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Abstract. Sulforaphane (SFN) is an isothiocyanate, inducing 
cytotoxic effects in various human cancer cells, including 
leukemia cells through cell cycle arrest and apoptosis. 
However, the effect of SFN on the immune responses in a 
leukemia mouse model remains to be investigated. The present 
study investigated whether SFN has an effect on the immune 
responses in a WEHI‑3‑induced leukemia mouse model 
in vivo. Normal BALB/c mice were injected with WEHI‑3 cells 
to generate the leukemia mouse model, and were subsequently 
treated with placebo or SFN (0, 285, 570 and 1,140 mg/kg) 
for 3 weeks. Following treatment, all mice were weighted and 
blood samples were collected. In addition, liver and spleen 
samples were isolated to determine cell markers, phagocytosis 

and natural killer (NK) cell activities, and cell proliferation 
was examined using flow cytometry. The results indicated that 
SFN treatment had no significant effect on the spleen weight, 
however it decreased liver and body weight. Furthermore, SFN 
treatment increased the percentage levels of CD3 (T cells) 
and CD19 (B cell maker), however had no effect on the levels 
of CD11b (monocytes) or Mac‑3 (macrophages), compared 
with the WEHI‑3 control groups. The administration of SFN 
increased the phagocytosis of macrophages from peripheral 
blood mononuclear cells and peritoneal cavity, and increased 
the activity of NK cells from splenocytes. Administration of 
SFN promoted T and B cell proliferation following stimulation 
with concanavalin A and lipopolysaccharide, respectively.

Introduction

Leukemia is a malignant neoplasm (unregulated proliferation 
of immature blood cells) and originates in the bone marrow 
and/or mutant hematopoietic stem cells (1). The neoplastic 
cells move into the blood, accumulating in large numbers 
causing the clinical disease in patients  (2). Leukemias, 
including acute myeloid, B‑lymphoblastic, T‑lymphoblastic 
and leukemias of ambiguous lineage, are well documented in 
patients (3). Thus far, the primary treatment for patients with 
leukemia is chemotherapy, which induces a complete remis-
sion and is consolidated with further cycles of treatment (4). 
However, chemotherapy has relatively low efficacy and high 
toxicity in patients with leukemia (4). Therefore, the treatment 
of leukemia remains a therapeutic challenge, and the identifi-
cation and development of novel biomarkers is required.

Isothiocyanates are present in a variety of cruci-
ferous vegetables and have biological activity, including 
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anticarcinogenic activity  (5‑8). Sulforaphane (SFN) is an 
isothiocyanate and effectively inhibits chemically‑induced 
tumors in rodents (9,10) by inducing the phase II detoxification 
enzymes (11). A previous study demonstrated the cell cycle 
specificity of SFN mediated apoptosis in Jurkat T‑leukemia 
cells (12). Another previous study indicated that the genera-
tion of cellular reactive oxygen species (ROS) serves a 
pivotal role in the initiation of SFN‑triggered apoptosis in the 
U937 cells (13). In addition, SFN induces cytodifferentiation 
in granulocytic and macrophagic lineage, and resulted in 
a significant increase in the apoptotic cell fraction  (14). A 
previous study demonstrated that SFN suppresses the tumor 
necrosis factor‑α‑mediated activation of nuclear factor‑κB and 
induces apoptosis through the activation of ROS‑dependent 
caspase‑3 in human leukemia cells (15). Furthermore, SFN 
acts as an adjunctive agent to improve the therapeutic response 
in high‑risk patients with acute lymphoblastic leukemia and 
activated Akt signaling (16). A previous study demonstrated 
that SFN may be a novel therapeutic agent, protecting against 
malignancies, and further research on SFN is required in a 
wider population of patients with leukemia (17).

A previous study indicated that natural compounds and 
crude extract of natural plants promotes immune responses 
in leukemia mice (18‑20). To the best of our knowledge, no 
previous study has demonstrated that SFN may have an effect 
on the immune responses in leukemia mice in vivo. Therefore, 
in the present study, the effect of SFN on the immune responses 
in leukemia BALB/c mice in vivo was investigated. The results 
of the present study demonstrated that SFN promoted immune 
responses, including increasing the macrophage phagocytosis 
and natural killer (NK) cell activities in leukemia BALB/c 
mice.

