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Abstract

Cadmium (Cd) is a toxic non-essential element, while calcium (Ca) is an essential element

with high chemical similarity to Cd. Dietary intake is the major Cd exposure pathway for non-

smokers. A multi-concentration dietary intervention experiment was designed to explore the

optimum concentration of Ca in diet with obvious protective effects against the toxicity of liv-

ers and kidneys induced by Cd in mice. The mice were divided into six groups with different

concentrations of Cd and Ca in their food: control-group (no Cd or Ca), Ca-group (100 g/kg

Ca, without Cd), Cd-group (2 mg/kg Cd, without Ca), CaL+Cd-group (2 mg/kg Cd, 2 g/kg

Ca), CaM+Cd-group (2 mg/kg Cd, 20 g/kg Ca) and CaH+Cd-group (2 mg/kg Cd, 100 g/kg

Ca). The organ indexes, oxidative stress biomarkers, lesions and Cd concentrations were

detected after a 30-day exposure period. Results showed that serum Aspartate Aminotrans-

ferase (AST) level in CaH+Cd-group was significantly lower than that in Cd-group, while

close to that in control-group. The contents of Serum Blood Urea Nitrogen (BUN) in different

groups showed the same trend. Concentrations of all oxidative stress biomarkers (GSH-Px,

SOD, CAT, GSH and MDA) in CaH+Cd-group were close to the normal levels of control-

group while significantly different from those in Cd-group. The only exception was the Mal-

ondialdehyde (MDA) levels in kidneys. This study suggests that Ca plays a protective role in

relieving the Cd-induced toxicity of livers and kidneys and a concentration of 100 g/kg for Ca

in diet showed the best protective effects. These findings could provide a clue for further

studies concerning human diet intervention for Cd control.

Introduction

Cadmium (Cd) is a serious toxic heavy metal derived mainly from industrial sources such as

mining and smelting [1, 2]. Due to the rapid development of industrialization and urbaniza-

tion, China has been suffering from severe heavy metal contamination in the past 20 years [3].
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A national survey in 2018 showed that 19.4% of agricultural soils in China were contaminated

by heavy metals [3], among which Cd played a major role [4]. Cd concentration in food like

rice, wheat and vegetables has dramatically increased due to the influences of human activities

and/or other planting activities on agricultural soils in China [5]. In up to 65% of rice from

south China, the Cd concentration has exceeded the rice Cd standard of 0.20 μg/g used in

China [6]. Dietary intake is the main route of Cd exposure for non-smokers [7, 8]. Consider-

able amount of Chinese may be exposed to Cd levels beyond the acceptable limits due to rice

consumption [4]. From 1990 to 2015, the average dietary Cd intake for Chinese has been more

than doubled, reflecting the increased risk of Cd pollution in the food chain [9]. With its long

half-life, Cd could accumulate in organs and cause adverse health effects after entering human

body [10]. Previous studies have further shown that Cd can cause toxic effects on the kidneys,

livers, lungs, brain and testes, inducing osteoporosis, cardiovascular disease and even cancer

[11–13].

Diet intake is an important source of Cd and of nutrients that could influence the absorp-

tion of Cd [14]. Previous studies have found that nutritional status could affect the accumula-

tion and toxicity of Cd. It has been reported that several elements such as calcium (Ca), zinc

(Zn), selenium (Se) and iron (Fe) may play a significant role in protecting humans and animals

from Cd toxicity [15–17]. Ca is one of the essential elements for humans and performs a wide

range of functions [18]. Due to the high chemical similarity to Cd [19], Ca has confirmed

effects in regulating physiological or metabolic changes induced by Cd [20]. A recent study has

found that 150 ~ 5000 mg/kg of Ca intake could effectively reduce relative bioavailability of

rice Cd from 31 ~ 80% to 8.5 ~ 29% [2]. It has also been reported that the supplement of Ca

could reduce its the absorption of Cd in intestine and therefore decrease the oxidative stress

caused by Cd in rats. In comparison, Ca deficiency could increase the synthesis of Ca binding

protein, resulting in the increase of intestinal absorption of Cd [21]. However, inadequate Ca

intake has been a widespread nutritional problem across China. Data from the 2015 China

Nutritional Transition Cohort Study showed that dietary Ca intake was insufficient for 94.3%

people [22]. In summary, large amounts of Cd exposure and insufficient Ca intake may jointly

exacerbate the threat caused by Cd, a thorny problem for public health in China.

