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ABSTRACT

Cancer remains one of the leading causes of mortality worldwide, characterized by uncontrolled cell proliferation,
metastasis, and resistance to conventional therapies. Recent advances in gas-based therapies have highlighted the
potential of molecular hydrogen (Hz) as a novel adjunct in cancer treatment. H. exhibits selective antioxidant
properties, effectively neutralizing reactive oxygen species (ROS) such as hydroxyl radicals, which play a critical
role in cancer progression. This action helps reduce oxidative stress and inflammation while preserving normal
cellular functions. Moreover, hydrogen therapy has demonstrated immunomodulatory effects, including the
inhibition of T-cell exhaustion and enhancement of anti-tumor immunity. Delivery methods such as hydrogen-rich
water, gas inhalation, and electrochemical generation have shown efficacy in preclinical models of glioma, breast,
and liver cancers. Additionally, hydrogen molecules may improve the effectiveness of chemotherapy and radiation
therapy by mitigating side effects and enhancing tumor response. While promising, further research is needed to
optimize delivery systems and fully elucidate the molecular mechanisms underlying hydrogen’s anti-cancer

effects.

KEYWORDS: Molecular hydrogen; Hydrogen therapy; ROS; Oxidative stress; Antioxidant properties; Cancer
cell apoptosis; Tumor suppression; Gene expression; Hydroxyl radicals (-OH); Inflammation reduction; Tumor

microenvironment; DNA mutation.

1. INTRODUCTION
Cancer is one of the most complex and formidable diseases known to medicine. It is a group of diseases

characterized by the uncontrolled division and spread of abnormal cells. Unlike normal cells, which grow, divide,
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and die in a regulated manner, cancer cells defy these rules and continue multiplying even when the body doesn’t

need them.

It can affect nearly any part of the body.
The disease often begins when cellular mutations disrupt normal mechanisms of cell regulation.
These mutated cells may invade nearby tissues or spread to distant organs via the blood or lymphatic

system — a process called metastasis.

At its core, cancer refers to a group of diseases characterized by uncontrolled cell growth and division, which can

invade surrounding tissues and spread to distant parts of the body. It arises from normal cells that undergo genetic

changes, losing their ability to regulate growth, repair DNA, or initiate self-destruction (apoptosis).

Uncontrolled Division: Cancer cells ignore signals that tell normal cells to stop dividing.

Evading Apoptosis: They resist programmed cell death, allowing damaged cells to survive.

Loss of Differentiation: Cancer cells often lose their specialized functions and revert to a more primitive state.
Genetic Mutations: These cells accumulate mutations in key genes—oncogenes (promote growth) and

tumor suppressor genes (inhibit growth).

Cellular Behavior of Cancer Cells

Autonomous Growth: Cancer cells develop mechanisms to grow independently of normal regulatory
signals.

Invasion & Metastasis: Some cancer cells invade nearby tissues and spread through blood or lymph to distant
organs.

Angiogenesis: They release factors like VEGF to stimulate new blood vessel formation, ensuring a
steady nutrient supply.

Stem-like Properties: A subset of cancer cells behaves like stem cells—capable of self renewal and

repopulating tumors after treatment.

Genetic & Epigenetic Drivers
Mutations: In DNA repair genes, cell cycle regulators, and apoptosis pathways.
Epigenetic Changes: DNA methylation, histone maodifications, and non-coding RNAs can silence tumor

SuUppressor genes or activate oncogenes.
NORMAL CELL DEVELOPMENT

e o
Healthy tissue

Cell
division

Healthy
cell

Genetic
changes

Cancer Malignant tumour

cell
Doubling of the cancer cell

ABNORMAL CELL GROWTH

Cancerous
cell division

www.wjpsronline.com 722




World Journal of Pharmaceutical Science and Research Volume 4, Issue 4, 2025

Hydrogen ions (H') and molecular hydrogen (H:) are gaining attention in oncology for their unique
biochemical properties. While H* ions are central to cellular pH regulation and metabolic activity, it's

molecular hydrogen (Hz) that shows therapeutic promise in cancer treatment.

Molecular hydrogen (H:) is a colorless, odorless gas composed of two hydrogen atoms. It acts as a selective

antioxidant, meaning it can neutralize harmful reactive oxygen species (ROS) without affecting beneficial ones.

Hydrogen ions (H"), key regulators of cellular pH, play a pivotal role in both normal metabolic processes and
cancer development. In healthy cells, they help maintain pH balance critical for enzyme function and energy
production. However, in cancer cells, altered metabolism—most notably the Warburg effect—Ileads to

increased production of H* ions, creating an acidic microenvironment.

