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ABSTRACT The objective of this study was to deter-
mine the effects of cadmium (Cd) on histological changes,
lipid metabolism, and oxidative and endoplasmic reticu-
lum (ER) stress in the liver of layers. A total of 480 hens at
38 wk of age were randomly assigned in 5 groups that were
fed a basal diet or basal diet supplemented with CdCl2
2.5H2O at 7.5, 15, 30, and 60 mg Cd/kg feed for 9 wk. The
results showed that accumulation of Cdwas the greatest in
the kidney, followed by the liver, pancreas, and lung. Diet
contaminated with 30 mg Cd/kg induced antioxidant de-
fenses accompanied by the increase of the activities of
antioxidant enzymes in the liver, while dietary supple-
mentation with 60 mg Cd/kg decreased the antioxidant
levels significantly (P , 0.05). Immunofluorescence assay
showedCd induced reactive oxygen species production and
endoplasmic reticulum stress in hepatocytes. Exposure to
60 mg Cd/kg significantly upregulated the expression of
cytochrome C, caspase 3, caspase 9, caspase 7, Grp78, and
Chop (P , 0.05). Histopathology and quantitative real-
time PCR results presented periportal fibrosis, bile duct
hyperplasia, and periportal inflammatory cell infiltration
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in the liver accompanied by upregulating the expression of
tumor necrosis factor-a, IL-6 and IL-10 in the 30- or 60-mg
Cd/kg groups. Oil Red O staining and RT-qPCR results
showed dietary supplementation with 7.5, 15, and 30 mg
Cd/kg promoted the synthesis of lipid droplets and upre-
gulated the expression of fatty acid synthase, while dietary
supplementation with 60 mg Cd/kg attenuated the syn-
thesis of lipid droplets and downregulated the expression of
acyl-CoA oxidase 1, carnitine palmitoyltransferase-1, and
perixisome proliferation-activated receptor a (P , 0.05).
Besides, the expression of vitellogenin (VTG) II and
microsomal triglyceride transfer protein were upregulated
in the 7.5-mg Cd/kg group, and the expressions of apoli-
poprotein B, vitellogenin II, and apolipoprotein very-low-
density lipoprotein-II were downregulated in the 30- and/
or 60-mgCd/kg groups (P, 0.05). Conclusively, although
low-dose Cd exposure promoted the synthesis of lipids and
lipoproteins in the liver, the increase of Cd exposure
could trigger liver injury through inducing oxidative
and endoplasmic reticulum stress and negatively
affect lipid metabolism and yolk formation in laying hens.
Key words: cadmium, liver, endoplasmic re
ticulum stress, lipid metabolism, laying hens
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INTRODUCTION

Environmental pollution has increased over the past
decades, leading to potential risks to all biological sys-
tems, including poultry sector (Alagawany et al., 2018).
Cadmium (Cd), as a toxic heavy metal, is ubiquitous in
a natural environment with a wide variety of adverse
effects. Human activities contribute to the wide spread
of Cd occurrence, including mining residues, the combus-
tion of fossil fuels, electroplating, and manufacture of
Nickel–Cd batteries (Martelli et al., 2006). It is for these
reasons that Cd is found in almost everything we eat,
drink, and breathe (Thompson and Bannigan, 2008).
Continuous exposure to low levels of Cd leads to its depo-
sition in different tissues day after day, causing toxic ef-
fects on various organs (Khafaga et al., 2019). Its
chemical similarity to some nutritive metals enables it
to mimic and displace the metals in various biological
structures (Ghosh and Thomas, 1995). The emerging ev-
idence has found that Cd may cause serious health prob-
lems even at low concentrations because of its high
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accumulation tendency (J€arup and �Akesson, 2009). Cd
pollution in animal production has been a problem for
several countries, and in some situations, the concentra-
tion of Cd in manure and animal feed can reach up to
even 130 mg/kg (Li et al., 2010). Chronic exposure to
Cd can induce hepatotoxicity, renal dysfunction, and
neurotoxicity (Branca et al., 2018; Rong et al., 2018).

The liver is one of the primary sites of Cd accumulation
and a main target organ affected by Cd toxicity. The ef-
fects of Cd intoxication on the redox status of the liver
have been documented in most studies (El-Sokkary
et al., 2010). Reactive oxygen species (ROS) are usually
closely related to Cd toxicology, both in intact animals
(Yamano et al., 2000) and in a variety of cell culture sys-
tems (Hassoun and Stohs, 1996; He et al., 2008). It has
been suggested that Cd can enhance the production of
ROS through depleting glutathione (GSH) and protein-
bound sulfhydryl groups, resulting in increased lipid per-
oxidation (LPO) andDNAdamages (Hassoun and Stohs,
1996; Waisberg et al., 2003). Birds subchronically
exposed to Cd show disorder of the oxidative and
antioxidative balance (Li et al., 2013). In addition, oxida-
tive stress can trigger several types of injuries through
different signaling pathways, such as inflammation
(Wu et al., 2014) and endoplasmic reticulum (ER) stress
(Jin et al., 2016). Endoplasmic reticulum is a critical
organelle responsible for cell survival and normal func-
tion, inwhichmost secreted and transmembrane proteins
are synthesized, folded, assembled, and modified
(Galluzzi et al., 2014). A variety of environmental stimuli
can induce ER stress by disturbing the ER homeostasis
(Zhang et al., 2013; Wang et al., 2016). Many studies
have demonstrated that Cd exposure can cause
oxidative stress and ER stress in various organs (Jin
et al., 2016).