Researches on the toxicity of Cd exposure as well as the interaction between Ca and Cd

have been carried out worldwide [23, 24]. However, few studies have contained in vivo experi-

ments simulating human dietary exposure pathways to explore the optimal Ca intervention

concentration. We carried out a gradient Ca diet supplement strategy to explore the protective

effects of Ca on organ damage induced by Cd. Our aim is to determine an optimal Ca concen-

tration, which will provide the data support for further studies on reducing the risk of Cd to

human health.

Materials and methods

Animals

A total of 36 5-week-old SPF (Specific Pathogen Free) Balb/c mice (half male and half female),

weighing approximately 14.74 ± 1.21 g were purchased from Qinglongshan Experimental Ani-

mal Breeding Farm (Nanjing, China). These mice were acclimated for one week before experi-

ment. During the acclimation period, the mice were fed with adequate Milli-Q water and

mouse food which meets the standard of Laboratory Animals–Nutrients for Formula Feeds (GB

14924.3–2010) under standard animal room condition (12h:12h light/dark circulation, 25˚C

and 50% humidity) [25]. Animal feeding conformed to the Guide for the Care and Use of Lab-

oratory Animal at Nanjing University and all the experiments with animals were carried out

according to the guidelines of the institutional animal ethical committee. Experimental Animal
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Welfare Ethics Committee, Jiangsu Provincial Center for Disease Control and Prevention has

reviewed the study protocol and approved this research (approval number: JSJK/JL-161).

Some measures haven been taken to ensure the welfare of experimental animals. Before the

experiment, the mice were acclimated for one week. During the experiment period, all the

mice lived in the standard animal room and were fed with sufficient Milli-Q water and food.

At the end of the experiment, the mice were euthanized using cervical vertebra dislocation to

avoid long-term pain.

Animal treatments

After one-week acclimation period, the mice were randomly divided into 6 groups with 6 mice

in each group. In order to be consistent with the ratio of male to female in the natural environ-

ment, we set each group of male and female mice to be half each. There was no significant dif-

ference in body weights among the six groups at the beginning of the study. The female and

male mice of each group were kept separately in two cages. We have already completed an

experiment before, in which four groups of mice were fed mouse food containing different

concentrations of Cd (S1 Table). According to the results of the experiment (S2 Table and S1–

S7 Figs) and National Food Safety Standard—Limit of Pollutants in Food (GB 2762–2017), we

chose 2 mg/kg Cd in diet as the dose of Cd exposure, which could induce significant toxicity of

mouse organs compared with the control group within one-month exposure period. The

groups included a control-group (without Cd or Ca in the mouse food), a Ca-group (with 100

g/kg Ca), a Cd-group (with 2 mg/kg Cd) and three Ca intervention groups. Considering the

palatability of mouse food, the Ca concentration gradient is set as 2 g/kg, 20 g/kg and 100 g/kg.

In addition to 2 mg/kg Cd, 2 g/kg, 20 g/kg and 100 g/kg Ca was added in the mouse food of

the CaL+Cd-group, CaM+Cd-group and CaH+Cd-group, respectively. All the mouse food was

specially produced by the professional manufacturer (Suzhou Shuangshi Experimental Animal

Feed Technology Co., Ltd.) according to the experimental design. Cd and Ca was added in the

specially designed mouse food in the form of cadmium chloride (AR grade, Wanqinghua

Glass Instrument Co., Ltd., Nanjing, China) and calcium carbonate (AR grade, Wanqinghua

Glass Instrument Co., Ltd., Nanjing, China), respectively. In the 30-day exposure period, each

mouse received approximately 4 g of specially-made feed at 9 a.m. every day and their weights

were recorded. We monitored all the mice every day to confirm their growth status. No mice

died during the experimental period. In the end of the exposure period, after fasting for 12

hours, each mouse was placed in a box containing 3% isoflurane for about 2–3 minutes until it

was completely anesthetized. Then blood samples of mice were drawn from orbit and all the

mice were euthanized using cervical vertebra dislocation.