This shift in pH not only influences cellular metabolism but also transforms the tumor microenvironment
(TME). Acidic conditions promote cancer cell survival, immune evasion, tissue invasion, and resistance to
therapy. Researchers are increasingly focusing on H' ion dynamics as both a hallmark of cancer and a

therapeutic target.
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It’s a deceptively simple ion that orchestrates a complex network of changes fuelling tumor progression. Let me

know if you’d like a snappy summary slide to go with this or a quote for a research paper.

> Mechanisms of Action in Cancer Cells
1. ROS Scavenging
»  Cancer cells often produce excessive ROS, which promote tumor growth and resistance to therapy.

» Ha selectively scavenges toxic ROS like hydroxyl radicals, reducing oxidative stress and DNA damage.

2. Immunomodulation

*  H: can enhance T-cell function and reduce T-cell exhaustion, boosting the immune system’s ability to fight

tumors.

* It may also help maintain immune homeostasis by supporting gut microbiota that naturally produce hydrogen.
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3. Anti-inflammatory Effects
«  Chronic inflammation is a known contributor to cancer progression.

*  H. reduces inflammation by downregulating pro-inflammatory cytokines and signalling pathways.

4. Synergistic with Conventional Therapies

*  H: has been shown to reduce side effects of chemotherapy and radiation, such as fatigue, nausea, and tissue
damage.

« It may also enhance the efficacy of these treatments by improving cellular resilience and reducing

immunosuppression.

Delivery Methods

» Inhalation of hydrogen gas

«  Hydrogen-rich water or saline

»  Hydrogen-producing tablets or supplements

These methods are being tested for safety, bioavailability, and effectiveness in clinical settings.

» Current Limitations & Future Direction
e Research is still in early stages; most studies are preclinical or small-scale clinical trials.
e More data is needed to understand long-term effects, optimal dosing, and cancer-type specificity.

e Development of portable hydrogen delivery systems is underway to make treatment more accessible.

2. History of Cancerous cell

The history of cancer stretches back thousands of years and reflects humanity’s evolving understanding of disease,
medicine, and biology. Here’s a concise overview of its history through the ages: Hippocrates(460-370BCE)
coined the term “karkinos”(Greek for crab) to describe tumors. He believed disease were caused by imbalances in
bodily fluids or “humors”. Galen(129-216AD) later expanded on this, calling tumors “oncos”, the Greek word for

swelling — a root for modern terms like “oncology”.

Ancient History- before 500 AD: The oldest known description of cancer comes from ancient Egypt, around 1600

BCE, in the Edwin smith Papyrus.it describes breast tumors treated by cauterization.

Middle Ages-(500-1500): Medical progress slowed, disease was often attributed to spiritual causes. Treatments
were mostly surgical removal, herbal remedies, or religious rituals. Autopsies were rare, limiting anatomical

understanding.

Renaissance and Enlightenment (1500-1800): Autopsies became more common; scientists started studying
tumors anatomically. Paracelsus (1493-1541) began exploring links between occupational exposures and cancer,
such as miners exposed to chemicals. The idea that cancer was contagious circulated for a while but was eventually
debunked.

Modern Era (1800-1900s): Microscopes allowed scientists like Rudolf Virchow (1821-1902) to study cancer
cells, helping found modern pathology. Cancer began to be understood as a cellular disease, not just a growth or
imbalance. Treatments Begin to Emerge. Surgery was refined and became a primary treatment. The first radiation

therapy appeared after X-rays were discovered in 1895.
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» 20th Century: Breakthroughs and Battles
1900-1950s: Radium and radiation were used to target tumors. First chemotherapy drugs developed after WWII

(initially derived from mustard gas). National Cancer Act (1971, USA) launched the “War on Cancer.”

1960s-1990s: Cancer biology rapidly expanded. Discovery of oncogenes, tumor suppressor genes, and the role of
DNA mutations. Advanced imaging technologies like CT, MRI, PET scans.

21st Century: The Genomic and Immunotherapy Era: Human Genome Project helped researchers identify specific
genetic mutations in cancers. Targeted therapies (like Gleevec for leukaemia) began to replace traditional chemo for
some cancers. Immunotherapies (e.g., checkpoint inhibitors, CAR T-cell therapy) revolutionized treatment.

Personalized medicine now allows treatments to be tailored to a patient’s genetic profile.

» Current Landscape (2020s): Cancer remains a leading cause of death worldwide, but:
» Early detection and preventive care have improved.

* Many cancers are now highly treatable or curable (e.g., breast, prostate, childhood

3. Cancer Cell Microenvironment (CME)

The cancer cell microenvironment, also known as the tumor microenvironment (TME) is a dynamic and

heterogeneous network composed of cancer cells and a variety of non- malignant components that collectively

influence tumor progression, metastasis, and response to therapy. It includes

e Cellular components: Cancer-associated fibroblasts (CAFs), immune cells (T cells, macrophages, dendritic
cells), endothelial cells, pericytes, adipocytes, and mesenchymal stem cells.

e Non-cellular components: Extracellular matrix (ECM), cytokines, chemokines, growth factors, and

metabolic byproducts.

