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Simple Summary: The pattern of cadmium (Cd) accumulation and the role of metal transport in
tissues” cadmium deposition using Cd from an organic source are not well-clarified in ruminants.
The present study results clearly showed that dietary Cd exhibited different deposition rates between
goat liver, kidney, and muscle. Cd concentration in the liver, kidney, and muscle of goats fed 1.07 mg
Cd/kg of dry matter (DM) for 60 days remained within the scope of (1.0 mg/kg) the food safety
standards of China (GB 2762-2017) and the European Commission Regulation 1881/2006 (amended
by No. 629/2008). Dietary Cd promoted the expression of metal transporter genes in the liver and
kidneys of goats. DMT1, ZIP8, and ZIP14 might play an imperative role in the uptake of Cd in the
goat liver and kidney but not in the muscle.

Abstract: Metal transporters, including divalent metal-ion transporter-1 (DMT1), Zrt-/Irt-like protein
8 and 14 (ZIP8 and ZIP14), and ferroportin-1 (FPN1), reportedly participate in cellular cadmium
(Cd) uptake, but those in farm animals remain unclarified. This study aimed to examine the growth,
plasma biochemical indices, Cd accumulation, and expression of metal transporter genes in the
liver, kidney, and muscle of goats exposed to rice paddies contaminated with different levels of Cd.
Twenty-four goats were randomly assigned across three dietary treatments: 0.23, 0.63, and 1.07 mg
of Cd/kg of dry matter (DM) for 60 days. The results showed that dietary Cd exposure increased
(p < 0.05) both Cd accumulation and the mRNA expressions of metal transporter genes (DMT1, ZIP,
and FPN1) in the liver and kidney but not in the muscle, suggesting dietary Cd exhibited different
deposition rates between goat liver, kidney, and muscle. These outcomes suggest that high levels of
dietary Cd stimulated the expression of metal transporter genes and thereby enhanced the uptake
and accumulation of Cd in the goat liver and kidney. As such, higher Cd concentrations in the liver
and kidney observed with Cd diets could be partly explained by upregulation of metal transport
genes expression.

Keywords: cadmium; gene expression; goat; liver; kidney; metal transporter; accumulation

1. Introduction

Cadmium (Cd) is a worldwide contaminant heavy metal that has been classified as an
environmental hazard and is present in various agricultural crops [1] and animal tissues [2].
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Livestock exposed to plants with either high or low Cd contamination accumulate Cd
within their tissues, which results in damage to the physiological and biochemical functions
of various organs [3,4]. The adverse effects of Cd in the organs are the changes in the
production of reactive oxygen species (ROS) and modulation of metals” homeostasis [3,5].
Previous studies have shown that Cd accumulates in almost all animal tissues, particularly
in hyperaccumulators such as the liver and kidney [6]. Hence, residual Cd in meat and
offal is one of the main sources of Cd in the food chain and may be a risk to the health of
humans consuming high levels of meat and offal derived from livestock exposed to Cd in
contaminated areas [7,8]. To this end, countries have set a regulation for a Cd limit in the
diet and animal products to protect human health. In this regard, the Chinese National Food
Safety Standard (GB 2762-2017) and European commission regulation 1881/2006 (amended
by No. 629/2008) have set the maximum concentration of Cd in the kidneys, liver, and
muscle of cattle for human consumption at 1.0, 0.5, and 0.05 mg/kg wet weight, respectively.

Dietary Cd can be taken up by the animal body via the same pathways as essential
metals are. The absorption and transport of Cd in various tissues require the participation
of different metal transporters, and multiple transporters involved in the uptake of Cd
by mammalian cells have been identified [9,10]. It has been reported that divalent metal
transporter 1 (DMT1), which was initially known as a ferrous iron transporter in the
intestine, can transport several divalent metal ions, such as Cd and Fe [11]. Some studies
have shown the vital function of DMT1 in Cd absorption in the gastrointestinal tract [11,12].
Mammalian ZIP8 (SLC39A8) and ZIP14 (SLC39A14) are transmembrane proteins that
belong to the Zrt-/Irt-like protein (ZIP) family, which consists of 14 members that share
considerable homology [13]. Previous studies have identified ZIP8 and ZIP14 as zinc
transporters, and these proteins have also been shown to participate in the uptake of Cd [14].
Enhancing the expression of ZIP8 and ZIP14 in Xenopus oocytes results in improved Cd
uptake, which suggests that ZIP8 and ZIP14 are responsible for Cd uptake [15].

Ferroportin 1 (FPN1) is recognized as a mammalian iron exporter and is involved in
the transport of iron and other metals [16]. The mRNA expression level of FPN1 dose-
and time-dependently increases when J774 macrophage cells are treated with different
concentrations of CdCI2 (5-25 uM) for 8 h [17]. The oral administration of Cd enhances
the bodily burden of Cd and the mRNA expression of DMT1 and FPN1 in the duodenum
of rats fed a Fe-deficient diet and repressed under Fe-sufficient conditions [12]. Findings
from various in vivo and in vitro studies have highlighted the role of metal transporters,
particularly DMT1, ZIP8, and ZIP14, in Cd uptake in different tissues and cell types under
particular physiological conditions [10-18]. The involvement of these metal transporters in
Cd accumulation in the specific tissue of farm animals has not yet been reported.

The uptake, absorption, and accumulation of Cd in different target tissues have been
extensively investigated in animals not used for human consumption and treated with
a relatively high dosage of Cd from an inorganic source [19-21]. However, these results
may not reflect the real condition of animals exposed to Cd because their absorption
characteristics are relatively lower than those of organic compounds incorporating Cd. In
addition to that, ruminants accumulate Cd at a different rate than monogastric animals
because ruminant animals possess phytase-producing flora for digesting phytic acid, which
sequesters Cd and increases its availability for absorption [22]. Thus, we hypothesized
that metal transporters might be partially or fully involved in the uptake of Cd in various
tissues of goats. Our objective was to investigate the growth, blood biochemical indices,
and gene expression of DMT1, ZIP8, ZIP14, and FPNT1 in the liver, kidney, and muscle of
goats exposed to rice paddies contaminated with different levels of Cd.

2. Materials and Methods
2.1. Animals and Experimental Design
All experimental animal procedures were performed following the protocols approved

by the Animal Care and Use Committee of the Institute of Subtropical Agriculture, Chinese
Academy of Sciences, Changsha, China (Permit No. ISA000235). Twenty-four Xiangdong
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male black goats with initial body weights (IBWs) of 15.27 & 1.85 kg and aged approxi-
mately nine months were used in this study. All the goats were received from a local goat
farm after having their health and wellbeing checked. The goats were randomly allocated
to one of three dietary treatments: control group (CON; a basal diet containing 0.23 mg
of Cd/kg of DM), moderate Cd group (MCd; a basal diet supplemented with 0.63 mg
of Cd/kg of DM), and high Cd group (HCd; a basal diet supplemented with 1.07 mg of
Cd/kg of DM). The moderate Cd group was designed following the results of a previous
study in our companion team using 0.60 mg of Cd/kg of Cd-contaminated rice paddy as
a moderate dose [23]. The animals were housed individually in stainless steel cages and
fed a diet containing a concentrate and forage twice daily. The roughage was chopped rice
straw, and the concentrate was mainly composed of rice paddies. The ratio of concentrate
to roughage was 55:45. The same rice paddy variety with different Cd contents was used to
prepare three diets with different Cd levels. The Cd-contaminated rice paddy was provided
by the Beishan test station (Changsha, China), which is located in a contaminated zone.
The quantity of Cd in the rice paddy was determined before its use in this study. The diets
were prepared according to the nutritional requirements for growing goats [24], and the
detailed ingredients and nutritional composition of the diets are shown in Table 1. The
feeding trial period consisted of 60 days for the actual trial and 10 days of adaptation. The
supplied feed was adjusted for each group in the morning according to dry matter intake
(DMI) on the previous day to ensure at least 5% refusals.

