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Abstract 

Background  Non-communicable chronic diseases are characterized by low-grade inflammation and oxidative stress. 
Extensive research has identified the transcription factor NRF2 as a potential therapeutic target. Current NRF2 activa‑
tors, designed to inhibit its repressor KEAP1, often exhibit undesirable side effects. As an alternative approach, we 
previously developed PHAR, a protein–protein interaction inhibitor of β-TrCP1/NRF2, which promotes NRF2 activa‑
tion. Using the same in silico screening platform, we have now identified a novel compound, P10. This small molecule 
selectively interferes with the β-TrCP1/NRF2 interaction, leading to NRF2 stabilization and transcriptional activa‑
tion of its target genes in a β-TrCP1-dependent manner, demonstrating promising effects in a liver model of acute 
inflammation.

Methods  After an in silico screening of ∼1 million compounds, including molecular docking analysis, ADMET evalua‑
tion, and molecular dynamics simulations, we identified and characterized a novel small molecule, P10, which inhibits 
β-TrCP1/NRF2 interaction. The compound was validated using luciferase reporter assays, co-immunoprecipitation, 
and ubiquitination experiments. The specificity of P10 was assessed by comparing NRF2 signatures in wild-type 
and Nrf2-null cells. The impact of NRF2 activation induced by P10 was investigated by evaluating its antioxidant 
and anti-inflammatory responses against tert-butyl hydroperoxide and lipopolysaccharide, respectively. Finally, wild-
type and Nrf2-null mice were administered P10 intraperitoneally at a dose of 20 mg/kg daily for five consecutive days. 
Four hours before sacrifice, all animals received a lipopolysaccharide (LPS) injection at 10 mg/kg.

Results  P10 selectively disrupts the interaction between β-TrCP1 and NRF2, thereby inhibiting β-TrCP1-mediated 
ubiquitination of NRF2 and leading to the upregulation of NRF2 target genes. Additionally, P10 mitigates oxidative 
stress induced by tert-butyl hydroperoxide and reduces pro-inflammatory markers in an NRF2-dependent manner 
in macrophages treated with lipopolysaccharide. In a preclinical model of liver inflammation, P10 specifically targets 
the liver, significantly attenuating lipopolysaccharide-induced inflammation through the activation of NRF2. This 
is demonstrated by decreased expression of inflammatory cytokine genes and a reduction in F4/80-stained liver 
macrophages. Notably, this anti-inflammatory effect is absent in Nrf2-knockout mice, confirming its NRF2-dependent 
mechanism of action.

Conclusions  P10 emerges as a promising NRF2 activator by selectively disrupting the β-TrCP1/NRF2 interaction, 
highlighting its potential as a therapeutic agent for diseases presenting acute liver inflammation.
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Introduction
NRF2 (Nuclear factor erythroid 2-related factor 2) is a 
cap‘n’collar (CNC) basic-region leucine zipper (bZIP) 
transcription factor that plays a crucial role in cellular 
homeostasis [1, 2]. It regulates the basal and inducible 
expression of over 250 genes containing the Antioxidant 
Response Element (ARE, 5′-TGACNNNGC-3′) in their 
regulatory regions [2, 3]. These genes encode diverse 
cytoprotective proteins involved in detoxification, bio-
transformation, antioxidant defense, inflammation, and 
intermediary metabolism, collectively forming a protec-
tive transcriptional program [4]. While NRF2 is widely 
recognized for its role in regulating oxidative stress and 
promoting cytoprotective responses, it also exerts immu-
nomodulatory functions. NRF2 induces the expression 
of anti-inflammatory genes such as CD36, MARCO, and 
IL-17D [5–7], while repressing pro-inflammatory genes 
like IL-6 and IL-1β [8]. Additionally, NRF2 contributes to 
immune regulation by controlling reactive oxygen species 
(ROS) levels, which influence NF-κB signaling [9–11], 
and by inhibiting immune cell infiltration through the 
regulation of VCAM and MMP9 expression (12–14).

NRF2 protein stability is regulated at least by two E3 
ubiquitin ligase adaptors: KEAP1 and β-TrCP. The latter 
mediates NRF2 degradation following prior phospho-
rylation by glycogen synthase kinase-3β (GSK-3β). Under 

homeostatic conditions, KEAP1 forms a homodimer 
that binds NRF2 at two amino acid motifs with differ-
ing affinities: a low-affinity DLG motif and a high-affinity 
ETGE motif. This interaction presents NRF2 for ubiquit-
ination by the CUL3/RBX1 (Cullin-3/RING-box protein 
1) complex, leading to proteasomal degradation [15, 16]. 
As a result, NRF2 remains at low basal levels under basal 
physiological conditions [17, 18]. KEAP1 contains several 
redox-sensitive cysteine residues that can be modified 
by oxidants or electrophilic compounds [19, 20]. Under 
oxidative stress, these modifications impair KEAP1-
mediated NRF2 degradation, allowing newly synthesized 
NRF2 to accumulate, translocate into the nucleus, het-
erodimerize with small MAF proteins, and activate its 
target genes. The pharmacological inhibition of KEAP1 
has been a major area of research, leading to the develop-
ment of omaveloxolone and dimethyl fumarate (DMF)—
approved KEAP1 inhibitors used to treat Friedreich’s 
Ataxia, psoriasis, and multiple sclerosis, respectively 
[21–24]. However, many electrophilic NRF2 activators 
lack specificity for KEAP1, as they modify cysteines on 
various proteins, which can potentially cause unintended 
cellular effects. Protein–Protein Interaction inhibitors 
(PPI-inh) have emerged to overcome this limitation, as 
a new class of NRF2 activators for targeting the NRF2/
KEAP1 interaction [25–27]. These compounds aim to 
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selectively prevent NRF2 binding to KEAP1, offering a 
more targeted approach to NRF2 activation.

Our group identified a phosphorylation-dependent 
degradation motif (phosphodegron) within the Neh6 
domain of NRF2, which serves as a target for GSK-
3β-mediated phosphorylation [28, 29]. Once phos-
phorylated, this motif is recognized by the E3 ligase 
adaptor β-TrCP (β-transducin repeat-containing pro-
tein). Together, GSK-3β and β-TrCP facilitate NRF2 deg-
radation via the CUL1/RBX1 complex [28–31]. Given 
its pivotal role in NRF2 regulation, the β-TrCP/NRF2 
interaction represents a promising therapeutic target. 
We previously identified PHAR, the first protein–pro-
tein interaction inhibitor (PPI-inh) reported to disrupt 
the β-TrCP/NRF2 complex, leading to NRF2 activation 
[32, 33]. Although β-TrCP-mediated NRF2 degradation 
remains an underexplored pathway for pharmacologi-
cal NRF2 activation, our findings with PHAR highlight 
its potential as a viable molecular target. Conversely, 
PHAR presents certain limitations regarding its ADMET 
(Absorption, Distribution, Metabolism, Excretion, and 
Toxicity) properties. Specifically, PHAR fails in one of 
Lipinski’s Rule of Five criteria, exceeding the molecular 
weight threshold of 500 Da. This higher molecular weight 
contributes to permeability issues and crossing cell mem-
branes, negatively impacting the human body’s pharma-
cokinetic properties and overall drug-like behavior. To 
overcome these limitations, we expanded our search for 
novel compounds that comply with these criteria while 
effectively modulating this pathway. Thus, P10 emerged 
as a strong alternative candidate from these efforts and is 
now undergoing experimental validation.

In this paper, we present P10, a novel PPI-inh devel-
oped by our group, which demonstrates superior inhi-
bition of the β-TrCP1/NRF2 interaction. P10 exhibits 
strong mechanistic protection against lipopolysaccha-
ride (LPS)-induced inflammation in macrophages and 
effectively mitigates acute liver inflammation in a mouse 
model.

Materials and methods
An additional description of some methods is presented 
in the Supplemental Material.

Cell culture and reagents
MCF-7 c32ARE−Luc and mouse embryonic fibroblasts 
(MEFs) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS, HyClone, CH30160.03) with 80 μg/ml gen-
tamicin (Normon Laboratories). Raw264.7 macrophage 
cells were cultured in Roswell Park Memorial Insti-
tute medium (RPMI1640, Sigma-Aldrich, R6504) with 
10% fetal bovine serum (FBS) and 80 μg/ml gentamicin. 

MCF-7 c32ARE−luc cells were kindly provided by Prof. C. 
Roland Wolf (University of Dundee, UK). Keap1+/+ and 
Keap1−/− MEFs were kindly provided by Prof. Ken Itoh 
(Centre for Advanced Medical Research, Hirosaki Uni-
versity Graduate School of Medicine, Hirosaki, Japan). 
Nrf2+/+ and Nrf2−/− MEFs were obtained from respec-
tive wildtype and Nrf2-knockout C57BL/6 mice kindly 
provided by Prof. Masayuki Yamamoto (Department 
of Medical Biochemistry, Tohoku University Gradu-
ate School of Medicine, Sendai, Japan). Other reagents, 
including 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium (MTT), lipopolysaccharide from Escherichia 
coli O111:B4 (LPS, L4391), MG132 (C2211), SB216763 
(S3442), and tBHP (tert-Butyl hydroperoxide, 458,139), 
were purchased from Sigma-Aldrich. Regarding rea-
gents for signaling assays, we include R, S-sulforaphane 
(SFN, LKT Laboratories, Inc. ID S8044), tert-butylhyd-
roquinone (tBHQ, Fluka 19,986), and  LY294002 (TOC-
RIS, 934,389–88-5). LY294002, SB216763, tBHQ, and 
P10 were dissolved in dimethyl sulfoxide (DMSO). The 
final concentration of DMSO in cell culture was less than 
0.2%.

Animals and treatments
All experimental procedures were performed according 
to the Guide for the Care and Use of Laboratory Animals 
and had been previously approved by the Autonomous 
Community of Madrid (PROEX 105/18). All efforts were 
made to minimize animal suffering and to reduce the 
number of animals used. Animals were housed under 
controlled conditions (22 ± 1  °C, 55–65% humidity, 12 h 
light–dark cycle) with free access to water and standard 
laboratory chow. For HPLC analysis of organ exposure 
to P10, 6-month-old C57BL/6 mice were used for each 
experimental condition (n = 5). Mice were randomly 
divided into two groups that received an intraperitoneal 
(i.p.) injection of either vehicle (DMSO: Tween-80: Saline 
0.9%; 20:15:65) or P10 (20 mg/kg body weight dissolved 
in the vehicle). This dose was chosen based on the high-
est concentration that could be effectively used within 
the solubility range permitted by our selected vehicle 
formulation. This dose allowed for proper compound 
delivery without precipitation or formulation issues, and 
appreciable toxicity during the experiment. After 2 h, liv-
ers were collected for biochemical analyses and HPLC. 
For chronic treatments, mice were randomly divided into 
two groups that received an i.p. injection of either vehicle 
or P10 (20 mg/kg) daily. After 5 days, the liver, brain, and 
lung were obtained for biochemical analyses. For induc-
tion of acute liver inflammation, 6-month-old Nrf2+/+ 
and Nrf2−/− mice were randomly divided into two groups 
(n = 5) per genotype. They received an i.p. injection of 
either vehicle (groups 1 and 3) or P10 (groups 2 and 4) as 
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indicated in the chronic regimen for five days. Then, mice 
were treated with an i.p. injection of either saline (groups 
1 and 2) or 10 mg/kg body weight LPS (groups 3 and 4). 
Mice were sacrificed after 4 h, and livers were collected 
for biochemical analyses.

Computational approaches
This section is nearly identical to that described pre-
viously in a publication from our group [32]. In this 
instance, the 1P22 crystallographic structure for 
β-TrCP1-SKP1-β-CATENIN was used. ADMET predic-
tions, molecular docking, and molecular dynamics simu-
lations were performed in DataWarrior v5.0.0 software 
and YASARA structure software, or detailed in the afore-
mentioned paper [32]. The only notable difference is that 
the current version of YASARA (v24.4.10) allows for cal-
culating Gibbs free energy variation using Vina 1.2.5.

