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A B S T R A C T

Polychlorinated biphenyls (PCBs) would do serious damage to multiple systems, while coplanar polychlorinated
biphenyls, the most toxic member of the family, has been widely taken into consideration. In this study, ICR mice
were fed with different doses of PCB126 to explore the underlying molecular mechanisms on immunotoxicity.
The results showed that PCB126 caused immunosuppression as evidenced by inhibiting the ratios of thymus and
spleen weights, changing the organizational structure and decreasing levels and mRNA expression of TNF-α,
IFN-γ and IL-2. PCB126 inhibited the SOD activity and spurred the accumulation of MDA in spleen and thymus.
Meanwhile, it also disturbed the Nrf2 signaling pathway as evidenced by up-regulating the mRNA expression of
Nrf2 and Keap1. Additionally, a remarkable reduction in the mRNA expression of AhR and enhancement in the
mRNA expression of Cyp1 enzymes (Cyp1a1, Cyp1a2 and Cyp1b1) were observed, which increased the ROS
levels. PCB126 could increase protein expression of Bax, Caspase-3, Caspase-8 and Caspase-9, while the protein
expression of Bcl-2 was decreased. In summary, the results indicated that PCB126 modulated the AhR signaling
pathway, which interacted with apoptosis and oxidative stress to induce immunotoxicity, enrich the im-
munotoxicological mechanisms of PCB126.

1. Introduction

Polychlorinated biphenyls (PCBs) are the ubiquitous pollutants
which were widely used for a variety of industrial purposes for several
decades before their production was banned in the 1970s. The improper
procedures for the disposal of municipal waste, such as incomplete
combustion of the waste, represent a well-known source of PCBs (Pirard
et al., 2005). To date, despite the production and applying of PCBs have
been prohibited decades ago in most countries (Wang et al., 2016),
recently quantifiable levels of PCBs are still detectable in multiple en-
vironment media, including air (Ampleman et al., 2015), soil (Mertes
et al., 2018), water (Baqar et al., 2017), sediments (Syed et al., 2014)
and dust (Takahashi et al., 2017). However, because of its lipophilicity
and bioaccumulation, food is the main route of PCBs exposure and
approximately 90% of human exposure to PCBs originates from foods,
especially those of animal origin such as poultry (Rusin et al., 2019),

fish (Bodin et al., 2014), meat (Zhang et al., 2015), egg (Hoang et al.,
2014), milk and their products (Bertocchi et al., 2015). Overall, PCBs
are widely distributed in the environment, foods and feeds, which in-
creases the exposure risk of humans and animals.

PCBs are presented in humans as shown in worldwide bio-mon-
itoring studies (Angerer et al., 2007). PCBs could enter into the body
and bind to blood lipids, which are transported to different compart-
ments including the liver, thyroid glands, reproductive organs and
brain to induce toxic effects in humans (Chu et al., 2019; Falandysz
et al., 2019; Gaum et al., 2016; Ingelido et al., 2017) and animals (Deng
et al., 2019b; Fiandanese et al., 2016; Fischer et al., 2008; Maranghi
et al., 2013). Currently, some investigations indicated that PCB ex-
posure is associated with immunotoxicity (Weisglas-Kuperus et al.,
2000). The epidemiology studies (Stølevik et al., 2013) revealed that
prenatal exposure to PCBs could increase the risk of wheeze and sus-
ceptibility to infectious diseases in offspring, induce the immune
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suppression and alter major lymphocyte subsets in early childhood.
Studies of animal models indicated that low and high-dose PCB153
exposure could induce immunosuppression in diabetic mice via redu-
cing the number of splenocytes and CD4+ TH cells, inhibiting T cell
proliferation and cytokine formation (Kuiper et al., 2016). Meanwhile,
studies of cell model in vitro showed that NDL-PCBs could cause a
significant reduction in LPS-activated chemokine synthesis, COX-2 and
iNOS synthase expression, and macrophage endocytic capacity by dis-
rupting the TLR-4/NF-КB pathway (Santoro et al., 2015).

As we all know, aryl hydrocarbon receptor (AhR) is a cytosolic
sensor for various chemicals, such as 2, 3, 7, 8-tetrachlorodibenzo-p-
dioxin (TCDD) and polychlorinated biphenyls (PCBs) (Tsuji et al.,
2012). For example, TCDD induced neurotoxic effects via AhR acti-
vating and up-regulating protein expression of caspase-3 (a key effector
caspase in the apoptotic cascade) to induce apoptosis or necrosis
(Moraleshernández et al., 2016). In contrast, TCDD also could cause a
significant elevation cell apoptosis in AhR−/- model via inhibiting cell
survival, and increasing oxidative stress and percentage of caspase-3-
positive cells (Marlowe et al., 2008). Importantly, dioxin-like 3, 3′, 4, 4′,
5-pentachlorobiphenyl (PCB 126) had the high affinity to AhR and its
value of toxic equivalency factor (TEF) is 0.1 (one-tenth of that for
TCDD). For example, PCB126 could up-regulate the mRNA expression
of Cyp1a1 and Nrf2 to induce macrophage polarization and in-
flammation, which indicated PCB126 can disturb immune reaction via
AhR mediated pathway (Wang et al., 2019). However, Non-coplanar
PCBs (such as PCB 20, 52, 56) enhance the genotoxicity of AFB1
through significantly decreases the protein level of AhR and increases
the protein expression of Cyp1a1, Cyp1a2, and Cyp3a4 (Chen and Liu,
2019). In addition, Aroclor1254 and PCB153 could cause im-
munosuppression by inducing DNA fragmentation and increasing cas-
pase-3 activity in murine spleen cell (Jeon et al., 2002). NDL-PCBs in-
duced chondrocytes apoptosis through depletion of cell viability and
Bcl-2/Bax ratio and up-regulation of p38 phosphorylation and caspase-
3 expression (Abella et al., 2015). Given the discovery mentioned
above, it was concluded that PCBs induce bio-toxicity via the AhR
pathway and apoptosis relative pathway.