Table 1. Ingredients and nutrient compositions of experimental diets.

Ingredient % of DM
Paddy 33.2
Soybean meal 9.6
Wheat bran 6.0
Fat powder 3.2
Calcium carbonate 0.5
Calcium bicarbonate 1.1
Sodium chloride 0.6
Premix 1.0
Rice straw 45
Chemical Composition 2 % of DM
CP, % 8.8
NDE, % 47
ADF, % 33.5
Ca, % 0.47
Total P, % 0.32

1 Mineral and vitamins in premix per kg; Mg: 8.5 g; Zn: 4 g; Fe: 510 mg; Cu: 750 mg; Mn: 5.1 g; Se: 5 mg; I: 30 mg;
Co: 11 mg; vitamin A: 104,400 IU; vitamin D: 17,500 IU vitamin E: 2200 IU. 2DM: dry matter; CP: crude protein;
NDF: neutral detergent fiber; ADF: acid detergent fiber; Ca: calcium; Total P: total phosphorus.

2.2. Growth Performance and Plasma Biochemical Indices

The final body weight (FBW) of each goat was determined on day sixty. The average
daily feed intake (ADFI) and the average daily gain (ADG) were calculated as described by
Wang et al. [25]. At the end of the trial, blood samples were collected from the jugular vein
before the morning feeding using 5 mL vacuum blood collection tubes with sodium heparin
as an anticoagulant (Aosaite Medical Devices Co., LTD, Heze, China). Subsequently, the
blood was centrifuged (3000 g) at 4 °C for 10 min to obtain plasma. All plasma samples
were free of hemolysis and frozen at —20 °C until analysis. Plasma biochemical indices,
including aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-
glutamyltransferase (GGT), alkaline phosphatase (ALP), lactate dehydrogenase (LDH),
total protein (TP), creatinine (CRET), blood urea nitrogen (BUN), total cholesterol (TC),
triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), and glucose (GLC) were determined using an automatic biochemical
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analyzer (Cobas c311, Roche, Basel, Switzerland) and commercial analytical kits from Roche
(Shanghai, China) as described elsewhere [26].

2.3. Determination of the Cd and Fe Concentration in Tissues

All goats were killed by bleeding the jugular vein by a registered veterinarian after 16 h
of fasting, and the kidneys, liver, and longissimus dorsi muscle of each animal were rapidly
separated. The samples from these tissues were separated into two parts. One part was
stored at —80 °C after flash freezing in liquid nitrogen for RNA extraction, and the other part
was stored at —20 °C for Cd analysis. The kidney, liver, and muscle samples were freeze-
dried and then ground into a powder to determine the Cd concentrations. The kidney cortex
and medulla were uniformly mixed to avoid differences in the Cd and Fe concentrations,
and the concentrations are expressed for the whole organ. The weighed samples were
digested with concentrated nitric acid (HNO3) and diluted with double distilled water, as
described by Yao et al. [27] with minor modifications. Briefly, the weighed samples were
transferred to triangular flasks containing 15 mL of acid mixture (HNO3:HClOy = 5:1(v/v)).
The flasks were covered with funnels and left at room temperature for cold digestion
overnight. Then, the digestion flasks were placed on the electric heating panel. Digestions
were initially performed at 120 °C until the solutions turned yellow transparent and
then, the temperature was increased to 180 °C for 30 min. The temperature was further
increased to 260 °C until the solutions turned colorless. Then, the funnels were removed
from the flasks, and the solutions were almost completely evaporated. After cooling to
room temperature, the residues were dissolved in 1% (v/v) HNOj; and transferred into
a 10 mL colorimetric tube, and the final volume was made up to 10 mL. After filtration,
the concentrations of Cd and Fe in the digested samples were determined by inductively
coupled plasma mass spectrometry (Agilent Technologies, 7700 series ICP-MS, USA). The
blank digests without samples and the reference material were also treated using the
same protocol to confirm the accuracy of the analytical results. The concentrations of Cd
and Fe were calculated on wet weight basis, and the results are expressed as milligrams
per kilogram.

2.4. RNA Extraction and cDNA Synthesis

Total RNA from the kidney, liver, and muscle samples was isolated using the Trizol
reagent (Invitrogen, CA, USA) according to the manufacturer’s protocol. The quantity and
purity of total RNA were measured using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). The total RNA integrity was assessed by running
an aliquot of the RNA sample on a denaturing agarose gel. The cDNA was synthesized
using a PrimeScript RT Reagent Kit with a gDNA Eraser and a Random RT Primer Mix
(Takara, Dalian, China) based on the manufacturer’s instructions, and stored at —20 °C
until analysis [28].

2.5. Gene Expression Profile

The metal transporter genes investigated in this study were DMT1, ZIP8, ZIP14, and
FPN1. As reference genes, expression of B-actin (ACTB) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were analyzed. The stability of the reference genes was assessed
using BestKeeper, Genorm, and NormFinder tools [29]. The two reference genes were
found as stable reference gene across experimental treatment and were used to normalize
the data. The primer sequences of the targeted genes and internal references are listed
in Table 2, and all the primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai,
China) (Supplementary S1). The amplification efficiency of each gene in this study was
computed by constructing a standard curve through serial dilutions of cDNA. All primers
showed efficiency between 90 and 110%, and correlation coefficients were close to 1.0.
Real-time PCR analysis of the expression of the above-mentioned genes was performed
on a Lightcycler 480 II System (Roche, Basel, Switzerland) with a SYBR Premix Ex Taq I
98 (Tli RNaseH Plus) detection kit (Takara, Kusatsu, Japan). The thermal cycles were as



Animals 2022, 12, 1408

50f 15

follows: initial denaturation at 95 °C for 5 min; 40 cycles of 95 °C for 10 s, 60 °C for 30 s,
and 72 °C for 30 s; and a final extension at 72 °C for 5 min. The average cycle threshold
values were calculated using the 2-AACt method [30].

Table 2. Primer sequences and amplicon information.

