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Nrf2 Deficiency Brings About Increased
Sensitive to IR and 7,12-dimethylbenz(a)
anthracene and Leukemia Predisposition

Mingxin Dong'*®, Ping Yang®*, Xinyu Zhang'*®, Shasha Nie?, and Xiaohui Sun'

Abstract

Purpose: Nuclear factor erythroid 2-related factor 2 (Nrf2) is a crucial cytoprotective protein that shields cells from
electrophilic and oxidative stress. Mice lacking Nrf2 exhibit heightened susceptibility to myelosuppression due to impaired
hematopoietic reconstitution. In this study, we examined the altered sensitivity to ionizing radiation (IR) and 7,12-dime-
thylbenz(a)anthracene (DMBA) in Nrf2 ™'~ mice separately.

Materials and Methods: Irradiate Nrf2 ™'~ or wild-type mice with a dose of 4 Gy to observe changes in body weight, survival
rate, and blood routine at 12 months. DMBA was used to treat Nrf2 '~ and wild-type mice, and the body weight and survival
rate of the mice were measured. The changes of heme oxygenase- 1 (HO ) and NAD(P)H: quinone oxidoreductase | (NQOI) in
mice treated with IR or DMBA were detected by RT-qPCR and western blotting.

Results: Our results indicate that Nrf2 deficiency leads to more severe blood and immune system injury in mice exposed to IR
or DMBA. Additionally, long-term monitoring revealed that Nrf2 deletion resulted in more severe myelosuppression, leukemia-
like symptoms, and higher cancer rates. At the mRNA and protein levels, there was no significant increase in HOI and
NQOI levels in the Nrf2 '~ mice treated with IR or DMBA. These adverse effects might be attributed to the inhibited protein
levels of HOI and NQOI and significant DNA damage in hematopoietic stem and progenitor cells (HSPCs).
Conclusions: We demonstrate that the genetic deficiency of Nrf2 in mice leads to reduced antioxidant capacity and sup-
pression of hematopoietic and immune system function, resulting in increased sensitivity to IR or DMBA.
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Introduction

Ionizing radiation (IR), characterized by its capacity to ionize
atoms and molecules, is extensively employed across a spectrum
of applications, including military, industrial, and medical sec-
tors. While it has brought progress and convenience to mankind,
it has also brought threats to human health. Reports show that IR
exposure is associated with carcinogenesis, circulatory diseases
and metabolic diseases.'” In particular, irradiation with IR has
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been shown to stimulate the synthesis of reactive oxygen species
(ROS), which can cause DNA double-strand breaks or result in
cellular oxidative stress.’ Additionally, 7,12-dimethylbenz(a)
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anthracene (DMBA), a polycyclic aromatic hydrocarbon present
in cigarette smoke, is also a known carcinogen. DMBA mediated
carcinogenic effects involve cellular DNA damage and dysre-
gulation of genes important for cell proliferation and survival.*

Previous studies have shown that leukemia is usually
formed from genetic and epigenetic changes of hematopoietic
stem cells (HSCs), which maintains the homeostasis of he-
matopoietic system.” Both IR and DMBA are myelosup-
pressive agents, and they cause DNA damage and genomic
instability in HSCs.®’ Therefore, in view of the wide appli-
cation of IR or DMBA, the leukemia caused by it needs to
attract people’s attention, and the specific mechanism of
leukemia formation needs to be further studied.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a member
of the cap 'n’ collar (CNC) family, characterized by its leucine
zipper (bZIP) domain, which functions to facilitate its role as a
transcription factor. Under physiological conditions, Nrf2 and its
cytosolic inhibitor, KEAP1, form a complex within the cytoplasm.
As a potent transcription factor, Nrf2 orchestrates the expression of
a suite of cytoprotective proteins, including heme oxygenase-1
(HO-1) and NAD(P)H: quinone oxidoreductase 1 (NQOI1),
among others.® Due to its extensive transcriptional regulatory role,
Nrf2 influences diverse cellular processes, including drug meta-
bolism and redox homeostasis, among others.”'® Recent studies
have explored the roles of Nrf2 in the hallmarks of cancer,
highlighting its dual role in both the prevention of carcinogenesis
and the promotion of tumor progression.