PCB126 is one of the most prevalent and toxic polychlorinated bi-
phenyls and can exert adverse effects on multiple systems. However,
the toxicity on immunotoxicity and mechanism of PCB126 has not been
reported. We hypothesized that PCB126 may promote mouse im-
munotoxicity through AhR-dependent pathway of apoptosis. Therefore,
we have investigated the effect of organ indexes, histopathology, ROS
level and cytokine secretion to reveal immunotoxicity of PCB126. The
induction of the mRNA expression of AhR, Cyp1, Nrf2 and expression of
apoptosis-related proteins to provide a further understanding of im-
munotoxicity mechanism of PCB126.

2. Materials and methods

2.1. Materials

Assay kits for tumor necrosis factor-alpha (TNF-α), interferon-γ
(IFN-γ) and interleukin-2 (IL-2) were all obtained from Hefei Bo Mei
Bioengineering Institute (Hefei, Anhui Province, China). Assay kits for
Maleic dialdehyde (MDA), Superoxide dismutase (SOD) and Reactive
oxygen species (ROS) were all obtained from Nanjing Jian Cheng
Bioengineering Institute (Nanjing, Jiangsu Province, China). Both total
protein extraction and BCA kits were purchased from Beyotime
Biotechnology Research Institute (Shanghai, China). All other chemi-
cals and solvents used were of analytical reagent grade and obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Animals and experimental setup

ICR mice (18–22 g) were obtained from the Comparative Medicine
Center in Yangzhou University, China (the license number SCXK (SU)

2007–0001). After acclimatization for 2–3 days, the mice (half were
males and the other females) were housed in standard cages, 28 in-
dividuals/cage as one group, with wood shavings as bedding. All of the
mice had free access to food and water. The caged mice were main-
tained under a 12:12-h light-to-dark cycle at 24 ± 1 °C and 55–60%
relative humidity. All experimental procedures were conducted in ac-
cordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans, EC
Directive 86/609/EEC for animal experiments, Uniform Requirements
for manuscripts submitted to Biomedical Journals, and approved by the
Jiangsu University Committee on Animal Care and Use.

After acclimatization for 3 days, all animals (168) were randomly
divided into 6 groups (n= 28/group), including one control group
(received clean drinking soybean oil) and five PCB126-treatment
groups. The mice were exposed to PCB126 by intragastric administra-
tion with five concentrations (0.5, 5, 50, 250, 500 μg/kg body weight).
In all treatments, mice were exposed continuously for 3, 5, 7 days.
During the exposure period, the bodyweight of mice was measured and
recorded.

2.3. Assessment of correlation index

The mice were monitored for health status during the phase of in-
tragastric administration once a day, including the mental state and
behavior of mice. At 3, 5 and 7 days during the experiment, the body
weight was weighed and recorded, and the rate of weight increase was
calculated by the following formula:

=

−ΔM M M
M

i 0

0

In this formula, ΔM was the rate of weight increasing, Mi was the
bodyweight during experiment, M0 was the bodyweight of the first day
of the experiment.

The thymus and spleen of mice were removed aseptically and
weighed. The relative weights of organs were calculated as follows:

=Organ index M
M

o

b

In the formula, Mo was the organ weight of mice (mg), the Mb was
the bodyweight of mice (g).

The blood from eye venous plexus was added into the anticoagulant
tube (Violet, EDTA-K2). White blood cells, red blood cells and platelets
were assayed by the Mindray BC-2800vet (Mindray, Shenzhen, China)
automated haematology analyzer in whole blood specimens collected
into EDTA anticoagulant. Serum was separated from the blood by
centrifugation. In addition, collected serum was assessed for TNF-α,
IFN-γ and IL-2 using ELISA kit (Multi Sciences, China) according to the
vendor's protocol.

150–400mg spleen and thymus tissue were obtained and placed in
the amount of saline to prepare the homogenate, respectively. After
3000 r/min centrifuge for 15min, the malondialdehyde (MDA) content
and superoxide dismutase (SOD) activity of the supernatant was de-
termined by MDA and SOD kits.

2.4. Histopathological examination of spleen and thymus

The excised spleen and thymus samples were fixed in paraf-
ormaldehyde (4%) for 24 h. Histological staining spleen and thymus
paraffin-embedded sections (5 μm) were stained with hematoxylin and
eosin (HE) according to the standard procedure. The stained sections
were analyzed using the LEICA DM6000 B (LEICA, Germany), and di-
gital images were taken using Image-J 1.8.0.