Gene Primers (5'~3') Bp Accession Efficiency
DMT1 ! Forward TGCCTACAGTAATTCCTCAATTCCTCAG 169 BC113342.1 95.2
Reverse ATCCACAACGCTCATAAGAAGTCCTG
ZIp§'! Forward TTCCAGAGATGAACGATATGCTGAGAG 115 NM_001205630.1 102.6
Reverse ATGAGAAGAATGGCTGTGAATCCAGTT
ZIP141 Forward AGAATGAGGAGAACGAGCAGACAGA 182 BC140602.1 108.7
Reverse TCCAATCGCCAGAGCTATGAAGTAGA
FPN1 Forward AGACAGAGGCAGATTAGCAGATATGAATG 134 XM_018065526.1 104.9
Reverse CCGAAATGAAACCACAGCCAATGAC
ACTB Forward CTTCCAGCCTTCCTTCCTG 111 NM_001314342.1 97.1
Reverse ACCGTGTTGGCGTAAAGGT
GAPDH Forward GGGTCATCATCTCTGCACCT 176 XM_005680968.3 105.2
Reverse GGTCATAAGTCCCTCCACGA

1 Sequences are from cattle as there are no adequate goat sequences. Bp, amplicon size in base pair. DMT1:
divalent metal-ion transporter-1; ZIP8: Zrt-/Irt-like protein 8 ZIP14: Zrt-/Irt-like protein 14; FPN1: ferroportin-1;
ACTB: B-actin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

2.6. Statistical Analysis

The SPSS version 23 (SPSS Inc., Chicago, IL, USA) and Origin 2020b statistical analysis
tools were used to analyze the data. The data were subjected to one-way analysis of variance
(ANOVA) after checking for normality and homoscedasticity of variance using Shapiro—
Wilk and Levene’s tests. Tukey’s post hoc tests were used to determine the differences
between treatment means, a significant difference was regarded as p < 0.05, and trends

were recognized at 0.05 < p < 0.1. The results are expressed as the means =+ standard errors
of the mean (SEMs).

3. Results
3.1. Effects of Dietary Cd on Growth Performance and Plasma Biochemical Indices

The growth performance and plasma biochemical indices are shown in Figures 1 and 2.
No significant differences (p > 0.05) in FBW, ADG, and ADFI were observed among the
treatment groups. Similarly, increasing the Cd level in the diet did not affect (p > 0.05)
the plasma concentrations of ALT, AST, GGT, ALP, LDH, TP, CRET BUN, TG, TC, LDL-C,
HDL-C, and GLC. However, the plasma ALB concentration increased with increases in
dietary Cd levels (p < 0.05).
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Figure 1. Effects of dietary cadmium levels on FBW, ADG, and ADFI of goats. FBW: final bodyweight
gain; ADG: average daily gain; ADFI: average daily feed intake; treatments: CON, MCd, HCd: 0.23,

0.63, and 1.07 mg of Cd/kg of diet DM, respectively.

224
20 * *
* S »
2 |
16 * * »
<
*
14 4
CON McCd HCd
700 -
600 - oo *
z 5 *
£ 3 l
S 500 - *
—_ 2 2
3
L 4
400 4 *
300 r T T
CON MCd HCd
5.51
54
4.5 4
4 4
3 | j j
2.5
T T T T T T T T T
CON MCd HCd CON MCd HCd CON McCd HCd
BUN, mmol/LL GLC, mmol/L TC, mmol/L
(A)

Figure 2. Cont.

300

200 +

100

gt

J &

= F =

- ==

T T T T T T T T T T T T
CON MCd HCd CON MCd HCd CON MCd HCd CON MCd HCd

LDH, IU/L

ALP, U/L

(B)

TP, g/L

AST, U/L



Animals 2022, 12, 1408

7 of 15

80

70

60

50

40

30 4

20

10

w8

2.2

2

1.8 +

1.6 s sy

1.4 +

Lad | =
@ .} %

T T T T T T T T T T T T 0.2
CON MCd HCd CON MCd HCd CON MCd HCd CON MCd HCd CON MCd HCd CON MCd HCd CON MCd HCd

ALT, UL

GGT, U/L

ALB, g/L CRET, pmol/L TG, mmol/L LDL-C, mmoVl/L HDL-C, mmol/L
©) (D)

Figure 2. Effects of dietary cadmium levels on blood biochemical indices (A-D) of goats. The values
are expressed as the mean + SEM. One-way ANOVA was used, followed by post hoc Tukey’s test.
Different letters (a, b) indicate significant difference a significant difference among the three dietary
treatments at p < 0.05. ALT: alanine aminotransferase; AST: aspartate aminotransferase; GGT: gamma-
glutamyl transferase; ALP: alkaline phosphatase; LDH: lactate dehydrogenase; ALB: albumin; CRET:
creatinine; TC: total cholesterol; TG: triglyceride; LDLC: low-density lipoprotein cholesterol; HDLC:
high-density lipoprotein cholesterol; BUN: blood urea nitrogen; GLC: glucose. Treatment: CON,
MCd, HCd: 0.23, 0.63, and 1.07 mg of Cd/kg of diet DM, respectively.

3.2. Effects of Dietary Cd on the Cd and Fe Concentrations in the Liver, Kidney and Muscle Tissues

The concentrations of Cd and Fe in the liver, kidney, and muscle are shown in Figure 3.
In the kidney, Cd concentration was greater (p < 0.05) in the HCd group than that in the
CON group but remained within the scope (1.0 mg/kg) of the food safety standards of
China (GB 2762-2017) and the European Commission Regulation 1881/2006 (amended
by No. 629/2008). The liver Cd concentration in the HCd group was remarkably higher
(p < 0.05) than that in the control group (0.30 mg/kg vs. 0.20 mg/kg), and both values
were within the scope (0.5 mg/kg) of the food safety standard of China and the EU. In all
groups, the Cd concentration in the muscle was below the instrument detection limit. No
differences (p > 0.05) in the concentrations of Fe in the liver, kidney, and muscle were found
among the treatments.

0.8 =
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B Mmca
BN =Ca
0.6 -
a
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e
[
L

Liver kidney Muscle
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Figure 3. Cont.
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Figure 3. Effects of dietary cadmium levels on (A) cadmium and (B) iron concentrations in the liver,
kidney, and muscle of goats. Different letters (a, b, c) indicate significant difference a significant
difference among the three dietary treatments at p < 0.05. Values are expressed as the mean & SEM.
One-way ANOVA was used, followed by post hoc Tukey’s test. n = 8. ND = Not detected (below the
instrument detection limits). Treatment: CON, MCd, HCd: 0.23, 0.63, and 1.07 mg of Cd/kg of diet
DM, respectively.

3.3. Effects of Dietary Cd on the Expression of Genes Involved in Metal Transport

The effects of dietary Cd levels on the mRNA expression of four genes involved in
metal transport in the liver, kidney, and muscle are shown in Figure 4. Compared with
those in the CON group, goats fed a diet with high Cd levels presented higher (p < 0.05)
mRNA expression levels of DMT1, ZIP8, ZIP14, and FPN1 in the kidney. Similarly, the
mRNA expression levels of DMT1, ZIP8, and FPN1 in the liver significantly increased
(p < 0.05) as the dietary Cd levels increased from 0.23 to 1.07 mg/kg of DM. In addition,
the ZIP14 mRNA level in the liver of the MCd and HCd groups was higher than that in
the control group, although the difference did not reach a significant level (p > 0.05). No
differences (p > 0.05) in the mRNA expression levels of DMT1, ZIP8, ZIP14, and FPN1 in
muscle was found among the treatments.

