
Molecular hydrogen as a potential 
mediator of the antitumor effect of 
inulin consumption
Victor Pascal-Moussellard1, Jean-Pierre Alcaraz1, Stéphane Tanguy1, Cordélia Salomez-Ihl1,2, 
Philippe Cinquin1,2, François Boucher1,3 & Emilie Boucher1

Inulin consumption and dihydrogen (H2) administration both exert antitumor effects on preclinical 
models as well as in clinical trials. As H2 is one of the major byproducts of inulin fermentation by 
bacterial species of the gut microbiota (GM), we hypothesized that H2 could mediate the antitumor 
effects of inulin. To provide evidence in favor of this hypothesis, we first determined the pattern of H2-
exposure to which mice are subjected after inulin administration and developed an inhaled hydrogen 
therapy (H2T) protocol replicating this pattern. We then compared the effects on circulating immunity 
of a two-week daily inulin gavage with those of the corresponding H2T. We also compared the effects 
of inulin supplementation to those of the corresponding H2T on implanted melanoma growth and 
infiltration by T lymphocytes. Inulin and H2T induced a similar increase in circulating CD4+ and CD8+ T 
cells. In addition, both treatments similarly inhibited melanoma tumor growth. These results support a 
mechanism by which the H2 resulting from inulin fermentation by the GM diffuses across the intestinal 
barrier and stimulates the immunosurveillance responsible for the antitumor effect.
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Cancer is currently the second leading cause of death in the world, and it is projected to increase over the next 25 
years. A recently published estimate forecasts a 76.6% increase in the number of cancer cases worldwide by 2050, 
accompanied by an 89.7% increase in the number of cancer deaths1. This highlights the urgent need to develop 
novel therapeutic approaches and adapt our daily habits to address this escalating issue.

According to the Hallmarks of Cancer2, the immune system plays a major role in cancer progression. Indeed, 
during the immunosurveillance process, several immune cells such as conventional αβTcR+ CD8+ and CD4+, 
and γδTcR+ T lymphocytes act together and target cancer cells to prevent tumor formation3. As this mechanism 
is crucial in the prevention of cancer development, many therapeutic strategies, grouped under the generic 
name of immunotherapy, have been developed to boost the activity of the immune system and counteract tumor 
progression4. To date, immunotherapy has revolutionized cancer treatments and improved the prognosis of 
patients suffering from various cancers5–7. However, these treatments can have serious inflammation-related 
side effects such as autoimmunity or cardiac complications8, and some patients remain non-responders. To 
further improve cancer prognosis, innovative methods of immune system stimulation are being explored. One 
of the promising strategies is the modulation of the gut microbiota (GM).

GM refers to the 1014 microorganisms present in the human digestive tract9. The presence of specific bacteria 
in the GM, such as Bifidobacterium or Akkermansia muciniphila, has been shown to promote immunosurveillance 
and potentiate the response to immunotherapies and chemotherapies10–13. Therefore, strategies to modulate the 
microbiota and promote the growth of beneficial bacterial species are in development to improve the outcome 
of cancer patients. Among these strategies stands the use of prebiotics, substrates that selectively support the 
growth of beneficial microorganisms conferring health benefits14.

Inulin is a prebiotic which promotes the growth of Bifidobacterium in the GM15,16. Our group and others 
have provided preclinical evidence demonstrating an antitumor effect of inulin. In this context, inulin 
supplementation was shown to inhibit tumor growth in mouse models of melanoma, fibrosarcoma and ectopic 
colorectal cancer16–18. This antitumor effect arises from an increased immunosurveillance. Tumor infiltration 
of conventional CD4+ and CD8+ T lymphocytes18 but also of γδ T cells16 was shown to be increased by 
inulin supplementation in mice. Moreover, these immune cells were more prone to inhibit tumor growth as 
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a higher proportion of them was producing interferon-γ (IFN-γ). Our group has also shown that γδ T cells 
are essential for the antitumor effect of inulin since inhibition of their activation prevents the beneficial effects 
of the supplementation16. Similarly, we have demonstrated that the bacterial component of the GM is crucial 
for the immunostimulatory and antitumor effects of inulin as the use of broad-spectrum antibiotics abrogates 
them16. It has also been shown that inulin supplementation enhances blood circulating immunity18. In addition 
to its well-described antitumor effects, inulin can also exert negative effects in specific contexts such as the 
intestinal pathologies colitis and colorectal cancer19. For example, in a mouse model of dextran sulfate sodium 
(DSS)-induced colitis, inulin supplementation increased the severity of colonic inflammation as well as weight 
loss and bleeding20. Another study in mice, using DSS coupled with azoxymethane (AOM), showed that inulin 
supplementation not only aggravated inflammation but also promoted the development of colorectal tumors21. 
Finally, a study on mice spontaneously developing colorectal cancer independently of any inflammatory process, 
has shown that inulin supplementation increases tumor growth22. Altogether, these data suggest that inulin 
supplementation could be a satisfactory solution for the treatment of cancer patients. This excludes patients 
with intestinal cancers or with associated intestinal pathologies. Finally, to overcome the obstacle linked to the 
deleterious effects of inulin, one solution could be to directly administer the mediator of the antitumor effect of 
inulin.