Materials and methods

Materials and reagents. SFN and dimethyl sulfoxide (DMSO) 
were purchased from Sigma‑Aldrich (St. Louis, MO, USA). 
Tissue culture plastics were obtained from BD Biosciences 
(San Jose, CA, USA). Gibco RPMI‑1640 medium, fetal bovine 
serum (FBS), L‑glutamine and penicillin/streptomycin were 
obtained from Thermo Fisher Scientific, Inc. (Waltham, MA, 
USA). Antibodies against CD3, CD19, CD11b and Mac‑3 
were obtained from BD Biosciences (BD Pharmingen; San 
Diego, CA, USA). SFN was dissolved in DMSO at 1% stock 
solution and was maintained at ‑20˚C in a 50 ml tube, in the 
dark.

Murine WEHI‑3 leukemia cells. Murine WEHI‑3 myelomono-
cytic leukemia cells were obtained from the Food Industry 
Research and Development Institute (Hsinchu, Taiwan, ROC). 
The cells were maintained in RPMI‑1640 medium, supple-
mented with 10% FBS, 100 units/ml penicillin, 100 µg/ml 
streptomycin and 2 mM L‑glutamine at 37˚C with 5% CO2 in 
a humidified incubator, as previously described (18‑20).

Male BALB/c mice and SFN treatment. Male BALB/c mice 
(n=50; age, 4‑weeks‑old; weight, ~22‑25 g) were obtained 
from the National Laboratory Animal Center (Taipei, Taiwan, 
ROC). The mice were maintained on 12 h light/dark cycles 
at 25˚C in the animal center of China Medical University 

(Taichung, Taiwan, ROC). Animal experiments were 
reviewed and approved by the Institutional Animal Care 
and Use Committee of China Medical University (approval 
ID: 101‑238‑C). All animals were cared for according to 
the institutional animal ethical guidelines of the China 
Medical University, as previously described (18). The mice 
were randomly divided into five groups (n=10/group), and 
for groups  II‑IV, the mice were peritoneally inoculated 
with 1x106 WEHI‑3 leukemia cells to generate a leukemia 
model. The groups were divided and separated as follows: 
Group I, mice were fed a normal diet as control; group II, 
mice were fed a normal diet as positive control; group III‑V, 
mice were treated with 285, 570 or 1,140 mg/kg SFN in olive 
oil, respectively. SFN in olive oil was administered by gavage 
for 20 days and the body weight was recorded. At the end of 
treatment, all mice were weighed and sacrificed by eutha-
nasia with CO2, as previously described (18‑20).

Immunofluorescence staining for surface markers in isolated 
white blood cells. Following treatment, mice from each 
group were individually weighted and blood samples were 
collected. The liver and spleen were individually collected 
and splenocytes were isolated to measure the activity of 
NK cells, as previously described  (18). Cell markers in 
isolated leukocytes were measured. Briefly, 1 ml blood was 
collected, lysed with  1X Pharm Lyse lysing buffer (BD 
Biosciences) to destroy red blood cells, according to the 
manufacturer's protocol, and the leukocytes were collected. 
Isolated leukocytes were stained with fluorescein isothio-
cyanate (FITC)‑conjugated monoclonal hamster anti‑mouse 
CD3 (cat. no. 553062; 1:10), phycoerythrin PE‑conjugated 
monoclonal rat anti‑mouse CD19 (cat.  no.  553786; 1:20), 
FITC‑conjugated monoclonal rat anti‑mouse CD11b 
(cat. no. 553310; 1:20) and PE‑conjugated rat monoclonal 
anti‑mouse Mac‑3 (cat. no. 553324; 1:20) primary antibodies 
for 30  min at room temperature, and were subsequently 
washed three times with phosphate‑buffered saline. Following 
washing, the leukocytes were stained with secondary anti-
body and the percentage of cell markers was determined 
using flow cytometer (FACS Calibur; BD Biosciences), the 
data was analyzed using Cell Quest Pro (version 5.2.1; BD 
Biosciences), as previously described (18‑20).

