghai Jiao Tong University Affiliated Sixth 
People’s Hospital. HCT116 cells (2 × 106) were suspended in PBS (50 
μL) and injected subcutaneously into the flank regions of 25 male BALB/ 
c nude mice. After one week of inoculation, tumors grew up to a 
diameter of about 5 mm. These tumor-bearing mice were implanted 
with a titanium wire (⌀ 1 × 5 mm), or Mg wires (1 or 3 pieces, ⌀ 1 × 5 
mm). The mice without implanting any metallic wires were used as a 
blank control group. As a positive control, the mice were inhaled with 2 
vol% H2 persistently for 24 days. The size of tumors was recorded every 
four days and its volume (V) was calculated according to the formula: V 
= ab2/2, where a (mm) and b (mm) represented the tumor length and 
width, respectively. The changes in body weight were recorded every 

four days. 

2.10. Analysis of histology and blood chemistry 

On the 24th day, all mice from each group were sacrificed. Their 
tumor tissue and major organs were harvested to stain with hematoxylin 
and eosin (H&E) for histological evaluation. Tumors were stained by 
transferasemediated deoxyuridine triphosphate nick end labeling 
(TUNEL) and caspase 3 for observation of their apoptosis. Meanwhile, 
the blood of mice in each group was harvested from the eye socket for 
microelement analysis and routine analysis of blood using an automatic 
analyzer (Hitachi, 7600-030, Japan). 

2.11. TEM observation of tumor tissues 

The tumor tissues were cut into about 1 mm3 piece and fixed with 
2.5 % glutaraldehyde for 6 h at 4 ◦C. After a serial of standard proced
ures of dehydration and resin-embedding, the tissue samples were sliced 
by ultramicrotome system (Leica, EM UC7FC7, Germany) for about 60 
nm in thickness, stained with both uranyl acetate and lead citrate for 15 
min before imaged using TEM (Thermo Fisher Scientific, Talos L120C 
G2, USA). 

2.12. Statistical analysis 

All data were expressed as mean ± SD, and statistical analysis was 
performed using Student’s t-test. Statistical significance is denoted by 
*p < 0.05, **p < 0.01 and ***p < 0.001. 

3. Results 

3.1. Controlled release of H2 by varying medium pH and exposed surface 
area of Mg 

In an aqueous environment, Mg dissolves to form Mg2+ ions (the 
anodic reaction) and hydrogen (the cathodic reaction) as shown in Eq. 
(1). 

Mg(s)+ 2H2O→Mg2+ + H2↑ + 2OH− Eq. (1) 

As shown in Fig. 1, by changing the exposed surface area of the 
material and the medium pH values, a variable and controlled released 
of hydrogen released from Mg could be achieved. When the exposed 
surface area of Mg to the PBS solution increases from 12 mm2/mL to 48 
mm2/mL, the total volume of released hydrogen increased by 258.70 ±
36.31 % in the first 12 h. Accordingly, the concentration of hydrogen 
dissolved in PBS also elevates from 98.50 ± 6.76 μM to 236.50 ± 10.50 
μM. To study the effect of pH on the release rate of hydrogen, the pH 
values of PBS (i.e., 5.6, 6.5, and 7.4) were adjusted by adding HEPES 
powders. Decreasing the medium pH values from 7.4 to 5.6 accelerated 
the propensity of corrosion, evidenced by the elevated open circuit po
tential from − 1.57 ± 0.11 mV to − 1.91 ± 0.13 mV (Fig. S1). The 
corrosion current densities (Icorr) of Mg in PBS with pH = 6.5 was (3.27 
± 0.39) × 10− 4 mA cm− 2 V.S (6.10 ± 0.19) × 10− 5 mA cm− 2 in neutral 
solution (pH = 7.4) (Supplementary Table 1). Due to the faster corrosion 
of Mg at a lower pH medium (pH = 5.6), the released hydrogen was 
147.40 times higher than that in neutral PBS, and the dissolved 
hydrogen in the near steady-state also increases by 0.93 folds. The pH- 
responsive release rate of hydrogen was also confirmed in the cell cul
ture solution under 5% CO2 atmosphere (see Fig. S2). As the pH value of 
the immersion solution decreased, the near-equilibrium concentration 
of dissolved H2 in the culture medium was 44.50 ± 2.18 μM (pH = 7.4), 
61.83 ± 2.75 μM (pH = 6.5), and 82.33 ± 3.21 μM (pH = 5.6). These 
observations suggest that the concentration of dissolved hydrogen in 
simulated physiological solutions can be regulated by controlling the 
corrosion rate of Mg, either by changing the specific surface area 
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exposed to the surrounding medium or adjusting the medium pH values. 

