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Effects of sterigmatocystin on TNF-a, IL-6 and IL-12
expression in murine peripheral blood mononuclear cells
and peritoneal macrophages in vivo
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Abstract. Sterigmatocystin (ST) is a toxic metabolite mainly
produced by the fungi Aspergillus nidulans and Aspergillus
versicolor. ST is considered a potent carcinogen, mutagen
and teratogen. However, over the past few years, it has been
demonstrated that it is less acutely toxic to rodents in vivo.
In this study, we evaluated the putative effects of ST on the
expression of tumor necrosis factor-a (TNF-a), interleukin
(IL)-6 and IL-12 at mRNA levels in murine peripheral blood
mononuclear cells (mPBMCs) and peritoneal macrophage cells
and on the serum TNF-o and IL-6 levels in BALB/c mice. Our
results show the downregulation of TNF-a, IL-6 and IL-12
mRNA expression in mPBMCs and peritoneal macrophage
cells using semi-quantitative reverse transcription-polymerase
chain reaction following ST treatment by intraperitoneal injec-
tion. Additionally, serum TNF-a and IL-6 levels were also
decreased as shown by enzyme-linked immunosorbent assay
(ELISA). These results suggest that ST contamination has
negative immunomodulatory effects through the downregula-
tion of cytokine expression and secretion.

Introduction
Sterigmatocystin (ST), a carcinogenic mycotoxin, is the

secondary metabolite of Aspergillus verdicolor and Aspergillus
nidulans. ST is one of the most common mycotoxins found in
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grains worldwide (1,2). It can even be detected in carpet dust
from damp dwellings (3). Until recently, studies on ST have
been mainly focused on the mechanisms of toxin production,
contamination status and carcinogenic effects (4-6). Few
studies have focused on its immunomodulatory effects on cyto-
kine secretion. Previously, we conducted certain preliminary
studies on the putative effects of ST on immune cells (7,8).
The results showed that ST inhibited the expression and secre-
tion of interleukin (IL)-12 in murine peritoneal macrophages
and human peripheral blood mononuclear cells in vitro (7,8),
affected IL-2, interferon (IFN)-y and IL-4 expression and
secretion of murine spleen cells in vitro (9) and induced the
increase of FoxP3* regulatory T cells in lymphatic organs
in BALB/c mice in vivo (10). Thus, it is quite clear that the
negative immunomodulation is one of the most important
biological effects of ST. Further studies on the effects of ST on
the immune function are required in order to further elucidate
the biohazard of ST contamination.

In the present study, to further evaluate the possible effects
of ST on immune cells and cytokines in vivo, we examined
the effects of ST on tumor necrosis factor-a (TNF-a) and IL-6
mRNA expression in murine peripheral blood mononuclear
cells (mPBMCs) and on TNF-a and IL-6 serum levels following
a single intraperitoneal injection using reverse transcription-
polymerase chain reaction (RT-PCR) and enzyme-linked
immunosorbent assay (ELISA) in BALB/c mice.

Materials and methods

Animals. Specific pathogen-free (SPF) BALB/c male mice
(weighing 16-18 g) were obtained from the Laboratory Animal
Center of Hebei Prevince. The mice were kept in isolation
cubicles on a ventilated rack at 25°C with standard laboratory
chow and water ad libitum. Principles of laboratory animal
care (http://www.hblac.com/zcfg.htm) were strictly followed
during the experiment.

Reagents. ST and dimethyl sulphoxide (DMSO) were
purchased from Sigma-Aldrich (>98% purity; St. Louis, MO,
USA). The reagents used in RT-PCR, including RNasin,
Oligo(dT),s and TagDNA polymerase, were purchased from
Promega Corporation (Madison, WI, USA). Lymphocyte sepa-
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ration medium was obtained from Tianjin Haoyang Biological
Manufacture Co., Ltd. (Tianjin, China). The ELISA kit was
purchased from Jingmei Biotech Co., Ltd. (Beijing, China). All
other chemicals and reagents were purchased commercially at
the highest degree of purity available.

Animal treatment. Ninety-six BALB/c mice were randomly
divided into control, solvent control (DMSO) and ST treat-
ment groups, with 32 mice in each group. Mice in the control,
DMSO and ST groups were treated with normal saline, DMSO
and ST (3 mg/kg) at the same volume by intraperitoneal injec-
tion, respectively. ST (I mg/package) used in this study was
first dissolved in 80 ul DMSO and then diluted with normal
saline to a total volume of 8 ml.