Measurement of phagocytotic macrophages. Following treat-
ment, macrophages were isolated from the peripheral blood 
mononuclear cells (PBMC) and the peritoneum, as previously 
described (18‑20), and phagocytosis was determined using 
the PHAGOTEST kit (Orpegen Pharma GmbH, Heidelberg, 
Germany). Briefly, isolated macrophages were placed in 
plates and 50 µl Escherichia coli‑FITC was added to the cells, 
according to the manufacturer's protocol. The samples were 
subsequently analyzed for phagocytosis by flow cytometry 
and were quantified using the Becton Dickinson CellQuest 
software (BD Biosciences), as previously described (18‑20).

Measurement of NK cell cytotoxic activity. Following treat-
ment, splenocytes were isolated and placed into a 96‑well 
plate (1x105  cells/well), with  1  ml  RPMI‑1640  medium. 
YAC‑1  cells (2.5x107  cells) and PKH‑67/Dil.C buffer 
(Sigma‑Aldrich) were added to the cells, according to 
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the manufacturer's protocol, and were mixed thoroughly 
for  2  min at  25˚C. PBS (2  ml) was added to the wells 
for 1 min, followed by 4 ml medium for 10 min. Following 
the incubation, the cells were centrifuged for 2 min at 25˚C 
and 290 x g, and the NK cell cytotoxic activity was measured 
using flow cytometry, as previously described (18‑20).

Measurement of T and B cell proliferation. Isolated sple-
nocytes were seeded into 96‑well plates (1x105 cells/well) 
with 100 µl RPMI‑1640 medium. To measure T cell prolif-
eration, concanavalin A (Con A; 5 µg/ml) was added to the 
cells for a 3‑day stimulation. To measure B cell proliferation, 
lipopolysaccharide (LPS; 5 µg/ml) was added to the cells 
for a 5‑day stimulation. Following this stimulation, prolif-
eration was determined using the CellTiter 96 AQueous One 
Solution Cell Proliferation Assay kit (Promega Corporation, 
Madison, WI, USA), as previously described (18‑20).

Statistical analysis. The data are expressed as the mean ± stan-
dard deviation. All experiments were repeated a minimum 
of three times. The association between the control and 
SFN‑treated groups was analyzed using the Student's t‑test 
in Sigmaplot (version 12.0; Systat Software, Inc., San Jose, 
CA, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

SFN treatment influences body, liver and spleen weights in 
leukemic mice. In accordance with the in vivo protocol, normal 
and WEHI‑3 cells generating leukemic mice were divided 
into five groups: Normal control, untreated; leukemic positive 
control, untreated; and leukemic mice treated with SFN at 
various doses for 20 days. The representative liver and spleen 
images are demonstrated in Fig. 1A and B, and the body, liver 

Figure 1. Effect of sulforaphane on body, liver and spleen weights in non‑leukemic untreated mice and leukemic untreated, 285, 570 or 1140 mg/kg 
sulforaphane‑treated mice. All animals were treated for 20 days. Representative images of (A) liver and (B) spleen. (C) Body, (D) liver and (E) spleen weights 
were determined. Data are presented as mean ± standard deviation. *P<0.05 vs the WC group. The total body weights were measured every 5 days. NC, normal 
control; WC, WEHI‑3‑induced leukemia control.

  A   B

  C

  D   E



SHIH et al:  SULFORAPHANE STIMULATED IMMUNE RESPONSES IN LEUKEMIC MICE4026

and spleen weights are shown in Fig. 1C‑E, respectively. 
These results indicated that SFN had no significant effect on 
the body and spleen weights (Fig. 1C and E), with the excep-
tion that a low dose (285 mg/kg of SFN) decreased the body 
weight when compared with the untreated leukemic mice, as 
shown in Fig. 1B.

SFN treatment influences cell markers in the white blood 
cells of leukemic mice. Blood samples were collected to 
measure the levels CD3, CD19, CD11b and Mac‑3 cell markers 
using flow cytometry. As demonstrated in Fig.  2A, SFN 
(285, 570 or 1,140 mg/kg) treatment significantly promoted the 
percentage levels of CD3 compared with the control groups 
(P<0.05). Furthermore, SFN (285 mg/kg) treatment signifi-
cantly promoted the percentage of levels CD119  (P<0.05; 
Fig. 2B), however had no significant effect on the levels of 
CD11b (Fig. 2C) and Mac‑3  (Fig. 2D), compared with the 
control groups.

