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The transcription factor NRF2 plays an important role in many biological processes and is a promising 
therapeutic target for many disease states. NRF2 is highly expressed in the skin and is known to play 
a critical role in diabetic wound healing, a serious disease process for which treatment options are 
limited. However, many existing NRF2 activators display off-target effects due to their electrophilic 
mechanism, underscoring the need for alternative approaches. In this work, we investigated two 
recently described non-electrophilic NRF2 activators, ADJ-310 and PRL-295, and demonstrated their 
efficacy in vitro and in vivo in human keratinocytes and Leprdb/db diabetic mice. We also compared 
the downstream targets of PRL-295 to those of the widely used electrophilic NRF2 activator CDDO-
Me by RNA sequencing. Both ADJ-310 and PRL-295 maintained human keratinocyte cell viability at 
increasing concentrations and maintained or improved cell proliferation over time. Both compounds 
also increased cell migration, improving in vitro wound closure. ADJ-310 and PRL-295 enhanced the 
oxidative stress response in vitro, and RNA-sequencing data showed that PRL-295 activated NRF2 with 
a narrower transcriptomic effect than CDDO-Me. In vivo, both ADJ-310 and PRL-295 improved wound 
healing in Leprdb/db diabetic mice and upregulated known downstream NRF2 target genes in treated 
tissue. These results highlight the non-electrophilic compounds ADJ-310 and PRL-295 as effective, 
innovative tools for investigating the function of NRF2. These compounds directly address the need for 
alternative NRF2 activators and offer a new approach to studying the role of NRF2 in human disease 
and its potential as a therapeutic across multiple disease states.
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DO  Human Disease Ontology
FDR  False discovery rate
GCLC  Glutamate-cysteine ligase catalytic subunit
GCLM  Glutamate-cysteine ligase modifier subunit
GO  Gene Ontology
GSH  Glutathione
GST  Glutathione S-transferase
H or h  Hours
HaCaT  Human immortalized keratinocyte
HEPES  N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
HMOX 1  Heme oxygenase 1
KEGG  Kyoto Encyclopedia of Genes and Genomes
MTS  CellTiter 96 AQueous One Solution Cell Proliferation Assay
NFE2L2  Nuclear factor erythroid 2 related factor 2
NIH  National Institutes of Health
NQO1  NADPH quinone dehydrogenase 1
NRF2  NFE2L2, nuclear factor erythroid 2 related factor 2
PCR  Polymerase chain reaction
PG  Pluronic gel
Reactome  Reactome Pathway Database
RT-PCR  Real Time PCR
ROS  Reactive oxygen species
SD  Standard deviation
SEM  Standard error of the mean
CRediT  Contributor Roles Taxonomy

Since the 1850s, scientists and physicians have described the phenomenon of chronic wounds in patients with 
diabetes1. In the 150 + years that have passed since, the management and treatment of diabetes mellitus (DM) 
have improved exponentially, but despite this progress in targeting the disease itself, there are few effective 
treatment options for the management of chronic diabetic foot ulcers (DFUs), a common and life-threatening 
complication for diabetic patients2. A significant body of work has sought to identify potential therapeutic 
targets for DFUs2. One such target is the transcription factor nuclear factor erythroid 2-related factor 2 (NFE2L2, 
also known as NRF2).

First isolated in 1994, NRF2 is a basic leucine zipper protein in the cap’n’collar family that controls an 
important cytoprotective pathway3–7. Although its most well-known functions lie in mitigating oxidative 
damage by regulating key players in oxidative stress response and toxicity, NRF2 plays a role in many cellular 
processes, including homeostasis, inflammation, and metabolism; it also regulates the expression of hundreds 
of downstream genes, including heme oxygenase 1 (HMOX1), glutamate-cysteine ligase catalytic and modifier 
subunits (GCLC, GCLM), NADPH quinone dehydrogenase 1 (NQO1), superoxide dismutases (SODs), 
glutathione S-transferases (GSTs), aldo-keto reductases (AKRs), and many more4,6–27.

NRF2 has been implicated both positively and negatively in several disease states, including a multitude 
of cancers, neurodegenerative disorders, lung diseases, gastrointestinal and hepatic diseases, chronic kidney 
disease, diabetic nephropathy, rheumatoid arthritis, autoimmune conditions, and more28–30. Due to its broad 
array of effects, NRF2 is often considered a widespread “protector” of organs and tissues, and pharmacologic 
activation of NRF2 is an area of considerable interest across these conditions13,28,31. These investigations are 
not without their challenges, however, most notably owing to the variability in NRF2 effects depending on the 
disease context. NRF2 activation has demonstrated both anti-cancer and pro-carcinogenic effects at different 
stages of cancer development28, highlighting both the complexity of antioxidant and immune responses and the 
need for a detailed understanding and characterization of NRF2 activators that may progress to clinical use31.

In the context of diabetes, NRF2 has been shown to play a critical role in diabetic wound healing32. In human 
patients, diabetic skin exhibits increased oxidative stress and decreased NRF2 expression33. Diabetic NRF2−/− 
knockout mice heal more slowly than diabetic NRF2+/+ mice do, and exogenous NRF2 activation improves wound 
healing in diabetic mice but not in wild-type mice32–35. Furthermore, pharmacologic inhibition or knockdown 
of NRF2 delays wound healing and exacerbates diabetes-induced oxidative stress36. These findings underscore 
the potential role of NRF2 in the treatment and prevention of diabetic wounds, garnering widespread interest 
in investigating the roles, mechanisms, and mediators of the NRF2 pathway in diabetic wound healing37–39. In 
addition to direct wound healing applications, NRF2 targeting has also been studied to address the upstream 
cardiovascular complications of diabetes, including severe sequelae such as stroke, diabetic retinopathy, and 
heart failure40.

Several existing NRF2 activators have been investigated as potential therapeutics for diabetic wounds and 
other conditions, including kidney disorders, Alport syndrome, multiple cancers, lung disease, autoimmune 
diseases, and many others28,41,42. These compounds include bardoxolone methyl, omaveloxolone, dimethyl 
fumarate, sulforaphane, curcumin, and resveratrol41. In particular, bardoxolone methyl (CDDO-Me), also 
known as RTA-402, is among the most well-known and thoroughly studied agents due in large part to several 
clinical trials investigating its efficacy in treating diabetes, obesity, chronic kidney disease, diabetic and IgA 
nephropathy, and liver and gallbladder diseases28,41,43,44. CDDO-Me has previously been shown to have 
significant anti-diabetic effects on diabetic Leprdb/db mice45. More recently, the NRF2-activating effects of the 
bardoxolone family have been investigated for their potential in managing COVID-19 infection46,47. Among 
these existing NRF2 activators, few are currently used clinically, and several other clinical trials employing NRF2 
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activators are still ongoing31. As of June 2023, there are three NRF2-activating drugs approved by the FDA: 
Tecfidera (dimethyl fumarate) and Vumerity (diroximel fumarate), which are used for the treatment of relapsing 
and remitting multiple sclerosis, and Skyclarys (omaveloxolone), which was approved in March 2023 and is the 
only available treatment for Friedrich’s ataxia.

The majority of pre-existing NRF2 activators are electrophilic molecules that activate NRF2 by covalently 
binding its cytoplasmic regulatory protein, Kelch-like ECH-associated protein 1 (KEAP1), which, along with 
Cullin-3, sequesters NRF2 in the cytoplasm and tags it for degradation through the ubiquitin–proteasome 
pathway31,41,48–50. Electrophilic compounds may demonstrate substantial off-target effects, and proteomics 
studies have shown that compounds such as CDDO-Me interact with hundreds of targets31,51–53. A promising 
alternative mechanism of NRF2 activation involves directly blocking the protein‒protein interaction between 
NRF2 and KEAP141. To this end, our research groups have previously developed two non-electrophilic NRF2 
activators, PRL-295 and ADJ-310 (Fig.  1)54,55. PRL-295 provides support for the proposed Hinge-and-Latch 
mechanism of NRF2 activation and has previously been shown to directly interact with KEAP1 in cells50,56. PRL-
295-mediated induction of downstream target genes is absent in NRF2 knockout mice, confirming that PRL-295 
directly activates NRF2 by binding with KEAP156.

The present study examined the effects of PRL-295 and ADJ-310 in in vitro and in vivo models of wound 
healing and analyzed NRF2-associated mechanisms involved in wound repair. To understand the effects of these 
non-electrophilic small molecules in vitro, human keratinocytes (HaCaT cells) were treated with 1, 5, or 10 µM 
ADJ-310 or PRL-295. Cell viability, proliferation, in vitro wound closure, and antioxidant activity were assessed. 
Additionally, HaCaT cells treated with PRL-295 or CDDO-Me were subjected to mRNA sequencing to compare 
the expression of their downstream targets and to examine the pathways involved in the response to treatment. 
To investigate the effects of these compounds on diabetic wound healing in vivo, full-thickness excisional skin 
wounds were created on the backs of diabetic Leprdb/db mice and treated daily with 100 µg of each compound. 
Wound healing was measured daily, and additional treated wounds were harvested for RT-PCR analysis.