Sample preparation

The blood samples were centrifuged at 3500 r/min for 30 minutes after standing at room tem-

perature for 2 hours. The serum was collected and stored in a -80˚C freezer. The livers and kid-

neys were separated quickly and weighed the wet weights. One kidney was fixed in 4%

paraformaldehyde solution for HE staining; another kidney was divided into two parts and

weighed respectively. One part of kidney was immediately stored in -80˚C for determination

of Cd concentration. The other part of kidney was added with normal saline with the ratio of

weight (g): volume(mL) = 1: 9, mechanically homogenized under ice water bath conditions

and centrifuged at 2500 r/min for 10 minutes. The supernatants were taken and stored at a

-20˚C freezer for the determination of functional indicators and oxidative stress indicators.

The liver of each mouse was evenly divided into three parts, and then the above procedure was

repeated.

PLOS ONE Dietary calcium intervention against the toxicity of cadmium in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0250885 May 11, 2021 3 / 16

https://doi.org/10.1371/journal.pone.0250885


The calculation of organ indexes

The organ indexes were calculated according to the following equation:

Organ index ð%Þ ¼
m ðliver or kidneyÞ

m ðbodyÞ
� 100% ð1Þ

where m (liver or kidney) is the weight of the liver or the kidneys, m (body) is the body weight

of the mouse.

Serum biochemical assay

The serum Alanine Aminotransferase (ALT) and Aspartate Aminotransferase (AST) were

measured using Alanine Aminotransferase assay kit (C009-2-1, Jiancheng Bioengineering

Institute, Nanjing, China) and Aspartate Aminotransferase assay kit (C010-1-1, Jiancheng Bio-

engineering Institute, Nanjing, China), respectively. The Blood Urea Nitrogen (BUN) and Cre-

atinine (Cr) were determined using Urea Assay Kit (C013-2-1, Jiancheng Bioengineering

Institute, Nanjing, China) and Creatinine assay kit (C011-1-1, Jiancheng Bioengineering Insti-

tute, Nanjing, China), respectively. All the detection was conducted in Jiancheng Bioengineer-

ing Institute, Nanjing, China according to the manufacturer’s recommended protocol.

Measurement of oxidative biochemical parameters in organs

The activities of Superoxide Dismutase (SOD), Glutathione Peroxidase (GSH-Px) and Catalase

(CAT), as well as the levels of Malondialdehyde (MDA) and Glutathione (GSH) in livers and

kidneys were determined in Jiancheng Bioengineering Institute, Nanjing, China. The above

detection was conduction using SOD assay kit (A001-3-2, Jiancheng Bioengineering Institute,

Nanjing, China), GSH-Px assay kit (A005-1-1, Jiancheng Bioengineering Institute, Nanjing,

China), CAT assay kit (A007-1-1, Jiancheng Bioengineering Institute, Nanjing, China), MDA

assay kit (A003-1-2, Jiancheng Bioengineering Institute, Nanjing, China) and GSH assay kit

(A006-1-1, Jiancheng Bioengineering Institute, Nanjing, China), respectively according to the

manufacturer’s recommended protocol.

Histological examination

The livers and kidneys were fixed in 4% paraformaldehyde solution, embedded in paraffin,

sliced into tissue slices and stained with Hematoxylin-Eosin (HE). The pathological structural

changes were observed under an optical microscope (200×). The histological examination of

liver and kidneys were recorded as 0 ~ 4 points based on the degree of lesions from light to

heavy (normal—0 points, slight—0.5 points, mild—1 points, moderate—2 points, severe—3

points, very severe—4 points).

Determination of Cd concentrations in organs

The samples of livers and kidneys were digested in 5 mL of 68% ultra-pure nitric acid over a

night, then digested in a microwave digestion apparatus (Ethos UP, Milestone, Milan, Italy).

