
Received:  2017.11.20
Accepted:  2018.05.11

Published:  2018.08.27

  2236      1      6      30

Activation of the Nuclear Erythroid 2-Related 
Factor 2 Antioxidant Responsive Element 
(Nrf2-ARE) Signaling Pathway Alleviates 
Acute Graft-Versus-Host Disease by Reducing 
Oxidative Stress and Inhibiting Infiltration of 
Inflammatory Cells in an Allogeneic Stem Cell 
Transplantation Mouse Model

	 BCD  1,2	 Ting Yi
	 BF  3	 Xiaogang Li
	 B  1	 Erhua Wang
	 D  1	 Yanan Zhang
	 C  1	 Yunfeng Fu
	 A  2	 Jieping Li
	 AG  1	 Tiebin Jiang

	 Corresponding Author:	 Tiebin Jiang, e-mail: jiang_tiebin@hotmail.com
	 Source of support:	 The study was supported by the Science and Technology Agency of Hunan Province (2011FJ6091 and 2013WK3016)
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els were higher in the small intestines of the SFN group than in the control group (p<0.05, n=4).

	 Conclusions:	 The Nrf2-ARE signaling pathway plays a vital role in preventing aGVHD in an HSCT mouse model by regulating 
the expression of the downstream antioxidant genes NQO1 and HO-1 and by inhibiting the local inflammato-
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Background

Hematopoietic stem cell transplantation is increasingly used 
as a standard treatment for many hematological malignan-
cies. The main complication of HSCT is GVHD, an immunolog-
ical disorder that affects many tissues and organs, including 
the gastrointestinal system, skin, and lungs [1–3]. So far, no 
single drug can completely inhibit GVHD. Once patients who 
underwent HSCT develop GVHD, the transplantation success 
rate significantly decreases and the patients have a worse 
prognosis than those without GVHD. Therefore, reducing the 
incidence of GVHD and improving the survival rate of GVHD 
patients is a tremendous clinical challenge [4,5].

In recent years, many investigations [6–8] reported that oxi-
dative stress products have a crucial influence on GVHD, es-
pecially during the development and progression of compli-
cations following HSCT. Therefore, reducing oxidative stress is 
thought to be a beneficial therapy for patients with GVHD fol-
lowing HSCT. However, it is difficult to manage the balance be-
tween oxidants and antioxidants in the pathological state and 
further research needs to be conducted on the mechanism.

Nuclear factor-erythroid-related factor 2 (Nrf2) is a crucial tran-
scription factor that plays a vital role in regulating the expres-
sion of oxidative stress-response proteins [9]. Studies have 
found that sulforaphane (SFN) is one of the most fascinating 
phytochemicals because it protects aerobic cells against carcin-
ogens, can activate the Nrf2-ARE signaling pathway, and pro-
tects neurons by inducing the expression of downstream an-
tioxidant genes such as HO-1 [10,11]. However, whether SFN 
can activate Nrf2 and protect organs against aGVHD after he-
matopoietic stem cell transplantation is unknown.

In this study, we sought to: (1) establish a successful GVHD 
mouse model, (2) determine whether the Nrf2-ARE signaling 
pathway participates in aGVHD injury by reducing oxidative 
stress, and (3) investigate whether activation of the Nrf2-ARE 
signaling pathway affects inflammation in the tissues of trans-
planted mice.

Material and Methods

Experimental animal groups

The C57BL/6 mice (male, 8–12 weeks old, 18–22 g) and BALB/c 
mice (female, 8–12 weeks old, 18–22 g) were purchased from 
the Animal Experimental Center of Central South University. 
The C57BL/6 mice provided the bone marrow cells (BMCs) and 
spleen mononuclear cells (SMCs). The BALB/c mice were ran-
domly divided into 4 groups consisting of 10 mice each. All 
of the mice were fed a standard diet and acclimatized for 10 

days before transplantation. The animal protocol was reviewed 
and approved by the Ethics Committee of the Third Xiangya 
Hospital of Central South University.

Four experimental groups were created. The TBI group was ir-
radiated and injected with 0.5 ml of 1× phosphate-buffered 
saline (1×PBS); the BM group was irradiated and injected with 
0.5 ml of cell suspension (5×106 BMCs); the GVHD-SFN group 
was irradiated, injected with 0.5 ml of cell suspension (5×106 
BMCs+0.5×106 SMCs), and treated with sulforaphane (10 mg/kg, 
once every 2 days, LKT Labs, USA) by intraperitoneal injection 
after HSCT; and the GVHD-NS group was treated in the same 
manner as the GVHD-SFN group except that 0.9% normal sa-
line (NS) was used instead of sulforaphane.

