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Abstract
The present study aimed to explain the mechanisms involved in cell-mediated immunotoxicity of atrazine (ATR) in rabbits and to
evaluate the ameliorative role of glycyrrhizic acid (GA) against such toxic effects. Forty rabbits were assigned into 4 equal
groups: control, ATR, GA, and ATR + GA groups. ATR (2475 ppm) and GA (60 μg of GA/ml of water) were administrated via
food and drinking water, respectively, for 60 consecutive days. The cell-mediated immunotoxicity of ATR was clarified by the
induced thymus immunotoxicity through downregulation of interleukin (IL)-9 gene and interferon-γ (IFN-γ) gene expression,
upregulation in caspase-3, and significant decrease in the total leukocytic and lymphocyte counts. Histopathological investiga-
tions demonstrated severe depletion of lymphoid follicles in the medulla of the thymus gland. On the other hand, co-
administration of GA for group 4 improved most of the undesirable impacts of ATR. In conclusion, the alteration in IL-9/
IFN-γ expression may involve ATR-induced thymocyte apoptosis which may explain the mechanisms of ATR-induced cell-
mediated immunotoxicity with a possible amelioration influence of GA administration.
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Introduction

Pesticides are designed to control pests, but they can also be toxic
to plants, animals, and humans. Atrazine (ATR) is a selective
post-emergence chlorotriazine broad-spectrum herbicide used
worldwide for the control of broadleaf and grassy weeds in crops
(Singh et al. 2018). The chemical structure of ATR is stable and

had low chemical reactivity. Therefore, ATR could persist in the
soil, resulting in its accumulation in ground and surface water for
several years (Fang et al. 2018). Chen et al. (2013) mentioned
that ATR exposure caused misbalance in the major organs of the
immune system, specifically the thymus, suggesting that the thy-
mus may be the main target of ATR. The thymus gland is con-
sidered a primary lymphoid organ where bone marrow–derived
progenitor cells undergo differentiation to originate functional T
cells (Pearse 2006). At the high doses of ATR, it suppressed cell-
mediated, humoral, and nonspecific immune function. The in-
duction of apoptosis can be a possible mechanism of ATR that
may compromise the immune function (Yuan et al. 2017).
Studies on the toxicity to cell-mediated immunity of ATRmainly
focused on the evaluation of immune function. Less attention had
been directed toward the mechanisms by which these functions
are modulated (Morgan et al. 2019), so we directed this study to
focus on toxicity to cell-mediated immunity induced by ATR
through action of some thymus cytokines. Interferon-γ (IFN-γ)
has a critical role in recognizing and eliminating pathogens, be-
ing the central effector of cell-mediated immunity. It can serve to
amplify antigen presentation through antigen-presenting cells by
enhancing antigen recognition via cognate T-cell interaction, in-
crease the production of reactive oxygen species (ROS) and
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reactive nitrogen intermediates, and induce anti-viral responses
(Kak et al. 2018). In the same line, interleukin (IL)-9 is a multi-
functional cytokine that can regulate the function of many kinds
of cells. It was originally identified as a growth factor of T cells
and mast cells. In previous studies, IL-9 was mainly involved in
the development of allergic, inflammatory, and autoimmune dis-
eases (Wan et al. 2020). Natural products derived from herbal
plants are attracting great attention as alternative treatment op-
tions for enhancing and inducing immune function due to their
antioxidant or anti-inflammatory properties (Khan et al. 2013;
Han et al. 2017). Glycyrrhizic acid (GA) or glycyrrhizin has been
widely used in foods and traditional herbal medicines (Yu et al.
2018). GA is a natural and major pentacyclic triterpenoid glyco-
side of licorice roots extracts (Ban et al. 2020). GA is an antiox-
idant and immunostimulant that has the potential to promote
antioxidant capacity and reinforce immune function (Ban et al.
2020). The present investigation was intended to evaluate the
immunomodulatory effect of GA against toxicity to cell-
mediated immunity induced by ATR in rabbit’s thymus gland.