In avian species, the liver gives the most important
contribution to lipogenesis and accounts for about 95%
of the de novo fatty acid synthesis. In addition, the liver
is also a vital organ for the intermediary metabolism of
lipids and energy (Huang et al., 2013), in which several
key enzymes, such as acyl-CoA oxidase 1 (ACOX1), carni-
tine palmitoyltransferase-1 (CPT1), fatty acid synthase
(FASN), and perixisome proliferation-activated receptor
a (PPARa), play a central role in the normal process of
lipid metabolism (Oaxaca-Castillo et al., 2007;
Schlaepfer et al., 2014; Pawlak et al., 2015). Besides, in
laying hens, the ovum vitellogenin (VTG), very-low-
density lipoprotein (VLDL), apolipoprotein B (apoB),
and the microsomal triglyceride transfer protein (MTP)
play a critical role in the formation of yolk protein
(Schneider et al., 1990; Shen et al., 1993). Lipids of the
eggs not only act as a significant source of fat to human
diet but also are important for chick embryo
development (Noble and Cocchi, 1990). Recent studies
have revealed that high dose of Cd exposure could affect
the normal processes of lipid metabolism by regulating
the lipid synthesis and fatty acids b-oxidation (Wu
et al., 2017). Nevertheless, it is not clear whether Cd expo-
sure will interfere with the liver lipid metabolism and yolk
lipoprotein synthesis in laying hens.
Based on these studies, the objective of this study was
to evaluate the toxic effects of Cd on Cd residues in or-
gans, serum biochemistry, serum and liver antioxidant
enzymes activities, liver histopathology, and hepatic
lipid metabolism, oxidative stress, and ER stress of
laying hens.
MATERIALS AND METHODS

The present study was approved by the Animal Care
and Welfare Committee and the Scientific Ethical Com-
mittee of the Zhejiang University (No. ZJU2013105002),
Hangzhou, China.
Birds, Diets, and Management

A total 480 Hy-Line Brown laying hens at 38 wk of age
were obtained from a commercial poultry layer farm in
Jiande, China. After 3 D of acclimation, hens were
randomly assigned in 5 treatments, each of which
included 6 replicates of 16 laying hens. The protocol of
treatments was as follows: 1) basal diet (control); 2)
basal diet 17.5 mg Cd/kg; 3) basal diet 115 mg Cd/
kg; 4) basal diet 130 mg Cd/kg; and 5) basal diet
160 mg Cd/kg. During the whole experimental period
(10 wk, including a 1-wk adaptation period and a 9-wk
experimental stage), diet and water were provided ad
libitum and birds were kept in a naturally ventilated
poultry house with temperature between 23�C and
26�C, the relative humidity between 65 and 75%, and
illumination at 16 h/D. All the animals were treated hu-
manely with care in accordance with the criteria outlined
in the “Guide for the Care and Use of Laboratory Ani-
mals” prepared by the National Academy of Science
and published by the National Institute of Health. The
composition of basal diet is presented in Table 1.
The actual concentrations of dietary Cd were detected

by graphite furnace atomic absorption spectrometry as
described by MOHC (2015). Briefly, for Cd analysis,
1.5 g of feed sample (12 samples per treatment) was
weighed. The sample was transferred to a microwave
digestion vessel and digested with mixed solution of
5 mL of HNO3 and 1 mL of H2O2 in a microwave oven
(MDS-2000, CEM Corp., Matthews, NC). The acid
was evaporated to dryness. The sample was rinsed 3
times with 1 mL of 1% HNO3 and then transferred to a
10-mL volumetric flask and brought to final volume
with 1% HNO3. Twenty microliters of samples and
configured Cd standard solutions were introduced into
the graphite tube using a sample dispenser, and the
absorbance was measured. In this experimental method,
the limit of detection and limit of quantification were
0.001 mg/kg and 0.003 mg/kg, respectively. The results
showed that the actual concentrations of Cd in the 5
groups of feed samples were 0.47 6 0.03, 7.58 6 0.18,
15.56 6 0.35, 30.55 6 0.21, and 60.67 6 0.29 Cd/kg,
respectively. CdCl2 was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China;
purity � 99%).



Table 1. Ingredient compositions and nutrient levels of basal diet for hens
(air-dry basis).

Basal ingredients Value Nutrient level2 Value

Corn, % 65 Metabolism energy, MJ/kg 2.65
Soybean meal (42.0% CP), % 21 Crude protein, % 15.73
Hydrolyzed feather meal, % 1 Ether extract, % 6.32
Fish meal, % 1 Lysine, % 0.78
Limestone, % 7 Methionine, % 0.34
Premix1, % 5 Cysteine, % 0.32

Total phosphorus, % 0.61
Total, % 100 Calcium, % 3.45

1The premix provided the following per kilogram of diet: vitamin A, 7,000 IU;
vitaminD3, 2,500 IU; vitamin E, 49.5mg; vitaminK3, 1mg; vitamin B1, 1.5mg; vitamin
B2, 4 mg; vitamin B6, 2 mg; vitamin B12, 0.02 mg; niacin, 30 mg; folic acid, 0.55 mg;
pantothenic acid, 10 mg; biotin, 0.16 mg; chloride choline, 500 mg; sodium chloride,
2,500 mg; Cu, 20 mg; Fe, 70 mg; Mn, 100 mg; Zn, 70 mg; I, 0.4 mg; Se, 0.5 mg.