Results
ADJ-310 and PRL-295 promote wound healing functions in human keratinocytes
To determine the effects of the non-electrophilic NRF2 activators ADJ-310 and PRL-295 on wound healing 
in vitro, we first examined their impact on cell viability (Fig.  2). Human keratinocytes (HaCaT cells) were 
selected because keratinocytes represent the majority of the cells in the healing wound and exhibit high NRF2 
expression and activity18,57. HaCaT cells were cultured to confluence and then treated with DMEM containing 
1, 5, or 10 µM ADJ-310 or PRL-295 for 24 h. Negative control cells were treated with DMEM containing 10 
µL/mL (1%) DMSO, and positive control cells were treated with DMEM containing 250 nM CDDO-Me. This 
concentration was selected for positive control cells based on a review of the literature demonstrating dose-
dependent increases in effect at low nanomolar concentrations and cytotoxicity beginning at 1 micromolar 
concentrations or higher58,59. After treatment, cell viability was measured using Trypan blue (Fig. 2A). At 1 µM, 
98% and 99% of the cells treated with ADJ-310 and PRL-295, respectively, were alive. Both ADJ-310 and PRL-
295 cells maintained a viability of 98% at 5 and 10 µM. The negative control cells treated with DMSO had 98% 
viability, and the positive control cells treated with CDDO-Me had 100% viability. ADJ-310 and PRL-295 had 
no significant effect on cell viability compared to that of the control group at any concentration, indicating that 

Fig. 1. Chemical structures and properties of ADJ-310, PRL-295, and CDDO-Me. (A) The chemical structure 
of bardoxolone-methyl (CDDO-Me), the preexisting NRF2 activator used as a positive control throughout this 
work. (B) The chemical structures of ADJ-310 and (C) PRL-295, the two recently described non-electrophilic 
NRF2 activators employed in these studies.
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the non-electrophilic NRF2 activators maintain cell viability without toxicity, even at increasing concentrations 
(Fig. 2B).

Next, we examined the effects of these compounds on HaCaT cell proliferation (Fig. 3). Cells were treated 
with 1, 5, or 10 µM of each compound (ADJ-310 or PRL-295) for 24, 48, or 72 h, after which proliferation was 
measured using an MTS assay (Fig. 3A), which indirectly measures cell proliferation by quantifying metabolically 
active mitochondria as a proxy for cell growth and division. Compared with control cells, ADJ-310 and PRL-295 
cells exhibited either maintained or increased proliferation at all tested concentrations and time points. At 24 h, 
compared with the negative control treatment, the 10 µM PRL-295 treatment significantly increased HaCaT 
cell proliferation (p < 0.05). At 48  h, compared with the negative (p < 0.0001) and positive (p < 0.05) control 
cells, the PRL-295-treated group exhibited significantly increased HaCaT cell proliferation at both 5 µM and 10 
µM, and compared with the negative control cells, the ADJ-310-treated group exhibited significantly increased 
proliferation (p < 0.0001) at all three concentrations. At 72 h, compared with the negative (p < 0.01) and positive 
(p < 0.05) control cells, the PRL-295-treated group exhibited significantly increased HaCaT cell proliferation at 
both 5 µM and 10 µM. These results indicate that ADJ-310 and PRL-295 support normal cell proliferation or 
enhance proliferation at increasing concentrations and for prolonged periods of time (Fig. 3B).

After characterizing the effects of ADJ-310 and PRL-295 on cell viability and proliferation, we investigated 
their impact on in vitro wound closure in a cell migration wound model using standardized silicone molds 
(Fig. 4A). The cells were treated with media containing 10 µM of either ADJ-310 or PRL-295, and cell migration 
was measured over time. Control cells were treated with either 1% DMSO or 250 nm CDDO-Me. Comparison 
of wound closure across the four groups demonstrated significant differences in in vitro wound closure over the 
course of wound healing (2-way ANOVA, p < 0.0001 overall) and in the overall wound burden, as measured by 
the calculated area under the curve (AUC) of overall wound closure across replicates (1-way ANOVA, p < 0.0001 
overall) (Fig. 4B-C). Both ADJ-310 and PRL-295 significantly decreased the wound burden (p < 0.0001) compared 
to CDDO-Me-treated cells, and PRL-295 also significantly reduced the wound burden (p < 0.05) compared to 
DMSO-treated cells. Notably, CDDO-Me significantly impaired wound closure over time and increased the 
overall wound burden compared to DMSO-treated negative control cells (p < 0.001) and both ADJ-310 and 

Fig. 2. ADJ-310 and PRL-295 maintain HaCaT cell viability at increasing doses. (A) Experimental method: 
HaCaT cells were treated with 1, 5, or 10 µM of each compound for 24 h, after which viability was measured 
using Trypan blue. Negative control cells were treated with DMSO only, and positive control cells were treated 
with 250 nM CDDO-Me. (B) A summary of the cell viability assay results is presented as the percentage of 
live cells. The bars represent the mean values. Individual values are plotted for each group (n = 3 for all groups 
except for those treated with CDDO-Me (n = 4) or DMSO (n = 7)). Error bars represent the SD. (N = 3 or 
greater, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001).
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PRL-295-treated cells (p > 0.0001). Both ADJ-310 and PRL-295 significantly increased cell migration compared 
to that of both control groups. At individual time points, PRL-295-treated cells exhibited significant increases 
in HaCaT cell migration compared to DMSO-treated control cells at 24 h (p < 0.0001), 48 h (p < 0.0001), and 
72 h (p < 0.05) and compared to CDDO-Me-treated control cells at 24 h (p < 0.0001), 48 h (p < 0.0001), and 72 h 
(p < 0. 0001) (Fig. 4D). At individual time points, ADJ-310-treated cells exhibited significant increases in HaCaT 
cell migration compared to DMSO-treated control cells at 24 h (p < 0.05), 48 h (p < 0.05), and 72 h (p < 0.05) 
and compared to CDDO-Me-treated control cells at 24 h (p < 0.0001), 48 h (p < 0.0001), and 72 h (p < 0. 0001) 
(Fig. 4D). At all measured time points, CDDO-Me significantly impaired cell migration compared to ADJ-310, 
PRL-295, and DMSO (p < 0.0001 for all comparisons except CDDO-Me vs. DMSO at 24 H, for which p < 0.05).

These results indicate that ADJ-310 and PRL-295 improve in vitro wound healing, support keratinocyte 
survival, promote cell proliferation, and increase cell migration. Notably, PRL-295 had the most promising effects 
among the two compounds, as it more significantly improved both HaCaT cell proliferation and migration at 
multiple concentrations and time points.

ADJ-310 and PRL-295 amplify the antioxidant response
We next investigated the effects of ADJ-310 and PRL-295 on the oxidative stress response in HaCaT cells by 
assessing SOD activity and total glutathione content (Fig. 5A). These assays do not directly measure ROS but 
rather assess the effects of ADJ-310 and PRL-295 on two major components of the antioxidant response, serving 
as proof of concept that these compounds appropriately activate responses to oxidative stress. At 10 µM, both 
ADJ-310 and PRL-295 significantly increased SOD activity compared to that in the control cells (Fig.  5B). 
Lysates from control cells treated with media containing 10 µL/mL (1%) DMSO exhibited 0.53 U/mL SOD 
activity, while those from ADJ-310-treated cells exhibited 1.07 U/mL (q < 0.001), and those from PRL-295-
treated cells exhibited 0.96 U/mL (q < 0.001). Lysates from cells treated with 10 µM ADJ-310 or PRL-295 also 
exhibited significantly greater total GSH levels than did those from control cells (Fig. 5C). Compared with the 
control cell lysates, the lysates of the ADJ-310-treated cells contained 9.2 µM GSH (q < 0.0001), and the PRL-
295-treated cell lysates contained 17.1 µM GSH (q < 0.0001). At 1 µM, compared with DMSO-treated control 
cell lysates, which contained 7.4 µM, ADJ-310-treated cell lysates contained 9.5 µM GSH (q < 0.0001), and PRL-
295-treated cell lysates contained 8.9 µM GSH (q < 0.001). Taken together, these results demonstrate that both 
non-electrophilic NRF2 activators, ADJ-310 and PRL-295, significantly strengthen oxidative stress responses in 