Establishment of the aGVHD model

To prepare the host mice, all of the BALB/c mice were given 8 Gy 
of total body irradiation by linear accelerator before transplan-
tation. To obtain the BMC and SMC suspensions, the C57BL/6 
mice were killed by cervical dislocation and subsequently put 
into a 75% alcohol solution for 15 min. The bilateral femur, 
tibia, and spleen were harvested from the mice in an aseptic 
environment. The epiphyseal sides of the bones were cut off 
and the bone marrow was flushed out with RPMI 1640 medi-
um (Gibco, Shanghai, China). RBC pyrolysis liquid (CW-Biotech, 
Beijing, China) was used to remove the erythrocytes from the 
cell suspension. For the most important step – removing the 
T lymphocyte cells – anti-Thy1.2 (Abcam, Shanghai, China) was 
used for 30 min at 4°C. The cell suspension was washed once 
with PBS and then treated with 10% immature rabbit comple-
ment (AbD Serotec, Beijing, China) and 2% DNase (CW-Biotech, 
Beijing, China) for 45 min at 37°C. Finally, the cell suspension 
was diluted to 2.0×107 cells/ml with 1×PBS and stored at 4°C. 
The spleens were carefully milled through a 200-mesh cell sieve, 
and after lymphocyte cells separation medium (MPBio, Beijing, 
China) was added, the mononuclear cells were separated by 
density-gradient centrifugation. Finally, the cell suspension 
was diluted to 2.0×106 cells/ml with 1×PBS and stored at 4°C.

Assessment of aGVHD

The severity of GVHD was assessed by weight loss in the host 
mice [12, 13]. A weight loss of more than 10% indicated the 
occurrence of GVHD. In addition to weight loss, hunching, ac-
tivity, fur texture, and skin injury were recorded. The degree 
of GVHD was mainly assessed using the clinical scoring sys-
tem [14] (described in Table 1). All of the host mice were as-
sessed twice a week after transplantation.
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Detection of Nrf2, NQO1, and HO-1 expression in the small 
intestine by real-time PCR and western blotting

All of the genes were amplified by real-time PCR using the fol-
lowing primers (GenScript, Nanjing, China):
Actin: F: 5’-CATCCTGCGTCTGGACCTGG-3;
R: 5’-TAATGTCACGCACGATTTCC-3’;
Nrf2: F: 5’-CTTTCAACCCGAAGCACG-3’;
R: 5’-GCGGTGGGTCTCCGTAA -3’;
NQO1: F: 5’-ATCCTGCGTTTCTGTGGCT-3’;
R: 5’-TCCTCCCAGACGGTTTCC-3’;
HO-1: F: 5’-CTCACAGATGGCGTCACTTCG-3’;
R: 5’-TGAGGACCCACTGGAGGAGC-3’

Western blotting was performed to detect the expression of 
the Nrf2, NQO1, and HO-1 proteins in the tissues of the small 
intestine. Monoclonal antibodies against Nrf2, NQO1, and HO-1 
were used as the primary antibodies (ProteinTech, Chicago, 
USA), and HRP-labeled goat-anti-rabbit IgG (CW-Biotech, Beijing, 
China) was used as the secondary antibody.

Observation of histopathological changes in the liver, 
lungs, and small intestine of transplanted mice

The liver, lungs, and small intestine were harvested from the 
mice on day 14 after transplantation. Paraffin sections of these 
tissues were made and analyzed by HE staining to determine 
the changes in tissue morphology and to assess the severity 
of target organ GVHD-specific pathological damage.

Determination of the concentration of TNF-a and IFN-g in 
the plasma by enzyme-linked immunosorbent assay

Blood (0.1 ml) was taken from the angular vein of all of the host 
mice on day 14 after transplantation and anti-coagulated with 
EDTA. The concentration of TNF-a and IFN-g in the resulting su-
pernatant was measured by ELISA (CUSABIO, Wuhan, China).

Statistical analyses

The data were analyzed with SPSS version 21.0 and are ex-
pressed throughout the text as the mean ±SEM. We used the 

t test to compare the means between 2 groups, and one-way 
ANOVAs with S-N-K multiple comparison tests were used to 
compare multiple groups. The Kaplan-Meier method was used 
to analyze the survival time of the transplanted mice, and the 
log-rank test was used to compare the survival rates between 
2 groups. In all analyses, P<0.05 was taken to indicate signif-
icance. All of the figures were made using GraphPad Prism 
version 6.01.

Results

The clinical scores of transplanted mice

All of the mice were assessed according to the standard clinical 
score system, and the following clinical symptoms or features 
were recorded: weight loss, hunching, activity, fur texture, and 
skin injury. The results are shown in Figure 1.