2.5. ROS examination of spleen

In the present study, DCFH-DA as a fluorescent probe was used to
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determine ROS generation. After penetrating cells, DCFH-DA is hy-
drolyzed into non-fluorescent DCFH by intracellular esterase, and the
latter can be quickly oxidized into highly fluorescent DCF when ROS
are present. In short, a single-cell suspension was obtained after 200
filter screens and washed twice by DMEM. The cell concentration was
adjusted to 2× 105 with PBS and plated in 96-well plates and then
100 μL DCFH-DA (1:1000 dilutions) was added and incubated at 37 °C
for 30min in the dark. The fluorescence intensities were detected by a
fluorescence microplate reader, with excitation and emission wave-
lengths of 488 and 525 nm, respectively.

2.6. Western blot analysis

The total proteins of Spleen were extracted by use of the Total
protein extraction kit. The animal tissues were blended with pre-cooled
Lysis buffer and homogenized with ultrasonic homogenizer. Then the
homogenate was incubated in an ice water bath for 30min in the
shaker. After being centrifuged at 12000 rpm for 10min at 4 °C, the
supernatant was obtained as the total protein samples of tissues. The
protein determination kits of the BCA method were applied to quanti-
tative analysis of the protein samples. Add the standard/samples and
200 μL BCA working liquid mixture into 96-well plates and oscillate to
blend them. After incubation at 37 °C for 20–30min, the absorbance
was detected on the microplate reader at 562 nm. Samples were sepa-
rated by 10% or 12.5% SDS-PAGE, transferred onto nitrocellulose
membranes and blocked in 5% nonfat dry milk at 37 °C for 1.5 h. Then,
the membranes were incubated with primary antibodies at 4 °C over-
night. After washing in TBST three times, the membranes were in-
cubated with appropriate secondary antibodies conjugated to horse-
radish peroxidase at 37 °C for 2 h. Finally, the proteins were visualized
using the ECL system (Beyotime Biotechnology, Shanghai, China).

2.7. Real-time RT-PCR

The mRNA expression of TNF-α, IFN-γ, IL-2, AhR, AhRR, Cyp1a1,
Cyp1a2, Cyp1b1, Nrf2 and Keap1 in the splenocyte were detected by
real-time RT-PCR, and custom-made primers sequences were shown in
Table 1. Briefly, a certain amount of spleen tissue was subjected to
Trizol RNA extraction by Trizol reagent (TaKaRa Bio Inc., Japan). The
first-strand cDNA was synthesized using an IScript™ cDNA Synthesis
Kit. The RT reaction was performed at 25 °C for 5min, 46 °C for 20min
and 95 °C for 1min, the obtain cDNA template was then stored at
−80 °C for use. Quantitative real-time PCR was performed in triplicate
using an ABI 7300 real-time PCR system and an SYBR green PCR master
mix reagent kit (TaKaRa). The data were normalized to β-actin and
subsequently normalized to an experimental control group (2-△△CT

method).

2.8. Statistical analysis

The experimental data are presented as the means ± standard

deviation (SD) at least three independent experiments for each condi-
tion. Duncan's multiple-range test and one-way analysis of variance
(ANOVA) were used for multiple comparisons using SPSS 22 software
(SPSS Inc., Chicago, IL, USA). P*<0.05 was considered to be of sta-
tistically significant difference.

3. Results

3.1. Effect of PCB126 on the growth of mice

The effect of PCB126 on the bodyweight growth rate of mice was
presented in Table 2. The body weight gain in all the tested cases re-
vealed no differences before the exposure. During the whole experi-
ment, the bodyweight gain in the control group was significantly in-
creased with the passage of time. However, when compared with the
control group, PCB126 exposure significantly inhibited the growth of
mice during the exposure period. Specifically, after the end of 5-day
exposure, the bodyweight growth rate was significantly inhibited
compared with the control group, which revealed that PCB126 could
sustainability suppress the growth of bodyweight of mice. Thus,
PCB126 is harmful to the growth of mice.

3.2. Effect of PCB126 on organ indexes of mice

The thymus is the primary lymphoid organ that provides a micro-
environment that is essential for the development of T cells. The spleen
is the largest peripheral immune organ in the body, and it exerts a vital
function in local immunity and immune regulation. The relative weight
of thymus and spleen were the indicators of both immune organ de-
velopment and the state of immune in an organism. The relative weight
of thymus and spleen in the different treated group were shown in
Fig. 1. Compared with the control group, the relative weight of thymus
and spleen were significantly decreased (P < 0.05) in PCB126 treated
group which indicated that exposure to PCB126 can cause atrophy of
thymus and spleen and result in toxic effects on the immune system
afterwards. Results were similar to the previous investigation
(Miyashita et al., 2011). These results showed that PCB126 could

Table 1
List of Real-Time qPCR Primer Sequences.