Currently, the molecular and cellular mechanisms underlying the stimulation of immunity and the antitumor 
effect of inulin remain to be elucidated. It is hypothesized that it would result from metabolites and/or other 
elements produced by the microbiota upon inulin fermentation23. The most popular candidates at present 
are 3 short-chain fatty acids (SCFAs), acetate, propionate and butyrate, which production is enhanced after 
inulin ingestion24. Moreover, the abundance of bacterial species producing SCFAs was shown to correlate with 
reduced tumor size obtained by an inulin supplementation18. However, other compounds are produced during 
inulin fermentation. Molecular hydrogen (H2) is one of them and is particularly promising because of its many 
biological effects. These are beginning to be well described but remain little known and incompletely understood. 
H2 is the most abundant gas in the intestinal tract, and its daily production by the GM can reach up to 1 L in 
healthy human subjects under normal diet25. Colonic H2 production can be increased by enriching the diet with 
fibers and our group has established that ad-libitum inulin supplementation in mice transiently stimulates H2 
production during the post-prandial period26.

Increased H2 production by the GM could account for the antitumor effects of inulin supplementation. 
Beyond its antioxidant and anti-inflammatory properties extensively described in the literature27, H2 has also 
shown potential benefits in the context of cancer28,29. The antitumor effect of H2 seems to emerge from its 
ability to improve the immune system30. For example, in patients with non-small cell lung cancer, H2 inhalation 
increased the number of cytotoxic T cells and γδ T cells in the blood, while reducing the exhaustion of circulating 
cytotoxic T cells31,32. Similarly, H2 restores exhausted CD8+ T cells in the blood of patients with colorectal 
cancer33. Besides, a limited number of publications attributed a therapeutic role to H2 produced by the GM. 
In a preclinical study on cardiac ischemia-reperfusion (IR) injury, suppression of the microbiota by antibiotic 
therapy led to an increased infarct size. This observation was interpreted as being due to the suppression of 
endogenous H2 production by the GM34. In addition, other studies have shown the protective effects of fructo-
oligosaccharides (FOS) such as inulin on hepatic and cerebral IR. Here again, this was attributed to H2 produced 
by intestinal FOS fermentation35–37. In the light of these findings, it appears that enhancing H2 endogenous 
production by the GM could have major protective effects in various pathophysiological situations. However, 
to our knowledge, the possible link between the immunostimulant antitumor effect of inulin and H2 has never 
been explored.

Inulin and H2 both exhibit antitumor effects through the activation and stimulation of the immune system. 
Since inulin ingestion increases H2 production26, we hypothesize that H2 might be the mediator of inulin 
antitumor effect. The ideal approach to confirm this hypothesis would be to specifically block H2 production by 
the microbiota after inulin administration and show the disappearance of the antitumor effect. Unfortunately, 
such strategy is not experimentally feasible without suppressing the other metabolites produced by inulin 
which would render the observations unconclusive. Therefore, we have chosen to provide indirect evidence by 
comparing the immune-antitumor signatures of inulin supplementation and H2-therapy (H2T). In this way, we 
have first characterized the H2 production induced by inulin ingestion in mice. Based on these results, we were 
then able to develop a H2T that reproduced H2 exposure of mice supplemented with inulin. Finally, we have 
compared the effects of inulin with those of H2T on circulating immunity and in a murine model of melanoma.