The Tumor Microenvironment
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» Roles of Cellular Component

Component Rolein TME

CAFs Remodel ECM, secrete TGF-B, VEGF, and FGF to promote angiogenesis and therapy resistance
Immune Cells CD8+ T cells attack tumor cells; regulatory T cells and TAMSs suppress immune response
Endothelial Cells | Form blood vessels, support angiogenesis

Pericytes Stabilize vasculature, influence vessel permeability

Adipocytes Provide energy-rich lipids, modulate inflammation

MSCs Contribute to immunosuppression and tumor growth
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The acidic nature of tumor microenvironments (TMES) is a defining hallmark of many solid cancers, primarily
driven by the high glycolytic activity of tumor cells—even in the presence of oxygen—a phenomenon known as the
Warburg effect. The acidic nature of tumor microenvironments (TMEs) arises from the altered metabolism of
cancer cells, particularly their reliance on aerobic glycolysis. This metabolic reprogramming leads to the excessive
production of lactic acid and other acidic byproducts, resulting in a lowered extracellular pH. Hypoxia, caused by

abnormal vasculature and rapid tumor growth, further exacerbates this acidity.

The acidic TME plays a pivotal role in promoting tumor progression, immune evasion, and resistance to therapies
by impairing immune cell function, altering drug uptake, and enhancing invasive behaviour. Interestingly, tumor
cells maintain a relatively alkaline intracellular pH to avoid self-damage, while manipulating their surroundings to
become hostile to normal cells and immune defences. This dual pH regulation underscores the complexity of cancer

biology and highlights acidity as a promising target for therapeutic intervention.

» pH Gradient Characteristics

Compartment Typical pH Range
Normal tissue (extracellular) ~74
Tumor extracellular space 6.5-7.0
Tumor intracellular space ~7.2-74

pH regulation plays a vital role in cancer cell survival and proliferation by creating an environment that
supports malignant transformation and progression. Cancer cells maintain arelatively alkaline intracellular pH to
optimize enzyme activity and sustain rapid cell division, while simultaneously acidifying the extracellular space
through lactic acid production and proton export. This acidic microenvironment facilitates tissue invasion, immune
evasion, and resistance to therapy. Key regulators such as proton transporters, carbonic anhydrases, and buffer
systems work in concert to preserve this pH gradient. Their activity not only shields cancer cells from apoptosis but
also enhances their invasive potential by activating matrix- degrading enzymes and suppressing immune cell
function. Therapeutically, targeting these pH- regulating mechanisms offers promising avenues for disrupting

cancer cell viability and improving treatment outcomes.

The pH profiles of normal and cancerous cells differ significantly, and this divergence is central to cancer biology.

Here's a concise comparison

» pH Differences: Normal vs. Cancerous Cells

Feature Normal Cells Cancerous Cells

Intracellular pH (pHi) ~7.2 ~7.4 or slightly higher

Extracellular pH (pHe) ~7.4 ~6.4-7.0 (acidic)

Metabolic Activity Balanced oxidative metabolism | Enhanced glycolysis (Warburg effect)

Lactic Acid Production Low High

Proton Export Mechanisms | Minimal Upregulated (e.g., NHE1, MCTs, V-ATPases)
Oxygen Utilization Efficient Often hypoxic, leading to acidosis

Biological Implications

e Cancer cells maintain a more alkaline intracellular pH to support proliferation and resist apoptosis.

e Their extracellular environment becomes acidic due to increased lactic acid and proton export,
promoting invasion and immune evasion.

e Thisreversed pH gradient is a hallmark of tumor physiology and contributes to therapy resistance.
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4. Role of Hydrogen lons in Cancer Progression

Hydrogen ions (H") play a pivotal role in cancer progression by driving the unique pH dynamics that distinguish
malignant cells from normal tissue. Through enhanced glycolysis and poor perfusion, cancer cells generate excess
H*, leading to an acidic extracellular environment while maintaining an alkaline intracellular pH. This reversed pH
gradient promotes tumor growth by facilitating immune evasion, activating proteolytic enzymes for invasion, and
enhancing resistance to chemotherapy and radiotherapy. Proton transporters such as NHE1, MCTs, and V-ATPases
are upregulated to regulate H* flux, supporting metabolic reprogramming and survival under hypoxic conditions.
The dysregulation of hydrogen ion homeostasis is not merely a consequence of cancer metabolism—it actively

contributes to the hallmarks of cancer, including sustained proliferation, metastasis, and therapeutic resistance.