Plasmids
The vector HA-Ubiquitin was provided by Dr. Tadashi 
Nakagawa (Division of Cell Proliferation, ART, Tohoku 
University Graduate School of Medicine, Sendai, Japan). 
A plasmid encoding pcDNA3-Flag-β-TrCP1 was kindly 
provided by Dr. Tomoki Chiba (Department of Molecu-
lar Biology, University of Tsukuba, Japan). The expression 
vectors, pcDNA3.1/V5His-mNRF2ΔETGE, pcDNA3.1/
V5His-mNRF2ΔETGE-6S6A, pcDNA3.1/V5His-
mNRF2ΔETGE-4S4A and pcDNA3.1/V5His-mNRF2ΔETGE-
2S2A, have been previously described [34].

Luciferase assays
MCF-7 c32ARE−LUC cells were seeded on 24-well plates 
(75,000 cells per well) and incubated with P10 and SFN 
for 16 h. Then, cells were lysed and assayed with a lucif-
erase assay system (Promega) according to the manu-
facturer’s instructions [35]. Relative light units were 
measured in a GloMax 96 microplate luminometer with 
dual injectors (Promega). Each sample was measured 
from at least triplicate samples.

Cell viability assessment by MTT reduction
In live cells but not in dead ones, the tetrazolium ring 
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) can be reduced by active dehydroge-
nases to produce a formazan precipitate [32]. At the end 
of the experiments, cells were washed three times with 
phosphate-buffered saline (PBS) followed by the addition 
of MTT (0.125 mg/ml) and incubation for 1 h at 37  °C. 
Thereafter, the media was removed and DMSO was 
added to each well to dissolve the formazan precipitate 
for 30  min, thereby determining the relative number of 
alive cells. An aliquot (100  μl) of the supernatants was 

analyzed in 96-well multiwell plates at 550 nm in a VER-
SAmax microplate reader (Molecular Devices).

High‑performance liquid chromatography (HPLC)
The mouse liver samples (∼80  mg) were treated with 
0.5 ml methanol, grinded in a potter, and centrifuged. The 
supernatant was collected and filtered through a 0.45 μm 
PTFE microfilter (Fisherbrand). The samples were first 
analyzed by HPLC–UV and the eluted peaks were fur-
ther analyzed by HPLC–MS afterwards. As an  internal 
standard, P10 was prepared in methanol and analyzed by 
HPLC–MS.

Lentiviral vector production and infection
The pseudotyped lentivirus particles were produced 
in HEK293T cells employing shβ-TrCP1 (NM_009771 
TRCN-0000012807) and shβ-TrCP2 (NM_134015 
TRCN-0000231303) (Sigma-Aldrich; MISSION 
shRNA), and scrambled RNA vector (Addgene; shC-
trl 1864). Briefly, a mixture of 6 μg of envelope plasmid 
(pMD2G 12259, Addgene), 6  μg of packaging plasmid 
(psPAX2 12,260, Addgene) and 10  μg of transfer vec-
tor was prepared in OPTIMEM media (Thermo Fisher 
Scientific) and transfected into HEK293T cells (2 × 106 
cells/100  mm dishes), using Lipofectamine and Plus 
Reagent (Thermo Fisher Scientific) according to the 
manufacturer’s protocol. Lentivirus-containing superna-
tant was harvested and passed through a 0.45 μm filter. 
Cells were infected in the presence of 4 μg/ml polybrene 
(Sigma-Aldrich) and selected with 1  μg/ml puromycin 
(Sigma-Aldrich) for 5 days.

Immunoblotting
This protocol was performed as described in [36]. Briefly, 
cells were washed once with cold PBS and lysed with lysis 
buffer (TRIS pH 7.6 50 mM, 400 mM NaCl, 1 mM EDTA, 
1 mM EGTA, and 1% SDS). The samples were sonicated 
and precleared by centrifugation, and cell lysates were 
resolved in SDS-PAGE and transferred to Immobilon-P 
membranes (Millipore, Billerica, MA). These membranes 
were analyzed using the primary antibodies indicated in 
Supplementary Table 1, and the appropriate peroxidase-
conjugated secondary antibodies. Proteins were detected 
by enhanced chemiluminescence (GE Healthcare).

Ubiquitination assay
MCF-7 c32ARE−Luc cells were seeded on 60-mm dishes 
(5 × 105 cells per dish), cultured for 16  h, and co-
transfected with expression plasmids for HA-Ubiq-
uitin (HA-Ub), pcDNA3-Flag-β-TrCP1 and either 
pcDNA3.1/V5His-mNRF2ΔETGE, pcDNA3.1/V5His-
mNRF2ΔETGE-6S6A, pcDNA3.1/V5His-mNRF2ΔETGE-
4S4A or pcDNA3.1/V5His-mNRF2ΔETGE-2S2A, using 
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Lipofectamine 2000 (Invitrogen) according to manu-
facturer recommendations (see details in Supplemental 
Material).

Co‑immunoprecipitation assay
Previously described in [36]. MCF-7 c32ARE−Luc cells were 
seeded on 60-mm dishes (5 × 105 cells per dish) and cul-
tured for 16 h. Subsequently, the cells were co-transfected 
with expression plasmids for pcDNA3-Flag-β-TrCP1 
together with either pcDNA3.1/V5His-mNRF2ΔETGE 
or pcDNA3.1/V5His-mNRF2ΔETGE-6S6A, using Lipo-
fectamine 2000 (Invitrogen) (see details in Supplemental 
Material).

Analysis of mRNA levels by real‑time quantitative PCR
Total RNA was extracted using TRIzol reagent accord-
ing to the manufacturer’s instructions (Invitrogen). 
Reverse transcription and quantitative PCR were done 
as detailed elsewhere [37]. Primer sequences are shown 
in Supplementary Table  2. Data analysis was based on 
the ΔΔCT method with normalization of the raw data to 
housekeeping mouse/human genes Vcl/VCL and Gapdh/
GAPDH (Applied Biosystems). All PCRs were performed 
in triplicate.

Determination of reactive oxygen species by flow 
cytometry
MCF-7 c32ARE−Luc cells were incubated for 1 h at 37  °C 
with 2  μM dihydroethidine (DHE; ThermoFisher Sci-
entific) and then detached from the plate, washed once 
with cold PBS, and analyzed immediately. Intracellular 
reactive oxygen species (ROS) were detected in a FAC-
SCanto II (BD Biosciences) flow cytometer according 
to DHE oxidation, which emits orange fluorescence (BP 
575/24 nm).

Histological analysis
Livers were post-fixed with 4% paraformaldehyde for 
24 h and then submerged in 70% ethanol. Next, they were 
embedded in paraffin, cut into 5 μm-thick sections, and 
stained with hematoxylin and eosin (H&E). For immu-
nohistochemical analyses, sections were deparaffinized 

and rehydrated in water, and antigen retrieval was car-
ried out by incubation with citrate buffer pH 6.0 at 50 °C 
for 30  min. Endogenous peroxidase and nonspecific 
antibody reactivity were blocked by treatment with 3% 
H2O2 at room temperature for 10 min. The sections were 
then incubated for 16  h at 4  °C with the corresponding 
peroxidase-conjugated primary antibody (diluted in PBS 
containing 1% normal goat serum) F4/80 (1:150, Serotec) 
and developed with 3,3′-diaminobenzidine (DAB). The 
sections were counterstained with hematoxylin, dehy-
drated in ethanol, then in xylol, and then mounted in 
DePex (Thermo Fisher Scientific). Negative controls with 
goat normal serum, replacing the primary antibody, were 
used. Densitometric quantification was done using mac-
ros of the ImageJ software [32].

Statistical analysis
Unless otherwise indicated, all experiments were per-
formed at least 3 times and all data presented in the 
graphs are the mean of at least 3 independent experi-
ments. Data are presented as mean ± S.D. (stand-
ard deviation). Statistical differences between groups 
were assessed using GraphPad Prism 8 software by the 
unpaired Student’s t-test. One and two-way analyses of 
variance with post- Bonferroni’s test were used for multi-
ple comparisons. A p-value ≤ 0.05 was considered statis-
tically significant. Statistically significant differences are 
indicated in the figures (***p values < 0.001, ** < 0.01 and 
* < 0.05) (###p values < 0.001, ## < 0.01 and # < 0.05).

Results
In silico identification of a small molecule putatively 
targeting the β‑TrCP1/NRF2 interaction
Using the selection criteria previously described 
in [32], this study identified another weak NRF2 
activator and docked it to the WD40 propel-
ler of β-TrCP1. This compound exists in two 
isomeric forms: 2-oxo-2-(1H-pyrrole-2-carboxa-
mido)ethyl (Z)-4-(furan-2-ylmethylene)-1,2,3 and 
2-oxo-2-(1H-pyrrole-2-carboxamido) ethyl (E)-
4-(furan-2-ylmethylene)-1,2,3,4-tetrahydroacridine-
9-carboxylate. For simplicity, in this study, we will call 

(See figure on next page.)
Fig. 1  Selection of P10 as a candidate disruptor of the β-TrCP1-NRF2 interaction, based on molecular docking and dynamics simulations. A, B 
Structures of the cis and trans isomers of P10, respectively. C, D Low energy of P10 cis- and trans molecules docked to the surface of β-TrCP1, 
in the WD40 domain (PDB code 1P22). The ΔG values (calculated with YASARA software using Vina v1.2.5) are provided, where more negative values 
indicate stronger binding of P10 to the β-TrCP1 protein. E Molecular dynamics simulation of trajectories of the P10 isomers bound to β-TrCP1 
during a 200 ns. F Calculated MM|PBSA free energy values for the P10-β-TrCP1 isomer complex. MM|PBSA calculations from YASARA yield positive 
values when strong and stable binding is predicted, whereas negative values suggest weak or no binding. G ΔG values were calculated for each 
snapshot generated during the 200 ns of MD simulation, with more negative values reflecting stronger binding of P10 to the protein. The frequency 
plot of the ΔG values for each simulation exhibits a Gaussian distribution. H ΔG values (mean ± S.D., calculated from the Gaussian fit) for each 
P10-protein complex. I Occupancy time of β-TrCP1 amino acids interacting with each P10 isomer over the 200 ns MD simulation
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P10 the racemic mix (Fig.  1A and B). The core struc-
ture of P10 is 2, 4-tetrahydroacridine-9-carboxylate. 
Fig.  1C and D show the binding of P10 docked to the 

WD40 domain of β-TrCP1, close to the channel of 
WD40 and partially overlapped with the NRF2 bind-
ing reported in [29]. Images of interaction in the 

Fig. 1  (See legend on previous page.)