Fig. 3. ADJ-310 and PRL-295 promote HaCaT cell proliferation. (A) Experimental method: HaCaT cells were 
treated with 1, 5, or 10 µM ADJ-310 or PRL-295 for 24, 48, or 72 h, after which proliferation was quantified 
using an MTS assay. Negative control cells were treated with DMSO only, and positive control cells were 
treated with 250 nM CDDO-Me. (B) A summary of the proliferation results at each time point is presented as 
the optical density at 490 nm. The bars represent the mean values. Individual values are plotted for each group 
(n = 6 for all groups except for the following: 5 µM PRL-295 at 24 h, for which n = 5; CDDO-Me, for which 
n = 7; and DMSO, for which n = 17 at 24 and 48 h and n = 16 at 72 h). Error bars represent the SD. (N = 5 or 
greater, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001).
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Fig. 4. ADJ-310 and PRL-295 significantly improvein vitro wound closure. (A) Experimental method: HaCaT 
cells were cultured in the wells of a silicone mold until confluent. The molds were removed, and the cells 
were treated with Mitomycin-C to prevent proliferation. Then, the cells were treated with 10 µM of ADJ-310 
or PRL-295, 250 nm CDDO-Me, or 1% DMSO, and the wounds were imaged every 24 h for 3 days. (B) A 
summary of the migration data from 0 to 72 h presented as a percentage of the original wound area. The data 
points represent the means (n = 8), and the error bars represent the SDs. (C) Overall wound burden per group, 
represented as the total normalized area under the curve from the same experiment. The bars represent the 
mean values (n = 8), and the error bars represent the SDs. (D) Wound area values from the same experiment 
at each individual time point are presented as percentages of the original wound size. The bars represent the 
mean values (n = 8), and the error bars represent the SDs. Individual values are plotted for each group. (E) 
Representative photos of in vitro wounds from each group over time. The rows represent 0 H, 24 H, 48 H, 
and 60 H from top to bottom. The columns represent ADJ-310, PRL-295, CDDO-Me (control) and DMSO 
(control) from left to right. (N = 8, * = q ≤ 0.05, ** = q ≤ 0.01, *** = q ≤ 0.001, **** = q ≤ 0.0001).
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human keratinocytes by increasing SOD activity and total GSH content, further demonstrating their efficacy in 
vitro.

mRNA sequencing analysis
To understand the effects of these non-electrophilic NRF2 activators in more detail, we sought to examine the 
mechanisms driving the response to treatment and to investigate them at the transcriptome level. HaCaT cells 
were treated with 250 nM CDDO-Me or 10 µM PRL-295 for 14 h (n = 3). PRL-295 was selected over ADJ-310 
for this analysis both because of the outcomes of the in vitro analyses and because of previous publications 
supporting its direct mechanism of action and confirming its activation of NRF250,56. The concentration of 
PRL-295 was selected based on the results of the in vitro experiments, which showed the strongest positive 
effect on keratinocyte functions at 10 µM. The 250 nM concentration of CDDO-Me was selected based on data 
demonstrating efficacy without toxicity at sub-micromolar doses58,59. After treatment, RNA was extracted, and 
mRNA sequencing was performed (Illumina NovaSeq, Novogene, USA) (Fig. 6A).

We first assessed the overall number of differentially expressed genes (DEGs) in cells treated with PRL-295 
or CDDO-Me (Fig. 6B-D). Within the groups of DEGs, we compared the genes whose expression was most 
significantly upregulated in the PRL-295- and CDDO-Me-treated cells to that in the control cells. As expected, 
treatment with either compound significantly increased the expression of many known NRF2 targets, including 
HMOX1, GCLC, and several AKRs (Fig. 6E). Interestingly, the two groups also had several other upregulated 
genes in common, such as MAP2, HKDC1, multiple cytochrome P450s, and RP11-227H15.4, although limited 
literature is available that directly links each of these genes to the NRF2 pathway. A total of 1,373 genes were 
differentially expressed in PRL-295-treated cells compared to control cells, while 2,422 genes were differentially 
expressed in CDDO-Me-treated cells —a nearly 1.8X increase in the number of downstream targets. This 
finding suggests the potential for the engagement of off-targets by CDDO-Me and highlights the narrower 

Fig. 5. ADJ-310 and PRL-295 increase oxidative stress responses in HaCaT cells. (A) Experimental method: 
HaCaT cells were treated with 1 or 10 µM of each compound for 24 h. Then, the cells were lysed, and the 
lysates were analyzed via ELISA. (B) The results of the superoxide dismutase (SOD) activity assay presented 
as SOD activity in U/mL. The bar chart shows the summary of the results at 10 µM. The bars represent the 
mean values (n = 3), and the error bars represent the SDs. Individual data points are plotted for each group. 
(C) Results from the glutathione content assay presented as the total glutathione content in µM. The bar chart 
shows the summary of the results at 1 and 10 µM. The bars represent the mean values (n = 3), and the error 
bars represent the SDs. Individual data points are for each group. (N = 3, * = q ≤ 0.05, ** = q ≤ 0.01, *** = 
q ≤ 0.001, **** = q ≤ 0.0001).
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Fig. 6. PRL-295 activates NRF2 with increased specificity and leads to decreased off-target upregulation of 
disease-related pathways. (A) Experimental method: HaCaT cells were treated with 10 µM PRL-295 or 250 
nM CDDO-Me for 14 h (n = 3). RNA was subsequently extracted and subjected to mRNA sequencing. (B) A 
heatmap showing the normalized expression of DEGs in control cells, CDDO-Me-treated cells, and PRL-295-
treated cells. The results are normalized from the maximum (1, red) to the minimum (-1, blue) based on the 
log2(FPKM + 1) value. (C) Venn diagrams and (D) volcano plots comparing the number of DEGs in each 
group. (E) Comparison of the genes whose expression was most upregulated in PRL-295- and CDDO-Me-
treated cells, with select well-known NRF2 target genes highlighted. The most significantly upregulated genes 
in each group are listed in decreasing order from the top left to the bottom right, with rows ranging from left 
to right. (F) Kegg pathways, (G) GO terms, (H) DO terms, and (I) Reactome pathway enrichment bar graphs 
and dot plots showing the most upregulated pathways in PRL-295- and CDDO-Me treated cells. (N = 3, * = 
P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001).
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transcriptomic effects of PRL-295. Importantly, when considering DEGs compared to those of the controls, the 
CDDO-Me- and PRL-295-treated cells had 616 DEG targets in common, representing 44.8% of the PRL-295 
DEGs but only 25.4% of the CDDO-Me DEGs. These findings suggest that nearly twice as many downstream 
CDDO-Me target genes may fall outside the NRF2 pathway. When the PRL-295- and CDDO-Me-treated cells 
were compared, another interesting pattern emerged. A total of 345 genes were differentially expressed between 
PRL-295-treated cells and CDDO-Me-treated cells. Of those, the majority, accounting for nearly 60% of the 
DEGs between the two compounds, were downregulated rather than upregulated, suggesting that, compared 

Figure 6. (continued)
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with CDDO-Me, PRL-295 targeted genes more specifically and, as a result, showed decreased expression of off-
target genes. Similarly, compared to that in the controls, the ratio of upregulated to downregulated genes was 
2.4 for the PRL-295-treated cells but only 1.4 for the CDDO-Me-treated cells. As NRF2 is generally considered 
a positive, rather than negative, regulator, these findings further suggest that the activation profile of PRL-295 is 
more favorable than that of CDDO-Me.

Next, we investigated the effects of these DEGs on known functional pathways and mechanisms by analyzing 
the positively enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) (Fig. 6F), Gene Ontology (GO) 

Figure 6. (continued)
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(Fig. 6G), Human Disease Ontology (DO) (Fig. 6H), and Reactome (Fig. 6I) pathways in PRL-295- and CDDO-
Me-treated cells60–62. In the PRL-295-treated cells, there were eight significantly upregulated KEGG pathways 
compared to those in the controls: ferroptosis, proteasome, RNA transport, aminoacyl-tRNA biosynthesis, RNA 
degradation, pyruvate metabolism, oocyte meiosis, and glutathione metabolism. In CDDO-Me-treated cells, 
14 significantly upregulated KEGG pathways were found, nearly double the number of enriched pathways in 
PRL-295 cells. These pathways included renal cell carcinoma, protein processing, microRNAs in cancer, human 
papillomavirus infection, proteoglycans in cancer, platelet activation, the p53 signaling pathway, tight junctions, 

Figure 6. (continued)
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PI3K-Akt signaling, ERBb signaling, pathways in cancer, ubiquitin-mediated proteolysis, colorectal cancer, 
and cell cycle pathways. Interestingly, the two compounds had none of these significantly enriched pathways 
in common, and only PRL-295 significantly enriched the glutathione metabolism pathway, a key function of 
NRF2 that did not appear in the top 20 most enriched pathways in CDDO-Me-treated cells. Most importantly, 
CDDO-Me significantly upregulated multiple disease-associated pathways, with two of its top three most-
enriched pathways representing cancer-associated processes. The pathways related to the genes exhibiting 
significantly upregulated expression also included the p53, AKT, and ERBb signaling pathways, all of which 

Figure 6. (continued)
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have been implicated in a variety of cancers, such as breast, colon, ovarian, and lung cancer30,63–65. Another key 
cancer pathway, Ras, is also represented in the top 20 KEGG pathways associated with CDDO-Me. These results 
demonstrated that, compared with CDDO-Me, PRL-295 improved targeting specificity and, most importantly, 
demonstrated a widespread reduction in the targeting of known carcinogenic pathways.