3.2. The anti-tumor efficacy of H2 in vitro 

In order to study the effect of H2 released alone on human colon 
carcinoma HCT116 cells, a special in vitro set-up using a transwell sys
tem was employed. As presented above, the controlled and variable 
release of H2 from Mg was achieved by varying the pH of PBS. Sample 
and extraction vehicles were placed on the well and the cells in the 
upper chamber. 

We first monitored the morphology of HCT116 cells by immersing 
cells in an H2-containing culture medium and observed them under a 
live-cell imaging microscope. HCT116 cells exposed to the H2-rich me
dium underwent apoptosis after 2 h of incubation. As shown in Fig. 2a 
and Movie 1, tumor cells exhibited a spindle-shaped morphology at the 
beginning, but then shrank into an oval shape after 2 h. As time pro
ceeds, cell division was halted and a secreted apoptotic body was 
expelled extracellularly, as denoted by the red box in Fig. 2a. In com
parison, tumor cells without hydrogen treatment remained intact. 
Furthermore, hydrogen exposure did not harm normal tissue cells or 
change their morphology, as shown by imaging the human colonic 
epithelial cells HCoEpiC under the same conditions (Movie 2 and 

Fig. S3). 
Supplementary video related to this article can be found at https:// 

doi.org/10.1016/j.bioactmat.2021.07.026. 
To quantitatively assess the effect of hydrogen exposure on prolif

eration, apoptosis, and division of cells, we cultured normal tissue cells 
and tumor cells in a culture medium with different concentrations of 
dissolved hydrogen and measured the corresponding cell viability after 
24–72 h. As representatives, cell culture medium with a relatively low 
H2 concentration of ~44.50 ± 2.18 μM H2 (defined as L-H2 group) rarely 
affected the proliferation of tumor cells in the first 48 h, as observed in 
treatment without hydrogen (Fig. 2c). After 72 h, the proliferation rate 
in the L-H2 group was reduced by less than 14.54%. When the concen
tration of dissolved hydrogen was increased to 61.83 ± 2.75 μM (defined 
as M − H2 group), compared with the treatment without H2, the number 
of tumor cells declined by 90.47 ± 1.62% after 72 h. Monitoring of the 
cell cycle progression suggested these tumor cells were arrested in the 
G0/G1 phase (Fig. 2d). The ratio of apoptotic cells was also measured by 
flow cytometry (Fig. 2e). The results showed that the apoptotic level of 
HCT116 cells in the M − H2 treatment was 35.96 ± 0.73%, a much 
higher apoptotic rate than that in the L-H2 group (10.56 ± 1.21 %). 
While a relatively high level of dissolved hydrogen inhibited the pro
liferation of tumor cells (Fig. 2c), the proliferation of normal tissue cells 

Fig. 1. Controlled release kinetics of hydrogen achieved by changing the surface area of Mg or the pH value of PBS. (a) The volume of released H2 and (b) the 
concentration of dissolved H2 in PBS solution increased with the exposed surface area (mm2 per mL PBS) of Mg plates (pH = 7.4). (c) The volume of released H2 and 
(d) the concentration of dissolved H2 in PBS increased as the pH value decreases. 
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HCoEpiC was not affected after being exposed to a high dose of 
hydrogen for 72 h (Fig. S4). 