Gene Name Forward Primer Reverse Primer

TNF-α 5′-ATGAGCACAGAAAGCATGATC-3′ 5′-TACAGGCTTGTCACTCGAATT-3′
IFN-γ 5′-ATCTGGAGGAACTGGCAAAA-3′ 5′-TTCAAGACTTCAAAGAGTCTGAGGTA-3′
IL-2 5′-CCTGAGCAGGATGGAGAATTACA-3′ 5′-TCCAGAACATGCCGCAGAG-3′
AhR 5′-AGCCGGTGCAGAAAACAGTAA-3′ 5′-AGGCGGTCTAACTCTGTGTTC-3′
AhRR 5′-ACATACGCCGGTAGGAAGAGA-3′ 5′-GGTCCAGCTCTGTATTGAGGC-3′
Cyp1a1 5′- GGCCACTTTGACCCTTACAA-3′ 5′-CAGGTAACGGAGGACAGGAA-3′
CYP1a2 5′-AGTACATCTCCTTAGCCCCAG-3′ 5′-GGTCCGGGTGGATTCTTCAG-3′
CYP1b1 5′-CACCAGCCTTAGTGCAGACAG-3′ 5′-GAGGACCACGGTTTCCGTTG-3′
Nrf2

Keap1
5′- CTGAACTCCTGGACGGGACTA-3′
5′-TGCCCCTGTGGTCAAAGTG-3′

5′- CGGTGGGTCTCCGTAAATGG-3′
5′-GGTTCGGTTACCGTCCTGC-3′

β-acting 5′-TGGAATCCTGTGGCATCCATGAAAC-3′ 5′-TAAAACGCAGCTCAGTAACAGTCCG-3′

Table 2
Effects of PCB126 on the rate of weight growth of mice.

Group Third day (%) Fifth day (%) Seventh day (%)

Blank control 11.91 ± 0.41 27.62 ± 0.68 40.12 ± 1.88
0.5 μg/kg dose 11.53 ± 0.60 23.59 ± 1.51a 34.21 ± 1.30a

5 μg/kg dose 11.30 ± 0.46 21.50 ± 0.62a 31.63 ± 1.46a

50 μg/kg dose 10.89 ± 0.66 18.4 ± 1.73abc 27.27 ± 0.93abc

250 μg/kg dose 10.48 ± 0.46 17.3 ± 1.34abc 23.72 ± 1.23abc

500 μg/kg dose 9.62 ± 0.82abc 15.7 ± 0.70abc 20.49 ± 0.64abcd

Notes: ap < 0.05, compared with blank control group; bp < 0.05, compared
with 0.5 μg/kg group; cp < 0.05, compared with 5 μg/kg group; dp < 0.05,
compared with 50 μg/kg group.
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impair inherent immunity.

3.3. Effect of PCB126 on SOD activities and MDA levels

SOD is considered as primary antioxidant enzymes, which could
catalyze the conversion of O2− to H2O2. MDA is the end-product of lipid
peroxidation. Both SOD activities and MDA levels can evaluate the
redox status of an organism. Levels of SOD and MDA in spleen and
thymus of mice treated with PCB126 were summarized in Table 3.
There was a significant decrease in the SOD activities of thymus and
spleen in PCB126-treated rats. Accompanied with weakening of the
antioxidant functions, PCB126 exposure could cause a significant lipid
peroxidation to immune cells in spleen and thymus as edvidenced by
increasing of MDA levels with cumulative doses. As a result, PCB126
short-term exposure could cause oxidative stress in target organs which
is consistent with previous reports (Chen, 2010) and is possibly asso-
ciated with PCB126 induced toxicity.

3.4. Effects of PCB126 on the levels of TNF-α, IFN-γ and IL-2

The TNF-α is an important component in innate immunity and in-
flammatory, responses. However, IFN-γ and IL-2 cytokines are essential
factors for lymphocyte, proliferation and differentiation. Effects of
PCB126 on the levels of TNF-α, IFN-γ and IL-2 in the serum of mice
were shown in Fig. 2. The results showed that secretion levels of TNF-α,
INF-γ and IL-2 were significantly inhibited in rats serum after exposure
PCB126 with dose and time-dependent manner (P < 0.05). As a result,
one of the immunotoxicity effects of PCB126 on organism is possibly
associated with the inhibitory effect of PCB126 on TNF-α, INF-γ and IL-
2 cytokines production. From the results of cytokine secretion level, it

showed that PCB126 significantly inhibited the secretion of cytokines
on the fifth day. Therefore, the effects of PCB126 on the fifth day were
selected for the subsequent experiments in the present study.

3.5. Effect of PCB126 on haematology

Routine blood tests are one of the critical methods in biology re-
search. Blood is made up of plasma and formed elements, which are
white blood cells (WBC), red blood cells (RBC) and platelets (PLT).
There are several different types of WBC, including Granulocytes
(Gran), lymphocytes (Lymph) and monocytes (Mon). WBC do produce
antibodies when encountering a specific antigen, and then bind to the
antigen and initiate the foreign cell to phagocytosis. RBC not only has
respiratory function, but also plays an important supplement to the
WBC immune system. However, platelets have been implicated in in-
flammatory responses. As shown in Table 4, compared with control
group, WBC and PLT were significantly decreased (P < 0.01 or
P < 0.05), whereas RBC was significantly increased in PCB126 ex-
posed groups (P < 0.01). Thus, PCB126 could significantly cause the
abnormality in hematological parameters.

3.6. Effect of PCB126 on the histopathological changes in thymus

As shown in Fig. 3, the thymus in the experiment group exhibited
intact structures with regular morphology and did not display histolo-
gical changes, and a clear boundary could be observed between the
thymus cortex and medulla. The cortex is densely packed with T lym-
phocytes and epithelial reticular cells, while the medulla has a large
number of macrophages, reticulocytes and lymphocytes. The result
indicates that PCB126 has only a small effect on the morphology and
histology of the thymus.