Criteria Grade 0 Grade 1 Grade 2

Weight loss <10% 10–25% >25%

Posture Normal Hunching noted only at rest Severe hunching impairs movement

Activity Normal Mild to moderately decreased Stationary unless stimulated

Fur texture Normal Mild to moderately ruffling Severe ruffling/poor grooming

Skin integrity Normal Scaling of paws/tail Obvious areas of denuded skin

Table 1. Assessment of aGVHD after transplantation [11].
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Figure 1. �Clinical score of transplanted mice. Both the GVHD-
SFN group and the GVHD-NS group displayed similar 
changes within 3 weeks after transplantation. 
Treatment with sulforaphane significantly reduced 
the clinical scores. Mice in the BM group survived 
for the entire observation period (80 days) and some 
displayed mild hunching and ruffling within 3 weeks 
after transplantation.
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Survival times of transplanted mice

All of the mice in the TBI group were discontinuously killed 
within 5 days after transplantation. All of the mice in the BM 
group survived for the entire observation period (80 days), al-
though some displayed mild hunching and ruffling. The sur-
vival curves are shown in Figure 2.

mRNA expression of Nrf2, NQO1, and HO-1 in the small 
intestine of transplanted mice

We repeated our experiments using the method described 
above and harvested the small intestines on the 14th day af-
ter transplantation. We then detected the mRNA expression 
of Nrf2, NQO1, and HO-1 in the small intestines (Figure 3).

Nrf2, NQO1, and HO-1 protein expression in the small 
intestine of transplanted mice

Figure 4 shows the expression of Nrf2, NQO1, and HO-1 pro-
tein in the small intestines of transplanted mice. The GVHD-
SFN group had a higher expression of Nrf2, NQO1, and HO-1 
protein compared with the GVHD-NS group, indicating that 
SFN can significantly activate Nrf2-ARE-related genes in the 
small intestines.

Pathological damage to target organs in transplanted mice

The liver, lung, and small intestine tissues were made into par-
affin sections and stained with HE. Figure 5 shows these his-
topathological changes.

Detecting IFN-g and TNF-a levels in the plasma of 
transplanted mice

We harvested the plasma of the transplanted groups on the 
14th day. The results showed a significant difference. Figure 6 
shows the changes in plasma cytokines in the transplanted 
mice.

Discussion

Allogeneic hematopoietic stem cell transplantation is an ef-
fective treatment for some malignant hematopoietic diseas-
es, and an increasing number of patients now have hope for 
survival because of HSCT. Although many scientists are devot-
ed to identifying methods to reduce the complications from 
HCST and optimize the procedure, the occurrence of GVHD 
still limits the application of HSCT. In a 2012 study, investiga-
tors [15] reported that the cumulative incidence of grade B-D 
aGVHD was 39% in a sibling donor cohort and more than 59% 
in an unrelated donor cohort. Therefore, effectively preventing 
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Figure 2. �The survival rate of transplanted mice. The mice in 
the GVHD-NS group were discontinuously killed within 
3 weeks following transplantation. In the GVHD-
SFN group, all of the mice were still alive by day 8, 
and the long-term survival rate was 40%. There were 
statistically significant differences between each group 
(* P<0.01, ** P<0.05), and the survival rate of the 
GVHD-SFN group was higher than that of the GVHD-NS 
group (40% vs. 0%, ** P<0.05).
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Figure 3. �mRNA levels of Nrf2, NQO1, and HO-1. The GVHD-SFN group had a higher expression of Nrf2, NQO1, and HO-1 mRNA 
compared with the GVHD-NS group. The upregulation of these genes was 2.46-, 1.95-, and 2.2-fold, respectively. There was 
no statistically significant difference between the BM and GVHD-NS groups (P>0.05, n=4).
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the occurrence and development of GVHD is still an impera-
tive problem.

In this study, we successfully established an HSCT mouse model 
using C57BL/6 and BABL/C mice, and we optimized the model 
by referring to the experiments of other researchers [16,17]. 
Through pre-experiments, we ultimately determined that 
8 Gy of total radiation, 5×106 bone marrow cells, and 0.5×106 
spleen cells were optimal for our experiments. The survival 
rate of the transplanted mice in the BM group (Figure 1) in-
dicates that our model is stable and can be used successful-
ly in further research.