Previous studies have attributed the anti-tumor efficacy of hydrogen 
to cytotoxic ROS decrease in tumor cells. To more accurately measure 
the effect of H2 on ROS, we performed a semi-quantitative analysis of 
ROS by flow cytometry. Meanwhile, the marker of oxidative stress 
malondialdehyde (MDA) and the antioxidant enzyme superoxide dis
mutase (SOD) were quantified analysis by a plate reader (Figs. S5 and 
S6). Compared to the control group without H2 exposure, both semi- 
quantitative and quantitative measurements confirmed a significant 
reduction (p < 0.05) in the ROS level after the M − H2 treatment. 
However, no statistical difference in ROS level was observed among the 
L-H2 and M − H2 groups. Since the M − H2 group exhibited much 
stronger anti-tumor activity than the L-H2 group (see Fig. 2) but no 
difference in ROS level was observed, we assumed that other 

mechanisms than the intracellular ROS decrease were involved in the 
anti-tumor activity of H2. 

3.3. Identification of the apoptosis signaling pathway activated by H2 

To explore the potential anti-tumor mechanism of H2, we conducted 
mRNA transcriptome analysis. About 600 differently expressed genes 
(DEGs) were identified in the H2–treated group relative to the Ctrl group 
(no H2-treatment), including 322 up-regulated genes and 270 down- 
regulated genes (P < 0.05, fold change > 2; Fig. 3a). According to the 
molecular signatures database (MSigDB) [31], a gene set enrichment 
analysis (GSEA) was conducted. Results are shown in Fig. 3b and c 
(abbreviations and full names of the genes can be found in Table S2). We 
found that DEGs were mainly enriched in pathways associated with P53 
signaling (CDKN1A, SERPINE1, SESN2, FAS, GADD45B and, CCNG2), 

Fig. 2. Hydrogen induces tumor cell apoptosis at certain critical concentrations. (a) A series of morphology images of HCT116 cells from a live cell imaging mi
croscope. (b) Schematic illustration of H2-emitting device. (c) The cell viability of HCT116 cells with different treatments. (d) The cell cycle of the HCT116 cells in the 
Ctrl and M − H2 groups; and (e) flow cytometry of cell apoptosis after different treatments and the corresponding apoptosis rate was statistically quantified. L-H2 and 
M − H2 groups represent the low and medium concentrations of H2 in the culture medium, respectively. The ctrl group represents no H2-treatment. 
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lysosome signaling (DNASE2, NEU1, LAMP3, and CD68), and apoptosis 
signaling (TNFRSF10B, IL1A, TNFRSF10C, and FAS) (Fig. 3d). The DEGs 
enrichment analyses were also carried out using multiple databases 
including the Kyoto Encyclo-pedia of Genes and Genomes (KEGG) [32] 
and the Gene Ontology (GO) databases [33]. In H2-treated cells, KEGG 
and GO databases suggested an enhanced expression of genes associated 
with the P53 signaling pathway (highlighted by a red box in Fig. 3e) and 
with the release of cytochrome C from mitochondria (Fig. 3f, highlight 
by a red box), respectively. According to these results, we speculated 
that H2 could induce the apoptosis of tumor cells by up-regulating the 
P53-mediated lysosome/mitochondria pathway. 

In order to prove the P53 regulated anti-tumor mechanism of H2, we 
next tested the expressions of selected proteins via western blotting and 
immunofluorescence. As shown in Fig. 4a, the immunoblotting analyses 
revealed that H2 up-regulated the expression of the P53, cathepsin B, 

and Bax/Bcl-2. The up-regulation of P53 can initiate the lysosomal 
leakage to release cathepsin B, which further activated Bax/Bcl-2 to 
permeabilize the outer membrane of mitochondria [34,35]. This per
meabilization results in the depolarization of the mitochondrial mem
brane and a decrease in the mitochondrial membrane potential (MMP), 
as demonstrated by the mitochondrial membrane staining with 
Mito-Tracker Red CMXRos in Fig. 4b. Due to the mitochondrial outer 
membrane damage, adenosine triphosphate (ATP) from the inner 
mitochondrial membrane and pro-apoptotic protein cytochrome c were 
released (Fig. 4c and Fig. S7). Since the release of cytochrome c often 
leads to the activation of downstream caspase-3, the expression of 
caspase-3 was evaluated by using a cleaved caspase-3 antibody. As 
shown in Fig. 4d and Fig. S8, the expression of cleaved caspase-3 
increased significantly in the H2-treated group, which is a typical hall
mark of cell apoptosis [36]. Furthermore, the confocal microscopy 