2Estimated fromChinese feed database provided with tables of feed composition and
nutritive values in China (2015 26th edn.).
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Collection of Samples and Measurements

At the end of the experimental period, 12 birds per
treatment (2 birds in each replicate) were randomly
selected. After the hens were made to fast for 12 h (water
was offered ad libitum), the blood samples were collected
in 1.5-mL Eppendorf tubes by puncture of the wing vein.
These tubes were centrifuged at 3,000 ! g for 15 min to
separate serum and stored at 280�C for biochemical
and serum antioxidants analysis. Birds were euthanized
by cervical dislocation. Samples of the liver, kidney,
spleen, lung, heart, pancreas, ovary, magnum, and shell
gland were dissected and kept at 220�C for analyzing
the residues of Cd. The residues of Cd in various organs
were detected by graphite furnace atomic absorption
spectrometry in accordance with the method for the
detection of Cd residues in feed. Three portions of the
liver were snap frozen in liquid nitrogen and stored at
280�C for antioxidant, ROS, oil red O staining, and mo-
lecular analysis. Another portion of the liver was selected
and sampled in the 4% paraformaldehyde for the histo-
pathological analysis.

Serum Biochemical Analysis

Serum contents of total protein, albumin (ALB), and
total bile acid (TBA), as well as activities of aspartate
aminotransferase (GOT), alanine aminotransferase
(GPT), and alkaline phosphatase (ALP), were deter-
mined in serum samples using the commercially avail-
able assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) as per the instructions of
the manufacturer.

Serum and Liver Antioxidant Enzyme
Assays

Liver tissue samples were cut into small pieces (about
0.1 g), and then, ice cold physiological saline was added
to it at a ratio of 1:9 to prepare 10% tissue homogenate.
The homogenate was centrifuged at 3,000 rpm for
10 min at 4�C. The supernatant was collected and
stored at 280�C for the following analysis. The
activities of catalase (CAT), glutathione peroxide
(GSH-Px), total superoxide dismutase (T-SOD), and
total antioxidant capacity (T-AOC) and the content
of GSH and malondialdehyde (MDA) in the serum
and hepatic supernatants were assayed using commer-
cially available assay kits (Nanjing Jiancheng
Bioengineering Institute) as per the instructions of the
manufacturer.
Histopathological Analysis

The liver tissues fixed with 4% paraformaldehyde were
trimmed and embedded in paraffin wax. The paraffin-
embedded tissues were cut into 5- to 6-mm-thick sections
using a microtome (RM2016, Leica Microsystems,
Wetzlar, Germany), then stained with hematoxylin
and eosin (H&E) for histopathological observation by
optical microscopy at a final magnification of !400
(Nikon Eclipse 80i, Nikon, Tokyo, Japan).
Reactive Oxygen Species and Lipid Assays

Dihydroethidium (DHE) oxidative fluorescence dye was
used to evaluate in situ production of ROS (Wang et al.,
2014). Dihydroethidium stock solution was prepared by
dissolving Dihydroethidium (D7008, Sigma Aldrich, St.
Louis, MO) in dimethyl sulfoxide at a concentration of
5 mmol and then diluted in PBS to a final concentration
of 5 mmol before use. Fresh liver tissues (10 mm) of laying
hens, 5 in each group, were embedded in Tissue-Tek
OCT compound (Sakura, Tokyo, Japan) and made into
8- to 10-mm-thick frozen sections. Dihydroethidium work-
ing solution (200 mL) was topically applied to the liver sec-
tions, and the slides were subsequently incubated at 37�C
for 30 min. Excess Dihydroethidium was rinsed off 3 times
with PBS, and the images were immediately captured us-
ing a fluorescence microscope (Nikon Eclipse Ti-SR,
Nikon) at excitation and emission wavelengths of 520
and 610 nm, respectively. All the aforementioned proced-
ures were carried out with protection from light. Image-
pro plus 6.0 (IPP) was used to analyze fluorescence optical
density and calculate ROS levels.
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Liver frozen sections (about 8-mm thick) were pre-
pared on the 3-Aminopropyl-Triethoxysilane-coated
glass slides. The slides were air-dried and fixed in 10%
ice cold formalin for 10 min and then washed 3 times
with distilled water before staining with oil red O re-
agent (Sigma-Aldrich) for 10 min. After oil red O stain-
ing, the slides were rinsed with 60% isopropanol and
restained by hematoxylin. Sections were observed by op-
tical microscopy at a final magnification of!400 (Nikon
Eclipse 80i, Nikon).
Total RNA Extraction and Quantitative
Real-Time PCR

Total RNA was extracted from liver samples using
TRIzol (Invitrogen, Carlsbad, CA). The concentration
and purity of RNA samples were detected and assessed us-
ing nucleic acid concentration analyzer NanoDrop 2,000
(Thermo Fisher, Waltham, MA). Complementary DNA
(cDNA) was synthesized using PrimeScript RT reagent
Kit with gDNA Erase (RR047 A, Takara, Dalian, China)
following the manufacturer’s recommended protocol.
Quantitative real-time PCR (qRT-PCR) was performed
in triplicate in the CFX96 Touch Real-Time PCR detec-
tion system (Bio-Rad Laboratories, Hercules, CA) using
TB Green Premix Ex Taq (RR420 A, Takara) according
Table 2. Primer used for quantitative real-time PCR.

