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A B S T R A C T

The recalcitrance of tumors to photodynamic therapy (PDT) has been linked to PDT-induced activation of sur
vival pathways in sublethally afflicted cancer cells that modulate cellular responses to oxidative stress and 
damage. Survival signaling manifests in regions of the tumor where the tumor cells are insufficiently photo
sensitized or subjected to inadequate fluence rates. The survival signaling in these tumor regions is believed to 
account for tumor recurrence. Accordingly, PDT efficacy can be improved by intervening in these pathways using 
molecular inhibitors of key modulators of survival signaling, thereby increasing the number of lethally afflicted 
cancer cells and with it therapeutic efficacy. A promising target for pharmacological intervention is the nuclear 
factor (erythroid-derived 2)-like 2 (NRF2) pathway, which induces the antioxidant and xenobiotic stress response 
that helps cells cope with prolonged periods of hyperoxidative stress after PDT. This review outlines our current 
understanding of this pathway, how it is activated, and how it confers cytoprotective effects and ensures cell 
survival. Additional distinguishing features of the review are that (1) studies are addressed in which PDT acti
vation of the NRF2 pathway has been demonstrated; (2) a non-exhaustive overview of NRF2 pathway inhibitors 
is presented that could serve as potential adjuvants in PDT regimens to augment therapeutic efficacy in 
treatment-resistant tumors and cancers that recur after PDT; (3) molecular docking analyses are included that 
show potential interactions between the NRF2 inhibitors and the redox sensor KEAP1; and (4) an elaborate 
account is provided of the potential bottlenecks and caveats that can be encountered when using NRF2 inhibitors 
in the development of fourth-generation photosensitizers for oncological PDT.

1. Introduction

1.1. Photodynamic therapy

Photodynamic therapy (PDT) is a clinically approved, minimally 
invasive two-stage therapeutic procedure that combines light energy 
with a light-sensitive drug called a photosensitizer (PS) to destroy tumor 
parenchymal cells and tumor-associated stromal cells after light acti
vation. Following systemic or topical administration (stage 1), PS mol
ecules hyperaccumulate in the tumor tissue compared to healthy tissue 
as a result of the enhanced permeability and retention effect or receptor- 
mediated uptake (e.g., binding of PS-lipoprotein complexes to cognate 
lipoprotein receptors overexpressed on cancer cells). When illuminated 
at a resonant wavelength (stage 2), usually within the therapeutic 
window (650–800 nm), photon absorption by PS electrons will lead to a 
vibronic transition from the ground state to a singlet state and subse
quently to a lower-energy triplet state. The triplet state has a longer 
lifetime compared to the singlet state, which enables the excited PS to 
react with molecular oxygen (O2) to form singlet oxygen (1O2) via a type 
II photochemical reaction (energy transfer) [1]. The triplet state PS can 
also react directly with (bio)molecules or O2 to produce molecular 
radicals or superoxide anion (O2

•–) and other types of reactive oxygen 
species (ROS) and radical transients, respectively (type I photochemical 
reaction that entails intermolecular electron transfer) [1]. Extensive 
photoproduction of ROS and other radical transients induces hyper
oxidative stress, which causes various forms of cell death through 
mainly 3 different mechanisms [2–5].

First, the induction of cancer cell death emanates from the direct 
cytotoxicity of photochemically produced ROS. The ROS oxidize bio
molecules such as proteins [6], (phospho)lipids [7], and nucleic acids 
[1,5] and with it perturb the functionality of vital pathways [8] and 
critical structures. As many clinically approved PS are lipophilic, PDT- 
induced oxidative damage primarily affects the plasma membrane and 
the membranes of organelles such as mitochondria, endoplasmic 

reticulum (ER), and lysosomes, culminating in a mix of chiefly necrotic, 
apoptotic, and necroptotic cell death [3,4,7,9] and to a lesser extent 
autophagy-associated cell death, paraptosis-like cell death, and ferrop
tosis [2,8,10–12].

Second, besides direct oxidative damage to cells, hypoxia rapidly 
manifests in the illuminated tissue as the available O2 is converted to 
ROS [6,12]. Additionally, since some PS are also taken up by endothelial 
cells that line the intratumoral vasculature, PDT induces vascular 
damage, thrombosis, and hemostasis [8]. The photochemical destruc
tion of tumor microvasculature leads to hypoxia or anoxia as well as 
metabolic starvation of cancer cells [7,8,13]. Severe oxidative stress and 
hypoxia trigger aforementioned forms of cell death that collectively 
account for cancer removal.

Third, execution of the different modes of cell death facilitates the 
release of damage-associated molecular patterns, tumor-associated an
tigens, and oxidized biomolecules that are recognized and acted upon by 
different (sub)sets of immune cells [14,15]. The mobilization of the 
innate and adaptive immune system leverages into sterile inflammation 
and an anti-tumor immune response [14,16]. The immune response not 
only targets the PDT-treated primary tumor but also non-illuminated 
metastatic lesions and circulating cancer cells, also known as the 
abscopal effect [17], both occurring as a result of a process referred to as 
immunogenic cell death [16].

1.2. Suboptimal responses to photodynamic therapy

Despite the PDT-mediated triggering of multiple effective routes to 
cancer cell demise, there are instances where surviving cancer cells 
evade the primed immune system, as a result of which the tumor sub
sequently regrows – an observation that has been documented in mice 
[18–21] and humans [22–24]. In the clinical setting this de facto means 
that PDT becomes life-extending rather than curative, which should not 
be the end goal from the onset. Therefore practical solutions to optimize 
cure rates are needed.

In addition to post-treatment immune escape, post-PDT tumor 
regrowth has been in part attributed to incomplete photochemical 
destruction of target tissue [25,26]. This particular damage profile 1 Equal contributors.
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manifests mainly in tumor regions that were insufficiently illuminated 
and/or photosensitized during PDT [27,28], such as optically distal 
segments of bulkier tumors [29,30] or hypoperfused and stroma-dense 
regions in the tumor. In case of optically distant tumor regions, suble
thal fluence rates (defined as the amount of photons traversing an 
infinitesimal voxel of tissue) are generated owing to Beer-Lambert law- 
related laser-tissue interactions, which lead to insufficient ROS 

production and hence a level of damage that is recoverable by tumor 
cells (Fig. 1A). The distance of photons from the site of incidence is 
proportional to fluence rate in that light attenuates with depth due to 
scattering and absorption (Beer-Lambert law). A lower photon density in 
deeper situated tissue (i.e., lower fluence rate relative to the light at 
incidence) corresponds to a lower rate of photon absorption by the PS 
and therefore a lower rate of molecular oxygen conversion to ROS. A 

Fig. 1. Summary of laser-tissue interactions associated with PDT in relation to photophysical, photochemical, and biological effects that lead to survival signaling in 
cancer cells and consequent therapeutic recalcitrance. (A) Cross-section of a photosensitized tumor that is undergoing PDT, with the incident red laser light at the top 
of the cross-section. For the sake of the theoretical framework it is assumed that the tumor is homogeneously photosensitized and oxygenated. Five columns were 
drawn into the image that represent parameters that determine PDT efficacy, the effects of which are scaled low to high by the respective white-to-dark blue gradient 
bar placed in relation to the z-axial position of laser light (left column). More details are provided in the text (section 1.2). (B) Overview of the survival pathways that 
are activated by sublethally afflicted cells in the demarcated area (reviewed extensively in [28]). At the basis of every pathway lie ROS, which constitute the pri
mordial trigger of every type of survival-promoting response that is eventually executed at the transcriptional level. The successful execution of survival pathways is 
diametrically opposed to photooxidative induction of cell death (A, two right columns), i.e., the chief objective of PDT.
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reduced amount of ROS produced with depth inflicts a lower degree of 
biomolecule oxidation and hence less oxidative stress, allowing the cells 
to better cope with the relatively milder level of oxidative damage. 
These photophysical and photochemical hurdles can, albeit to a limited 
extent, be remediated by selecting PSs with absorption maxima that 
correspond to wavelengths of deeper penetrating (red) light [30]. 
Moreover, as described in this paper, pharmacological interventions can 
be implemented to obviate recovery from mild hyperoxidative stress in 
sublethally afflicted tumor regions. The biological barriers, i.e., poorly 
vascularized areas containing extensive desmoplastic tissue (Fig. 2A, B 
and e.g., [31]), are more challenging in terms of photosensitization 
inasmuch as PS molecules do not reach all of the target tissue, rendering 
PDT less effective or even therapeutically moot. This is a phenomenon 
that plagues all systemic therapies that target tumor tissue directly, not 
just PDT.

Hyperdense stroma, documented in for example hilar chol
angiocarcinoma (Fig. 2A) and pancreatic ductal adenocarcinoma 
(Fig. 2B) [31,38] and in and of itself shown to debilitate parenchymal 
drug delivery [39–41], is responsible for raising intratissular (mechan
ical) pressure that collapses/shuts down microvessels. Correspondingly, 
these mechanical constraints have been evidenced in pancreatic ductal 
adenocarcinoma [40,42] and hilar cholangiocarcinoma [43]. Since 
blood vessels constitute the only conduits for intravenously adminis
tered PSs into a tumor, an absence or low density of intratumoral cap
illaries and post-capillary venules − through which administered 
compounds typically extravasate [44–46] − means that PSs exit the 
circulation at only a few loci and have to diffuse across large swathes of 
densely packed stromal tissue to reach remotely situated parenchyma. 
Consequently, intravenously administered PSs or drugs do not 
comprehensively accumulate in a tumor to confer cytotoxicity in all 
cancer cells. Even if some intratumoral accumulation of PS or drugs 
occurs, the distribution is commonly suboptimal as demonstrated for 
various types of nanoparticles in animal studies (Fig. 2C− G). At the 
whole body level, nanoparticle delivery to tumors appears to work well 
in mouse tumor models (Fig. 2C). At the tumor level, however, the 
distribution of nanoparticles tends to be heterogeneous and mainly 
confined to the tumor periphery (Fig. 2D and E). Nanoparticle pene
tration out of intratumoral blood vessels into the interstitium is often 
compromised by interstitial fluid pressure and dense extracellular ma
trix deposition (Fig. 2F− G). When these data are extrapolated to the 
clinical PDT setting, it is expected that photosensitization patterns are 
gradient-like and heterogeneous and leave large portions of tumor tissue 
insufficiently photosensitized or devoid of PS molecules. Consequently, 
only a fraction of the tumor will be lethally afflicted during illumination 
as per Fig. 1A. Sublethally affected tumor regions will contain cancer 
cells that have activated survival signaling (Fig. 1B), potentially leading 
to post-treatment tumor regrowth.

1.3. Photodynamic therapy-induced survival signaling and 
pharmacological remediation

Cancer cells that suffer non-lethal damage from the initial wave of 
direct and indirect PDT effects will attempt to recover by activating 
survival pathways [8,28,31,47,48] (Fig. 1B). These pathways are 
believed to form a biological basis for the resistance to PDT and eventual 
tumor regrowth [8,27]. Five main survival pathways have been outlined 
by the Photodynamic Therapy Study Group (Fig. 1B) [28] and subse
quently proven to be activated by PDT [8,47]. The nuclear factor 
(erythroid-derived 2)-like 2 (NRF2) pathway, which is often constitu
tively hyperactivated in cancer cells, culminates in an antioxidant 
response that is further exacerbated by photoproduced ROS. ROS- 
activated proteotoxic stress gives rise to the unfolded protein and heat 

shock responses. Oxidative stress-activated ASK-1 results in the imme
diate early stress response. ROS also activate nuclear factor kappa-light- 
chain-enhancer of activated B cells (NF-κB) directly and indirectly 
(through hypoxia as a result of vascular shutdown), yielding an in
flammatory response that mediates angiogenesis, stromal reconstruction 
and expansion, and proliferation of tumor cells, amongst others. ROS 
and hypoxia activate hypoxia-inducible factor 1α (HIF-1α), which reg
ulates a hypoxic response by the transcription and translation of a 
multitude of survival-promoting genes (of the more than 500 genes that 
HIF-1α controls). Moreover, some of the survival pathways are inherent 
drivers of cancer development and may thus already be upregulated 
before PDT. Tumors with a profound desmoplastic signature tend to be 
hypoxic and may therefore constitutively upregulate HIF-1α. Conse
quently, distinct tumor types may possess an innately reduced suscep
tibility to PDT, depending on whether such resistance pathways have 
been engaged during tumorigenic development and sustenance 
[8,27,47]. The inhibition of survival signaling through pharmacological 
intervention in these pathways is therefore hypothesized to be condu
cive to therapeutic efficacy [27,28,31,48].

Research aimed at improving PDT outcomes embodies different ap
proaches. Combinations of PDT and chemotherapy are most widely 
explored, which offer varying degrees of improved efficacy [49,50]. 
Research has further been performed on photo-activated chemotherapy, 
which couples a PS to a chemotherapeutic drug through a photo
cleavable linker. A prime example is ruthenium-based complexes that, in 
conjugated form, exhibit minimal toxicity but are rendered toxic 
following photodissociation of the PS [51]. An advantage of this 
approach is that chemotherapy can prolong the cytotoxic effects after 
PDT-induced hypoxia has rendered additional illumination ineffectual. 
Some chemotherapeutic drugs such as tirapazamine exploit PDT- 
induced hypoxia via their activation under low-oxygen conditions 
[52]. Another strategy is to enhance the post-PDT immune response by 
combining PDT with immunotherapy. Of particular note is the combi
nation of PDT and immune checkpoint inhibitors, which enhance the 
post-PDT immune response through augmentation of cytotoxic T cell 
activity. This approach has proven quite effective in some clinical cases 
[53–55]. More modern options feature the use of an oxygen generator or 
donor, such as catalase or catalase mimetics, that convert endogenously 
produced H2O2 into H2O and O2, relieving tumor hypoxia to some de
gree and increasing O2 levels for photochemical reactions during PDT 
[56,57]. Lastly, some studies focus on synergistically enhancing partic
ular modes of cell death, such as ferroptosis, which is highly immuno
genic. This is usually achieved through the combination with specific 
ferroptosis sensitizers, including some tyrosine kinase inhibitors and 
inhibitors of glutathione synthesis, or through co-administration of 
ferrous iron [56,58,59].

In terms of survival pathway inhibition, empirical proof-of-concept 
has been established for the HIF-1 pathway with liposomal zinc phtha
locyanine and the selective HIF-1α inhibitor acriflavine [31,48]. Mo
lecular inhibitors of the HIF-1 pathway [60] and the immediate early 
stress response [29] have been profiled in previous publications for 
purposes of developing fourth-generation PSs (i.e., second-generation 
PSs encapsulated in a (targeted) nanoparticulate delivery system with 
co-encapsulated small molecular inhibitors of survival signaling [27]).

1.4. Aim of the review

In this review, we home in on the oxidative and xenobiotic stress 
pathway mediated by NRF2, a basic leucine zipper (bZIP) transcription 
factor expressed by the NFE2 like bZIP transcription factor 2 (NFE2L2) 
gene. This master regulator of the antioxidant response to PDT is 
involved in the transcriptional upregulation of many target genes that 
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Fig. 2. Biological barriers to PS, drug, and nanocarrier delivery into solid tumors. Clinical examples of histological sections of (A) a hilar cholangiocarcinoma and (B) 
a pancreatic ductal adenocarcinoma, which reveal rich desmoplastic tissue in the tumors (delineated in purple) that is commonly poorly vascularized as shown 
previously for cholangiocarcinoma [31] and reported for pancreatic ductal adenocarcinoma [32,33]. Anatomical designations: A, artery; D, pre-existent bile or 
pancreatic duct; F, intrapancreatic adipose/fat tissue; L, lymphoid aggregate; N, nerve in hilum; P, pre-existent liver or pancreas parenchyma; V, vein. The large scale 
bar represents 1 mm, whereas the small scale bar on the left side of the main scale bar equates to 10 µm in width, i.e., the approximate diameter of capillaries and 
small post-capillary venules. (C) Micro-computed tomography-fluorescence tomography (μCT-FLT) image demonstrating the biodistribution and accumulation of 
Cy7-labeled polymeric micelles in orthotopic mammary (4T1) tumors (white arrow) following intravenous administration in female BALB/cAnNRj mice. (D) In vivo 
μCT-FLT image of a 4T1 tumor, zoomed in from panel (C) (region indicated with white arrow), showing the heterogeneous tumor distribution of Cy7-labeled 
polymeric micelles. (E) Fluorescence microscopy image taken of Cy7-labeled micelles that have accumulated in a mouse mammary (4T1) tumor (T in panel D) 
isolated and processed histochemically after sacrifice and tumor excision. (F) Two-photon microscopic images of fluorescently labeled liposome penetration in a 
human pancreatic (BxPC3) adenocarcinoma xenograft and (G) a 4T1 tumor allograft section. Images in (C-G) were compiled from data sets that have been published 
in [34–37] and are presented here in modified form to illustrate poor intratumoral penetration of drug mimetics (i.e., fluorescent probes) and nanoparticulate 
delivery systems. Panels (C) and (E-G) were reproduced with permission from Elsevier.
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contain an antioxidant responsive element (ARE) sequence (5′- 
GTGACNNNGC-3′) [61]. The activation mechanisms of this pathway and 
its downstream effects are addressed as a backdrop to the synopsis 
provided on the role of NRF2 survival signaling in PDT. In addition, 
molecular inhibitors of the NRF2 signaling pathway are presented and 
their potential application in PDT of solid cancers is elaborated.

2. The NRF2 pathway

The canonical NRF2 pathway consists of 3 main components: (1) 
Kelch-like ECH-associated protein 1 (KEAP1), (2) NRF2, and (3) AREs. 
In this pathway, KEAP1 constitutes the sensor of oxidative stress, NRF2 
is the activator of the stress response following dissociation from KEAP1 
to which it is constitutively bound (Fig. 3A and B), and genes containing 
AREs encode proteins that directly combat oxidative and xenobiotic 
stress [62].

NRF2 is a bZIP transcription factor belonging to the Cap’n’collar 
subfamily of bZIP transcription factors and can form heterodimers with 
small musculoaponeurotic fibrosarcoma proteins (MAFs), which allows 
it to bind AREs and activate gene transcription [63]. NRF2 contains 
seven conserved NRF2-ECH homology (Neh) domains with different 
functions (ECH is erythroid cell-derived protein with Cap’n’collar ho
mology, Fig. 3C). The first domain, Neh1, corresponds to the bZIP motif, 
which is necessary to interact with the MAFs. The Neh2 domain contains 
DLG and ETGE motifs that correspond to the two binding sites for 
KEAP1, facilitating the formation of a complex composed of one unit of 
NRF2 and two units of KEAP1. The presence of Ser40 in the Neh2 
domain is essential for the release of NRF2 from KEAP1. Neh3 is 
responsible for recruiting the co-activator chromodomain helicase DNA 
binding protein 6 and is therefore essential for the transcriptional ac
tivity of NRF2, while Neh4 and Neh5 regulate the transactivation of 

NRF2 target genes by binding to CREB-binding protein. Neh6 has a 
binding domain for β-transducing repeat-containing protein (β-TrCP). 
Glycogen synthase kinase (GSK)-3β phosphorylates Ser335 and Ser338 
in Neh6 and forms a complex with ubiquitin ligase β-TrCP indepen
dently of KEAP1. Lastly, Neh7 is a retinoid X receptor α binding domain 
through which NRF2 can dimerize and co-activate the retinoid X re
ceptor α transcription factor [62,64–68].

Under normoxic conditions, NRF2 is retained in the cytoplasm by 
forming a complex with the oxidative stress sensor KEAP1, which is 
bound to the Neh2 domain of NRF2 (Fig. 3), thereby preventing its 
translocation to the nucleus (Fig. 4). KEAP1 is a substrate-adapter pro
tein for the cullin 3 (Cul3)/RING-box protein 1-dependent E3 ubiquitin 
ligase complex that drives the ubiquitination and subsequent proteaso
mal degradation of NRF2 in the cytosol (Fig. 4) [69].