Among the significantly upregulated GO terms (Fig. 6G) compared to those of the control-treated cells, many 
were similar between the PRL-295- and CDDO-Me-treated cells, with the notable exception that Ras signaling 
was the 4th most significantly enriched term in the CDDO-Me-treated cells but was not present in the top 20 
most positively enriched terms in the PRL-295-treated cells. A more interesting pattern was observed when 
comparing the positively enriched GO terms in the PRL-295- and CDDO-Me-treated cells to one another rather 
than to those in the control-treated cells. Of the top 18 significantly upregulated GO terms in the PRL-295-
treated vs. CDDO-Me-treated cells, nine represented developmental and differentiation pathways for organs 
and tissues, including the skin, the urogenital system, the kidney and renal system, and the respiratory system. 
Others include cellular processes that are often involved in healing, including keratinization, cellular response 
to shear stress, and filament pathways for keratin, intermediate filaments, and the cytoskeleton. These findings 
suggest that PRL-295 may upregulate pathways relevant to organ function and development and tissue repair to 
a greater extent than CDDO-Me.

Next, we assessed the DO terms (Fig. 6H) upregulated in response to PRL-295 or CDDO-Me treatment. 
There were no significantly upregulated DO terms in PRL-295-treated cells compared to control-treated cells, 
while there were four in CDDO-Me-treated cells: “vesiculobullous skin disease”, “epidermal bullosa”, “uterine 
cancer”, and “endometrial cancer”. When comparing the PRL-295- and CDDO-Me-treated cells, there were more 
than twenty significantly upregulated DO terms in the PRL-295-treated cells. Interpretation of these findings is 
challenging, as PRL-295-treated cells demonstrated no significant differences in DO term expression compared 
to control-treated cells, indicating that although there were significant differences between the two compounds, 
these differences represent only relative differences, and PRL-295 exhibited no significant effect on any DO term 
independently. Additionally, the four DO terms significantly enriched in the CDDO-Me-treated cells compared 
to the control cells were not present among the 20 most enriched terms between PRL-295 and CDDO-Me.

Finally, compared with control cells, both PRL-295- and CDDO-Me-treated cells exhibited 20 + upregulated 
Reactome pathways (Fig.  6I), which was expected given the many roles of NRF2 in cellular processes and 
metabolism. Many of the upregulated pathways, including several related to mitosis, the cell cycle, DNA 
replication, and cellular signaling, were similar among cells treated with each compound. In this case, both 
compounds upregulated a small number of Reactome pathways involved in human disease, including cancer 
signaling and infection pathways. Only two Reactome pathways were significantly upregulated in PRL-295-
treated cells compared to those treated with CDDO-Me: keratinization and the formation of the cornified 
envelope. These results reflect both the shared function of these compounds in activating NRF2 and the breadth 
of the functions of NRF2 in essential cellular processes.

According to the RNA-seq analysis, PRL-295 exhibited narrower downstream target activation, reduced 
upregulation of multiple disease-associated pathways, and an overall reduction in gene activation. These findings 
suggest that PRL-295 and its family of non-electrophilic compounds may be more selective NRF2 activators than 
their electrophilic counterparts.

ADJ-310 and PRL-295 improve diabetic wound healing and activate downstream 
NRF2 target genes in vivo
Having confirmed the efficacy of ADJ-310 and PRL-295 in promoting in vitro wound healing and examined 
the downstream pathways of PRL-295 compared to those of CDDO-Me, we next investigated their effects on 
diabetic wound healing in vivo using Leprdb/db mice, a well-studied model of type 2 DM (Fig. 7). Eight-week-old 
female mice were each given two full-thickness dorsal skin wounds, which were imaged and treated topically 
with 100 µg of ADJ-310, PRL-295, or CDDO-Me per wound each day. In the first experiment (n = 11), ADJ-310 
was administered in a solution of 40% DMSO in PBS, the lowest concentration of DMSO that fully dissolved the 
compound (Fig. 7B-E). In the second experiment (n = 6), both ADJ-310 and PRL-295 were administered in 25% 
F-127 Pluronic Gel and 10% DMSO in PBS (Fig. 7F-I).

In the first study, ADJ-310 significantly improved wound closure over the course of healing (2-way ANOVA, 
p = 0.0057), with the largest difference in wound size observed in the first 8 days of healing (Fig. 7B). The wound 
burden was also 15.2% lower in the ADJ-310-treated group than in the control group (Fig. 7C). Although the 
difference was not statistically significant, this finding indicates biological relevance, as a change in the wound 
area is a critical factor in wound closure outcomes in human patients, for whom the percent change in the 
wound area in the first third of healing time is a significant predictor of wound closure66. Additionally, the high 
concentration of DMSO in the vehicle solution may be a potential complication due to the diverse findings 
regarding its positive and negative effects on wound healing. To address this issue and reduce variability, the 
second study was conducted using a Pluronic gel vehicle containing only 10% DMSO.

In this iteration, we focused specifically on the first eight days of healing, as suggested by the results of the 
previous study, and investigated the effects of ADJ-310, PRL-295, and CDDO-Me on wound healing. As expected, 
all three compounds significantly improved wound closure over time compared to that of the controls (2-way 
ANOVA, p = 0.04) (Fig. 7F). In addition, the wound burden was significantly lower in all three treatment groups 
(one-way ANOVA, p = 0.0089), with ADJ-310 reducing the burden by 14.3% (q < 0.05), PRL-295 reducing the 
burden by 11.7% (q < 0.05), and CDDO-Me reducing the burden by 17.2% (q < 0.01) (Fig. 7G). Furthermore, the 
treated wounds were significantly smaller at the individual time points on D6 (p = 0.0042), D7 (p = 0.0372), and 
D8 (p = 0.0190) for ADJ-310 and on D3 (p = 0.0422) and on D7 for PRL-295 (p = 0.0225) (Fig. 7H).

Finally, we repeated this in vivo experiment and harvested the treated wounds on D1, six hours after 
treatment with either ADJ-310, PRL-295, or a solution of 25% F-127 Pluronic gel (PG) and 10% DMSO in PBS 
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as above. RT-PCR analysis of the harvested tissue showed that treatment with ADJ-310 or PRL-295 activated 
known downstream NRF2 target genes in vivo (Fig. 8A). Four well-known and well-studied downstream target 
genes were selected for evaluation: Gclc, Gclm, Nqo1, and Mox1. All primers used were mouse species and 
are listed in Fig. 8D. Compared to DMSO alone, ADJ-310 significantly upregulated Gclc expression in treated 
wounds (p < 0.05), and PRL-295 significantly upregulated both Gclc (p < 0.001) and Gclm (p < 0.05) expression 
in treated wounds (Fig. 8B). ADJ-310 also increased expression of Gclm (p = 0.067). When compared together, 
ADJ-310 and PRL-295 significantly upregulated expression of these genes in vivo compared to control-treated 
wounds (p > 0.001 by 2way ANOVA overall) (Fig. 8C). In the combined comparison, both ADJ-310 and PRL-
295 significantly upregulated expression of Gclc (q < 0.05 for ADJ-310, q < 0.01 for PRL-295) and Mox1 (q < 0.05 
for ADJ-310, q < 0.001 for PRL-295) (Fig. 8C).
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Taken together, these results indicate that non-electrophilic NRF2 activators ADJ-310 and PRL-295 improve 
diabetic wound healing in vivo and, notably, do so comparably to CDDO-Me, a well-studied, clinically used 
NRF2 activator. They also confirm the upregulation of known downstream NRF2 targets in treated tissues. These 
findings confirm the efficacy and usability of ADJ-310 and PRL-295 for studying the role of NRF2 in disease 
processes in vivo.