Target gene Primer Prim

b-Actin Forward TCCCTGGAG
Reverse CAGGACTCC

IL-10 Forward CCAGGGACG
Reverse GATGGCTTT

IL-1b Forward CTCACAGTC
Reverse CGGTACATA

IL-6 Forward GATCCGGCA
Reverse GAGGATTG

TNF-a Forward GACAGCCTA
Reverse TCCACATCT

Cyt C Forward GGAGATATT
Reverse ATCATCTTT

Chop Forward GCACAGCCC
Reverse TGCCATCCC

Grp78 Forward GTTACTGTG
Reverse CCGCTTCGC

Caspase 9 Forward GACCTGCTA
Reverse TTCCACTGA

Caspase 3 Forward TCCCTGGTT
Reverse AGTAGCCTG

Caspase 7 Forward TGCAAAGCC
Reverse GGTCCATCG

ACOX1 Forward ACTGAGCTG
Reverse GCTTCAGGT

CPT1 Forward GAGAAGAG
Reverse CCAGCCACA

FASN Forward CCTGGAGAT
Reverse TCAAGGAGC

PPARa Forward GATGCTGCG
Reverse CTGGTGAAA

ApoB Forward ATTCCTGAC
Reverse GTTCGCAGA

MTP Forward AGGAGAGG
Reverse ATTTCCCAT

VTG II Forward TCATCTGCC
Reverse ACTGCTCCT

ApoVLDL II Forward CTCACTAAA
Reverse GCCAAGTCA
to the manufacturer’s instructions, and the expression of
target geneswas normalized to that of b-actin. The primer
sequences for qRT-PCR are presented in Table 2. The
relative expression of each gene was calculated by the
22DDCt method (Livak and Schmittgen, 2001).

Statistical Analysis

Data of the experiment were statistically analyzed by
one-way ANOVA using SPSS 20.0 (SPSS Inc., Chicago,
IL). Tukey post hoc test was used to compare the signif-
icant differences (P , 0.05) between means.

RESULTS

Cadmium Residues in Organs

The Cd residues in the tissues of laying hens fed diet
contaminated with CdCl2 are given in Table 3. We
detected the Cd residues in the tissues of the heart, liver,
spleen, lung, kidney, pancreas, ovary, shell gland, and
magnum. With the increase in supplementation of die-
tary Cd, the Cd residues in these tissues increased line-
arly (P , 0.05). The highest amount of residues were
found in the kidney (0.156, 0.195, 0.272, and 0.572 mg
Cd/kg), followed by the liver (0.133, 0.182, 0.252, and
0.541 mg Cd/kg), pancreas (0.098, 0.132, 0.185, and
er sequence (50-30) Accession No.

AAGAGCTATGAA NM_205518.1
ATACCCAAGAAAG
ATGAACTTAACA NM_001004414.2
GCTCCTCTTCT
CTTCGACATCTTC XM_015297469.1
CGAGATGGAAACC
GATGGTGATAAA NM_204628.1

TGCCCGAACTAAA
TGCCAACAAGTA AY765397.1
TTCAGAGCATCAA
GAGAAGGGCAAGAA XM_015281453.2
GTTCCTGGGATGT
ATTTCTGTTTC XM_015273173.2
ATTCTGCTAAG
CCAGCCTACTT NM_205491.1
TTTCTCTACTT
ACCATGCTACTT XM_424580.6
ATCCTCCAATCC
CCAAAGGAATG XM_015276122.2
GAGCAGTAGAA
AGACAGAAGTAG XM_025151846.1
GTGCCATAAAT
TGTCTCTTGTATG XM_015295164.2
GTTTGTGGAAAG

TGCAGTGAGAAGAG XM_015286798.2
GAAGTAGAGTAAG
GTGGAGTATGTTG NM_205155.3
CATCGTGTAAAG
TGAAGTGAAATG XM_025150258.1
GGGTGTCTGTTAT
TTGAAGATACCAGAG NM_001044633.1
TGCTGTAGTATTATG

GAAAGCAGAAATG NM_001109784.2
TACCCGCAGTAG
TCCTCTCCTAATC NM_001031276.1
ACTACTGCTACTT
CTGGCGGAACA M25774.1
TTCAGGAGGAA

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&amp;id=45382926
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&amp;id=148540095
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&amp;id=1390117223
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0.446 mg Cd/kg), and lung (0.085, 0.120, 0.189, and
0.426 mg Cd/kg) from the 7.58- to 60.67-mg Cd/kg
groups.
Serum Biochemistry

The effects of dietary Cd on the serum biochemical
changes are shown in Table 4. When compared with the
control group, the level ofGOTwas significantly increased
in the 15.56-, 30.55-, and 60.67-mg Cd/kg groups
(P , 0.05). The level of TBA was significantly increased
in the 60.67-mg Cd/kg group. On the contrary, the level
of ALB was significantly decreased in the 60.67-mg Cd/
kg group (P, 0.05). The activity ofALPwas significantly
decreased in the 30.55- and 60.67-mg Cd/kg groups
(P , 0.05).
Serum Antioxidant Parameters

The effects of Cd on the antioxidant parameters in the
serum of laying hens are summarized in the Figure 1.
When compared with the control group, the activity of
CAT was significantly increased in the 30.55-mg Cd/
kg group and then significantly decreased in the 60.67-
mg Cd/kg group (P , 0.05). The activity of GSH-Px
was significantly decreased in the 60.67-mg Cd/kg group
(P , 0.05). In contrast, the activity of T-SOD in the
60.67-mg Cd/kg group was significantly increased
(P, 0.05). The level of MDAwas significantly increased
in the 30.55- and 60.67-mg Cd/kg groups (P , 0.05).
Hepatic Antioxidant Parameters

The effects of Cd on the liver antioxidant indices of
laying hens are shown in Figure 2. Compared with the
control group, the activity of T-SOD and the concentra-
tion of GSH presented increase with the increase of die-
tary Cd and were significantly increased in the 30.55-
and 60.67-mg Cd/kg groups (P , 0.05). The activities
of CAT and T-AOC were significantly decreased, and
the concentration of MDA was significantly increased
in the 60.67-mg Cd/kg group as compared with the con-
trol group (P , 0.05).
Table 3. Effects of cadmium chloride on cadmiu