Under oxidative stress or an otherwise electrophilic environment, 
Cys151 in the BTB domain and two cysteine residues (Cys273 and 
Cys288) located in the NRF2 binding domain of KEAP1 (intervening 
region) are oxidized, inducing conformational and compositional 
changes in the KEAP1-CUL3 machinery that disable NRF2 degradation 
without necessarily disrupting KEAP1-NRF2 binding. Mechanistic ex
periments with prototypic inducers (sulforaphane, iodoacetamide 
probes) revealed that covalent modification of Cys151 weakens the 
KEAP1-CUL3 association, uncoupling the ligase from its substrate 
adaptor and preventing NRF2 polyubiquitination [70]. Complementary 
genetic experiments demonstrated that Cys273 and Cys288 are essential 
for the basal repressor function of KEAP1 in that C273A and C288A 
mutants failed to suppress NRF2 in vivo and blunted electrophile 
responsiveness [71,72]. While additional cysteines can participate (and 
distinct sets preferentially sense H2O2 versus electrophiles), the triad 
Cys151/Cys273/Cys288 provides the principal control points coupling 
thiol modification to the loss of CUL3-dependent NRF2 ubiquitination 

Fig. 3. Protein structure and functional domains of the transcription factor NRF2, which is the master regulator of the cellular antioxidant and xenobiotic stress 
response. In native state, NRF2 is bound to the redox sensor KEAP1 through a short stretch of the NRF2 sequence spanning amino acids 69 to 84 (A, B) until KEAP1 
residues Cys273 and Cys288 in the NRF2 binding domain are oxidized by ROS. Presented here is the most detailed retrievable complex of NRF2 (light blue + red) 
with KEAP1 (grey), where NRF2 is represented by a protein fragment comprising a loop with two beta-sheet segments spanning 16 amino acids. The structural model 
was composed using information from the RCSB Protein Data Bank, in which the NRF2 protein is catalogued as 15–100 amino acid fragments, and AlphaFold3. More 
detailed information is provided in section S2 of the supporting document available in Mendeley Data (https://doi.org/10.17632/hw4286gycz.1). (C) Functionally, 
NRF2 is composed of seven NRF2-ECH homology (Neh1-7) domains; drawn here is a simple schematic. The main function of each domain is described in the box 
immediately below the respective encircled domain. Amino- and carboxy-terminal regions are depicted in the left (–NH2) and right (–COOH) flanks of the protein, 
respectively.
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[73,74]. In this so-called floodgate/ubiquitination switch model, NRF2 
is released and escapes from polyubiquitination and proteasomal 
degradation while E3 activity in KEAP1 is transiently inactivated and 
newly translated NRF2 is allowed to accumulate [64,70,75,76]. 
Elevated levels of cytosolic NRF2 are maintained by oxidation of Cys183 
[77]. The final activation step involves the phosphorylation of NRF2 at 
Ser40 by protein kinase C, which enables its translocation to the nucleus 
[78]. However, Ser40 phosphorylation is not strictly required for NRF2 
stabilization or ARE-driven transcription once ubiquitination is blocked, 
underscoring that the primary switch is redox-controlled E3 activity in 
the KEAP1 protein rather than obligate release [78]. Inside the nucleus, 

NRF2 complexes with proteins from the activator protein-1 (AP-1) 
family, mainly c-JUN and MAF, facilitating the binding of these com
plexes to ARE in the promoter regions of target genes [79,80]. More than 
100 genes can be induced by NRF2, and their functions can be generally 
categorized into four groups: (1) resistance to oxidative stress; (2) 
antioxidant signaling; (3) drug metabolism and transport; and (4) 
intermediary metabolism [81,82]. Collectively, these data delineate a 
clear mechanistic link from oxidative/electrophilic modification of 
specific KEAP1 cysteines → conformational/complex remodeling that 
abrogates NRF2 ubiquitination → cytosolic accumulation and nuclear 
translocation of NRF2 → transcriptional activation of cytoprotective 

Fig. 4. NRF2 activity is modulated by intracellular oxygen tension. Under normoxic conditions (left side of the diagram), low levels of NRF2 are kept in the cytosol 
due to proteasomal degradation through polyubiquitination mediated by E3 ubiquitin ligases that recognize the NRF2-KEAP1-CUL3 complex as substrate. Under 
oxidative stress (right side of the diagram), KEAP1 is oxidized at cysteine residues 273 and 288, which triggers the disassembly of the NRF2-KEAP1-CUL3 complex. 
Consequently, NRF2 accumulates in the cytosol, where it is phosphorylated, and subsequently translocates to the nucleus, where it binds to AREs and activates the 
transcription of genes whose protein products regulate redox homeostasis, amongst other cytoprotective functions.
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programs that target oxidative stress and cytotoxicity imparted by xe
nobiotics. This cysteine-centric sensor architecture provides both 
sensitivity and specificity to redox cues while maintaining tight 
repression of NRF2 under homeostatic conditions [83,84].

With respect to the NRF2-regulated downstream biological pro
cesses, ROS detoxification is modulated via increased expression of 
antioxidant enzymes such as glutamate-cysteine ligase with a catalytic/ 
modifier subunit (GCLC/M), glutathione S-reductase, heme oxygenase 1 
(HO-1), superoxide dismutase (SOD), and aldo–keto reductases [85]. 
Xenobiotic detoxification is also regulated by NRF2 through activation 
of phase I, II, and III metabolic enzymes. For example, enzymes such as 
NAD(P)H quinone dehydrogenase 1 (NQO1; phase I); glutathione S- 
transferase (phase II); and ATP binding cassette subfamily of proteins 
such as ATP-binding cassette (ABC) transporters (also known as multi
drug resistance-associated proteins (MRP); phase III) have ARE se
quences in their promoter region [86,87]. A detailed list of genes 
induced by NRF2 is provided in [88].

Although the oxidation and structural alteration of KEAP1 form the 
basis for NRF2 activation and nuclear translocation, several other 
mechanisms can influence both NRF2 activation and inhibition. Similar 
to the oxidation of NRF2 Cys183 [82] and the phosphorylation of NRF2 
Ser40 by protein kinase C [78], phosphorylation of NRF2 by p38α/β also 
promotes nuclear translocation. The latter occurs through mitogen- 
activated protein kinase/extracellular signal-regulated kinase (MAPK/ 
ERK) signaling, which in turn can be mediated by the proteotoxic stress 
response. Conversely, NRF2 is negatively controlled by phosphatase and 
tensin homolog (PTEN) [89] and GSK-3β [90]. Currently, the exact 
relation between NRF2 and these diverse pathways remains to an extent 
uncharted, but multiple survival pathways [8] can intersect and overlap 
in oxidatively stressed cancer cells.

A dual role of NRF2 has recently been discovered. First, several 
studies demonstrated that NRF2 can act as a tumor suppressor in the 
early stages of carcinogenesis [91–93]. The tumor-suppressive effects 
result from activation of those genes that combat oxidative and xeno
biotic stress, which consequently prevents DNA damage and thus delays 
mutagenesis [94,95]. NRF2 activity can be promoted with chemo
preventive molecules such as curcumin, resveratrol, isothiocyanate, 
oltipraz, and sulforaphane as anticancer agents [96]. These compounds 
can interact with the cysteine residues in KEAP1, releasing NRF2 from 
KEAP1 to exert its tumor-suppressive impact. Contrastingly, an onco
genic function of NRF2 has also been discovered [97]. For example, 
NRF2 upregulation supports the proliferation and survival of Kirsten rat 
sarcoma viral oncogene homologue (KRAS)-transformed cells [98,99]. 
Constitutively activated NRF2 can result from (epi)genetic alterations in 
NFE2L2 and/or in its negative regulator KEAP1, but also from persistent 
oxidative stress that typically prevails in a carcinogenic environment 
[91,100,101]. For more in-depth reading, an excellent review on the 
dual role of NRF2 in cancer was published by Wu et al. [102].

The most frequent genetic alterations that induce upregulation of 
NRF2 are found in the KEAP1 gene. Genetic analyses have shown that 
loss-of-function mutations in the NRF2 binding domain of KEAP1 pre
vent the negative regulation of NRF2 and that a heteroallelic mutation in 
KEAP1 is sufficient to increase NRF2 activity [103,104]. Additionally, 
mutations that impair the interaction between KEAP1 and CUL3 (mu
tations in CUL3 are frequently found in cancers [105–108]) can decrease 
proteasomal degradation of NRF2 [109,110]. It has been reported that 
DNA hypermethylation can decrease KEAP1 expression. Gain-of- 
function mutations have also been detected in the NFE2L2 gene, but 
these mutations are restricted to the Neh2 domain, which interferes with 
the binding to KEAP1 [111].

All the abovementioned mutations are prevalent in different types of 
cancer, underpinning the clinical relevance of NRF2. For example, lung 
squamous cell carcinomas frequently present with alterations in 
NFE2L2, KEAP1, and CUL3 [112]. KEAP1 mutations are also described 
in gastric-, hepatocellular-, colorectal-, breast-, and prostate carcinomas 
[113]. The genetically driven increase in NRF2 activity is positively 

correlated to poor survival and resistance to chemotherapy and radio
therapy [114,115].

3. NRF2 activation by PDT

3.1. NRF2 cytoprotection after PDT: The trigger-response paradox

The trigger-response paradox revolving around the NRF2 antioxi
dant response refers to the somewhat counterintuitive phenomenon 
where NRF2 confers cytoprotection and ensures cancer cell survival 
following PDT whilst the biological responders (i.e., the NRF2-induced 
proteins) take substantially longer to be synthesized than the time it 
takes the photoproduced ROS to react with biomolecules. Photochemi
cally produced 1O2 via the type II mechanism has a biological half-life 
ranging from less than a few µs in cells/biological milieu [116] to 
10–16 µs in biomembranes [117,118], whereas O2

•– from type I photo
chemical reactions generally reacts with biomolecules in the order of 
single-digit-to-tens of ms depending on the proximity and local density 
of SOD as well as pH [119–123]. Under physiological conditions, O2

•– is 
dismutated to secondary and tertiary ROS derivatives [124,125] that 
have biological half-lives in the order of ns (Fenton reaction-produced 
hydroxyl radicals) [126] to the (sub-)s range (e.g., H2O2 and peroxyni
trite) [127–132]. In contrast, following oxidative/electrophilic activa
tion, NRF2 accumulates in nuclei within ~ 30 min [96]. After NRF2 
binds AREs, target mRNAs rise within ~ 1–3 h and expand further by 12 
h. Detectable protein accumulation typically follows by ~ 6–12 h, with 
many canonical proteins peaking between ~ 8–24 h depending on the 
gene, cell type, and stimulus [96,133–136]. The paradox therefore, lies 
in the considerably distinct timeframes of the incidence of hyper
oxidative stress and the biological response to it.

The explanation is that NRF2 has no effect on the immediate events 
that occur upon PDT but confers protection in the latent stages, so long 
after the initial waves of photooxidative damage and activation of 
energy-driven cell death pathways. In that respect, the term ‘antioxidant 
response’ ascribed to NRF2 is rather a misnomer in the therapeutic 
context, notwithstanding that many tumors exhibit constitutively 
elevated NRF2 activity (and hence a pre-existent antioxidant response) 
due to aforementioned mutations in KEAP1 [137–140], NRF2 (gain of 
function) [111,138,141], and other upstream regulators [142]. Conse
quently, many antioxidant defenses (e.g., reduced glutatione (GSH), HO- 
1, NQO1) are already elevated in cancer cells before PDT begins 
[138,143]. PDT-induced ROS are therefore buffered immediately due to 
increased antioxidant capacity owing to NRF2 but otherwise unrelated 
to PDT. Correspondingly, disruption of the pre-existent antioxidant 
buffer has been shown to augment PDT efficacy [134,144].

Although initial ROS damage is immediate, sublethal damage results 
in cellular stress that activates different cellular responses. In the latent, 
PDT-induced NRF2 response, cells that have survived the initial ROS 
burst activate NRF2 [8,28,47] that in turn upregulates detox enzymes (e. 
g., NQO1, glutathione S-transferases) [135,145,146], glutathione syn
thesis (e.g., the catalytic and regulatory subunits of GCL) [147–149], 
drug efflux pumps (e.g., MRP1 and its gene ABCC1) [144,150–152], and 
proteasomal degradation as well as autophagy pathways [66,153–155]
to aid in damage remediation and survival. These processes repair 
oxidized proteins and lipids, clear damaged mitochondria (via mitoph
agy), and cause the cell to adapt to redox stress. Moreover, NRF2 sup
presses pro-inflammatory NF-κB pathways [156–158] and upregulates 
anti-inflammatory genes [159–161] through which immune cell 
recruitment is mitigated and tumor immune privilege post-PDT is 
maintained [28,159,162], contributing to long-term cell survival. 
Lastly, NRF2 can activate or stabilize other survival pathways induced 
by PDT (Fig. 1B) [8,28,47], including the HIF-1 pathway [163–167], 
and autoregulate by activating the phosphoinositide 3-kinase (PI3K)/ 
RAC(Rho family)-alpha serine/threonine-protein kinase (Akt) pathway 
(which further boosts NRF2 activity) [168–171]. Taken together, 
although an antioxidant response is part of the mechanisms that NRF2 

D.J. de Klerk et al.                                                                                                                                                                                                                             Biochemical Pharmacology 248 (2026) 117620 

8 



triggers following PDT, albeit in the sense of the removal of oxidation 
products rather than the neutralization of photoproduced ROS, many 
other processes instigated and controlled by NRF2 account for suble
thally afflicted cancer cell survival. Pharmacological interference in the 
trigger pathways (not only NRF2; Fig. 1B) is hence warranted to opti
mize PDT outcomes, further underscored in the next section.

3.2. PDT-induced NRF2 activation and cytoprotection

A limited number of studies addressed the role of NRF2 and/or its 
targets in cancer in response to PDT. The following studies demonstrated 
that important processes regulated by NRF2 are implicated in the re
covery of cellular redox homeostasis after PDT, allowing cancer cells to 
survive.

Ferino et al. [172] found a dose-dependent increase in NRF2 
expression and ROS levels in pancreatic cancer (PANC-1) cells using the 
cationic porphyrin 5,10,15,20-tetrakis-(N-methyl-4-pyridyl)porphine 
(TMPyP4) (40 and 80 nM, white light, 7.2 J/cm2). The inhibition of 
NRF2 with luteolin further increased the amount of ROS in the cells (due 
to a pharmacologically impaired antioxidant defense response rather 
than exacerbated oxidative stress) and also resulted in reduced expres
sion of anti-apoptotic SNAIL while upregulating pro-apoptotic Raf ki
nase inhibitor protein.

Direct evidence of elevated NRF2 protein levels was provided in 
murine colon cancer (CT-26) cells photosensitized with the PS indoc
yanine green (20 μg/mL, 12 h incubation) and sequentially illuminated 
with a near-infrared laser (twice, 4-h interval, wavelength not specified) 
for 2 min at 2 W/cm2. PDT of CT-26 cells that had been pre-treated with 
free TNYL peptides (selectively bind the EphB4 receptor that plays a role 
in tumor growth, angiogenesis, and metastasis [173,174]) resulted in 
lower intracellular ROS levels compared to non-pretreated but PDT- 
subjected control cells. The authors concluded that the reduced ROS 
levels were related to the overexpression of NRF2 in the NRF2-primed 
cells. They also investigated the levels of NRF2 targets NQO1, ABCG2, 
and HIF-1α. Significant increases were detected in NQO1 and ABCG2 
[175], suggesting amplification of NRF2 signaling. The overexpression 
of NQO1 was also observed in human breast cancer (MCF-7) cells treated 
with methyl aminolevulinate-PDT (0.5 mM, 4 h incubation, 635 nm ±
17 nm, 1.6 mW/cm2, cumulative radiant exposure of 2 J/cm2). The 
authors attributed this overexpression to the activation of NRF2 by PDT 
[135].

ABCG2 can be induced by NRF2 and has been identified as a PDT- 
induced resistance factor in cultured human gastric cancer (NKPS) 
cells. 5-Aminolevulinic acid (5-ALA) was employed as PS, which is 
intracellularly metabolized to the photodynamically active protopor
phyrin IX (PpIX) [176,177]. Downregulation of ABCG2 using ABCG2- 
specific siRNA in NKPS cells caused a 2.5-fold increase in intracellular 
concentration of PpIX. Additionally, after exposure to 630-nm light (~2 
J/cm2, 10 min), the ABCG2 knockdown cells exhibited a 3-fold increase 
in 5-ALA-PDT sensitivity (500 and 1,000 µM of 5-ALA incubated for 24 
h). The sensitivity to 5-ALA-PDT was also increased by fumitremorgin C, 
a specific inhibitor of ABCG2 [178].

A study by Tian et al. investigating methyl pyropheophorbide A-PDT 
provided additional evidence for the role of ABCG2 in NRF2-based 
resistance in ovarian cancer cell lines A2780 and SKOV3. In response 
to PDT, NRF2 translocated from the cytoplasm to the nucleus and the 
expression of NRF2 increased, which was purportedly regulated via a 
MAPK-dependent mechanism. Furthermore, inhibiting NRF2 with siR
NAs increased ROS levels and sensitivity to PDT and coincided with the 
downregulation of ABCG2. SKOV3 cells in particular, which exhibited 
strong resistance to PDT, had elevated levels of p-NRF2 (phosphory
lated/activated) and ABCG2, further underscoring the role that antiox
idants and efflux transporters play in NRF2-mediated resistance to 
therapy [179].

Choi et al. observed that shRNA-mediated NRF2-knockdown in 
human breast cancer (MDA-MB-231) cells and human colon cancer (HT- 

29) cells resulted in the downregulation of ABCG2. Subsequently, this 
led to enhanced cell death and increased levels of ROS generally and 1O2 
specifically following pheophorbide A-PDT (670 nm, 0.3 and 0.6 J/cm2 

for HT-29 and MDA-MB-231 cells, respectively). Similar results were 
achieved by direct inhibition of ABCG2. Combining both the knockdown 
of NRF2 and inhibition of ABCG2 using Ko143 greatly enhanced PDT- 
induced cell death. The inhibition of ABCG2 further eliminated the 
difference between NRF2 wild-type and knockdown cell lines in terms of 
cell death and pheophorbide A fluorescence levels in the cell. This 
suggests that ABCG2 plays a role in the accumulation of pheophorbide A 
and that NRF2 activation might augment the efflux of PS molecules 
[144].

Yoon et al. [113] investigated the efficacy of hexaminolevulinate, 
the hexenyl ester of 5-ALA, in the treatment of naive and doxorubicin- 
resistant MCF-7 cells. The doxorubicin-resistant cells exhibited a 
reduced oxidative stress response due to low levels of nuclear NRF2 
protein as well as low levels of quinone oxidoreductase, HO-1, and GCL. 
As expected, these cells were more sensitive to hexaminolevulinate-PDT 
(4-h incubation with 5 µM hexaminolevulinate, LED 613–645 nm, 35 
mW/cm2, 5 J/cm2) than naive MCF-7 cells with higher levels of NRF2. 
Moreover, following PDT the intracellular ROS levels were more 
elevated in the doxorubicin-resistant cells compared to naive MCF-7 
cells, while GSH content was decreased. GSH is the most abundant 
intracellular antioxidant that aids in the maintenance of cellular redox 
homeostasis and detoxification of xenobiotics and is known to confer 
resistance to cancer therapies [180–184]. However, inducing over
expression of NRF2 in doxorubicin-resistant MCF-7 cells only marginally 
altered PDT sensitivity [113,183].