3.7. Effect of PCB126 on the histopathological changes in spleen

The histological manifestations of spleen in the control and 0.5 μM
groups showed normal structure, and there was a clear boundary be-
tween the spleen white pulp (WP) and red pulp (RP) (Fig. 4). The WP is
densely arranged with splenic corpuscle (SCor) and periarterial lym-
phatic sheath (PALS), while there was no congestion in red pulp of
spleen. In contrast, with the dose exceeds 0.5 μM, PCB126 causes spleen
tissue morphological changes, resulting in significant increase in the
area of red pulp relative to the white pulp. The amount of macrophages
and volume of melano-macrophage centers were increased. In addition,
the spleen WP and RP demarcation was blurred, more severe hyperemia

Fig. 1. The effects of PCB 126 treatments for 3 day, 5 day, 7day on splenic organ and thymus organ mass indexes of mice. (A) Effects of PCB126 on splenic indexes of
mice. (B) Effects of PCB126 on thymus indexes of mice. Notes: ap < 0.05, compared with blank control group; bp < 0.05, compared with 0.5 μg/kg group;
cp < 0.05, compared with 5 μg/kg group; dp < 0.05, compared with 50 μg/kg group. Data are expressed as the mean ± SD (n=5).

Table 3
Effects of PCB126 on activities of SOD and levels of MDA in splenic and thymus
organs of mice.

Group Third day (%) Fifth day (%) Seventh day (%)

Blank control 11.91 ± 0.41 27.62 ± 0.68 40.12 ± 1.88
0.5 μg/kg dose 11.53 ± 0.60 23.59 ± 1.51a 34.21 ± 1.30a

5 μg/kg dose 11.30 ± 0.46 21.50 ± 0.62a 31.63 ± 1.46a

50 μg/kg dose 10.89 ± 0.66 18.4 ± 1.73abc 27.27 ± 0.93abc

250 μg/kg dose 10.48 ± 0.46 17.3 ± 1.34abc 23.72 ± 1.23abc

500 μg/kg dose 9.62 ± 0.82abc 15.7 ± 0.70abc 20.49 ± 0.64abcd

Notes: ap < 0.05, compared with blank control group; bp < 0.05, compared
with 0.5 μg/kg group; cp < 0.05, compared with 5 μg/kg group.
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was induced and the splenic corpuscle with irregular shape was dis-
played. These results strongly suggested that the treatment of PCB126
resulted in grave tissue damage, further denoting impaired immune
function. Therefore, the effects of PCB126 on spleen were selected for
the subsequent experiments in the present study.

3.8. Effect of PCB126 on ROS levels

Overproduction of ROS is one of the main manifestations of oxi-
dative stress in cells and tissues. To investigate whether PCB126 can
induce spleen cells to release ROS, intracellular ROS levels were de-
tected by DCFH-DA. As shown in Fig. 5, PCB126 induced a remarkable

enhancement of ROS generation compared with the control group
(P < 0.01) in a dose-dependent manner. The results indicated that
PCB126 can induce ROS overproduction.

3.9. Effects of PCB126 on mRNA expression of TNF-α, IFN-γ and IL-2

From the results of cytokine secretion level, it showed that PCB126
significantly inhibited the secretion of cytokines on the fifth day.
Therefore, the effects of PCB126 on the mRNA expression of TNF-α,
IFN-γ and IL-2 in splenic organ on fifth day were determined by RT-PCR
in the present study. As shown in Fig. 6, the mRNA levels of TNF-α, IFN-
γ and IL-2 significantly decreased with increasing the dose of PCB126

Fig. 2. The effects of PCB126 on the levels of TNF-α, IFN-γ and IL-2 in the serum of mice. (A) Effect of PCB126 on TNF-α level in serum of mice. ap < 0.05, compared
with blank control group; bp < 0.05, compared with 0.5 μg/kg group; cp < 0.05, compared with 5 μg/kg group. (B) Effect of PCB126 on IFN-γ level in serum of mice
ap < 0.05, compared with blank control group; bp < 0.05, compared with 0.5 μg/kg group. (C) Effect of PCB126 on IL-2 level in serum of mice. ap < 0.05,
compared with blank control group; bp < 0.05, compared with 0.5 μg/kg group; cp < 0.05, compared with 5 μg/kg group.

Table 4
Effects of PCB126 on routine blood tests of mice.

Analyte Control 0.5 μg/kg 5 μg/kg 50 μg/kg 250 μg/kg 500 μg/kg

WBC (109/L) 9.41 ± 0.22 7.44 ± 0.31* 7.10 ± 0.28* 4.45 ± 0.21** 6.02 ± 0.17* 6.47 ± 0.11*
Lymph(109/L) 5.23 ± 0.18 5.19 ± 0.20 5.03 ± 0.26 2.26 ± 0.10** 4.94 ± 0.15 4.87 ± 0.34
Mon (109/L) 0.82 ± 0.05 0.38 ± 0.02* 0.43 ± 0.01* 0.39 ± 0.01* 0.22 ± 0.00** 0.35 ± 0.01**
Gran (109/L) 3.49 ± 0.40 2.10 ± 0.18* 1.76 ± 0.14* 1.70 ± 0.22* 0.97 ± 0.12** 1.68 ± 0.08**
RBC (1012/L) 6.87 ± 0.83 7.93 ± 0.92* 8.12 ± 0.68** 7.93 ± 0.39* 7.71 ± 0.31* 8.15 ± 0.40**
HGB (g/L) 130 ± 11 138 ± 14 139 ± 10 138 ± 15 134 ± 12 151 ± 11*
MCHC (g/L) 328 ± 15 327 ± 18 325 ± 27 325 ± 22 334 ± 16 356 ± 19
PLT (109/L) 1013 ± 89 821 ± 63* 689 ± 32** 980 ± 26 608 ± 41** 550 ± 31**