2 I CON
[ McCd
Il HCa

1.6 4

Relative mRINA expression levels

DMT1 Z1P8 Z1P14 FPN1
Kidney
(A)

Figure 4. Cont.
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Figure 4. Effects of dietary Cd levels on the gene expressions of DMT1, ZIP8, ZIP14 and FPN1
in the (A) kidney, (B) liver, and (C) muscle of goats. Different letters (a, b) indicate significant
difference a significant difference among the three dietary treatments at p < 0.05. Values are expressed
as the mean £+ SEM. One-way ANOVA was used, followed by post hoc Tukey’s test. ND = Not
detected. Treatment: CON, MCd, HCd: 0.23, 0.63, and 1.07 mg of Cd/kg of diet DM, respectively.
DMT1: divalent metal-ion transporter-1; ZIP8: Zrt-/Irt-like protein 8; ZIP14: Zrt-/Irt-like protein 14;
FPN1: ferroportin-1.

4. Discussion

Cadmium has become an occupational and environmental pollutant due to its exten-
sive and continued use in industry and agriculture [31]. Cd can exert numerous deleterious
effects on various organ functions when it enters the animal body. Once ingested by an
animal, Cd is efficiently retained in different organs. It has been reported that Cd could
accumulate on various tissues of farmed ruminants [2]. The accumulation of Cd in different
tissues requires the involvement of metal transporters. Several transporters that play a
significant role in Cd accumulation, such as DMT1, ZIP, and FPN, have been identified in
mammalian cells [17,18], but the involvement of metal transport in Cd uptake in livestock
has not been reported. In addition, the adverse effects of Cd on the tissue and transport
mechanism have been examined using a relatively high dosage of Cd from an inorganic
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source. These results may not reflect the actual condition of animals exposed to Cd. Thus,
we used Cd-contaminated rice paddies to investigate the effects of dietary Cd levels on the
growth performance, plasma biochemical indices of goats, and the expression of key metal
transporter genes in the liver, kidney, and muscle of these animals.

In the present study, neither growth performance nor ADFI were affected by increased
dietary Cd levels. These results agree with those of previous reports [32,33]. However,
several studies have reported that the growth performance of pigs declined with increases
in dietary Cd concentration to 2.5 mg/kg [2]. The discrepancy in the results might be due to
the Cd level in the diet. In this sense, Lane et al. [34] reported that growth performance and
milk production are affected by long-term daily intake of dietary Cd higher than 30 mg/kg.
These results indicate that the Cd concentration in feed is the primary factor producing
growth performance defects.

Plasma metabolite changes may be symptomatic of an animal’s physiologic state
because they are intermediary metabolism products [35]. Plasma AST, ALT, LDH, GGT, TP,
CRET, and BUN have been used to assess the liver injury induced by Cd exposure [36,37].
Exposure of rats to a diet containing Cd-contaminated radish bulb (1.1 mg Cd/g of diet)
increased plasma AST, ALT, LDH, and CRET by the 12th week but not by the fourth
week [32], indicating liver injury or the loss of cellular integrity and leakage of the hepatic
membrane. In our results, plasma AST, ALT, LDH, GGT, TP, CRET, and BUN were unaf-
fected by increases in dietary Cd levels, suggesting that liver function was intact under the
experimental conditions. Exposure to a Cd dose of up to 1.07 mg/kg could induce adaptive
responses and compensatory mechanisms to protect the goat liver from Cd-induced injury.
A similar adaptive response was observed in rats chronically exposed to a low dose of
CdCl12 (4.8 mg CdCI2/L) for a year [38]. Thus, the Cd level and duration of exposure were
the primary determinants of the induction of tissue damage by Cd.

In the present study, increases in dietary Cd levels to 1.07 mg Cd/kg of DM did not
affect plasma TC, TG, LDL-C, HDL-C, and GLC concentrations, suggesting that blood
lipid metabolism was unaffected by dietary Cd levels. Chronic exposure (for 370 days)
of rats to a low dose of CdCI2 (4.8 mg CdCl2/L) dissolved in water does not induce
significant changes in plasma TC, TG, and GLC [38]. However, some studies involving
the administration of Cd in animal models have demonstrated changes in TC, TG, LDL-C,
and HDL-C profiles. Olisekodiaka et al. [39] showed that intraperitoneal administration of
1 mg of Cd/kg of BW to male albino rats for four weeks resulted in significant increases
in plasma TC, TG, and LDL-C, and a decrease in HDL-C. Another experiment using male
rats demonstrated that exposure to 5 and 50 mg/L of Cd in drinking water for six months
resulted in dose-dependent reductions in serum LDL-C and HDL-C with no effects on TC
levels [40]. The discrepancy in lipid profile changes may result from differences in Cd dose,
source, treatment regimen, and duration of exposure. Considering the available data in the
literature, the small gaps in dietary Cd levels between the three groups could be a reason
for the lack of significant effects on blood lipid metabolism observed in the present study.

The concentration of plasma ALB in response to Cd exposure was inconsistent among
the studies, which may be associated with the dose of Cd, protein metabolism, and source
of Cd. A decrease in the plasma ALB levels was observed in rats chronically exposed
to a low dose of CdCl12 (4.8 mg CdCI2/L) [38]. Conversely, an increase in serum ALB
has been observed in rabbits following the subcutaneous injection of CdCl2 at a dose of
3 mg/kg of BW [41]. A high plasma ALB concentration has been reported in occupationally
Cd-exposed workers compared with that in non-exposed workers [42]. In this study, the
plasma ALB concentration showed an increasing trend as the dietary Cd levels increased
to 1.07 mg of Cd/kg of DM. These differences were probably due to species differences
in protein metabolism or the adverse effects of Cd on protein metabolism. In the present
study, Cd concentrations in the kidney and liver increased as the Cd levels increased to
1.07 mg Cd/kg of DM, and Cd levels in the kidney were higher than those in the liver.
These results indicate that Cd accumulated in the bodies of goats.
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Prankel et al. [43] have shown using a meta-analysis approach that the concentration of
Cd in the diet and exposure period are the main factors that determine Cd accumulation in
the kidneys. Herein, we found that Cd concentration in liver and kidney tissues was within
the Chinese National Food Safety Standard (GB 2762-2017) and European Commission
Regulation 1881/2006 (amended by No. 629/2008). These results suggest that Cd is
less likely to join the human food chain through the liver and kidney of goats fed diets
containing up to 1.07 mg/kg of Cd for two months because edible offal is widely consumed
in some areas. In the present study, we found that Cd was not detected in the muscle
even though Cd is accumulated in the kidney and liver. This result is also consistent
with the results reported by Wilkinson et al. [2], who found that high Cd accumulation
in the muscle is unlikely to occur with a daily intake of dietary Cd lower than 30 mg/kg.
Conceivably, metallothioneins (MTs) could reduce the amount of free Cd accessible for
muscle distribution by forming Cd-MT complexes in the liver and reabsorbed by proximal
tubule epithelial cells [44]. Cd accumulation in cattle muscle has been reported elsewhere
in China [7] and Belgium [45] even though the experimental approaches used in the studies
were different. However, Cd accumulation in cattle muscle is not very clear because some
key factors that determine the accumulation of Cd in tissues were not clearly stated in the
above-mentioned studies.