Low extracellular pH—driven by elevated hydrogen ion concentration—is a key facilitator of cancer metastasis and
invasion. Acidic conditions in the tumor microenvironment activate proteolytic enzymes such as matrix
metalloproteinases (MMPs) and cathepsins, which degrade the extracellular matrix and basement membranes,
allowing cancer cells to infiltrate surrounding tissues. This low pH also promotes epithelial-to-mesenchymal
transition (EMT), a process that enhances cell motility and detachment from the primary tumor.

Furthermore, acidic environments stimulate angiogenesis by upregulating vascular endothelial growth factor
(VEGF), aiding tumor cells in accessing the bloodstream for dissemination. Once in circulation, cancer cells benefit
from pH-induced changes in adhesion molecules, which facilitate their attachment to distant tissues and successful
colonization. Acid-sensing ion channels and proton-sensing G-protein coupled receptors also trigger intracellular
signalling cascades that reinforce invasive behaviour.

In essence, hydrogen ion accumulation and the resulting acidosis are not passive byproducts of tumor

metabolism—they actively reshape cellular behaviour to Favor metastatic spread.
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Hydrogen ion accumulation in the tumor microenvironment leads to extracellular acidosis, which significantly
alters gene expression and cell signalling pathways essential for cancer progression. Acidic stress stabilizes
hypoxia-inducible factor 1-alpha (HIF-1a), promoting the transcription of genes that support angiogenesis,
metabolic reprogramming, and cell survival. It also induces the expression of epithelial-to-mesenchymal transition
(EMT) markers such as Snail, Twist, and ZEB1, enhancing cellular motility and invasiveness. On a signalling level,
low pH activates acid-sensing ion channels and proton-sensing G-protein-coupled receptors (GPCRS), triggering

downstream pathways like MAPK/ERK and PI3K/Akt that reinforce proliferation and resistance to apoptosis.
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Additionally, acidosis modulates epigenetic regulators and chromatin remodelling enzymes, reshaping
transcriptional profiles to Favor tumor adaptation. Collectively, hydrogen ion buildup acts as a potent modifier of

oncogenic signalling networks and transcriptional dynamics.

5. Targeting Tumor Acidity in Therapy

Targeting tumor acidity represents a novel and promising frontier in cancer therapy, aiming to disrupt the hostile
microenvironment that fuels tumor growth and resistance. By neutralizing extracellular acidosis and interfering with
proton transport mechanisms, this approach seeks to enhance drug delivery, boost immune response, and weaken

cancer cell survival pathways.

pH-targeted therapy is a strategic approach in cancer treatment that exploits the unique acidic microenvironment of
tumors to enhance therapeutic precision and efficacy. Unlike normal tissues, solid tumors often exhibit extracellular

acidosis due to increased glycolysis and poor perfusion, creating a pH gradient that can be selectively targeted.

This concept involves designing drugs or delivery systems that respond to low pH conditions—such as pH-sensitive
nanoparticles, polymers, or cleavable linkers—that release their therapeutic payload specifically within acidic tumor
regions. These systems minimize damage to healthy tissues and improve drug accumulation at the tumor site.
Additionally, inhibitors of acid-base transporters like carbonic anhydrase IX (CAIX), monocarboxylate transporters
(MCTs), and proton pumps (e.g., V-ATPases) are being developed to disrupt pH regulation and sensitize tumors to

treatment.

By leveraging tumor acidity, pH-targeted therapy offers a promising route to overcome drug resistance, enhance

immune response, and improve the selectivity of anticancer agents.

Proton pump inhibitors (PPIs) and other pH-modulating drugs are increasingly being explored for their potential
roles in cancer therapy, particularly in targeting the acidic tumor microenvironment. PPIs, such as omeprazole and
pantoprazole, inhibit the H'/K* ATPase enzyme in gastric parietal cells, reducing acid secretion and raising
extracellular pH. In oncology, this mechanism is repurposed to neutralize tumor acidity, which can impair immune
cell function and reduce the efficacy of chemotherapeutic agents. Additionally, pH-modulating drugs like sodium
bicarbonate and carbonic anhydrase inhibitors aim to buffer extracellular acidosis or disrupt proton transport,
thereby sensitizing tumors to treatment. These agents may also enhance drug solubility and uptake in acidic
conditions, improve immune surveillance, and inhibit metastasis. While traditionally used for gastrointestinal
disorders, PPIs and related compounds are now being investigated in clinical trials as adjuncts to conventional

cancer therapies, offering a novel strategy to overcome resistance and improve therapeutic outcomes.

Buffer therapy is an emerging strategy in cancer treatment that aims to neutralize the acidic tumor
microenvironment, thereby inhibiting tumor growth and enhancing therapeutic efficacy. Tumors often exhibit
extracellular acidosis due to increased glycolysis and poor perfusion, which impairs immune cell function and
promotes invasion, metastasis, and resistance to therapy. Buffer agents—such as sodium bicarbonate—are used to

raise the pH of the tumor milieu, restoring conditions more favourable to immune activation and drug uptake.