The components of the pathway are expressed in a variety 
of organs, including the small intestines, liver, and lungs. Our 
data indicate that Nrf2 and its related downstream genes are 
highly expressed in the small intestines of transplanted mice. 
Clarke et al. [18] found that in mice, the small intestine, among 
all the organs, expressed the highest levels of proteins in the 
Nrf2-ARE pathway following gavage with sulforaphane, which 
is why our experiment mainly detected the expression of Nrf2 
and its downstream genes in transplanted mice. Because diar-
rhea is the most common clinical adverse effect of HSCT, we 
speculated that the small intestines had the earliest and most 

serious damage. The activators of the Nrf2-ARE pathway in-
clude tert-butyl hydroquinone (TBHQ), sulforaphane (SFN), and 
curcumin. Cui et al. [19] reported that SFN can prevent diabetic 
nephropathy in a type 1 diabetic mouse model via activation 
of the Nrf2 pathway, and other researchers also found that 
SFN activated the Nrf2-ARE signaling pathway in models of 
intestinal injury [20] or lung damage [21]. Wu et al. [22] used 
Nrf2+/+ and Nrf2−/− C57BL/6 mice as recipient mice to explore 
the mechanism of GVHD and found that Nrf2 is important for 
graft survival in a mouse model of allogeneic heart transplant. 
Ultimately, we concluded that SFN can protect the liver, lungs, 
and small intestines against aGVHD-induced injury in trans-
planted mice. Our experimental results (Figures 4, 5) also pro-
vide evidence that the antioxidant SFN can significantly acti-
vate Nrf2-ARE-related genes and alleviate aGVHD damage in 
the small intestines, liver, and lungs of transplanted mice. The 
potential mechanism involves Nrf2-ARE and its downstream 
antioxidant genes (NQO1 and HO-1), which play a crucial role 
in the development of aGVHD injury in the HSCT mouse model.

More recently, investigations into innate immunity, the inter-
action with subsequent downstream cytokines, and ultimate 
tissue damage have been conducted in regard to HSCT [23]. 
The donor T-helper cells are particularly crucial in the onset 
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Figure 4. �Expression of Nrf2, NQO1, and HO-1 protein in the small intestines of transplanted mice. The upregulation of these proteins 
was 3.11-, 1.25-, and 2.34-fold, respectively. There was no statistically significant difference in the protein of Nrf2 and NQO1 
between the BM and GVHD-NS groups (P>0.05, n=4).
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of GVHD because they can reciprocally differentiate into Th1, 
Th2, and Th17 cells that mediate organ-specific GVHD [24,25]. 
Although there is no perfect drug to prevent GVHD by inhib-
iting immunoreactions following HSCT, our results reveal that 
the reduction of oxidative stress may be an effective and effi-
cient therapeutic method that can be used to improve HSCT. 
In addition, we observed the infiltration of inflammatory cells 
in histopathologic sections from transplanted mice and mea-
sured the plasma concentration of cytokines (IFN-g and TNF-a) 
that are typically associated with tissue damage. The chang-
es in cytokine concentration are associated with the survival 
time of the mice and the degree of organ damage. SFN treat-
ment reduced the inflammatory cells in the liver, lungs, and 
small intestines (Figure 5) but did not affect the plasma levels 
of IFN-g and TNF-a (Figure 6). Morzadec et al. [26] also found 
that the modulation of Nrf2 levels does not modify the secre-
tion of inflammatory cytokines from T lymphocytes. This indi-
cates that the Nrf2-ARE pathway has a partial role in the lo-
cal inflammatory reaction. On the other hand, high levels of 
cytokines have a detrimental effect on aGVHD in transplanted 
mice. Both the reduction of oxidative stress and the inhibition 

Figure 5. �Pathological damage in the liver, lungs, and small intestines after transplantation (HE staining, 200×). The BM group 
displayed normal morphology in the liver, lungs, and intestines. However, the GVHD-NS and GVHD-SFN groups showed 
morphological abnormities. The GVHD-NS group showed an infiltration of inflammatory cells in the parenchyma area of the 
liver, which was accompanied by bleeding and structural damage. Treatment with SFN reduced the number of inflammatory 
cells. The small intestines and lungs displayed the same changes as the livers.
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Figure 6. �Plasma concentrations of IFN-g and TNF-a after 
transplantation (pg/ml). The changes in IFN-g and 
TNF-a had the same trend among the 3 groups. 
The BM group released the lowest concentration of 
cytokines after transplantation compared with the 
other 2 groups (P<0.05, n=4).
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of the inflammatory reaction are effective therapeutic mea-
sures for the prevention of GVHD after transplantation. In ad-
dition, SFN had been verified to activate the Nrf2-ARE signal-
ing pathway [37–30]. Although our experimental results do 
not exclude the possibility that SFN alleviates aGVHD through 
other pathways, we found that SFN reduced aGVHD, possibly 
through the Nrf2-ARE pathway. In future research, Nrf2−/− mice 
or Nrf2-ARE inhibitor may be best to use.

We showed that the Nrf2-ARE pathway protects HSCT mice 
from aGVHD-induced damage by regulating oxidative stress 
and the local inflammatory reaction. However, to the best 
way to use antioxidant drugs to prevent or remedy aGVHD in 
the clinic still needs to be explored in future clinical studies.
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