Page 7 of 19García‑Yagüe et al. Journal of Biomedical Science           (2025) 32:65 	

sagittal plane among P10 and WD40 of β-TrCP1 sug-
gest that P10 seems to be drain-plug shaped (Suppl. 
Fig. S1 A–D). The Gibbs free energy variation values 
are − 8.98 kcal/mol for the cis-isomer and − 8.87 kcal/
mol for the trans-isomer. Molecular dynamics simula-
tions were performed for 200  ns on the P10-β-TrCP1 
complexes generated by molecular docking (Fig.  1C 
and D). Figure 1E shows the trajectory of both isomers 
bound to the protein, with no shifts beyond 5  Å from 
the initial pose determined by the docking simulation, 
indicating stable binding of each isomer to the pro-
tein. Figure  1F shows the calculated solvation binding 
energy values (MM|PBSA) for the protein–ligand inter-
action, which remains stable over the estimated time 
(the last 50  ns of the 200  ns simulation). These values 
are comparable to, or slightly higher than, those previ-
ously calculated for PHAR [32]. Additionally, we cal-
culated the Gibbs free energy variation for each of the 
2000 snapshots taken during the molecular dynamics 
simulation (Fig. 1G). This parameter follows a Gaussian 
distribution (Fig.  1H), allowing us to determine aver-
age ΔG values binding of −  7.3 ± 0.5  kcal/mol for the 
P10-cis and − 7.7 ± 0.7 kcal/mol for the P10-trans. The 
orientation of both isomers in their interaction with 
β-TrCP1 is similar, with the extreme pyrrole ring enter-
ing the protein channel in both cases. Curiously, there 
are only minor differences in the ΔG values of the two 
isomers. One possible explanation may be the position 
of the front furane group linker to aromatic rings of 
acridine of P10 seems to have an interaction with any 
amino acid of β-propeller β-TrCP1 in the trans, but not 
in cis isomers (Suppl. Fig. S1A–D). However, analysis 
of the “fingerprint” generated on the amino acids of the 
β-TrCP1 binding site reveals clear differences (Fig. 1I). 
The most notable differences are observed in the hydro-
gen bonding patterns of each isomer with β-TrCP1. In 
the P10-cis isomer, hydrogen bonds are formed with 
the residues Tyr271, Leu311, and Arg524. In contrast, 
the P10-trans isomer interacts with Arg474, Phe523, 
and Arg524, resulting in clearly different occupancy 
rates (Fig.  1I). Furthermore, the majority of interac-
tions during the simulation are hydrophobic for both 
isomers, and  the patterns of the amino acids involved 
differ, with Ser325, Ala349, Leu351, Val395, Cys435, 
Cys475, and Phe523 for P10-trans and Cys312, Gly432, 
Ala434, Ser448, Leu472, and Tyr488 for P10-cis. Thus, 
both isomers might be interfering in the interaction of 
NRF2 with β-TrCP1 in this region, thereby preventing 
the proteasomal degradation of NRF2. However, it is 
worth noting that while interaction with key residues of 
β-TrCP1 is predicted for both isomers, mainly Arg474, 
Arg524, Leu351, Asn394, and Ala434 [29], the score asso-
ciated with these interactions may vary, implying that 

they may not be equally effective in inhibition of the 
interaction with these residues (Suppl. Fig. S1E and F).

P10 increases NRF2 protein levels and its target genes.
The ability of P10 to activate NRF2 was first examined 
using the MCF-7 c32ARE-LUC cell line, which contains 8 
tandem repeats of the ARE sequence driving the expres-
sion of the firefly luciferase gene [35]. To achieve a sig-
nificant activation of the GSK-3/β-TrCP1 axis, cells were 
maintained under low-serum conditions (16 h, 1% FBS) 
[28], followed by P10 treatment (16 h, 3 and 9 μM) and 
then analyzed for luciferase activity. As shown in Fig. 2A, 
P10 produced a ∼fourfold increase of the luciferase ARE 
reporter, which was about half the effect observed with 
the canonical KEAP1 inhibitor SFN at 9  µM [38]. The 
analysis of cell viability with MTT did not show signifi-
cant cellular toxicity at any of the concentrations used 
(Fig. 2A). We also evaluated the effect of P10 on activa-
tion of the endogenous NRF2 and one of its main tar-
get genes HO-1, and the levels of both proteins were 
increased (Fig.  2B). Additionally, in time-course experi-
ments, P10 increased NRF2 protein levels after 4 h treat-
ment and maintained plateau values at least for 16  h 
(Fig. 2C and D). The bona-fide transcript targets of NRF2 
(ARE-genes), HMOX1, SLC7A11, and OSGIN1 were ana-
lyzed in parallel. As shown in Fig. 2E, P10 increased the 
transcript levels of the three ARE-genes from 4 to 16 h.

To corroborate that P10 induces the expression of 
ARE-genes in an NRF2-dependent manner, MEFs from 
Nrf2-wildtype (Nrf2+/+) or Nrf2-knockout (Nrf2−/−) mice 
were incubated with 10 μM P10 at different time points 
(4, 8, and 16 h). In Nrf2+/+ MEFs, P10 produced a signifi-
cant increase in HO-1 and NQO1proteins that was not 
observed in Nrf2−/− MEFs (Fig.  2F and G). Moreover, 
in Nrf2−/− MEFs, P10 did not significantly induce the 
expression of three robust NRF2 targets, Hmox1, Nqo1, 
and Slc7a11 (Fig.  2H). These results indicate that P10 
activates NRF2, which is responsible for the increase in 
the expression of its target genes, therefore excluding 
other mechanisms.

P10 activates NRF2 in KEAP1‑deficient cells.
Since NRF2 is mainly regulated by the E3-ubiquitin 
ligase adapter KEAP1, we deemed it necessary to deter-
mine if P10 might act via inhibition of KEAP1. We 
addressed this question by comparing the effects of 
P10 on NRF2-targets in MEFs from Keap1-wildtype 
(Keap1+/+) and Keap1-knockout (Keap1−/−) mice 
(Fig.  3A and B). As expected, we found higher lev-
els of NRF2 and HO-1 proteins at the resting state in 
Keap1−/− MEF cells compared to Keap1+/+ MEF cells, 
as previously reported in [32, 39]. While 10  μM SFN, 
used as a positive control for KEAP1 inhibition, led to 
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Fig. 2  Evaluation of P10 as an NRF2 inducer. A MCF-7 c32ARE−LUC reporter cells were maintained under low-serum conditions (16 h, 1% FBS) 
and then subjected to the indicated P10 concentrations or 10 μM SFN, as a positive control. 0.1% DMSO was used as a vehicle. Luciferase activity 
was measured after 16 h of treatment. Data are mean ± S.D. (n = 4). *p < 0,05; **p < 0.01; #p < 0,05; ###p < 0.001 vs. vehicle according to a one-way 
ANOVA test. MTT assay, performed to determine the cell viability of P10 and SFN in low-serum starved (1% FBS) cells. Data are mean ± S.D. (n = 4). 
B MCF-7 c32ARE−LUC cells under low-serum conditions (16 h, 1% FBS) were subjected to the indicated P10 concentrations and SFN, as a positive 
control, for 16 h. Representative immunoblots of NRF2 (arrowhead) and HO-1, VCL, and GAPDH as a loading control. The NRF2 blot shows 
a strong unspecific band that is shown as an additional loading control. C Representative immunoblots of NRF2 (arrowhead) and HO-1, VCL, 
and GAPDH as a loading control from low-serum conditions (16 h, 1% FBS) MCF-7 c32ARE−LUC were submitted to 10 μM P10 for the indicated 
times, and SFN as a positive control. D Densitometric quantification of NRF2 and HO-1 protein levels from representative immunoblots of C 
expressed as a ratio of VCL and GAPDH, respectively. Data are mean ± S.D. (n = 3). **p < 0.01; ***p < 0.001 vs. vehicle according to a one-way ANOVA 
test. E Low-serum conditions (16 h, 1% FBS) MCF-7 c32ARE−LUC were subjected to 10 μM P10 for the indicated times. Transcript levels of HMOX1, 
SLC7A11, and OSGIN1 were determined by qRT-PCR and normalized by the geometric mean of GAPDH and VCL levels. Data are mean ± S.D. (n = 3). 
**p < 0.01 ***p < 0.001 according to a one-way ANOVA test. F Representative immunoblots of NRF2 (arrowhead), HO-1, NQO1, KEAP1, β-TrCP1, 
VCL, and GAPDH as a loading control from low-serum conditions (16 h, 1% FBS) MEFs from Nrf2-wildtype (Nrf2+/+) and Nrf2-knockout (Nrf2−/−) 
mice subjected to 10 μM P10 for the indicated times. G Densitometric quantification of NRF2, HO-1, and NQO1 protein levels from representative 
immunoblots from F, expressed as a ratio of VCL and GAPDH, respectively. Data are mean ± S.D. (n = 3). *p < 0,5; **p < 0,01; ***p < 0.001 vs vehicle 
of Nrf2+/+ according to a two-way ANOVA test. H mRNA levels of several ARE-genes were determined after 10 μM P10 for the indicated times, 
by qRT-PCR and normalized by the geometric mean of Gapdh and Vcl levels. Data are mean ± S.D. (n = 3). **p < 0,01; ***p < 0.001 vs Nrf2+/+ according 
to a two-way ANOVA test
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NRF2 activation only in Keap1+/+ MEFs, a time-course 
incubation with 10  μM P10 revealed a similar NRF2 
and HO-1 protein increase and of Hmox1, Nqo1 and 
Scl7a11 transcript levels in both cell lines. The effect of 
P10 was similar to that of a recently described β-TrCP/
NRF2 inhibitor, PHAR (10 μM, 16 h) (Fig. 3C).

P10 does not alter signaling cascades.
The PI3K/AKT/GSK-3β signaling cascade has been 
reported to play a role in β-TrCP1-mediated regulation 
of NRF2 [29, 40, 41]. To investigate if P10 might alter this 
pathway, we first used the PI3K inhibitor LY294002. The 
inhibition of PI3K results in GSK-3β activation, leading 
to the phosphorylation of NRF2 at its Neh6 domain and 

Fig. 3  P10 induces NRF2 signature in a KEAP1-independent but PI3K/AKT/GSK3β-dependent manner. A Representative immunoblots of NRF2 
(arrowhead), HO-1, β-TrCP1, KEAP1, VCL, and GAPDH as a loading control from low-serum conditions (16 h, 1% FBS) MEFs from Keap1-wildtype 
(Keap1+/+) and Keap1-knockout (Keap1−/−) mice subjected to 10 μM P10 for the indicated times, and 10 μM SFN and 10 μM PHAR, as a positive 
control. B Densitometric quantification of NRF2 and HO-1 protein levels from representative immunoblots from A, expressed as a ratio of VCL 
and GAPDH, respectively. Data are mean ± S.D. (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; #p < 0,05 vs point 0 according to a two-way ANOVA test. C 
mRNA levels of ARE-genes were determined after 10 μM P10 for the indicated times, by qRT-PCR and normalized by the geometric mean of Gapdh 
and Vcl levels. Data are mean ± S.D. (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; #p < 0,05; ###p < 0.001 vs point 0 according to a two-way ANOVA 
test. D Representative immunoblots of NRF2, AKT-pSer473, AKT, GSK-3β-pSer9, GSK-3β, KEAP1, β-TrCP1, and VCL as a loading control. Low-serum 
conditions (16 h, 1% FBS) Keap1−/− MEFs were subjected to the vehicle (0.1% DMSO) or 10 μM of P10 for 16 h. Then, cells were treated with 20 μM 
LY294002 for the indicated times. E Densitometric quantification of NRF2 protein levels from representative immunoblots from D, expressed 
as a ratio of VCL. Data are mean ± S.D. (n = 3). *p < 0.05 vs LY2940002 at point 0, according to a two-way ANOVA test. F Representative immunoblots 
of NRF2 (arrowhead), KEAP1, β-TrCP1, VCL, and GAPDH as a loading control. Keap1−/− MEFs were low-serum conditions (16 h, 1% FBS) and then 
subjected to 10 µM P10, 10 µM SB216763 (GSK-3 inhibitory agent), or to both treatments for 8 h. G Densitometric quantification of NRF2 protein 
levels from representative immunoblots from F, expressed as a ratio of GAPDH and VCL. Data are mean ± S.D. (n = 3) *p < 0.05; **p < 0.01; ***p < 0.001 
according to Student t-test
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promoting its degradation via interaction with β-TrCP 
[40]. To eliminate potential alternative mechanisms 
mediated by KEAP1, we used Keap1−/− MEFs. Cells were 
pre-treated with 10 μM P10 or vehicle for 16 h and then 
treated with 20  μM LY294002 for the indicated times. 
After 60  min, LY294002 caused a notable decrease in 
AKT-pSer473 (inhibition) and GSK-3β-pSer9 (activation), 
which correlated with a reduction in NRF2 protein levels 
(Fig.  3D). Conversely, P10 partially rescued NRF2 from 
the effect to LY294002 (Fig. 3D and E). To further analyze 
the putative participation of GSK-3β in the P10 response, 
we used the GSK-3β inhibitor SB216763 [28]. P10 
increased NRF2 levels to the same extent as SB216763. 
Moreover, when cells were subjected to both SB216763 
and P10 drugs, NRF2 levels were increased to a similar 
extent as with any of them alone (Fig. 3F and G), suggest-
ing that both drugs target the same pathway.