Results
Inulin gavage transiently stimulates GM H2 production
To determine the production pattern of H2 following inulin ingestion, two batches of 6 mice were force-fed with 
either water or inulin (70 mg in 150 µL) at time point T = 0 (9:00 am). The 6 mice were then placed together in 
a preclinical device developed by our laboratory, to monitor their combined exhaled H2. Each measurement 
lasted 15 min to allow a sufficiently resolutive determination of the HPR of the mice after gavage with water or 
inulin (Fig. 1a).

One hour after inulin ingestion, a rise in HPR was observed, which was almost twice as high as the basal 
HPR of the control group at the same time. HPR in the inulin group further increased, reaching a maximum 
production rate of 3.7 ± 0.8 nmol/s 2 h after inulin gavage (Fig. 1b). Therefore, inulin gavage induced a transient 
peak of H2 production for at least 2 h. Although HPR decreased after 3 h, it remained significantly higher than 
the basal production of the control group. Indeed, 4 h after inulin gavage, the HPR of the inulin group was 
maintained at twice the value of the control group. Based on the production pattern observed after inulin gavage, 
we decided to expose the animals to 2 h of H2T, which corresponds to the peak of H2 production induced by a 
70 mg inulin gavage.
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Inulin supplementation and H2T induce similar immunostimulatory effects in the blood
To compare the immunostimulatory effect of inulin to that of H2T, mice were either force-fed with 70 mg of inulin 
or exposed to 3% H2 for 2 h, 5 times a week for 2 weeks. After 15 days, blood samples were collected from these 
mice, and their circulating immunity was analyzed using flow cytometry (Fig. 2a). Inulin increased the levels of 
circulating T lymphocytes (Fig. 2b). Additionally, both treatments similarly increased levels of circulating CD8+ 
and CD4+ T cells (Fig. 2c). Although both inulin supplementation and H2T slightly increased the frequency of 
circulating γδ T cells, this was not statistically significant (Fig. 2c). The ability of these circulating lymphocytes 
to secrete IFN-γ was assessed by flow cytometry. The percentage of CD4+, CD8+ and γδ T cells producing 
IFN-γ was significantly increased by both inulin and H2T (Fig. 2d). Furthermore, no significant difference was 
observed between inulin and H2T groups in any of the variables presented on this figure, suggesting a common 
immunological signature for the two treatments. Of note, in flow cytometry analysis, Double Negative (DN) cells 
were not taken into account or analysed (Figure S2).

Inulin supplementation and H2T tend to induce similar antitumor effects
As shown in the previous paragraph, inulin and H2T appear to exert similar immunostimulatory effects in the 
blood of naive mice. In order to compare the antitumor potential of the two treatments, mice were treated for 2 
weeks either by gavage with 70 mg inulin, or by exposure for 2 h a day to 3% H2 five times a week (H2T). After 
15 days, all mice were subcutaneously injected with B16 OVA melanoma cells. Tumor growth was monitored for 
15 days while maintaining the daily inulin treatment or H2T (Fig. 3a).

Both H2T and inulin supplementation significantly reduced tumor growth (Fig. 3b and c). On day 13 after 
tumor inoculation, the control group had an average tumor volume of 151.4 ± 48.8 mm3, compared to 39.3 ± 11.9 
mm3 in the inulin supplemented group and 56.4 ± 13.2 mm3 in the H2T group (Fig. 3b). There was no significant 
difference in tumor growth between the inulin and H2T groups.

.
To determine the role of immunity in these antitumor effects, the tumor infiltration of CD8+, CD4+ and γδ 

T lymphocytes was analyzed by flow cytometry. Due to the small size of some tumors in both treatment groups, 
immune infiltration could not be analyzed in all samples, which made statistical analysis impossible. Despite 
the absence of statistical comparisons, our results indicate that both inulin and H2T tended to increase the 
proportion of IFN-γ producing CD8+, CD4+ and γδ T cells in the tumor (Fig. 3d, e and f). These results suggest 
that inulin and H2 exposure induce a similar antitumor effect through stimulation of immunosurveillance.