Studies have shown that oral or transdermal bicarbonate therapy can reduce tumor burden, increase CD8* T cell

infiltration, and improve responses to immunotherapies like anti- PD-1 and anti-CTLA-4 antibodies. By
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counteracting acidity, buffer therapy not only disrupts cancer cell survival mechanisms but also enhances the

effectiveness of conventional and immune-based treatments.

Here’s a structured overview of buffer agents used in cancer therapy and examples of clinical trials exploring

their effects:

» Buffer Agents & Their Mechanisms

Buffer Agent Mechanism of Action Notes
Neutralizes extracellular acidity by | Most  widely  studied;
Sodium Bicarbonate increasing pH in the tumor | enhances immune cell
microenvironment infiltration and drug uptake
TRIS AtCE)S'I' as a lgroton_ accep_t(cj)_r, Used iptpreclinical mode_l;;
X . stabilizing p in acidic | synergistic wi
(Tris(hydroxymethyl)aminomethane) environments chemotherapy

Lysine (alkaline form)

Provides buffering capacity via
amine groups; reduces metastasis
in animal models

Effectiveness depends on
ionization state and dietary
interactions

Tums® (Calcium carbonate)

strong buffering capacity

Imidazoles Weak bases that buffer acidic pH | Less commonly  used,;
and may inhibit tumor invasion under investigation
Over-the-counter  antacid  with | High  buffering  score;

potential dietary adjunct

6. Hydrogen lon Transport Mechanisms in Cancer

Hydrogen ion (H") transport mechanisms play a pivotal role in cancer biology by regulating intracellular and

extracellular pH, which in turn influences tumor progression, metastasis, and therapy resistance. Cancer cells often

exhibit increased glycolysis (Warburg effect), producing excess lactic acid and H* ions. To survive in this acidic

environment, they upregulate specialized transporters that export H" ions and maintain intracellular alkalinity.

GLUT

e Overview of key transporters

v\ Na'/H* Exchangers (NHES)

Gluc

H* V-ATPase

e Function: Exchange intracellular H* for extracellular Na* to regulate cytosolic pH and cell volume.

o Key Isoform: NHEL is most relevant in cancer; localized at the leading edge of migrating cells.
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¢ Role in Cancer
e Promotes cell motility and invasion by creating localized pH gradients.
e Interacts with CD44 to activate proteases like cathepsin B, aiding metastasis.

e Overexpressed in various tumors; linked to poor prognosis.

4 Vascular-type H*-ATPases (V-ATPases)
e Function: ATP-driven proton pumps that acidify intracellular organelles and extracellular space.

e Structure: Composed of Vi (ATP hydrolysis) and Vo (proton translocation) domains.

e Role in Cancer
o Facilitates extracellular acidification, enhancing invasion and drug resistance.
e Regulates autophagy and interacts with mTORC1 and AMPK pathways.

e Targeted in glioblastoma and gastric cancer therapies.

v Monocarboxylate Transporters (MCTSs)
e Function: Co-transport lactate and H* across membranes; crucial for glycolytic tumors.

e Key Isoforms: MCT1 (high affinity, bidirectional) and MCT4 (low affinity, lactate export).

¢ Role in Cancer
e Maintain intracellular pH by exporting lactate and H".
e Support metabolic symbiosis between hypoxic and normoxic tumor cells.

e MCT1 also activates NF-xB, promoting metastasis independently of lactate transport.

Hydrogen ion transporters like NHEs, V-ATPases, and MCTs are central to the pH dysregulation seen in cancer,
where tumor cells maintain an alkaline intracellular pH (pHi) and an acidic extracellular pH (pHe). This

reversed gradient supports tumor survival, invasion, and resistance to therapy.

» How These Transporters Maintain the pH Gradient

Transporter Mechanism Effect on pHi Effect on pHe Cancer Advantage
NHEs g, !Exchange . Raises pHi by Contributes to !Enhar)ces motility,
NHE1, NHE?) intracellular H* for exporting H° ex_trz_ac_ellu_lar invasion, and protease
' extracellular Na* acidification activation
ATP-driven  proton Maintains a!kalme Acidifies Promotes metastasis,
. cytosol by pumping H* .
V-ATPases pumps exporting H* into oraanelles . or extracellular space | drug resistance, and
across membranes g and organelles immune evasion
extracellular space
MCTs (MCT1, | Co-transport lactate | Prevents intracellular | Increases lactate ;ﬁgﬁﬁsﬂywlwcan q
MCT4) and H* out of cells acid buildup and H"in TME - .
immune suppression

