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Abstract Cadmium (Cd) and high dietary intake of molyb-
denum (Mo) can cause multiple-organ injury in animals, but
the co-induced toxicity of Mo and Cd to spleen in ducks is not
well understood. The aim of this study was to investigate the
co-induced effects of Mo and Cd on the mRNA expression
levels of inflammatory cytokines and heat shock proteins
(HSPs) in duck spleens. Two hundred forty healthy 11-day-
old ducks were randomly divided into six groups and treated
with a commercial diet containing Mo or/and Cd. After being
treated with Mo or/and Cd for 30, 60, 90, and 120 days, the
mRNA expression levels of nuclear factor-kappa B (NF-kB),
tumor necrosis factor-oc (TNF-), cyclooxygenase-2 (COX-
2), HSP60, HSP70, and HSP90 were examined in duck
spleens. Histopathology was examined in duck spleens at
120 days. The results indicated that the mRNA expression
levels of HSPs were significantly upregulated in the co-
induced groups (P < 0.01), while these decreased in the high
dietary intake of Mo combined with Cd group at 120 days.
Exposure to Mo or/and Cd upregulated the mRNA expression
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levels of NF-kB, COX-2, and TNF-« in the combination
groups (P < 0.01). Furthermore, severe congestion, bleed-
ing, splenic corpuscle structure fuzzy, wall thickness of
sheath artery thickening, and oxyhematin were observed
in the spleens of combination groups. Meanwhile, the or-
ganizational structure damage of the combined groups
was more severe than that of the other groups. These results
suggested that exposure to Mo or/and Cd might lead to tissue
damage, and high expression of HSPs and inflammatory cy-
tokines may play a role in the resistance of spleen toxicity
induced by Mo or/and Cd. Interaction of Mo and Cd may have
a synergistic effect on spleen toxicity.

Keywords Molybdenum - Cadmium - Spleen - Duck -
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Introduction

Molybdenum (Mo) is an important trace element in the nutri-
tion of animals, plants, and microorganisms [1], which is dis-
tributed throughout the environment. Mo has been used wide-
ly for industrial stainless steel, mining, cast iron, fertilizer
manufacture, and agricultural activities [2]. High dietary in-
take of Mo can cause multiple-organ injury in animals. The
toxicity of molybdenum compounds has been studied inten-
sively in animals [3]. It has been reported that molybdenosis
resulted in depigmentation of the skin in cows and goats,
defective hair structure in sheep, and testicular degeneration
in goats [4]. High dietary intake of Mo induced oxidative
stress as well as decreased antioxidant enzymatic activities
and histopathological changes in rabbit testes [5].

Cadmium (Cd) is one of the most important heavy metal
toxicants, and its environmental concentration is increased due
to its extensive utilization in modern industries. It is now well
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accepted that cadmium can accumulate in many organs and
adversely decrease the functions of these organs including the
spleen, lung, kidney, liver, and urinary bladder [6]. Moreover,
high Cd contamination in drinking water induced splenocyte
proliferation in rats [7], and Cd intoxication induced cell apo-
ptosis and reduced cell antioxidant capacity [8]. Recent studies
have demonstrated that spleen is more sensitive to cadmium
toxicity, and it is the target organ in cadmium toxicity [9-11].
It is well known that improper mining and industrialization
could lead to an increase in concentration of some heavy metal
elements in soil, water, and air. They can also be absorbed by
aquatic and terrestrial organisms and consequently cause
acute/chronic toxicity in animals. Southern Jiangxi Province
is rich in mineral resources and contains large amounts of
tungsten ore. In the mining process of tungsten ore, Mo and
Cd in the tailing usually pollute water, land, vegetation, and
waterfowl. The spleen is one of the major immune organs,
sensitive to stress, and has a protective effect on the body.
Therefore, this in vivo study was conducted with the core
objective to understand the effects of Mo or/and Cd on heat
shock proteins (HSPs), inflammatory cytokine-related gene
expression, and histopathological changes in duck spleens.