Discussion
Ingestion of inulin is widely recognized for its anticancer properties, associated with changes in GM and 
stimulation of immunity. However, the mechanism by which inulin consumption leads to a stimulation of 
the immune system has yet to be elucidated. Here we propose that the H2 produced by the GM during inulin 
fermentation is the mediator or one of the mediators, of this effect. To support this hypothesis, we have 
developed an inhalation H2T protocol modelled on H2 production in mice given inulin gavage. Both inulin 
and H2T similarly increased the circulation and activation of CD4+, CD8+ and γδ T lymphocytes in the blood. 
Moreover, both treatments similarly inhibited melanoma tumor growth and promoted the activation of tumor-
infiltrated lymphocytes.

The H2T inhalation protocol we developed in this study was designed on the basis of H2 production observed 
in mice after inulin gavage. The high diffusibility of H2 in tissues38 led us to assume that H2 produced by the 
microbiota can easily pass the intestinal barrier and, once in the bloodstream, be distributed throughout the 

Fig. 1.  Inulin ingestion induces a peak of H2 production.
(a) Experimental schedule. C57BL/6 mice were force-fed with either 70 mg of inulin or water (n = 6 mice per 
group) and exhaled H2 production was measured at T = 0, 1, 2, 3 and 4 h. Measures were repeated on 5 different 
days. (b) The production of exhaled H2 was measured at different time points after the gavage, according to 
(a). Means ± SEM of 4 to 5 independent HPR measurements, each performed on a group of 6 mice. HPR: 
Hydrogen Production Rate. *p < 0.05; Mann-Whitney test.
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body. In addition, both per os administration of H2-rich water and inhalation of H2 lead to similar concentrations 
of H2 in arterial blood39. Therefore, it can be reasonably considered that the two treatments used in this study 
led to similar H2 exposures.

Previous work by our group has demonstrated that inulin exerts an antitumor effect in mice, not only on 
melanoma but also on fibrosarcoma and colorectal cancer16. Similarly, H2 has been shown to be effective in 
the treatment of colorectal cancer both on cell cultures and on xenograft mouse models40. Inhalation of H2 has 
also been shown to increase Progression Free-Survival (PFS) in patients with stage IV colorectal carcinoma 
by alleviating the exhaustion of CD8+ T lymphocytes33. In addition, in a mouse model of fibrosarcoma, tumor 
growth was inhibited by an innovative H2-treatment consisting of intratumoral implantation of magnesium 

Fig. 2.  Inulin gavage and H2-therapy induce similar immunostimulant effects in the blood.
(a) Experimental timetable. C57BL/6 mice were either fed a standard diet (control, n=6), or force-fed with 
70 mg of inulin (inulin, n=6), or treated with H2-therapy for 2 hours (H2T, n=6), 5 times a week. After 15 days 
of treatments, their blood was analyzed by flow cytometry. (b) Frequency of blood-circulating T lymphocytes, 
gated on CD45+, CD3+ cells of mice treated as described in (a). (c) Frequency of blood-circulating CD8+, 
CD4+ and γδ TcR+ T lymphocytes among all T lymphocytes, gated on CD45+ CD3+ cells of mice treated as 
described in (a). (d) Frequency of IFN-γ-producing CD8+, CD4+ and γδ TcR+ T lymphocytes of mice treated 
as described in (a). Means ± SEM. *p < 0.05 vs. control; **  p<0.01 vs. control; ns: non-significant; Mann-
Whitney test.
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Fig. 3.  Inulin gavage and H2-therapy tend to induce similar antitumor effects.
(a) Experimental timetable. C57BL/6 mice were either fed a standard diet (control, n = 6), or force-fed with 
70 mg of inulin (inulin, n = 6), or treated with H2-therapy for 2 h (H2T, n = 6), 5 times a week. After 15 days of 
treatments, 2 × 105 B16 OVA melanoma cells were subcutaneously injected in the right flank of each mouse. (b-
c) Tumor growth of mice treated as described in (a), represented as means ± SEM (b) or individual growths (c). 
(d-f) Frequency of B16 OVA tumor-infiltrated IFN-γ-producing cells gated on CD45+ CD3+(d) CD8+(e) CD4+ 
or (f) γδ TcR+, from mice treated as in (a). Means ± SEM (n = 3–6). *p < 0.05 vs. control; Two-Way ANOVA test 
and Mann-Whitney test.
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rods coated with calcium carbonate nanoparticles generating H2 directly in the tumor microenvironment. 
The antitumor effect observed was accompanied by an infiltration of CD4+ and CD8+ T cells in the tumor41. 
These studies suggest that H2 induces similar effects in fibrosarcoma and colorectal cancer to those observed in 
melanoma in this study. Thus, H2 may be responsible for the anticancer properties of inulin.