Discussion
In the nearly 30 years since the discovery of NRF2, thousands of publications have sought to elucidate its 
functions, discuss its roles, and unlock its potential. Along the way, naturally occurring NRF2 activators such as 
sulforaphane, which is isolated from broccoli, and curcumin, which is isolated from turmeric plants, as well as 
synthetic compounds such as bardoxolone and omaveloxolone, have been employed to understand the pathway 
and harness it for clinical use. More than 30 clinical trials have studied the effects of bardoxolone on a variety of 
cancers, Alport syndrome, pulmonary hypertension, various kidney disorders, interstitial lung disease, and even 
COVID-19 (via ClinicalTrials.Gov); however, these trials have yielded limited success. Since the FDA approval of 
Tecfidera (dimethyl fumarate) in 2013, few additional NRF2-activating therapies were approved until a similar 
drug, Vumenity (diroximel fumarate) was approved in 2019, followed by Skyclarys (omaveloxone), which 
became the first and only FDA-approved medication for the treatment of Friedrich’s Ataxia in March 2023. As 
the understanding of NRF2 functions has increased, so too has the need for improved NRF2 activators31.

In this work, we investigated two recently described non-electrophilic NRF2 activators, ADJ-310 and PRL-
295. We first demonstrated that human keratinocytes survive in culture at increasing doses of both ADJ-310 
and PRL-295 (Fig. 2). Next, we showed that ADJ-310 and PRL-295 support or improve cellular proliferation 
(Fig. 3) and improve in vitro wound closure (Fig. 4). We also showed that both ADJ-310 and PRL-295 enhanced 
oxidative stress responses in keratinocytes by increasing SOD activity and total glutathione content (Fig.  5). 
These assays served as important validation experiments confirming the in vitro efficacy and usability of ADJ-
310 and PRL-295; however, they are not without limitations. The MTS assay used in the proliferation study 
quantifies mitochondrial metabolic activity as a proxy for cell proliferation, but it does not exclusively reflect 
changes in cell number, and, given the known role of NRF2 in modulating cellular metabolism, it is possible that 
a component of the observed increases reflects increased cellular metabolic activity due to NRF2 in addition to 
increased cell number alone. The SOD and glutathione assays offer evidence that both ADJ-310 and PRL-295 
activate the oxidative stress response as expected, and future work, such as direct measurement of ROS and ARE 
reporter gene assays, will allow us to better confirm and categorize the oxidative response after treatment with 
these compounds.

Importantly, neither of the compounds showed cytotoxicity or suppression of the assessed cell functions at 
increasing doses, suggesting that they may offer broader therapeutic windows, an important consideration for 
potential use in future clinical studies or as therapeutics. This feature is particularly relevant in comparison to 
electrophilic NRF2 activators such as CDDO-Me and its counterparts, which upregulate NRF2 target genes at 
concentrations as low as 1 to 10 nM but quickly begin to demonstrate significant cytotoxicity at concentrations 
as low as 1 µM and above58,59. This narrow therapeutic window poses many challenges for clinical translation, 
but the duality of these compounds is not without its limitations: several clinical investigations of CDDO-
Me rely directly on these proapoptotic effects at relatively high doses for anticancer effects, making the drug 
ambidextrous in many ways67. This narrow range of concentrations also posed a critical question during the 
design of these experiments to ensure that the concentration was high enough to produce comparable effects 
but not so high that cytotoxicity skewed the results. According to the literature on CDDO-Me and related 
compounds, doses in the µM range or higher regularly induce apoptosis, while doses throughout the nM range 
demonstrate predominantly antioxidant and cytoprotective effects, often with dose-dependent increases in NRF2 
target gene expression, antioxidant enzyme activity, glutathione content, etc58,59. Consequently, we selected 
250 nM CDDO-Me as our positive control because of the dose-dependent increase in effects while remaining 
well below the threshold for toxicity. Throughout the in vitro experiments presented here, no differences were 

Fig. 7. ADJ-310 and PRL-295 significantly improve diabetic wound healingin vivo. (A) Experimental method: 
Eight-week-old female Leprdb/db mice were each given two 8-mm diameter full-thickness dorsal skin wounds, 
which were imaged and treated topically each day with 100 µg of each compound. Panels B-E and F-I show 
the results of two different experiments. (B) A summary of the wound closure results from an experiment 
testing ADJ-310 in a vehicle solution of 40% DMSO in PBS (n = 11). (C) Overall wound burden per group, 
represented as the total normalized area under the curve from the same experiment (ADJ-310 vs. DMSO). 
(D) Wound area values from the same experiment at each individual time point presented as percentages of 
the original wound size. (E) Representative photos of in vivo wounds from each group over time. The rows 
represent the control- (40% DMSO in PBS) and ADJ-310-treated wounds. The columns represent D0–D8 from 
left to right. (F) A summary of the wound closure results from an experiment testing ADJ-310, PRL-295, and 
CDDO-Me in a vehicle solution of 25% F-127 Pluronic Gel (PG) and 10% DMSO in PBS (n = 4 for ADJ-310 
and PG, n = 5 for PRL-295 and CDDO-Me). (G) Overall wound burden per group and (H) wound area values 
from the same experiment at each individual time point presented as percentages of the original wound size. 
(I) Representative photos of in vivo wounds from each group over time. The rows represent the controls (PG), 
ADJ-310, CDDO-Me, and PRL-295 from top to bottom. The columns represent D0–D8 from left to right. The 
bars and data points in all panels represent the means, and the error bars represent the SDs. Individual data 
points are plotted for each group in panels D and H. (N = 11 for A-E; N = 4 for ADJ-310 and PG, N = 5 for PRL-
295 and CDDO-Me for F-I; * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001).

◂

Scientific Reports |        (2024) 14:25258 15| https://doi.org/10.1038/s41598-024-75786-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


observed between the positive and negative control groups except for in the cell migration study, which further 
confirmed the selection of this midrange concentration for CDDO-Me. Interestingly, both the cell proliferation 
and cell migration assay included 250 nM CDDO-Me for comparison, and both assays ran over 72 h, yet only 
the migration assay demonstrated impairment in the response of CDDO-Me-treated cells, suggesting that this 
finding may not be concentration dependent but, rather, may represent expected variability in the effects of 
CDDO-Me on different cellular functions.

In considering the appropriate concentrations for this work, we also faced the challenges of solubility and 
drug delivery method. We have previously shown that these non-electrophilic activators have good stability in 
liver microsomes, easing concerns about degradation during the time course of our experiments68. Likewise, 
the LogD7.4 values of these compounds are low, implying good partitioning into aqueous environments68. We 
prioritized topical application throughout this work both to limit systemic effects of the compounds and DMSO 
and to address practical considerations regarding topical vs. systemic therapies in clinical use. For many DFU 
patients, topical therapies offer a simpler and more accessible treatment option, so we emphasized this form of 

Fig. 8. ADJ-310 and PRL-295 upregulate NRF2 target genesin vivo. (A) Experimental method: Eight-week-
old female Leprdb/db mice were each given two 8-mm diameter full-thickness dorsal skin wounds, which were 
imaged and treated topically with 100 µg of each compound immediately after wounding on D0 and again on 
D1. Wounds were harvested 6 h after treatment on D1, and RNA was extracted for RT-PCR. (B) Relative gene 
expression of NRF2 target genes compared to GAPDH in compound-treated vs. DMSO-treated wounds. Data 
shown represent isolated comparison of either ADJ-310 or PRL-295 to DMSO by multiple two-tailed unpaired 
t-tests with Welch’s correction. (C) Relative gene expression of NRF2 target genes compared to GAPDH in 
compound-treated vs. DMSO-treated wounds. Data shown represent comparison of ADJ-310, PRL-295, and 
DMSO by two-way ANOVA. (D) Primer sequences used for RT-PCR. The species was mouse for all primers 
used. The bars in all panels represent the mean values (n = 4), and the error bars represent the SDs. Individual 
values are plotted for each group. (N = 4 biological replicates, each consisting of 2 technical replicates, * = 
P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001).
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administration in our investigation. In these studies, we used simple formulations to minimize confounding 
effects. We will explore more complex, clinically appropriate drug-delivery systems in the future.

A critical challenge surrounding many previously studied NRF2 activators is their lack of selectivity, 
which leads to off-target effects51–53. Many of these compounds are also known to target proteins involved in 
cancer and other diseases, and multiple clinical trials employing NRF2 activators have failed due to a range of 
issues, including cytotoxicity41,42. As a result, progress toward targeting NRF2 as a potential therapeutic has 
been hampered, underscoring the need for improved NRF2 activators that can unlock the potential of this 
transcription factor while limiting associated risk28,39. To address the specificity and underlying mechanism, we 
performed an mRNA sequencing study comparing PRL-295-treated cells and CDDO-Me-treated cells (Fig. 6). 
This study revealed that CDDO-Me differentially regulated nearly twice as many genes as PRL-295 did and 
positively enriched more cancer- and disease-associated KEGG and GO pathways, suggesting that PRL-295 
may activate NRF2 with greater specificity and narrower, more selective transcriptomic effects. These results 
are promising indications that non-electrophilic activation of NRF2 may result in decreased off-target binding.