Previous studies have demonstrated that the metal transport pathways used by essen-
tial metals may be involved in Cd absorption [44,46]. DMT1 is a proton-coupled metal-ion
transporter that is prevalently expressed in animals and has substantial substrate specificity,
preferring divalent metals, such as Fe and Cd [47]. The strong association found between
Cd uptake and the expression of DMT1 in pregnant rats indicates that DMT1 plays a vital
role in the uptake of Cd under physiological conditions [48]. In the present study, increases
in the dietary levels of Cd resulted in increased expression of DMT1 mRNA in the liver
and kidney, which suggested the participation of DMT1 in the absorption of Cd from the
small intestine into the enterocyte and the subsequently transfer of Cd to the liver and
kidney. These findings are supported by a previous study that DMT1 expression in the
liver increases following oral Cd administration regardless of the concentration of Fe in
the body [10]. In addjition, no significant difference in Fe concentration was found among
the treatment groups in this study. Thus, the upregulation of DMT1 mRNA is associated
with marked increases in tissue Cd accumulation, which suggests that DMT1 is a strong
candidate for Cd uptake in goat tissues.

ZIP14 and ZIP8, members of the ZIP family, are transmembrane proteins that can
mediate Cd uptake in cells [49]. The knockdown of ZIP8 and ZIP14 in mouse proximal
tubular cells causes a reduction in Cd uptake and their expression on the apical side [18].
These results suggest that the downregulation of ZIP8 and ZIP14 expression is linked to
a decrease in cell Cd accumulation. Similarly, the knockdown of ZIP8 (but not ZIP14) in
rat basophilic leukemic cells induces significant reductions in Cd uptake rates and ZIP8
expression [50]. In this study, increases in the concentration of Cd in the liver and kidney
and the mRNA expression levels of ZIP8 and ZIP14 in the kidney were observed with
increases in dietary Cd levels, which suggests that ZIP8 might play an important role in Cd
accumulation in the goat liver. Additionally, the other metal transporter can compensate
for the function of ZIP14 when the expression of ZIP14 is unchanged. However, Fujishiro
et al. [51] indicated that the expression levels of ZIP8 and ZIP14 mRNA in Cd-resistant cells
(A7 and B5) derived from embryonic fibroblasts of MT1- and MT2-knockout mouse cells
are markedly suppressed, which results in a decrease in Cd accumulation. These results
may show that ZIP8 and ZIP14 play a role in Cd transport in mouse cells. The discrepancy
in ZIP14 expression may be due to differences in the tissue-specific roles or types of cells.
Thus, the role of ZIP14 in Cd uptake should be examined in various tissues or cell types.

FPN1 is a transmembrane transporter protein expressed in tissues and cells, such as
kidney proximal tubule cells and macrophages of the liver, associated with the efflux of
various metal ions [52-54]. In this sense, Mitchell et al. [55] investigated using Xenopus
laevis oocytes expressing human FPN1 and found that FPN1 does not transport Cd for
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vectorial reabsorption into the circulation. On the other hand, the oral administration of Cd
increases the intestinal tissue accumulation of Cd and the expression of FPN1 mRNA in
Fe-deficient rats compared with that in Fe supplemented-rats [12]. The authors suggested a
strong association between FPN expression and the accumulation of Cd and Fe in the body.
However, Cd uptake and FPN1 expression in duodenal enterocytes are unaffected by Fe
deficiency in unweaned piglets and rats at postnatal days 16 and 10, respectively [56,57].

In the present study, FPN1 expression and Cd concentration were upregulated in the
liver and kidney of the goats in the MCd and HCd groups, even though the liver and
kidney Fe concentrations remained unchanged. Various regulatory mechanisms control
the expression of FPN1 mRNA, and the observed changes in FPN1 mRNA expression
could be linked to increases in the levels of the FPN1 protein or intracellular reactive
oxygen species (ROS) levels induced by Cd accumulation [17]. Possibly, Cd treatment
may indirectly change the intracellular Co, Zn, or Cu concentrations and thereby enhance
FPN1 expression. Divalent metals could interact with Cd metabolism [58,59], and some
divalent metals, such as Cu, have been shown to affect the FPN1 gene expression level [60].
To date, the function of FPN in the liver and kidney has not been well-characterized in
animal model studies. Whether FPN1 is involved in Cd transport remains unclear, and
more well-designed studies are needed to gain insight into the possible role of FPN1 in the
transport of Cd in the liver and kidney.

5. Conclusions

The present results showed that Cd accumulation in the liver and kidney of goats
increased as the dietary Cd levels increased from 0.23 to 1.07 mg Cd/kg of DM. Cadmium
residues in the liver and kidney of goats fed a moderate- or high-Cd diet did not exceed the
standard accepted level, and there was little deposition in the muscle. Dietary Cd exhibited
different deposition rates between goat liver, kidney, and muscle. Dietary Cd promoted the
expression of metal transporter genes, which plays an imperative role in the uptake and
accumulation of Cd in the goat liver and kidney.

Supplementary Materials: The supplementary materials are available online at https://www.mdpi.
com/article/10.3390/ani12111408/s1.

Author Contributions: Conceptualization, formal analysis, and writing—original draft, K.G.; in-
vestigation, C.J., Y.T. and Q.G.; data acquisition and investigation, Q.W. and Y.W.; methodology
and resources, H.Z.; resource and visualization, L.Z.; supervision and project administration, Z.T.;
conceptualization, methodology, and funding acquisition, X.H. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Hunan Agricultural Finance Project (2016-6) and the
Open Project Program of Key Laboratory of Tarim Animal Husbandry Science and Technology from
Xinjiang Production & Construction Group (Grant No.: H5202001).

Institutional Review Board Statement: All experimental animal procedures were performed follow-
ing the protocols approved by the Animal Care and Use Committee of the Institute of Subtropical
Agriculture, Chinese Academy of Sciences, Changsha, China (Permit No. ISA000235).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are available from
the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.


https://www.mdpi.com/article/10.3390/ani12111408/s1
https://www.mdpi.com/article/10.3390/ani12111408/s1

Animals 2022, 12, 1408 13 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Chatabis-Mazurek, A.; Rechulicz, J.; Pyz-Lukasik, R. A Food-Safety Risk Assessment of Mercury, Lead and Cadmium in Fish
Recreationally Caught from Three Lakes in Poland. Animals 2021, 11, 3507. [CrossRef] [PubMed]

Wilkinson, ].M.; Hill, J.; Phillips, C.J.C. The accumulation of potentially-toxic metals by grazing ruminants. Proc. Nutr. Soc. 2003,
62,267-277. [CrossRef] [PubMed]

Cao, H,; Xing, C.; Zhuang, Y; Gu, X,; Luo, J.; Guo, X; Liu, P; Zhang, C.; Hu, G. Effect of Stress from Cadmium Combined with
Different Levels of Molybdenum on Serum Free Radical and Expression of Related Apoptosis Genes in Goat Livers. Biol. Trace
Elem. Res. 2016, 172, 346-353. [CrossRef] [PubMed]

Rogowska, K.A.; Monkiewicz, J.; Kaszyca, S. Correlations in cadmium concentrations in the body of the sheep poisoned subacutely
and nourished with or without a supplement of detoxicating preparation. Bull. Vet. Inst. Pulawy 2008, 52, 135-140.