SFN treatment effects the phagocytotic activity of macrophages 
from the PBMC and peritoneal cavity of leukemic mice. Cells 
were isolated from PBMC and peritoneal cavity following 
treatment to determine the levels of phagocytosis using flow 
cytometry. As demonstrated in Fig.  3A,  285  mg/kg  SFN 
treatment significantly increased the phagocytotic activity of 

macrophages from PBMC compared with the WEHI‑3 control 
group (P<0.05). In addition, 285, 570 and 1,140 mg/kg SFN 
treatment significantly decreased the phagocytotic activity of 
macrophages from the peritoneal cavity compared with the 
normal control group (P<0.05; Fig. 3B).

SNF treatment influences the cytotoxic activity of NK cells 
from leukemic mice. Splenocytes were isolated from the 
leukemic mice and were used at different ratios as NK effector 
cells in cytolytic assays against YAC‑1 target cells. The NK 
activity was measured by flow cytometry and the results 
indicated that YAC‑1 cells were killed by NK cells following 
treatment with 285, 570 or 1,140 mg/kg SFN, when compared 
with the untreated leukemic mice (Fig. 4).

SFN treatment has an effect on B and T cell proliferation in 
leukemic mice. To assess any differences in the proliferative 
capacity of T and B cells following SFN treatment, isolated 
cells from the spleen of each mouse were cultured and stimu-
lated with Con A and LPS, respectively. As demonstrated in 
Fig. 5A, treatment with 1,140 mg/kg SFN led to a marked 
increase of B cell proliferation compared with the control 
groups. However, treatment with 285, 570 or 1,140 mg/kg SFN 
resulted in a marked increase of T cell proliferation compared 
with the control groups (Fig. 5B).

Figure 2. Effect of sulforaphane treatment on the levels of cell markers in white blood cells from non‑leukemic untreated mice, and leukemic 
untreated, 285, 570 or 1140 mg/kg sulforaphane‑treated mice. Blood samples were collected from each group (n=10) and analyzed for (A) CD3, (B) CD19, 
(C) CD11b and (D) Mac‑3. The data are expressed as the mean ± standard deviation (n=3; *P<0.05 vs.  the control groups). NC, normal control; WC, 
WEHI‑3‑induced leukemia control; CD, cluster of differentiation; Mac, macrophage antigen.
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Discussion

In the present study, murine WEHI‑3 cells were utilized to 
generate leukemic mice. The mice were randomly divided 
into different groups for oral SFN treatment at various 
concentrations. Following treatment, blood samples were 
collected from the mice for cell marker analysis and 
measurement of phagocytotic activity in macrophages. 
In addition, splenocytes were isolated to assess the 
NK  cell activity, and the proliferation of T  and  B  cells. 
The results of the present study indicated that SFN treat-
ment had no significant effect on body and spleen weights 
(Fig. 1C and E), however 280 mg/kg SFN resulted in reduced 
body weights (Fig.  1C) when compared with the control 

groups. Furthermore, SFN increased T and B cell markers 
(Fig. 2A and C), however, had no significant effect on the cell 

Figure 4. Effect of sulforaphane t reatment on the cytotoxic 
activity of NK  cells in non‑leukemic untreated mice, and leukemic 
untreated,  285,  570  or  1140  mg/kg sulforaphane‑treated mice. Isolated 
splenocytes were placed in 1 ml RPMI‑1640 medium in 96‑well plates. Target 
YAC‑1 cells with serum‑free RPMI‑1640 medium and the PKH‑67/Dil.C 
buffer were added to the cells. NK cell cytotoxic activity was measured 
by flow cytometry. Data are presented as mean ±  standdard deviation. 
*P<0.05 vs WC control group). NK, natural killer; NC, normal control; WC, 
WEHI‑3‑induced leukemia control.