The Cd concentrations in the livers and kidneys were measured by inductively coupled plasma

mass spectrometry (ICP-MS, NexION 300X, PerkinElmer, Waltham, MA, USA.) with an

indium isotope (114 In) as an internal standard. The determination was conducted according

to the US Environmental Protection Agency (US EPA) Method 3050B. Reagent blank test was

carried out before sample analysis to ensure that all reagent consumables were Cd interfer-

ence-free. The limit of detection (0.045 μg/L and 0.068 μg/L for liver Cd detection and kidney

Cd detection, respectively) was determined as the mean value plus three times of standard
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deviation of blank reagent, and half LOD was used for undetected samples. The Cd values of

all the samples were higher than LOD.

Statistical analysis

The values were expressed as mean ± standard deviation (SD) (n = 6). Statistical analysis was

performed by SPSS software version 22.0 (IBM-SPSS Inc., Chicago, IL, USA) for windows.

Two-way analysis of variance (ANOVA) with LSD post-hoc test was applied. Sex and treat-

ment were set as two influencing factors. The results of the tests of between-subjects effects in

different dependent variables were showed in S3 Table. Treatments showed the significant

effect contributed to all the indicators except for SOD of kidney. Sexes showed the significant

effect contributed to kidney index and MDA of kidney. An interaction effect of treatments and

sexes contributed to BUN significantly. Therefore, the sex differences in the indicators were

not considered in the results section. The relevant content was explained in the discussion sec-

tion. All the graphics were drawn by GraphPad Prism software version 8.3.0. It was considered

to be significant differences while the p value was less than 0.05.

Results

Organ index changes

The liver index of Cd-group was significantly lower than that of control-group. It could be

found that 20 g/kg Ca showed the best intervention effect, for the liver index in CaM+Cd-

group increased to the normal level of control-group, with significant difference from that of

Cd-group (p< 0.05), while the intervention effects of CaL+Cd-group and CaH+Cd-group

were not obvious (Fig 1A). As Fig 1B showed, the kidney index of CaH+Cd-group was signifi-

cantly lower than those of both control-group and Cd-group (p< 0.05). The two organ

indexes of Ca group were both lower than those of control group, while the liver index of Ca

group was significantly lower than that of control group.

Changes of organ dysfunction

Serum ALT and AST of mice. As Fig 2A and 2B showed, the serum ALT and AST activity

of Cd-group was significantly higher than those of control-group (p < 0.05), indicating obvi-

ous liver dysfunction induced by Cd, while there was no significant difference between Ca-

group and control-group. It can also be observed that Ca intervention could effectively

decreased the serum ALT and AST activity, and the change was more obvious as the Ca con-

centration increased from 2 g/kg to 100 g/kg. The values of CaM+Cd-group and CaH+Cd-

Fig 1. The liver index (A) and kidney index (B) in different groups. The data are shown as mean ± SD.
�

P< 0.05,

compared with control-group.
��

P< 0.01, compared with control-group. # P< 0.05, compared with Cd-group. ##

P< 0.01, compared with Cd-group.

https://doi.org/10.1371/journal.pone.0250885.g001
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group were significantly lower than those of Cd-group, and 100 g/kg Ca showed the best pro-

tective effect on liver function.

Serum BUN and Cr of mice. The serum BUN (Fig 2C) and Cr (Fig 2D) of Cd-group were

significantly higher than those of control-group (p< 0.05), while those of Ca-group showed

no significant difference from control-group. The Ca intervention showed a relief to the kid-

ney dysfunction induced by Cd-exposure, while the CaH+Cd-group with high Ca concentra-

tion (100 g/kg) could effectively reduce the BUN concentration back to the normal level. As

for Cr, Ca also showed an obvious intervention compared with Cd-group, although none of

these three doses of Ca (2 g/kg; 20 g/kg; 100 g/kg) decreased the Cr concentration back to the

normal level.