However, there are important caveats to consider in the interpretation of these findings. Specifically, NRF2 
has been shown to have both carcinogenic and anticancer effects, which depend largely on the type and stage 
of the cancer and the magnitude of NRF2 activation. This paradox led to the “double-edged sword” nickname 
of the NRF2 pathway with respect to cancer; some cancers propagate by constitutively activating NRF2, while 
in others, NRF2 activation protects normal tissue against cancer-induced oxidative stress and inflammation69. 
Additionally, known cancer pathways in the KEGG and GO terms include both proto-oncogenes and tumor 
suppressor genes, as well as the intermediate genes responsible for both the development of and response to 
various cancers. When a given disease-related KEGG or GO term is differentially expressed, it is difficult to 
ascertain whether the net outcome promotes or inhibits the disease of interest without further investigation into 
the relative expression levels and functions of the pathway genes collectively. Furthermore, it is expected that 
any two different compounds would result in different expression patterns, even if those two compounds are 
from a similar class or share a mechanism of action. It is difficult to determine the extent to which variability 
in expression patterns between PRL-295 and CDDO-Me is specifically due to reduction in off-target binding 
rather than to other effects (e.g., some degree of expected variability, differences in drug potency, potential effects 
on the other functions of Keap1 beyond its role in binding NRF2). The transcriptomic expression patterns of 
PRL-295-treated cells compared to those of CDDO-Me-treated cells offer initial insights into the specificity and 
downstream targeting of these non-electrophilic NRF2 activators. Future work will allow us to compare gene 
expression patterns across other NRF2-activated conditions, such as Keap1-overexpressing cells, and in NRF2 
knockout models. Recent transcriptomic studies by Hamblet et al. comparing KEAP-1 inhibitors to direct NRF2 
overexpression by modified RNAs have already begun to evaluate these variable expression patterns in vitro in 
human lung cells70. The narrower transcriptomic effect of PRL-295 compared to CDDO-Me observed in the 
present work offers a potential benefit in investigating the effects of NRF2 with more refinement. Especially 
when considering NRF2’s widespread roles in disease processes and its prominent investigation as a potential 
therapeutic, activating the downstream targets more narrowly offers the opportunity to limit undesired effects 
and potentially identify more specifically its different roles in each disease state. This reduction in overall gene 
activation could also offer a translational benefit in future drug development, potentially reducing possible side 
effects and complications by reducing the number of unintentionally affected genes.

Finally, we assessed the efficacy of these compounds in vivo and found that both ADJ-310 and PRL-295 
significantly improved wound healing in diabetic mice (Fig.  7) and upregulated known NRF2 target genes 
in treated wounds (Fig. 8). The in vivo improvements in wound healing were in line with those observed in 
CDDO-Me-treated mice, highlighting that these non-electrophilic compounds have efficacy comparable to 
that of preexisting compounds in improving diabetic wound closure in the Leprdb/db model. Although this 
demonstration of noninferiority in improving wound healing supports the implementation of this family of 
non-electrophilic NRF2 activators in future investigations, there remains a critical question regarding the 
clinical significance of the observed findings in diabetic mice and, subsequently, whether NRF2 activators may 
be better employed in other clinical and research questions. Although the results demonstrated here highlight 
the efficacy of ADJ-310 and PRL-295, the translatability of these results in diabetic mice to human subjects is not 
guaranteed due to several complicating factors, including the closure of mouse wounds by muscular contraction, 
the complexity of the human DFU, and the multifactorial nature not only of diabetes itself but also of the wound 
environment. As the DFU has posed an increasingly evasive clinical challenge, hundreds of factors have been 
investigated in search of an effective treatment; however, even those with the strongest preclinical evidence 
in rodent models have shown minimal efficacy in clinical trials, and among the very few that have reached 
widespread clinical use, efficacy among the general diabetic population remains limited2. This large body of 
work frames a significant challenge: the human diabetic wound—and the patient who develops it—is so complex 
and multifactorial that single-factor or even single-pathway treatments may not be sufficient for treating DFUs 
in the real patient population. As such, our studies provide proof of concept that a multicomponent treatment 
regimen that includes pharmacological NRF2 activators may be useful in the development of therapeutics for 
treating DFUs.

Taken together, these findings establish the non-electrophilic small-molecule NRF2 activators ADJ-310 
and PRL-295 as innovative tools for the study of the NRF2 pathway and its functions. These compounds are 
effective both in vitro and in vivo, demonstrate comparable in vivo efficacy to preexisting compounds, and 
show narrower downstream gene activation, making them favorable options that directly address the concern 
of off-target effects among electrophilic NRF2 activators and offer the potential for more refined investigation 
of downstream targets. While this work began with one specific disease target – the chronic diabetic wound – 
these findings are broadly applicable and serve to expand the opportunities for the study of NRF2 and its role in 
multiple disease states.
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Materials and methods
HaCaT cell culture
Spontaneously immortalized human keratinocytes (HaCaT cells) were purchased from AddexBio (San Diego, 
CA, USA, Catalog #T0020001) in 2017 and maintained in frozen aliquots. For cell migration assays, HaCaT 
cells were propagated in Dulbecco’s modified Eagle’s medium (DMEM) (4.5  g/l glucose, sodium pyruvate, 
L-glutamine) (Mediatech, Manassas, VA, USA) supplemented with 10% FBS (GeminiBio, Sacramento, CA, USA) 
and penicillin-streptomycin (0.1%) (Life Technologies, Carlsbad, CA, USA) or in DermaLife K Keratinocyte 
Complete Medium (Lifeline Cell Technology, Frederick, MD, USA, Catalog # LL-0007) containing D-Glucose 
(6 mM), insulin (5  µg/mL), L-Glutamine (6 mM), epinephrine (1 µM), apo-transferrin (5  µg/mL), TGF-α 
(0.5 ng/mL), pituitary extract (0.4%), and hydrocortisone hemisuccinate (100 ng/mL). For all other in vitro 
experiments, HaCaT cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with l-
glutamine, sodium pyruvate, and phenol red without HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid) buffer. The media contained 1 g/dL glucose, corresponding to normal blood glucose levels in mice (Jackson 
Labs, Strain #000642). All cells were grown in adherent cell and tissue culture plates or flasks (Falcon/Corning, 
Thermo Fisher Scientific, Waltham, MA).

All cells were incubated at 37 °C and 5% CO2 in a ThermoForma Series II Water Jacketed incubator (Thermo 
Fisher Scientific) and used once they reached 80–90% confluence. For cell line maintenance, splitting, or use in 
experiments, cells were detached from plates using TrypLE reagent (Thermo Fisher Scientific). All cell culture 
procedures were performed in a SterilGARD III Advance culture hood (The Baker Company, Sanford, ME) 
using a sterile technique.

Preparation of treatment solutions
For all the experiments, treatment solutions were freshly prepared each day to ensure consistency and prevent 
degradation. ADJ-310 and PRL-295 were synthesized as previously described54,55,68,71,72, with purities of 98% 
or greater. CDDO-Me was obtained from AdooQ Bioscience (CAS NO. 218600-53-4, Irvine, CA). For in vitro 
assays, a 1 mM stock solution was prepared by mixing the appropriate mass of solid powder compound with 
100% dimethylsulfoxide (DMSO). This stock solution was then diluted in DMEM to make working solutions 
with concentrations of 0.25, 1, 5, or 10 µM for each compound. Where appropriate, additional DMSO was added 
to the working solutions to ensure that all the solutions contained an equal volume of DMSO (10 µL/mL, or 1%). 
For in vivo assays, solutions were prepared by first dissolving the appropriate amount of solid powder compound 
in 100% DMSO. The stock solution was then diluted to a final concentration of 40% DMSO in PBS, and 100 µg 
of compound was added to 30 µL of solution. All the solutions were prepared using sterile reagents.

Cell viability
HaCaT cells were cultured as described above until confluent. The cells were then treated for 24 h (h) with media 
containing 1, 5, or 10 µM of each compound (ADJ-310 or PRL-295). Negative control cells were treated with 10 
µL/mL DMSO (1% final concentration) in media. Positive control cells were treated with media containing 250 
nM CDDO-Me. After treatment, the cells were detached as above and then centrifuged for 5 min at 1,400 rpm. 
The TrypLE reagent was removed, and the cell pellets were washed and resuspended in cold PBS. Cell viability 
was subsequently measured using a TC20™ Cell Counter (Bio-Rad, Hercules, CA) with a 1:1 ratio of Trypan blue 
(Thermo Fisher Scientific) and a HaCaT cell suspension. Briefly, 10 µL of a 50/50 mixture of cell suspension 
and Trypan blue was pipetted into a well on specialized TC20™ Cell Counter slides. The slide was subsequently 
inserted into a TC20™ Cell Counter machine, which detects the presence of Trypan blue and provides a cell 
viability reading (percent live cells).