Li et al. [185] observed a light dose-dependent (between 0 and 3.6 J/ 
cm2) increase in NRF2 and HO-1 protein expression in HeLa cells after 5- 
ALA-PDT (0.25  mM, 635-nm laser; continuous output mode; irradiance 
of 20  mW/cm2). The authors observed a further increase in NRF2 and 
HO-1 expression when combined with dihydroartemisinin, which 
contradictorily coincided with enhanced cell death. Dihydroartemisinin 
is an anticancer agent that was reported to reduce vascular endothelial 
growth factor (VEGF), HIF-1α, and NF-κB [172]. A possible explanation 
is that the cell death-promoting actions of dihydroartemisinin (sup
pression of VEGF/HIF-1α/NF-κB survival programs, iron-dependent 
ROS generation from its endoperoxide, and possible autophagy inhibi
tion) raise oxidative and metabolic stress beyond the cytoprotective 
ceiling formed by elevated levels of NRF2 and HO-1. The observed 
NRF2/HO-1 upregulation likely represents a compensatory stress 
response that could not restore redox homeostasis once GSH was 
depleted by the PDT-induced ROS burst, mitochondria had depolarized, 
and efflux/repair pathways had become overwhelmed. Moreover, HO-1 
can paradoxically liberate free iron, fueling Fenton chemistry [124,125]
and ferroptosis-like damage [186–191], thereby amplifying lethality 
despite NRF2 activation. This is particularly pertinent in the context of 
dihydroartemisinin inasmuch as the compound’s endoperoxide bridge is 
bioactivated by ferrous iron (Fe2+) to generate alkoxy/oxygen-centered 
radicals [192–194], driving robust ROS production, GSH depletion, 
mitochondrial damage, and, at higher stress, ferroptosis-like lipid per
oxidation [195–200]. Thus, dihydroartemisinin may override NRF2- 
mediated defenses, converting an adaptive antioxidant surge into an 
inadequate, ultimately pro-death response.

Hagiya et al. [86] showed that PDT with porphyrin substrates (100 
µM 5-ALA, 10 µM PpIX, and 0.1 µM pheophorbide A, visible light, 90 
min) increased transcript levels of heme oxygenase 1 (HMOX1) and 
ABCG2 in human hepatocellular carcinoma (HepG2) cells. Moreover, 
the involvement of NRF2 in the induction of ABCG2 and HMOX1 was 
assayed by the use of NRF2-specific siRNA. HepG2 cells in which NRF2 
was knocked down expressed lower mRNA levels of HMOX1 and ABCG2 
after PpIX-PDT [86].

The involvement of NRF2 in the induction of HO-1 at the mRNA and 
protein levels was also revealed in urinary bladder cancer (T24) cells 
after hypericin-PDT (75 and 125 nM, fluorescent lamp, 530–620 nm, 

D.J. de Klerk et al.                                                                                                                                                                                                                             Biochemical Pharmacology 248 (2026) 117620 

9 



irradiance of 4.5 mW/cm2, cumulative radiant exposure of 4 J/cm2). 
Translocation of NRF2 to the nucleus was detected after PDT, leading to 
increased expression of HO-1. Moreover, when HO-1 expression was 
induced by pre-treatment with hemin, PDT became substantially less 
effective. Interestingly, it was observed that the nuclear translocation of 
NRF2 was blocked by inhibition of the p38MAPK and PI3K pathways 
using the inhibitors PD169316 (1 µM) and LY294002 (10 µM), respec
tively. The results suggest that these two pathways mediate the nuclear 
accumulation of NRF2 after PDT [201], confirming the crosstalk be
tween survival pathways (in this case, antioxidant response and imme
diate early stress response [28]).

Rubio et al. [66] reported a radiant exposure-dependent increase in 
NRF2 activity in PDT-subjected mouse embryonic fibroblasts (200 nM 
hypericin, irradiance of 4.5 mW/cm2, cumulative radiant exposure 
ranging from 0.4 to 2 J/cm2) using a gene-coupled NRF2 reporter. 
Moreover, it was demonstrated that NRF2 translocation to the nucleus 
was impaired in p38-deficient fibroblasts, which concomitantly resulted 
in reduced expression levels of HO-1 and p62 after 1.1 J/cm2 of 
hypericin-PDT. The inhibition of p38 by PD169316 in wild-type fibro
blasts caused a two-fold increase in ROS levels compared to untreated 
fibroblasts. In addition, p62, a target of NRF2, was also induced by 
hypericin-PDT. p62 can bind to KEAP1 and promote a noncanonical 

Fig. 5. Outline of possible NRF2 inhibition strategies to sensitize cancer cells to PDT. Inhibition of NRF2 can be achieved at multiple levels: 1) mRNA; 2) protein; 3) 
protein activation; 4) nuclear translocation; and 5) ARE sequence binding (see also Fig. 2, section 2). The cytoprotection enjoyed by cancer cells that (hyper)activate 
the NRF2 pathway as a hallmark of cancer and/or as a PDT-stimulated response can be subdued by pharmacological inhibition of NRF2 using inhibitors that are listed 
under each level of influence and addressed in sections 4.1-27.
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pathway of NRF2 stabilization and its subsequent nuclear translocation, 
followed by transcription of ARE-driven genes. p62 is an autophagy 
adaptor protein that acts on protein aggregates that are destined for 
degradation by the autophagosome. Accordingly, the NRF2-p62 axis 
promoted cytoprotective autophagy by counteracting the proteotoxic 
stress induced by PDT [66]. Thus, these findings showed a protective 
role of the p38/NRF2/p62 pathway against ROS damage in cells treated 
with sublethal doses of PDT.

Finally, Weijer et al. [8,47] performed sublethal PDT on human 
extrahepatic biliary adenocarcinoma (Sk-ChA-1) cells using the second- 
generation PS zinc phthalocyanine delivered via neutral DPPC:DSPE- 

PEG liposomes (1.5 µM zinc phthalocyanine, 30-min incubation, 671 
nm, 500 mW output power, cumulative radiant exposure of 15 J/cm2). 
Similarly, PDT was performed on Sk-ChA-1 cells, human epidermoid 
carcinoma (A431) cells, human umbilical vein endothelial cells 
(HUVEC), and murine (RAW 264.7) macrophages with zinc phthalocy
anine delivered by cationic DPPC:cholesterol:DC-cholesterol:DSPE-PEG 
liposomes (30 nM, 60-min incubation, 671 nm, 500 mW output power, 
cumulative radiant exposure of 15 J/cm2). Whole-transcriptome 
microarray analysis was performed after PDT, and the data were 
superimposed on survival pathways that had been previously enumer
ated [28]. Concerning the NRF2-mediated antioxidant response 

Fig. 6. Molecular structure of NRF2 pathway inhibitors. The chemical attributes, spectral properties, and pharmacokinetic and pharmacodynamic properties of the 
presented NRF2 pathway inhibitors are provided in the supporting information document (https://doi.org/10.17632/hw4286gycz.1).
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pathway, HMOX1 (HO-1, upregulated, Sk-ChA-1, A431, RAW 264.7), 
SRXN1 (sulfiredoxin 1, antioxidant synthesis/recycling, upregulated, 
Sk-ChA-1 and RAW 264.7), JUN (upregulated, Sk-ChA-1), FOS (upre
gulated, Sk-ChA-1), ABCC3 (multidrug resistance, upregulated, Sk-ChA- 
1), GSTP1 (glutathione S-transferase P1, antioxidant synthesis/recy
cling, upregulated, Sk-ChA-1), and NQO2 (neutralization of toxins, 
upregulated, Sk-ChA-1) were dysregulated following PDT compared to 
dark toxicity controls, attesting to the activation of the antioxidant 
response survival pathway by PDT with lipophilic, membrane- 
intercalating PSs [47].

4. NRF2 inhibition to improve PDT efficacy

As NRF2 is upregulated in different types of cancer and its activity is 
induced by PDT, inhibition of the NRF2 pathway emerges as a promising 
strategy to increase the efficacy of PDT (Fig. 5) [179,202,203]. The 
combination of PS plus NRF2 pathway inhibitors may be delivered to 
cancer cells in a variety of ways, including nanoparticulate drug delivery 
systems, given the lipophilicity of many PSs. In this combinatorial 
approach, NRF2 inhibition would reduce the expression of genes 
involved in the antioxidant stress response, including those genes that 
regulate drug efflux and redox homeostasis. This is likely to elevate the 
intracellular retention of PS molecules and increase the sensitivity of 
cells to PDT-induced hyperoxidative stress, respectively.

Interventional modulation of NRF2 can occur by several mechanistic 
means, including but not limited to (1) the prevention of NRF2 nuclear 
translocation, (2) deterrence of DNA binding, (3) proteasomal clearance, 
and (4) (post-)transcriptional regulation. A non-exhaustive summary of 
small-molecular inhibitors of the NRF2 survival pathway that could be 
employed in conjunction with PDT is presented in Fig. 6 and Table 1 and 
discussed below. A summary of chemical, spectral, pharmacokinetics, 
and pharmacodynamics data is available from the Mendeley Data re
pository (https://doi.org/10.17632/hw4286gycz.1) and was created to 
aid pharmacologists, formulators, and analytical chemists in their 
research on these compounds.

Given the role of NRF2 in survival signaling under oxidative stress, 
pharmacological inhibition of the NRF2 pathway is expected to improve 

PDT outcomes. At this stage, however, limited research has been per
formed on NRF2 pathway inhibition as part of a PDT protocol. This 
review aims to spur research into combinatorial treatment modalities 
where the NRF2 inhibitors are used as adjuvants to improve the efficacy 
of PDT and to obtain a better understanding of the molecular mecha
nisms that govern the response of cancer cells to PDT in combination 
with these inhibitors. Accordingly, a non-exhaustive database of known 
NRF2 inhibitors was compiled, including inhibitors not tested in a PDT 
setting before, to facilitate the development of PDT-adjuvant thera
peutic regimens.

4.1. 3′,4′,5′,5,7-Pentamethoxyflavone

3′,4′,5′,5,7-Pentamethoxyflavone (PMF), a flavonoid extracted from 
Rutaceae plants, suppressed the expression of NRF2 as well as its target 
genes (encoding GCLC, HO-1, and NQO1) and abrogated cisplatin 
resistance in human lung cancer (A549) cells. KEAP1 expression was 
increased by PMF in a dose-dependent manner while inhibiting ERK 
phosphorylation [204].

PMF further possesses anticancer and chemopreventive properties 
[206,207] and exhibits cytotoxic activity against urinary bladder cancer 
(T24) cells and ovarian cancer (TOV-21G) cells [207]. Cai et al. [206]
demonstrated that PMF can inhibit the growth of cultured APC10.1 cells 
(a mouse-derived ApcMin/+ intestinal cell line), whilst in vivo, C57BL/ 
6J Min/+ (ApcMin/+) mice fed PMF through their diet had reduced 
adenoma formation in their intestines. The authors further reported 
lowered levels of prostaglandin E2 in human colorectal adenocarcinoma 
(HCA-7) cells treated with PMF, possibly due to interference in the ac
tivity of cyclooxygenase 1 and 2 enzymes by PMF binding, as was shown 
in silico. Prostaglandin E2 mediates cancer cell progression [391] and 
also exhibits potential inhibitory activity towards glyceraldehyde 3- 
phosphate dehydrogenase [208], a critical protein in cancer biology 
that regulates numerous metabolic functions and cancer cell progression 
[392]. This interaction may have been indirect insofar as the binding of 
PMF to glyceraldehyde 3-phosphate dehydrogenase could not be 
confirmed by crystallography [208].

No studies have been conducted in combination with PDT. Drug 

Fig. 6. (continued).
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Table 1 
Non-exhaustive summary of NRF2 inhibitors and mechanism of action, pharmacological and biological effects, test systems, and application in PDT. Data that have been collected mainly in the context of the NRF2 
pathway are presented.

Name Mechanism Pharmacological effect Biological effect Test system Notes Tested in PDT

3′,4′,5′,5,7-Pentamethoxyflavone 
(PMF) [204–209]

Inhibition of ERK 
phosphorylation; inhibition of 
cyclooxygenase 1, 
cyclooxygenase 2, 
glyceraldehyde-3-phosphate 
dehydrogenase [204,206,208]

Downregulation of NRF2 and 
ARE-related genes; reduced 
prostaglandin E2 levels 
[204,206]

Antiproliferative; anti- 
inflammatory; 
chemopreventative 
[204,206,207]

In vitro: A549, 293T, MCR-5, HepG2, 
T24, TOV-21G, HCA-7, APC10.1 cells 
In vivo: C57BL/6J Min/+ (ApcMin/+) 
mice [204,206,207]

Sensitized A549 cells to 
cisplatin [204]

No

4-Methoxychalcone [210–214] Inhibition of Akt pathway 
phosphorylation; increased 
poly(ADP-ribose) polymerase γ 
DNA binding affinity 
[212,213]

Downregulation of NFE2L2 
mRNA and NRF2 protein 
levels, ARE-driven genes, 
adipogenic genes; 
upregulation of NRF2 activity; 
reversal of TNFα-mediated 
inhibition of adipogenesis 
[212,213]

Anti-inflammatory; cell type- 
dependent pro-oxidant and 
antioxidant activity [212,214]

In vitro: A549, HEK293, MDA-MB-231, 
3T3-L1 cells [211–213]

Sensitizes A549 cells to 
cisplatin; protected 
HEK293 cells from 
cisplatin cytotoxicity by 
reducing ROS generation 
[212]

No

ARE expression modulator 1 [215] Unknown mechanism of action Downregulation of NFE2L2 
levels, ARE-related 
transcriptional activity (e.g., 
decreased levels of GSH), HO-1 
protein levels (at 24 h); no 
effect on NRF2 protein levels 
[215]

Inhibition of tumor growth; 
antiproliferative [215]

In vitro: A549 (including a variant with 
an ARE-luciferase reporter gene), NIH/ 
3T3 with ARE-luciferase reporter gene, 
NCI-H838, NCI-H460, 293T, HeLa, SH- 
SY5Y cells, lung primary fibroblast 
In vivo: male athymic nude mice (6 wk) 
bearing A549 xenografts [215]

ARE expression modulator 
1 activities are selective 
for cell lines that harbor 
mutations which render 
NRF2 constitutively 
active; sensitizes cancer 
cells to chemotherapeutic 
agents such as 
doxorubicin, etoposide, 
and 5-fluorouracil; 
inhibits NRF2 activity 
only in cell lines with an 
NRF2-activating mutation 
[215]

No

Apigenin [216–227] Inhibition of mammalian DNA 
polymerase, nuclear factor 
kappa-B kinase subunit α and β 
phosphorylation; DNA binding 
by enhancer of zeste 2 
polycomb repressive complex 
2 subunit; PI3K/Akt pathway 
phosphorylation; STAT1 
phosphorylation 
[219–221,223,225,227]

Downregulation of NFE2L2 
mRNA and NRF2 protein 
levels, ARE-driven genes, p- 
mTOR, p62, HIF-1α, PD-L1; 
suppression of NF-κB/p65 
activation; upregulation of 
miR-101; cleavage of caspase-3 
and caspase-9; upregulation of 
ER stress-related proteins; 
upregulation of autophagy 
related 5, beclin-1, 
microtubule associated protein 
1 light chain 3-II; 
phosphorylation of AMPK and 
Unc-51 like autophagy 
activating kinase 1 
[216,220,221,223–225]

Antiproliferative, pro-apoptotic; 
inhibition of cell migration; 
inhibition of tumor growth; 
induction of autophagic cell 
death [216,220,221,225]

In vitro: A549, HepG2, HeLa, HCT116, 
MCF-7, DU145, BEL-7402 (including 
doxorubicin resistant variant), PC-3, 
22Rv1, A375, A2058, RPMI-7951, AGS, 
SNU-638, NCI-N87, SNU-216, MKN7, 
MKN74, MRC-5, MDA-MB-463, MDA- 
MB-231, SK-BR-3, 4T1, and human 
mammary epithelial cells, peripheral 
blood mononuclear cell-derived 
dendritic cells, other cell lines reviewed 
in [216]
In vivo: BALB/c nu/nu mice (5 wk) 
bearing BEL-7402 xenografts; athymic 
nude mice with PC-3 and 22Rv1 
xenografts; BALB/c nu/nu mice (6 wk) 
with AGS xenografts; C57BL/6 mice 
(4–6 wk) bearing B16-F10 xenografts 
[219–221,223–225,227]

Apigenin is a hormetic 
drug and can upregulate 
NRF2 at low 
concentrations; apigenin 
was able to promote an 
anti-tumor immune 
response by suppressing 
PD-L1 expression in 
dendritic cells; sensitizes 
doxorubicin resistant BEL- 
7402 cells [223,225,226]

No

Ascorbic acid [228–237] Reduction of nuclear 
translocation of NRF2 [229]

Downregulation of NFE2L2 
mRNA and NRF2 protein 
levels, ARE-driven genes; 
reduced Fas ligand and TNFα 
expression; catalysis of Fenton 
reaction (hydrogen peroxide 

Antiproliferative; induction of 
mitochondrial damage 
[228,231–233,235]

In vitro: A549, PC-3, DU145, HeLa, 
SiHa, CC-33 A, HL-60, U937, 451Lu, 
EMT6, MCF-7, MDA-MB-468, MDA-MB- 
231, KCL-22 (imatinib-resistant), Huh- 
7, KM12C, SNU-C5 (including GLUT1- 
overexpressing subline), RKO, LoVo, 
SW620, SW480, DS-sarcoma cells 

Can be both pro-oxidant 
and antioxidant 
depending on cellular 
specifics and biochemical 
milieu [233]

Yes 
[230,233–236]

(continued on next page)
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Table 1 (continued )

Name Mechanism Pharmacological effect Biological effect Test system Notes Tested in PDT

and hydroxyl radical 
production) [228–234]

In vivo: female BALB/c mice bearing 
EMT6 tumors; athymic (nude) mice (6 
wk) bearing SNU-C5 and KM12C 
xenografts [228–237]

Brusatol 
[203,238–250]

Induces ubiquitination of 
NRF2 and its proteasomal 
degradation; inhibition of 
global protein synthesis, 
especially short half-life 
proteins including NRF2; 
binding to Skp1 
[239,242–246]

Transient downregulation of 
NRF2 and ARE-related gene 
and protein levels; inhibition 
of STAT3 activity and the 
PI3K/Akt/NF-κB pathway; 
blocking S-phase kinase- 
associated protein 1-S-phase 
kinase-associated protein 2 
interaction 
[242,244,245,247–250]

Antiproliferative; inhibition of 
tumor growth; pro-apoptotic; 
inhibition of EMT 
[239,242,244,245,247–250]

In vitro: A549, UM-SCC-47, UD-SCC-2, 
JMAR, TuTu 167, LN686, YD-10B, HN- 
9, FaDu, HaCaT, DU145, SGC-7901, 
MIA PaCa-2, HCCLM3, HEp-2, K150 
(also referred to as KYSE-150), Caco-2, 
SKOV3, HepG2, BEAS-2B, NCI-H1299, 
293T, HeLa, MDA-MB-231, Ishikawa, 
SPEC-2, SK-N-AS, Raji, SU-DHL-4, 
LCL1, H929, HL-60, K562, NB-4, SU- 
DHL-10, RPMI-8226, MOLM14, C17, 
NPC43, NPC53, Hepa-1c1c7, NCI- 
H460, NCI-H1048, NCI-H441 cells, 
primary human hepatocytes and other 
cell lines reviewed in [246]
In vivo: athymic nude mice (4–6 wk) 
bearing A549 xenografts; male nude 
mice (6 wk) with MIA PaCa-2 
xenografts; NCr nude mice with 
HCCLM3 xenografts; male BALB/c mice 
with HEp-2 xenografts; BALB/c nu/nu 
mice (5–6 wk) bearing A549 xenografts; 
male NOD.CB17-Prkdcscid/J (NOD/ 
SCID) mice (6 wk) with MOLM14 
xenografts [203,239,242–250]

Brusatol sensitizes A549, 
HeLa, and MDA-MB-231 
cells to other 
chemotherapeutic drugs 
such as carboplatin, 5- 
fluorouracil, etoposide, 
and paclitaxel [244]

Yes [203]

Chrysin [226,251–259] Inhibition of Akt 
phosphorylation; inhibition of 
the PI3K and ERK signaling 
pathways [254,255]