Changes of oxidative stress in organs

Oxidative stress biomarkers of liver. It has been shown in Fig 3 that all the biomarkers in

Ca-group kept on the normal level compared with control-group, while Cd significantly

reduced the levels of GSH-Px (A), SOD (B), CAT (C) and GSH (D), meanwhile increased the

level of MDA (E) in liver compared with those in control-group (p< 0.01). However, the

administration of Ca effectively changed these indicators close to the normal levels, and the

CaH+Cd-group with high Ca concentration (100 g/kg) showed the best intervention effect,

where the five indicators returned back to the normal levels.

Oxidative stress biomarkers of kidney. The change trend of the biomarkers in kidney

was approximately similar with that in liver. It can be observed from Fig 4 that the biomarkers

in Ca-group were at the same level of control-group, while Cd-group showed significant differ-

ences in all the biomarkers compared with control-group (p< 0.05). It has been shown that

Ca could increase GSH-Px (A), SOD (B), CAT (C) and GSH (D) compared with Cd-group,

and the indicators in CaH+Cd-group (Ca 100 g/kg) increased back to the normal level. Mean-

while, MDA (E) content decreased as the Ca concentration increased, although it didn’t

completely return to the normal level within the intervention of different Ca concentrations in

this research.

Fig 2. The activity of serum ALT (A) and AST (B) and the concentration of serum BUN (C) and Cr (D) in

different groups. The data are shown as mean ± SD.
�

P< 0.05, compared with control-group.
��

P< 0.01, compared

with control-group. # P< 0.05, compared with Cd-group. ## P< 0.01, compared with Cd-group.

https://doi.org/10.1371/journal.pone.0250885.g002
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The histopathological analysis of organs

The pathological changes of liver. As Fig 5A showed, the liver section images of control-

group and Ca-group showed the normal appearance, without obvious pathological changes.

However, obvious sinusoidal congestion and inflammatory cell infiltration could be observed

in the liver section of Cd-group. The sinusoidal congestion and inflammatory cell infiltration

in CaL+Cd-group were reduced, and there wasn’t inflammatory cell infiltration symptom in

CaM+Cd-group and CaH+Cd-group, indicating that administration of Ca could partly relieve

the pathological changes induced by Cd.

It could be observed from Fig 5B that liver pathological score in Ca-group was at the normal

level and even lower than that in control-group, while the mean liver pathological score in Cd-

group was 5.99 times that of control-group, showing a significant difference (p< 0.01). The

groups with Ca-intervention showed the lower pathological scores compared with Cd-group,

indicating effects of Ca on relieving liver pathological changes induced by Cd, however, there

were no significant differences between Ca-intervention groups and Cd-group.

The pathological changes of kidneys. As Fig 6A showed, there were no obvious patho-

logical changes in control-group and Ca-group, while infiltration of inflammatory cells and

transparent casts were observed in Cd-group. Meanwhile, the symptoms in Ca intervention

groups were relieved as the Ca concentrations increased, which indicated that Ca could

partly relieve the

renal pathological changes although the symptoms couldn’t disappear completely.

The kidney pathological scores in Fig 6B showed a similar trend with the pathological sec-

tion images. The kidney pathological score in Ca-group (0.167 ± 0.408) was slightly higher

than that in control-group (0.08 ± 0.20), both in a low level and without significant difference,

Fig 3. The activity of GSH-Px (A), SOD (B) and CAT (C) and the content of GSH (D) and MDA (E) of liver in

different groups. The data are shown as mean ± SD.
�

P< 0.05, compared with control-group.
��

P< 0.01, compared

with control-group. # P< 0.05, compared with Cd-group. ## P< 0.01, compared with Cd-group.

https://doi.org/10.1371/journal.pone.0250885.g003
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while the mean score in Cd-group (2.75 ± 0.61) was approximately 33 times that of control-

group (0.08 ± 0.20), indicating significant effect of Cd on kidney pathological changes

(p< 0.01). The kidney pathological scores decreased while adding Ca in the mice diet, and the

scores were lower as the Ca concentration increased, however, even the highest Ca concentra-

tion (100 g/kg) didn’t make the damage return to the normal levels.