Some electrophiles like tert-butyl hydroquinone 
(tBHQ) may also activate NRF2 through modification 
of signaling events. Thus, inhibition of the lipid and 
protein phosphatase PTEN, leading to GSK-3β activa-
tion through inhibition of the PI3K/AKT axis, results in 
NRF2 phosphorylation, creating a β-TrCP1 recognition 
site for ubiquitin–proteasome degradation [28, 29]. We 
compared the effect of P10 and tBHQ as controls in the 
MCF-7 c32ARE−LUC cell line. As expected, 10 µM of both 
P10 and tBHQ increased NRF2 levels over time with dif-
ferent dynamics (Suppl Fig. S2A and D). tBHQ increased 
pSer473-AKT- and pSer9-GSK-3β levels, indicative of their 
activation and inhibition, respectively, but this effect was 
not observed with P10, suggesting that P10 does not alter 
this pathway (Suppl Fig. S2B and D).

MAPKs modify NRF2 activity by poorly defined mech-
anisms [42–44]. To determine if P10 could impact these 
pathways, we treated the MCF-7 c32ARE−LUC cell line 
with P10 and tBHQ as a control. We found that tBHQ 
increased the phosphorylation of the three MAPKs, 
phospho-p38 (pThr180/pTyr182), phospho-ERK1/2 
(pThr202/pTyr204), and phospho-SAPK/JNK (pThr183/
pTyr185) (Suppl Fig. S2C and S2D). However, P10 did not 
modify them, suggesting that P10 induces NRF2 without 
activating these kinases (Suppl Fig. S2C and S2D).

P10 increases NRF2 protein levels in a β‑TrCP1‑dependent 
manner.
Our in-silico analysis is consistent with P10 being a 
β-TrCP1/NRF2 interaction inhibitor. To get insight into 
this possibility, we employed a knock-down approach 
in MEFs from Keap1−/− mice. Since two mammalian 
β-TrCP paralogues exist, β-TrCP1 and β-TrCP2 [30], we 
knocked-down both isoforms. Cells were transduced 
with lentiviral vectors encoding sh-β-TrCP1 and sh-β-
TrCP2 for 5  days (Fig.  4A–D). This protocol yielded 

a decrease of > 90% for β-TrCP1 (Btrc) and > 80% for 
β-TrCP2 (Fbxw11) mRNA levels (Fig.  4D) compared to 
shCTRL-infected cells. Accordingly, protein levels of the 
canonical substrate, β-CATENIN, were increased in sh-
Btrc and sh-Fbxw11 infected cells compared to control.

In shCTRL-infected cells, P10 led to an increase in 
NRF2 protein levels as early as 4 h and sustained for at 
least 16  h (Fig.  4A and B). However, P10 did not affect 
β-CATENIN levels, suggesting that P10 is not capa-
ble of displacing β-CATENIN from its interaction 
with β-TrCP1 (see Discussion and [45]). In contrast, in 
β-TrCP1/2 knocked-down cells, NRF2 levels were higher 
and were not further increased by P10 (Fig.  4A and B). 
Additionally, the response to P10 was also impaired in 
the expression of three NRF2-target genes, Hmox1, Nqo1, 
and Slc7a11 (Fig. 4C).

To gain further information about the contribution 
of P10 in disrupting the association between NRF2 and 
β-TrCP1, we conducted a co-immunoprecipitation 
assay. MCF-7 c32ARE−LUC cells were co-transfected 
with NRF2ΔETGE-V5/6xHis, which lacks the high-
affinity ETGE domain of NRF2 for KEAP1 binding, or 
NRF2ΔETGE-V5/6xHis-6S6A, which, in addition, lacks 
the motif for recognition by β-TrCP1 as a control. Cells 
were maintained under low-serum conditions (16 h, 1% 
FBS), co-transfected with Flag-β-TrCP1 and pre-treated 
with P10 (10 µM, 16 h). Subsequently, the lysed cells were 
immunoprecipitated using an anti-FLAG antibody. NRF2 
with an intact Neh6 domain (NRF2ΔETGE-V5/6xHis) was 
pulled down with β-TrCP1 (Fig.  4E). In contrast, P10 
abolished this interaction (Fig. 4E). As expected, P10 did 
not affect the NRF2ΔETGE-V5/6xHis-6S6A mutant, which 
does not interact with β-TrCP1 (Fig. 4E).

Next, we sought to determine if P10 inhibits β-TrCP1-
mediated ubiquitination of NRF2, employing the MCF-7 
c32ARE−LUC cell line. Cells are maintained under low-
serum conditions (16  h, 1% FBS) and co-transfected 
with Flag-β-TrCP1, HA-Ub, and NRF2ΔETGE-V5/6xHis. 
Then, we pulled down NRF2 with the nickel column 
and measured the amount of HA-Ub bound to NRF2. A 
reduction in ubiquitin bound to NRF2 was found in the 
NRF2 mutants that do not bind β-TrCP1 (Fig.  4F) [28, 
29]. However, NRF2ΔETGE-V5/6xHis exhibited a signifi-
cant level of ubiquitination, and following treatment with 
different concentrations of P10 for 16  h, we observed a 
dose-dependent decrease (Fig. 4F).

P10 reduced tBHP‑induced oxidative stress.
The next goal was to analyze whether P10 might exert 
protection against a strong oxidant insult, such as tert-
Butyl Hydroperoxide (tBHP). Low-serum grown (16 h, 
1% FBS) MCF-7 c32ARE−LUC cells were incubated with 
P10 (10 μM, 16 h) and then treated with 200 or 600 μM 
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tBHP for 3 h. As anticipated, P10 caused an upregula-
tion of the levels of NRF2 and the target gene product 
HO-1 (Fig.  5A). The levels of reactive oxygen species 
(ROS) were analysed by flow cytometry in parallel cell 
cultures incubated with 2  μM dihydroethidine (DHE) 
for 60 min. As shown in Fig. 5B and C, pre-incubation 
with P10 significantly attenuated the DHE signal in 

response to both tBHP concentrations. These results 
suggest that P10 mitigates ROS dysregulation.

P10 attenuates LPS‑induced inflammation in macrophages
Considering the well-established role of NRF2 in the 
resolution of inflammation [46], we tested the potential 
anti-inflammatory effect of P10 in lipopolysaccharide 

Fig. 4  P10 increases NRF2 protein levels in a β-TrCP1-dependent-manner. A Representative immunoblots from control (shCTRL) and β-TrCP 
knocked-down (shβ-TrCP1/2) MEFs that were submitted to 10 μM P10 for the indicated times, including the following proteins: NRF2 (bracket), 
HO-1, β-CATENIN, KEAP1, β-TrCP1, and VCL and GAPDH as a loading control. B Densitometric quantification of NRF2 and β-CATENIN protein levels 
from representative immunoblots from A, normalized with GAPDH and VCL. Data are mean ± S.D. (n = 3). *p < 0,05; **p < 0.01 vs. shCTRL at point 0 
according to a one-way ANOVA test. C Expression of three NRF2-regulated genes in shCTRL vs. shβ-TrCP1/2 Keap1−/− MEFs. Cells were submitted 
to 10 μM P10 for the indicated times, and transcript levels were determined by qRT-PCR and normalized by the geometric mean of Gapdh 
and Vcl levels. Data are mean ± S.D. (n = 3). **p < 0.01; ***p < 0.001 vs. shCTRL at point 0 according to a two-way ANOVA test. D Knockdown of Btrc 
(encoding β-TrCP1) and Fbxw11 (encoding β-TrCP2). Keap1−/− MEFs were transduced with control lentivirus encoding shCTRL or a combination 
of two lentiviruses encoding sh-Btrc and sh-Fbxw11. After 5 days, transcript levels of Btrc and Fbxw11 were determined by qRT-PCR and normalized 
by the geometric mean of Gapdh and Vcl. Data are mean ± S.D. (n = 3). ***p < 0.001 vs. shCTRL according to a Student’s t-test. E MCF-7 c32ARE−LUC 
cells were cotransfected with the indicated plasmids or with an empty vector. After transfection (5 h), cells were in low-serum conditions (16 h, 
1% FBS) and subjected to 10 µM P10. One-fifth of the whole-protein lysate was used to control for protein expression, and it was blotted with V5, 
FLAG, and VCL. The rest of the protein lysates were immunoprecipitated with anti-FLAG antibodies and immunoblotted with anti-FLAG and anti-V5. 
F MCF-7 c32ARE−LUC cells were transfected with the indicated plasmids. After transfection (5 h), cells were in low-serum conditions (16 h, 1% 
FBS) and subjected to P10 for the indicated concentrations. An affinity-purified His-tagged fraction (His-Pull-down) was blotted with an anti-HA 
antibody, and a whole-cell lysate (input) was blotted with V5, FLAG, and VCL as loading control. As controls of ubiquitin bound to NRF2, we carried 
out one with just co-transfected NRF2ΔETGE-V5/6xHis with Flag-β-TrCP1 without HA-Ub for validating the recognition of specific HA antibody 
smear-band, and an additional control employed just HA-Ub transfected for evaluating unspecific HA-Ub binding to Probond beads
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(LPS)-treated Raw264.7 mouse macrophages (Fig. Suppl 
3 of supplemental material). As expected, 50 ng/ml LPS 
induced an inflammatory response in vehicle-treated 
cells after 3  h, evidenced by the increase in the pro-
tein levels of pre-IL1β and COX-2. By contrast, P10 led 
to an expected increase of NRF2 and HO-1 protein lev-
els, along with a significant attenuation of these inflam-
matory markers (Suppl Fig. S3A and S3B). Similarly, the 
induction of mRNA levels of inflammatory markers Il1b, 
Ptgs2, Il6, and Tnf was also attenuated in P10-treated 
cells (Suppl Fig. S3C).

We also determined if P10 required NRF2 to elicit the 
anti-inflammatory response by using peritoneal mac-
rophages isolated from Nrf2+/+ and Nrf2−/− mice. Pre-
treatment of P10 (10 μM, 16 h) was followed by an LPS 
incubation (50 ng/ml) for 3 h. We found that in Nrf2+/+ 
macrophages, P10 attenuates the LPS-induced expres-
sion of pre-IL-1β and COX-2 proteins (Fig.  6A and B), 
and Il1b, Ptgs2, Inos, Il6, and Tnf transcripts (Fig. 6C), but 
not in Nrf2−/− macrophages. These results show that P10 
exerts an anti-inflammatory effect in an NRF2-related 
manner.