Item

Dietary C

0.47 7.58

Heart, mg Cd/kg wet wt 0.004e 0.054d

Liver, mg Cd/kg wet wt 0.016e 0.133d

Spleen, mg Cd/kg wet wt 0.002e 0.042d

Lung, mg Cd/kg wet wt 0.010e 0.085d

Kidney, mg Cd/kg wet wt 0.026e 0.156d

Pancreas, mg Cd/kg wet wt 0.014e 0.098d

Ovary, mg Cd/kg wet wt 0.013e 0.083d

Shell gland, mg Cd/kg wet wt 0.012e 0.070d

Magnum, mg Cd/kg wet wt 0.005d 0.010c

a-eMeans within a column with different superscript
Values are means and SEM of 12 hens (2 hens per r
Histopathological Variations and Gene
Expression of Inflammatory Cytokines

The results of the histopathological changes and the
gene expression of proinflammatory cytokines in the liver
are shown in Figure 3. The photomicrographs of the con-
trol (0.47 mg Cd/kg) and 7.58-mg Cd/kg groups showed
apparently normal histoarchitecture of the liver. Howev-
er, histological analysis of the liver sections revealed a sig-
nificant damage in the liver tissues of laying hens with the
increase of dietary Cd supplementation (30.55 and
60.67 mg Cd/kg). Liver tissues from these treatments
had periportal fibrosis, bile duct hyperplasia, and peri-
portal inflammatory cell infiltration. Correspondingly,
we assessed the mRNA expression levels of inflammatory
cytokines in the liver tissues (Figure 3F) and showed that
the expression of the proinflammatory factor of tumor ne-
crosis factor (TNF)-a increased significantly in the 60.67-
mg Cd/kg group. The expression of IL-6, as well as the
anti-inflammatory factor of IL-10, presented significant
increase in the 30.55- and 60.67-mg Cd/kg groups
(P , 0.05).
Endoplasmic Reticulum Stress

An immunofluorescence assay was used to measure
intracellular ROS in the liver tissues of laying hens
exposed to Cd. The result showed that the ROS level
was significantly increased in the 60.67-mg Cd/kg group
(Figures 4A–4F). Correspondingly, the mRNA expres-
sion levels of Cytochrome C (Cyt C) (Figure 4G) and
ER stress–related genes (Figure 4H) were detected and
showed that with the increase of dietary Cd supplemen-
tation, the expressions of Cyt C and ER stress–related
genes caspase 3, caspase 7, caspase 9, Chop, and Grp8
were significantly upregulated in the groups that had
relatively high dose of Cd addition (30.55 or/and
60.67 mg Cd/kg) (P , 0.05) as compared with the con-
trol group.
Lipid Deposition and Metabolism

The liver sections of laying hens stained with oil red
O after 60-day Cd exposure are shown in Figure 5.
m deposition in organs.

d dosage, mg/kg

P-value SEM15.56 30.55 60.67

0.097c 0.178b 0.323a ,0.001 0.007
0.182c 0.252b 0.541a ,0.001 0.01
0.083c 0.158b 0.263a ,0.001 0.008
0.120c 0.189b 0.426a ,0.001 0.008
0.195c 0.272b 0.572a ,0.001 0.008
0.132c 0.185b 0.446a ,0.001 0.012
0.107c 0.144b 0.297a ,0.001 0.004
0.097c 0.124b 0.208a ,0.001 0.004
0.015b,c 0.017b 0.025a ,0.001 0.002

s are significantly different (P , 0.05).
eplicate).



Table 4. Effects of cadmium chloride on serum biochemistry of laying hens.

Item

Dietary Cd dosage, mg/kg

P-value SEM0.47 7.58 15.56 30.55 60.67

ALB, g/L 20.85a 20.33a 21.36a 21.23a 15.11b 0.001 1.131
TP, g/L 52.45 50.62 55.49 52.26 51.83 0.817 4.107
GOT, IU/L 24.20d 26.55c,d 31.59b,c 33.99b 42.70a ,0.001 1.963
GPT, IU/L 0.92 1.00 1.02 1.40 1.79 0.078 0.304
ALP (King Unit2/100 mL) 21.8a,b 24.99a 14.34b,c 10.83c 6.73c ,0.001 2.480
TBA mmol/L 8.44b 8.08b 8.76b 12.33a,b 15.87a 0.017 2.110

a-cMeans within a column with different superscripts are significantly different (P , 0.05).
Values are represented as the mean and SEM (n 5 8).
Abbreviations: ALB, albumin; ALP, alkaline phosphatase; GOT, aspartate aminotransferase; GPT,

alanine aminotransferase; TBA, total bile acid; TP, total protein.
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With the increase of dietary Cd content, lipid deposi-
tion in the liver was increased in the 7.58-,15.56- and
30.55-mg Cd/kg groups and then attenuated with the
continued increase of Cd addition. Besides, we detected
the transcript levels of genes involved in hepatic lipid
metabolism (Figures 5F and 5G). The results showed
that when compared with the control group, the
mRNA expression level of apoB was decreased with
the increase of dietary Cd, and with significantly lower
values in the 15.56-, 30.55-, and 60.67-mg Cd/kg groups
(P , 0.05). The expression of MTP was significantly
increased in the 7.58- and 30.55-mg Cd/kg groups
(P , 0.05). Similarly, the expression of fatty acid syn-
thase was significantly increased in the 15.56- and
30.55-mg Cd/kg groups (P , 0.05). Low dose of Cd
exposure (7.58 mg Cd/kg) increased the expression of
ACOX1, CPT1 and yolk precursor protein VTG II
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Figure 1. Effects of cadmium chloride on antioxidant parameters in t
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DISCUSSION