Materials and methods

Chemicals

Atrazine (CAS Registry Number: 301-49A; 2-chloro-4-
ethylamino-6-isopropylamino-s-triazine, ATR, 98% purity)
was obtained from Syngenta Co., Switzerland, while GA
was obtained from Sigma-Aldrich (Sigma Chemical Co., St
Louis, MO). All other chemicals and kits were analytically
pure and were purchased from Thermo Scientific and
Bioscience companies.

Animals and experimental design

The experiment was approved by the institutional committee,
and the protocol conforms to the guidelines of the National
Institutes of Health. The protocol was approved by the
Veterinary Institutional Animal Care and Use Committee at
Cairo University with approval number (CU II F 3 19). A total
of apparently healthy forty male New Zealand white rabbits
weighing 1.5 kg ± 20% were provided with food and water ad
libitum for 2 weeks before the experimental work for acclima-
tization. All treated animals were apparently healthy till the
end of the experiment without any significant body weight
changes compared to control. They were then assigned into
4 equal groups: group 1: control; group 2 (ATR group): re-
ceived 1/10th oral LD50 of ATR (Morgan et al. 2017) via food
(75 mg/kg bw equivalent to 2475 ppm in food); group 3 (GA
group): received GA via drinking water; it was first diluted in
water, and the solution was then added to the drinking water at
a rate of 0.03% (w/v) (60 μg of GA/ml of water) dose, regi-
men, and duration for GA was used according to Ocampo

et al. (2016); group 4 (ATR + GA group): received both
ATR concomitantly with GA by the same previously men-
tioned routes and doses for each, and ATR and GA exposure
was done for 60 days. Four weeks post exposure, both control
and treated animals were vaccinated by subcutaneous injec-
tion of 0.5 ml Rabbit Hemorrhagic Disease Virus vaccine
(RHDV vaccine). RHDV vaccine is one of the most important
applied field vaccines that protected rabbits against this fatal
RHDV during the experiment. At the end of the experiment
(60 days), blood samples with anticoagulant were collected
from the eye vein. The plasma was collected by centrifuging
blood at 3000×g for 10 min. Blood samples with anticoagu-
lants were collected for the assessment of total leucocyte count
(TLC) using an improved Neubauer hemocytometer accord-
ing to Feldman et al. (2000). Blood smears were prepared for
assessment of differential leukocyte count according to
Feldman et al. (2000). Also, thymus tissue samples were col-
lected for gene expression and immunohistochemical and his-
topathological investigation.

Delayed-type hypersensitivity

The delayed-type hypersensitivity reaction (DTH) to tubercu-
lin (Parke–Davis, Detroit, MI) was evaluated according to the
method adopted by Street and Sharma (1975).

Briefly, tuberculin solution was intra-dermally injected at
0.1 ml in the clipped flank of both control and treated animals
60 days post exposures (at the end of the experiment). The
thickness and diameter of skin reactions around the injection
site were measured with a graduated stainless-steel caliper
24 h after tuberculin injection then recorded.