7. Diagnostic and Prognostic Potential

Hydrogen ion transporters such as NHEs, V-ATPases, and MCTs hold significant diagnostic and prognostic
potential in oncology due to their consistent overexpression and functional relevance in tumor progression. Their
activity contributes to the hallmark pH gradient of cancer—alkaline intracellular and acidic extracellular

environments—which correlates with increased invasiveness, metastasis, and resistance to therapy. Elevated
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expression levels of these transporters have been associated with poor clinical outcomes in various cancers,
including breast, glioblastoma, and pancreatic tumors. Moreover, their presence can serve as biomarkers for tumor
aggressiveness and therapeutic responsiveness. Imaging techniques that detect pH alterations or transporter
expression, such as pH-sensitive MRI contrast agents or immunohistochemical staining, are being explored to
improve early detection and stratify patients for targeted therapies. As research advances, these transporters may

become integral to personalized cancer diagnostics and prognostics.

Using pH and hydrogen ion dynamics as biomarkers in cancer offers a promising avenue for early detection,
prognosis, and treatment stratification. Tumor cells exhibit a reversed pH gradient—alkaline intracellular pH
(pHi) and acidic extracellular pH (pHe)—which is not only a hallmark of malignancy but also measurable

through advanced imaging and molecular techniques.

This dysregulated pH landscape reflects metabolic reprogramming and transporter activity (e.g., NHE1, MCT4,
V-ATPases), and correlates with tumor aggressiveness, hypoxia, and immune evasion. Technologies like pH-
sensitive MRI contrast agents, fluorescent pH probes, and biosensors targeting carbonic anhydrase IX or
MCTs are being developed to visualize and quantify these gradients in vivo. Such tools can help identify high-risk

tumors, monitor therapeutic response, and guide personalized interventions.

Moreover, pH dynamics influence the behaviour of pH-sensitive proteins and oncogenic pathways, making them
not just passive indicators but active regulators of cancer progression. Their integration into diagnostic platforms

could revolutionize how we assess tumor biology and predict outcomes.

» MRI pH Mapping Techniques in Oncology:

TECHNIQUE PRINCIPLE ADVANTAGES LIMITATIONS

CEST-MRI

(CHEMICAL Detects exchange of protons High spatial resolution; | Requires specialized
between water and pH- . '

EXCHANGE . sensitive to pHe and pHi | contrast agents and
sensitive  molecules (e.g., -

SATURATION amide, guanidyl groups) changes calibration

TRANSFER) » uanidyt group
Uses clinical contrast agent | Clinically translatable; | Limited to

é%%’?‘rhﬂ/:g?l‘ BASED (lopamidol) with pH-sensitive | maps extracellular pH in | extracellular pH; not
exchange sites Vivo endogenous

AMIDE & GUANIDYL Enc_zlogenous contrast from Av0|d§ exogenous Sensitive _to protein

CEST-MRI aml_de and guanidyl prc_)tons agent_s,_ applicable in concent_ratl_on and
for intracellular pH mapping preclinical models magnetic field strength
Combines metabolic PET | Correlates glycolysis . .

PET/MRI-CEST (e.g., FDG uptake) with pH- | with acidosis; enhances Requires mult!modal

HYBRID IMAGING L o setup and expertise
sensitive MRI tumor profiling

8.  Experimental and Clinical Studies

Experimental and clinical studies investigating pH imaging in cancer have demonstrated its potential for non-
invasive tumor characterization, therapy monitoring, and prognostic assessment. Preclinical models using
techniques like CEST-MRI, fluorescence imaging, and photoacoustic imaging have successfully mapped both
intracellular and extracellular pH gradients, revealing spatial heterogeneity linked to tumor aggressiveness and
metabolic activity. Clinically, lopamidol-based CEST-MRI has emerged as a promising tool for mapping
extracellular pH in vivo, enabling correlation between tumor acidosis and treatment response. Studies also show

that optoacoustic imaging can overcome depth limitations of optical methods, allowing in vivo pH measurement in
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superficial or endoscopically accessible tumors. These approaches are being refined to improve resolution,

sensitivity, and clinical translatability, with ongoing trials exploring their integration into personalized oncology

workflows.

Here’s a structured summary of in vitro, in vivo, and clinical trial evidence supporting the use of pH imaging and

hydrogen ion dynamics in cancer research and diagnostics.

>

In Vitro Evidence

Cell Culture Studies

Tumor cells maintain alkaline intracellular pH (pHi) and thrive in acidic extracellular pH (pHe)
(~6.8), unlike normal cells.

Acidic pHe promotes invasion, migration, and drug resistance.

Transporter Activity
Overexpression of NHEL1, MCT4, and V-ATPases observed in aggressive cancer cell lines.
Inhibition of these transporters leads to intracellular acidification and reduced proliferation.

pH-Sensitive Probes
Fluorescent dyes (e.g., BCECF, SNARF) used to monitor pHi changes in response to chemotherapy or
hypoxia.