Cd accumulation in avian tissues and eggs has been re-
ported in several studies (Leach et al., 1979). Many
studies reported that Cd is mainly accumulated in the
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dependent patterns (Wang et al., 2017). It was consis-
tent with our results that the concentration of Cd in
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showed that the concentration of Cd in the kidney was
higher than that in the liver. The possible explanation
is that, in the liver, Cd21 induces the synthesis of metal-
lothionein (MT) and forms MT–Cd complex, which is
stored in the liver and transferred to other organs
(Chan et al., 1993), mainly the kidneys, a major organ
from which Cd is excreted from the organism (Hoet
et al., 2012). In addition, Scheuhammer (1987) reported
that the concentration ratio of Cd in the liver and
kidney , 1 indicated a chronic exposure to relatively
low doses of Cd. In the present study, the concentration
ratios of Cd in the liver and kidney were ,1, suggesting
chronic exposure. Following the tissues of liver and kid-
ney, we found that the lung and pancreas had a high con-
centration of Cd accumulation. The International
Agency for Research on Cancer reported that inhalation
exposure to Cd could lead to respiratory injury and lung
cancer (ATSDR, 2012). Besides, because the lung is a
highly vascularized organ (Nai et al., 2017), dietary Cd
can have a high rate of accumulation in this organ
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Figure 3. Hepatic histomorphology and histopathology and mRNA expression of inflammatory cytokines from various groups of experimental
laying hens. The liver sections were stained with hematoxylin and eosin (100 magnification). (A) Control (0.47 mg Cd/kg); (B) 7.58 mg Cd/kg;
(C) 15.56 mg Cd/kg; (D) 30.55 mg Cd/kg; (E) 60.67 mg Cd/kg. Scale bar 5 50 mm. Green arrow 5 periportal infiltration by inflammatory cells.
(F–I) Method of 22DDCt was applied for calculation of relative gene expression with b-actin as the endogenous control and the average DCt value
of 0.47 mmol Cd group as the calibrator to normalize the signal. Values were expressed as mean 6 SE (n 5 6). a-dColumns with different superscript
letters are significantly different (P , 0.05). Abbreviations: PF, periportal fibrosis, BD, bile duct, CV, central vein.
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also. These results suggest that Cd can accumulate in
and result in toxicity to various organs, and the accumu-
lation of Cd is the greatest in the kidney, followed by the
liver, pancreas, and lung in laying hens.

The liver is one of the most susceptible organs after
acute or chronic exposure to Cd. The assay for the activ-
ities of blood levels of GPT, GOT, and ALP as important
biomarkers of the liver function is of clinical relevance.
These enzymes are located in the liver cells and released
into the plasma in response to the liver cell injury or dam-
age. (Imafidon et al., 2018; Ozer et al., 2008). In the
present study, after the Cd administration, the activity
of GOT was significantly elevated in the 15.56-, 30.55-,
and 60.67-mg Cd/kg groups. The alteration of GOT
may be due to the Cd exposure disrupting the hepatic cells
as a result of necrosis or a consequence of altering the cell
membrane permeability (Ozer et al., 2008). Cd can mimic
and displace some nutritivemetals and produce structural
perturbations in enzymes (Casalino et al., 2002). Treviño
et al. (2015) reported thatCd can substitute Zn or interact
with nucleophilic ligands essential for the enzymatic activ-
ity to produce an inhibition on the activity of ALP. Simi-
larly, our results showed that with the increased
supplementation of dietary Cd (30.55 and 60.67 mg Cd/
kg), the activity of ALP decreased significantly as
compared with the control group. In addition, the level
of serum TBA increased significantly in the 60.67-mg
Cd/kg group. Serum TBA can also be considered to be
used as an alternative marker to evaluate the liver func-
tion. Because bile acid metabolism mostly occurs in hepa-
tocytes, accumulation of bile acid usually predicts
impairment in hepatocyte uptake, synthesis, or secretion
function (Lalisang, 2012). The suppressive effects of Cd
were also presented on ALB secretion, and the addition
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Figure 4. Effects of cadmium chloride on the endoplasmic reticulum (ER) stress of liver in laying hens. (A–E)ROS fluorescence intensity in the liver
tissues (400 magnification). (A) Control (0.47 mg Cd/kg); (B) 7.58 mg Cd/kg; (C) 15.56 mg Cd/kg; (D) 30.55 mg Cd/kg; (E) 60.67 mg Cd/kg. (F)
Densitometric analysis of dihydroethidium (DHE) fluorescence in each experimental group. (G, H) Method of 22DDCt was applied for calculation of
relative gene expression with b-actin as the endogenous control and the average DCt value of 0.47 mmol Cd group as the calibrator to normalize the
signal. Values were expressed as mean6 SE (n5 6). a-cColumns with different superscript letters are significantly different (P, 0.05). Abbreviation:
ROS, reactive oxygen species.
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of Cd (60.67 mg Cd/kg) significantly reduced the levels of
serumALB. SerumALB is an important prognostic factor
in advancing the liver disease (Pugh et al., 1973), aswell as
the major extracellular source of reduced sulfhydryl
groups, which are potent scavengers of ROS and reactive
nitrogen species (Quinlan et al., 1998). Therefore, in the
present study, these results indicated that Cd exposure
is associated with the liver dysfunction of laying hens.
Oxidative stress is defined as the presence of meta-