Quantitative real-time PCR for thymus cytokines

The total RNA isolation from the thymus samples was done
using the Total RNA Purification Kit (Jena Bioscience, Cat.
No. PP-210S) according to the manufacturer’s protocol. The
concentration and purity of RNA were assessed using
NanoDrop. Reverse transcriptase reaction was done by using
the Revert Aid First Strand cDNA Synthesis Kit (Thermo
Scientific, Cat. No. K1622). Quantitative real-time PCR
(qPCR) was performed using the Luminaris Color HiGreen
Low ROX qPCR Master Kit (Thermo Scientific, Cat. No.
K0371). The assay included triplicate samples for each tested
cDNAs and no-template negative control. Each reaction
contained 30 pg/ml of each of the following primers:
interleukin-9 (IL-9) 5-GTCCTTGTCTCCTCCCTCCT-3; 5-
ATAGCCCCTCCTGGAAACAC-3 (accession number IL-9
XM_002710105.2) , in ter feron-γ ( IFN-γ ) TTCC
CAAGGATAGCAGTGGT-3; 5-TGAAGCCAGAAGTC
CTCAAAA-3 (accession number IFN-γ NM_001081991.1),
β ac t in 5-TCACCATCTTCCAGGAGCGA-3; 5-
CACAATGCCGAAGTGGTCGT-3 (accession number β actin
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NM_001082253.1). Primer sets were designed using the free
online software Primer3 (v. 0.4.0) (http://bioinfo.ut.ee/primer3-
0.4.0). cDNA amplification was performed at 42 °C for 1 h. Data
were normalized by using the GAPDH gene as a housekeeping
gene. The two-step cycling protocol was adjusted as follows:
UDG pre-treatment at 50 °C for 2 min, initial denaturation at
95 °C for 10 min, and then 45 cycles of denaturation at 95 °C
for 20 s and annealing at 60 °C for 45 s and extension at 72 °C for
45 s. Fluorescent data were acquired during each extension
phase. The fold change compared to control samples was calcu-
lated using CT, ΔCT, and ΔΔCT by Mxpro software Stratagene
as described by Livak and Schmittgen (2001).

Histopathological investigation

The thymus tissues from various groups intended for the his-
topathological examination were fixed in 10% neutral buff-
ered formalin and prepared according to Bancroft et al. (1996)
as follows: The tissues were fixed in 10% formalin after cut-
ting into small pieces (3-mm thickness), and the tissues were
trimmed and washed under running water overnight. The sam-
ples were then dehydrated using ascending grades of ethyl
alcohol and cleared in xylol for 2–4 h to remove the alcohol.
The prepared tissue specimens were then embedded in paraf-
fin wax to form blocks and then sectioned by Leica microtome
into thin sections of 5-mm thickness. The tissue sections were
put onto glass slides and lastly stained by H&E stain.

Hematoxylin and eosin staining

Sections on slides were incubated at 56 °C for 2 h to dissolve
the paraffin wax. The sections on slides were then passed into
xylol to remove the paraffin and into alcohol to remove the
xylol, rehydrated in water, and then put in hematoxylin for 10
min; differentiated in acid alcohol and washed by water; and
then counter-stained in 1% of eosin for 2–4 min, dehydrated,
cleared, and mounted. Finally, the slides were examined using
an electrical light microscope, and histopathological photos
were taken using a Leica EC3 digital camera.

Immunohistochemical examination for caspase-3

Expression of caspase-3 in the thymus tissue of different exper-
imental groups was demonstrated in immunohistochemically
stained sections using rabbit polyclonal antibody diluted at
1:100 (Lab Vision Corporation, Fremont, CA, USA). The
immune-reactive cells were visualized using 3,3-diaminobenzi-
dine tetrachloride (Sigma Chemical Co.). Briefly, thymus sec-
tions were incubated with antibodies, and the reagents required
for the ABC method (Vectastain ABC-HRP Kit, Vector
Laboratories) were added. Each marker expression was labeled
with peroxidase and colored with diaminobenzidine substrate
(DAB, Sigma) for the detection of the antigen–antibody

complex. Immunohistochemically stained sections were exam-
ined, and the figures were analyzed using a Leica Qwin 500
analyzer computer system (Leica Microsystems, Switzerland)
in the Faculty of Dentistry, Cairo University.

Statistical analysis

Data were expressed as mean ± standard error (SE). Statistical
analysis was performed using the SPSS software program
version 16 (SPSS Inc., USA). One-way analysis of variance
(ANOVA) test followed by Tukey’s HSD test for multiple
comparisons was used to assess significant differences among
different groups at P < 0.05.

Results

Effects of ATR and/ or GA on DTH response

The effects of ATR and/ or GA daily exposure for 60 days on
the DTH response to the intra-dermally injected tuberculin of
exposed rabbits are presented in Table 1. The results revealed
that ATR-exposed rabbits showed a significant decrease in the
thickness and diameter of skin reaction compared to control.
However, oral treatment of ATR + GA (ATR + GA group)
induced a significant increase in the thickness and diameter of
skin reaction of the treated rabbits compared to the ATR-
exposed ones (ATR group).