In our study, we found that Nrf2 was essential for organ
protection in mice exposed to IR and DMBA. Nrf2 affected
cancer rates and long-term survival in these mice and the in-
cidence and mortality of leukemia-like symptoms significantly
increased in Nrf2 ™'~ mice. This phenomenon was attributed to
more severe cell damage, genomic instability, and delayed
recovery in the hematopoietic system of Nrf2 ™'~ mice caused
by IR and DMBA. Overall, our study established a link between
Nrf2 and IR/DMBA -induced leukemia-like symptoms in mice.

Material and Methods

Animals

All mice utilized in this investigation were housed in a specific-
pathogen-free facility, with environmental conditions meticu-
lously maintained at a temperature of 22 + 2°C. The mice in the
study were fed for 14 months, including DMBA or IR treatment.
For cancer type evaluation, we used the classical method of
microscopic observation of cell morphology to determine various
cancer types, for example, pathological examination of mouse
bone marrow, spleen, and liver, and proportion of immature cells
in bone marrow to determine leukemia.

Long-Term and Short-Term Treatment of Mice with IR

Four groups of mice were divided, including: WT, Nrf2~'~,
WT + IR, Nif2™ /" +IR.

Long-term treatment: There were 34 male and 32 female
mice aged 6 weeks. The mice were exposed to 4 Gy Total body
irradiation (TBI), and the 12-month survival rate was
calculated.

Short-term treatment: 12 male mice were used to do blood
routine examination (6 each); 10 male mice were used to do
Comet assay (5 each).

Long-Term and Short-Term Treatment of Mice with
DMBA

Four groups of mice were divided, including: WT, Nrf2 '™,
WT + DMBA, Nrf2~"+DMBA.

Long-term treatment: DMBA was dissolved in soybean oil
at a concentration of 5 mg/mL. The 6 weeks mice were treated
with 200 uL. DMBA or soybean oil by intragastric adminis-
tration once a week (84 male mice). The DMBA or soybean oil
was administered five times. The mice were then observed and
recorded weekly.

Short-term treatment: The 8 weeks mice were treated
with 200 uL DMBA (5 mg/mL) or soybean oil by intra-
gastric administration 3 times a week. The mice were eu-
thanized and dissected one week later. 12 male mice were
used to do Blood routine and immune organ index analysis,
and 12 male mice were used to extract HPSC and perform
comet experiments.

lonizing Radiation Treatment

Cellular and murine specimens were subjected to a stan-
dardized exposure regimen involving '*’Cs y-radiation, de-
livered at a precise dose rate of 0.890 Gy/min. This irradiation
was facilitated by the Nordion Gammacell 40 whole-body
irradiator, a device renowned for its precision in dosimetry and
widely utilized in radiobiological research (BEST Thera-
tronics Ltd., Ottawa, Canada).

Determination of Thymus and Spleen Index

For a quantitative evaluation of the immune response, the
spleen and thymus indices (Sx) are calculated as follows:

Sx = Weight of the experimental organ (mg)/Weight of the
experimental animal (g).

Antibodies, Kits and Reagents

Antibodies: NRF2 (Proteintech, 16396-AP), HO1 (Abcam,
ab137749), NQO1(Abcam, ab28947), Tubulin (Proteintech,
66240-1-Ig), Actin (Proteintech, 66009-1-Ig).

Kits and reagents: EasySep™ Mouse SCA1 Positive Se-
lection Kit (Stem cell technologies, #18756), Human Epi-
dermal Growth Factor (hEGF) (Cell Signaling Technology,
#8916), B-27™ Supplement (50X) (Gibco, 17504044).
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Apoptosis Detection

The assay was performed with the One Step TUNEL Apo-
ptosis Assay Kit, Fluorescein (Beyotime, Shanghai, China),
which employs fluorescein-conjugated dUTP to label free 3'-
OH ends of DNA fragments. Following the manufacturer’s
guidelines, the TUNEL detection solution was applied, and
the tablets were incubated in the dark at 37°C. After rinsing
with PBS, the tablets were sealed with an anti-fluorescence
quenching solution and examined under a fluor.