The benefits of H2 for cancer treatment is well established. However, its mode of action remains unclear. 
Some studies suggest that H2 acts directly on cancer cells through specific cellular pathways42. Other works 
indicate that its anticancer effect is mediated through immune modulation. In several mouse cancer models, 
H2 treatments have been shown to increase the infiltration of CD4+ and CD8+ T lymphocytes in the tumor 
and enhance TH1-polarized T lymphocytes41,43. Clinical studies have shown that H2, whether administered 
alone or in combination with other treatments, helps restoring CD8+ T cell exhaustion30,33,44. Additionally, the 
combination of H2 inhalation and immunotherapy has shown a synergistic effect in lung cancer patients32. All 
these studies support the involvement of the immune system in the antitumor effect of H2. This aligns with our 
findings, which show that both inulin and H2T induce comparable immunosurveillance profiles in the blood 
and tumors. H2 production from inulin fermentation may therefore activate the immune system and inhibit 
tumor growth.

The stimulation of the immune system induced by H2 administration may seem incompatible with its widely 
described anti-inflammatory effect. Indeed, studies on various animal models with acute or chronic inflammation 
have shown that H2T allows to alleviate the levels of tissue TNF-α, IL-6 and IL-1745–47. Moreover, clinical and 
pre-clinical studies have shown that H2T also reduces C-reactive protein (CRP) levels in the blood of rats after 
lung IR48 but also in the blood of patients with different inflammatory pathologies such as rheumatoid arthritis 
or rheumatic polymyalgia49,50. More intriguingly, H2T was shown to reduce the number of T lymphocytes 
producing IFN-γ in non-infectious conditions like pregnancy51 or allografts52 This is contradictory with our 
findings on healthy mice and in cancer situations43. In general terms, it appears that H2 exerts anti-inflammatory 
effects in over-inflammatory conditions whereas in physiological or cancer contexts it promotes an activation of 
the immune system towards a TH1-polarized response.

This study aims at highlighting the link between the antitumor and immunostimulatory effects of inulin 
and H2. However, the mechanism underlying this relationship remains unknown. Previous studies from our 
group have suggested that the effects of inulin treatment depend on γδTcR activation16. γδTcR can recognize 
a wide range of molecules and be activated by Major Histocompatibility Complex (MHC) molecules (class I 
and II), MHC-like molecules, phosphoantigens presented by butyrophilins, and unbound antigens53,54. Notably, 
antigen recognition is not mandatory for γδTcR activation, conformational changes in MHC or butyrophilin 
molecules alone may be sufficient55. We propose that H2 produced through inulin fermentation may induce such 
conformational changes, leading to γδ T cell activation. Further in vitro experiments are needed to elucidate the 
mechanisms involved and determine the role of H2 in this process. Furthermore, other immune cell populations 
may contribute to the observed effects of inulin and H2. In the present study, flow cytometry analysis did not 
account for NKT cells, regulatory T cells (Tregs) and DN T cells, which collectively constitute up to 5% of 
circulating immune cells in mice56. Additionally, epigenetic regulation of the Ifng gene may play a role. This 
gene can be epigenetically silenced through H3K27 methylation57,58, and H2 has been shown to decrease this 
methylation via H3K27 demethylase induction59. Therefore, analyzing the H3K27 methylation status of Ifng in 
circulating and infiltrated CD4⁺, CD8⁺, and γδ T cells could provide insight into how H2 produced from inulin 
ingestion stimulates IFN-γ production. Both hypotheses are not mutually exclusive and may act synergistically 
in mediating the antitumor effects of inulin. However, these two last hypotheses have not yet been experimentally 
validated. Investigating them is essential to elucidate the mechanisms underlying the antitumor effect of inulin.