Studies show early acidification followed by alkalinization during drug exposure.

In Vivo Evidence

Animal Models

CEST-MRI and photoacoustic imaging used to map tumor pHe in mice, revealing spatial
heterogeneity and correlation with glycolytic activity.

Tumors with lower pHe showed higher metastatic potential and resistance to therapy.

Buffer Therapy Studies
Oral bicarbonate administration raised tumor pHe and improved response to immunotherapy.

Imaging confirmed pH normalization and reduced invasion markers.

Clinical Trial Evidence
MRI-CEST with lopamidol
Used in patients to map extracellular pH in breast and prostate tumors.

Lower pHe correlated with higher [**F]FDG uptake and poor prognosis.

Hyperpolarized 3C-Bicarbonate MRI
FDA-approved trials for prostate cancer (NCT05851365) show accurate pHe mapping and tumor grade

differentiation.

Combined PET/MRI Imaging

Integration of metabolic and pH data enhances tumor characterization and therapy monitoring.
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e Limitations
e No universally established clinical tool yet; ongoing efforts aim to improve resolution, reproducibility, and

accessibility.

» Clinical Case Studies & Trials

e SLE-PAH Case Report: A 51-year-old female with systemic lupus erythematosus- associated pulmonary
arterial hypertension (SLE-PAH) received daily hydrogen capsules as adjunct therapy. This led to modulation
of immune markers—such as increased Trl cells and decreased Treg and B cell subsets—and clinical
stabilization without adverse effects.

e Liver Cancer & Radiation Therapy: In a 2014 study, mice with liver cancer treated with hydrogen-enriched
water showed enhanced anti-tumor effects when combined with radiation therapy. The hydrogen molecules
appeared to reduce oxidative stress and improve therapeutic outcomes.

e Breast Cancer & Quality of Life: Clinical trials involving hydrogen gas inhalation and hydrogen-rich
water reported improved quality of life, reduced fatigue, and slower tumor progression in breast cancer
patients. These effects were attributed to hydrogen’s antioxidant and anti-inflammatory properties.

e Prostate Cancer Imaging: Trials using hyperpolarized *C-bicarbonate MRI have demonstrated accurate
mapping of extracellular pH in prostate tumors, helping differentiate tumor grades and predict therapy
response. This technique indirectly reflects hydrogen ion dynamics and is being explored for broader oncologic

applications.

9. Limitations and Challenges

» Drug delivery in acidic environments

Drug delivery in acidic environments presents significant challenges that can compromise therapeutic efficacy
and safety. Many drugs, particularly biologics and pH- sensitive compounds, degrade or lose activity when exposed
to low pH conditions, such as those found in the stomach or tumor microenvironments. This degradation can lead
to reduced bioavailability and unintended side effects. Additionally, conventional drug carriers may fail to
protect the active ingredient or release it prematurely, resulting in suboptimal targeting. To address these issues,
researchers are developing pH-responsive delivery systems—such as nanoparticles, hydrogels, and acid-sensitive
linkers—that remain stable in acidic conditions and release their payload only upon reaching more neutral or
targeted environments. However, these advanced systems face hurdles in scalability, biocompatibility, and

regulatory approval, making their clinical translation complex despite promising laboratory results.

» Resistance mechanisms
Resistance mechanisms refer to the strategies by which organisms—especially bacteria, viruses, and cancer cells—

evade the effects of therapeutic agents. Here's a concise overview of the major types:

Common Resistance Mechanisms

e Drug Inactivation: Microbes produce enzymes (e.g. PB-lactamases) that chemically degrade or modify
antibiotics, rendering them ineffective.

e Target Modification: Mutations alter the drug’s binding site, preventing interaction. For example, changes in

ribosomal proteins can block antibiotic binding.
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e Efflux Pumps: Specialized proteins actively expel drugs from the cell, lowering intracellular
concentrations below therapeutic levels.

e Reduced Permeability: Alterations in membrane structure limit drug entry, especially in Gram-negative
bacteria.

e Bypass Pathways: Cells activate alternative metabolic routes to circumvent the blocked pathway
targeted by the drug.

e Target Overproduction: Overexpression of the drug’s target dilutes the effect of the inhibitor, allowing
normal function to continue.

e Horizontal Gene Transfer: Resistance genes spread via plasmids or transposons between organisms,

accelerating resistance evolution.

These mechanisms are not exclusive to microbes—similar strategies are observed in cancer cells resisting

chemotherapy.

»  Systemic side effects of altering pH

Altering systemic pH levels—whether through medical intervention, disease, or environmental exposure—can
disrupt the body's delicate acid-base balance and lead to a range of physiological side effects. The human body
typically maintains a blood pH between 7.35 and 7.45, and deviations from this range can result in acidosis (low

pH) or alkalosis (high pH), each with distinct consequences.