Cell proliferation
Cell proliferation was measured using the CellTiter 96 AQueous One Solution Cell Proliferation Kit, referred to 
as the MTS Assay (Promega, Madison, WI). Tissue culture plates were seeded with 5,000 HaCaT cells per well. 
After overnight incubation, the cells were treated for 24, 48, or 72 h with 200 µL of media containing 1, 5, or 10 
µM of each compound (ADJ-310 or PRL-295) per well. Control cells were treated with 10 µL/mL DMSO (1% 
final concentration) or 250 nM CDDO-Me in media. After treatment, 20 µL of MTS Reagent was added to each 
well. The plates were then incubated for 30 min at 37 °C. After incubation, the plates were shaken briefly for 
5–10 s, after which the absorbance at 490 nm was read using a SpectraMax Plus plate reader (Molecular Devices, 
San Jose, CA). The results were read and exported using the companion software of the plate reader, SoftMax 
Pro 7.1 (Molecular Devices), and the statistical analyses were performed using GraphPad Prism 9 (GraphPad 
Software, San Diego, CA).

Cell migration
In a 6-well plate, 2 brick-shaped silicone molds (Ibidi, Gräfelfing, Germany) with 3 identical openings were each 
adhered to the bottom of each well, creating 6 identical spaces. HaCaT cells were cultured to confluence within 
the molds, which were then removed to create 4 identical gaps or in vitro wounds in each well. After the molds 
were removed, the cells were washed with PBS and then treated with 1 µg/mL mitomycin-C (Sigma Aldrich, St. 
Louis, MO) for one hour at 37 °C to inhibit proliferation. After mitomycin-C treatment, the cells were washed 
three times with PBS and then treated with media containing 10 µM each compound (ADJ-310 or PRL-295) 
or 250 nM of CDDO-Me. Control cells were treated with media containing 10 µL/mL (1% final concentration) 
DMSO. These in vitro wounds were imaged immediately after mold removal and again every 24 h for three 
days. Images were processed using ImageJ software (National Institutes of Health, NIH, Bethesda, MD, USA) 
as described in the “Image Analysis” section below and in the following reference73. The rate of migration is 
expressed as a percentage of the original gap area for each time point.
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Oxidative stress
HaCaT cells were cultured as described above until they reached 90–95% confluence. Then, the cells were treated 
for 24 h with media containing 1 or 10 µM of each compound (ADJ-310 or PRL-295). After treatment, the 
cells were lysed according to the kit instructions, and the lysates were analyzed using colorimetric detection 
kits to determine superoxide dismutase (SOD) activity and total glutathione (GSH) content. SOD activity was 
determined using the Superoxide Dismutase Colorimetric Activity Kit (Invitrogen, Thermo Fisher Scientific), 
and total GSH content was determined using the Glutathione Colorimetric Detection Kit (Thermo Fisher 
Scientific). Both kits included detailed instructions and guides that can be viewed online (Thermo Fisher 
Scientific, catalog numbers EIASODC and EIAGSHC).

Briefly, 2 million cells per sample were lysed by sonication in 500 µL of ice-cold PBS for the SOD assay, 
and 4.5 million cells per sample were lysed by sonication in a solution of 5% 5-sulfo-salicylic acid (5-SSA) in 
water for the GSH assay. For the GSH assay, we followed the protocol for detecting total GSH content. Cell 
lysates at multiple dilutions and the corresponding standards were then mixed with the appropriate reagents and 
incubated in 96-well plates according to the manufacturer’s instructions for each assay. Multiple sample dilutions 
were included to increase the likelihood that at least one would yield results for all conditions that fell within 
the reference range for the assay. After incubation, the plates were shaken briefly for 5–10 s, after which the 
absorbance was read using a SpectraMax Plus plate reader (Molecular Devices) at 450 nm for the SOD assay and 
405 nm for the GSH assay. The results were subsequently read and processed, including a best-fit curve, using 
the plate reader’s companion software SoftMax Pro 7.1 (Molecular Devices), with follow-up and confirmation 
using manual best-fit curve calculations and statistical analyses in GraphPad Prism 9 (GraphPad Software). For 
the SOD assay, the dilutions yielding the best results were 100% (pure lysate) and 57% lysate in lysis buffer. For 
the GSH assay, they were 25% and 12.5% lysate in sample diluent. Note that, per the GSH protocol guidelines, 
dilutions greater than 1:4 are not recommended.

Animal husbandry and experimental design
All husbandry and experimentation procedures were approved by the University of Illinois Chicago Institutional 
Animal Care and Use Committee under protocol number 19–219. All experiments were performed in accordance 
with the relevant committee guidelines and regulations, and ARRIVE guidelines were addressed as follows.

For all in vivo experiments, we used 8-week-old female Leprdb/db mice (Jackson Labs, strain 000642, Bar 
Harbor, ME). Mice were allowed to acclimate to their environments for at least one week prior to experimentation. 
Mice were randomly separated into separate cages upon arrival. Initial cage assignment was done by mouse 
facility staff, and a randomization sequence was not used. During acclimation, the mice were group-housed (3–5 
mice per cage) in standard mouse cages, which were changed weekly. Once the experiments began, the mice 
were separated and housed in smaller groups (2–3 mice per cage) in large rat cages, and the cages were changed 
every other day. Larger cages were chosen to allow for more freedom of movement and to reduce the risk of 
reinjuring wound sites, and the cleaning frequency was increased to reduce the risk of infection and mouse 
attrition. The facilities were maintained on a 14/10-hour light/dark cycle, and all the animals were given free 
access to food and water. To minimize the effect of potential confounders, all mice in all groups were housed in 
the same room and on the same racks within the housing facility. Wounding was done and photos were taken by 
the same individual throughout the studies to reduce variation. Husbandry was standardized across all groups, 
and anesthetization, photography, and treatment were done in the same order each day. These studies were not 
blinded or masked, as the same investigator prepared and administered all treatments, photographed the mice, 
and performed the analysis.

In these in vivo experiments, the groups being compared were the treatment group(s) receiving either ADJ-
310, PRL-295, or CDDO-Me in vehicle solution, and the control group receiving only the vehicle solution of 
either 40% DMSO in PBS (in the first study) or 25% F-127 Pluronic gel (PG) and 10% DMSO in PBS (in the 
second study). The experimental unit was a single animal, and the primary outcome measure was wound size. 
For the first study (vehicle solution: 40% DMSO in PBS), 22 mice were used, with 11 mice allocated to each 
group. For the second study (vehicle solution: 25% F-127 Pluronic Gel and 10% DMSO in PBS), 24 mice were 
used, with 6 mice allocated to each group. Across both studies, the total number of mice used was 46. Sample 
size was determined by exceeding the estimated number of mice predicted to be lost due to attrition such that at 
least 3 mice remained in each group.

All mice initially included were 7-week-old female Leprdb/db diabetic mice (Jackson Labs), which were 
acclimated for one week prior to experimentation at 8 weeks. There were no additional inclusion criteria. Mice 
were excluded in the case of premature death, infection, wound convergence or expansion, failure to heal, or 
wound re-injury due to a cage-mate, self-injury on a housing component, or other unintentional cause. For the 
first study (vehicle solution: 40% DMSO in PBS), 22 mice were used, and zero mice were excluded, resulting 
in n = 11 for both groups. For the second study (vehicle solution: 25% F-127 Pluronic Gel and 10% DMSO in 
PBS), 24 mice were used, and 6 mice were excluded according to the criteria described above: one each from the 
CDDO-Me and PRL-295 groups, and two each from the ADJ-310 and Control groups, resulting in n = 4 for the 
ADJ-310 and Control groups, and n = 5 for the CDDO-Me and PRL-295 groups.

In vivo wound healing studies
After acclimation, 8-week-old female Leprdb/db mice (Jackson Labs) were separated into larger cages in groups of 
2–3, as described above. Mice were anesthetized by isoflurane inhalation, and hair on the dorsum was removed 
by shaving with electric clippers. After the skin was shaved, it was sanitized using 70% isopropyl alcohol. Then, 
a dotted line bisecting the dorsum was drawn longitudinally along the spine to mark the center of the back. 
Anesthesia depth was confirmed by toe-pinching. Then, the dorsal skin was pinched up, folded along the dotted 
line, and held flat against a sanitized rubber puck. A sterile 8-mm Acu-Punch biopsy punch (Acuderm, Inc., Fort 
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Lauderdale, FL) was pressed through both layers of the folded skin to create two full-thickness skin wounds, 
one on either side of the dorsum, separated by the dotted line. Special care was taken to ensure that the wounds 
were centered between the head and the base of the tail, and the wounds were placed as close as possible to the 
body of the mouse after dorsal skin folding to reduce the risk of wound expansion, merging, infection, or other 
complications.