Fig. 3. Hydrogen regulated gene expressions related to the P53-mediated apoptosis signaling pathway. (a) A volcano plot showing up/down-regulated genes after M 
− H2 treatment vs. the Ctrl group. Genes with an absolute fold change of >2 and a P value of <0.05 are highlighted in green and red color separately, denoting the 
down- and up-regulated genes, respectively. (b) Circular visualization of the gene-annotation enrichment analysis after gene set enrichment analysis (GSEA) was 
conducted using the Molecular Signatures Database (MSigDB). (c) The gene set enrichment analysis of the P53, lysosome and apoptosis pathway. (NES: normalized 
enrichment score). (d) A heat map of differentially expressed genes associated with three apoptotic pathways after H2 treatment, a fold change of >2 and a P value of 
<0.05 compared to the Ctrl group was analyzed. (e, f) An analysis of the enriched differentially expressed genes using the Kyoto Encyclopedia of Genes (KEGG) and 
Genomes (GO) database. 

Fig. 4. The up-regulated P53 activates the mitochondrial apoptosis pathway by hydrogen. (a) The P53, cathepsins, Bax, Bcl-2 and LC3B expression after M − H2, L- 
H2 and Ctrl treatment, respectively. (b) Confocal fluorescence images of mitochondria membrane potential and apoptosis of HCT116 with or without H2 treatment. 
The mitochondria membrane potential was stained by Mito-Tracker Red CMXRos (red), apoptosis cells were stained by Annexin V-FITC (green) and the nuclei were 
stained by Hoechst 33342 (blue). The scale bar is 25 μm. (c) The analysis of cytochrome C expression in HCT116 cells using the APC-conjugated cytochrome C 
antibody. Scale bar: 25 μm. (d) The analysis of the caspase-3 expression in HCT116 cells using FITC-conjugated cleaved caspase-3 antibody. Scale bar: 25 μm. 
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images exhibited that mitochondria (green) and lysosome (red) were 
colocalized (yellow) after H2 treatment (Fig. S9), indicating that 
damaged mitochondrion was degraded by lysosomes leading to 
apoptotic bodies generation. In addition, the microtubule-associated 
protein 1 light chain-3B (LC3B) is an autophagy protein, which medi
ates the progression of apoptosis [37]. We found that the release of H2 
increases the expression LC3B protein, consistent with the phenomenon 
observed in Movie 1. In summary, with RNA sequencing and relative 
protein expression analyses, we found the H2-mediated apoptosis of 
tumor cells was induced by the up-regulation of P53 through a 
lysosome-mitochondrial pathway, as depicted in Scheme 1. 

3.4. The anti-tumor efficacy of H2 in vivo 

The anti-tumor performance of H2 after implantation of Mg was 
further investigated in vivo. Balb/c nude mice injected with HCT116 
cells in the right flank were used to establish a model of tumor xeno
grafts and randomly divided into five groups, including a control (Ctrl) 
group, one titanium wire implanted (Ti) group, one Mg wire implanted 
(Mg1) group, three Mg wires implanted (Mg3) group and an H2 inha
lation (H2) group. By comparing with the Ti material, a clinical rectal 
anastomotic staple without anti-tumor property, we study the inhibitory 
effect of H2 on tumors in vivo by changing the exposed surface area of Mg 
wire. Considering the complicated environment in the body, an H2- 
inhalation group (2 vol% H2-98 vol% O2 mixture) was set to individually 
study the anti-tumor efficacy of H2 on tumors, which excludes the effect 
of two other degradation products of Mg on tumors in vivo. As shown in 
Fig. 5a, Mg wires were inserted into the tumor tissue to generate H2 in 
situ. After 8d, 16d, and 24d implantation, the degradation behavior, as 
well as volume loss of Mg wires in tumor tissue, was assessed by micro- 
computed tomography (micro-CT; Fig. 5b). The release rate of hydrogen 
could be estimated from the volume change of Mg implants. Since no 
apparent hydrogen bubble was observed around the tumor, we assumed 
the average concentration of hydrogen dissolved in body tissue did not 
reach a saturated state, so the average H2 concentration should be 
proportional to the release rate of hydrogen (μL/d) from Mg implants 
(Fig. S10). The average hydrogen release rate can be estimated from the 
average corrosion rate of Mg based on micro-CT imaging. We defined a 

