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Unintended effects of proton 
pump inhibitors (PPIs) in 
patients with glioblastoma 
(GBM): A double-edged sword

A vast literature demonstrates that aldehyde dehydrogenase-1A1 
(ALDH1A1) mediates therapy resistance and is associated 
with poor prognosis across human cancers. In glioblastoma 
(GBM), ALDH1A1 expression above vs below the mean causes 
temozolomide and radiation resistance and is associated with 
a substantial reduction in survival (methylated MGMT 14.6 vs 
32.9 months, P = .004; unmethylated MGMT: 12.6 vs 21.4 months 
P  =  .005), while knockdown of ALDH1A1 restores sensitivity 
to chemotherapy and radiation therapy.1,2 ALDH1A1 is also 
a known mediator of resistance to EGFR (epidermal growth 
factor receptor) blockade and an activator of HIF1A. Aldehyde 
dehydrogenases detoxify anticancer drugs and function as anti-
oxidants by reversing lipid peroxidation and repairing etheno-
DNA adducts, thus maintaining REDOX homeostasis that confers 
chemotherapy and radiation failure.3 ALDH1A1 also catalyzes 
the conversion of retinaldehyde to retinoic acid resulting in the 
stemness phenotype that causes tumor re-population.4 These 
functions of ALDH1A1 make it a target of interest in two ongoing 
clinical trials of disulfiram in newly diagnosed and relapsed GBM.

Against this background, recent observations that proton 
pump inhibitors (PPIs) are potent inducers of ALDH1A1 activity 
indicates a potential source of iatrogenesis. Omeprazole binds 
to the aldehyde binding site of ALDH1A1 thereby upregulating 
enzyme activity by 4- to 6-fold, highlighting its utility to lower 
oxidative stress.5 Pantoprazole is also reported to enhance 
ALDH1A1 gene expression by 3.73- to 3.85-fold.6 Lansoprazole 
upregulates NRF2 and leads to a reduction of oxidative stress,7 
representing another antioxidant mechanism that subverts 
cytotoxicity. Other effects of PPIs on the tumor microenviron-
ment (TME), gut microbiome, and YAP oncogene activation 
suggest that they are not strictly benign agents.

By contrast, PPI use in oncology is buttressed by labo-
ratory observations that PPIs may have anti-tumor bene-
fits. Hypothetically, blocking vacuolar-ATPase proton pumps 
(ATP6V0A1/2) deactivate the pH inversion that acidifies the 
TME and raises intracellular pH. Evidence suggests these ef-
fects diminish invasion in GBM cell lines,8 promote apoptosis, 
and enhance chemotherapy uptake (Table 1). Clinical trials 
in breast cancer and head and neck cancer have found some 
benefits for PPIs, although their safety and utility for patients 
with GBM have not been prospectively assessed.

Does the impact of PPIs on ALDH1A1 imply a need for im-
mediate change in the clinical reflex of routinely prescribing 
PPIs for neuro-oncology patients? At the moment, no random-
ized data are available to definitively address the question for 
patients with glioma. Potentially, electronic medical records 
data could be correlated with survival endpoints to explore the 
question. In the meantime, clinicians are left only with the lit-
erature related to ALDH1A1 in GBM biology and therapy re-
sistance to decide if the apparent risks are worth the utility of 
these agents in managing the risks of upper gastrointestinal 
(GI) bleeding and hyperacidity. While the knowledge base is 
incomplete, the potential for causing treatment failure and 
worsening survival appears substantial.

As alternative therapy, H2 blockers have been shown to 
block tumor invasion and increase survival in in vivo labora-
tory models of GBM,9 also by blocking pH inversion and tumor 
invasiveness. Aldehyde dehydrogenases are upregulated by 
histamine and downregulated by H1R and H2R antagonists, 
including cimetidine.10 Therefore, H2 blockers could be con-
sidered for GI prophylaxis in place of PPIs.

The recent lessons about PPIs and ALDH1A1 counter enthu-
siasm for using PPIs in oncology. Their complex biology calls for 
caution with regard to repurposing drugs for anticancer benefits. 
Pleotropic drug effects arising from promiscuous protein binding 
can foster both pro- and anti-tumoral effects. The observations 
about ALDH1A1 activation by at least some PPIs present an op-
portunity to remove potentially harmful drugs that diminish treat-
ment efficacy and survival for patients with GBM. Based on a deep 
understanding of ALDH1A1 in cancer biology, such an opportunity 
should not be lost while we search for confirmatory patient data to 
definitively inform clinical practice. Until more is known, the pos-
sibility that PPIs produce unintended harm should prompt caution 
and a change in their reflexive use in neuro-oncology.