Quantitative RT-PCR

Total intracellular RNA was extracted using TRIzol reagent
(catalog number 15596018; Invitrogen, Carlsbad, CA, USA).
Subsequently, complementary DNA (cDNA) was generated
following the manufacturer’s protocol. Quantitative real-time
polymerase chain reaction (RT-qPCR) was performed using
BlasTag™ 2X gPCR MasterMix (catalog number G891;
Applied Biological Materials Inc., Richmond, BC, Canada), in
accordance with the manufacturer’s instructions. Data nor-
malization was carried out by employing GAPDH as a
housekeeping gene for internal control.

Colony Formation Experiment of Bone Marrow Cells

Mouse bone marrow Hematopoietic stem and progenitor cells
were sorted using the RoboSep™ Mouse SCAI1 Positive
Selection Kit Protocol (STEMCELL Technologies, Vancou-
ver, Canada). Suspend a total of 2 x 10* BM cells from each
mouse in 100 pL of fresh culture medium and mix with 1 mL
of methylcellulose medium. The mixture was then seeded into
six-well plates and grown at 37°C and 5% CO,. Using an
inverted microscope to observe and count colonies.

Hematopoietic Stem and Progenitor Cells
(HSPCs) Isolation

Remove the femur of the mouse and remove the muscles as
much as possible, and rinse thoroughly with PBS buffer. Soak
the femur in PBS buffer for 5 minutes, then cut open at both
joints and repeatedly rinse the bone marrow cavity with PBS
to obtain a suspension of bone marrow cells. Using ACK lysis
buffer (A1049201, Thermo Fisher Scientific) to remove red
blood cells (Incubate on ice for 5 minutes). Label SCA1+
HSPCs and screen using flow cytometry.

Comet Assay/ Single-Cell Gel Electrophoresis (SCGE)
Assay

The mice were completely exposed to 2 Gy y-rays, and their
peripheral blood was taken at 0.5, 1, 2, and 4 hours after
irradiation. The Mouse peripheral blood mononuclear cell
Isolation Kit (TBD2011 M, Tianjin, Hao Yang Biological Co.,
LTD) was used to collect peripheral blood mononuclear cells,

which were then adjusted to a concentration of 10°-10° cells/
ml with PBS. DNA breaks in cells were measured using the
comet assay as previously described.'' Data is analyzed and
generate chart in Graphpad Prism 8.

Whole-Cell Lysate Collection and Western Blotting

To prepare whole-cell lysates, cells were initially collected and
rinsed with phosphate-buffered saline (PBS). Subsequently,
they were resuspended in pre-chilled RIPA lysis buffer
(catalog number R0010; Solarbio, Beijing, China) supple-
mented with 0.1% protease and phosphatase inhibitors. The
suspension was incubated on ice for 30 minutes, with regular
vortexing to ensure thorough cell lysis. Then, the lysates were
supplemented with 4x protein loading buffer (catalog number
P1016; Solarbio, Beijing, China) and subjected to boiling in a
metal bath at 100°C for 10 minutes to denature the proteins.

Statistical Analyses

Each experimental procedure was conducted three times to
ensure reproducibility, with results expressed as the mean +
standard deviation (SD). Statistical comparisons between
groups were performed using T test, as implemented in either
GraphPad Prism version 8 or SPSS software. Significance was
determined at the threshold of P < 0.05, with the following
designations for levels of significance: * for P < 0.05, ** for
P <0.01, and *** for P < 0.001.