nominal hydrogen concentration, ρH2 = RH2/VT0, where RH2 is the 
hydrogen release rate (μL/d), and VT0 is the volume of tumors at time 
zero. The local concentration of hydrogen, CH2, is proportional to the 
normal H2 concentration through CH2 = η⋅ρH2, where η is the volumetric 
ratio of hydrogen dissolved in tumors to the total hydrogen produced by 
Mg. η is roughly estimated on the order of ~14 % from the in vitro im
mersion test. After implantation for 24 days, about 1/3 of Mg wire was 
degraded and the hydrogen release rate of Mg was constantly main
tained at about 80.05 μL/d (Fig. 5c). When the exposed surface area of 
Mg was increased from 17.3 mm2 to 51.9 mm2, the estimated local 
concentration of hydrogen from 91.2 μL/d/mm3 to 273.6 μL/d/mm3; 
accordingly, the volume of tumors at 24 d declined by 64%. In contrast, 
both the blank Ctrl group without implants and Ti wire-implanted mice 
exhibited a rapid progression of the tumor. The tumor-bearing mice 
treated by H2, either administrated through direct inhalation H2 or 
transplanted with Mg wires exhibited significantly suppressed tumor 
growth and weight (Fig. 5d and e). Impressively, tumor tissue necrosis 
occurred around the Mg wires, while the tumor tissue around the Ti 
wires grew well (Fig. S11). During the process of therapy, no obvious 
body weight loss in all five groups of mice was observed (Fig. 5f). 
Meanwhile, analysis of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), creatinine (CRE), lactate dehydrogenase 
(LDH), and creatine kinase MB (CK-MB) by blood chemistry showed no 
distinct abnormality in Mg-implanted groups. Furthermore, no obvious 
pathological changes were found in the normal tissues after the different 
treatments (Fig. S12), highlighting the biocompatibility of Mg- 
implanted H2 therapy in vivo. 

In addition, the ultrastructure of tumor tissue and cells was investi
gated by transmission electron microscopy (TEM). As a comparison, the 
tumor cells in the Ctrl and Ti group demonstrated clear cell boundaries 
in an oval shape and evenly distributed chromatin in the cell nucleus. In 
the Mg-implanted group, upon the administration of H2, chromatin 
aggregated and touched the nuclear membrane and cell boundary 
became blurry, revealing early signs of apoptosis. Furthermore, a 
necrotic tissue wrap was found around the Mg wires. A TEM image of 
this necrotic tissue revealed that the nucleus membrane of tumor cells 
broke up and the cell nucleolus turned into smooth intranuclear masses. 
As mitochondria were engulfed by the lysosome, some vacuolated 

Scheme 1. Schematic illustration of the anti-tumor effect of H2 from biodegradable Mg.  
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mesostructures were observed, and apoptotic bodies were formed 
(Fig. 6a and Fig. S13a). Immune cells including foreign body multinu
cleated giant cells and neutrophils were recruited (Fig. S13b). In the 
distal end of Mg wires, tumor cells underwent an early stage of apoptosis 
(Fig. S14). Histological examination and immunofluorescence stainings 
showed that the tumor cells in the Mg-implated group exhibited most 
cell shrinkage and loss of nuclei, indicating apoptosis (Fig. 6b). Inhala
tion of H2 resulted in less intensive apoptosis, compared to a negligible 
extent of apoptosis in the blank Ctrl or Ti-implanted group. The thera
peutic effectiveness, i.e., anti-tumor activity through induction of 
apoptosis of Mg implantation was assessed by deoxyribonucleic acid 