Downregulation of NFE2L2 
mRNA and NRF2 protein levels 
and ARE-driven genes (HO-1, 
NQO1) [255,256]

Antiproliferative; antimigratory; 
inhibition of tumor growth; pro- 
apoptotic [251,254,256]

In vitro: T98, U-251MG, U-87MG, NCTC 
clone 929, MCF-7, HeLa, MGC-803, 
BEL-7402 (doxorubicin-resistant) cells, 
male Sprague–Dawley rat hepatocytes 
In vivo: male BALB/c nu/nu mice (4–6 
wk) bearing U-87MG xenografts 
[251,255–258]

Sensitizes doxorubicin- 
resistant cells [255]; can 
upregulate or 
downregulate NRF2 
[226,257,259]

Yes (using 
porphyrin- 
conjugated 
derivatives of 
chrysin) [258]

Clobetasol propionate [260–263] Interference with nuclear 
translocation of NRF2; 
promotion of β-TrCP- 
dependent proteasomal 
degradation in a glucocorticoid 
receptor- and GSK-3β- 
dependent manner, inhibition 
of CYP3A5 [260,261]

Downregulation of NRF2 and 
HIF-1α protein levels, ARE- 
related genes; increase in ROS 
levels [261,262]

Antiproliferative in KEAP1 
mutant cell lines (loss of 
function) [261,263]

In vitro: WiL2-NS, A549 (including a 
variant with an ARE-luciferase reporter 
gene), NCI-H2228, NCI-H1299, NCI- 
H460, AsPC-1 (including CYP3A5 
knockout), H6c7 cells, 
patient-derived organoids: PDM24/30/ 
36/38/39/40/41/106/107/168/179 
In vivo: BALB/c nu/nu mice (6–8 wk) 
bearing A549 xenografts 
Clinical: actinic keratosis patients 
[261–263]

Clobetasol propionate 
alone or in combination 
with rapamycin potently 
inhibits the growth of 
tumors harboring 
mutations in KEAP1 or 
both KEAP1 and liver 
kinase B1 in vitro and in 
vivo; reduces PDT-induced 
erythema [261,263]

Yes [263]

Cryptotanshinone [264–275] Inhibition of the PI3K/Akt/ 
mTOR/STAT3 signaling 
pathway [269–271]

Decrease in protein levels of 
NRF2, p-NRF2, MRP1, GCLC, 
GCLM, HO-1, NQO1, p-P38, p- 
JNK, p-ERK1/2; increase in 
protein levels of beclin 1, 
microtubule-associated 
proteins 1A/1B light chain 3, 
autophagy related 5 
[269,271–273]

Anti-angiogenic; 
antiproliferative; anti-invasive; 
anti-glycolytic; pro-apoptotic; 
inhibition of tumor growth; anti- 
inflammatory; autophagy- 
inducing [265,269,272,273]

In vitro: A549 (including cisplatin- 
resistant subline), Chang Liver, BAEC, 
HT-1080, HT-29, HeLa, NCI-H1299, 
Huh-7, NCI-H1975, HFL1, PC-9, 
MHCC97-H, LPS-stimulated RAW 264.7 
cells, Parkinson’s patient-derived 
human-induced neuronal progenitor 
cells 
In vivo: male BALB/c nu/nu mice (4 wk) 

Sensitizes and reverses 
recalcitrance to cisplatin 
or gefitinib; upregulated 
NRF2 activity in 
lipopolysaccharide- 
stimulated RAW 264.7 
macrophages and 
Parkinson’s patient- 
derived human-induced 

No

(continued on next page)
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Table 1 (continued )

Name Mechanism Pharmacological effect Biological effect Test system Notes Tested in PDT

bearing Huh-7 xenografts; BALB/c nu/ 
nu mice (3–4 wk) with NCI-H1975 and 
PC-9 xenografts [265,269,272–275]

neural progenitor cells 
[272–275]

Digoxin [276–282] Inhibition of PI3K/Akt/mTOR 
pathway phosphorylation; 
inhibition of Na+/K+-ATPase 
[279–281]

Downregulation of NFE2L2 
and ARE-related gene 
expression; reduction of NRF2 
protein expression; inhibition 
of the HIF-1α pathway 
[276,279]

Induction of cell cycle arrest; 
inhibition of EMT [276,279,280]

In vitro: PANC-1, SW1990, A549, NCI- 
H1299, HCT116, HeLa, HepG2, MCF-7, 
A2780, MDA-MB-231, LL-02, H9c2, T- 
47D cells 
In vivo: female BALB/c nu/nu mice (6 
wk) bearing SW1990 xenografts 
[276,279,280]

Pro-arrhythmic [282] No

Ethionamide [283–286] Unknown mechanism of action Suppression of ARE-dependent 
transcriptional activity [286]

Decreased cell viability [286] In vitro: THP-1, HepG2, U937, 3T3-L1, 
HaCaT cells [286]

Sensitizes THP-1 and 
U937 cells to arsenic 
trioxide [286]

No

Febrifugine [287–290] Unknown mechanism of action Suppression of ARE-dependent 
transcriptional activity; 
increased ROS production 
[287,288]

Cytotoxic effect; increased Th1 
immune response [287]

In vitro: J774A.1, A549, NG108 
In vivo: female BALB/c mice (4–6 wk) 
infected with L. donovani; ICR mice (4–5 
wk) inoculated with P. berghei-infected 
erythrocytes [287–289]

− No

Halofuginone 
[202,269,288,289,291–300]

Inhibition of SMAD3 
phosphorylation downstream 
of the TGF-β signaling 
pathway; inhibition of prolyl- 
tRNA synthetase domain of 
glutamyl-prolyl-tRNA 
synthetase, leading to the 
accumulation of uncharged 
prolyl-tRNA which in turn 
stimulates general control 
nonderepressible 2 activity; 
inhibition of NF-κB, p65, and c- 
Fos nuclear translocation 
[288,293,295,297]

Downregulation of NRF2 
protein levels, ARE-driven 
genes, NF-κB, AP-1, fibrotic 
proteins; increased 
proteasomal degradation of 
NRF2 through increased GSK- 
3β activity; inhibition of the 
TGF-β pathway; amino acid 
starvation; increased 
intracellular ROS production 
[202,288,292–297]

Antiproliferative; anti- 
angiogenic; antimigratory; 
antifibrotic; inhibition of tumor 
growth; pro-apoptotic 
[202,288,292–294,297,300]

In vitro: A549, KYSE70, BEAS-2B, 
NCC16-P11, ABC1, COR-L105, 22Rv1, 
SCL-1, HepG2, NCTC 1469, 293T, MCF- 
7, 
MDA-MB-231, J774, NG108 cells, T 
cells (GCN2− /− and WT), mouse 
embryo fibroblasts 
In vivo: male BALB/c nu/nu mice (6–8 
wk) with A549 and KYSE70 xenografts; 
SKH-1 mice (8 wk) with cutaneous 
squamous cell carcinomas (established 
by subcutaneous co-injection of XL50 
cells with NIH/3T3 fibroblasts); male 
SCID (CB17/Icr beige) mice with WISH- 
PC2, PC-3, and CWR22 xenografts; 
adult male Sprague Dawley rats; New 
Zealand white rabbits; ICR mice (4–5 
wk) inoculated with P. berghei-infected 
erythrocytes 
Clinical: patients with refractory 
malignant solid tumors 
[202,288,289,292,294–300]

Febrifugine derivative; 
inhibition of prolyl-tRNA 
synthetase is ATP- 
dependent; exhibits 
gastro-intestinal toxicity 
in patients; subcutaneous 
administration was more 
toxic than oral 
administration in mice 
[202,289,293,299]

Yes [202]

4-(2-cyclohexylethoxy)aniline 
(IM3829) [115,301,302]

Inhibition of NFE2L2 
transcription and NRF2 
nuclear translocation; 
decreased binding activity to 
ARE consensus sequences 
[115,302]

Downregulation of NFE2L2 
mRNA and NRF2 protein 
expression, downregulation of 
ARE-related protein expression 
[115,302]

Enhanced sensitivity to 
radiotherapy [115,301]

In vitro: A549, NCI-H1299, NCI-H460, 
HEK293 (expressing an ARE-luciferase 
reporter gene) cells 
In vivo: female athymic BALB/c nu/nu 
mice (5 wk) bearing H1299 and A549 
xenografts [115,301]

Sensitizes cells to 
radiation-induced cell 
death [115,301]

No

Isoniazid [286,302–308] Inhibition of NRF2 nuclear 
translocation by inhibition of 
ERK1 phosphorylation and 
downregulation of 
karyopherin β1 protein levels 
[303,304]

Increase in cytosolic NRF2 
protein levels but decrease in 
nuclear NRF2 protein levels; 
upregulation of KEAP1 and 
caspase 9; downregulation of 
ARE-dependent mRNA levels; 
downregulation of PCNA 
protein levels [303,304]

Antiproliferative; pro-apoptotic; 
induction of oxidative stress; 
decreased cell viability 
[303,304]

In vitro: HepG2, THP-1, U937, PC-3, 
THLE-2, NIH/3T3-L1, HT-29, Hep3B 
cells 
Ex-vivo: mouse oocytes 
In vivo: BALB/c mice; female ICR mice; 
athymic nude mice bearing PC-3 
xenografts [286,303–305]

Can sensitize cells to 
arsenic trioxide; 
negatively affects fertility 
(reduces oocyte 
maturation); tested in 
conjunction with 
photothermal therapy 
[286,307,308]

No [306]

(continued on next page)
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Table 1 (continued )

Name Mechanism Pharmacological effect Biological effect Test system Notes Tested in PDT

K-563 [309] Unknown molecular target and 
molecular mechanism 

Reduced ARE-driven gene 
expression, GSH levels; 
increase in oxidative stress 
[309]

Antiproliferative [309] In vitro: A549, BEAS-2B, LK-2, 
TGBC24TKB cells 
In vivo: male SCID mice (CB17/Icr- scid/ 
scidJcl; 5 wk) bearing A549 xenografts 
[309]

K-563 has a synergistic 
effect on cisplatin and 
etoposide in inhibiting cell 
proliferation [309]

No

Kaempferol [310–316] Reduces nuclear translocation 
of NRF2 [314,315]

Downregulation of NFE2L2 
mRNA and NRF2 protein 
levels; reduced expression of 
ARE-driven genes; reduced 
transglutaminase 2 expression; 
suppression of the Akt/mTOR 
pathway; increase in ROS 
levels [310,314–316]

Antiproliferative; inhibition of 
tumor growth; pro-apoptotic 
[310,314]

In vitro: A549, NCI-H460, PANC-1, MIA 
PaCa-2, Caco-2, HepG2 cells, primary 
mouse hepatocytes 
Ex vivo: rat liver microsomes 
In vivo: male BALB/c mice (4–6 wk) 
bearing PANC-1 xenografts; male ICR 
mice (5 wk) [310,314–316]

Can also upregulate NRF2 
activity as a result of 
increased oxidative stress 
[310,316]

No

Luteolin [172,311,317–326] Enhances NFE2L2 mRNA 
degradation [317]

Downregulation of NFE2L2 
mRNA and NRF2 protein 
levels; reduced expression of 
ARE-driven genes (NQO1, HO- 
1, glutathione S-transferase 
α1/2 protein products); GSH 
depletion 
[317,318,322,324,326]

Antiproliferative; pro-apoptotic; 
inhibition of tumor growth 
[317,318,322–324]

In vitro: A549, A549 clones siNRF2-C27 
and siGFP-C5, Caco-2, MCF-7, HT-29, 
SNU-407, FHC, HCT116 (oxaliplatin 
resistant variant), SW620 (oxaliplatin 
resistant variant), HepG2 (including 
ARE-luciferin transfected HepG2-C8), 
Hepa-1c1c7, RL-34, MDA-MB-231 cells 
In vivo: male C57BL/6 Nrf2+/+ and 
Nrf2–/– mice (6 wk); female athymic 
nu/nu mice (6 wk) bearing A549 
xenografts [317,318,320,322–326]

Increased protein levels of 
NRF2 downstream targets 
in some studies 
[325,327]; reduces 
resistance to anticancer 
drugs such as oxaliplatin, 
bleomycin, and 
doxorubicin in oxaliplatin- 
resistant colorectal cancer 
cell lines [317,318]; 
enhances anti-cancer 
potency of cisplatin in 
mice [322]; 
nanoparticulate luteolin is 
more effective in reducing 
NFE2L2 transcript levels 
than free luteolin [324]

Yes [172]

Metformin [328–336] Stimulation of AMPK activity; 
inhibition of Raf/ERK and 
PI3K/Akt/mTOR complex 1 
pathways; inhibition of sirtuin 
1-dependent deacetylation of 
NRF2 by p53-dependent 
upregulation of miR-34a 
[328–332]

Downregulation of NFE2L2 
and NRF2 protein levels, ARE- 
dependent gene transcription; 
upregulation of death receptor 
5 and C/EBP homologous 
protein; elevation of 
nitrotyrosine levels and 
reduced inducible nitric oxide 
synthase and cyclooxygenase 2 
expression (after 
tetrasulphonatophenyl 
porphyrin-PDT); reduced 
circulation of insulin and 
insulin receptor activity (in a 
clinical setting) 
[328,330–332,335]

Antiproliferative; inhibition of 
tumor growth 
[329,330,332,333]

In vitro: HepG2, HeLa, A549, H1299, 
NCI-H460, KLN205, BEAS-2B, MCF-7, 
MDA-MB-231(mutated p53), HCT116 
(p53 knockout), SKOV3 (p53–/–), MIA 
PaCa-2, AsPC-1 cells 
[329,330,332–334]
In vivo: male Wistar rats (12 wk) bearing 
Walker-256 tumors; female BALB/c nu/ 
nu mice (6–8 wk) with A549 xenografts; 
male Swiss nu/nu mice bearing MIA 
PaCa-2 and MIA PaCa-2/CAF9 
xenografts [329,333,335]
Clinical: patients with treatment-naive, 
early-stage breast cancer [331]

Increases susceptibility of 
wildtype p53 cancer cells 
to oxidative stress and 
TNF-related apoptosis 
inducing ligand-induced 
cell death; sensitizes 
NSCLC cells to 
epigallocatechin gallate 
through the suppression of 
the NRF2/HO-1 signaling 
pathway [330,332]

Yes [333–335]

ML385 [260,337–339] Decreases NRF2 
transcriptional activity by 
binding to the NRF2-ECH 
homology 1 domain, blocking 
the NRF2-MAF protein 
complex to regulatory DNA 
binding sequences [337]

Downregulation of ARE- 
related transcriptional activity 
and NRF2 protein levels 
[260,337]

Antiproliferative; inhibition of 
tumor growth [260,337,338]

In vitro: 4T1, A549 (expressing an ARE- 
luciferase reporter gene), H1437 
(expressing an ARE-luciferase reporter 
gene), H838 (expressing an ARE- 
luciferase reporter gene), HEK293 
(expressing an ARE-luciferase reporter 
gene), BEAS-2B, EBC-1, SUM159, NCI- 
H460 cells 
In vivo: male CD-1 athymic nude mice 

Selective cytotoxicity in 
KEAP1 mutants (with gain 
of NRF2 function); 
chemosensitizer for 
paclitaxel, doxorubicin, 
and carboplatin [337]

Yes [339]
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Name Mechanism Pharmacological effect Biological effect Test system Notes Tested in PDT

bearing A549 and NCI-H460 
xenografts; female BALB/c mice (4–5 
wk) with 4T1 xenografts [337–339]

NRF2-IN-1 [340,341] Unknown mechanism of action Downregulation of NRF2 
protein levels and ARE-related 
gene expression; increased 
BAX, KEAP1, and cleaved 
caspase-3 protein levels; 
decrease of Bcl-2 protein 
expression [340,341]

Pro-apoptotic; antiproliferative; 
inhibition of tumor growth 
[340,341]

In vitro: HeLa, HL-60, THP-1, U937 cells 
In vivo: THP-1 xenografts on chicken 
egg chorioallantoic membrane; cardiac 
ischemia/reperfusion model in female 
Sprague-Dawley rats [340,341]

− No

Ochratoxin A [172,342–349] Possible mechanisms: 
inhibition of NRF2 nuclear 
translocation; inhibition of 
NRF2 DNA binding; epigenetic 
modifications (through 
inhibition of histone 
acetyltransferase and 
upregulation of histone 
deacetylase 3) preventing 
NFE2L2 transcription; 
upregulation of miR-132 [345]

Downregulation of NRF2 
protein levels and ARE-related 
gene expression [346–348]

Cytotoxic due to oxidative stress 
[172,347,349]

In vitro: PANC1, BxPC-3, LLC-PK1, NRK, 
RL-34, primary rat hepatocytes 
In vivo: male Fischer 344 rats 
[172,346,347,349]

Ochratoxin A is 
carcinogenic and can 
induce cell proliferation 
and tumor growth; 
exhibits hepato- and 
nephrotoxicity likely due 
to concentration- 
dependent upregulation of 
NF-κB and its downstream 
targets (particularly 
inducible nitric oxide 
synthase), which 
contributes to increased 
oxidative and nitrosative 
stress [343,349]

Yes [172]

PIK-75 [350,351] Induces proteasomal 
degradation of NRF2; 
inhibition of p110α/β 
(catalytic subunits of PI3K) 
[350,351]

Downregulation of NRF2 
protein levels and ARE-related 
gene expression [350]

Inhibition of tumor growth; pro- 
apoptotic; antiproliferative 
[350,351]

In vitro: A375, A549, AsPC-1, HeLa, 
MCF-7, ADR-RES, MIA PaCa-2 cells 
In vivo: male athymic nude mice 
(Foxn1nu; 6 wk) bearing MIA PaCa-2 
cell xenografts; female BALB/c nu/nu 
mice with subcutaneous HeLa 
xenografts [350,351]

Sensitizes pancreatic 
cancer cells to 
gemcitabine [350]

No

Retinoic acid 
(ATRA) [352–363]

Inhibition of NRF2 binding to 
the ARE through activation of 
retinoic acid receptor α and its 
subsequent competitive and 
antagonistic binding to the 
ARE [352]

Downregulation of NRF2 
protein levels and ARE-driven 
gene expression [352]

Antiproliferative [358,359] In vitro: HL-60, NB4 (including ATRA- 
resistant R subline), HepG2, HEK293, 
MCF-7, Hepa-1c1c7, C2BBe1, Caov-3, 
SKOV3, THP-1, MOLM-13, KOCL-48, 
AREc32 (MCF-7 derived ARE-luciferase 
reporter cell line), SKBR3, HT-29, 
HCT116 cells, human primary 
hepatocytes, patient-derived primary 
acute myeloid leukemia cells 
In vivo: male CD-1 mice (9 wk); male 
C57BL/6 Nrf2+/+ and Nrf2− /− mice (8 
wk); female HSD athymic Foxn1nu 
mice (6–8 wk) bearing HT-29 
xenografts; C3H/HeN mice bearing 
syngeneic SCCVII tumors 
Clinical: patients with acute 
promyelocytic leukemia, advanced 
stage small cell lung cancer, and various 
pediatric cancers [352,354,358–363]

High concentrations can 
promote NRF2 activity in 
response to oxidative 
stress; ATRA can 
differentiate myeloid- 
derived suppressor cells 
into mature cells 
[353,363]

Yes [361,362]

Trigonelline [364–369] Suppression of NRF2 
activation and nuclear import 
via epidermal growth factor 

Downregulation of NRF2 
protein levels, ARE-related 
gene expression, and 
proteasomal genes 

Pro-apoptotic; antiproliferative 
[364,368]

In vitro: COLO 357, MIA PaCa-2, PANC- 
1, HPDE6c7, HT-29, A549, NCI-H460, 
NCI-H1299, L-132, HN-9, HN-3 cells 
In vivo: female SCID beige mice (8 wk) 