Values are presented as mean ± SE (n = 10 rabbits/group)
(P value < 0.05). Values with different letters within the same
column are significantly different

Effect of ATR and/or GA on total and differential leu-
kocyte counts

The results in Table 2 reveal that oral exposure of rabbits to
ATR (in the ATR group) resulted in a significant decrease in
the total and differential leukocyte counts compared to con-
trol. However, GA alone treatment for the GA group resulted
in a significant increase in these cells compared to control.
Also, ATR + GA co-treatment for the ATR + GA group re-
sulted in a significant increase in total and differential leuko-
cyte counts compared to the ATR group.

All values are presented as mean ± SE (n = 10 rabbits/
group) (P value < 0.05). Values with different letters within
the same column are significantly different

Effects of ATR and/or GA on the expression levels of
thymus IL-9 and IFN-γ genes

To assess the effect of GA on immune-related genes in thymus
tissue, the mRNA expression levels for IL-9 and IFN-γ genes
were determined. According to the obtained data in Fig. 1, the
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oral exposure to ATR alone resulted in a significant decrease
in the level of thymus IL-9 (0.28 ± 0.03 folds) and IFN-γ
(0.60 ± 0.07 fold) gene expression compared to control.
However, GA alone treatment induced a significant increase
in the level of IFN-γ (2 ± 0.10 folds) gene expression com-
pared to control. On the other hand, in the ATR + GA group,
the GA induced a significant increase in the level of thymus
IL-9 and IFN-γ gene expression compared to the ATR alone-
exposed group (1.10 ± 0.04 folds and 1.40 ± 0.20 folds versus
0.28 ± 0.03 folds and 0.60 ± 0.07 folds, respectively).

Histopathological results

No pathological changes could be seen in the thymus gland of
the control rabbits (Fig. 2a). However, the thymus of ATR-
exposed rabbits showed depletion of lymphoid follicles (in the
medulla) with severe hemorrhage and multiple aggregations
of inflammatory cells (Fig. 2b). The thymus of GA alone–
treated rabbits showed a normal appearance of lymphoid fol-
licles (in the medulla) (Fig. 2c). On the other hand, the thymus
of ATR + GA–treated rabbits showed mild depletion of lym-
phoid follicles (medulla) and slight aggregation of inflamma-
tory cells (Fig. 2d).

Immunohistochemical results for caspase-3

Immunohistochemical examination by caspase-3 technique
for detection of apoptosis revealed no apoptosis in the thymus
of control, GA alone, and GA + ATR–treated rabbits (Fig. 3a,
c, d), while thymus of ATR alone-exposed rabbits showed
marked apoptosis (Fig. 3b).

Discussion

The balance of the immune system is established by the balance
between cytokines, and when this balance is disturbed, it leads to
a disorder. The immune system is involved in maintaining ho-
meostasis against foreign environmental pollutants. Worldwide
use of the ATR increases the chance and rates of exposure to the
foreign agent that the immune system must contend with.
Immunotoxicity of ATR manifests as a reduction in immune
response capacity, including the suppression of immune cell
function and atrophy of immune organs (Zhao et al. 2018). To
investigate the potential mechanisms of immunotoxicity of ATR
and evaluate the protective role of GA in rabbits, the roles of
some apoptosis and immunity-related genes such as IL-9, INF-γ,
and caspase-3 expression levels besides differential and total leu-
kocyte count were measured in the thymus tissue. In the present
study, ATR exposure resulted in severe immunosuppression of
the cell-mediated immune response where ATR-exposed rabbits
showed a significant decrease in the thickness and diameter of
skin reaction compared to control ones. Similar results were de-
tected by Chen et al. (2013). However, treatment with GA for
group 4 induced a significant increase in the thickness and
diameter of skin reaction. Raphael and Kuttan (2008) reported
that the injection of GA enhanced remarkably the delayed-type
hypersensitivity reaction. Leukocytes are important inflammato-
ry effector cells and play key roles in the immune response
against the environmental antigen. The obtained results show a
significant decrease in TLC and lymphocyte counts of ATR-
exposed rabbits (group 2) when compared to control. This is
consistent with Blahova et al. (2014). The drop in total and
differential lymphocyte counts shown in Table 2 may be due to
a deficient thymic output, deficient peripheral viability, and
organ infiltration. The TLC was enhanced in group 4 treated