Fig. 5  P10 attenuates redox dysregulation. A Representative 
immunoblots of NRF2 (arrowhead), HO-1, VCL, and GAPDH 
as a loading control from low-serum conditions (16 h, 1% FBS) MCF-7 
c32ARE−LUC that were pre-treated with 10 μM P10 for 16 h and then 
submitted to tert-butyl hydroperoxide (tBHP) as indicated for 3 h. 
B, C Flow cytometry analysis of tert-butyl hydroperoxide-induced 
intracellular ROS production measured by 2 μM hydroethydine (HE) 
fluorescent probe (BP 575/24 nm). A representative sample of 10,000 
cells is shown for each condition. Data are mean ± S.D. (n = 3). 
*p < 0.05; ***p < 0.001 vs. P10 according to a Student’s t-test

Fig. 6  P10 decreases the inflammatory response in an NRF2-dependent manner. Low-serum conditions (16 h, 1% FBS) peritoneal macrophages 
were pre-treated with 10 µM P10 for 16 h and then incubated with 50 ng/ml LPS for 3 h. A Representative immunoblots of NRF2 (arrowhead), 
HO-1, COX-2, pre-IL-1β, GAPDH, and VCL as a loading control. B Densitometric analysis of NRF2, HO-1, COX-2, and pre-IL-1β protein levels 
from representative immunoblots from A, normalized with GAPDH or VCL. Data are mean ± S.D. (n = 3). *p < 0.05; **p < 0,01; ***p < 0,001 vs. vehicle 
or LPS treatment, ##p < 0,01; ###p < 0.001 according to the comparison bar, as indicated, according to a one-way ANOVA test. C Transcript levels 
of Il1b, Ptgs2, Inos, Il6, and Tnf were determined by qRT-PCR and normalized by the average of Gapdh and Vcl. Data are mean ± S.D. (n = 3). *p < 0.05; 
**p < 0,01; ***p < 0.001 vs. vehicle or LPS treatment; ##p < 0,01; ###p < 0.001 according to the comparison bar, as indicated according to a one-way 
ANOVA test
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P10 increases NRF2 protein levels in the liver.
An in vivo model was used to assess whether P10 regu-
lates NRF2 activity in the liver of C57BL/6 mice. Animals 
received daily intraperitoneal injections of either P10 
(20 mg/kg) or vehicle (Tween-80: PBS, 1:7) for five con-
secutive days. On the fifth day, 2 h after the last admin-
istration, we measured P10 levels by HPLC and their 
biological activity. Comparison of the HPLC–UV profile 
in the liver of P10 vs. vehicle-treated mice demonstrated 
two common non-specific peaks at approximately 10.2 
and 12.02 min of elution time (Fig. 7A, letters A and B). 
Interestingly, there were two peaks present specifically 
in the P10-treated group that eluted at 9.6 and 8.8  min 
(Fig. 7A, letters C and D). The HPLC–MS analysis of the 
peak at 9.6  min revealed the existence of a major com-
pound with a molecular weight of 456  Da, consistent 
with P10 (Fig. 7B, right graph, blue arrow). The peak at 
8.8  min, with a molecular weight of 453  Da, may cor-
respond to a metabolic product of P10 (Fig.  7B, right 
graph, red arrow). In parallel, hepatic NRF2 protein 
levels exhibited a significant increase upon administra-
tion of P10 (20 mg/kg) (Fig. 7C–E). The accumulation of 
NRF2 matched with higher levels of HO-1 and NQO1, 
within this time frame. We also observed the induction 
of the  transcriptional NRF2 signature (Hmox1, Nqo1, 
Osgin1, and Slc7a11) (Fig. 7C–E). These results indicate 
that P10 reaches the liver through i.p. administration and 
activates NRF2.

P10 attenuates acute liver inflammation in response to LPS
We assessed whether P10 could prevent LPS-induced 
inflammation in Nrf2⁺/⁺ and Nrf2⁻/⁻ mice. Animals were 
treated daily via intraperitoneal injection with either 
vehicle or P10 (20 mg/kg) for five consecutive days. Two 
hours after the final dose, all mice received an intraperi-
toneal injection of LPS (10  mg/kg) and were sacrificed 
four hours later for analysis. As anticipated, NRF2 and 
HO-1 protein levels were increased under these condi-
tions. P10 reduced the LPS-induced expression of pre-
IL-1β protein in Nrf2+/+ mice (Fig. 8A and B) but not in 
Nrf2−/− mice. Moreover, mRNA levels of four pro-inflam-
matory cytokines, Il1β, Inos, Ptgs2, and Tnf, revealed the 
expected induction by LPS in vehicle-treated mice, which 
was significantly mitigated in P10-treated Nrf2+/+ mice, 
but not in Nrf2−/− mice (Fig. 8C).

To gain further information, we further examined 
H&E-stained liver sections and found that P10 admin-
istration did not alter hepatic architecture in either 
Nrf2 genotype (Fig.  8D). Immunohistochemical stain-
ing with anti-F4/80 of hepatic macrophages (Kupffer 
cells) revealed that LPS significantly increases staining 
of this cell type in Nrf2+/+ mice. As expected, this effect 

Fig. 7  P10 activates NRF2 in the liver. C57Bl/6 male mice received 
one intraperitoneal (i.p.) injection of 20 mg/kg P10 daily for 5 days, 
and their livers were analyzed 2 h after the last treatment. A Analysis 
by HPLC–UV of liver extracts comparing vehicle (Tween-80 + PBS, 
1:7) vs. P10-treated mice (Tween-80 + PBS, 1:7). B Left graph, 
analysis by HPLC–MS liver vehicle elution. Right graph, analysis 
by HPLC–MS of peak C detected in the liver of P10-treated mice. 
Peak D could be a product metabolism of P10 from the liver. 
Note that the identification of a 456 Da molecule (blue arrow) 
and a 453 Da (red arrow) in liver P10-treated does not appear 
in liver-vehicle elution, corresponding to the P10 molecular 
weight. C Representative immunoblots of NRF2 (arrowhead), HO-1 
and GAPDH, and VCL as a loading control from liver extracts of each 
mouse from the vehicle and P10-treated mice i.p. with 20 mg/kg. 
D Densitometric quantification of NRF2 and HO-1 levels from C 
normalized with GAPDH or VCL. Data are mean ± S.D. (n = 3). *p < 0.05; 
**p < 0.01 vs. vehicle according to a Student’s t-test. E mRNA levels 
of ARE-genes were determined from liver extracts of the vehicle 
and P10-treated mice, by qRT-PCR and normalized by the geometric 
mean of Gapdh and Vcl levels. Data are mean ± S.D. (n = 3). *p < 0.05; 
**p < 0.01; ***p < 0.001 vs vehicle according to a Student’s t-test
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was greatly diminished in P10-treated mice (Fig. 8D and 
E). Conversely, these inflammatory parameters were not 
reduced upon P10 treatment in Nrf2−/− mice (Fig.  8D 
and E). Therefore, these results confirm that P10 is pro-
tective against liver inflammation in an NRF2-dependent 
manner.

Discussion
Several studies have demonstrated that NRF2 activa-
tors hold promise as preventive and therapeutic agents 
for conditions associated with redox dysregulation and 
inflammatory imbalance [47–49]. Current strategies 
aimed at activating NRF2 primarily focus on targeting 

KEAP1 using electrophilic drugs, which form covalent 
adducts with sulfhydryl groups at specific cysteine resi-
dues in KEAP1, thereby inhibiting NRF2 degradation [50, 
51]. Another therapeutic approach involves disruption 
of KEAP1/NRF2 interaction with non-covalent binders 
[27, 52]. However, drug development pipelines follow-
ing this strategy are still emerging, and it remains unclear 
whether these inhibitors may also affect other KEAP1-
regulated substrates. Furthermore, the therapeutic win-
dow of NRF2 activation via KEAP1/NRF2 inhibition 
must be carefully considered. For instance, two well-
established electrophilic activators of NRF2, DMF and 
omaveloxolone, can produce some extent of liver injury. 

Fig. 8  P10 lessens the inflammatory-liver response in the NRF2-dependent context in mice treated with LPS. C57Bl/6 male mice were treated 
i.p with vehicle (Tween-80 + PBS, 1:7) or 20 mg/kg P10 for 5 days. Two hours after the last administration, mice received vehicle or 10 mg/kg LPS 
and were sacrificed after 4 h for liver analysis. A Representative immunoblots in liver extracts of NRF2 (arrowhead), HO-1, pre-IL-1β, GAPDH, and VCL 
as a loading control. B Densitometric quantification of the NRF2, HO-1, and pre-IL-1β protein levels from representative immunoblots shown in A, 
expressed as a ratio of protein/GAPDH or protein/VCL. Data are mean ± S.D. (n = 5) **p < 0.01, ***p < 0.001 vs. vehicle and ##p < 0.01 vs. LPS according 
to a Student’s t-test. C mRNA levels of Il1b, Inos, Tnf, and Ptgs2 were determined by qRT-PCR and normalized by the geometric mean of Gapdh 
and Vcl levels. Data are mean ± S.D. (n = 5). **p < 0.01, ***p < 0.001 vs. vehicle and ##p < 0.01, ###p < 0.001 vs. LPS according to a Student’s t-test. D 
Paraffin-embedded liver section stained with H&E and immunohistochemistry for F4/80. E Quantification of the DAB-staining positive area of F4/80. 
Data are mean ± S.D. (n = 5). ***p < 0.001 vs LPS according to a Student’s t-test
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DMF increases liver aminotransferase and bilirubin lev-
els in serum just a few days after the first administra-
tion [53]. On the other hand, patients over-treated with 
omaveloxolone experience elevation in hepatic transami-
nases and B-type natriuretic peptide (BNP), as well as 
lipid abnormalities [54]. Although KEAP1 inhibitors are 
well known for their ability to strongly activate NRF2 
and trigger a rapid cytoprotective response, excessive or 
prolonged NRF2 activation can be detrimental. In vari-
ous cancers, NRF2 is constitutively upregulated, promot-
ing tumor cell survival by enhancing antioxidant defenses 
and facilitating resistance to therapy. Consequently, sus-
tained or high-level inhibition of KEAP1 may inadvert-
ently contribute to tumor progression, particularly in 
the setting of established malignancies [55–57]. In other 
clinical trials, NRF2 hyperactivation has been linked to 
the development of bone hypoplasia [58], hydronephro-
sis [59], esophagus, and forestomach hyperkeratosis [60], 
altered mitochondrial bioenergetics, hallmark features of 
type 1 diabetes, and accelerated aging [61].

Conversely to the KEAP1/NRF2 interaction, disrup-
tion of the β-TrCP1/NRF2 represents an alternative strat-
egy for three main reasons: (1) the interaction between 
NRF2 and β-TrCP1 is relatively weak compared to other 
β-TrCP1 substrates [32], which provides a selective win-
dow to design PPI-inh that selectively displace NRF2 
without broadly affecting other β-TrCP1-regulated pro-
teins; (2) NRF2 activation via β-TrCP1 inhibition is 
milder than via KEAP1 inhibition [40], and therefore is 
more likely to remain within physiologically homeostatic 
levels, reducing risks associated with hyperactivation; 
and (3) Unlike the KEAP1/NRF2 axis, somatic muta-
tions disrupting the β-TrCP1/NRF2 interaction have not 
been reported in cancer, suggesting that this alternative 
pathway might be safer in terms of oncogenic potential. 
Several chemical compounds reported in the literature 
can disrupt the interaction between β-TrCP1 and its 
substrates [62–64]; however, these studies did not ana-
lyze the effect on the NRF2 signature. One such com-
pound, GS143, was identified as an inhibitor of IκBα 
ubiquitination. Nevertheless, its activity does not lead to 
the accumulation of other β-TrCP1 substrates, includ-
ing β-CATENIN [63, 65]. A natural product, erioflorin, 
inhibits the interaction between the tumor-suppressive 
PDCD4 protein and β-TrCP1 [64]. Previously, we intro-
duced PHAR, a PPI-inh targeting β-TrCP1/NRF2, which 
induces mild NRF2 activation in the liver and did not 
seem to modify the levels of other known key substrates 
of β-TrCP1, such as β-CATENIN, YAP/TAZ, IκBα, 
and GLI2, suggesting a preference for inhibition of the 
β-TrCP1/NRF2 interaction [32].