Results
Nrf2 is Essential for Survival of Mice Exposed to IR

Previous research has demonstrated that Nrf2 plays a crucial
role in enhancing the survival of mammalian cells subjected to
ionizing radiation by accelerating the repair of DNA damage
and facilitating the detoxification process of superoxide
radicals.'” Sang Bum Kim et al also showed that synthetic
triterpenoids activating Nrf2 improves overall survival in mice
exposed to a lethal dose of whole-body irradiation. In our
study, we exposed male and female mice to 4 Gy of IR, which
did not cause mortality in a short-term, and monitored them
for a long-term. Furthermore, 20% of WT mice and 80% of
Nrf27'~ mice died during 8 to 10 months after TBI
(Figure 1A). Similarly, we found that 4 Gy TBI caused more
mortality in Nrf2~'~ female mice group than WT group
(Figure 1B). The average body weight data showed that TBI
led to slower weight gain during the first 7 months, and there
was no significantly difference between WT and Nrf2 ™'~
male mice during this period of time (Figure 1C). Eight
months later, the average body weight of survival mice in
WT male mice TBI group was not much different from the
unirradiated mice. However, the Nrf2~'~ male mice TBI
group lost a lot of weight due to the disease between the
seventh and eighth months (Figure 1C). Diseased mice in the
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Figure |. Survival Status Analysis of Mice in Irradiated Models and Pathological Analysis of Major Organs of them. (A) Male Mice were
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irradiated group showed symptoms of chills, depilation and
loss of balance (Figure S1A). After dissecting the dead mice,
we found that some of them developed a significant
splenomegaly (Figure S1B). Histologically, the spleen and
liver tissues of diseased mice in the irradiated group were
characterized by an increased and infiltration of immature
cells (Figures 1D and 1E). Collectively, our results show that
the survival rate after IR in the Nr/2 '~ group is significantly
reduced.

Nrf2 Protects Hematological System from IR by
Reducing Damage, Maintaining Genomic Stability and
Promoting Functional Recovery

The hematological system is highly sensitive to IR. Whole-
body doses of 2 Gy or higher can cause bone marrow de-
pression and reduction in lymphocytes.'* IR promotes the
development of hematopoietic malignancies. Given that
Nrf2~'~ mice exposed to 4 Gy IR had a higher mortality rate
and an increased risk of leukemia-like symptoms compared to
WT mice, we hypothesized that in the early stages after IR,
Nrf2~'~ mice may suffer more severe hematological system
damage.

To test this hypothesis, we conducted blood tests to ob-
serve how Nrf2 affected the number of different cell types in
the blood after 4 Gy TBI (Figure S2A). No statistically
significant differences in red blood cell (RBC) counts were
observed between the two mouse cohorts (Figure S2C).
Although platelet count was significantly higher in Nrf2 ™'~
mice before irradiation for unknown reasons than in WT
mice, there was no significant difference in platelet count
between the two groups of mice in the second week after
irradiation (Figure S2D). White blood cell (WBC) count was
significantly reduced in both Nrf2~'~ mice and WT mice

after irradiation, but WBC counts in the irradiated WT mice
were consistently higher than those in Nrf2~'~ mice
(Figure 2A). The number of WBC in peripheral blood may be
affected by the hematopoietic function of bone marrow and
leukocyte injury. Therefore, we used the mouse stem cell
colony formation experiment to test the hematopoietic ability
of mice and comet assay to detect DNA damage in lym-
phocytes. The colony formation results showed that the
colony formation ability of Nrf2~'~ mice was significantly
stronger than that WT mice without irradiation. However,
this phenomenon is completely reversed after radiation
damage to the bone marrow (Figure 2B and S3A).

Peripheral blood mononuclear cells (PBMCS) were extracted
from mice exposed to 2 Gy IR (Figure S4A). Comet experiments
with them showed that tail DNA content and olive tail moment of
Nrf2~'~ mice were significantly higher than WT mice (Figures
2C-E). Additionally, the Olive Tail Moment value of WT mice
decreased significantly longer than that of Nr/2 '~ mice after 1 to
4 hours of irradiation (Figure S4B). These results suggested that
Nrf2~"~ mice suffered more severe DNA damage and were less
capable of repairing it. Irreparable DNA damage may cause
genomic instability, so we used mouse bone marrow cells for
micronucleus test and chromosome detection. The results
showed that N7/2~'~ mice had higher rates of micronucleus
formation and more aberrant chromosomes (Figures 2F-H). The
above results suggested that Nrf2 played an important role in
reducing DNA damage, maintaining genomic stability and
promoting functional recovery of hematological system when
mice were exposed to IR.