Sensitizes HN-9 cells to 
cisplatin and artesunate; 
improves the 
responsiveness of NSCLC 

No

(continued on next page)
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Table 1 (continued )

Name Mechanism Pharmacological effect Biological effect Test system Notes Tested in PDT

receptor pathway inhibition 
[364,366,367]

(proteasome 20S subunit alpha 
4 and 5) [364,367,368]

bearing COLO 357 and PANC-1 
xenografts; male BALB/c nu/nu mice (6 
wk) with HN-9 xenografts 
[364,367–369]

cells to cisplatin and 
etoposide [364,369]

Triptolide [260,370–381] Possible mechanisms: 
increased nuclear export of 
NRF2 by stimulating exportin 
1; increased nuclear 
translocation of NRF2; reduced 
expression of sirtuin 1 and 
inhibition of sirtuin 1-medi
ated nuclear accumulation of 
NRF2 [260,374,380]

Downregulation of NFE2L2, 
HIF-1α, VEGFA, NF-κB mRNA 
expression; inhibition of the 
NF-κB pathway; reduction in 
ARE-related genes; 
downregulation of sirtuin 3 
expression leading to 
hyperacetylation of the genes 
of mitochondrial complex I and 
II; triggering of induced 
myeloid leukemia cell 
differentiation and protein 
expression [370,373–377]

Increased oxidative stress and 
mitochondrial dysfunction; anti- 
proliferative; pro-apoptotic; anti- 
metastatic; anti-angiogenic 
[375,378,379]

In vitro: Hs 578-T, MDA-MB-231, 
HUVECs, HL-60, K562, A549, NCI- 
H1299, NCI-H2009, NCI-H460, 
HCT116, HuCC-T1, QBC939, FRH0201, 
TM4, HepG2 cells 
In vivo: female nude mice (8 wk) 
bearing MDA-MB-231 xenografts; 
BALB/c nu/nu mice (6 wk) bearing 
A549 xenografts; male BALB/c nu/nu 
mice (7–8 wk) with orthotopic A549 
xenografts; male BALB/c nu/nu mice 
(4–6 wk) with HuCC-T1 xenografts; 
BALB/c nu/nu mice bearing patient 
derived xenografts of hepatocellular 
carcinoma; Sprague-Dawley rats 
[370,373–375,377,378,380,381]

Poor water solubility; 
exhibits hematotoxicity 
and hepatotoxicity; 
liposomal encapsulation 
reduces toxicity; 
minnelide is a pro-drug of 
triptolide designed to 
overcome water solubility 
issues [375,378,379]

Yes 
[381]

Wogonin [382–390] PI3K/Akt pathway suppression 
in a DNA-dependent protein 
kinase catalytic subunit- 
dependent manner [385,386]

Downregulation of NFE2L2 
mRNA and NRF2 protein levels 
and ARE-driven gene 
expression [385]

Antiproliferative; anti- 
angiogenic; antimigratory; pro- 
apoptotic [386]

In vitro: K562 (including multidrug 
resistant variant K562/A02), MCF-7, 
HepG2, SKOV3 (including cisplatin- 
resistant variant), OV-2008, 2008/ 
C13*5, HEK293, AMC-HN-2/3/4/6/7/ 
8/9/10 (including cisplatin-resistant 
variants for AMC-HN-4 and 9), SNU- 
1041/1066/1076, UM-SCC-1, THP-1, 
HCT116 cells, human oral 
keratinocytes, human oral fibroblasts, 
human skin keratinocytes 
In vivo: male BALB/c nu/nu mice (6 wk) 
bearing AMC-HN-4 and AMC-HN-9 
xenografts; C57BL/6 mice (6–8 wk) 
with azoxymethane- and dextran sulfate 
sodium-induced colitis-associated 
cancer [385–390]

Sensitizes head and neck 
and ovarian cancer cells to 
cisplatin and reverses 
multidrug resistance in 
multiple cell lines; 
wogonin inhibited NF-κB 
and promoted NRF2 
activation to decrease 
inflammation-induced 
injury and 
prevented the incidence 
and the development of 
colitis-associated cancer 
[386,387,389,390]

No

D.J. de Klerk et al.                                                                                                                                                                                                                             
Biochemical Pharmacology 248 (2026) 117620 

18 



delivery systems have been described for PMF [393,394].

4.2. 4-Methoxychalcone

4-Methoxychalcone is a flavonoid synthesized by several plants that 
can inhibit NRF2-ARE transcriptional activity in A549 cells [212]. The 
inhibition seems to be correlated to decreased levels of phosphorylated 
Akt at Thr308. 4-Methoxychalcone significantly decreased ARE- 
luciferase activity at 21 μM in A549 cells.

Furthermore, treatment of A549 cells with 4-methoxychalcone 
enhanced the efficacy of cisplatin by increasing intracellular ROS pro
duction, although an opposite effect was observed in human embryonic 
kidney (HEK293) cells. In the latter, 4-methoxychalcone increased NRF2 
activity through the upregulation of p-Akt (Ser473), thereby protecting 
these cells from cisplatin toxicity. The effects on the NRF2 pathway thus 
appear to be cell type-dependent [212]. A single study reported an 
absence of cytotoxic effects of 4-methoxychalcone in MDA-MB-231 cells, 
although further data on the cytotoxicity of this compound remain 
limited [211]. Additional pharmacodynamic properties of 4-methoxy
chalcone entail reversing the inhibitory effects of tumor necrosis fac
tor (TNFα)-mediated adipogenesis via a peroxisome proliferator- 
activated receptor gamma (PPARγ)-dependent pathway in adipocytes 
[213] and antioxidant activity towards hydroxyl radicals [214].

Many of the biological effects of 4-methoxychalcone warrant further 
exploration and no studies have been conducted in combination with 
PDT.

4.3. ARE expression modulator 1

ARE expression modulator 1 is a small-molecular inhibitor that has 
been reported to downregulate NRF2 signaling in A549 cells in vitro, 
leading to modestly reduced cell proliferation and inhibition of cell 
proliferation under anchorage-independent growth conditions [215]. 
ARE expression modulator 1 priming additively sensitized A549 cells to 
the effects of doxorubicin, etoposide, and 5-fluorouracil in an NRF2 
inhibition-dependent manner. Though the study could not determine 
the precise mechanism of action regarding the inhibition of NRF2, the 
process appears to require NRF2 to be constitutively activated.

In vivo, ARE expression modulator 1 was able to significantly inhibit 
tumor growth in A549 xenografts in 6-week-old male athymic nude mice 
when given an oral dose of 50 mg/kg twice a day. In vivo treatment with 
ARE expression modulator 1 did not result in the reduced expression of 
NRF2 but did result in the downregulation of downstream targets of 
NRF2, including HMOX1.

No studies have been conducted with ARE expression modulator 1 in 
combination with PDT.

4.4. Apigenin

Apigenin is a non-toxic, flavone-based PI3K/Akt pathway inhibitor 
that has been widely studied for its anti-cancer and anti-inflammatory 
properties [395–399]. The compound modulates various downstream 
targets in the PI3K/Akt pathway, most notably through inhibition of 
NRF2 and NF-κB and upregulation of various apoptotic proteins [395]. 
In terms of NRF2, apigenin is hormetic in that at low doses it upregulates 
NRF2 and thus imparts chemopreventive and anti-inflammatory effects, 
while at higher doses the drug inhibits NRF2 [226]. At higher doses 
apigenin also induces muscle relaxation and acts as a sedative [397]. 
Furthermore, apigenin enhances the efficacy of anti-cancer drugs such 
as 5-fluorouracil, cisplatin, cetuximab, doxorubicin, and sorafenib and 
minimizes chemotherapeutic toxicity in different types of cancer [395].

No studies have been conducted with apigenin in the framework of 
PDT, but studies on the combination of apigenin and doxorubicin have 
been performed in a PDT-induced signaling-pertinent context. Gao et al. 
[224] demonstrated that apigenin reverses drug resistance in 
doxorubicin-resistant hepatocellular carcinoma (BEL-7402/ADM) cells 

by inhibiting NRF2 activity via PI3K/Akt downregulation in a KEAP1- 
independent manner, which resulted in increased intracellular accu
mulation of doxorubicin and substantially enhanced the rate of 
apoptosis. This coincided with the downregulation of HO-1, aldo–keto 
reductase 1B10, and MRP5, which are fundamental to the xenobiotic 
and antioxidant responses. In another study by the same group, 
apigenin-mediated NRF2 inhibition was observed as a result of micro
RNA (miR)-101 upregulation [224]. Furthermore, apigenin inhibits the 
NF-κB [221,396] and HIF-1 pathways [220], thereby potentially 
enhancing tumor sensitivity to PDT [28,60]. Another possibly beneficial 
effect of apigenin is the downregulation of programmed death ligand 1 
(PD-L1), as demonstrated in melanoma [225] and some breast cancer 
cell lines [227]. PD-L1 downmodulation renders cancer cells more sus
ceptible to cytotoxic T cell clearance and therefore more amenable to the 
PDT-induced antitumor immune response [400]. A clinical trial has 
been registered (NCT00609310) studying apigenin’s effect on tumor 
recurrence in resected colorectal carcinoma patients, although results 
have not been published since trial registration in 2008. Nano
technological approaches have been described to increase cancer cell 
delivery and oncotherapeutic efficacy of apigenin [401].

4.5. Ascorbic acid

Ascorbic acid is commonly found in citrus fruits and taken as an oral 
food supplement. The phytochemical has also been researched as a 
chemotherapeutic agent and chemosensitizer, albeit with conflicting 
results [230,233,402]. With respect to NRF2, the combination treatment 
of ascorbic acid and imatinib restored drug sensitivity in imatinib- 
resistant leukemia (KCL-22/SR) cells, attributable to the impaired abil
ity of NRF2 to bind DNA and corollary decrease in GCL mRNA and GSH 
protein levels [229]. Ascorbic acid further reduced NRF2 expression in 
combination with quercetin in prostate cancer (PC-3) cells, resulting in 
reduced enzymatic activity of GSH peroxidase, GSH reductase, and 
NQO1. A hormetic effect was observed in another line of prostate cancer 
(DU145) cells, where NRF2 expression increased at a dose of 200 µM 
ascorbic acid and 50 µM quercetin but decreased at a dose of 100 µM 
ascorbic acid and 75 µM quercetin [232]. Hormesis has been reported 
for ascorbic acid in terms of other cancer-related processes [403,404]. 
The activity of the abovementioned enzymes increased at the higher 
dose but remained at baseline levels at the lower dose [232]. In HeLa 
cells ascorbic acid (1–10 mM) caused a dose-dependent increase in ROS 
production and a decrease in NRF2 and p62 expression (HO-1 expression 
remained unaltered), sensitizing HeLa cells to cisplatin and doxorubicin 
[231].

In regard to PDT, the ascorbic acid-conjugated PS 5-(ethylamino)-9- 
diethylaminobenzo[a]phenothiazinium chloride was tested in glucose 
transporter 1-overexpressing cancer cells (KM12C and SNU-C5) in vitro 
(660-nm LED, 100 mW/cm2) and in vivo (0.5 mg/kg/d, 660-nm laser, 2 
W/cm2, 10 min, cumulative radiant exposure of 1,200 J/cm2, once 
every 5 days for 2 weeks) [236]. Ascorbic acid conjugation improved PS 
accumulation in cancer cells and the tumor due to the two one-electron 
oxidations of ascorbic acid into dehydroascorbic acid [405] by the 
tumor microenvironment and subsequent transport of dehydroascorbic 
acid into the cells by predominantly glucose transporter 1 and possibly 
other glucose transporter isoforms [402,406,407]. The exacerbated 
cellular loading of PS translated to greater PDT efficacy as a result of 
enhanced ROS generation and GSH depletion. Verteporfin-mediated 
PDT (1.8 nM, white light, 30 W daylight fluorescent bulbs and a UV 
light-removing surface, 2.2 mW/cm2, 1.32–2.62 J/cm2) in combination 
with ascorbic acid resulted in decreased survival of human leukemia 
(HL-60) cells, which exhibited an elevated redox state and a higher 
myeloperoxidase activity compared to human histiocytic lymphoma 
(U937) cells. This study demonstrated that ascorbic acid increased H2O2 
production during verteporfin-PDT, which in turn resulted in a con
version to more reactive oxidants, such as hypochlorous acid, by mye
loperoxidase [233]. Paradoxically, ascorbic acid also acted as a 
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cytoprotective agent in U937 cells, which had low redox levels and no 
demonstrable myeloperoxidase activity. The addition of 4-aminoben
zoic acid hydrazide, a known inhibitor of the ROS-producing enzyme 
myeloperoxidase, to HL-60 cell cultures increased cell survival post- 
PDT, indicating that dampening of secondary ROS production directly 
translates to higher survival rates [233]. For further clarification, 
ascorbic acid is a hydrophilic antioxidant that can react with 1O2 and 
produce the more innocuous H2O2, which could be neutralized/dis
mutated through peroxide-removing systems such as GSH and catalase 
[233]. Its antioxidant properties may in some cases ameliorate the 
extent of photo-induced hyperoxidative stress and reduce PDT-induced 
cell death [233]. In rat sarcoma (DS) cells treated with 5-ALA-PDT 
(0.5 mM, halogen lamp emitting from 420-1400 nm (Hydrosun PIRA- 
radiator, Hydrosun Medizintechnik), 70 mW/cm2, cumulative radiant 
exposure of 19 J/cm2), ascorbic acid reduced PDT effects on lipid and 
protein oxidation, expression of Fas ligand and TNFα, mitochondrial 
damage, and apoptosis-inducing factor release, resulting in reduced cell 
death [230]. Similarly, ascorbic acid reduced cell death in 5-ALA-treated 
human melanoma cells (0.5 mM, halogen lamp emitting wavelengths 
from 420-1400 nm (Hydrosun PIRA-radiator), 18 mW/cm2, cumulative 
radiant exposure of 0.54–5.40 J/cm2) [235].

It is important to note that the use of antioxidants such as ascorbic 
acid can bring about pleiotropic effects which can be either advanta
geous to PDT outcomes due to inhibition of NRF2 DNA binding or 
deleterious due to ROS neutralization [408]. Ascorbic acid can also act 
as a pro-oxidant through its interaction with transition metal ions, 
where it acts as a catalyst for the Haber-Weiss component of the Fenton 
reaction [409], thereby depending on e.g., the pool of labile iron that is 
present in certain types of cells [124], including pre-mutagenic somatic 
cells [410] and cancer cells [411]. This effect can synergize with PDT as 
exemplified in an experiment with Photofrin-treated mouse mammary 
carcinoma (EMT6) cells, revealing a surge in ROS after PDT in the 
presence of ascorbic acid. The elevation in ROS levels was caused by the 
PDT-induced release of transition metal ions, greatly augmenting the 
antitumor impact in vitro (5 µg/mL, 10 mW/cm2, 635-nm semi
conductor laser, cumulative radiant exposure of 0.6–2.4 J/cm2) and in 
vivo (5 mg/kg, 135 mW/cm2, 635 nm, cumulative radiant exposure of 
65 J/cm2) [234]. Moreover, ascorbate, the deprotonated form of 
ascorbic acid, facilitates HIF-1α depletion [412,413] owing to its redox 
cycling of ferric to ferrous iron that is required for HIF-1α hydroxylation 
and subsequent proteasomal removal [414,415]. Via this route, ascorbic 
acid inhibits HIF-1α-triggered survival signaling [28,60] and potentially 
compounds the effects of ascorbic acid-mediated NRF2 inhibition on 
reduced cancer cell survival. Nevertheless, as ascorbic acid triggers a 
plethora of different mechanisms that overlap with PDT-induced path
ways, it is necessary to appreciate the physiological features of a tumor 
to gauge whether ascorbic acid would produce a yielding net effect 
treatment-wise.

4.6. Brusatol

A well-characterized NRF2 inhibitor is the natural product brusatol, 
a quassinoid compound extracted from the evergreen shrub Brucea 
javanica [242,244]. Brusatol’s mechanism of action features some 
controversial aspects. Recent studies indicate that brusatol is an inhib
itor of global protein synthesis and particularly reduces the expression of 
short half-life proteins such as NRF2 [243,246]. Initial findings in 
various human cell lines with different KEAP1 statuses revealed that 
brusatol amplifies KEAP1-mediated polyubiquitination and subsequent 
proteasomal degradation of NRF2 [244], which was contested in a later 
study showing that brusatol-induced NRF2 depletion does not require 
Keap1 activity [242]. However, this was shown in mouse hepatoma 
(Hepa-1c1c7) cells [242]. The exact mechanism notwithstanding, bru
satol acts as a sensitizer to various anticancer therapies [203,416]. 
Brusatol enhances the toxicity of cisplatin, carboplatin, 5-fluorouracil, 
etoposide, and paclitaxel in A549, MDA-MB-231, and HeLa cells 

[244]. Brusatol also radiosensitizes A549 cells that were previously 
therapy-resistant due to the overexpression of NRF2, resulting in 
increased ROS accumulation, enhanced DNA damage, and ultimately 
cell death [416]. Other pharmacodynamic properties of brusatol that 
infringe on cancer cell metabolism and sustenance include the inhibition 
of signal transducer and activator of transcription (STAT)3 activity, i.e., 
abrogation of STAT3 phosphorylation at Tyr705 [247–249], PI3K/Akt/ 
NF-κB pathway signaling [250], and S-phase kinase-associated protein 
1-S-phase kinase-associated protein 2 interaction [245], altogether 
leading to reduced anti-apoptotic gene expression, proliferation, and 
epithelial-mesenchymal transition (EMT) propensity.

In terms of PDT, a recent paper by Tao et al. describes the incorpo
ration of brusatol into PEGylated, folate-functionalized polydopamine 
nanoparticles containing surface-tethered chlorin e6 as PS and manga
nese dioxide as an oxygen generator to promote ROS production. 
Combining PDT (660-nm laser, 10-min illumination, 500 mW/cm2) with 
photothermal therapy (hyperthermia, 808-nm laser, 10-min illumina
tion, 1.5 W/cm2) resulted in notably potentiated antitumor efficacy in 
both in vitro and in vivo models of pancreatic cancer (MIA PaCa-2) cells 
that entailed the inhibition of the NRF2 pathway and the heat shock 
response [203]. NRF2 inhibition by brusatol inactivated glutathione 
peroxidase 4 and ferritin heavy chain that in turn triggered ferroptotic 
cell death.

4.7. Chrysin

Chrysin is another flavonoid found in numerous plant extracts and 
honey. NRF2 overexpressing cells (BEL-7402/ADM) resistant to doxo
rubicin could be sensitized by combined treatment with chrysin. This 
downregulated the NRF2 and upstream PI3K/Akt and ERK pathways, 
resulting in the downregulation of downstream targets such as MRP5, 
HO-1, and aldo–keto reductase 1B10 at both mRNA and protein levels 
[255]. Furthermore, through the downregulation of NRF2/ERK 
signaling, chrysin was able to inhibit cell migration in glioblastoma 
(U251 and U87) cells and reduce cell viability in a concentration- and 
time-dependent manner. It similarly reduced tumor growth in immune- 
deficient BALB/c mice carrying U87 xenografts, showing little to no 
toxicity [256]. However, chrysin can also upregulate NRF2 expression, 
although the conditions under which this occurs have not yet been 
elucidated [226]. Examples include upregulation of NRF2 in rat hepa
tocytes and myocardial tissue of rats on a high-fat diet, conferring pro
tection from oxidative stress [226,257,259].

Several chrysin-derivatives conjugated to porphyrin derivatives have 
been characterized and tested in PDT (12-W purple LED lamp, 10 min 
illumination) [258]. A number of these conjugated derivatives showed 
improved cytotoxicity compared to their unconjugated parent porphy
rins. However, inhibition of NRF2 was not investigated with respect to 
these derivatives.