At 2, 6, 12 and 24 h after treatment, mice were sacri-
ficed using eyeball extirpation and blood was collected.
Blood samples from 4 mice in each group were collected in
autoclaved Eppendorf tubes with anticoagulant for further
peripheral blood mononuclear cell separation, while the other
4 samples were used for serum separation.

mPBMC separation. mPBMCs were seperated using the
Ficoll-Hypaque density gradient centrifugation method (11).
Briefly, each anti-coagulated blood sample (800 pul) was
diluted 1:1 with D-Hanks solution, layered onto the lympho-
cyte separation medium and centrifuged for 15 min at 500 x g,
at 20°C. The mPBMCs were harvested into Eppendorf tubes
(containing 4-5 ml D-Hanks) by careful pipetting of the
corresponding density band and then centrifuged for 15 min
at 500 x g. The sediment was washed in D-Hanks solu-
tion (10 min at 500 x g, 4°C). Finally, the supernatant was
discarded and the mononuclear cell layer was collected for
RNA extraction.

Murine peritoneal macrophage cell separation. Following the
enucleation of the eyeball for blood collection, BALB/c mice
were washed in 75% ethanol. Irrigation of peritoneal cavity
was performed with 10 ml ice-cold incomplete RPMI-1640
medium. Emigrated cells in the abdominal cavity were counted
and adjusted to 5x10° cells/ml in RPMI-1640 culture medium
containing 10% fetal calf serum, streptomycin (100 zg/ml)
and penicillin (100 units). Macrophage cells were allowed to
adhere for 2 h at 37°C, 5% CO,. The macrophages were then
harvested for RNA extraction.

RNA extraction and cDNA synthesis. Total RNA from
mPBMCs was isolated with guanidinium isothiocyanate
according to the method of Chomczynski and Sacchi (12).
Briefly, extraction solution containing 25 mmol/l sodium
citrate (pH 7.0), 0.5% sarcosyl and 0.1 mol/l 2-mercaptoeth-
anol was combined with the sample at a ratio of 1:1 (v/v) and
vortexed for 1 min. For further purification, phenol/chloroform
(400 ul phenol/250 ul chloroform) was added and the mixture
vortexed for 1 min. After centrifugation at 8,100 x g for 10 min
at room temperature, the RNA-containing upper aqueous
phase was re-extracted with 350 ul of chloroform and vortexed
for 1 min. After centrifugation again at 8,100 x g for 10 min at
room temperature, RNA was precipitated with 1 ml of isopro-
panol supplemented with 40 ul of 2 M sodium acetate (pH 4.0)
at -80°C for 1 h. The RNA was pelleted by centrifugation at
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16,000 x g for 20 min at 4°C, washed with 1 ml of cold 70%
ethanol and centrifuged again at 16,000 x g for 15 min at 4°C.
Precipitated RNA was air-dried, resuspended in DEPC-treated
water and stored at -80°C.

The primers were set as described in Table I. The primers
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
cDNA gene were used as the internal control for relative
mRNA quantification and the results were calculated after
standardization on GAPDH mRNA content.

The reactions were incubated in a PCR thermal cycle
(GeneAmp PCR system 9600; PerkinElmer, USA) at 94°C for
5 min and followed by 30 cycles at 94°C/50 sec, 54°C/30 sec and
72°C/30 sec, with a final 10-min extension at 72°C. Following
amplification, each sample was analyzed by 1.5% agarose gel
electrophoresis and visualized by ethidium bromide staining.

ELISA. The TNF-a and IL-6 levels in the serum were deter-
mined using the mice TNF-o and IL-6 instant ELISA kit. The
IL-6 and TNF-a determination was performed according to
the manufacturer's instructions.

Statistical analysis. All results were expressed as the means
+ SD for each group. Statistical analysis was performed
with one-way analysis of variance (ANOVA) and bivariate
correlation. All statistical analyses were calculated using
SPSS 13.0 statistical software. P-values <0.05 were considered
to be indicate statistically significant differences.

Results

TNF-a, IL-6 and IL-12 mRNA in mPBMCs. RT-PCR analysis
revealed no significant difference in TNF-a expression between
the control and the DMSO groups. However, the expression of
TNF-a in the ST treatment group was significantly decreased
compared to that in the control and DMSO groups, as shown in
Fig. 1A. The lowest TNF-o mRNA expression was observed
following ST treatment for 6 h.

Fig. 1B depicts that IL-6 mRNA expression in the ST treat-
ment group varied with treatment time. The expression of IL-6
mRNA in mPBMCs at 2 and 6 h after ST treatment showed an
obvious increase compared to that in the corresponding control
and solvent control groups. As the ST treatment time was
prolonged, the IL-6 mRNA expression levels began to decrease,
with the lowest levels found in the 24-h treatment group.