P10 was identified through an ongoing search for alter-
native disruptors of β-TrCP1/NRF2. Various web servers 

assist in predicting ADMET properties, such as Swis-
sADME (Swiss Institute of Bioinformatics, Switzerland, 
http://​www.​swiss​adme.​ch/) or Molsoft (Molsoft LLC, 
USA, http://​molso​ft.​com/​mprop/) were used to assess 
the pharmacokinetics and drug-likeness parameters of 
P10 [66]. Compared to PHAR, P10 presents some advan-
tages. P10 meets all Lipinski’s criteria [67] with zero 
violations, while PHAR fails in one due to its molecular 
weight (PHAR: ~ 554.98 Da vs. P10: ~ 455.46 Da). Larger 
molecules may have difficulty crossing cell membranes 
and being absorbed in the intestine. This difference may 
make P10 improve its absorption across biological bar-
riers, such as the gastrointestinal tract and cytoplasmic 
membranes, than PHAR. Additionally, P10 may offer 
another slight advantage over PHAR in  vivo. A dose of 
20  mg/kg of P10 was sufficient to reduce pro-inflam-
matory markers in the liver of mice subjected to acute 
inflammation induced by lipopolysaccharide (LPS). In 
contrast, 50 mg/kg PHAR was required under the same 
conditions to achieve a similar reduction in LPS-induced 
pro-inflammatory markers in the liver [32].

P10-mediated activation of NRF2 target gene expres-
sion was observed in KEAP1-knockout cells, further 
confirming a KEAP1-independent mechanism of NRF2 
activation. Additionally, P10 activated NRF2 in various 
cell lines under low-serum growth conditions (16  h, 1% 
FBS), including MCF-7, MEFs, RAW264.7, and primary 
peritoneal macrophages. We attribute this effect to the 
level of GSK-3β activity in each of these cell lines, as this 
is a crucial requirement for the formation of the NRF2 
phosphodegron, which is recognized by β-TrCP1.

Moreover, in the presence of the PI3K inhibitor 
LY294002, which maintains GSK-3β in its non-phospho-
rylated active form, leading to NRF2 phosphorylation and 
subsequent β-TrCP1-mediated degradation, NRF2 levels 
decreased as expected (Fig.  3D and [68, 69]). However, 
P10 slightly increased NRF2 levels. Conversely, phar-
macological inhibition of GSK-3 by SB216763 increased 
NRF2 protein levels (Fig. 3F and [68]), and rendered cells 
unresponsive to P10, supporting the notion that P10 tar-
gets the β-TrCP1/NRF2 interaction when NRF2 is phos-
phorylated by GSK-3β. Taken together, these findings 
suggest that P10 exhibits a similar mechanism of action 
to PHAR, as previously described [32].

To further evaluate the mechanistic profile of P10, we 
investigated whether its ability to induce NRF2 is medi-
ated by electrophilic activity, specifically through modu-
lation of the PI3K/AKT/GSK-3β signaling axis via PTEN 
regulation. PTEN, a phosphatase that antagonizes PI3K 
signaling, is known to repress NRF2 activity [70]. Its 
enzymatic function can be inhibited through redox-
sensitive modifications, including oxidation [71], S-sulf-
hydration [72] of its catalytic cysteine residue Cys124, 

http://www.swissadme.ch/
http://molsoft.com/mprop/
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and S-nitrosylation of the allosteric Cys83 residue [73]. 
Electrophilic compounds, such as tBHQ, can target these 
cysteines, forming covalent adducts and thereby inacti-
vating PTEN [39, 74], which leads to downstream NRF2 
stabilization.

To test whether P10 behaves similarly, we analyzed its 
effect on the PI3K/AKT/GSK-3β pathway. Unlike tBHQ, 
P10 did not alter the phosphorylation status of key path-
way components in vivo (Suppl. Fig. S2), indicating that 
it does not modulate redox-sensitive enzymes. These 
results support the conclusion that P10 activates NRF2 
through a non-electrophilic mechanism. In parallel, 
we assessed whether P10 influences the MAPK signal-
ing cascade, which can also be affected by electrophilic 
compounds. Although tBHQ is classified as a phenolic 
antioxidant, previous studies have shown it can exhibit 
pro-oxidant activity [75] and activate MAPK pathways, 
including ERK1/2, JNK, and p38 [76]. Our data con-
firmed that tBHQ robustly induces MAPK activation 
(Suppl. Fig. S2). In contrast, P10 did not affect MAPK 
signaling, further confirming the absence of pro-oxidant 
behavior. Together, these findings reinforce that P10 
functions as a non-electrophilic NRF2 activator, mecha-
nistically distinct from classical agents like tBHQ.

Notably, while P10 prevents NRF2 degradation and 
increases its protein levels, this effect is not observed in 
another β-TrCP1 substrate, β-CATENIN (Fig.  4A). This 
effect has also been reported for GS143. This molecule 
disrupts the interaction between β-TrCP1 and IκBα but 
does not affect β-CATENIN [65]. One possible explana-
tion may stem from a different mode of docking of differ-
ent substrates to β-TrCP, resulting in different affinities. 
MNR studies indicated that phosphorylated NRF2 binds 
to β-TrCP at key amino acid residues, including Arg474, 
Arg524, Leu351, Asn394, and Ala434 [29]. In contrast, the 
crystal structure of β-CATENIN binding to β-TrCP1 sug-
gests that this protein binds β-TrCP in a different manner 
using a different set of amino acids, such as Arg285, Tyr271, 
Arg431, Arg474, and Tyr488 [45]. Our in silico analysis sug-
gests that P10 only interacts with three of these residues 
(Tyr271, Arg474, and Tyr488), and it does not seem to fully 
disrupt the β-TrCP1/β-CATENIN interaction. Contrary 
to P10 and GS143, erioflorin is a less selective inhibitor of 
β-TrCP1, since it interferes with the interaction between 
β-TrCP1 and PDCD4 but also other β-TrCP1 substrates, 
stabilizing and preventing ubiquitination of the IκBα and 
β-CATENIN [64]. Thus, P10 functions as a selective PPI-
inh of β-TrCP1 that may be more specific for NRF2 than 
for other substrates.

Although we did not directly assess the effect of P10 on 
other classical β-TrCP1 substrates such as IκBα, our find-
ings provide indirect evidence of its specificity. In mod-
els of LPS-induced inflammation—including peritoneal 

macrophages and mice—P10 failed to modulate pro-
inflammatory markers in the absence of NRF2. This 
indicates that its anti-inflammatory effects are largely 
dependent on NRF2 activation rather than off-target 
inhibition of other β-TrCP1 substrates like IκBα. These 
observations support the selective action of P10 in dis-
rupting the β-TrCP1/NRF2 interaction without broadly 
affecting other β-TrCP1-regulated pathways.

In vivo β-TrCP1/NRF2 ubiquitination assay provided 
evidence that P10 acts as an inhibitor of NRF2 ubiquit-
ination, supporting its role as a PPI-inh. Additionally, 
the co-immunoprecipitation assay demonstrated that 
P10 disrupts the physical interaction between β-TrCP1 
and NRF2, exhibiting a behavior similar to that of the 
β-TrCP1-binding mutant of NRF2.

Upon intraperitoneal (i.p.) administration of P10, its 
biological activity was detected in the liver, which is our 
primary interest for future studies in liver diseases. How-
ever, other routes of administration might be explored to 
target other organs. For instance, GS143, administered 
intranasally before the antigen challenge, effectively sup-
pressed antigen-induced NF-κB activation in the lungs of 
sensitized mice [63]. This suggests that intranasal admin-
istration could be a potential route for P10 treatment of 
lung or neurological diseases in future studies.

Thus, we demonstrate that P10 mediates an NRF2-
dependent downregulation of inflammation in both 
in vitro and in vivo models. This effect is likely due to its 
ability to disrupt the interaction between β-TrCP1 and 
inflammatory signaling pathways linked to NRF2 activa-
tion. Targeting the liver with P10 could be a promising 
strategy for treating various inflammatory liver diseases.

Conclusions
This study identifies P10 as a novel small-molecule 
inhibitor that selectively disrupts the protein–pro-
tein interaction between NRF2 and β-TrCP1, offering 
a mechanistically distinct alternative to conventional 
KEAP1-targeting NRF2 activators. Unlike many elec-
trophilic KEAP1 inhibitors, which can lead to excessive 
or prolonged NRF2 activation and associated adverse 
effects, P10 activates NRF2 through a non-electrophilic 
and β-TrCP1-dependent mechanism, resulting in a more 
moderate and potentially safer therapeutic profile. Our 
findings demonstrate that P10 effectively stabilizes NRF2, 
enhances the expression of its cytoprotective targets, and 
confers anti-inflammatory benefits in both cellular and 
murine models of acute liver inflammation. Importantly, 
these effects are absent in Nrf2-null systems, reinforcing 
the compound’s NRF2 specificity. Future research will 
focus on detailed toxicity assessments, pharmacokinetic 
and pharmacodynamic profiling, and preclinical effi-
cacy studies across relevant disease models. Collectively, 
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our results position P10 as a promising next-generation 
NRF2 activator with a unique mode of action and strong 
potential for clinical development in the treatment of 
inflammatory liver disorders.

Abbreviations
ADMET	� Absorption, distribution, metabolism, excretion and toxicity
AKT	� Protein kinase B (PKB)
ARE	� Antioxidant response element
β-TrCP	� β-transducin repeat-containing protein
COX-2	� Cyclooxygenase-2
CD36	� Cluster of differentiation 36
CUL3	� Cullin-3
DHE	� Dihydroethidine
DMF	� Dimethyl fumarate
ERK	� Extracellular signal-regulated kinase
FBS	� Fetal bovine serum
GAPDH	� Glyceraldehyde-3-phosphate dehydrogenase
GSK-3β	� Glycogen synthase kinase-3β
HO-1	� Heme oxygenase 1
HPLC	� High-performance liquid chromatography
IL-1β	� Interleukin-1 beta
IL-17D	� Interleukin-17D
IL-6	� Interleukin-6
iNOS	� Inducible NOS
JNK	� C-Jun N-terminal kinases
KEAP1	� Kelch-like ECH-associated protein 1
LPS	� Lipopolysaccharide
MAF	� Musculoaponeurotic fibrosarcoma oncogene homolog
MAPKs	� Mitogen-activated protein kinases
MCF-7	� Michigan cancer foundation-7
MEF	� Mouse embryonic fibroblasts
MMP-9	� Matrix metalloproteinase-9
NF-κB	� Nuclear Factor kappa-light-chain-enhancer of activated B cells
NQO1	� NAD(P)H: quinone oxidoreductase 1
NRF2	� Nuclear factor erythroid 2‐Related Factor 2
PI3K	� Phosphoinositide 3-Kinase
PPI-inh	� Protein–protein interaction-inhibitor
PTEN	� Phosphatase and Tensin homolog deleted on chromosome 10
RBX1	� RING-box protein 1
SAPK	� Stress-activated protein kinases
SFN	� Sulforaphane
tBHP	� Tert Butyl hydroperoxide
TNFα	� Tumor necrosis factor-alpha
VCAM-1	� Vascular cell adhesion molecule-1
VCL	� Vinculin

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12929-​025-​01157-3.

Additional file 1.

Additional file 2.

Acknowledgements
This article is based on work from COST Action AGA CA20121, supported 
by COST (European Cooperation in Science and Technology) (www.​cost.​eu) 
(https://​benbe​dphar.​org/​about-​benbe​dphar/). We are grateful to the Centro 
de Computación Científica (CCC-UAM) for letting us take advantage of the 
computer cluster Cibeles (https://​www.​ccc.​uam.​es/) for providing computing 
facilities.

Author contributions
Conceptualization and methodology AJGY, LCM, JAE and AC; investigation, 
formal analysis, visualization and validation, AJGY, LCM, JAE, ME, AIR and 
EC; writing—original draft preparation AJGY and AC; writing—review and 

editing JAE, EC, RFG, ME, AJGY, AIR and AC; supervision, project administration, 
resources and funding acquisition AJGY, AIR and AC.