Fig 4. The activity of GSH-Px (A), SOD (B) and CAT (C) and the content of GSH (D) and MDA (E) of kidney in different

groups. The data are shown as mean ± SD.
�

P< 0.05, compared with control-group.
��

P< 0.01, compared with control-group.
# P< 0.05, compared with Cd-group. ## P< 0.01, compared with Cd-group.

https://doi.org/10.1371/journal.pone.0250885.g004
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Cd contents of organs

As showed in Fig 7A, Cd concentrations of liver in control-group and Ca-group were both at a

low level (0.035 ± 0.010 mg/kg liver and 0.059 ± 0.079 mg/kg liver, respectively). The value in

Fig 5. The pathological sections (A) and pathological scores (B) of livers in different groups. (A) Pathological

sections of liver. Pictures were taken at 200× magnification and the bar indicates 500 μm. Yellow arrows indicate

inflammatory cell infiltration, and black arrows indicate sinus congestion; (B) Liver pathological scores. The data are

shown as mean ± SD.
�

P< 0.05, compared with control-group.
��

P< 0.01, compared with control-group. # P< 0.05,

compared with Cd-group. ## P< 0.01, compared with Cd-group.

https://doi.org/10.1371/journal.pone.0250885.g005

Fig 6. The pathological sections (A) and pathological scores (B) of kidneys in different groups. (A) Pathological

sections of kidneys. Pictures were taken at 200× magnification and the bar indicates 500 μm. Yellow arrows indicate

inflammatory cell infiltration, and black arrows indicate transparent casts. (B) Kidney pathological scores. The data are

shown as mean ± SD.
�

P< 0.05, compared with control-group.
��

P< 0.01, compared with control-group. # P< 0.05,

compared with Cd-group. ## P< 0.01, compared with Cd-group.

https://doi.org/10.1371/journal.pone.0250885.g006
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Cd-group (0.443 ± 0.074 mg/kg liver) was significantly higher than that in control-group

(p< 0.01). The Ca intervention groups showed obvious decrease in Cd concentration com-

pared with that in Cd-group, while the value in CaH+Cd-group was decreased to the normal

level, showing no significant difference from that in control-group.

The Cd concentration of kidney in Cd-group (0.538 ± 0.067 mg/kg kidney) was signifi-

cantly higher than that in control-group (p< 0.01). The CaL+Cd-group showed no signifi-

cantly decrease in Cd concentration from that in Cd-group, while Cd concentrations in

CaM+Cd-group and CaH+Cd-group were significantly lower than that in Cd-group (p< 0.01).

However, even the Cd concentration in CaH+Cd-group was still significantly higher than that

in control-group (Fig 7B).

Discussion

Prior studies have found the quite long half-life of Cd in human body. Once absorbed, Cd will

accumulate in the human body, especially in the livers and kidneys for a long time, which con-

tains approximately 60% of the total Cd in the whole body [26]. It is partly because there is a

large number of metallothionein in these organs, which is easy to bind with heavy metals such

as Cd [27]. The toxicity to liver and/or kidneys of mice induced by Cd has been reported in

previous studies, which is specifically manifested in liver and kidney dysfunction, oxidative

stress and pathological changes [28–31]. Ca is known as an essential element that is of signifi-

cance in whole-body growth [32]. It has been reported that the content of Ca in body can sig-

nificantly influence Cd absorption in the gastrointestinal tract, for Cd use the same intestinal

transporters as Ca in both animals and humans [17, 21]. With a high chemical similarity to

Cd, Ca can regulate physiological or metabolic changes in organisms induced by Cd [33]. In

our study, all indicators in Ca-group were not significantly different from those in control-

group, which excluded the threat of Ca supplementation on the health of mice, whereas there

was significant toxicity of liver and kidneys in mice exposed to Cd as compared with the mice

in control-group. In comparison, Ca intervention effectively protected mice from organ dys-

function, oxidative damage and lesions induced by Cd, indicating protective effects of Ca on

Cd-induced organ toxicity.