Ajarem, ].S.; Hegazy, A K,; Allam, G.A.; Allam, A.A.; Maodaa, S.N.; Mahmoud, A.M. Heavy Metal Accumulation, Tissue Injury,
Oxidative Stress, and Inflammation in Dromedary Camels Living near Petroleum Industry Sites in Saudi Arabia. Animals 2022,
12,707. [CrossRef]

Nriagu, J.; Boughanen, M.; Linder, A.; Howe, A.; Grant, C.; Rattray, R.; Vutchkov, M.; Lalor, G. Levels of As, Cd, Pb, Cu, Se and
Zn in bovine kidneys and livers in Jamaica. Ecotoxicol. Environ. Saf. 2009, 72, 564-571. [CrossRef]

Cai, Q.; Long, M.L.; Zhu, M.; Zhou, Q.Z.; Zhang, L.; Liu, J. Food chain transfer of cadmium and lead to cattle in a lead-zinc
smelter in Guizhou, China. Environ. Pollut. 2009, 157, 3078-3082. [CrossRef]

Wiostowski, T.; Bonda, E.; Krasowska, A. Free-ranging European bisons accumulate more cadmium in the liver and kidneys than
domestic cattle in north-eastern Poland. Sci. Total Environ. 2006, 364, 295-300. [CrossRef]

McKie, A.T.; Marciani, P,; Rolfs, A.; Brennan, K.; Wehr, K.; Barrow, D.; Miret, S.; Bomford, A.; Peters, T.J.; Farzaneh, F,; et al. A
novel duodenal iron-regulated transporter, IREG1, implicated in the basolateral transfer of iron to the circulation. Mol. Cell 2000,
5,299-309. [CrossRef]

Min, K.S.; Ueda, H.; Kihara, T.; Tanaka, K. Increased hepatic accumulation of ingested Cd is associated with upregulation of
several intestinal transporters in mice fed diets deficient in essential metals. Toxicol. Sci. 2008, 106, 284-289. [CrossRef]
Gunshin, H.; Mackenzie, B.; Berger, U.V.; Gunshin, Y.; Romero, M.E; Boron, W.E; Nussberger, S.; Gollan, J.L.; Hediger, M.A.
Cloning and characterization of a mammalian proton-coupled metal-ion transporter. Nature 1997, 388, 482-488. [CrossRef]
[PubMed]

Ryu, D.Y;; Lee, S.J.; Park, D.W.; Choi, B.S.; Klaassen, C.D.; Park, ].D. Dietary iron regulates intestinal cadmium absorption through
iron transporters in rats. Toxicol. Lett. 2004, 152, 19-25. [CrossRef]

Dalton, T.P; He, L.; Wang, B.; Miller, M.L.; Jin, L.; Stringer, K.F,; Chang, X.; Baxter, C.S.; Nebert, D.W. Identification of mouse
SLC39A8 as the transporter responsible for cadmium-induced toxicity in the testis. Proc. Natl. Acad. Sci. USA 2005, 102, 3401-3406.
[CrossRef] [PubMed]

Girijashanker, K.; He, L.; Soleimani, M.; Reed, ].M.; Li, H.; Liu, Z.; Wang, B.; Dalton, T.P.; Nebert, D.W. Slc39a14 gene encodes
ZIP14, a metal/bicarbonate symporter: Similarities to the ZIP8 transporter. Mol. Pharmacol. 2008, 73, 1413-1423. [CrossRef]
[PubMed]

Liu, Z.; Li, H.; Soleimani, M.; Girijashanker, K.; Reed, ].M.; He, L.; Dalton, T.P.; Nebert, D.W. Cd?* versus Zn2* uptake by the
ZIP8 HCO;3; ™~ -dependent symporter: Kinetics, electrogenicity and trafficking. Biochem. Biophys. Res. Commun. 2008, 365, 814-820.
[CrossRef]

Troadec, M.B.; Ward, D.M.V,; Lo, E.; Kaplan, ]J.; De Domenico, I. Induction of FPN1 transcription by MTF-1 reveals a role for
ferroportin in transition metal efflux. Blood 2010, 116, 4657-4664. [CrossRef]

Park, B.; Chung, J. Cadmium increases ferroportin-1 gene expression in J774 macrophage cells via the production of reactive
oxygen species. Nutr. Res. Pract. 2009, 3, 192. [CrossRef]

Fujishiro, H.; Yano, Y.; Takada, Y.; Tanihara, M.; Himeno, S. Roles of ZIP8, ZIP14, and DMT1 in transport of cadmium and
manganese in mouse kidney proximal tubule cells. Metallomics 2012, 4, 700-708. [CrossRef]

Breton, J.; Le Clere, K; Daniel, C.; Sauty, M.; Nakab, L.; Chassat, T.; Dewulf, J.; Penet, S.; Carnoy, C.; Thomas, P; et al. Chronic
ingestion of cadmium and lead alters the bioavailability of essential and heavy metals, gene expression pathways and genotoxicity
in mouse intestine. Arch. Toxicol. 2013, 87, 1787-1795. [CrossRef]

Jorge-Nebert, L.F.; Galvez-Peralta, M.; Landero Figueroa, J.; Somarathna, M.; Hojyo, S.; Fukada, T.; Nebert, D.W. Comparing
gene expression during cadmium uptake and distribution: Untreated versus oral Cd-treated wild-type and ZIP14 knockout mice.
Toxicol. Sci. 2015, 143, 26-35. [CrossRef]

Solaiman, D.; Jonah, M.M.; Miyasaki, W.; Ho, G.; Bhattacharyya, M.H. Increased metallothionein in mouse liver, kidneys, and
duodenum during lactation. Toxicol. Sci. 2001, 60, 184-192. [CrossRef] [PubMed]

Zacharias, B.; Ott, H.; Drochner, W. The influence of dietary microbial phytase and copper on copper status in growing pigs.
Anim. Feed Sci. Technol. 2003, 106, 139-148. [CrossRef]

Xia, Y.; Li, J.; Ren, W.; Feng, Z.; Huang, R.; Yin, Y. Transcriptomic analysis on responses of the liver and kidney of finishing pigs
fed cadmium contaminated rice. J. Sci. Food Agric. 2018, 98, 2964-2972. [PubMed]

National Research Council (NRC). Nutrient Requirements of Small Ruminants: Sheep, Goats, Cervids, and New World Camelids; The
National Academies Press: Washington, DC, USA, 2007.


http://doi.org/10.3390/ani11123507
http://www.ncbi.nlm.nih.gov/pubmed/34944283
http://doi.org/10.1079/PNS2003209
http://www.ncbi.nlm.nih.gov/pubmed/14506874
http://doi.org/10.1007/s12011-015-0610-2
http://www.ncbi.nlm.nih.gov/pubmed/26758867
http://doi.org/10.3390/ani12060707
http://doi.org/10.1016/j.ecoenv.2008.05.001
http://doi.org/10.1016/j.envpol.2009.05.048
http://doi.org/10.1016/j.scitotenv.2005.12.009
http://doi.org/10.1016/S1097-2765(00)80425-6
http://doi.org/10.1093/toxsci/kfn146
http://doi.org/10.1038/41343
http://www.ncbi.nlm.nih.gov/pubmed/9242408
http://doi.org/10.1016/j.toxlet.2004.03.015
http://doi.org/10.1073/pnas.0406085102
http://www.ncbi.nlm.nih.gov/pubmed/15722412
http://doi.org/10.1124/mol.107.043588
http://www.ncbi.nlm.nih.gov/pubmed/18270315
http://doi.org/10.1016/j.bbrc.2007.11.067
http://doi.org/10.1182/blood-2010-04-278614
http://doi.org/10.4162/nrp.2009.3.3.192
http://doi.org/10.1039/c2mt20024d
http://doi.org/10.1007/s00204-013-1032-6
http://doi.org/10.1093/toxsci/kfu204
http://doi.org/10.1093/toxsci/60.1.184
http://www.ncbi.nlm.nih.gov/pubmed/11222885
http://doi.org/10.1016/S0377-8401(03)00007-5
http://www.ncbi.nlm.nih.gov/pubmed/29171875