4.8. Clobetasol propionate

Clobetasol propionate is a glucocorticoid able to inhibit NRF2 by 
both blocking nuclear accumulation of activated NRF2 and stimulating 
GSK-3β- and β-TrCP-dependent proteasomal degradation [261]. Clobe
tasol propionate was able to inhibit cell proliferation in KEAP1-mutant 
cancer cell lines such as A549 but not in cell lines that expressed wild- 
type KEAP1. In addition to targeting NRF2, clobetasol propionate was 
able to downregulate HIF-1α in WiL2-NS non-secreting B lymphocytes 
[262]. Another target of clobetasol propionate is cytochrome P450 3A5 
(CYP3A5). Clobetasol propionate inhibited the growth of pancreatic 
ductal adenocarcinoma-derived organoids that expressed high levels of 
CYP3A5 [417]. The inhibition of CYP3A5 sensitized the organoids to 
drugs that are CYP3A5 substrates, such as cisplatin. Similar to the anti- 
proliferative effect in KEAP1 mutant cell lines, clobetasol propionate 
either had a weak or no anti-proliferative effect when tested in cell lines 
or patient-derived organoids that did not express CYP3A5 or only had 
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low expression, indicating that the anti-tumor efficacy of clobetasol 
propionate is dependent on tumor specifics.

Topical combinatory treatment with clobetasol propionate (thin 
layer 0.05% Dermovate; GlaxoSmithKline Pharma A/S, Broendby, 
Denmark) and methyl aminolevulinate-PDT (methyl aminolevulinate 
16%; cream Metvix; Galderma Nordic AB, Uppsala, Sweden; red light- 
emitting diode (Aktilite 128; PhotoCure ASA, Oslo, Norway), illumi
nated at 580–670 nm (peak at 630 nm) for approximately 9 min with a 
total radiant exposure of 37 J/cm2) was applied for the treatment of 
multiple actinic keratosis on the face or scalps of patients, where the 
treatment area was divided in two symmetrical sections for PDT-only 
and combinatory treatment. Clobetasol propionate significantly 
reduced PDT-induced erythema compared to the PDT-only treatment. 
However, no significant change in regard to 3-month complete response 
rate was detected [263].

4.9. Cryptotanshinone

Cryptotanshinone, a quinoid diterpene isolated from the root of 
Salvia miltiorrhiza, has a broad range of biological activity affecting 
different pathways that contribute to its anti-inflammatory and anti- 
cancer properties [271]. It was able to downregulate NRF2, reversing 
resistance to gefitinib and cisplatin in a number of different non-small 
cell lung cancer (NSCLC) cell lines [272,275]. Cryptotanshinone also 
downregulates the Akt, STAT3, and NF-κB pathways and suppresses 
p38, c-Jun N-terminal kinase (JNK), and ERK1/2 phosphorylation in a 
dose-dependent manner [272,273,275]. However, some studies also 
showed cryptotanshinone upregulating NRF2, providing cytoprotective 
functions in human induced neuronal progenitor cells made by reprog
ramming fibroblasts isolated from a Parkinson’s disease patient [274], 
and reducing inflammatory signaling in lipopolysaccharide-stimulated 
RAW 264.7 macrophages [273]. The circumstances affecting its activ
ity on NRF2 are not explored, but possibly could be dependent on the 
metabolic status or disease type, although none of these examples 
concern cancer.

No studies have been conducted in combination with PDT.

4.10. Digoxin

Digoxin is a cardiac glycoside used to treat congestive heart failure 
through the inhibition of Na+/K+-ATPase but is also being tested in 
clinical trials as an anticancer drug [281]. A study on gemcitabine- 
resistant pancreatic cell lines found that digoxin decreased NFE2L2 
expression, downregulating NRF2 pathway activity [279]. This allowed 
for the resensitization of gemcitabine-resistant SW1990 and PANC-1 cell 
lines in a KEAP1-independent manner, with evidence pointing towards 
the attenuation of PI3K/Akt signaling. Digoxin also inhibited EMT in 
NSCLC (A549 and HT1299) cells by blocking the PI3K/Akt/mechanistic 
target of rapamycin kinase (mTOR) pathway by reducing p-Akt and 
inducing apoptosis in A549 cells and autophagy in A549 and H1299 
cells [280]. Digoxin is also known to be an inhibitor of the HIF-1 
pathway, which is another survival pathway activated by PDT 
[28,60,276].

No studies have been conducted in combination with PDT.

4.11. Ethionamide

Ethionamide is an anti-tuberculosis drug with a chemical structure 
that is similar to that of isoniazid (section 4.15). This inhibitor sup
pressed the transcription of NRF2 target genes, thereby sensitizing 
human acute monocytic leukemia (THP-1) cells to arsenic trioxide 
toxicity, resulting in ethionamide concentration-dependent augmenta
tion of arsenic trioxide-mediated inhibition of cell proliferation that was 
partially NRF2-dependent [286].

No studies have been conducted in combination with PDT.

4.12. Febrifugine

Febrifugine is an antimalarial drug (quinazolinone alkaloid) isolated 
from Dichroa febrifuga that has also been tested against visceral leish
maniasis [287], which increases ROS levels and induces cytotoxicity 
whilst stimulating a Th1 immune response in BALB/c mice infected with 
L. donovani. In A549 cells it was shown to inhibit NRF2 activity, but the 
mechanism of action has not been uncovered [288]. Halofuginone 
(section 4.13) is a derivative of febrifugine [288].

No studies have been conducted in combination with PDT.

4.13. Halofuginone

Halofuginone is a febrifugine (section 4.12) analog with a wide range 
of beneficial activities in malaria, cancer, and inflammatory and auto
immune diseases [293]. With respect to cancer, it is able to reduce 
angiogenesis and metastasis by inhibiting the transforming growth 
factor (TGF)-β pathway by targeting SMAD family member 3 phos
phorylation, downregulating fibrosis-promoting proteins such as 
collagen and matrix metalloproteinase (MMP)2, and reducing tumor 
stroma [293]. Halofuginone is also an inhibitor of NRF2, with several 
studies showing halofuginone downregulating NRF2 activity, reflected 
by reduced protein levels of p-ERK1/2, ERK1/2, and p-Akt 
[202,288,292,294,295].

Halofuginone was able to sensitize treatment-resistant cancer cells to 
cisplatin, doxorubicin, and cabazitaxel as a result of NRF2 reduction 
[288,292]. Reduction of NRF2 seems to occur through the inhibition of 
protein synthesis by amino acid starvation [288]. Another study also 
found that an increase in uncharged prolyl-tRNA resulted in the 
expression of general control nonderepressible 2 that stimulated GSK- 
3β-dependent proteasomal degradation of NRF2 [295].

In addition to inhibiting NRF2, halofuginone was also able to deac
tivate NF-κB and AP-1 signaling [296,297], which are part of the in
flammatory and immediate early stress response, respectively [28]. A 
study using methylcholanthrene-induced malignant fibrous histiocy
toma in rats found that halofuginone inhibited angiogenesis, which 
coincided with reduced tumor growth and extended survival. A phase I 
clinical study in patients with advanced solid tumors found that hal
ofuginone exhibited gastrointestinal toxicity in the form of nausea and 
vomiting within 30 min to 1 h after oral administration using a dose of 2 
mg/day, requiring the addition of prophylactic anti-emetics [299]. 
Furthermore, while no hepatotoxicity was observed in blood values, 
several patients experienced bleeding complications for which a causal 
relation with halofuginone could not be excluded.

Halofuginone enhanced 5-ALA-PDT (red LED light (633 nm) at 15 
mW/cm2, 1.8 J/cm2) in cutaneous squamous cell carcinoma (SCL-1 
cells), reducing clonogenicity and migration through the reduced 
accumulation of NRF2 [202]. It was further demonstrated that a daily 
dose of 2 µg (i.p.) of halofuginone enhanced 5-ALA-PDT (power density 
of 80 mW/cm2, 19.2 J/cm2) in a mouse model of cutaneous squamous 
cell carcinoma (XL50 co-injected with NIH/3T3 fibroblasts), resulting in 
complete clearance of the tumor, whereas single agent treatment with 
either 5-ALA or halofuginone only slowed tumor growth [202].

4.14. IM3829

4-(2-Cyclohexylethoxy)aniline or IM3829 is an aniline-based com
pound that inhibits NRF2 nuclear translocation and reduces NFE2L2 
expression in a concentration-dependent manner, leading to the down
regulation of downstream targets of NRF2 [115]. IM3829 was used to 
sensitize radioresistant lung cancer cell lines A549, NCI-H1299, and 
NCI-H460, increasing the extent of radiation-induced apoptosis. IM3829 
enhanced tumor growth reduction when combined with radiotherapy in 
nude mice bearing A549 or NCI-H1299 xenografts. IM3829 exhibited no 
clear cytotoxicity on its own or had any observable toxic effects on the 
treated mice [115].
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No studies have been conducted in combination with PDT.

4.15. Isoniazid

Isoniazid is an antibiotic drug used for the treatment of tuberculosis 
and is also proposed as an anticancer drug. Isoniazid can inhibit NRF2 
activity by blocking the nuclear translocation of NRF2 via karyopherin 
β1 and ERK1 inhibition [303,304]. Isoniazid was able to sensitize THP-1 
cells to arsenic trioxide [286]. Treatment with isoniazid also increased 
ROS levels, reduced GSH, blocked DNA synthesis, and negatively 
affected mitochondrial functioning, leading to induction of apoptosis in 
HepG2, THLE-2, and Hep3B cells and mouse oocytes [303,304,307]. 
DNA synthesis was blocked by the disruption of the mitotic spindle 
morphology, which was shown in a study on the effect of isoniazid on 
mouse fertility, resulting in reduced oocyte maturation and the number 
of offspring [307]. Another study also found evidence of hepatotoxicity 
in HepG2 cells, which coincided with a decrease in levels of proliferator 
cell nuclear antigen (PCNA), which has an important role in DNA 
replication. Hepatotoxicity was confirmed in adult BALB/c mice that 
had received isoniazid [304].

Isoniazid has not been tested in PDT. However, a study used conju
gation of isoniazid to the fluorescent dye MHI-148 to specifically target 
mitochondria in prostate cancer cells through inhibition of oncogene 
monoamine oxidase A by isoniazid. MHI-148 is a PS, and combining PDT 
with isoniazid in this manner has been proposed for prostate cancer 
[305]. Isoniazid was also tested in combination with photothermal 
therapy through conjugation to the fluorescent dye ZW800-1, 
combining image-guided photothermal effects of ZW800-1 with the 
anti-tumor potential of isoniazid, resulting in a synergistic reduction in 
tumor growth in HT-29 xenografts in mice compared to the respective 
singular treatments [308].

4.16. K-563

K-563 is a novel inhibitor of the NRF2 pathway isolated from 
Streptomyces. The exact molecular target is not known, as the inhibitor 
does not affect NRF2 expression or nuclear translocation [309]. How
ever, K-563 did result in the downregulation of NRF2 downstream target 
genes, reduced GSH levels, and a concentration-dependent increase in 
ROS formation. Furthermore, K-563 exerted an inhibitory effect on the 
proliferation of both lung cancer (A549 and LK-2) cells and gallbladder 
cancer (TGBC24TKB) cells. K-563 also inhibited the proliferation of 
normal lung epithelial cells (BEAS-2B), albeit not to the same extent. In 
addition, K-563 exerted a synergistic effect with cisplatin and etoposide 
in inhibiting cell proliferation [309].

No studies have been conducted in combination with PDT.

4.17. Kaempferol

Kaempferol, a natural flavonoid extracted from plants, was found to 
decrease the proliferation of NSCLC (A549, NCI-H460) cells by inhibit
ing the NRF2-mediated antioxidant response [314]. However, kaemp
ferol has also been reported as an inducer of NRF2 expression. Wang 
et al. [310] demonstrated that kaempferol increased ROS-mediated 
apoptosis in in vitro and in vivo pancreatic cancer models by inhibiting 
transglutaminase 2. Inasmuch as apoptosis is triggered by increased 
oxidative stress, NRF2 is activated in the process. In the case of colo
rectal adenocarcinoma (Caco-2) cells, exposure to 10 µM kaempferol 
increased the expression of NRF2 and its targeted genes, while kaemp
ferol neutralized NRF2 activation upon co-exposure with the potent 
NRF2 inducer benzo[a]pyrene [316]. Similarly, kaempferol suppressed 
tert-butylhydroquinone-induced nuclear translocation of NRF2 in 
HepG2 cells [315].

To date, no studies have been published on the combination of this 
flavonoid and PDT.

4.18. Luteolin

Luteolin, a natural flavonoid derived from various plant extracts, was 
shown to decrease NRF2-induced ARE-driven gene expression by stim
ulating NFE2L2 mRNA degradation, thereby reducing NRF2 protein 
expression [172,317,326]. Increased sensitization to oxaliplatin, bleo
mycin, and doxorubicin was observed in A549 cells exposed to luteolin 
(i.e., 2-fold reduction in the IC50) [317]. Oxaliplatin-resistant colorectal 
cancer cells (HCT116 and SW620) were re-sensitized to oxaliplatin by 
luteolin [318]. Luteolin has also been shown to reduce NRF2 in vivo. 
Wild-type mice (C57BL/6) treated daily with luteolin (40 mg/kg, 
gavage) for 14 days showed a reduction in protein levels of NQO1, HO-1, 
and GSH compared to non-treated mice, while no effect was observed in 
C57BL/6 Nrf2-/- transgenic mice [318]. This demonstrates that luteolin 
acts directly on NRF2. Moreover, a synergistic effect against cancer cells 
was observed in A549 xenograft-bearing mice treated with cisplatin (5 
mg/kg, i.p.) and luteolin (40 mg/kg, gavage) every other day for 32 days 
[322]. Controversially, luteolin was also shown to increase the expres
sion of NRF2 and downstream genes in cancer cells [323,325]. Kang 
et al. found that luteolin activates an antioxidant response in the human 
colon cancer cell lines HT-29 and SNU-407 by epigenetically activating 
the NFE2L2 gene [323].

Given the successful tumor inhibition in vivo, new drug delivery 
systems have been developed for luteolin. When loaded into phyto
somes, luteolin sensitized MDA-MB-231 cells to doxorubicin [324] and 
induced higher suppression of NRF2 and its downstream target genes 
compared to the free drug [324].

In terms of PDT, luteolin was found to increase the toxicity of the 
cationic PS porphyrin TMPyP4 by decreasing the NRF2-mediated anti
oxidant response. The combination of TMPyP4 (40  nM TMpyP4, 7.2  J/ 
cm2) and luteolin (20  μM) induced a stronger reduction in cell viability 
than each component separately [172].

4.19. Metformin

The antidiabetic drug metformin has been shown to indirectly 
downregulate NFE2L2 gene expression by interfering with sirtuin 1 
expression in MCF-7 cancer cells through upregulation of miR-34a in a 
wild-type p53-dependent manner [332]. Metformin has also been linked 
to the inhibition of signaling pathways upstream of the NRF2 pathway 
[329–331]. The treatment of HepG2, HeLa, and A549 cells with 1–5 mM 
metformin for 24 h reduced ERK1/2 phosphorylation and inhibited HO- 
1 expression. The highest metformin concentration increased the 
sensitization of HeLa cells to paclitaxel [330]. Untreated/naive breast 
cancer patients treated with 500 mg of metformin three times daily after 
diagnostic biopsy until surgery showed reduced phosphorylation of 
ERK1 and AMP-activated protein kinase (AMPK) [331].

The efficacy of metformin in combination with PDT was recently 
studied in a heterotypic 3D culture model of pancreatic cancer. These 
models exhibited elevated redox activity and overexpressed cyclo
oxygenase 2 and HO-1. Metformin ameliorated the redox activity in the 
microtumors and abrogated resistance to verteporfin-PDT (0.25 µM, 1-h 
incubation, 690 nm, irradiance of 150 mW/cm2, radiant exposure of 
1–50 J/cm2) and oxaliplatin (tested dose range of 10–1,000 µM) [333]. 
Male Wistar rats (3-months old) bearing breast (Walker 256) carcino
sarcomas were shown to benefit from a combinatorial treatment of tetra- 
sulfophenyl-porphyrin-mediated PDT and metformin. In combination 
with 5-ALA PDT (0.6, 1.2, 2.5, 5 mM, illuminated between 1–10 J/cm2 

using a 630-nm laser), metformin at concentrations of 1 or 5 mM 
enhanced cytotoxicity and induced autophagic and apoptotic cell death 
in KLN205 lung cancer cells [334]. Administration of metformin before 
or after illumination was equally effective in reducing cyclooxygenase 2 
expression and enhancing apoptosis in cancer cells [335]. Moreover, co- 
administration of metformin with PSs via nanoparticles has been shown 
to enhance PDT efficacy by reducing mitochondrial respiration in cancer 
cells and hence increasing oxygen availability for photochemical 
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reactions [418,419].

4.20. ML385

ML385 is a small molecule that blocks NRF2 transcriptional activity 
by binding directly to the Neh1 domain of NRF2 (Fig. 3), thereby 
interfering with the binding of the NRF2-MAF protein complex to reg
ulatory DNA binding sequences. This has been shown in various NSCLC 
cell lines harboring KEAP1 mutations in vitro [337]. In addition, ML385 
reduced mRNA levels of multiple antioxidant target genes and inhibited 
tumor growth in xenograft models using KEAP1-mutant NSCLC cells (in 
combination with carboplatin) [337]. Also, in dipeptidyl peptidase-4- 
treated murine breast cancer (4T1) cells, ML385 attenuated NRF2 
expression and NRF2-responsive gene levels [338].

The combination of ML385 and PDT has been studied in a breast 
cancer model [339]. 4T1 tumor-bearing mice were treated with ML385 
(30 mg/kg, gavage) and etoposide (10 mg/kg), a heat shock protein 
(HSP)60 inhibitor, 1 day prior to treatment with poly(ethylene oxide)-b- 
poly(methacrylic acid) nanoparticles functionalized with the PS cobalt 
tungstate. The tumors were illuminated with an 808-nm laser (1.0 W/ 
cm2) for 10 min at 1 h post-injection. The combination of ML385 and 
etoposide prevented tumor regrowth after 10 days, which did occur in 
the PDT-only treatment group. These results support the hypothesis that 
cells are more sensitive to PDT when NRF2 is inhibited by ML385. Un
fortunately, there was no group included in which the mice were pre- 
treated with ML385 only, followed by PDT. Consequently, it is not 
possible to determine what the individual contributions of ML385 and 
etoposide were in preventing tumor regrowth. As with PDT, the cyto
toxic effect of radiotherapy can also be counteracted by the activation of 
the NRF2 pathway in cancer cells. One study has shown that inhibition 
of NRF2 activation by ML385 sensitized breast cancer stem cells to 
radiotherapy [420], which is an indirect indication that these cells 
would also be more sensitive to PDT after pre-treatment with ML385.

4.21. NRF2-IN-1

Pyrazolyl hydroxamic acid derivative 1-(4-(tert-butyl)benzyl)-3-(4- 
chlorophenyl)-N-hydroxy-1H-pyrazole-5-carboxamide, or NRF2-IN-1, is 
an inhibitor of NRF2 and may be a promising agent in the treatment of 
acute myeloid leukemia, as NRF2 is persistently activated in this tumor. 
NRF2-IN-1 had a profound growth-inhibitory effect in the acute myeloid 
leukemia cell lines THP-1, HL-60, and U937. A similar anti-growth effect 
was observed in a chicken embryo model [341]. NRF2-IN-1 induced 
apoptotic cell death, which could be ameliorated by upregulating NRF2. 
Apoptosis coincided with decreased B-cell lymphoma 2 (Bcl-2), and Bcl- 
2 associated X apoptosis regulator (BAX) protein levels, indicating that 
mitochondria-dependent apoptotic signaling contributed to NRF2-IN-1- 
induced apoptosis [341]. The exact mechanism by which NRF2-IN-1 
interferes with the NRF2 pathway is not fully understood. One study 
found that NRF2-IN-1 elevated levels of KEAP1 in a cardiac ischemia/ 
reperfusion model [340], which might explain the NRF2 inhibitory ef
fects of NRF2-IN-1.