Nrf2 Protects Spleen and Thymus from IR

Studies showed that spleen and thymus are also sensitive
organs to IR."* Thus, we examined these organs and notice
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Figure 2. Nrf2 Protects Hematological System From IR by Reducing Damage, Maintaining Genomic Stability and Promoting Functional
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that Nrf2~'~ mice had higher spleen indexes and thymus
indexes under normal feeding conditions. When mice were
sampled at 24 and 48 hours after 4 Gy irradiation, both
spleen indexes and thymus indexes of Nrf2~'~ mice de-
creased significantly than that of WT mice (Figures 3A-B).
From the appearance, the spleen of Nrf2~'~ mice showed
marked pigmentation after TBI (Figure 3C). Consistent
with the index analysis, histologic examinations (HE) re-
vealed that TBI caused more severe cell reduction in spleen

and thymus of Nrf2~'~ mice. Simultaneously, in Nrf2 ™'~
mice, the structure of spleen white pulp was significantly
disrupted and the number of white pulp regions was
markedly decreased (Figures 3D-E). The TUNEL assay
results showed that 4 Gy TBI led to a lot of apoptosis in
spleen, and the number of apoptotic cells in Nrf2~'~ mice
was significantly higher than WT mice (Figure 3F). These
results indicate that Nrf2 is a crucial factor in protecting the
spleen and thymus from IR-induced damage, which is key
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to the development and progression of leukemia-like
symptoms.

Nrf2 Absence Leads to DMBA-Induced Cancer
Predispositions, Especially Leukemia

Since Nrf2 was associated with IR-induced leukemia, we
wanted to test whether it affects other drug-induced leukemia.
DMBA has been reported to induce acute bone marrow cy-
totoxic and leukemia in mice and rat.'>'® Thus, we admin-
istered intragastric DMBA treatment to the mice for five
weeks and monitored them for cancer development. The re-
sults showed that DMBA caused death in mice within
45 weeks post-administration, with the mortality rate of
Nrf27'~ mice was significantly higher than WT mice
(Figure 4A). Besides, The Nrf2~'~ mice lost weight rapidly
between 20 and 38 weeks after treatment with DMBA
(Figure 4B). Upon dissecting and analyzing the dead mice for
cancer types, we found that the incidence of cancer in DMBA-
treated WT mice was 68.97%, whereas all Nrf2 ™/~ mice
developed cancer. Although the incidence of different types of
cancer differed between the two groups, leukemia-like
symptoms was the most common cancer in both groups.
And the incidence of leukemia-like symptoms in N7/2 '~ mice
(53.84%) was significantly higher than WT mice (20.68%)
(Figure 4C and Figure SSA-S5D). In the process of studying
leukemia pathology in mice, we noticed that the WBC count in
their peripheral blood did not change uniformly (Figure 4D).

However, they showed marked lymphocytic infiltration in the
liver and spleen and abnormal leukocyte accumulation in the
bone marrow (Figures 4E—G). These results indicate that
DMBA causes higher cancer rates and mortality in Nrf2 ™"~
mice, with leukemia-like symptoms being the most common
type of cancer.

Nrf2 Absence Made Major Organs More Sensitive
to DMBA

To compare the responses of WT and Nr/2~'~ mice to DMBA,
we administered DMBA intragastrically to the mice three
times. Blood routine analysis showed that DMBA did not
cause significantly changes of RBC and PLT (Figure S6A and
S6B). However, While DMBA caused a significant increase of
WBC in WT mice, it caused a slight decrease in WBC in
Nrf2~'~ mice (Figure 5A). This discrepancy may be due to the
more effective immune response of WT mice to DMBA
damage, whereas the immune system in Nrf2 ™'~ mice suffered
severe impairment. When we made pathological observations
of the bone marrow, spleen, and liver of the mice, we found
that DMBA did not lead to significant changes of spleen index
and liver index (Figure S6C and S6D). However, DMBA did
cause damage to all three organs, including cell death and
lesion formation in the bone marrow, reduction in the diameter
of the white pulp in the spleen, and hepatic nuclear malfor-
mation. These organ damages were more severe in Nrf2 '~
mice (Figures 5B-D). These results suggest that Nrf2 had
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protective effects on bone marrow, spleen, and liver. When
DMBA-induced damage occurs, the absence of
Nrf2 exacerbates organ damage.