The ALT and AST in the blood were used as important indicators of clinical liver function,

which will increase when liver function is impaired [34]. Serum Blood Urea Nitrogen (BUN)

and Creatinine (Cr) levels are important indicators for evaluating glomerular filtration func-

tion and are often used in the diagnosis of acute kidney injury syndrome [35]. These indicators

in Cd-group were all significantly higher than those in control-group (p< 0.01), suggesting

obvious liver and kidney dysfunction induced by Cd, which was consistent with the results in

prior studies [30, 31, 36]. Whereas, Ca showed protective effects on the organ dysfunction,

Fig 7. The Cd concentrations in liver(A) and kidney(B). The data are shown as mean ± SD. � P< 0.05, compared

with control-group. �� P< 0.01, compared with control-group. # P< 0.05, compared with Cd-group. ## P< 0.01,

compared with Cd-group.

https://doi.org/10.1371/journal.pone.0250885.g007
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especially in CaH+Cd-group, the level of AST and BUN decreased to the normal level of con-

trol-group. The changes in lipid peroxide content and the activity of antioxidant enzymes are

often used as biomarkers of oxidative stress caused by Cd to assess the degree of oxidative

damage to cells [37]. In this study, the activities of the antioxidant enzymes SOD, CAT and

GSH-Px and the levels of the non-enzymatic antioxidant GSH of liver and kidneys signifi-

cantly decreased in Cd-group compared control-group, while the levels of MDA increased sig-

nificantly (p< 0.05). The changes of SOD, CAT, GSH-Px and MDA were parallel to the

results of several previous studies [30, 31, 36]. By contrast, these indicators in Ca intervention

groups, especially CaH+Cd-group, were reversed to the levels in control-group. It has been

reported that Cd exposure increased the reactive oxygen species (ROS), and the over-produc-

tion of ROS may be one of the causes for oxidative stress in liver and kidneys [30, 31, 36, 38].

As a significant Cd-chelator, GSH plays an important role in intracellular Cd detoxification

[39]. The reduction in the activities of these antioxidant enzymes and non-enzymatic antioxi-

dant can weaken the ability of organisms to scavenge free radicals, leading to oxidative damage

in organs [40]. The MDA is a metabolite of lipid peroxidation, which has been considered as

an index of oxidative stress. It can be referred that Cd may inhibit the antioxidative system and

cause overproduction of ROS, leading to the oxidative stress of organs. Based on the findings

of previous studies [29, 31, 36, 41], the oxidative stress in liver further damaged the structural

integrity of liver cell membranes, causing the leakage of ALT and AST into blood, which also

explained the increase of serum ALT and AST induced by Cd. Antioxidant therapy has been

considered as a significant approach to inhibiting Cd toxicity [30, 42]. It can be derived that

Ca may indirectly protect organs from oxidative stress by increasing the content of GSH, and

further protected organ function.

Meanwhile, histological examination in our study revealed that Cd induced liver and kid-

ney pathological changes. In Cd-group, the pathological section of liver showed inflammatory

cell infiltration and sinus congestion, while that of kidney showed infiltration of inflammatory

cells and transparent casts. Although Ca intervention could partly relieve the pathological

changes induced by Cd, even the highest concentration of Ca (100 g/kg) couldn’t completely

eliminate Cd-induced lesions in liver and kidneys. The Cd concentrations in liver and kidneys

of Cd-group were both significantly higher than those of control-group, which indicating

higher Cd accumulation in organs because of higher Cd intake. Compared with Cd-group, the

Cd concentrations in Ca intervention groups showed decrease trend with a dose-dependence.

Once absorbed by bodies, Cd is easy to bind to metallothionein and accumulate in target

organs such as liver and kidney [24], which can explain the significantly higher concentrations

of Cd in livers and kidneys in Cd-group compared with control-group.

It has been verified that the combination of cadmium and MT can reduce the toxicity of

cadmium to mouse organs [43]. A previous study has found the MT concentration and the

binding rate of Cd to MT in the group added Ca in advance were both higher than those in the

group exposed to Cd without Ca [44]. Another study has found that the Cd accumulation in

livers and kidneys in mice fed with Ca-deficient food was significantly higher in the mice fed

with Ca-rich food after 6-week exposure period, and the accumulation might be strongly cor-

related with the mRNA expression of Ca transporter and metallothionein in intestine [24].