Studies in combination with PDT have not yet been conducted.

4.22. Ochratoxin A

Ochratoxin A is a toxic secondary metabolite produced by several 
fungal species of Aspergillus and Penicillium, and a common food- 
contaminating mycotoxin. Ochratoxin A causes nephrotoxicity and 
renal tumors in a variety of animal species, although the health effects in 
humans are less characterized [421].

Ochratoxin A inhibits the expression of NFE2L2 genes in porcine 
kidney tubular cells, normal rat kidney epithelial cells, and in primary 
hepatocyte cultures [346,347]. Four different mechanisms have been 
ascribed to ochratoxin A in terms of NRF2 inhibition: (1) impairment of 
NRF2 nuclear translocation; (2) blocking of NRF2 DNA binding; (3) 

induction of epigenetic changes that affect NRF2 transcription; and (4) 
upregulation of miR-132 targeting NFE2L2 [345]. The reduction of 
NFE2L2 expression resulted in oxidative DNA damage in vitro, which was 
confirmed in kidneys in vivo [347]. The oxidative stress could be pre
vented with inducers of NRF2 activity. Moreover, the oxidative stress 
induced by exposure to ochratoxin A could be prevented by NRF2 ac
tivators [347]. The incubation of PANC-1 cells with a combination of 10 
or 20 µM of ochratoxin A with 40 nM of the cationic porphyrin TMPyP4 
(cumulative light dose of 7.2  J/cm2) inhibited cell viability more than 
the porphyrin alone (~ 30%), further supporting the hypothesis that, 
when NRF2 is inhibited by ochratoxin A, cells are more sensitive to PDT 
[172].

4.23. PIK-75

PIK-75, known as a PI3K/DNA-dependent protein kinase catalytic 
subunit (DNA-PKcs) inhibitor, is an imidazopyridine that selectively 
inhibits the p110α subunit of PI3K [351]. Duong et al. demonstrated in 
human pancreatic cancer (AsPC-1 and MIA PaCa-2) cells that PIK-75 
indirectly reduced NRF2 protein levels and mRNA expression of 
HMOX1 and MRP5, and increased the susceptibility of these cells to 
gemcitabine [350]. They further evaluated the combinatory effect of 
gemcitabine and PIK-75 in immunocompromised mice bearing subcu
taneous AsPC-1 or MIA PaCa-2 xenografts. Mice were treated by i.p. 
injection twice a week with 20 mg/kg of gemcitabine and five times a 
week with PIK-75 (2 mg/kg). The latter to ensure the inhibitory effects 
on NRF2. Co-administration of PIK-75 resulted in a significant reduction 
in tumor growth compared to gemcitabine alone, demonstrating the 
synergistic effect of PIK-75 with chemotherapy [350].

Studies in combination with PDT have not yet been conducted.

4.24. Retinoic acid

(All-trans) Retinoic acid, available under the name tretinoin for the 
treatment of acne or acute promyelocytic leukemia, has been found to 
inhibit NRF2-mediated activation of ARE genes along with other acti
vators of retinoic acid receptors [352]. Activated retinoic acid receptor α 
competes with NRF2 for ARE binding and prevents NRF2 from binding 
to ARE, thereby hindering the transcription of NRF2-related genes 
[352]. Treatment of leukemia cells with arsenic trioxide and all-trans 
retinoic acid induced more toxicity than arsenic trioxide alone via ret
inoic acid receptor α activation and consequent NRF2 blockage [360]. 
Mutation of retinoic acid receptor α was shown to interfere with the 
inhibitory effect of retinoic acid and therefore an assessment of the 
tumor mutational profile can help predict resistance to retinoic acid 
[360]. Conversely, a higher toxic concentration of retinoic acid has been 
suggested to promote NRF2 activity in response to oxidative stress 
[363].

Pretreatment with retinoic acid before fimaporfin-based PDT resul
ted in improved therapeutic outcomes in several breast and colon cancer 
cell lines (SKBR3, HCT116, and HT-29) in vitro (LumiSource, PCI 
Biotech, Oslo, Norway; no data on wavelength; 0.58 J/cm2, 0.87 J/ 
cm2, and 1.16 J/cm2) [362]. However, in an HT-29 xenograft model (5 
mg/kg systemic or 20 µg intratumoral administration, 652 nm, irradi
ance of 90 mW/cm2, cumulative light dose of 15 and 10 J/cm2), retinoic 
acid yielded non-significant tumor growth delay relative to the PDT-only 
group. Nevertheless, 2 of 5 mice in the retinoic acid-PDT group achieved 
a complete response, while this was the case for none of the animals in 
the monotherapy groups (PDT or retinoic acid). Additionally, a PDT 
vaccination study found that, after mice had been inoculated using 
chlorin e6-PDT treated squamous cell carcinoma (SCCVII) cells (30-min 
PS incubation, 665 ± 10 nm (150-W quartz tungsten halogen lamp), 
radiant exposure of 1 J/cm2), retinoic acid treatment further improved 
survival time after injection with viable SCCVII cells present in the 
vaccinated mice [361]. They attributed this effect to retinoic acid 
differentiating myeloid-derived suppressor cells into mature myeloid 
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cells, thereby reducing the tolerogenic tumor microenvironment and 
improving the antitumor immune response [353,361].

4.25. Trigonelline

Trigonelline, a natural alkaloid extracted from raw coffee beans, has 
been found to reduce NRF2 nuclear translocation in several cell lines 
while not affecting NFE2L2 transcription [364,367,368]. Moreover, the 
compound blocks NRF2 activation and nuclear translocation by inhib
iting the epidermal growth factor receptor pathway [364,368]. Reduced 
nuclear accumulation of NRF2 in PANC-1 and COLO 357 xenografts 
treated with 0.02 mg/kg trigonelline increased sensitivity to etoposide 
[368]. The combination of trigonelline with artesunate, an anti-malarial 
drug that induces cell death via ROS production, reversed cisplatin 
resistance and reduced tumor growth in a head and neck cancer model 
(artesunate: 50 mg/kg daily, trigonelline: 50 mg/kg daily) [369].

Hitherto no studies have been conducted in combination with PDT.

4.26. Triptolide

Triptolide is a natural compound derived from the root of the Trip
terygium wilfordii Hook. f. plant that is used in traditional Chinese 
medicine [379]. It possesses both anti-inflammatory and anti-cancer 
properties and has been shown to induce apoptosis and reduce prolif
eration, metastasis, and angiogenesis in various types of cancer 
[422–429].

Triptolide has been shown to inhibit NRF2, but there is some 
inconsistency in the manner by which this occurs. In HL-60 and K562 
cells, which have been made resistant to doxorubicin and imatinib, 
respectively, through overexpression of HIF-1⍺ and NRF2, triptolide 
reduced NRF2 expression and resensitized the resistant cells by reducing 
the transcription of both genes [373]. Contrastingly, triptolide did not 
reduce NRF2 expression in A549 cells but instead stimulated the nuclear 
export of NRF2 via chromosome region maintenance 1 (also known as 
exportin 1), thereby preventing NRF2 target gene expression and 
enhancing cisplatin-induced apoptosis. Triptolide also increased oxida
tive stress and was able to inhibit tumor growth in A549 xenografts 
[374]. Another study found both an increased expression of NRF2 and 
increased nuclear translocation of NRF2 in triptolide-treated p53 
knockout HCT116 cells [375]. The authors contended that this upre
gulation was in response to increased levels of oxidative stress caused by 
triptolide’s disruption of mitochondrial function, owing to down
regulation of several key complexes (I and II) of the electron transport 
chain through targeting of sirtuin 3. Another proposed mechanism is via 
inhibition of sirtuin 1 expression and the interaction between sirtuin 1 
and NRF2, which in mouse Sertoli (TM4) cells led to a reduction in NRF2 
nuclear accumulation and ARE-activity [380]. This implies that tripto
lide can have varying different biological effects and molecular targets 
between different tissue types and metabolic states. Furthermore, trip
tolide exhibited adverse events in clinical trials, particularly hepato
logical and nephrological toxicity [379], which compromises its clinical 
utility. Clinical translation is further complicated by the molecule’s 
slight lipophilicity (Fig. 6), necessitating chemical modification or 
encapsulation into an aqueous solution-compatible carrier system. 
Several derivatives and (nano)formulations have been investigated to 
circumvent toxicity and optimize the pharmacokinetics, including the 
development of the pro-drug minnelide that is rapidly converted into 
triptolide in the bloodstream [376]. Triptolide-loaded liposomes have 
also been designed and showed reduced toxicity whilst improving tumor 
specificity and cytotoxicity in vivo [378].

Triptolide has the potential to target several pathways relevant for 
cancer cell survival in PDT through its ability to inhibit VEGFA, HIF-1⍺ 
[373], HSP70, and NF-κB [376], i.e., mediators of survival signaling and 
tumor growth [28]. Triptolide has been investigated in conjunction with 
PDT through co-delivery with liposomal Ce6, improving tumor growth 
inhibition after 4 cycles of treatment (i.v. dose of 0.04 mg/kg Ce6 and 

0.4 mg/kg triptolide, 650 nm laser, irradiance of 0.5 W/cm2, 10 min 
illumination following 24 h after administration) compared to single- 
agent therapy in a patient-derived hepatocellular carcinoma tumor 
model and reducing triptolide's systemic toxicity [381].

4.27. Wogonin

Wogonin, a flavonoid extracted from the root of Scutellaria baica
lensis, was found to inhibit the transcription of the NFE2L2 gene in MCF- 
7 and K562/A02 cells [385,387]. The inhibitory effect of wogonin on 
NRF2 is accomplished indirectly via suppression of the PI3K/Akt 
pathway in a DNA-PKcs-dependent manner [385,386], and has been 
shown to reverse multidrug resistance in different cell lines 
[386,387,389]. Mice subcutaneously implanted with cisplatin-resistant 
head and neck cancer (AMC-HN4 and AMC-HN9) cells have been 
shown to benefit from the combination of chemotherapy with wogonin. 
Mice treated with 5 mg/kg cisplatin once per week and 50 mg/kg 
wogonin once per day (both i.p.) exhibited reduced NRF2 expression in 
cancer cells and decreased tumor growth compared to cisplatin-only 
treated mice [389]. Furthermore, the synergistic effect of wogonin 
with doxorubicin has been successfully tested in a drug-resistant leu
kemia model [385]. As reported for other models, the NRF2 inhibitors 
had to be administered frequently and at high doses (40 mg/kg, once 
every other day). Similar to chrysin (section 4.7) and apigenin (section 
4.4), wogonin has also been shown to promote NRF2 activity [390] and 
therefore might have a dual role dependent on the cell transcriptional 
profile.

The compound has not been investigated in combination with PDT.

4.28. Notes on in vitro cytotoxicity testing

Many of the in vitro cell viability assays that were employed in the 
studies referenced in section 4.1 through 4.27 entail short-term viability 
assays, which include MTT/MTS/XTT, WST-1/WST-8 (CCK-8), resa
zurin/AlamarBlue, ATP-luminescence (CellTiter-Glo), LDH release, and 
trypan blue/PI exclusion assays. However, these assays often correlate 
poorly with clonogenic survival after PDT and other cytotoxic stresses. 
Metabolic or membrane integrity readouts can misclassify cells that are 
alive/metabolically active yet destined to die via delayed apoptosis/ 
mitotic catastrophe or permanently growth-arrested (cytostatic) cells as 
‘viable’ [430]. In contrast, the clonogenic assay measures a cell’s ability 
to undergo unlimited proliferation post-insult and is therefore the gold 
standard for in vitro cytotoxicity/viability testing, integrating early and 
delayed lethal events and distinguishing cytostasis from true cell kill 
[431,432]. The cytotoxicity information presented in the preceding 
sections should therefore be contextualized to assay propriety and future 
in vitro analyses with respect to PDT and molecular adjuvants should be 
performed using the highest-standard test methods.

5. Interaction between inhibitors and NRF2 and KEAP1

5.1. Direct inhibitor-NRF2 interactions

The nature of the interactions between the inhibitors listed in section 
4 and the NRF2 protein was appraised to determine target selectivity of 
the inhibitors. Of all the inhibitors addressed, only ML385 has been 
shown to directly interact with NRF2. High-throughput screening 
identified ML385 as a specific NRF2 inhibitor that directly binds to the 
Neh1 domain (CNC-bZIP) (Fig. 3C) of NRF2. This binding was shown to 
inhibit NRF2–MAFG complex formation and DNA binding at ARE se
quences (section 2), suppressing downstream gene expression [337].

All other inhibitors do not interact with NRF2 directly but inhibit its 
activity indirectly via mechanisms summarized in Table 1. The biolog
ical consequences of the indirect inhibition are also listed in Table 1. For 
example, brusatol (section 4.6) was originally described as an NRF2 
inhibitor but acts indirectly by broadly inhibiting protein synthesis or 
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enhancing ubiquitination and subsequent proteasomal degradation of 
NRF2 [242,433]. Retinoic acid (section 4.24) inhibits NRF2 indirectly 
through epigenetic regulation in the absence of direct DNA methylation 
or histone modification [434]. Retinoids such as all-trans retinoic acid 
activate retinoic acid receptor α, prompting it to form complexes with 
NRF2 that hinder the protein’s ability to bind to AREs, thereby dimin
ishing its transcriptional activity [352].

5.2. Inhibitor-KEAP1 interactions

As alluded to in section 2, the redox sensor KEAP1 resides in the 
cytosol, where it binds newly synthesized NRF2 under basal (unstressed) 
cellular conditions through a “hinge-and-latch” interaction. The high- 
affinity ETGE motif from NRF2 provides a hinge, while the low- 
affinity DLG motif serves as a latch within the Kelch domain of KEAP1 
[435,436]. In this configuration and under these circumstances, NRF2 is 
directed for poly-ubiquitination by the CUL3-RBX1 ligase and subse
quently degraded by the proteasome, thus maintaining low NRF2 levels 
[435,437,438]. Furthermore, KEAP1 is tethered to the actin cytoskel
eton, effectively anchoring the NRF2–KEAP1 complex in the cytoplasm 
and further limiting NRF2 translocation to the nucleus [439]. Accord
ingly, it was postulated that the blocking of the NRF2-KEAP1 association 
by inhibitor-KEAP1 complexation in its stead would disrupt NRF2 ho
meostasis in favor of cancer cell survival (i.e., an undesired pharmaco
logical outcome) insofar as NRF2 would no longer be poly-ubiquitinated 
and proteasomally degraded and could migrate to the nucleus to 
mediate transcription of ARE genes. This is particularly problematic in a 
post-PDT molecular landscape, where de novo NRF2 synthesis is 
strongly upregulated [66,144,201,440,441] and where inhibitor 
blockade of KEAP1 could exacerbate survival signaling [8,47] by 
keeping NRF2 decomplexed from KEAP1. The interactions between the 
inhibitors and KEAP1 were therefore studied by molecular docking 
analysis.

A systematic approach was used to gauge the interactive strength of 
abovementioned inhibitors towards KEAP1 directly. First, the structure 
of NRF2 was enumerated as described in Fig. 3A and B and in the 
associated supporting information (https://doi.org/10.17632/h 
w4286gycz.1). Next, model compounds 8IVG and 6QMC that emulate 
NRF2′s KEAP1 binding region (represented by the 16 amino-acid span
ning protein fragment of NRF2; Fig. 3A, B red structure), and more 
specifically the Glu78-Phe83 loop, were docked into the KEAP1 binding 
cavity as positive controls. The eventual docking grid was constructed 
based on the centroid coordinates of the ligand from model compound 
8IVG. Twenty docking solutions were generated for each compound. 
The best solutions were selected based on the scoring function value and 
the clustering of poses within the active KEAP1 cavity. The scoring 
function value was determined by Glide ligand efficiency (measures 
binding efficiency normalized by ligand size; higher absolute Glide 
ligand efficiency values (more negative) represents better binding effi
ciency per atom [442]) and Glide score (estimates the binding affinity 
between a ligand and its protein target; more negative Glide scores 
signal stronger predicted binding affinity, where –10 kcal/mol is typi
cally considered excellent, while –5 kcal/mol is considered moderate 
[443]). Shape similarity was also scored from 0.000 (no similarity) to 
1.000 (identical). More detailed methodological accounting is provided 
in section S5.2 in the supporting document (https://doi.org/10.17632/h 
w4286gycz.1).

The results of the calculations are summarized in Table 2. The in
hibitors NRF2-IN-1, ochratoxin A, luteolin, apigenin, and wogonin 
showed excellent clustering, optimal ligand efficiency scores, highly 
negative Glide score values, and similar pharmacophoric characteristics 
to control compounds 1 and 2. Molecular docking results of the 4 highest 
ranked compounds are presented in Fig. 7. Accordingly, when selecting 
an NRF2 inhibitor to combine with PDT, it is advisable that these 
strongly interacting compounds should be given lower priority. More 
detailed results are presented in section S5.2 in the supporting document 

(https://doi.org/10.17632/hw4286gycz.1).

6. Discussion and future perspectives

PDT has progressively become a viable treatment option for super
ficial and easily accessible tumors [444–449], where cure rates in the 
upper 80% to even more than 90% have been achieved for certain types 
of cancer (mainly skin cancers) [450–455]. The treatment modality has 
also been investigated for highly lethal, therapy-recalcitrant tumors, 
including cholangiocarcinoma [456–460] and pancreatic cancer 
[461–463], where several studies have reported superior outcomes 
relative to gold standard chemotherapy [460,464]. Despite the clinical 
successes, PDT is not curative when it concerns tumors located in deeper 
situated organs, which include the aforementioned biliary and pancre
atic malignancies.

One of the prime reasons for the suboptimal outcomes, despite being 
superior to conventional treatments, is that sublethally afflicted cancer 
cells activate survival pathways that enable them to cope with 

Table 2 
Results of molecular docking of investigated compounds into the KEAP1 active 
cavity. Control metrics: “Stars” denote the quality of docking solution clustering, 
where 3 indicates maximal clustering with 90% of docking solutions having a 
root mean square deviation (RMSD) less than 1.5 Å; 2 represents an RMSD be
tween 1.5 and 3.5 Å for 60% of docking solutions; and 1 signifies an RMSD 
greater than 3.5 Å, with no more than 20% of solutions clustering together. 
Ligand efficiency metrics: values of ≥ − 0.200 indicate low binding efficiency; 
− 0.200 to − 0.249 represent moderate efficiency; − 0.249 to − 0.400 denote high 
efficiency; and ≤ − 0.401 suggest excessive affinity (often indicative of toxic 
compounds or PAINS). Glide score: compounds with a high affinity for the active 
cavity are associated with values of ≤ − 5.501 kcal/mol. Moderate activity is 
represented by values between − 5.001 and − 5.5 kcal/mol. Values above − 5.0 
kcal/mol indicate low or inactive compounds. Particular attention should be 
paid to structures where all metrics support interaction. These compounds 
satisfy all criteria for high-affinity ligands for KEAP1 and suggest possible 
avoidance as post-PDT inhibitors of the NRF2 survival pathway.