HSPCs Lacked Stress Response and Were More Prone
to DNA Damage for Nrf2 Deficiency

Hematopoietic stem and progenitor cells (HSPCs) are the
source of hematopoietic homeostasis, and their damage and
genomic instability are important causes of leukemia.'”"'®
Thus, we suspect that the higher rate of leukemia-like
symptoms formation in Nrf2~'~ mice was due to their
HSPCs were less able to cope with stress conditions and
more severely injured. To prove this prediction, we isolated
mouse HSPCs (SCA1+ cells) and cultured them in vitro
(Figure S7A and S7B). Next, we treated them with IR or
DMBA and detected changes in important cell protection
proteins HO1 and NQO1. The results showed that 6 hours
after 4 Gy IR, the transcription and protein levels of

HO1 and NQO1 were significantly elevated in WT mice
HSPCs. But these responses were significantly diminished
by Nrf2 absence in Nrf2~'~ mice HSPCs (Figures 6A—C).
The same with exposure to IR, when WT mice HSPCs
treated with DMBA, the transcription and protein levels of
HO1 and NQOI1 were significantly elevated. But these
responses were significantly diminished by Nrf2 absence in
Nrf2~'~ mice HSPCs (Figures 6D-F). DNA damage in
HSPCs was assessed using the SCGE technique. The
findings revealed that both IR and DMBA induced DNA
damage in HSPCs. Notably, HSPCs from Nrf2~'~ mice
exhibited greater DNA damage compared to those from
WT mice, as evidenced by significantly higher Olive Tail
Moment, Tail DNA%, and Tail length measurements
(Figures 6G—H and S8A-S8D). We had shown previously
in human cells that Nrf2 regulates ATR-CHK1 signaling
pathway activation when cells suffer from DNA damage
and Nrf2 deficiency causes genome instability.'' Thus, we
wanted to see if more severe DNA damage in Nr/2 ™'~ mice
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HSPCs was associated with ATR-CHKI1 signaling path-
ways. The Western blot assay results showed that IR
significantly increased the phosphorylation levels of ATR
and CHKI1 in WT mice HSPCs. However, their phos-
phorylation levels did not change significantly in Nrf2 ™~
mice HSPCs (Figure 61). The above results indicated that
Nrf2 deficiency inhibited the response of HO1 and
NQOI1 to IR and DMBA. In addition, Nrf2 absence also
increased HSPCs DNA damage by reducing ATR-CHK1
signaling pathway activation.

Discussion

Nrf2 plays important roles in the formation of various solid
tumors. This regulation of Nrf2 impacts various cellular
processes such as redox homeostasis, metabolism, apoptosis,
proliferation, proteasome degradation, DNA repair, and mi-
tochondrial physiology, all of which are critical for cancer
prevention and treatment strategies.'® Due to the tumor model,
tumor type and tumor progression, the role of Nrf2 in different
reports is also different. Overexpression of Nrf2 has been
linked to excessive tumor cell proliferation, resistance to ra-
diotherapy and chemotherapy, adaptation to the tumor mi-
croenvironment, tumor metastasis, and poorer clinical

outcomes.'>*° To investigate the role of Nrf2 in leukemia-like
symptoms formation, we used IR and DMBA to establish
mouse model, and monitored the occurrence of cancer in
Nerf/f mice and WT mice (Figure 1 and 4). The higher
incidence of leukemia-like symptoms in N7/2 '~ mice resulted
in a significantly lower survival rate than in WT mice. Our
study showed that 100% of Nrf2~'~ mice developed cancer,
31.03% of WT mice were cancer-free and 7.24% of WT mice
developed metastatic lung cancer. Metastatic lung cancer
developed tumors in the lungs that simultaneously metasta-
sized and involved multiple organs, but no one was found in
Nrf2~'~ mice (Figure 4). This result echoes previous reports
that Nrf2 accelerated the growth of malignant cells after tumor
development, or that the mice died before metastatic lung
cancer formed.