Animals 2022, 12, 1408 14 0of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wang, Q.; Wang, Y.; Hussain, T.; Dai, C,; Li, J.; Huang, P; Li, Y;; Ding, X.; Huang, J.; Ji, F; et al. Effects of dietary energy level on
growth performance, blood parameters and meat quality in fattening male Hu lambs. J. Anim. Physiol. Anim. Nutr. 2020, 104,
418-430. [CrossRef]

Gebeyew, K.; Chen, W.; Yan, Q.; He, Z; Tan, Z. Growth of Pancreas and Intestinal Enzyme Activities in Growing Goats: Influence
of a Low-Protein Diet. Agriculture 2021, 11, 1155. [CrossRef]

Yao, W.; Sun, L.; Zhou, H.; Yang, F; Mao, D.; Wang, J.; Chen, L.; Zhang, G.; Dai, ].; Xiao, G.; et al. Additive, dominant parental
effects control the inheritance of grain cadmium accumulation in hybrid rice. Mol. Breed. 2015, 35, 39. [CrossRef]

Gebeyew, K,; Yang, C.; He, Z.; Tan, Z. Low-protein diets supplemented with methionine and lysine alter the gut microbiota
composition and improve the immune status of growing lambs. Appl. Microbiol. Biotechnol. 2021, 105, 8393-8410. [CrossRef]
Zhao, J.; Wang, C.; Zhang, L.; Lei, A.; Wang, L.; Niu, L.; Zhan, S.; Guo, J.; Cao, J; Li, L.; et al. Genome-Wide Identification of
Reference Genes for Reverse-Transcription Quantitative PCR in Goat Rumen. Animals 2021, 11, 3137. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-8ACT method.
Methods 2001, 25, 402-408. [CrossRef]

Jin, Y;; Lu, Y;; Li, Y.; Zhao, H.; Wang, X.; Shen, Y.; Kuang, X. Correlation between environmental low-dose cadmium exposure
and early kidney damage: A comparative study in an industrial zone vs. a living quarter in Shanghai, China. Environ. Toxicol.
Pharmacol. 2020, 79, 103381. [CrossRef]

Haouem, S.; Hmad, N.; Fathel, M.; El, A.; Sakly, R. Accumulation of cadmium and its effects on liver and kidney functions in rats
given diet containing cadmium-polluted radish bulb. Exp. Toxicol. Pathol. 2007, 59, 77-80. [CrossRef] [PubMed]

Hill, J.; Stark, B.A.; Wilkinson, ].M.; Curran, M.K; Lean, L].; Hall, ].E.; Livesey, C.T. Accumulation of potentially toxic elements by
sheep given diets containing soil and sewage sludge. 2. Effect of the ingestion of soils treated historically with sewage sludge.
Anim. Sci. 1998, 67, 87-96. [CrossRef]

Lane, E.A.; Canty, M.].; More, S.J. Cadmium exposure and consequence for the health and productivity of farmed ruminants. Res.
Vet. Sci. 2015, 101, 132-139. [CrossRef] [PubMed]

Artacho, P.,; Soto-gamboa, M.; Verdugo, C.; Nespolo, R.E. Blood biochemistry reveals malnutrition in black-necked swans (Cygnus
melanocoryphus) living in a conservation priority area. Comp. Biochem. Physiol.-Mol. Integr. Physiol. 2007, 146, 283-290. [CrossRef]
Andjelkovic, M.; Djordjevic, A.B.; Antonijevic, E.; Spasojevic-kalimanovska, V.; Jovanovic, M.; Boricic, N. Toxic Effect of Acute
Cadmium and Lead Exposure in Rat Blood, Liver, and Kidney. Int. J. Environ. Res. Public Health 2019, 16, 274. [CrossRef]
Renugadevi, J.; Prabu, S.M. Cadmium induced Hepatotoxicity in rats and the protective effect of Cadmium-induced hepatotoxicity
in rats and the protective effect of naringenin. Exp. Toxicol. Pathol. 2018, 62, 171-181. [CrossRef]

Lovasova, E.; Racz, O.; Cimbolakova, I.; Novakova, J. Effects of Chronic Low-Dose Cadmium Exposure on Selected Biochemical
and Antioxidant Parameters in Rats. J. Toxicol. Environ. Health-Part A Curr. Issues 2013, 76, 1033-1038. [CrossRef]

Olisekodiaka, J.; Igbeneghu, C.A.; Onuegbu, A.J. Lipid, Lipoproteins, Total Antioxidant Status and Organ Changes in Rats
Administered High Doses. Med. Princ. Pract. 2010, 21, 156-159. [CrossRef]

Rogalska, J.; Brzéska, M.M.; Roszczenko, A.; Moniuszko-jakoniuk, J. Enhanced zinc consumption prevents cadmium-induced
alterations in lipid metabolism in male rats. Chemico-Biol. Interact. 2009, 177, 142-152. [CrossRef]

Abdelaziz, I.; Elhabiby, M.; Ashour, A.A. Toxicity of cadmium and protective effect of bee honey, vitamins C and B complex. Hum.
Exp. Toxicol. 2018, 32, 362-370. [CrossRef]

Goyal, T,; Mitra, P; Singh, P.; Sharma, S.; Sharma, P. Assessement of Blood Lead and Cadmium Levels in Occupationally Exposed
Workers of Jodhpur, Rajasthan. Indian J. Clin. Biochem. 2021, 36, 100-107. [CrossRef] [PubMed]

Prankel, S.H.; Nixon, R.M.; Phillips, C.J.C. Meta-analysis of feeding trials investigating cadmium accumulation in the livers and
kidneys of sheep. Environ. Res. 2004, 94, 171-183. [CrossRef]

Klaassen, C.D,; Liu, J.; Choudhuri, S. Metallothionein: An intracellular protein to protect against cadmium toxicity. Ann. Rev.
Pharm. Toxicol. 1999, 39, 267-294. [CrossRef] [PubMed]

Waegeneers, N.; Pizzolon, ].C.; Hoenig, M.; De Temmerman, L. Accumulation of trace elements in cattle from rural and industrial
areas in Belgium. Food Addit. Contam.-Part A Chem. Anal. Control Expo. Risk Assess. 2009, 26, 326-332. [CrossRef] [PubMed]
Bressler, J.P; Olivi, L.; Cheong, ].H.; Kim, Y.; Bannon, D. Divalent metal transporter 1 in lead and cadmium transport. Ann. N. Y.
Acad. Sci. 2004, 1012, 142-152. [CrossRef]

Park, ].D.; Cherrington, N.J.; Klaassen, C.D. Intestinal absorption of cadmium is associated with divalent metal transporter 1 in
rats. Toxicol. Sci. 2002, 68, 288-294. [CrossRef]