As previously mentioned, bacterial fermentation of inulin produces various metabolites. This study focuses 
on the role of H2, though other metabolites may also interact with H2 to enhance antitumor immunity. Short-
chain fatty acids (SCFAs), well-known byproducts of inulin fermentation, have been linked to reduced tumor 
size18. Additionally, SCFAs support TH1 polarization of T cells60, as observed in our study. Among SCFAs, 
butyrate has been recognized for its antitumor properties61. Notably, bacterial H2 production has been shown 
to stimulate butyrate production within the same environment62, suggesting that inulin may enhance butyrate 
secretion via increased H2 levels. In turn, butyrate could mediate immune stimulation and contribute to tumor 
growth inhibition. However, the role of SCFAs in cancer remains uncertain. While preclinical studies indicate 
that SCFAs can inhibit tumor progression through CD8⁺ T cell activation61, their influence on cancer treatment 
is still a matter of debate63. Some studies report that elevated blood levels of butyrate and propionate correlate 
with resistance to anti-CTLA-4 immunotherapy and an increased proportion of circulating Tregs64. Additionally, 
in vivo administration of butyrate has been shown to counteract the antitumor effects of radiotherapy and 
vancomycin in mice with B16 melanoma65. Overall, existing literature suggests a potential role for SCFAs in 
the antitumor effects of inulin. However, conflicting findings highlight the complexity of their impact in cancer 
contexts.

Despite the convincing results presented in this paper, we are aware of the limitations of our study. A 
complete demonstration of H2 as the mediator of the antitumor effect of inulin would require to either prevent 
H2 production by the microbiota or to specifically and totally trap H2 produced through inulin fermentation. We 
have already shown that the antitumor effect of inulin is completely abrogated when the microbiota is depleted 
by large spectrum antibiotics16. Nevertheless, many metabolites and byproducts other than H2 are produced 
by the fermentation of inulin through the GM23. Therefore, even a specific inhibition or invalidation of the 
dehydrogenases responsible of bacterial H2 production would have consequences for other inulin catabolites and 
would render the results inconclusive. In addition to the impossibility of specifically trapping the H2 produced 
by the intestinal fermentation of inulin, a methodological difficulty arose in our study which was directly linked 
to the antitumor efficacy of the treatments. In the groups that received either inulin or H2T, mice developed 
very small tumors, i.e. around 39.3 and 56.4 mm3. In addition, two animals died in the control group due to the 
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tumor model (major intestinal metastases observed at necropsy) and their tumor-infiltrated immunity could 
not be analyzed. As a result, small amounts of biological material were collected, leading to a limited number 
of infiltrated lymphocytes labeled for flow-cytometry analysis. This low number of cells was not analyzable, and 
the corresponding samples had to be discarded from our study. Thus, group size was restricted to n = 3 instead 
of n = 6, which explains the absence of significant differences between groups for the analysis of the infiltrated 
immunity. Furthermore, in the treated groups, a high degree of variability was observed, with some animals 
not responding at all to the treatments. This variability obviously had an impact on statistical comparisons. 
In summary, final groups size and inter-individual variability explain the absence of statistical comparison 
between experimental groups in the analysis of tumor infiltration. Further studies could address this question, 
as the sample size needed to detect statistical differences can now be determined based on the inter-individual 
variability demonstrated in this work.

It is generally admitted that inulin and non-digestible dietary fibers modulate the microbiota15, stimulate 
the immune system16, act synergistically with immunotherapies16,18, and promote H2 production by the GM26. 
The results of this study suggest that H2 produced through inulin fermentation by the GM could enter the 
bloodstream and stimulate T lymphocytes. Due to its high solubility, H2 could also diffuse into surrounding 
tissues, such as the skin. Various immune cells, including γδ T cells, are located within the skin and play a crucial 
role in immunosurveillance66. Therefore, the enhanced immunosurveillance observed after two weeks of inulin 
supplementation or H2T could originate from the skin or any other tissue harboring resident γδ T cells.