Note: *P < 0.05, **P < 0.01, compared with control group.
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Fig. 3. Effect of PCB126 on the histopathological changes in thymus. (a1)
Control, HE, 50× ; (a2) Control, HE, 100× ; (b1) 0.5 μg/kg, HE, 50× ; (b2)
0.5 μg/kg, HE, 100× ; (c1) 5 μg/kg, HE, 50× ; (c2) 5 μg/kg, HE, 100× ; (d1)
50 μg/kg, HE, 50× ; (d2) 50 μg/kg, HE, 100× ; (e1) 250 μg/kg, HE, 50× ;
(e2) 250 μg/kg, HE, 100× ; (f1) 500 μg/kg, HE, 50× ; (f2) 500 μg/kg, HE,
100× . MED: Medulla; COR: Cortex.

Fig. 4. Effect of PCB126 on the histopathological changes in spleen. (a1)
Control, HE, 50× ; (a2) Control, HE, 100× ; (b1) 0.5 μg/kg, HE, 50× ; (b2)
0.5 μg/kg, HE, 100× ; (c1) 5 μg/kg, HE, 50× ; (c2) 5 μg/kg, HE, 100× ; (d1)
50 μg/kg, HE, 50× ; (d2) 50 μg/kg, HE, 100× ; (e1) 250 μg/kg, HE, 50× ;
(e2) 250 μg/kg, HE, 100× ; (f1) 500 μg/kg, HE, 50× ; (f2) 500 μg/kg, HE,
100× . RP: Red pulp; WP: White pulp; CA: Central anterry; Mkc:
Megakaryocyte; SCor: Splenic corpuscle; PALS: Periarterial lymphatic sheath.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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(P < 0.05), which was consisted with the corresponding cytokine le-
vels. Taken together, PCB126 might exert intervention effects of im-
munotoxicity through elevating the mRNA expressions of TNF-α, IFN-γ
and IL-2 in PCB126-treated mice, thus inhibiting the relevant cytokines.

3.10. Effects of PCB126 on mRNA expression of AhR pathway

We validated the expression levels of AhR, AhRR, Cyp1a1, Cp1a2,
Cyp1b1 in spleen cell by RT-qPCR. The results demonstrate that
PCB126 significantly increased AhR expression ratio to 1.3-fold

(P < 0.05) at 0.5 μg/kg compared with control group. However, with
the dose exceeding 5 μg/kg, the ratio of AhR was significantly de-
creased, especially at 500 μg/kg (Fig. 7A). AhRR, a negative feedback
regulator, at first, the AhRR expression increased with the increase of
AhR (P < 0.01), especially at lower concentrations (0.5 μg/kg)
(P < 0.01) (Fig. 7B). Three Cyp1 family enzymes mRNA were in-
creased at the lower and medium dosages of PCB126. when the con-
centration of PCB126 at 50 μg/kg, mRNA ratio of three Cyp1 family
enzymes were up-regulated 5–6 times compared with the control group
(P < 0.01). In contrast, mRNA of three Cyp1 family enzymes were
significantly decreased at a dose of 500 μg/kg (P < 0.01).

3.11. Effects of PCB126 on mRNA expression of Nrf2-Keap1

Keap1-Nrf2 is a redox-sensitive signaling pathway that facilitates
transcriptional regulation of redox modulatory and cytoprotective
genes, which can facilitate the defence against oxidative stress (Kubo
et al., 2017). As Fig. 8, at first, both of Nrf2 and Keap1 mRNA ratio
significantly increased to 5.2- and 5.2- fold compared with control
group at concentration of 50 and 5 μg/kg, respectively. But they was
decreased subsequently at 500 μg/kg.

3.12. Effects on apoptosis-related proteins

Apoptosis is mainly mediated by two main pathways, the mi-
tochondrial (intrinsic) apoptotic pathway and the death receptor (ex-
trinsic) pathway. The specific protein expressions of apoptosis were
analyzed by western blots and shown in Fig. 9. The toxic mechanism of
PCB126 was researched by examining the expression of Bcl-2 and Bax
in protein levels. Results showed that Bcl-2 protein level was down-

Fig. 5. Variations in ROS of splenocytes treated with PCB126. Control treated
with soybean oil. Data are presented as means ± SD (n=3), *P < 0.05,
**p < 0.01 are compared with control.

Fig. 6. Effects of PCB126 on (A) TNF-α, (B) IFN-γ and (C) IL-2 mRNA level in the spleen on the fifth day. Results are presented as mean ± SD. (n = 5). *p < 0.05,
and **p < 0.01 are compared with control group.
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regulated, while Bax was up-regulated significantly with the increasing
concentration of PCB126 compared with the control group (P < 0.05)
(Fig. 6B–C). With the dose exceeding 50 μg/kg, the protein expression
levels of Bcl-2 and Bax were significantly changed. These findings
suggested that PCB126 has a potential effect on regulation of the mi-
tochondria apoptosis signal pathway by up-regulating the expression of
Bax and down-regulating the Bcl-2 expression dose-dependently.