Funding
This research was funded by the Spanish Ministry of Economy and Com‑
petitiveness (MINECO) (grants PDC2021-121421-I00, PDC2022-1337665-I00, 
PID2022-141786OB-I00, and PID2019-110061RB-I00). The Autonomous 
Community of Madrid (grants S2017BMD-3827 and P2022_BMD-7230). EC 
is the holder of an FPU contract of MIU (Ministry of Universities FPU2021, 
FPU21/02505).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing of interest. The funders had no role in the 
study’s design; in the collection, analyses, or interpretation of data; in the writ‑
ing of the manuscript, or in the decision to publish the results.

Author details
1 Department of Biochemistry, School of Medicine, Autonomous University 
of Madrid (UAM), Madrid, Spain. 2 Instituto de Investigaciones Biomédicas “Sols-
Morreale” (CSIC-UAM), C/ Arturo Duperier, 4, 28029 Madrid, Spain. 3 Instituto de 
Investigación Sanitaria La Paz (IdiPaz), Madrid, Spain. 4 Centro de Investigación 
Biomédica en Red de Enfermedades Neurodegenerativas (CIBERNED), Madrid, 
Spain. 5 Experimental Therapeutics Program, Spanish National Cancer Research 
Centre (CNIO), Madrid, Spain. 6 Institute of Research, Development, and Inno‑
vation in Biotechnology of Elche (IDiBE) and Molecular and Cell Biology Insti‑
tute (IBMC), Miguel Hernández University (UMH), 03202 Elche, Alicante, Spain. 

Received: 1 April 2025   Accepted: 30 June 2025

References
	1.	 Taguchi K, Motohashi H, Yamamoto M. Molecular mechanisms of the 

Keap1-Nrf2 pathway in stress response and cancer evolution. Genes 
Cells. 2011;16(2):123–40.

	2.	 Rojo AI, Buttari B, Cadenas S, Carlos AR, Cuadrado A, Falcao AS, et al. 
Model organisms for investigating the functional involvement of NRF2 
in non-communicable diseases. Redox Biol. 2025;79: 103464.

	3.	 Kensler TW, Wakabayashi N, Biswal S. Cell survival responses to environ‑
mental stresses via the Keap1-Nrf2-ARE pathway. Annu Rev Pharmacol 
Toxicol. 2007;47:89–116.

	4.	 Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides 
an interface between redox and intermediary metabolism. Trends 
Biochem Sci. 2014;39(4):199–218.

	5.	 Harvey CJ, Thimmulappa RK, Sethi S, Kong X, Yarmus L, Brown RH, 
et al. Targeting Nrf2 signaling improves bacterial clearance by alveolar 
macrophages in patients with COPD and in a mouse model. Sci Transl 
Med. 2011;3(78):78ra32.

	6.	 Ishii T, Mann GE. Redox status in mammalian cells and stem cells dur‑
ing culture in vitro: critical roles of Nrf2 and cystine transporter activity 
in the maintenance of redox balance. Redox Biol. 2014;2:786–94.

	7.	 Saddawi-Konefka R, Seelige R, Gross ET, Levy E, Searles SC, Washington 
A Jr, et al. Nrf2 induces IL-17D to mediate tumor and virus surveillance. 
Cell Rep. 2016;16(9):2348–58.

https://doi.org/10.1186/s12929-025-01157-3
https://doi.org/10.1186/s12929-025-01157-3
http://www.cost.eu
https://benbedphar.org/about-benbedphar/
https://www.ccc.uam.es/


Page 18 of 19García‑Yagüe et al. Journal of Biomedical Science           (2025) 32:65 

	8.	 Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine H, 
et al. Nrf2 suppresses macrophage inflammatory response by blocking 
proinflammatory cytokine transcription. Nat Commun. 2016;7:11624.

	9.	 Toledano MB, Leonard WJ. Modulation of transcription factor NF-kappa B 
binding activity by oxidation-reduction in vitro. Proc Natl Acad Sci USA. 
1991;88(10):4328–32.

	10.	 Morgan MJ, Liu ZG. Crosstalk of reactive oxygen species and NF-kappaB 
signaling. Cell Res. 2011;21(1):103–15.

	11.	 Cuadrado A, Martin-Moldes Z, Ye J, Lastres-Becker I. Transcription 
factors NRF2 and NF-kappaB are coordinated effectors of the Rho 
family, GTP-binding protein RAC1 during inflammation. J Biol Chem. 
2014;289(22):15244–58.

	12.	 Banning A, Brigelius-Flohe R. NF-kappaB, Nrf2, and HO-1 interplay 
in redox-regulated VCAM-1 expression. Antioxid Redox Signal. 
2005;7(7–8):889–99.

	13.	 Wenzel P, Rossmann H, Muller C, Kossmann S, Oelze M, Schulz A, et al. 
Heme oxygenase-1 suppresses a pro-inflammatory phenotype in mono‑
cytes and determines endothelial function and arterial hypertension in 
mice and humans. Eur Heart J. 2015;36(48):3437–46.

	14.	 Bourdonnay E, Morzadec C, Fardel O, Vernhet L. Redox-sensitive regula‑
tion of gene expression in human primary macrophages exposed to 
inorganic arsenic. J Cell Biochem. 2009;107(3):537–47.

	15.	 Tong KI, Katoh Y, Kusunoki H, Itoh K, Tanaka T, Yamamoto M. Keap1 
recruits Neh2 through binding to ETGE and DLG motifs: charac‑
terization of the two-site molecular recognition model. Mol Cell Biol. 
2006;26(8):2887–900.

	16.	 McMahon M, Thomas N, Itoh K, Yamamoto M, Hayes JD. Dimerization 
of substrate adaptors can facilitate cullin-mediated ubiquitylation of 
proteins by a “tethering” mechanism: a two-site interaction model for the 
Nrf2-Keap1 complex. J Biol Chem. 2006;281(34):24756–68.

	17.	 Dinkova-Kostova AT, Hakomaki H, Levonen AL. Electrophilic metabolites 
targeting the KEAP1/NRF2 partnership. Curr Opin Chem Biol. 2024;78: 
102425.

	18.	 Sato M, Yaguchi N, Iijima T, Muramatsu A, Baird L, Suzuki T, et al. Sensor 
systems of KEAP1 uniquely detecting oxidative and electrophilic stresses 
separately In vivo. Redox Biol. 2024;77: 103355.

	19.	 Horie Y, Suzuki T, Inoue J, Iso T, Wells G, Moore TW, et al. Molecular basis 
for the disruption of Keap1-Nrf2 interaction via Hinge & Latch mecha‑
nism. Commun Biol. 2021;4(1):576.

	20.	 Culletta G, Buttari B, Arese M, Brogi S, Almerico AM, Saso L, et al. Natural 
products as non-covalent and covalent modulators of the KEAP1/NRF2 
pathway exerting antioxidant effects. Eur J Med Chem. 2024;270: 116355.

	21.	 Sharma RS, Harrison DJ, Kisielewski D, Cassidy DM, McNeilly AD, Gallagher 
JR, et al. Experimental nonalcoholic steatohepatitis and liver fibrosis are 
ameliorated by pharmacologic activation of Nrf2 (NF-E2 p45-Related 
Factor 2). Cell Mol Gastroenterol Hepatol. 2018;5(3):367–98.

	22.	 Cui X, Zong S, Song W, Wang C, Liu Y, Zhang L, et al. Omaveloxolone ame‑
liorates cognitive dysfunction in APP/PS1 mice by stabilizing the STAT3 
pathway. Life Sci. 2023;335: 122261.

	23.	 Innamorato NG, Rojo AI, Garcia-Yague AJ, Yamamoto M, de Ceballos ML, 
Cuadrado A. The transcription factor Nrf2 is a therapeutic target against 
brain inflammation. J Immunol. 2008;181(1):680–9.

	24.	 Uruno A, Matsumaru D, Ryoke R, Saito R, Kadoguchi S, Saigusa D, et al. 
Nrf2 suppresses oxidative stress and inflammation in app knock-in 
Alzheimer’s disease model mice. Mol Cell Biol. 2020;40(6): e00467.

	25.	 Seedorf K, Weber C, Vinson C, Berger S, Vuillard LM, Kiss A, et al. Selective 
disruption of NRF2-KEAP1 interaction leads to NASH resolution and 
reduction of liver fibrosis in mice. JHEP Rep. 2023;5(4): 100651.

	26.	 Wang J, Cao Y, Lu Y, Zhu H, Zhang J, Che J, et al. Recent progress and 
applications of small molecule inhibitors of Keap1-Nrf2 axis for neurode‑
generative diseases. Eur J Med Chem. 2024;264: 115998.

	27.	 Crisman E, Duarte P, Dauden E, Cuadrado A, Rodriguez-Franco MI, Lopez 
MG, et al. KEAP1-NRF2 protein-protein interaction inhibitors: design, 
pharmacological properties and therapeutic potential. Med Res Rev. 
2023;43(1):237–87.

	28.	 Rada P, Rojo AI, Chowdhry S, McMahon M, Hayes JD, Cuadrado A. SCF/
beta-TrCP promotes glycogen synthase kinase 3-dependent degradation 
of the Nrf2 transcription factor in a Keap1-independent manner. Mol Cell 
Biol. 2011;31(6):1121–33.

	29.	 Rada P, Rojo AI, Evrard-Todeschi N, Innamorato NG, Cotte A, Jaworski 
T, et al. Structural and functional characterization of Nrf2 degradation 

by the glycogen synthase kinase 3/beta-TrCP axis. Mol Cell Biol. 
2012;32(17):3486–99.

	30.	 Chowdhry S, Zhang Y, McMahon M, Sutherland C, Cuadrado A, Hayes 
JD. Nrf2 is controlled by two distinct beta-TrCP recognition motifs in 
its Neh6 domain, one of which can be modulated by GSK-3 activity. 
Oncogene. 2013;32(32):3765–81.

	31.	 Bi Y, Cui D, Xiong X, Zhao Y. The characteristics and roles of beta-
TrCP1/2 in carcinogenesis. FEBS J. 2021;288(11):3351–74.

	32.	 Fernandez-Gines R, Encinar JA, Hayes JD, Oliva B, Rodriguez-Franco 
MI, Rojo AI, et al. An inhibitor of interaction between the transcription 
factor NRF2 and the E3 ubiquitin ligase adapter beta-TrCP delivers anti-
inflammatory responses in mouse liver. Redox Biol. 2022;55: 102396.

	33.	 Fernandez-Gines R, Encinar JA, Escoll M, Carnicero-Senabre D, Jimenez-
Villegas J, Garcia-Yague AJ, et al. Specific targeting of the NRF2/beta-
TrCP axis promotes beneficial effects in NASH. Redox Biol. 2024;69: 
103027.

	34.	 Rada P, Rojo AI, Offergeld A, Feng GJ, Velasco-Martin JP, Gonzalez-
Sancho JM, et al. WNT-3A regulates an Axin1/NRF2 complex that regu‑
lates antioxidant metabolism in hepatocytes. Antioxid Redox Signal. 
2015;22(7):555–71.

	35.	 Wang XJ, Hayes JD, Wolf CR. Generation of a stable antioxidant 
response element-driven reporter gene cell line and its use to show 
redox-dependent activation of nrf2 by cancer chemotherapeutic 
agents. Cancer Res. 2006;66(22):10983–94.

	36.	 Garcia-Yague AJ, Lastres-Becker I, Stefanis L, Vassilatis DK, Cuadrado 
A. alpha-synuclein induces the GSK-3-mediated phosphorylation and 
degradation of NURR1 and loss of dopaminergic hallmarks. Mol Neuro‑
biol. 2021;58(12):6697–711.

	37.	 Rojo AI, Innamorato NG, Martin-Moreno AM, De Ceballos ML, 
Yamamoto M, Cuadrado A. Nrf2 regulates microglial dynamics 
and neuroinflammation in experimental Parkinson’s disease. Glia. 
2010;58(5):588–98.