Rank Stars Title Glide ligand 
efficiency 
(kcal/mol/ 
atom)

Glide 
score 
(kcal/ 
mol)

Shape 
similarity

1 3 Control 1 (8IVG) − 0.304 − 7.897 0.996
2 3 Control 2 (6QMC) − 0.350 − 6.652 0.942*
3 3 NRF2-IN-1 − 0.280 − 7.568 0.821
4 3 ochratoxin A − 0.253 − 7.086 0.846
5 3 ML385 − 0.177 − 6.546 0.528
6 3 AEM1 − 0.217 − 5.848 0.797
7 3 luteolin − 0.268 − 5.623 0.722
8 3 apigenin − 0.278 − 5.558 0.702
9 3 wogonin − 0.264 − 5.550 0.708
10 3 4- 

methoxychalcone
− 0.286 − 5.146 0.704

11 3 trigonelline − 0.500** − 5.001 0.349
12 3 retinoic acid − 0.213 − 4.677 0.625
13 3 clobetasol 

propionate
− 0.118 − 3.766 0.599

14 2 brusatol − 0.160 − 5.933 0.542
15 2 ethionamide − 0.532** − 5.854 0.401
16 2 kaempferol − 0.274 − 5.744 0.722
17 2 PMF − 0.186 − 5.035 0.722
18 2 chrysin − 0.265 − 5.028 0.631
19 2 ascorbic acid − 0.406 − 4.870 0.358
20 1 halofuginone − 0.242 − 5.803 0.717
21 1 K-563 − 0.105 − 5.777 0.215
22 1 cryptotanshinone − 0.251 − 5.524 0.608
23 1 febrifugine − 0.250 − 5.509 0.705
24 1 triptolide − 0.184 − 4.787 0.690
25 1 isoniazid − 0.478** − 4.783 0.405
26 1 PIK-75 − 0.177 − 4.779 0.791
27 1 IM3829 − 0.265 − 4.232 0.595
28 1 metformin − 0.276 − 2.481 0.337

* − 0.642 relative to Control 1.
** Potentially toxic compound.
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hyperoxidative stress and overcome the impact of treatment. This is 
especially the case in bulkier and highly vascularized tumors, where the 
distal tumor regions (relative to the incident light) suffer from low 
photon densities and hence insufficient ROS production [27,29,30]. 
Cancer cells in these areas are amenable to activate survival pathways 
comprising the hypoxic response (HIF-1α), inflammatory response (NF- 
κB), immediate early stress response (AP-1), proteotoxic stress response, 
heat shock response, and the antioxidant response (NRF2) [28,30]. 
Activation of these survival pathways by PDT has been experimentally 
demonstrated in cancer cells as well as endothelial cells (which line 
intratumoral vasculature) and macrophages (immune cells in the tumor 
microenvironment) [8,31,47,48]. Libraries of small-molecular in
hibitors of the HIF-1α pathway [60] and the immediate early stress 
response [29] have been assembled, and empirical proof-of-concept on 
the basis of these libraries was provided for the selective HIF-1α inhib
itor acriflavine [31,48] as well as the hypoxic cytotoxin tirapazamine 
[52]. Moreover, non-targeted and targeted drug delivery systems have 
been formulated for the intravenous delivery of third-generation PSs (e. 
g., nanoencapsulated PSs zinc- and aluminum phthalocyanine) 
[8,9,465–471] and fourth-generation PSs (e.g., nanoencapsulated PSs 
zinc phthalocyanine with co-encapsulated inhibitors of PDT-induced 
biological response pathways) [31,48,52]. Accordingly, this work 
serves as an investigational drug reference platform for the development 
of NRF2-targeted third-generation and fourth-generation PSs.

When selecting an inhibitor for co-administration or co- 
encapsulation as part of a PDT regimen, several factors should be 
considered. First, the chemical properties (available at: https://doi.org/ 
10.17632/hw4286gycz.1) are key in determining whether (co–)encap
sulation of the inhibitor will be necessary – an aspect that tailors to the 
practical utility and feasibility of the research and development (R&D) 
trajectory. Drugs with a logP of ≥ 4 typically require formulation into an 
aqueous buffer-compatible delivery system such as liposomes or mi
celles, while those that can partition into both aqueous and lipophilic 
compartments (logP of ~ 1–3) are generally more cumbersome to 
encapsulate into stable formulations. Drugs with a logP of ≤ 0 can be 
administered in free form or encapsulated into, for instance, the aqueous 

compartment of liposomes. Second, it is advisable to select an inhibitor 
that inherently possesses anti-cancer properties, preferably by targeting 
multiple pathways (e.g., anti-proliferative, anti-metastatic, pro- 
apoptotic, etc.), next to acting as a survival pathway inhibitor, which 
hypothetically would translate to a ‘multiple whammy’ effect on cancer 
cells. This would render the PDT treatment into a multi-prong thera
peutic approach, which is what we have consistently advocated in the 
framework of optimal cancer treatment [30,472]. In this regard, some 
interesting examples from Table 1 include apigenin, brusatol, chrysin, 
cryptotanshinone, halofuginone, kaempferol, luteolin, NRF2-IN-1, PIK- 
75, triptolide, and wogonin. Third, the drug itself should not confer 
notable toxicity to the organism upon intravenous administration. For 
instance, triptolide has very potent anti-cancer properties (LC50 in the 
low nM range) but is rather toxic to humans, with case reports of people 
dying from accidental poisoning following ingestion of triptolide- 
containing honey [473]. Unless the inherent systemic toxicity of such 
compounds can be mitigated (e.g., through encapsulation or targeted 
delivery), the practical utility will remain limited.

A more general concern with respect to NRF2 inhibition during PDT 
is how the intervention with adjuvants and the combined treatment 
regimen affects healthy tissue. Estimating potential off-target effects is 
currently difficult, given the novelty of NRF2 inhibition in PDT and the 
lack of clinical research in combined PDT treatment regimens. The NRF2 
inhibitors that are currently employed in the clinical setting are used for 
purposes other than NRF2 inhibition per se and are therefore known to 
exert NRF2-unrelated pharmacodynamic effects. Generally, PDT tissue 
specificity is achieved through a combination of preferential tumor tis
sue photosensitization (e.g., through the enhanced permeability and 
retention effect) as well as selective illumination. Still, damage to 
healthy tissue is a risk factor if said tissue has been photosensitized and 
is located in the path of light during treatment [474,475]. Moreover, 
non-selective accumulation of NRF2 inhibitors might exacerbate dam
age to healthy tissue if the inhibitors reduce the ability of healthy cells to 
resist oxidative stress. Some inhibitors might exhibit altered pharma
codynamic behavior in healthy tissues, such as chrysin, or, in the case of 
clobetasol propionate, only work in cells carrying a KEAP1 mutation 

Fig. 7. Molecular docking results of the most strongly binding compounds in the NRF2 binding cavity of KEAP1. The structures of NRF2-IN-1 (A), ochratoxin A (B), 
luteolin (C), and apigenin (D) (yellow) were superimposed onto compound 2 (green), a mimetic of the NRF2 loop structure (Fig. 3A and B, red) that was used as a 
positive control. Dotted lines represent hydrogen bonds (yellow), π-π stacking (cyan), and π-cation interactions (green).
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[226,257,259]. These traits impart greater tissue specificity and hence 
beneficial therapeutic sequelae. However, these features do not apply to 
all inhibitors. As with every new field, future pre-clinical and clinical 
studies are warranted.

In addition to the NRF2 inhibitors described above, which chiefly 
target protein expression levels or activity of NRF2, stimulate its pro
teasomal degradation, block nuclear translocation, or interfere with its 
downstream transcriptional regulation (Fig. 5), future strategies aimed 
at modulating the antioxidant response may also focus on protein 
methylation processes. This is a young but exciting oncotherapeutic 
niche, where protein arginine methylation of non-histone proteins has 
emerged as a potential therapeutic target [476]. The arginine methyl
ation of non-histone proteins is a form of post-translational modification 
that can regulate the localization and activity of various signaling 
molecules, and the aberrant activity of this by protein arginine meth
yltransferases (PRMT) is linked with cancer hallmarks such as unre
stricted proliferation, inflammatory signaling, metastasis, and 
suppression of programmed cell death [477]. As a result, the over
expression of these PRMTs is often associated with poor prognosis in 
various types of cancer [477]. For example, high expression of PRMT1 or 
PRMT5 is associated with worse relapse-free survival in several types of 
breast cancer [478]. Therefore, targeting PRMT1 and PRMT5 is a 
promising therapeutic strategy for cancer, with several inhibitors 
already having entered clinical trials [478].

PRMT1 is the main PRMT found in mammals and is most notably 
known to catalyze the methylation of histone 4 at arginine 3 (H4R3), as 
well as several non-histone substrates including NRF2 [479]. The mono- 
methylation of NRF2 at arginine 437 (R437) has been shown to regulate 
NRF2 transcriptional activity during the antioxidative response [480]. 
R437 is situated within the Neh1 domain of Nrf2 (Fig. 3) that is 
responsible for both heterodimerization with MAF and the binding of 
NRF2 to its target genes [481]. The enzyme responsible for this 
methylation is PRMT1. The methylation of NRF2 at R437 by PRMT1 
produced a moderate increase in transcriptional activity [480], with the 
overall effect of R437 mono-methylation being an increased protection 
against cell death. PRMT5, in contrast, inhibits NRF2 by methylating 
KEAP1 at R596, stabilizing the KEAP1 protein by protecting it from 
ubiquitination [482].

To date, there is no specific PRMT1 inhibitor in clinical use, and the 
closest therapeutic effector is CTS-2190, a type I PRMT inhibitor [483]
intended for the treatment of patients with advanced or metastatic solid 
tumors and currently undergoing phase I/II clinical trials. Another type I 
PRMT inhibitor, GSK3368715, was discontinued primarily due to a lack 
of clinical efficacy and a high rate of thromboembolic events in a phase I 
study [484]. Several inhibitors at the preclinical stage are also available. 
These include, among others, MS023, a type I PRMT1 inhibitor targeting 
PRMT1/3/4/6/8 that shows anti-proliferation properties in patient- 
derived clear cell renal cell carcinoma (IC50 in the range of 0.4 to 6 
µM), with the inhibition of PRMT1 resulting in disruption of DNA repair 
pathways and cell cycle arrest as a result of accumulating double-strand 
DNA breaks [485,486]. Another study also observed cell cycle arrest, 
elevated transcript expression of apoptosis-related genes, and genes 
involved in the adaptive immune response (particularly increased 
expression of MHC class II-related genes) in patient-derived multiple 
myeloma cells [487]. It is important to reiterate the significance of the 
innate and adaptive immune system in long-term tumor control 
[488–492]. Another example is TC-E-5003, which is a selective PRMT1 
inhibitor. TC-E-5003 shows anti-tumor effects when tested against a 
panel of cancer cell lines as well as in vivo tumor growth inhibition 
[493]. A study also found that PRMT1 inhibition using TC-E-5003 
resulted in moderate inhibition of NF-κB and AP-1 signaling [494], 
both of which are considered survival pathways in PDT [28], resulting in 
reduced inflammatory signaling induced by lipopolysaccharide and 
orchestrated by macrophages. It remains to be explored whether this 
ability can be reproduced in cancer, especially in combination with PDT.

To date, none of the PRMT inhibitors have been investigated for their 

effect on NRF2. Similarly, no studies have combined PDT and PRMT 
inhibitors of any type. However, the published studies do point towards 
a potential synergy with PDT, first by their anti-proliferative effects, 
second by their effect on PDT-induced survival signaling, and third by 
the ability to enhance immunogenicity [495]. Therefore, the use of 
PRMT inhibitors opens up a study direction centered on combinational 
therapy with PDT.

6.1. Preclinical and translational caveats and challenges

It should be noted that the translation of NRF2 inhibition strategies 
into clinical practice does not come without challenges. Limitations such 
as incomplete understanding of tumor-specific NRF2 pathway dynamics 
in patients, potential systemic toxicity of inhibitors, and the complexity 
of tumor heterogeneity may affect treatment outcomes and should be 
carefully considered in future studies. Another important aspect to 
consider in future R&D efforts is proper benchmarking in preclinical 
studies. Third- and fourth-generation PSs are being developed to 
improve existing therapeutic options for a particular cancer type. 
Accordingly, it would serve that purpose to benchmark the efficacy of an 
experimental treatment regimen to a clinically employed PDT protocol 
as well as non-PDT treatment options such as gold standard chemo
therapy (e.g., gemcitabine + cisplatin). The goal would be to develop 
interventions that are superior to currently employed clinical modalities 
and to demonstrate this empirically, treating this goal as a key perfor
mance indicator.

The therapeutic window for NRF2 inhibition in PDT is constrained 
by stage-dependent biology of NRF2. In established malignancies, where 
NRF2 is frequently hyperactivated by KEAP1 loss or oncogenic 
signaling, NRF2 drives redox buffering and drug efflux, blunting ROS- 
mediated killing. In this context, transient NRF2 suppression around 
light exposure can potentiate PDT. Corroboratively, NRF2 knockdown 
increased intracellular ROS and significantly enhanced pheophorbide-a 
PDT cytotoxicity in multiple cancer lines, validating NRF2 as a resis
tance node that can be exploited therapeutically [144]. More similar 
examples were provided in section 3.2. By contrast, in premalignant or 
early-stage tissues, NRF2 is tumor-suppressive. Nrf2-deficient mice 
exhibit markedly higher susceptibility to chemical carcinogenesis with 
loss of phase 2 cytoprotective enzyme induction, indicating that basal 
NRF2 activity limits initiation and early progression [496]. Thus, broad 
NRF2 inhibition in early lesions risks exacerbating genotoxic stress and 
promoting tumorigenesis, arguing against routine use in that setting. 
Compounding this, many advanced tumors harbor constitutive NRF2 
activation through KEAP1 mutations, which supports survival and 
therapy resistance [497] and further justifies selective, time-locked 
NRF2 blockade in PDT regimens directed at such tumors. Practically, 
this duality mandates biomarker-guided stratification (KEAP1/NRF2 
status), spatiotemporally restricted delivery (e.g., tumor-targeted 
nanocarriers), and brief peri-PDT inhibition to amplify intratumoral 
oxidative injury without eroding physiological cytoprotection offered by 
NRF2 in normal or premalignant epithelium. In sum, NRF2 inhibition 
can widen the therapeutic index of PDT in resistant cancers, but it may 
be contraindicated early in carcinogenesis, where NRF2 acts as a 
guardian against malignant transformation.

Although targeting NRF2 to potentiate PDT is mechanistically 
attractive, it is imperative to take into account the fact that NRF2 fulfills 
a physiological cytoprotective role in healthy tissues. NRF2 orchestrates 
basal and inducible antioxidant, detoxification, and proteostasis pro
grams in multiple organs. Blockade or attenuation of NRF2 by system
ically infused inhibitors predictably sensitizes healthy cells to oxidative 
and electrophilic injury, which may provoke non-trivial pathogenic 
consequences [498,499] that include amplification of pro-inflammatory 
responses and collateral tissue damage. For instance, brusatol suppresses 
global protein synthesis and accelerates NRF2 loss secondarily to rapid 
downregulation of many short-lived proteins beyond NRF2, which could 
result in non-selective toxicity. Even selective NRF2 inhibitors such as 
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ML385 affect other signaling nodes by ancillary pathway intersection (e. 
g., the PI3K/mTOR pathway), potentiating on-target/off-tumor risk 
[244,246,337]. Off-target risk mitigation is particularly important in 
light of poor tumor selectivity of systemically administered unformu
lated inhibitors, which necessitates the employment of (functionalized) 
nanoparticulate delivery systems such as ligand-targeted liposomes 
[469] and polymeric micelles [467,468] that can be advanced in design 
to co-deliver PS and NRF2 inhibitor spatiotemporally to the tumor (i.e., 
fourth-generation PSs [31,48]) while sparing normal tissues 
[27,500,501]. When formulating fourth-generation PSs it is important to 
understand the issues related to delivery and toxicity mismatch 
emanating from nanoparticles containing hydrophilic, inherently toxic 
small-molecular inhibitors and lipophilic photoactivatable PSs. These 
orthogonal ADMET traits could hinder co-encapsulation, co-bio
distribution, synchronized tumor uptake, and toxicity profiles that in 
turn may give rise to subtherapeutic intratumoral drug ratios 
[500,502,503]. Drug-containing nanoparticles often behave differently 
when injected systemically versus when added to cell culture medium. 
The particles may suffer from destabilization by blood constituents, 
which could prompt premature drug release and corollary abrogation of 
therapeutic efficacy. Notable examples include nanoformulated curcu
min [504] and micelles containing the second-generation PS zinc 
phthalocyanine [467]. Lastly, our understanding of the non-canonical 
roles of NRF2 in e.g., metabolic rewiring (glycolysis, glutaminolysis), 
immune modulation, and autophagy crosstalk [505–507] is incomplete. 
Indiscriminate inhibition of the NRF2 pathway could perturb oncoim
munological metabolism and stress adaptation in unpredictable ways 
that are not per se conducive to therapeutic outcome and/or patient 
safety. Taken together, while NRF2 inhibition + PDT is a rational illu
minosensitization strategy, practically implementable progress hinges 
on tumor-selective, well-characterized inhibitors, co-delivery systems 
that harmonize PS and inhibitor pharmacology, and preferably 
biomarker-driven patient selection to balance efficacy with protection of 
normal tissue homeostasis [28].

Finally, during the R&D trajectory, it is important to consider 
potentially deleterious longer-term effects of novel therapies. One such 
side effect that should be considered when implementing NRF2 in
hibitors as therapeutic adjuvants is the promotion of EMT and subse
quent metastasis. Pharmacological NRF2 inhibition during PDT can 
modulate EMT programs in ways that cut both ways for progression and 
metastasis. PDT-generated ROS can activate TGF-β signaling and pro
mote EMT traits in that blocking NRF2 will amplify ROS, potentially 
exacerbating TGF-β/Notch-driven EMT unless those axes are co- 
controlled. In epithelial models, ROS → NRF2 → Notch signaling is 
required for TGF-β1-induced EMT. Silencing NRF2 or quenching ROS 
attenuates Notch activation and EMT marker switching, implicating 
NRF2 as a facilitator of EMT in certain contexts. Thus, inhibiting NRF2 
could suppress EMT where NRF2 is upstream of TGF-β/Notch, but it 
could also enhance EMT by unleashing ROS-TGF-β signaling when the 
antioxidant brake function of NRF2 is removed [508,509]. NRF2 can 
also stabilize hybrid epithelial/mesenchymal phenotypes that favor 
collective migration. NRF2 knockdown in human NSCLC (H1975) and 
human transitional cell papilloma (RT4) cells destabilizes this state and 
reduces collective motility, suggesting that NRF2 inhibition might 
diminish cooperative invasion in tumors relying on hybrid EMT. 
Conversely, in other cancers, NRF2 was shown to promote EMT and 
anoikis resistance via SNAIL1, implying that NRF2 blockade could limit 
dissemination [510–512]. Moreover, NRF2 can attenuate TGF- 
β-induced EMT (e.g., by restraining SNAIL) so that indiscriminate inhi
bition may de-repress EMT and increase tumor aggressiveness in those 
settings. Because PDT itself can induce EMT, the net effect of NRF2 in
hibition on metastatic potential will depend on the baseline EMT wiring 
(TGF-β/Notch/HIF status) of the treated tumor and EMT mode (hybrid 
versus full) [513–515]. Practically, pairing transient, peri-PDT NRF2 
inhibition with TGF-β/Notch/HIF blockade and monitoring EMT 
markers (E-cadherin, vimentin, ZEB1/SNAIL) constitutes an option to 

leverage cytotoxic gain while minimizing pro-metastatic drift. Admit
tedly, such overly complex therapeutic interventions with joint moni
toring protocols may not always be practically feasible and demand a 
robust SWOT analysis before clinical actualization.

7. Conclusions

The NRF2 pathway is a complex cytoprotective mechanism through 
which cancer cells can cope with high levels of oxidative stress and 
unbalanced redox homeostasis. This pathway is persistently activated in 
various cancer types but can also be activated by cancer cells subjected 
to PDT for survival. The NRF2 pathway is therefore an attractive target 
for therapeutic approaches to sensitize cancer cells to PDT. Although 
numerous NRF2 inhibitors have been identified, the inhibitors have 
either not or only sporadically been investigated in combination with 
PDT. Future research should focus on exploring the inhibition of the 
NRF2 pathway as a way to enhance PDT efficacy, and further on the 
toxicity and therapeutic mechanisms of these drugs in combination with 
PDT. Benchmarking to existing, clinically employed modalities for the 
cancer type of interest is warranted to observe and safeguard the greater 
purpose of the R&D trajectory while harboring target selectivity and 
patient safety aspects of the novel modalities.
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