As regards the clinical applicability of these treatments, inulin supplementation has demonstrated no acute67 
or chronic68 toxicity. Likewise, no cytotoxicity69 or genotoxicity70 has been observed for H2. However, inulin-
type fiber supplementation may not be suitable for patients with certain conditions, such as colorectal cancer 
(CRC) or colitis. Studies have shown that a fiber-rich diet—particularly one high in inulin—can promote the 
development and growth of colon tumors in two similar mouse models. In the first, Apcmin/+ transgenic mice 
spontaneously developed colon tumors71, while in the second, Apcmin/+ transgenic mice were injected with 
azoxymethane to induce colorectal cancer72. In addition, inulin supplementation has been found to exacerbate 
colonic inflammation in a mouse model of dextran sodium sulfate (DSS)-induced colitis20. In contrast, the 
effects of H2 in these pathological conditions appear to be beneficial. Both H2 inhalation40 and H2-rich water 
supplementation73 have been shown to inhibit tumor growth in a mouse colorectal cancer xenograft model. 
Moreover, H2 has been found to suppress DSS-induced colonic inflammation in mice74. A very limited number 
of clinical studies have evaluated the effects of H2 treatments on cancer progression in humans. These studies 
haves reported that H2-therapy prolongs progression-free survival in patients with colorectal33 and non-small 
cell lung cancer patients31,32, whether H2 is given alone or in combination with immunotherapy or chemotherapy. 
In addition, one final clinical trial showed that H2 limits cancer progression in 57.5% of patients with different 
types of advanced cancer (stages III and IV)75. Given these findings, a potential alternative for patients who 
cannot tolerate inulin could be the direct administration of the mediators responsible for inulin’s antitumor 
effects, offering a promising therapeutic strategy.

H2, the proposed mediator, can be administered in various ways such as inhalation76 or ingestion of H2-rich 
water77. For skin cancer applications, developing an H2-rich ointment could be a solution to directly enhance 
the immune response within the cutaneous tumor. These methods would offer personalized therapy tailored 
to each patient and his needs. They could also prevent side effects caused by conventional immunotherapy, 
chemotherapy, and radiotherapy78.

Methods
Animals and inulin treatment
Female C57BL/6 mice (5 to 6 weeks old) were provided by Janvier Labs (Le Genest-Saint-Isle, France) and 
housed at “Plateforme de Haute Technologie Animale (PHTA)” UGA core facility (Grenoble, France), EU0197, 
Agreement #C38-51610006, under specific pathogen-free conditions, temperature-controlled environment with 
a 12 h/12 h light/dark cycle and had ad libitum access to water and standard food (Altromin LASQCdiet® Rod16). 
Animal housing and procedures were conducted in accordance with the recommendations of the Veterinary 
Services Department and the French Ministry of Research, in compliance with the European Directive 2010/63/
EU and the recommendations for health monitoring promulgated by the Federation of European Laboratory 
Animal Science Associations. Protocols involving animals were reviewed by the local ethic committee “Comité 
d’Ethique pour l’Expérimentation Animale #12, ComEth-Grenoble” and approved by the Ministry of Research 
(APAFIS#39565-2022112413525573.v2). Mice in the inulin groups were force-fed with 70 mg of inulin (Inulin 
Orafti® GR, Beneo, Belgium) diluted in 150 µL of water (450 g/L), 5 times a week. To ensure that the force-feeding 
did not introduce experimental bias, mice from the other groups were force-fed with 150 µL of water at the same 
time points. All animals were euthanized by cervical disslocation at the end of the procedure or when they were 
excluded during follow-up because their tumor reached the size defined as the ethical limit. Finally, the authors 
confirm that the study is reported in accordance with ARRIVE guidelines.

Exhaled H2 assessment
Mice were placed in a previously described preclinical device26 allowing to follow H2 production within a 
hermetic chamber in which environmental parameters (O2, CO2, humidity and temperature) are constantly 
controlled. The air contained in the chamber was continuously pumped by a ATO SKY 100 (0 to 100 ppm ± 0.01) 
to analyze its H2 content and reintroduced in the chamber (shunt flowrate = 375 mL/min). The H2 production 
rate (HPR) was determined as previously described and expressed in nanomole of H2 per second (nmol/s). 
Measurements were performed on batches of 6 mice, lasted for 15 min, and were repeated at T = 0 (9:00 am), 1, 
2, 3 and 4 h after gavage with inulin or water. During each measure, mice did not have access to food and water. 
Between two measures, mice were returned to their usual housing with access to food and water.
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H2-therapy (H2T)
H2 was delivered through inhalation using an original device developed by the laboratory (Figure S1). This 
device allows to produce a gas mixture composed of 3% H2, 76% N2 and 21% O2. A cylinder containing a N2/
H2 mixture (96.4%/3.6%) was connected to a first flowmeter by polyurethane tubing. O2 was produced by an 
O2 concentrator Devilbliss® connected to a second flowmeter by polyurethane tubing. O2 flow was mixed with 
the N2/H2 flow by connecting the two hoses downstream the flowmeters. The two flowmeters were adjusted to 
deliver the final gas mixture at 1.27 L/min directly into an airtight NexGen Mouse 500 (Allentown, USA) cage 
for ventilated racks, enabling the animals to be kept in their usual environment during H2T.The gas outlet was 
provided by a hole in the lid to maintain the cage at atmospheric pressure. H2T lasted for 2 h a day and was 
applied 5 times a week. The H2 concentration in the cage was regularly controlled with a Quintron BreathTracker, 
using air samples taken from the cage during exposure to H2.