Caspase family is another initiator and executor of the apoptosis
(Brentnall et al., 2013). Among the caspase proteins, caspase-9 and
caspase-8 are considered as the essential initiator caspase required for
mitochondria-dependent apoptosis signaling (Sitailo et al., 2002). Both

caspase-9 and caspase-8 activation could subsequently act on the ulti-
mate enforcer of apoptosis, such as caspase-3. Thus, the expression of
caspase-9, caspase-8 and caspase-3 were investigated. Compared with
the control group, the expression of caspase-9, caspase-8 and caspase-3
in spleen were increased in dose-dependently (Fig. 7D–F). PCB126
could observably up-regulate the expression of caspase-3 when the dose
exceeds 50 μg/kg. PCB126 could significantly up-regulate the expres-
sion of caspase-9 and caspase-8 at a high dose. Collectively, PCB126 is
capable to elevate the expression of caspases-9, caspase-8 and caspase-3
and then induce splenocyte apoptosis, which indicated that PCB126
might exert an effect on inducing apoptosis of splenocyte through

Fig. 7. Effects of PCB126 on (A) AhR, (B) AhRR, (C) Cyp1a1, (D) Cyp1a2 and (E) Cyp1b1 mRNA level in the spleen on the fifth day. Data are presented as
mean ± SD (n = 3). *p < 0.05, and **p < 0.01 are compared with control group.
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intrinsic and extrinsic apoptosis signal pathway, simultaneously.

4. Discussion

The aryl hydrocarbon receptor (AhR) is an endogenous or exo-
genous ligand-activated transcription factor. In its inactive state, AhR
rests in a cytosolic multiprotein complex. Upon ligand-binding, AhR
shuttles in the nucleus dimerizes with AhR nuclear translocator and
binds to xenobiotic responsive elements in the enhancer of target genes
to initiate their transcription. AhR target genes encode drug-metabo-
lizing enzymes, such as Cyp1a1, Cyp1a2 and Cyp1b1 (Nebert, 2017),
which are biological indicators of AhR. Another target is the AhR re-
pressor (AhRR), a negative feedback regulator, which may compete
with AhR for both AhR nuclear translocator- and xenobiotic-responsive
element-binding (Vogel and Haarmann-Stemmann, 2017). In general,
many studies have demonstrated that AhR was activated by exogenous
ligand, which resulted in the transcription of Cyp1a1, Cyp1a2 and
Cyp1b1. The activation of Cyps induced the generation of ROS, and
spurred the emergence of oxidative stress (Knerr et al., 2006). In many
cases, irreversible and severe oxidative stress would bring apoptosis to
induce toxicity (Lu et al., 2018). From the results, we found that AhR
was activated by PCB126 as shown by the increased mRNA expression
of Cyp1a1 Cyp1a2 and Cyp1b1 at least at 0.5, 5 and 50 μg/kg. On the
one hand, the increase in Cyp1 enzymes mRNA expression is a stress
compensation mechanism to metabolize the accumulated ligands, on
the other hand, it also leads to the accumulation of ROS in splenocytes,
simultaneously. However, the mRNA expression of Cyp1 enzymes was
decreased at 250 μg/kg, which may be due to desensitization or decline
of AhR mRNA expression and raise of AhRR mRNA expression. Im-
portantly, the mRNA expression of Cyp1 enzymes and AhR were largely
decreased at 500 μg/kg, which may be due to overall cellular toxicity
hampering the overall mRNA expression at high dosages of PCB126.
Additionally, the mRNA expression of Cyp1 enzymes were decreased
also may be due to excessive accumulation of ROS (Szychowski et al.,
2016). These results further confirmed the cause-and-effect relationship
between the AhR pathway and ROS production. Thus, PCB126 up-
regulated ROS levels via inducing Cyp1 mRNA expression, which would
disturb the redox equilibrium to induce toxicity effect.

As we all know, Keap1-Nrf2 is a redox-sensitive signaling pathway,
which would be activated by ROS to up-regulate the genes expression of
a series of antioxidant enzymes (SOD, CAT and so on) (Jin et al., 2019).
In our study, PCB126 up-regulated the mRNA expression of Nrf2 and
keap1 at 0.5–250 μg/kg. However, Nrf2 and keap1 mRNA expression
were significantly decreased at 500 μg/kg, which is consistent with
previous results, it also may be due to overall cellular toxicity. SOD is
considered as primary antioxidant enzymes, which can eliminate O2−

and H2O2 respectively (Matés et al., 1999). From the results, PCB126
could inhibit the activity of SOD in a dose-dependent manner, it in-
dicates that PCB126 decreases the ability of antioxidant enzymes to
eliminate ROS, which is one of the main reasons for ROS accumulation
inducing by PCB126. Besides, because of the depletion of SOD activity,
the body would regulate the mRNA expression of Nrf2 and Keap1 as the
positive feedback to compensate for the body's antioxidant capacity,
which is consistent with our results. MDA, an initial indicator of ROS
induced damage (Singh et al., 2018), is a small molecular lipid perox-
idation product in the body (Vaca et al., 1988). In the present study, the
content of MDA was increased by PCB126 in the mice spleen and
thymus, which indicate that PCB126 induce production of lipid per-
oxidation in the immune organ of mice. The above results suggest that
PCB126 may induce ROS overproduction by impairing the redox
homeostasis, and inducing lipid peroxidation. Thus, the immune func-
tion was inhibited by PCB126 through oxidative stress.