Materials and Methods
Animals and Treatments

All animal care and experimental procedures were approved
by the institutional ethics committee of Jiangxi Agricultural
University. Hexaammonium molybdate ((NH4)¢Mo0-0,4:
4H,0) and cadmium sulfate (3CdSO4-8H,0) were used as
sources of Mo and Cd, respectively. Two hundred forty
healthy 11-day-old ducks were randomly divided into six
groups (n = 40 per group). A duck model of excessive expo-
sure to Mo or/and Cd was developed as described in our pre-
vious publication [12]. Briefly, ducks in each group were fed
with basal diet with different concentrations of Mo or/and Cd:
control group (0 mg/kg Mo, 0 mg/kg Cd), low dietary intake
of Mo group (LMo group, 15 mg/kg Mo), high dietary intake
of Mo group (HMo group, 100 mg/kg Mo), Cd group (4 mg/kg
Cd), LMo + Cd group (15 mg/kg Mo, 4 mg/kg Cd), and
HMo + Cd group (100 mg/kg Mo, 4 mg/kg Cd). The basal
diet was formulated according to the National Research Coun-
cil (NRC) (1994). Ducklings were fed with duckling basal diet
and duck basal diet before and after 21 days old, respectively.
The feeding experiment lasted for 120 days, and ducks were
given free access to standard food and water. The ducks were
handled and treated in accordance with the strict guiding prin-
ciples of the National Institution of Health for experimental
care and use of animals. Contents of Mo, Cd, Copper (Cu),
Zinc (Zn), Iron (Fe), and selenium (Se) in the basal diet and
water are shown in Table 1.
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Sample Collection

Spleen tissues were removed immediately from random selec-
tion of ten ducks from each group after they were sacrificed
with an overdose intravenous injection of sodium pentobarbi-
tal (Nembutal, Abbot Labs, IL, USA, 100 mg/kg) on days 30,
60, 90, and 120. The samples were immediately frozen by
liquid nitrogen and then stored at —80 °C for RNA isolation.
In addition, part of the spleen specimen at 120 days was fixed
in formalin for the production of pathological sections.

Determination of Trace Elements

The trace elements including Mo, Cd, Mo, Cd, Cu, Fe, Zn,
and Se in the water and feed were measured using a Shimadzu
AA 680 flame atomic absorption spectrophotometer
(Shimadzu, Japan).

RNA Isolation and Primer Designing

Total RNA was isolated from spleen tissue samples using
TRIzol reagent according to the manufacturer’s instructions
(TaKaRa, Dalian, China). The concentration of the total
RNA was determined using Thermo NanoDrop 2000 (Thermo
Fisher Scientific Inc., Waltham, USA). First-strand comple-
mentary DNA (cDNA) synthesis was carried out with
TaKaRa® RT-PCR Kit (TaKaRa, Dalian, China) according
to the manufacturer’s instructions. The reverse transcription
reaction (20 pL) was conducted in a mixture containing
2 uL of 5x DNA Eraser Buffer, 1 uL of gDNA Eraser, 1 puL
of total RNA, and 6 pL of RNase-free dH,O and was then
incubated for 2 min in a 42 °C environment. Next, 4 uL of 5x
Prime Script Buffer 2, 1 uL of Prime Script RT Enzyme Mix I,
1 uL of RT Primer Mix, and 4 uL of RNase-free dH,O were
added to the reaction solution, and the reaction was run at
37 °C for 15 min, 85 °C for 5 s, and 4 °C for 10 min. Primers
for the amplification of genes tumor necrosis factor-o
(TNF-x), cyclooxygenase-2 (COX-2), nuclear factor-kappa
B (NF-«B), HSP60, HSP70, HSP90, and (3-actin were de-
signed using Primer Premier Software (PREMIER Biosoft
International, CA, USA). The primer sequences and GenBank
accession numbers are shown in Table 2. Designed primers
were optimized prior to quantification experiments using po-
lymerase chain reaction. For these genes, the expected sizes of
the products were confirmed by gel electrophoresis on 2 %
agarose gel.

Real-Time Quantitative PCR

Gene expression levels were assessed by real-time quantita-
tive polymerase chain reaction (RT-qPCR). The PCR cycles’s
condition was as follows: denaturation at 95 °C for 10 min,
40 cycles at 95 °C for 15 s, and 60 °C for 60 s and extension at
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Table 1 Contents of Mo, Cd, Cu,

Zn, Fe, and Se in the basal Item Contents of trace elements (ug g ')

diet and water

Mo Cd Cu Zn Fe Se

Deionized water 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Tap water 0.0104 0.0075 0.0211 0.1520 0.1880 0.0151
Duckling feed 4.1510 0.2471 191.3511 210.7144 747.8350 1.0483
Duck feed 4.7290 0.4762 109.3302 189.8741 709.0814 1.0520