As shown in Fig. 1C, there was no significant difference in
IL-12p35 expression between the control and solvent control
groups. The relative expression levels of IL-12p35 mRNA in
the 2-, 6-, 12- and 24-h ST treatment groups were 0.33+0.06,
0.29+0.07, 0.30+0.04 and 0.35+0.05, respectively. All were
significantly lower compared to those in the corresponding
DMSO groups (0.66+0.10, 0.69+0.13,0.71£0.05 and 0.73+0.16,
respectively; p<0.01).

TNF-a, IL-6 and IL-12 mRNA in peritoneal macrophages.
RT-PCR analysis showed that there was no significant differ-
ence in the expression of TNF-a mRNA between the control
and solvent control groups. The relative expression levels of
TNF-a mRNA in the 2-, 6-, 12- and 24-h ST treatment groups
were significantly lower than those in the solvent group at the
same time-points (p<0.05; Fig. 2A). A negative correlation
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Table I. Primers used in this study.
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Primer

Sequence

Length (bp)

TNF-a sense
TNF-a antisense

IL-6 sense
IL-6 antisense

5'-AGCCGATGGGTTGTA-3'
5'-ACTTGGGCAGATTGA-3'
5-GCCTTCTTGGGACTGATG-3' 383
5-CTGGCTTTGTCTTTCTTGTTA-3'

266

IL-12p35 sense 5'-GGACCAAACCAGCACAT-3' 306

IL-12p35 antisense 5'-CGCAGAGTCTCGCCATTA-3'

IL-12p40 sense 5'-TGTTGTAGAGGTGGACTGG-3' 483

IL-12p40 antisense 5'-CGCAGAGTCTCGCCATTA-3'

GAPDH sense 5'-CGGTGCTGAGTATGTCGT-3' 614
antisense - 3

GAPDH anti 5'-AGGTGGAAGAGTGGGAGT-3'

TNF, tumor necrosis factor; IL, interleukin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 1. Effects of ST on TNF-a, IL-6 and IL-12 mRNA expression in mPBMCs of BALB/c mice. (A) The expression of TNF-a in the ST treatment groups
was significantly decreased compared to that in the control and DMSO groups. (B) IL-6 mRNA expression in mPBMCs at 2 and 6 h after ST treatment showed
an obvious increase compared to that in the corresponding control and solvent control groups. (C) IL-12p35 mRNA levels were significantly lower than those in
the corresponding DMSO groups at 24 h. Means + SD, n=4; “p<0.01 compared to the corresponding DMSO group. TNF, tumor necrosis factor; IL, interleukin;
mPBMCs, murine peripheral blood mononuclear cells; DMSO, dimethyl sulphoxide.
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Figure 2. Effects of ST on TNF-a, IL-6 and IL-12 mRNA expression in murine peritoneal macrophages in BALB/c mice. (A) IL-6 mRNA expression in
mPBMCs was significantly lower compared to that in the corresponding control and solvent control groups. (B) IL-12p35 mRNA levels were also decreased
following ST treatment at 24 h. (C) The expression of TNF-a in the ST treatment groups was significantly downregulated. Means + SD, n=4; “p<0.01
compared to the corresponding DMSO group. TNF, tumor necrosis factor; IL, interleukin; mPBMCs, murine peripheral blood mononuclear cells; DMSO,

dimethyl sulphoxide.

between ST treatment time and TNF-a mRNA expression was
found (r=-0.833, p<0.01).

The expression of IL-6 mRNA in the ST treatment groups
at 2, 6, 12 and 24 h was significantly lower than in the DMSO
group (p<0.01; Fig. 2B). However, no significant difference
was found among the ST treatment groups at the time-points

evaluated. The expression of IL-12p35 mRNA was inhibited
after ST treatment for 2, 6, 12 and 24 h (p<0.01; Fig. 2C).

TNF-a and IL-6 serum levels in BALB/c mice. The ELISA results
revealed that the serum TNF-a and IL-6 levels after ST treatment
for 2,6, 12 and 24 h were all significantly lower compared to those
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Table II. TNF-a in serum of mice (Means + SD, n=4) (pg/ml).
Group 2h 6h 12h 24 h
Control 12.03+0.90 11.61£1.53 11.05+1.00 11.53+1.22
DMSO 11.43+0.60 12.17+£1.04 11.69+1.53 12.43+1.40
ST 9.14+0.58" 8.57+0.57* 0.00£0.00* 0.00+0.00*

One-way ANOVA. *p<0.05 compared to the corresponding DMSO group. r=-0.905, p<0.05. TNF, tumor necrosis factor; DMSO, dimethyl

sulphoxide; ST, sterigmatocystin.