bolic and radical substances or so-called reactive (oxy-
gen, nitrogen, or chlorine) species (Elnesr et al.,
2019). These substances can modify lipids, proteins, or
nucleic acids, resulting in cell death (Halliwell and
Whiteman, 2004). Induction of oxidative stress is
considered as an important mechanism of Cd toxicity.
Cd induced oxidative stress in various cells and organs
of the body by disrupting the balance of oxidant/anti-
oxidant system is well documented (Valko et al.,
2005). Furthermore, Cd is known to induce the
production of superoxide anions, nitric oxide, hydroxyl
radicals, and hydrogen peroxide (Rodríguez-Serrano
et al., 2006; Badisa et al., 2007). The components of
endogenous antioxidant defense system, including
GSH, GSH-Px, SOD, and CAT, play an important
role in the free radical scavenging and maintaining
the intracellular redox balance (Stohs and Bagchi,
1995; Koizumi et al., 1996). In the present study,
measurement of antioxidants released appeared to be
essential. Our results showed that the activities of
CAT and T-SOD presented significant increase in the
serum or liver of the 30.55-mg Cd/kg group. The
possible explanation may be that the chronic Cd admin-
istration motivates the antioxidant defense. Similarly,
the increased level of GSH in the liver of the 30.55-mg
Cd/kg group may also be attributed to the stimulation
of the antioxidant defense. These results are consistent
with the report by Shaikh et al. (1999) that chronic
Cd exposure resulted in a gradual rise in hepatic
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Figure 5. Effects of Cd on the lipid deposition and metabolism in the liver of laying hens. The liver sections were stained with oil red O (400 magni-
fication, scale bar5 50 mm). (A) Control (0.47 mg Cd/kg); (B) 7.58 mg Cd/kg; (C) 15.56 mg Cd/kg; (D) 30.55 mg Cd/kg; (E) 60.67 mg Cd/kg. (F, G)
The transcript levels of genes involved in hepatic lipid metabolism. a-eColumns with different superscript letters are significantly different (P, 0.05).
Method of 22DDCt was applied for calculation of relative gene expression with b-actin as the endogenous control and the averageDCt value of 0.47 mmol
Cd group as the calibrator to normalize the signal. Values were expressed as mean 6 SE (n 5 6). a-eColumns with different superscript letters are
significantly different (P , 0.05). Abbreviations: ApoB, apolipoprotein B; MTP, microsomal triglyceride transfer protein; VTG II, vitellogenin II;
apo-VLDL II, apolipoprotein very-low-density lipoprotein II; ACOX1, acyl-CoAoxidase 1; CPT-1, carnitine palmitoyltransferase-1; PPARa, perox-
isome proliferator activated receptor a; FASN, fatty acid synthase.
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antioxidant defense. Therefore, the increased activities
of T-SOD and CAT and the level of GSH in 30.55-mg
Cd/kg group with the simultaneous unchanged MDA
concentration allow us to conclude that the liver antiox-
idant defense system is still effectively protected from
the action of Cd-induced free radicals. However, the ac-
tivities of CAT, GSH-Px, and T-AOC in the serum or
liver were significantly decreased in the 60.67-mg Cd/
kg group. In addition, dietary supplementation of Cd
at 60.67 mg/kg induced a significant increase of
MDA, an indicator of lipid peroxidation (Janero,
1990), concentration in the liver. These results demon-
strated that diets contaminated with high dose of Cd
(60.67 mg Cd/kg) can decrease these antioxidant levels,
resulting in oxidative stress in laying hens.
Cd, as a transition element, cannot generate ROS

directly. However, Cd could induce the accumulation of
ROS by modulating the activities of various enzymes,
such as nitric oxide synthase (Zhong et al., 2015), which
leads to oxidative damage that in turn leads to patholog-
ical changes of cellular structure and functions (Huo
et al., 2017). In the present study, many severe patholog-
ical changes and inflammatory responses with the in-
creases dosage of Cd addition were reflected in the liver
pathological slices, such as periportalfibrosis, bile duct hy-
perplasia, and inflammatory cells infiltrated around the
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hepatic central vein. In animals, the induction of the
expression of cytokines by the environmental chemicals
was considered as an inflammatory response (Ji et al.,
2010). Therefore, we examined the mRNA expression
levels of proinflammatory and anti-inflammatory cyto-
kines (TNF-a, IL-6, IL-1b, and IL-10) in the liver tissues
and showed that with the increased dose of dietary Cd
exposure, the mRNA expression levels of TNF-a and IL-
6 presented an increasing trend and were significantly
increased in the relative high Cd addition groups (30.55
or 60.67 mg Cd/kg), which is consistent with the results
of pathological observation. Tumor necrosis factor-a, a
cytokine secretedbyactivatedmacrophages, is a necessary
and sufficientmediator of local and systemic inflammation
(Xie et al., 2017), which, together with IL-1b, plays an
important role in the onset of inflammatory processes
that promote the expression and release of other cytokines
(L�ag et al., 2010). IL-6, a traditional marker of inflamma-
tion, is reported to act as both proinflammatory and anti-
inflammatory cytokines in different liver injury models
(short- and long-term exposure) (Jin et al., 2006). Besides,
with the increase of dietary Cd addition, the expression of
anti-inflammatory cytokine IL-10 increased significantly;
the possible reasonmay be that Cd triggers the inflamma-
tory defense system. These results clearly demonstrated
that dietary Cd exposure induced the hepatic inflamma-
tion response characterized by the histopathological dam-
age in the relative high dose of Cd exposure.
Many studies have demonstrated that Cd toxicity