Apoptosis is a programmed cell death and an important self-reg-
ulatory mechanism for multicellular organisms to maintain home-
ostasis. Apoptosis is mainly mediated by two main pathways including
the mitochondrial (intrinsic) apoptotic pathway and the death receptor
(extrinsic) pathway (Pradelli et al., 2010), both of which lead to acti-
vate of caspases cascade (Kroemer et al., 2007). It is well known that
oxidative stress-induced apoptosis is largely associated with the acti-
vation of the intrinsic apoptosis pathways at the level of the mi-
tochondria (Yang et al., 2019). Firstly, ROS disturbs outer membrane
permeabilization of mitochondria as the initial factor of apoptosis via
activating Bax and inhibiting Bcl-2 expression, afterwards, cytochrome
c is released into the cytosol (Claro et al., 2014). Then cytochrome c
activates the initiator caspase-9 to generate the apoptosome (Xu et al.,
2019), subsequently it activates the caspase-3 by proteolytic cleavage of
redundant part of precursor procaspase-3 (Srinivasula et al., 1998).
Finally, the activated caspase-3 would take up the role of executioner
caspase to bring about full cellular apoptosis (Xu et al., 2017). In order
to get closer mechanistic insight in PCB126-induced apoptosis, the
mitochondria-mediated pathway was investigated. The results showed
that PCB126 could up-regulate pro-apoptotic proteins (Caspase-3 Cas-
pase-9 and Bax) and down-regulate anti-apoptosis protein (Bcl-2).
These results confirmed that PCB126 could induce splenocyte apoptosis
via mitochondria-mediated apoptosis pathway. Changes expression of
those key proteins demonstrated that the mitochondrial-mediated
apoptosis pathway was involved in PCB126-inhibited immune function.

The death receptor pathway is another key regulator of apoptosis.
Many studies suggested that environmental pollutants can increase
protein expression of Caspase-8 (Ji et al., 2017) by activating receptor
pathway on cell membrane (Tanel and Averill-Bates, 2007). And the
downstream Caspase-3 is activated subsequently, which induce a series

Fig. 8. Effects of PCB126 on (A) Nrf2 and (B) Keap1 mRNA level in the spleen on the fifth day. Data are presented as mean ± SD (n = 3). *p < 0.05, and
**p < 0.01 are compared with control group.
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of related cascaded reactions and trigger apoptosis (Xie et al., 2016).
The present results indicated that the pro-apoptosis protein of caspase-8
increased remarkably, which revealed that PCB126 could induce sple-
nocyte apoptosis via, death receptor pathway within a certain con-
centration range.

As we know, cytokines play key roles in the maintenance of the
immune response by producing of immune/non-immune cells.
Cytokines are classified into pro-inflammatory cytokines, cell-mediated
and anti-inflammatory cytokines. IFN-γ, TNF-α and IL-2 belong to the
pro-inflammatory cytokines (Liu et al., 2012) and are involved in cel-
lular immunity. Many studies demonstrated that immunosuppression is
usually accompanied with the down-regulation of cytokines mRNA
expression and secretion levels, such as TNF-α (Liu et al., 2019), IFN-γ
(Chae et al., 2019) and IL-2 (Deng et al., 2019a). Consistent with the

present results, mRNA expression and secretion levels of TNF-α, IFN-γ
and IL-2 were a negative correlation with doses of PCB126 exposure,
which implied that PCB126 could cause immunosuppression.

5. Conclusions

This study demonstrated that PCB126 induced immune dysfunction
in mice. In summary, PCB126 not only induced growth inhibition,
atrophy of thymus and spleen, and severe structural alterations, but
also inhibition of cytokines (TNF-α, IFN-γ and IL-2) production by
down-regulating the mRNA expressions. Most importantly, the damage
of spleen and thymus may at least be partly due to PCB126 inducing
oxidative damage via up-regulation MDA contents, down-regulation
SOD and interference Nrf2 signaling pathway. In addition, PCB126

Fig. 9. Effects of PCB126 on Bax、Bcl-2、caspase-3、caspase-8、caspase-9 protein level in the spleen on the fifth day. (A) Western blotting analysis of apoptosis-
related protein expression, β-actin was used as the loading control. (B–F) Western blots densitometric analysis. Results are presented as mean ± SD. (n = 5).
*p < 0.05, and **p < 0.01 are compared with control group.
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induced high reactive oxygen species (ROS) level by disturbing the
mRNA expression of AhR and subsequently up-regulating Cyp1 en-
zymes mRNA expression. The extreme high ROS levels in spleen cells
activated mitochondria pathway through elevation Bax/Bcl-2 ratio and
protein expression of caspase-9, then results in the activation of cas-
pase-3 to conduct apoptosis. Additionally, PCB126 also upregulate
caspase-8 expression mediating spleen cells apoptosis through the ex-
trinsic pathway where cell membrane receptor is involved. The results
clearly showed that PCB126 modulated AhR signaling pathway, which
interacted with apoptosis and oxidative stress to induce im-
munotoxicity.
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