Cell line
Ovalbumin-expressing B16 melanoma cells (B16-OVA) were kindly provided by C. Fournier, Inserm U1209. 
B16-OVA were cultured in a complete medium composed of 10% Fetal Bovine Serum (FBS) (Gibco) Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco) supplemented with 1% non-essential amino acids, 1 mM sodium 
pyruvate, 50 U/mL penicillin, and 50 µg/mL streptomycin (all from Gibco). For plasmid selection, geneticin 
selective antibiotic (500 µg/ml, Sigma) was added to the cultures. The cell line was tested as mycoplasma-free.

Tumor implantation
Mice received subcutaneous injection of 2 × 105 B16-OVA cells in 100 µL PBS in the right flank. Once palpable, 
tumors were measured daily using a caliper, and tumor volume was determined using the following formula: 
Vtumor = 0.5 x (width x lenght2). The maximal ethic tumor size was calculated as: width x length = 150 mm2.

Tumor digestion
Tumors were collected in complete Roswell Park Memorial Institute (RPMI) medium (Gibco), lacerated with 
scalpels, and digested with Liberase™ 2.5 mg/mL (Roche). Finally, tumors were gently crushed through a 70 μm 
cell strainer, washed, and resuspended in 10% FBS complete RPMI.

Blood sample preparation
Blood was collected via retro-orbital sampling under Isoflurane anesthesia just prior to euthanasia. Samples were 
stored in K2E tubes (BD Medical). After centrifugation, blood pellets were resuspended in 1 mL Red Blood Cell 
Lysis buffer 1X (Sigma) and washed with 10% FBS complete RPMI.

Flow cytometry
To allow intracellular labelling of cytokines, cell suspensions were stimulated for 4 h at 37 °C with 50 ng/mL 
phorbol 12-myristate 13-acetate (PMA) (Sigma), 1 µg/mL ionomycin (Sigma), and Golgi Stop™ (BD Biosciences). 
For extracellular labelling, cells were incubated with 200 ng of each antibody, and dead cells were labelled using 
Live/Dead™ Fixable Yellow Dead Cell Stain kit for 405 nm excitation (Thermo Fischer Scientific). Antibodies 
were used to target extracellular proteins CD45 (30-F11), CD3 (17A2 or 145-2C11), CD4 (GK1.5), γδ-TcR 
(eBioGL3 (GL-3, GL3) (Biolegend and eBiosciences) (Table S1). To allow intracellular labelling, cells were 
first permeabilized using a FoxP3 staining buffer kit (eBioscience). Antibodies were used to target intracellular 
cytokine IFN-γ (XMG1.2) (Biolegend) (Table S1). After intracellular labelling, cells were fixed and stored using 
FACS Lysing Solution 1X (BD Biosciences). All data were collected using a BD Biosciences FACS Lyric and 
analyzed using FlowJo software. The gating strategy is detailed in Figure S2. Briefly, T cells were selected as CD45+ 
CD3+ cells. γδ T cells were selected as CD45+ CD3+ γδTcR+ cells. CD4+ T cells were selected as CD45+ CD3+ 
γδTcR− CD4+ cells. CD8+ T cells were selected as CD45+ CD3+ γδTcR− CD4− cells. This gating strategy neglected 
CD45+ CD3+ γδTcR− CD4− CD8−, DN represent less than 1% of blood T lymphocytes in naive C57BL/6 mice77. 
Other immune cells such as NKT and Tregs were also not considered in the analyses.

Statistical analysis
Data are presented as means ± SEM. Two-way ANOVA test was used to compare tumor growth. Significant 
outliers were determined by Grubb’s test on the last day of tumor growth. Non-parametric Mann-Whitney tests 
were used to compare results of flow cytometry and in vivo HPR.

Data availability
Data are available from the corresponding author upon reasonable request.
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