95 °C for 15 s. At the end of PCR reactions, melt curve anal-
yses were performed for all genes. All reactions were carried
out using the Light Cycler 96 real-time PCR machine (Roche
Applied Science, Harbin, China). Relative expression was
calculated based on qPCR efficiency (F) and threshold cycle
difference (delta delta CT) of a treated versus control groups
for both target and reference genes according to the formula:

Ratio = (Etarget)delta Cliarget (control—sample) /

(Eref )»delta Ctyer (control—sample)

All target gene transcriptions were expressed as n-fold dif-
ference relative to the calibrator. For each gene, standard curves
were created using threefold dilution of cDNA and used to
calculate the individual real-time PCR efficiencies
(E = 10[—1/slope]). The internal reference ([3-actin) genes were
used as an internal control for normalization of the results.

Histopathologic Examination

The spleen tissue specimens at 120 days were fixed in forma-
lin and routinely processed in paraffin. Thin sections

(5~8 um) of each tissue were sliced from each block and
mounted on glass. Slides were stained with hematoxylin and
eosin (H&E). Afterward, pathological sections were observed
using an optical microscope and photographs were taken [13].

Statistical Analysis

Statistical analysis of all data was performed by using SPSS
version 17.0 (SPSS Inc., Chicago, IL, USA) and GraphPad
Prism 5.01 (GraphPad Inc., La Jolla, CA, USA). Differences
between means were assessed by using one-way analysis of
variance (ANOVA) followed by Dunnett’s test for multiple
comparisons. All data showed a normal distribution and
passed equal variance testing. Data were expressed as
mean + SEM.

Results
The mRNA Expression of HSP60, HSP70, and HSP90
As shown in Fig. 1, HSP60 expression in the spleen was

significantly increased (P < 0.01) in the LMo + Cd and
HMo + Cd groups compared to other groups on days 30, 60,

Table 2 Gene special primers

used in this study Gene name Accession number Primer sequences (5' to 3")
HSP60 JQ669386.1 Forward: AGCCAAAGGGCAGAAATG
Reverse: TACAGCAACAACCTGAAGACC
HSP70 KC706508.1 Forward: CATGAAGCAGACGGTGGAG
Reverse: GATCGAGCCAAGAGATCACC
HSP90 KF130900.1 Forward: CCTTCAGCTGCTGCACACA
Reverse: CGCATCTGGTGATGAAATGGT
TNF-« EU375296.1 Forward: ACAGGACAGCCTATGCCAAC
Reverse: ACAGGAAGGGCAACACATCT
COX-2 NM_001167718.1 Forward: TCCACCAACAGTGAAGGACA
Reverse: GGACCAAGCCAAACACCTC
NF-«B NM_205134 Forward: TCAACGCAGGACCTAAAGACAT
Reverse: GCAGATAGCCAAGTTCAGGATG
3-Actin EF667345.1 Forward: ATGTCGCCCTGGATTTCG

Reverse: CACAGGACTCCATACCCAAGAAT
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Fig. 1 Effects of Mo- or/and Cd-induced changes in the mRNA levels of
HSPs. a—c The effects of Mo- or/and Cd-induced changes in the mRNA
levels of HSP60, HSP70, and HSP90, respectively. Statistically
significant differences: means with different lowercase letters are
significantly different between groups (P < 0.05), means with different

and 90. Additionally, HSP60 expression was significantly
higher (P < 0.01) in the HMo + Cd group than in the
LMo + Cd group on days 60 and 90. At 120 days, the mRNA
expression level of HSP60 was significantly decreased
(P <0.01) in the HMo + Cd group compared to other groups
except the LMo group (Fig. 1a). The mRNA expression level
of HSP70 was highly significantly (P < 0.01) increased in the
HMo + Cd group in comparison with the control group on
days 30, 60, 90, and 120. HSP70 expression in the HMo + Cd
group was markedly higher (P < 0.01) than that in the
LMo + Cd group on days 30, 60, and 90. Moreover, the
mRNA expression level of HSP70 was significantly de-
creased in the LMo + Cd and HMo + Cd groups compared
with the HMo and Cd groups on days 90 and 120
(Fig. 1b). The mRNA expression level of HSP90 was sig-
nificantly upregulated (P < 0.01) in the LMo + Cd and
HMo + Cd groups compared to the other four groups on
days 30, 60, and 90. Notably, HSP90 expression in the
LMo + Cd group was significantly increased (P < 0.01)
compared to that in the control and LMo groups, but HSP90
expression in the HMo + Cd group was significantly
decreased (P < 0.01) compared to that in the HMo, Cd, and
LMo + Cd groups (Fig. 1c).
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30d 60d 90d 120d
Time(days)

uppercase letters are highly significantly different between groups
(P <0.01), and means with common lowercase or uppercase letters are
not significantly different between groups (P > 0.05). Each value
represents the mean + SEM