After wounding, the wounds were photographed using a Canon PowerShot ELPH 190-IS digital camera 
(Canon, USA; Melville, NY) on a fixed tripod with ruler scales affixed to the base to ensure consistent 
photography. After imaging of the initial wounds, the mice were randomly assigned to groups without the use 
of a randomization sequence. Then, each wound was treated topically with 30 µL of either a treatment or control 
(vehicle) solution. Two vehicle solutions were used in these studies: a solution of 40% DMSO in PBS, and a 
solution of 25% F-127 Pluronic gel (PG) and 10% DMSO in PBS. For the treatment groups, 100 µg of each 
compound (ADJ-310, PRL-295, or CDDO-Me) was added to 30 µL of the vehicle solution. Treatments were 
repeated daily beginning on day 0, the day of wounding, until the wounds were closed or no longer visible. 
Wounds were photographed each day prior to treatment to maximize visibility.

For semi-quantitative real-time PCR analysis of wounds, wounds were treated topically immediately after 
wounding on D0 and again on D1, for a total of two treatments. Wound tissue was collected 6 h after treatment 
on D1. To harvest the tissue, mice were euthanized by CO2 inhalation and cervical dislocation, and the wound 
tissue was collected using a standard punch biopsy instrument and placed in RNALater® (Sigma-Aldrich) and 
stored at -20oC. Control mice for the RT-PCR analysis were treated with a solution of 25% F-127 Pluronic gel 
(PG) and 10% DMSO in PBS.

Real time polymerase chain reaction analysis
For RT-PCR analysis of wound tissue collected 6 h after Day 1 post-wounding treatment, total RNA from 8-mm 
full thickness skin wounds was extracted using TRIzol (Invitrogen, Waltham, MA). One µg total RNA was then 
treated with DNase (ThermoFisher Scientific, Waltham, MA) and converted to cDNA using a High-Capacity 
cDNA Reverse Transcription Kit (Invitrogen). Relative gene expression was determined by semi-quantitative 
PCR on a StepOnePlus RealTime PCR System (Applied Biosystems, Waltham, MA) using Power SYBR Green 
PCR Master Mix (Roche, Basel, Switzerland). The 2−ΔΔCT method was employed to determine the relative 
expression of target genes74. Figure 8D shows the primers used for our RT-PCR analyses, all of which were from 
mouse species. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as a reference gene. The DMSO 
vehicle control group was used as a baseline for comparisons.

Image analysis
Images from both in vitro and in vivo wound healing assays were analyzed using ImageJ software (National 
Institutes of Health, NIH, Bethesda, MD, USA). For further information about the use of ImageJ, please refer 
to the following publication73. In images that included a known scale measurement, such as the rulers in our 
mouse wound images, the Straight Line Tool and Set Measurement option was used to set the scale to a known 
length. If no scale was included, as in the in vitro wound closure images, the area was measured in pixels. Using 
the Freehand tool, the wound area was manually traced and then quantified using the Measure function. The 
thickness of each wound was measured 3 times, and the resulting values were averaged to generate a single area 
measurement for each wound. All the measurements were made in a blinded and randomized fashion. Statistical 
methods used in the analysis of these measurements are described in detail below, under “Statistical Analysis, 
Rigor, and Reproducibility.”

mRNA sequencing
HaCaT cells were cultured as described above and treated with 250 nM CDDO-Me or 10 µM PRL-295 for 
14  h (n = 3). After treatment, RNA was extracted from the treated cells; RNA sequencing and data analysis, 
including library preparation, quality control, mapping, quantification, differential gene expression analysis, and 
enrichment analyses, were conducted by Novogene (Sacramento, CA) using the Illumina NovaSeq 6000 System 
and PE150 sequencing platform, with paired-end 150-base pair read lengths and more than 20 million read 
pairs generated per sample. The enrichment pathways analyzed included the Kyoto Encyclopedia of Genes and 
Genomes (KEGG), Gene Ontology (GO), Human Disease Ontology (DO), and Reactome Pathway Database 
(Reactome) terms. Further details and reference publications using this technology are available online via 
Novogene USA. The results are reported using the following nomenclature: HA_C represents control cells 
treated with media containing DMSO. HA_T1 represents cells treated with CDDO-Me, and HA_T2 represents 
cells treated with PRL-295. In the figures and legends, additional labels have been added for clarity.

The RNA sequencing data were analyzed by Novogene as described in their “Methods_MedTR” document 
(Novogene, USA, 2019) and summarized here75: Analysis was performed using a combination of programs, 
including STAR, HTseq, Cufflink and Novogene’s wrapped scripts. The alignments were parsed using the TopHat 
program, and differential expression was determined through DESeq2/edgeR. GO and KEGG enrichment 
analyses were implemented with ClusterProfiler. Gene fusions and differences in alternative splicing were 
detected via Star-Fusion and rMATS software. The reference genome and gene model annotation files were 
downloaded directly from NCBI/UCSC/Ensembl. Indexes of the reference genome were built, and paired-end 
clean reads were aligned to the reference genome using STAR (v2.5) with the maximal feasible prefix method. 
HTSeq v0.6.1 was used to count the number of reads mapped to each gene. The FPKM value of each gene was 
calculated based on the length of the gene and the read count. Differential expression analysis was performed 
using the DESeq2 R package (2_1.6.3) with a model based on the negative binomial distribution. The resulting P 
values were adjusted using the Benjamini and Hochberg approach for controlling the false discovery rate (FDR). 
Genes with an adjusted P value < 0.05 according to DESeq2 were considered to be differentially expressed. To 
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allow for log adjustment, genes with 0 FPKM were assigned a value of 0.001. Correlations were determined 
using the cor.test function in R with option set al.ternative = “greater” and method = “Spearman”. To identify 
the correlation between differences, samples were clustered by FPKM using the hierarchical clustering distance 
method with the heatmap, self-organization mapping, and k-means functions in R. GO enrichment and KEGG 
pathway analyses were implemented using the clusterProfiler R package, with gene length bias corrected. GO, 
KEGG, DO, and Reactome terms with corrected p values less than 0.05 were considered to indicate significant 
enrichment of DEGs. PPI network analysis of the DEGs was performed with the STRING database. Star-fusion 
(0.8.0) was used to detect fusion genes. rMATS (3.2.1) software was used to analyze the presence of AS events. 
The results of the Bam alignment for each sample were analyzed using Picard tools (v1.111) and SAMtools 
(v0.1.18). Single nucleotide polymorphisms were called using HaplotypeCaller in GATK3.4, and ANNOVAR 
was used to annotate the polymorphisms against the dbSNP database. The TFCat and COSMIC databases were 
used to annotate the DEGs.

Statistical analysis, rigor, and reproducibility
For quantitative data, statistical analyses were performed using GraphPad Prism 9 software (GraphPad Software). 
Outliers, if any, were identified among replicates of a single condition using the ROUT Method with Q = 1%. 
Two-way ANOVA was performed using Tukey and Šidák corrections for multiple comparisons, with a 95% 
confidence interval and an alpha threshold of 0.05. One-way ANOVA was performed using the Benjamini, 
Krieger, and Yekutieli two-stage step-up method of correcting for multiple comparisons by controlling the false 
discovery rate (FDR), with a desired FDR of 0.05. For these one-way ANOVAs, graphed asterisks on pairwise 
comparisons denote the calculated q values after FDR correction (Figs. 4 and 5). Where applicable, multiplicity-
adjusted P values are reported for each comparison. Multiple t tests were performed using the Holm–Šídák 
method with an alpha threshold of 0.05 (Fig. 3) or the Benjamini–Yekutieli correction method with an FDR 
of 1% (Fig. 2). Multiple two-tailed unpaired t-testing was performed with Welch’s correction (Fig. 8). The area 
under the curve was calculated with a baseline Y = 0, ignoring all peaks that were less than 10% of the distance 
from the minimum to the maximum Y.

For all the bar graphs, the error bars represent the standard deviation (SD). Data were expressed as 
mean ± standard deviation (SD), and their normality was evaluated using the Shapiro-Wilk tests. All experiments 
were performed in groups of n = 3 or greater, where each n represents a biological replicate that may consist 
of multiple technical replicates (e.g., each mouse is a biological replicate or one n that includes two wounds 
or technical replicates). In vitro experiments were always conducted in triplicate or greater. For experiments 
that included multiple dilutions of the same samples, such as the SOD and GSH assays, the results from all 
dilutions within the reference range were first analyzed together by 2-way ANOVA as described above. Once the 
best dilution was determined, the results from that dilution were analyzed by one-way ANOVA as described to 
ensure the accuracy of the reporting. Mice were assigned randomly to groups. Individual measurements were 
taken in triplicate and averaged to reduce possible variation resulting from manual measurement. For all the 
treatments, the solutions were freshly prepared immediately prior to use to prevent decay, maximize efficacy, and 
reduce variability. All analyses were done in a blinded manner.
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