In acidosis, excess acidity can impair enzyme function, reduce oxygen delivery, and cause symptoms such as
fatigue, nausea, confusion, and respiratory distress. It may arise from conditions like kidney dysfunction, lactic acid
buildup, or diabetic ketoacidosis. Conversely, alkalosis—an overly alkaline state—can lead to muscle twitching,
numbness, tremors, and even cardiac arrhythmias. This may result from excessive bicarbonate intake, prolonged

vomiting, or hyperventilation.

Beyond these acute effects, chronic pH imbalance can interfere with metabolic processes, electrolyte stability, and
hormonal regulation, potentially affecting digestion, bone health, and neurological function. The kidneys and
lungs play a central role in maintaining pH homeostasis, and any disruption to their function can exacerbate

systemic side effects.

10. Future Perspectives

Hydrogen ion therapy is carving out a fascinating niche in cancer research, and its future looks promising—though

not without complexity. Here's a look at where things might be headed:

» Future Perspectives of Combination Therapies

e Precision-Driven Combinations: Advances in genomics and biomarker profiling will enable highly tailored
regimens, matching specific drug combinations to individual tumor characteristics and immune profiles.

e Overcoming Resistance: Future strategies will focus on disrupting resistance mechanisms through multi-
targeted approaches, such as combining checkpoint inhibitors with agents that modulate the tumor
microenvironment or inhibit survival pathways.

e Nanotechnology Integration: Smart Nano carriers will allow co-delivery of chemotherapeutic and

immunomodulatory agents, enhancing efficacy while minimizing systemic toxicity.
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Temporal and Spatial Control: Emerging delivery systems will offer controlled release based on tumor pH,
enzyme activity, or external triggers, improving drug localization and reducing side effects.

Adaptive Therapy Models: Al-driven platforms and digital twins will simulate patient responses, allowing
dynamic adjustment of therapy combinations in real time.

Expanded Modalities: Future combinations may include antibody-drug conjugates, oncolytic viruses, and
gene therapies alongside traditional chemotherapy and immunotherapy, creating multifaceted treatment
regimens.

Global Accessibility: Innovations in formulation and delivery will aim to make combination therapies more

affordable and scalable, especially in low-resource settings.

Future Aspects of pH-Based Personalized Medicine

Microenvironment-Specific Therapies: Tumor acidity varies between patients and even within tumor
regions. Future therapies will use real-time pH mapping to guide drug selection and dosing, improving efficacy
and minimizing toxicity.

Smart Drug Carriers: Nanoparticles and hydrogels will be engineered to respond to patient-specific pH
signatures, releasing drugs only in targeted acidic zones such as tumor tissues or inflamed areas.

Diagnostic Innovation: Non-invasive pH sensors and imaging techniques will enable dynamic monitoring of
disease progression and treatment response, offering a new biomarker for personalized diagnostics.

Integration with Genomics and Al: pH profiling will be combined with genomic data and machine learning
to predict optimal treatment strategies, especially for cancers with known metabolic dysregulation.

Preventive Applications: Personalized pH monitoring may help identify individuals at risk for diseases
linked to acid-base imbalance, such as osteoporosis, metabolic syndrome, or certain cancers.

Therapeutic Modulation: Future interventions may include pH-modulating agents tailored to individual

physiology, enhancing drug uptake or immune activation in acidic microenvironments.

Future Aspects of pH-Responsive Nanocarriers

The future development of smarter nanocarriers responsive to pH is set to revolutionize targeted drug delivery,

especially in cancer therapy and inflammatory diseases. These advanced systems are being designed to respond

precisely to the acidic microenvironments found in tumors or inflamed tissues, enabling more effective and

safer treatment options.

Multi-Stimuli Responsiveness: Next-generation nanocarriers will respond not only to pH but also to
temperature, redox conditions, enzymes, and magnetic fields, allowing for highly controlled and context-
specific drug release.

Molecularly Imprinted Polymers (MIPs): These smart polymers mimic the structure of target molecules and
offer high selectivity and stability. When combined with magnetic nanoparticles, they enable precise targeting
and controlled release in simulated intestinal environments.

Enhanced Biocompatibility and Stability: Future designs will focus on improving long-term stability and
minimizing immune reactions, making these carriers safer for repeated or chronic use.

Real-Time Monitoring and Feedback: Integration with biosensors and wearable tech may allow dynamic

tracking of drug release and tissue response, paving the way for adaptive therapy systems.
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Personalized Formulations: pH-sensitive carriers will be tailored to individual patient profiles, accounting for
variations in tumor acidity or inflammation levels, aligning with the broader goals of personalized medicine.
Scalable Manufacturing: Advances in biofabrication and nanoinformatics will support the mass

production of complex nanocarriers, making them more accessible for clinical use.
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