(DNA) fragmentation via terminal deoxynucleotidyl transferase (TdT)- 
mediated dUTP nick end labeling (TUNEL) assay (Fig. 6c) and caspase 3 
stainings (Fig. 6d). A maximum number of apoptotic cells (green) was 
detected in the Mg-implanted group. Quantification showed that the 
apoptosis rate in the Mg-implated group was 14.46-fold higher than in 
the blank Ctrl group (Fig. S15). Compared to the other groups, immu
nofluorescence staining results showed that caspase 3 (green fluores
cence) was up-regulated in the Mg-implated group (Fig. 6d). In 
summary, Mg implantation exhibited excellent in situ anti-tumor ther
apeutic outcomes in vivo, and the anti-tumor efficacy could be controlled 
by adjusting the exposed surface area of Mg implants. 

Fig. 5. Hydrogen released from Mg wires inhibits tumor growth in vivo. (a) The anti-tumor evaluation of the H2 therapies through Mg degradation on tumor-bearing 
mice. (b) Micro-CT images of Mg wires after 0 d, 8 d, 16 d, and 24 d implantation in tumor tissue; (c) Evolution of hydrogen released and wire volumes in tumor- 
bearing mice after 8 d, 16 d and 24 d implantation. (d) Growth curve of tumor volume after different treatments. (e) The HCT116 tumor weight and the corre
sponding representative pictures of tumors at the end of the experiment. (f) Bodyweight change after different treatments. 
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4. Discussion 

H2 gas is considered to be a therapeutic medical agent, which ex
hibits remarkable effects in some diseases, especially in tumors. 
Currently, some methods of H2-treatment trials are being attempted, 
including inhalation of H2 gas [14], drinking H2-enrich water [16], and 
nanomaterials releasing [38]. However, due to the low efficacy of 
external delivery and potential metabolic toxicity of nanomaterials, 
H2-administration remains a huge challenge. 

In the present study, we were able to control the release of H2 from 
biodegradable magnesium-based biomaterial, which inherent degrada
tion releases H2, allowing a localized hydrogen delivery stimulated by 
the acidic tumor microenvironment. Evidence from the in vitro and in 
vivo findings suggested that H2 induced tumor cells apoptosis when the 
dissolved H2 exceeds a certain concentration. Apart from the well- 
accepted mechanism that the H2 selectively decreases ROS [5], we 
found another underlying mechanism of H2 for the anti-tumor effect. To 
a large extent, the molecular H2 increased the expression of tumor 
suppressor protein P53 and subsequently activated the 
mitochondria-related apoptosis pathway. 

Although it has long been known that the P53 served as a target to 
mitochondria for tumor therapy [39,40], the exact role of P53 in 

medical H2 treatment for anti-tumor is unclear. Several points of our 
findings support that hydrogen can induce tumor cell apoptosis with the 
involvement of P53, which acts as an important role in tumor progres
sion as well as apoptosis [41]. We recorded the dynamic behavior of 
human colon carcinoma cells in real-time and found an apoptotic body 
released from cells after treatment with H2 from Mg degradation (Fig. 2a 
& Movie 1). Compared to the cells without H2 treatment, the analysis of 
paired comparative bioinformatics through different databases sug
gested that the apoptotic cells were mainly attributed to the 
up-expression of P53, which interrupt the activities of tumor cells, such 
as DNA repair, metabolism and antioxidant response [42]. Furthermore, 
the underlying mechanism was further proved by the western blotting 
and immunofluorescent staining method. The up-regulated P53 acti
vated the signaling to broke the mitochondrial membrane and release 
the pro-apoptotic protein. The damaged mitochondria were dissolved by 
lysosomes to form apoptotic bodies and then were released outside the 
cell. 