The mRNA Expression of NF-kB, COX-2, and TNF-«

As shown in Fig. 2, the mRNA expression levels of
TNF-a, COX-2, and NF-kB were upregulated in all the
five treatment groups compared with the control group at
all time points. TNF-« expression was significantly increased
(P <0.01) in the LMo + Cd group and HMo + Cd group on
days 30, 60, 90, and 120 compared to the control group.
Additionally, the expression of TNF- was highly signifi-
cantly increased (P < 0.01) in the HMo + Cd group in
comparison with the other five groups on days 30, 60, 90,
and 120 (Fig. 2a). The mRNA expression level of NF-kB
was significantly upregulated (P < 0.01) in the LMo + Cd
and HMo + Cd groups compared to the LMo, HMo, and
Cd groups on days 90 and 120. NF-kB expression was
highly upregulated (P < 0.01) in the HMo + Cd group
than in the LMo + Cd group. However, there was no
significant difference between (P> 0.05) the LMo + Cd group
and the HMo + Cd group on days 30, 60, and 90 (Fig. 2b).
The mRNA expression level of COX-2 was significantly
increased (P < 0.01) in the five treatment groups compared
with the control group at all time points. NF-kB expression
was observed to be significantly increased (P < 0.01) in the
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Fig. 2 Effects of Mo or/and Cd on the mRNA expression levels of NF-kB, COX-2, and TNF-« in duck spleens. a—¢ The effects of Mo- or/and Cd-
induced changes in the mRNA levels of NF-kB, COX-2, and TNF-«, respectively

LMo + Cd and HMo + Cd groups compared to the LMo,
HMo, and Cd groups on days 90 and 120. NF-kB mRNA
expression level in the HMo + Cd group was highly up-
regulated compared to that in the LMo + Cd group on days
90 and 120 (Fig. 2c¢).

Histopathology of the Spleen

The histopathological changes in the spleens at 120 days are
shown in Fig. 3. The spleens from untreated ducks showed
normal morphology including normal splenic corpuscle, nor-
mal wall thickness of sheath artery, white pulp, and red pulp
obviously (Fig. 3a). A histological lesion showing a small
amount of bleeding was noted in the LMo group (Fig. 3b).
Congestion and bleeding were observed in the white pulp and
splenic corpuscle structure fuzzy in the HMo and Cd groups
(Fig. 3¢, d). Additionally, treatment with Cd produced a thick-
ened sheath artery wall (Fig. 3d). In the LMo + Cd and
HMo + Cd groups, morphology of the spleens showed unclear
red and white pulp boundaries, unrecognizable splenic cor-
puscle, and thickened sheath artery wall (Fig. 3e, f). In addi-
tion, oxyhematin was also observed in the HMo + Cd group

(Fig. 3f).

Discussion

In the living environment, animals are often exposed to stress
conditions such as oxidative stress, inflammation, heavy
metals, or other toxic compounds [14]. When living organ-
isms are exposed to various stress conditions, a group of anti-
stress proteins known as heat shock proteins (HSPs) and in-
flammatory cytokines will be rapidly synthesized [15]. Metal
pollution is a tremendous problem faced by the local govern-
ment in southern Jiangxi Province.Molybdenum and cadmi-
um are the main pollutants in the tailings in the process of
mining, which pose hazardously threats to animals and public
health.

Heat shock proteins are molecular chaperones that are
involved in many normal cellular processes and stress re-
sponses [16]. HSPs represent a highly conserved class of
cytoprotective proteins specifically induced at the cellular
level in response to one of several environmental stressors
and protect cells against environmental stress [17—-19]. Some
metals as a source of stress have previously been shown to
increase HSP levels in various cell types and appear to medi-
ate toxicity through a common oxidative stress mechanism
[20]. Eunsook Lee et al. reported an excess of manganese-
induced oxidative stress and inflammation [21]. Our previous
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Fig. 3 Pathological observation results (hematoxylin and eosin staining,
x400). a Control group, b LMo group, ¢ HMo group, d Cd group, e LMo
+ Cd group, and f HMo + Cd group. In b, the arrowhead means a small
amount of bleeding in the spleen. In ¢, the left arrowhead means splenic
corpuscle structure fuzzy and the right arrowhead means obvious
bleeding in the white pulp. In d, the left arrowhead means obvious