Table 1 Thickness and diameter
of skin reaction in different
experimental groups of ATR-
exposed rabbits

Groups Parameters

The thickness of skin reaction (mm) The diameter of skin reaction (mm)

Control 1.80 ± 0.13a 27.30 ± 0.54a

ATR group 0.97 ± 0.11b 22 ± 0.27 b

GA group 2 ± 0.13a 27.50 ± 0.45a

ATR + GA group 1.70 ± 0.08a 26.70 ± 0.52a

Table 2 Effects of GA on total
and differential leukocytic counts
in rabbits exposed to ATR

Groups Parameters

TLC/ml Lymphocyte (%) Neutrophil (%) Monocyte (%)

Control group 10,125 ± 390a 42 ± 0.006a 49 ± 0.006a 9 ± 0.003a

ATR group 7412 ± 200b 51 ± 0.023b 45 ± 0.011b 4 ± 0.006b

GA group 11,425 ± 257c 44 ± 0.033c 50 ± 0.025c 6 ± 0.007c

ATR + GA group 8943 ± 380d 48 ± 0.003dc 47 ± 0.002dc 5 ± 0.003dc
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with GA. Zhao et al. (2016) reported that GA could enhance
inflammatory responses such as TLC and cytokines against the
environmental antigen. Leucocytes are involved in the regulation
of immunological function, and their numbers increase as a pro-
tective response to stress. Such an increase in TLC occurs with
the increase in lymphopoiesis and/or enhanced release of lym-
phocytes from lymphoid tissues (Ramesh et al. 2009). The main
aim of this study was to test for possible immunotoxic mecha-
nisms of ATR using real-time PCR and immunohistochemical
analysis focusing on IL-9, INF-γ, and caspase-3 expression
levels. Recent studies on IL-9 revealed that it has multiple cellu-
lar sources and ismainly involved in the immune pathogenesis of

inflammatory diseases (Chakraborty et al. 2019). Its functions are
induced through the interleukin-9 receptor (IL9R), which
activates different signal transducer and activator (STAT)
proteins (Bauer et al. 1998). Besides, IFN-γ supports thymocyte
differentiation through its effect on the functions of thymic epi-
thelial cells. Intoxicated rabbits with ATR in group 2 showed a
significant downregulation of thymus IL-9 and IFN-γ genes
compared to control. This is following the results reported by
Yuan et al. (2017). Also, Chen et al. (2013) mentioned that
ATR oral exposure for mice caused a significant decrease in
the level of IFN-γ. On the other hand, oral exposure to ATR +
GA for group 4 induced significant upregulation of thymus IL-9
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Fig. 1 Effect of GA on the
expression level of thymus IL-9
and IFN-γ genes in rabbits ex-
posed to ATR. Values are pre-
sented as mean ± SE. (P value <
0.05). Means carrying different
letters are significantly different.
IL-9 (interleukin 9), IFN (inter-
feron), (a, b, c, d is the signifi-
cance letters), (A: mRNA expres-
sion level for interleukin-9), B:
mRNA expression level for inter-
feron gamma)

Fig. 2 Photomicrographs of thymus tissue sections stained by H&E for
different experimental groups. (a) Control rabbit showing normal histo-
logical pictures of the cortex (arrow) and medulla (star). (b) An atrazine-
exposed rabbit showing severe depletion of lymphoid follicles with
lymphocytolysis (triangle) and extensive proliferation of reticular fibers