Compared to the clinical usage of Ti material, the H2 carrier of Mg 
material showed unexpectable anti-tumor efficacy in vivo. In our find
ings, Mg implants inhibited the growth of tumor tissues by continuously 
releasing H2 in situ for 24-day observation. The volume of tumors in the 
control group is about 9 times than that in the Mg3 group after 24d 

Fig. 6. Hydrogen induces tumor tissue apoptosis in tumor-bearing mice. (a) TEM photos of the tumor tissues at various scales; (b) H&E images of tumor tissues 
dissected from each group after different treatments on day 24; (c) Apoptosis was analyzed by TUNEL staining in tumor tissue after 24 days of treatment; (d) Confocal 
laser scanning microscopy of caspase-3 staining in tumor tissues after different treatments. 
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treatment. Furthermore, a large number of apoptosis cells and necrotic 
tissue were found surrounding the Mg wires (Fig. 6 and Fig. S11). By 
increasing the exposed surface of Mg wire, more H2 concentration in 
solid tumors induces more cell apoptosis and a slower growth rate of 
tumors. These findings are consistent with the result in vitro. Neverthe
less, whether the two other degradation products of Mg affect tumor 
cells was hard to identify. Therefore, tumor-bearing mice were put into a 
box saturated with 2 % H2 and individually studied the effect of the 
molecular H2 on the growth of tumors. The outcome suggested that the 
H2 is a promising trial for tumor-inhibiting. The employment of Mg 
implants for the in vivo delivery of H2 has several advantages over 
traditional H2-inhalation therapy. 1) The tumor microenvironment 
(TME) accelerates the release of hydrogen from Mg. TME is character
ized by declined pH value, which accelerates the degradation of Mg 
wire. This triggers a pH-responsive release of H2 from Mg wire (Fig. 1), 
which increases the local concentration of hydrogen and improves its 
antitumor efficacy (Fig. S4). The release of hydrogen by Mg implanta
tion achieves a localized delivery around the tumor, can increase the 
concentration of hydrogen around the implantation site, thus improving 
the anti-cancer effect. 2) Portability. The Mg implants with a low density 
are easy to carry on, which does not require a heavy tank for direct H2 
inhalation. 3) High H2-generation capacity. A small volume of 1 cm3 

pure Mg implants can generate as much as 1600 mL hydrogen around 
tumors. In a hypothetical calculation, three Mg wires with a dimension 
of Φ 1 × 5 mm can generate 5.74 mL H2 within 24 days, which is as 
effective as inhaling 30 L H2–O2 mixture gas for suppression of tumor, as 
shown in Fig. 5d. Hence, it is reasonable to believe that the degradable 
Mg implants showed more therapy efficiency in H2-delivery to tumor 
tissue than H2-inhalation. More importantly, our results indicate that the 
activation of tumor cell apoptosis requires a minimum inhibitory con
centration of hydrogen around 91.2 μL/d/mm3, which provides refer
ence standards of dosage for the application of medical hydrogen in the 
field of oncology. In our previous work, Mg ions were regarded as an 
indispensable role to inhibit bone tumor cell growth [29]. Therefore, 
whether H2 and Mg ions have a synergistic effect in vitro and in vivo 
awaits further investigation. It would also be important to test whether 
H2 could affect other types of tumor cells. 

5. Conclusion 

In conclusion, we showed an H2 concentration-dependent suppres
sion of tumor cells HCT116 induced by the degradation of Mg. The 
concentration of hydrogen dissolved in body fluid can be regulated by 
controlling the degradation rate of Mg, such as varying the medium pH 
value or the specific surface area exposed to the immersion solution. 
Because of the emission of H2 from Mg, the expression of tumor sup
pressor protein P53 was up-regulated to induce tumor cells apoptosis 
through a lysosome-mitochondria-mediated apoptosis signaling 
pathway. Mg wires inserted in tumor-bearing mice also confirmed its 
anti-tumor therapy efficacy by releasing hydrogen gas in situ. These 
results indicated that the controlled release of hydrogen from Mg im
plants (or anastomotic staple) has great potential for the suppression of 
colorectal cancer. 
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