Figure 5. Effect of sulforaphane treatment on the B and T cell proliferation in 
non‑leukemic untreated mice, and leukemic untreated, 285, 570 or 1140 mg/kg 
sulforaphane‑treated mice. Isolated B and T cells were pretreated with LPS 
and Con A to assess (A) B and (B) T cell proliferation, respectively. Data are 
presented as mean ± standard deviation. *P<0.05 vs WC control group). NC, 
normal control; WC, WEHI‑3‑induced leukemia control; LPS, lipopolysac-
charide; Con A, concanavalin A.

  A

  B

Figure 3. Effect of sulforaphane treatment on the phagocytotic activity of macrophages from PBMC and peritoneal cavity in non‑leukemic untreated mice, and 
leukemic untreated, 285, 570 or 1140 mg/kg sulforaphane‑treated mice. Blood samples were collected from each group (n=10) and macrophages were isolated 
from the (A) PBMCs and (B) peritoneum of each mouse. Data are presented as mean ± standard deviation. *P<0.05, vs WC control group. NC, normal control; 
WC, WEHI‑3‑induced leukemia control; PBMC, peripheral blood mononuclear cell.

  A   B
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markers of monocytes or macrophages (Fig. 2B and D). SFN 
treatment significantly increased the phagocytotic activity of 
macrophages from PBMCs (Fig. 3A) and the peritoneal cavity 
(Fig. 3B). Furthermore, SFN treatment at all concentrations 
increased T cell proliferation (Fig. 5B) compared with the 
control groups, however only 1,140 mg/kg SFN treatment 
resulted in an increase in B cell proliferation (Fig. 5A).

In order to protect against invading foreign antigens, 
numerous white blood cells interact to produce immune 
responses in humans (1). Clinically, numerous plant‑derived 
bioactive compounds have been used to treat patients with 
cancer, including paclitaxel from Taxus  brevifolia and 
camptothectin from Camptotheca  acuminata  (21‑24). A 
previous study demonstrated that SFN induces cell cycle 
arrest and induces apoptosis, suggesting that it may be a 
novel therapeutic against leukemia malignancies (17). The 
antileukemic effect of SFN was demonstrated in blasts from 
pediatric patients with acute lymphoblastic leukemia (16), 
however, no sufficient and reliable data exist in literature 
with regards to the effect of SFN on the immune responses 
of WEHI‑3‑induced leukemic mice in  vivo. Therefore, 
in the present study, the effects of SFN treatment on the 
immune responses of leukemic mice were investigated 
in vivo.

SFN treatment had no significant effect on the liver 
and spleen weights, however, 280 mg/kg treatment signifi-
cant decreased the body weight of leukemic mice when 
compared with untreated leukemia mice. The present study 
demonstrated that SFN promoted a cellular population based 
on increased cell marker levels, including CD3  (T cells) 
and CD19  (B  cells), however, had no significant effect 
on CD11  (monocytes) populations in leukemic mice. 
Furthermore, SFN treatment resulted in an increase in the 
phagocytotic activity of macrophages from PBMC (Fig. 3A) 
and peritoneal cavity (Fig. 3B), therefore, the function of 
SFN on the Mac‑3 marker and macrophage function requires 
further research.

As demonstrated in Fig. 4, YAC‑1 cells were killed by 
NK  cells following SFN treatment in a dose‑dependent 
manner. SFN treatment (285, 570 or 1,140 mg/kg) resulted 
in increased T cell proliferation following Con A stimulation 
(Fig. 5B), however only treatment with 1,140 mg/kg SFN 
resulted in increased B  cell proliferation following LPS 
stimulation (Fig.  5A). Previous studies demonstrated 
that macrophages serve important roles in innate immu-
nity  (25,26), stimulating of NK cell cytotoxicity which 
may lead the increased immune responses  (27). Previous 
studies demonstrated that cells, including macrophages, 
T  and  B  cells, interact with each other resulting in an 
immune response  (25,26). For example, activated T cells 
release cytokines promoting the function and activity of 
macrophages (25,26). Further research is required to assess 
the immune responses.

In conclusion, the present study suggested that SFN treat-
ment modulated the immune responses through increasing 
the T and B cell markers population, T and B cells prolif-
eration, phagocytotic activity of macrophages and increase 
of NK cell cytotoxicity in leukemic mice in vivo. Whether 
SFN has a direct antileukemic effect in immune modulations 
requires further investigation.
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