(arrows). (c) A GA alone–treated rabbit showing normal histological
structures of the cortex (arrow) and medulla (star). (d) An ATR + GA–
treated rabbit showing mild sparse lymphocytic cell necrosis (triangle)
with reticular fibers proliferation (arrow)
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and IFN-γ genes compared to group 2. The protective role ofGA
was previously reported by Abd El-Twab et al. (2016). GA at-
tenuated the oxidative and nitrosative stress mitigated
inflammation and prevented the histopathological alteration in
the kidney of rats. These effects reflected the enhancement of
the antioxidant status induced by GA. Also, Gao et al. (2004)
demonstrated that GA possesses an imperative potential in initi-
ating certain immune functions, as the induction of IFN-γ crea-
tion. Wang et al. (2018) reported that GA had a potent immune
regulatory effect through enhancement of the immunity of organ-
isms against environmental stressors through upregulation of
IFN-γ and IL-6 gene expression. When the balance between
pro-inflammatory and anti-inflammatory response is disrupted,
it allows an excessive release of pro-inflammatory cytokines that
induced tissue injury and subsequently leads to apoptosis (Guo
et al. 2020). Apoptosis is the real type of immune cell death and
is required for homeostasis of lymphocyte numbers taking after
the development of an immune response to a xenobiotic (Scaffidi
et al. 1999). However, reduction in lymphoid tissues has been
associated with increased apoptosis and indicates dysfunctional
cell-mediated immunity (Potestio et al. 2004). Most of the apo-
ptosis reactions are induced following the activation of caspase-
3-mediated signaling pathways. Immunohistochemical examina-
tion for caspase-3 protein for detection of apoptosis in the present

study revealed that the thymus gland of ATR-exposed rabbits in
group 2 showed marked apoptosis. In the same context, Zhang
et al. (2011) recorded different effects following oral administra-
tion of ATR; it included a significant increase in expression of
Fas, FasL, and active caspase-3 proteins as apoptosis markers.
Also, Lavrik and Krammer (2012) proved that ATR exposure
enhances the expression of p12 and p18 fragments significantly
due to caspase-8 activation. The active caspase-8 cleaves
caspase-3 which executes DNA fragmentation and ends with
apoptosis. Foreign antigen, such as ATR, induced activation of
lymphocytes. The fine balance between anti-apoptotic and apo-
ptotic genes and/or proteins is altered, which leads to the activa-
tion of caspases through cascade reaction. Among caspases, ac-
tive caspase-3 is the key executioner of apoptosis because it is the
final effecter enzyme (Zhang et al. 2011). Gao et al. (2016) noted
that ATR could induce lymphocytes apoptosis. The observed
ameliorating role of GA against thymocytes apoptosis in our
results was in agreement with Guo et al. (2013). The anti-
apoptotic effect of GA through downregulation of caspase-3 ex-
pression was previously reported by Zhao et al. (2016). ATR
intoxication was previously reported to cause degenerative mi-
cromorphology and suppression of cell-mediated immunity
(Chen et al. 2013). Zhang et al. (2011) recorded that ATR caused
a significant decrease in spleen and thymus weight and

Fig. 3 A photomicrograph showing the immunohistochemical staining of
caspase-3 expression of the thymus gland in different groups. (a) A con-
trol rabbit showing normal slight caspase-3 expression (×100). (b) An
atrazine-exposed rabbit showing moderate intra-cytoplasmic brown

positive reaction representing caspase-3 protein expression in some lym-
phocytes (× 1000). (c) GA–treated rabbit showing normal slight caspase-
3 expression (× 1000). (d) An ATR + GA–treated rabbit showing normal
slight caspase-3 expression (× 1000)
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degenerative apoptosis of splenocytes and thymocytes. Previous
studies confirmed the immune stimulant action ofGAby increas-
ing lymphocyte proliferation (Asi and Hosseinzadeh 2008).

Conclusion

The alteration in IL-9/IFN-γ expression, decreased DTH re-
sponse, leucopenia, and lymphopenia may give a new insight
into the mechanism of ATR-induced cell-mediated
immunotoxicity. At the same time, the administration of GA in
combination with ATR could normalize the ATR-induced cell-
mediated immunotoxicity by reinforcing the immune function.

Abbreviations ATR, atrazine; GA, glycyrrhizic acid; TLC, total
leucocytic count
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