study has shown that the mRNA expression levels of HSPs in
combination groups of Mo and Cd were upregulated; patho-
logical changes in kidney tissue were obvious and the Mo +
Cd groups were much more toxic than a single poisoning
group [12]. In the present work, mRNA expression of HSPs
was upregulated in the experimental groups while the HSP
expression was decreased in the HMo + Cd group at 120 days.
These results were consistent with Chen X and Ferencz A’s
study [22, 23]. Heat shock factors (HSFs) mediated transcrip-
tion of HSPs under stress conditions. In the normal state,
HSFs were in an inactive state in the cytoplasm of the mono-
mer. When confronted with stress, HSF monomers and heat
shock element (HSE) sequences bind and activate the tran-
scription of HSP gene transregulatory factors and thus control
the expression of HSPs [24]. By this way, the accumulated
synthesis of HSPs caused HSPs and HSF's to combine to form
a feedback regulation to inhibit transcription of HSP genes
[25]. The spleen is one of the immune organs and sensitive
to stress or stimuli coming from the environment. Exposure to
Mo or/and Cd may break the balance of the immune system
and reduce the immune organ function. In this study, the his-
topathological changes in duck spleens, incurred by cytotoxic
effects of Mo or/and Cd, revealed the disappearance of certain
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bleeding and the right arrowhead means thickened sheath artery wall.
In e, the left arrowhead means thickened sheath artery wall and the right
arrowhead means obvious bleeding. In f, the left arrowhead means
oxyhematin appeared and the right arrowhead means thickened sheath
artery wall

red pulp and white pulp boundaries, congestion of the splenic
pulp, hemorrhage, and appearance of oxyhematin. Addition-
ally, the combination groups were seriously injured than the
single groups. These results implied that molybdenum and
cadmium may have a synergistic effect on the histology struc-
ture in duck spleens, and we postulated that tissue damage
might be one of the mechanisms and the combination of mo-
lybdenum and cadmium will lead to much more reduction of
immune function than molybdenum or cadmium
independently.

Inflammation is an important indicator of animal tissue
injury caused by noxious physical or chemical stimuli, and
is a key component of multiple pathologies. TNF-« is a key
proinflammatory cytokine regulating inflammation and plays
roles in both homeostasis and disease pathophysiology [26].
NF-kB plays an important role in inflammatory processes and
is closely related to the expressions of COX-2, iNOS, and
TNF-« [27, 28]. COX-2 is an inducible enzyme that is acti-
vated by proinflammatory cytokines, tumor promoters, onco-
genes, and growth factors [29]. Park MH et al. found that
TNF-« can regulate the expression level of NF-«kB by activat-
ing the classical pathway of NF-kB. Activated NF-«kB also
can be a feedback regulatory mechanism in the expression
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of inflammatory cytokines, including iNOS, IL-6, COX-2,
and chemokines [30]. Meanwhile, it was confirmed that
HSP70 elicited a rapid intracellular calcium flux, activated
NF-kB, and upregulated the expression of proinflammatory
cytokines and TNF-« in human monocytes [31]. In the pres-
ent study, ducks were used as a model to understand the mech-
anisms of Mo- or/and Cd-induced inflammatory response.
The results presented that expression levels of COX-2,
NF-kB, and TNF-« were all upregulated in all treated groups,
indicating that inflammatory cytokines were overexpressed in
the spleen which were in agreement with Du and Chen’s find-
ings about metal-induced excessive expression of inflamma-
tory cytokines [32, 33]. Notably, the expression levels were
significantly higher in the Mo combined with Cd groups than
in the single groups in the later period of the experiment. The
results revealed that mRNA expression of NF-kB, COX-2,
and TNF-« increased along with Mo or/and Cd dietary
supplement.

Conclusion

This study showed that Mo or/and Cd upregulated mRNA
expression of NF-kB, COX-2, TNF-«, and HSPs. Morpho-
logical observation showed that histological changes were ob-
vious. The results speculated that Mo and Cd may have a
synergistic effect on spleen toxicity and may induce an im-
mune system response to stress via two ways: heat shock
proteins and inflammatory response through the NF-«B-
COX-2 signaling pathway. Due to the molecular mechanisms
underlying the effects exerted by Mo and Cd on relative gene
expression unclear, the mechanism needs to be further
investigated.
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