Based on previous studies and our results in this study, we inferred that it was partly because

Ca increased MT concentration and further promoted the combination of MT and Cd, reduc-

ing the toxicity of Cd to livers and kidneys. On the other hand, Ca decreased Cd bioavailability

for uptake at the mammalian gut epithelium, thus decreasing the absorption and accumulation

of Cd in organs, which further protected livers and kidneys from the toxicity induced by Cd.

However, the competition between Ca and Cd is limited and it is the dietary intake of Cd,

rather than elimination which determines the amount of Cd accumulation in the body.
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Therefore, the supplement of Ca can partially reduce the Cd accumulation in the body, but it

cannot completely eliminate the damage and lesions in livers and kidneys caused by Cd.

Generally speaking, Ca intervention decreased Cd accumulation, decreased the degree of

organ dysfunction and oxidative stress in liver and kidneys induced by Cd, and the effect of

intervention was in a dose-dependent manner. In this study, CaH+Cd-group (Ca 100 g/kg)

showed the best protective effects on both liver and kidney injury induced by Cd. It has been

found that Ca deficiency could increase Cd uptake in enterocytes and further lead to higher

Cd absorption [21], which is correspond with our results. On the other hand, due to the com-

petition between Ca2+ ions and Cd2+ ions, Cd2+ ions will be easy to bind with calcium binding

protein (CaBP) and transport in the blood stream in the condition of Ca deficiency [45], thus

leading to the increase of Cd accumulation and the degree of toxicity in organs.

According to the results of the two-way analysis of variance (S3 Table), we found that only

the kidney index and MDA of kidney showed significant sex differences. The kidney index of

female mice was significantly lower than that of male mice (1.862 ± 0.377% vs.2.303 ± 0.438%,

p<0.05). The MDA of kidney of female mice was significantly lower than that of male mice

(0.856 ± 0.036 vs. 0.986 ± 0.036 nmol/mgprot, p< 0.05). A previous study has found that

female mice showed higher Cd accumulation in the kidneys and liver. It was mainly due to the

Cd accumulation regulated by sex hormones, e.g., estro-gen, progesterone, and testosterone

[46]. It was showed in S8 Fig that the interaction effect of treatments and sexes contributed to

BUN was significantly. However, such an interaction was extremely individual, we cannot ana-

lyze a clear mechanism from it.

In this study, we explored the effects of Cd exposure on mice from the aspects of dysfunc-

tion, oxidative stress and histopathology of liver and kidney. In addition, the protective effects

of Ca on Cd toxicity in mice were explored to get an optimal ratio of Ca in diet that could

decreased toxicity I nduced by Cd, which provided theoretical basis and data support for Cd

pollution prevention. Furthermore, the results of this study are of great significance to formu-

late effective nutritional element intervention strategies to reduce human health risks caused

by Cd. However, there are still some limitations in this study. The more samples and longer

exposure period are needed to avoid uncertain gap in the future. In addition, we choose only

one element Ca as the dietary supplement to explore the effects of Ca on the toxicity induced

by Cd, which is not comprehensive. We will also try to investigate the protective effects of vari-

ous nutrients on Cd-induced toxicity and determine an optimal concentration formula of sev-

eral nutrients, which will provide strategies for reducing the Cd-induced health risks of

humans in our future study.

Conclusions

In conclusion, Ca displays protective effects on organ dysfunction, oxidative stress, pathologi-

cal lesions as induced by Cd as well as reduce Cd accumulation in livers and kidneys. For

mice, 100 g/kg was the optimal dietary concentration of Ca in intervention. These findings will

provide references for further researches investigating the diet strategies to reduce the health

risks of human Cd exposure. However, the fact that Ca supplement can’t completely eliminate

the liver and kidney damages caused by Cd suggests that it is more important to reduce Cd

intake than to provide nutrition supplement so as to fundamentally tackle problems related to

Cd exposure and protect human health.
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