seems to be crucially mediated by the induction of cell
damage in various organs as a consequence of the produc-
tion of ROS (Oh and Lim, 2006). Similarly, in the present
study, we found that the accumulation level of ROS in the
liver was elevated significantly in the group supplemented
withhighdose ofCd (60.67mgCd/kg).Overproduction of
ROS can subsequently lead to antioxidant defenses, lipid
peroxidation, and even oxidative damage in organisms,
which has been proven by our results. Furthermore, the
relationship between oxidative stress and cell apoptosis
has been well documented by many previous studies
(Faverney et al., 2001; Oh and Lim, 2006). The
initiation of apoptosis is mediated by the translocation
of proapoptotic protein Bad to mitochondria followed by
the downregulation of antiapoptotic protein Bcl-2, which
results in the reduction of membrane potential and Cyt C
release and subsequently leading to caspase activation. In
accordance with these reports, we observed that the rela-
tive high dose of Cd treatment (30.55 and/or 60.67 mg
Cd/kg) upregulated the mRNA expression of Cyt C, as
well as the caspase 9 and caspase 3. In addition, ER stress
is a crucial event downstreamof oxidative stress in the pro-
cess of Cd-induced apoptosis (Kitamura and Hiramatsu,
2010), which is also a feature of acute and chronic liver dis-
eases (Yoshiuchi et al., 2009). The key signaling pathways
activated by ER stress are termed the unfold protein
response, which is driven by 3 major pathways—ATF6
pathway, IRE1a pathway, and PERK-eIF2a pathway
(Maiers and Malhi, 2019). Our data showed the expres-
sions of ER chaperones Grp78, Chop, and caspase 7 were
upregulated upon Cd treatment (30.55 and/or 60.67 mg
Cd/kg). Caspase 7 is known to be essential for ER
stress–induced apoptosis (Nakagawa et al., 2000). Chop
is also one of the central transcriptional regulators
involved in apoptosis caused by ER stress (Ji et al.,
2005). Consequently, it can be concluded that Cd could
induce the oxidative- and ER-stress mediated apoptosis
in liver cells of laying hens.

The liver is an important organ in lipometabolism.
Lipid acts as a major energy source, the stores of which
support a series of physiological, reproductive, and
developmental processes. In avian species, the liver gives
the most important contribution to lipogenesis and ac-
counts for about 95% of the de novo fatty acid synthesis
(Huang et al., 2013). Lipid droplets are ubiquitous and
considered as dynamic cellular organelles (Wilfling
et al., 2014) and not only play an important role in lipid
storage but also respond to ER stress, protein glycosyla-
tion, and pathogen infection (Fei et al., 2009; Herker and
Ott, 2011; Krahmer et al., 2013). In the present study, oil
red O staining showed the deposition of lipid droplets
increased in the relative low dose of Cd addition
groups and then decreased with the continuous
increase of dietary Cd supplementation. Similarly,
many studies have found that Cd can trigger lipid
accumulation by increasing lipid synthesis (Chen et al.,
2013). Correspondingly, we observed that the expression
of fatty acid synthase, one of the key enzymes for de
novo fatty acid synthesis, increased significantly with
the increase of dietary Cd addition (15.56 and
30.55 mg Cd/kg). The expression of the ACOX1 and
CPT1, the main regulatory enzymes of fatty acids oxida-
tion (Oaxaca-Castillo et al., 2007; Schlaepfer et al.,
2014), presented significant increase only in the 7.58-
mg Cd/kg group. In addition, PPARa is a transcrip-
tional regulator of genes involved in mitochondrial b-
oxidation and fatty acid transport and its deficiency
will lead to exaggerated lipid accumulation in the liver
(Pawlak et al., 2015). The expression of PPARa,
ACOX1, and CPT1 decreased significantly in the
60.67-mg Cd/kg group. These results demonstrated
that Cd can regulate the accumulation of lipids in the
liver by regulating the expression of key enzymes in
the fatty acids synthesis and b-oxidation process. Be-
sides, in laying hens, the yolk formation depends on
the lipids synthesized in the liver. The amount of lipo-
protein produced by the liver directly affects the egg pro-
duction (Shivaprasad and Jaap, 1977). Accordingly, we
evaluated the expression levels of VTG II, apo-VLDL II,
ApoB, and MTP, which play a critical role in the forma-
tion of yolk protein (Schneider et al., 1990; Shen et al.,
1993), and found that the expression of VTG II and
MTP increased significantly in the 7.58-mg Cd/kg
group. However, with the increase of dietary Cd supple-
mentation (30.55 and/or 60.67 mg Cd/kg), the expres-
sion levels of ApoB, VTG II, and apo-VLDL II
decreased significantly. In laying hens, the major yolk
components of the ovum are VTG and VLDL (Shen
et al., 1993). The VLDL, which contains large amounts
of apo-VLDL II and apoB, mainly functions in the trans-
port of triacylglycerols, phospholipids, and cholesterol



ZHU ET AL.3226
(Schneider et al., 1990; Shen et al., 1993). These
triglyceride-rich lipoproteins are synthesized and trans-
ported from the liver primarily to the growing oocytes
(Schneider et al., 1990). Microsomal triglyceride transfer
protein is mainly responsible for the assembly of the
triglyceride-rich lipoproteins in the liver (Wetterau
et al., 1992). Therefore, these results indicated that Cd
may affect the egg production and yolk quality by regu-
lating the synthesis of lipoproteins.

In conclusion, dietary Cd can accumulate in various or-
gans of laying hens, among which the kidney and liver are
the main target organs. Cd can lead to liver dysfunction
and injury, induce oxidative and ER stress in the liver of
laying hens, regulate the lipid synthesis and metabolism,
and ultimately may affect the egg production and yolk
quality.We found that low dose of Cd exposure could pro-
mote the synthesis of lipids, as well as the lipoproteins
related to yolk formation; however, with the increased
dose of Cd exposure, these effects become negative.
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