	38.	 Jazwa A, Rojo AI, Innamorato NG, Hesse M, Fernandez-Ruiz J, Cuadrado 
A. Pharmacological targeting of the transcription factor Nrf2 at the basal 
ganglia provides disease modifying therapy for experimental parkinson‑
ism. Antioxid Redox Signal. 2011;14(12):2347–60.

	39.	 Rojo AI, Rada P, Mendiola M, Ortega-Molina A, Wojdyla K, Rogowska-
Wrzesinska A, et al. The PTEN/NRF2 axis promotes human carcinogenesis. 
Antioxid Redox Signal. 2014;21(18):2498–514.

	40.	 Cuadrado A. Structural and functional characterization of Nrf2 degrada‑
tion by glycogen synthase kinase 3/beta-TrCP. Free Radic Biol Med. 
2015;88(Pt B):147–57.

	41.	 Rojo AI, Medina-Campos ON, Rada P, Zuniga-Toala A, Lopez-Gazcon 
A, Espada S, et al. Signaling pathways activated by the phytochemical 
nordihydroguaiaretic acid contribute to a Keap1-independent regulation 
of Nrf2 stability: Role of glycogen synthase kinase-3. Free Radic Biol Med. 
2012;52(2):473–87.

	42.	 Naidu S, Vijayan V, Santoso S, Kietzmann T, Immenschuh S. Inhibition and 
genetic deficiency of p38 MAPK up-regulates heme oxygenase-1 gene 
expression via Nrf2. J Immunol. 2009;182(11):7048–57.

	43.	 Sun Z, Huang Z, Zhang DD. Phosphorylation of Nrf2 at multiple sites by 
MAP kinases has a limited contribution in modulating the Nrf2-depend‑
ent antioxidant response. PLoS ONE. 2009;4(8): e6588.

	44.	 Banerjee N, Wang H, Wang G, Boor PJ, Khan MF. Redox-sensitive Nrf2 
and MAPK signaling pathways contribute to trichloroethene-mediated 
autoimmune disease progression. Toxicology. 2021;457: 152804.

	45.	 Wu G, Xu G, Schulman BA, Jeffrey PD, Harper JW, Pavletich NP. Structure 
of a beta-TrCP1-Skp1-beta-catenin complex: destruction motif binding 
and lysine specificity of the SCF(beta-TrCP1) ubiquitin ligase. Mol Cell. 
2003;11(6):1445–56.

	46.	 Cuadrado A, Manda G, Hassan A, Alcaraz MJ, Barbas C, Daiber A, et al. 
Transcription factor NRF2 as a therapeutic target for chronic diseases: a 
systems medicine approach. Pharmacol Rev. 2018;70(2):348–83.

	47.	 Jayaram S, Krishnamurthy PT. Role of microgliosis, oxidative stress and 
associated neuroinflammation in the pathogenesis of Parkinson’s disease: 
the therapeutic role of Nrf2 activators. Neurochem Int. 2021;145: 105014.

	48.	 Zhao Z, Dong R, Cui K, You Q, Jiang Z. An updated patent review of Nrf2 
activators (2020-present). Expert Opin Ther Pat. 2023;33(1):29–49.

	49.	 Wang T, Liu M, Li X, Zhang S, Gu H, Wei X, et al. Naturally-derived modula‑
tors of the Nrf2 pathway and their roles in the intervention of diseases. 
Free Radic Biol Med. 2024;225:560–80.



Page 19 of 19García‑Yagüe et al. Journal of Biomedical Science           (2025) 32:65 	

	50.	 Dinkova-Kostova AT, Kostov RV, Canning P. Keap1, the cysteine-based 
mammalian intracellular sensor for electrophiles and oxidants. Arch 
Biochem Biophys. 2017;617:84–93.

	51.	 Dayalan Naidu S, Dinkova-Kostova AT. KEAP1, a cysteine-based sensor 
and a drug target for the prevention and treatment of chronic disease. 
Open Biol. 2020;10(6): 200105.

	52.	 Zhang Y, Shi Z, Zhou Y, Xiao Q, Wang H, Peng Y. Emerging substrate 
proteins of Kelch-like ECH associated protein 1 (Keap1) and potential 
challenges for the development of small-molecule inhibitors of the 
Keap1-nuclear factor erythroid 2-related factor 2 (Nrf2) protein-protein 
interaction. J Med Chem. 2020;63(15):7986–8002.

	53.	 Munoz MA, Kulick CG, Kortepeter CM, Levin RL, Avigan MI. Liver injury 
associated with dimethyl fumarate in multiple sclerosis patients. Mult 
Scler. 2017;23(14):1947–9.

	54.	 Lynch DR, Chin MP, Delatycki MB, Subramony SH, Corti M, Hoyle JC, et al. 
Safety and efficacy of omaveloxolone in friedreich ataxia (MOXIe study). 
Ann Neurol. 2021;89(2):212–25.

	55.	 Padmanabhan B, Tong KI, Ohta T, Nakamura Y, Scharlock M, Ohtsuji M, 
et al. Structural basis for defects of Keap1 activity provoked by its point 
mutations in lung cancer. Mol Cell. 2006;21(5):689–700.

	56.	 Shibata T, Ohta T, Tong KI, Kokubu A, Odogawa R, Tsuta K, et al. 
Cancer related mutations in NRF2 impair its recognition by Keap1-
Cul3 E3 ligase and promote malignancy. Proc Natl Acad Sci U S A. 
2008;105(36):13568–73.

	57.	 Taguchi K, Yamamoto M. The KEAP1-NRF2 system as a molecular target of 
cancer treatment. Cancers (Basel). 2020;13(1):46.

	58.	 Yoshida E, Suzuki T, Morita M, Taguchi K, Tsuchida K, Motohashi H, et al. 
Hyperactivation of Nrf2 leads to hypoplasia of bone in vivo. Genes Cells. 
2018;23(5):386–92.

	59.	 Noel S, Arend LJ, Bandapalle S, Reddy SP, Rabb H. Kidney epithelium 
specific deletion of kelch-like ECH-associated protein 1 (Keap1) causes 
hydronephrosis in mice. BMC Nephrol. 2016;17(1):110.

	60.	 Wakabayashi N, Itoh K, Wakabayashi J, Motohashi H, Noda S, Takahashi S, 
et al. Keap1-null mutation leads to postnatal lethality due to constitutive 
Nrf2 activation. Nat Genet. 2003;35(3):238–45.

	61.	 Tsakiri EN, Gumeni S, Iliaki KK, Benaki D, Vougas K, Sykiotis GP, et al. Hyper‑
activation of Nrf2 increases stress tolerance at the cost of aging accelera‑
tion due to metabolic deregulation. Aging Cell. 2019;18(1): e12845.

	62.	 Jaffry U, Wells G. Small molecule and peptide inhibitors of betaTrCP 
and the betaTrCP-NRF2 protein-protein interaction. Biochem Soc Trans. 
2023;51(3):925–36.

	63.	 Hirose K, Wakashin H, Oki M, Kagami S, Suto A, Ikeda K, et al. GS143, an 
IkappaB ubiquitination inhibitor, inhibits allergic airway inflammation in 
mice. Biochem Biophys Res Commun. 2008;374(3):507–11.

	64.	 Blees JS, Bokesch HR, Rubsamen D, Schulz K, Milke L, Bajer MM, et al. Eri‑
oflorin stabilizes the tumor suppressor Pdcd4 by inhibiting its interaction 
with the E3-ligase beta-TrCP1. PLoS ONE. 2012;7(10): e46567.

	65.	 Nakajima H, Fujiwara H, Furuichi Y, Tanaka K, Shimbara N. A novel small-
molecule inhibitor of NF-kappaB signaling. Biochem Biophys Res Com‑
mun. 2008;368(4):1007–13.

	66.	 Daina A, Michielin O, Zoete V. SwissADME: a free web tool to evaluate 
pharmacokinetics, drug-likeness and medicinal chemistry friendliness of 
small molecules. Sci Rep. 2017;7:42717.

	67.	 Pillai O, Dhanikula AB, Panchagnula R. Drug delivery: an odyssey of 100 
years. Curr Opin Chem Biol. 2001;5(4):439–46.

	68.	 Wang L, Chen Y, Sternberg P, Cai J. Essential roles of the PI3 kinase/Akt 
pathway in regulating Nrf2-dependent antioxidant functions in the RPE. 
Invest Ophthalmol Vis Sci. 2008;49(4):1671–8.

	69.	 Martin D, Rojo AI, Salinas M, Diaz R, Gallardo G, Alam J, et al. Regulation 
of heme oxygenase-1 expression through the phosphatidylinositol 
3-kinase/Akt pathway and the Nrf2 transcription factor in response to the 
antioxidant phytochemical carnosol. J Biol Chem. 2004;279(10):8919–29.

	70.	 Taguchi K, Hirano I, Itoh T, Tanaka M, Miyajima A, Suzuki A, et al. Nrf2 
enhances cholangiocyte expansion in Pten-deficient livers. Mol Cell Biol. 
2014;34(5):900–13.

	71.	 Kwon J, Lee SR, Yang KS, Ahn Y, Kim YJ, Stadtman ER, et al. Revers‑
ible oxidation and inactivation of the tumor suppressor PTEN in cells 
stimulated with peptide growth factors. Proc Natl Acad Sci USA. 
2004;101(47):16419–24.

	72.	 Greiner R, Palinkas Z, Basell K, Becher D, Antelmann H, Nagy P, et al. 
Polysulfides link H2S to protein thiol oxidation. Antioxid Redox Signal. 
2013;19(15):1749–65.

	73.	 Numajiri N, Takasawa K, Nishiya T, Tanaka H, Ohno K, Hayakawa W, et al. 
On-off system for PI3-kinase-Akt signaling through S-nitrosylation of 
phosphatase with sequence homology to tensin (PTEN). Proc Natl Acad 
Sci USA. 2011;108(25):10349–54.

	74.	 Sakamoto K, Iwasaki K, Sugiyama H, Tsuji Y. Role of the tumor suppres‑
sor PTEN in antioxidant responsive element-mediated transcription and 
associated histone modifications. Mol Biol Cell. 2009;20(6):1606–17.

	75.	 Wufuer R, Fan Z, Liu K, Zhang Y. Differential yet integral contributions of 
Nrf1 and Nrf2 in the human HepG2 cells on antioxidant cytoprotective 
response against tert-butylhydroquinone as a pro-oxidative stressor. 
Antioxidants (Basel). 2021;10(10):1610.

	76.	 Yu R, Tan TH, Kong AN. Butylated hydroxyanisole and its metabolite 
tert-butylhydroquinone differentially regulate mitogen-activated 
protein kinases. The role of oxidative stress in the activation of mitogen-
activated protein kinases by phenolic antioxidants. J Biol Chem. 
1997;272(46):28962–70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	A novel β-TrCP1NRF2 interaction inhibitor for effective anti-inflammatory therapy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell culture and reagents
	Animals and treatments
	Computational approaches
	Plasmids
	Luciferase assays
	Cell viability assessment by MTT reduction
	High-performance liquid chromatography (HPLC)
	Lentiviral vector production and infection
	Immunoblotting
	Ubiquitination assay
	Co-immunoprecipitation assay
	Analysis of mRNA levels by real-time quantitative PCR
	Determination of reactive oxygen species by flow cytometry
	Histological analysis
	Statistical analysis

	Results
	In silico identification of a small molecule putatively targeting the β-TrCP1NRF2 interaction
	P10 increases NRF2 protein levels and its target genes.
	P10 activates NRF2 in KEAP1-deficient cells.
	P10 does not alter signaling cascades.
	P10 increases NRF2 protein levels in a β-TrCP1-dependent manner.
	P10 reduced tBHP-induced oxidative stress.
	P10 attenuates LPS-induced inflammation in macrophages
	P10 increases NRF2 protein levels in the liver.
	P10 attenuates acute liver inflammation in response to LPS

	Discussion
	Conclusions
	Acknowledgements
	References