Leazer, TM.; Liu, Y.; Klaassen, C.D. Cadmium absorption and its relationship to divalent metal transporter-1 in the pregnant rat.
Toxicol. Appl. Pharm. 2002, 185, 18-24. [CrossRef]

He, L.; Girijashanker, K.; Dalton, T.P.; Reed, ]J.; Li, H.; Soleimani, M.; Nebert, D.W. ZIP8, member of the solute-carrier-39 (SLC39)
metal-transporter family: Characterization of transporter properties. Mol. Pharmacol. 2006, 70, 171-180. [CrossRef]

Fujishiro, H.; Doi, M.; Enomoto, S.; Himeno, S. High sensitivity of RBL-2H3 cells to cadmium and manganese: An implication of
the role of ZIP8. Metallomics 2011, 3, 710-718. [CrossRef]

Fujishiro, H.; Okugaki, S.; Kubota, K.; Fujiyama, T.; Miyataka, H.; Himeno, S. The role of ZIP8 down-regulation in cadmium-
resistant metallothionein-null cells. J. Appl. Toxicol. 2009, 29, 367-373. [CrossRef]

Abboud, S.; Haile, D.J. A Novel Mammalian Iron-regulated Protein Involved in Intracellular Iron Metabolism. J. Biol. Chem. 2000,
275, 26. [CrossRef] [PubMed]


http://doi.org/10.1111/jpn.13278
http://doi.org/10.3390/agriculture11111155
http://doi.org/10.1007/s11032-015-0246-0
http://doi.org/10.1007/s00253-021-11620-4
http://doi.org/10.3390/ani11113137
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1016/j.etap.2020.103381
http://doi.org/10.1016/j.etp.2007.03.006
http://www.ncbi.nlm.nih.gov/pubmed/17576059
http://doi.org/10.1017/S1357729800009826
http://doi.org/10.1016/j.rvsc.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26267103
http://doi.org/10.1016/j.cbpa.2006.10.031
http://doi.org/10.3390/ijerph16020274
http://doi.org/10.1016/j.etp.2009.03.010
http://doi.org/10.1080/15287394.2013.828249
http://doi.org/10.1159/000333385
http://doi.org/10.1016/j.cbi.2008.09.011
http://doi.org/10.1177/0960327111429136
http://doi.org/10.1007/s12291-020-00878-6
http://www.ncbi.nlm.nih.gov/pubmed/33505134
http://doi.org/10.1016/S0013-9351(03)00084-7
http://doi.org/10.1146/annurev.pharmtox.39.1.267
http://www.ncbi.nlm.nih.gov/pubmed/10331085
http://doi.org/10.1080/02652030802429096
http://www.ncbi.nlm.nih.gov/pubmed/19680905
http://doi.org/10.1196/annals.1306.011
http://doi.org/10.1093/toxsci/68.2.288
http://doi.org/10.1006/taap.2002.9505
http://doi.org/10.1124/mol.106.024521
http://doi.org/10.1039/c1mt00020a
http://doi.org/10.1002/jat.1419
http://doi.org/10.1074/jbc.M000713200
http://www.ncbi.nlm.nih.gov/pubmed/10747949

Animals 2022, 12, 1408 150f 15

53.

54.

55.

56.

57.

58.

59.

60.

Donovan, A.; Cutts, A.; Donovan, A.; Brownlie, A.; Zhou, Y.; Shepard, ].; Pratt, S.J.; Moynihan, J.; Paw, B.H.; Drejer, A,;
et al. Positional cloning of zebrafish ferroportinl identifies a conserved vertebrate iron exporter Positional cloning of zebrafish
ferroportinl identifies a conserved vertebrate iron exporter. Nature 2000, 403, 776-781. [CrossRef] [PubMed]

Wolff, N.A,; Liu, W,; Fenton, R.A.; Lee, W.; Thévenod, E; Smith, C.P. Ferroportin 1 is expressed basolaterally in rat kidney
proximal tubule cells and iron excess increases its membrane trafficking. J. Cell. Mol. Med. 2011, 15, 209-219. [CrossRef] [PubMed]
Mitchell, C.J.; Shawki, A.; Ganz, T.; Nemeth, E.; Mackenzie, B. Functional properties of human ferroportin, a cellular iron exporter
reactive also with cobalt and zinc. Am. . Physiol.-Cell Physiol. 2013, 306, C450-C459. [CrossRef] [PubMed]

Leong, W.; Bowlus, C.L.; Tallkvist, J.; Lo, B.; Bowlus, C.L.; Tallk, J.; Lo, B. DMT1 and FPNI1 expression during infancy:
Developmental regulation of iron absorption. Am. J. Physiol.-Gastrointest. Liver Physiol. 2003, 285, G1153-G1161. [CrossRef]
Ohrvik, H.; Oskarsson, A.; Lundh, T.; Ohrvik, H.; Skerfving, S.; Tallkvist, ]. Impact of iron status on cadmium uptake in suckling
piglets. Toxicology 2007, 240, 15-24. [CrossRef]

Kamunde, C.; Macphail, R. Metal-metal interactions of dietary cadmium, copper and zinc in rainbow trout, Oncorhynchus mykiss.
Ecotoxicol. Environ. Saf. 2011, 74, 658-667. [CrossRef]

Nica, D.V,; Draghici, G.A.; Andrica, EM.; Popescu, S.; Coricovac, D.E.; Cristina, A.; Gergen, LI.; Kovatsi, L.; Coleman, M.D.;
Tsatsakis, A. Short-term effects of very low dose cadmium feeding on copper, manganese and iron homeostasis: A gastropod
perspective. Environ. Toxicol. Pharmacol. 2019, 65, 9-13. [CrossRef]

Chung, J.; Haile, D.J.; Wessling-resnick, M. Copper-induced ferroportin-1 expression in J774 macrophages is associated with
increased iron efflux. Proc. Natl. Acad. Sci. USA 2004, 101, 2700-2705. [CrossRef]


http://doi.org/10.1038/35001596
http://www.ncbi.nlm.nih.gov/pubmed/10693807
http://doi.org/10.1111/j.1582-4934.2009.00985.x
http://www.ncbi.nlm.nih.gov/pubmed/20015204
http://doi.org/10.1152/ajpcell.00348.2013
http://www.ncbi.nlm.nih.gov/pubmed/24304836
http://doi.org/10.1152/ajpgi.00107.2003
http://doi.org/10.1016/j.tox.2007.07.012
http://doi.org/10.1016/j.ecoenv.2010.10.016
http://doi.org/10.1016/j.etap.2018.10.005
http://doi.org/10.1073/pnas.0306622101

	Introduction 
	Materials and Methods 
	Animals and Experimental Design 
	Growth Performance and Plasma Biochemical Indices 
	Determination of the Cd and Fe Concentration in Tissues 
	RNA Extraction and cDNA Synthesis 
	Gene Expression Profile 
	Statistical Analysis 

	Results 
	Effects of Dietary Cd on Growth Performance and Plasma Biochemical Indices 
	Effects of Dietary Cd on the Cd and Fe Concentrations in the Liver, Kidney and Muscle Tissues 
	Effects of Dietary Cd on the Expression of Genes Involved in Metal Transport 

	Discussion 
	Conclusions 
	References