Furthermore, a multitude of studies have underscored the
pivotal role of Nrf2 in cellular defense mechanisms. Specif-
ically, Wang et al. have demonstrated that the activation of
Nrf2 signaling confers protection against immunosuppression
in the spleen and thymus.?' In Nrf2™~ mice, histological
examination of spleen sections revealed a significant dis-
ruption of the normal follicular architecture, characterized by
the loss of distinct white and red pulp regions. This was at-
tributed to the infiltration of granulocytes and megakaryocytes
following treatment with TBI and DMBA. Studies have
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shown that Nrf2 is critical in controlling the expression of
antioxidants in the bone marrow matrix and the sensitivity of
these cells to oxidative and electrophilic stress.”> Our results
provide direct evidence that Nrf2 ™'~ mice are highly sus-
ceptible to develop myelosuppressive disease. Histological
section of decalcified femur from Nrf2 ™'~ mice showed hy-
pocellular bone marrow and the increased apoptosis in my-
eloid cells was associated with the myeloid hypoplasia in
irradiated and DMBA-treated Nrf2 ™'~ mice (Figure 4). This
conclusion is further substantiated by previous studies that
have demonstrated the hematopoietic system’s heightened
sensitivity to irradiation, and the capacity of Nrf2 activators to
ameliorate myelosuppression and reduce mortality.”

Therefore, the apoptosis resulted in increased incidence of
bone marrow hematopoietic failure in Nrf2 ™'~ mice.

HSPC transplantation is recognized as an effective thera-
peutic approach for the treatment of various malignant he-
matological malignancies, including acute myeloid leukemia
(AML), acute lymphoblastic leukemia (ALL), among others.
Despite achieving good clinical results, recurrence after al-
logeneic HSPCs transplantation remains the main challenge at
present.”* Therefore, it is necessary to further improve its
therapeutic effect to reduce the recurrence rate after trans-
plantation. HSPCs have the potential for multi-directional
differentiation and self-renewal.””> HSPCs can be affected
by both internal regulatory signals and external
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microenvironment.”® There are reports that reactive oxygen
species (ROS) can affect the biological activity of HSPCs. Under
different cell cycle states of HSPCs, ROS levels affect their
proliferation, differentiation, and regeneration potential.>’**
Nrf2, as an important oxidative stress regulatory factor, plays
an important role in sensing ROS balance. After DMBA and IR
treatment, the antioxidant related proteins HO1 and NQOI1 of
HSPCs in the WT mice were significantly increased to resist the
stress microenvironment (Figure 6). However, the deletion of
Nrf2 led to the maintenance of HO1 and NQOI at a low level,
which may lead to a poor outcome of HSPCs under stress
stimulation (Figure 6). Moreover, the DNA damage response
related proteins in HSPCs of Nrf2 ™'~ mice also showed a sig-
nificant decrease in post radiation stress (Figure 6). These evi-
dences all suggest that NRF2 may maintain the ROS balance of
HSPCs by regulating antioxidant related proteins. This may be
the same outcome as the ROS balancing effect of f3-adrenergic
receptors in hematopoietic stem cell transplantation.”® Specifi-
cally, which specific functions of HSPCs are affected by
Nrf2 need further exploration. Although low physiological levels
of ROS are necessary for maintaining the function of hemato-
poietic stem cells, high ROS levels are also a risk factor for poor
bone marrow transplantation in experimental and clinical set-
tings. Developing relevant antioxidants can help improve the
efficacy of bone marrow transplantation, and Nrf2 may serve as a
target for corresponding small molecule agonists.

The research identifies two significant constraints that
could be targeted for improvement in future investigative
work. Firstly, we preliminarily established a link between
Nrf2 and IR/DMBA-induced leukemia-like symptoms in
mouse models, further research is needed to thoroughly an-
alyze leukemia types and specific characteristics. Secondly, a
larger sample size is needed to validate and extend our results
with more and different forms of experiments, excluding
factors such as differences in facility environments.

Conclusion

In this study, we observed that Nrf2 deficiency led to more severe
damage to the blood and immune systems in mice exposed to IR
or DMBA. This increased susceptibility was associated with
reduced levels of HO1 and NQO! proteins and significant DNA
damage in HSPCs. Our findings indicate that Nrf2™'~ mice are
more vulnerable to environmental mutagens such as IR and
DMBA, resulting in a higher risk of developing leukemia.
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