Table III. IL-6 in serum of mice (Means + SD, n=4) (pg/ml).

Group 2h 6h 12h 24 h
Control 11.40+3.70 12.03+1.20 10.67+1.58 11.63x1.52
DMSO 10.63+1.58 11.63+1.52 12.25+1.26 10.90+1.14
ST 7.32+1.10 7.00+1.00* 0.00+0.00* 0.00+0.00

One-way ANOVA. *p<0.05 compared to the corresponding DMSO group. r=-0.933, p<0.05. IL, interleukin, DMSO, dimethyl sulphoxide; ST,

sterigmatocystin.

in the corresponding control and solvent control groups (TNF-a.,
p<0.05; IL-6, p<0.05; Tables II and III). TNF-a and IL-6 were
not detected in the serum after ST treatment for 12 and 24 h. The
serum TNF-a and IL-6 levels were negatively correlated with ST
treatment time (TNF-a, r=-0.905, p<0.05; IL-6,r=-0.933, p<0.05).

Discussion

Health risks from mycotoxins encountered in food and grains
as well as in the environment continue to be a worldwide
concern. Mycotoxins are a group of structurally diverse fungal
secondary metabolites that elicit a wide spectrum of toxicolog-
ical effects (13). It has been reported that certain mycotoxins
alter normal immune function when present in food at levels
below observable overt toxicity (14). As we know, cytokines
are involved in many crucial processes in the regulation of
immune responses, such as antigen presentation, antigen
recognition, differentiation and maturity of lymphocyte and
antibody production. TNF-a, IL-6 and IL-12 are important
pro-inflammatory cytokines secreted by peripheral blood
mononuclear cells, including lymphocytes and monocytes.
TNF-a plays an important role in the development of cell-
mediated immunity through IL-12 and IL-6 generations (15).
IL-12 (p75) contains two different disulfide-linked subunits
that have molecular weights of 35 kDa (p35) and 40 kDa (p40).
The principal biological effect of IL-12p75 is to upregulate the
Thl response via the induction of IFN-y production, T-cell
proliferation and enhancement of natural killer cell-mediated
cytotoxicity (16). IL-6 leads to the activation of T cells, differ-
entiation of end-stage B cells and immunoglobulin secretion,
and thus is an important factor in chronic inflammation, acute
phase responses and growth stimulation (17).

In this study, the results showed that ST significantly
downregulated the expression of TNF-a and IL-6 at mRNA
levels following ST treatment. At the same time, serum TNF-a

and IL-6 levels were also decreased following ST treatment. In
addition, ST also decreased the expression of IL-12p35 mRNA
both in mPBMCs and peritoneal cells. These results confirm
that ST has negative immunomodulatory effects, which may
be correlated with the expression and secretion of many impor-
tant pro-inflammatory cytokines (TNF-a, IL-6 and IL-12) in
mPBMCs and peritoneal macrophages, leading to the depres-
sion of lymphocyte activity and systemic host defense systems.

There has been growing concern regarding the effects
of mycotoxins on the expression and secretion of certain
cytokines (18-21). TNF-a and IL-12 production is reduced in
mouse peritoneal macrophages and lymph node T cells by T-2
toxin, which is a mycotoxin of type A trichothecenes produced
by several fungal genera, such as the Fusarium species (22).
TNF-o mRNA levels have also been shown to be decreased
in swine alveolar macrophages after Fumonisin Bl incubation
(23). IL-6 production in human lymphocytes was inhibited by
deoxynivalenol (DON), a type B trichothecene (24). Citrinin
from Penicillium citrinum or gliotoxin from Gliocladium
virens have been shown to significantly reduce IL-6 levels
in the A549 human alveolar epithelial carcinoma cell line
(24). Thus, this suggests that the downregulation of cytokine
production plays a significant role in the negative immuno-
modulatory effects of several mycotoxins. The results from
our study confirm that, similar to T-2, Fumonisin Bl and DON,
the carcinogenic mycotoxin, sterigmatocystin, significantly
downregulates the expression of TNF-a, IL-6 and IL-12p35 in
mPBMCs, and thus has negative immunomodulatory effects.
Despite its preliminary character, this study further elucidates
the negative effects of ST on immune cells and cytokines.
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