Funding

None.

Conflict of interest statement. None.

Michael P. Castro

Beverly Hills Cancer Center, Beverly Hills, California, USA 
(M.P.C.) ; Personalized Cancer Medicine, PLLC Los Angeles, 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1093/nop/npac035
https://orcid.org/0000-0003-0421-1027
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


345Letter to the Editor
N

eu
ro-O

n
colog

y 
P

ractice

California, USA (M.P.C); Cellworks Group, Inc. S. San 
Francisco, California, USA (M.P.C) 

Corresponding Author: Michael P. Castro, MD, Beverly Hills Cancer 
Center 8900 Wilshire Boulevard Beverly Hills, CA 90211, USA 
(michael.castro@personalizedcancermedicine.us).

References

1.	 Schmidt-Graf F, Meyer B, Beier CP, Schlegel J. Aldehyde dehydrogenase 
1A1—a new mediator of resistance to temozolomide in glioblastoma. 
Neuro Oncol. 2012;14(12):1452–1464.

2.	 Xu S-L, Liu S, Cui W, et al. Aldehyde dehydrogenase 1A1 circumscribes 
high invasive glioma cells and predicts poor prognosis. Am J Cancer 
Res. 2015;5(4):1471–1483.

3.	 Gago-Dominguez  M, Castelao  JE, Pike  MC, Sevanian  A, Haile  RW. 
Role of lipid peroxidation in the epidemiology and prevention of breast 
cancer. Cancer Epidemiol Biomark Prev. 2005;14(12):2829–2839.

4.	 Ciccone V, Terzuoli E, Donnini S, et al. Stemness marker ALDH1A1 pro-
motes tumor angiogenesis via retinoic acid/HIF-1α/VEGF signalling in 
MCF-7 breast cancer cells. J Exp Clin Cancer Res. 2018;37(1):311.

5.	 Calleja LF, Yoval-Sánchez B, Hernández-Esquivel L, et al. Activation of 
ALDH1A1 by omeprazole reduces cell oxidative stress damage. FEBS J. 
2021;288(13):4064–4080.

6.	 Pantoprazole induces changes in the retinoic acid pathway. ToxDB 
database:  developed by the Bioinformatics group of the Vertebrate 
Genomics Department at the Max Planck Institute for Molecular 
Genetics in Berlin, Germany. http://toxdb.molgen.mpg.de/pathway/
expression/5953/CHEMBL1502/7301/ 

7.	 Yamashita  Y, Ueyama  T, Nishi  T, et  al. Nrf2-inducing anti-oxidation 
stress response in the rat liver—new beneficial effect of lansoprazole. 
PLoS One. 2014;9(5):e97419.

8.	 Jin UH, Michelhaugh SK, Polin LA, et al. Omeprazole inhibits glioblas-
toma cell invasion and tumor growth. Cancers (Basel). 2020;12(8):2097.

9.	 Lefranc  F, James  S, Camby  I, et  al. Combined cimetidine and 
temozolomide, compared with temozolomide alone: significant in-
creases in survival in nude mice bearing U373 human glioblastoma 
multiforme orthotopic xenografts. J Neurosurg. 2005;102(4):706–714.

10.	 Jiang Y, Li H, Wang Y, et al. ALDH enzyme activity is regulated by Nodal 
and histamine in the A549 cell line. Oncol Lett. 2017;14(6):6955–6961.

  
Table 1.  Competing Consequences of PPI Use on Tumor Biology

Effect Pathways 

PRO PPIs → ATPV0A1/2↓ → pH inversion↓ → MMP2/9↓→ [invasion, migration]↓

PPIs → ATPV0A1/2↓ → pH inversion↓ → [chemotherapy uptake]↑

CON PPIs → ALDH1A1↑ → ROS↓ → [ferroptosis↓, DNA repair↑] → radiation/chemotherapy resistance

PPIs → ALDH1A1↑ → [retinaldehyde > retinoic acid (RA)]↑ → RXR/RAR → [stemness, metastases, immune 
editing]

Abbreviations: ALDH1A1, aldehyde dehydrogenase-1; MMP, matrix metalloproteinases; PPIs, proton pump inhibitors; ROS, reactive oxygen spe-
cies; RXR/RAR, retinoid X receptor/retinoid acid receptor.
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