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It’s cheap, shiny, strong and malleable in room 

temperature.  

Cadmium plating

Cadmium in 

phosphate rock

Cadmium as impurity in 

phosphate fertilizer

Cadmium



Causing Material : Cadmium

Main Symptom: Kidney damage and Osteomalacia

Itai-itai Disease

Itai-itai disease was officially recognized in Japan in 1968.



Global Cadmium Pollution Today

Cd pollution is not only a historical problem; it remains a current global food and public health issue



Human Exposure to Cadmium

Cadmium exposure occurs through multiple routes, but food is the 
dominant source for most non-smoking adults.

1 Food
Main route for the general 
population

Rice, cereals, vegetables
Shellfish and seafood
Cocoa/chocolate in some 
regions

2 Tobacco smoke
Important additional exposure

Active smoking increases Cd 
burden
Passive smoke can contribute
Kidney Cd accumulates over 
time

3 Occupational exposure
High-risk groups

Mining and smelting
Battery 
manufacturing/recycling
Pigments, plating, industrial 
dust

Exposure 
pathway

Environment Food / Air / Work Body burden Kidney accumulation Health 
risk

Sources: WHO Cadmium factsheet; European Commission food contaminant information; UNEP cadmium overview.

Human Cd exposure occurs mainly through food, with additional contributions from tobacco smoke and 
occupational settings; long-term kidney accumulation makes route-specific exposure control essential.



Cadmium Safety Assessment
International guidance value vs Japan domestic reference

International: FAO/WHO JECFA Japan: Food Safety Commission / MHLW

PTMI
25 µg/kg bw/month
Provisional Tolerable Monthly Intake

TWI
7 µg/kg bw/week
Tolerable Weekly Intake used in Japan

Different time units; similar purpose≈5.8 µg/kg bw/week ≈28 µg/kg bw/month

Why JECFA changed to PTMI
Cd accumulates slowly; kidney steady state may require 
decades
Monthly intake better reflects long-term body burden

Why Japan differs
Japan retained a weekly TWI based on domestic dietary and 
epidemiological data
Rice-centered exposure history shaped national risk 
management

These values differ in unit and assessment basis, but both are designed to protect against long-term 
renal effects of dietary cadmium exposure.

Sources: WHO/JECFA; Food Safety Commission of Japan; MAFF Japan



Maximum Levels of Cadmium in Foods

Sources: Codex CXS 193-1995 (examples for staple foods); EU Commission Regulation No 488/2014 (examples for cocoa/chocolate).

To reduce dietary exposure to cadmium

To protect consumers

To support international food trade

Food standards translate 
toxicological risk assessment 
into practical public health 

measures.

Maximum levels for Cd in selected food categories as established by the Codex

Alimentarius Commission.



Flow scheme of Cd in the body

Modified from Satoh, M. Integration of modern life science into preventive and environmental medicine. p 667. 2010



◆The chronic toxic effects of Cd are clearly a much 

greater concern than the rare acute toxic exposures

◆Major tissue of Cd chronic toxicity: Kidney

◆Main target of renal toxicity : Proximal tubular cells

The underlying precise molecular mechanism of Cd 

renal toxicity is still remaining to elucidate.

Main concerns on Cd toxicity



DNA microarray Real-time RT-PCR

TOXICOGENOMICS

Screening of target factors in Cd renal toxicity

HK-2 cell: Human proximal tubular cell



➢30 Genes whose Expression Increased by Cd

➢21 Genes whose Expression Decreased by Cd

Lee et al., J. Toxicol., Sci., 2013

Identification of the genes involved in Cd renal toxicity



Identification of the genes involved in Cd renal toxicity

SLC39A1

Lee et al., Fundam. Toxicol., Sci., 2014a

GPRC5B

Lee et al., Fundam. Toxicol., Sci., 2014b

HIST1H4C

Lee et al., Fundam. Toxicol., Sci., 2015



HSPH1 HSPA8

Lee et al., Fundam. Toxicol., Sci., 2018

Identification of the genes involved in Cd renal toxicity



Purpose

・ To elucidate the target 

transcription factors responsible for 

Cd renal toxicity

・ To elucidate the downstream gene

of target transcription



HK-2 cells

Nuclear extraction

Protein/DNA binding assay

40 µM Cd 3 h

Protein/DNA binding assay Combo;

The screening method for binding activities of 345 transcription factors to DNA 

elements in the promoters

➢ 20 Transcription Factors Activated by Cd

➢ 28 Transcription Factors Deactivated by Cd

Control

Cd

Fig. 13. DNA-binding Activity of Transcription Factors in HK-2 Cells Exposed to 40 µM Cd for 3 h 
Using Protein/DNA ComboArray. The nuclear extracts from control or Cd-treated cells were 
incubated with biotin-labeled DNA probe mix in binding buffer. Protein/DNA complexes were 

isolated from non-bound probes using Spin Column. DNA probes were recovered from the protein/
DNA complexes and hybridized to the TranSignal Array membranes. Hybridization signals were 

visualized using horseradish peroxidase-mediated chemiluminescence. Spots along the right sides 
and bottoms of the membranes are biotinylated DNA for normalization. The quantification of the 
data was done by spot-densitometry using ImageQuant Software. For the list of the transcription 

factors changed by Cd, refer to Tables 1 and 2.

Control

Cd

Fig. 13. DNA-binding Activity of Transcription Factors in HK-2 Cells Exposed to 40 µM Cd for 3 h 
Using Protein/DNA ComboArray. The nuclear extracts from control or Cd-treated cells were 
incubated with biotin-labeled DNA probe mix in binding buffer. Protein/DNA complexes were 

isolated from non-bound probes using Spin Column. DNA probes were recovered from the protein/

DNA complexes and hybridized to the TranSignal Array membranes. Hybridization signals were 

visualized using horseradish peroxidase-mediated chemiluminescence. Spots along the right sides 
and bottoms of the membranes are biotinylated DNA for normalization. The quantification of the 
data was done by spot-densitometry using ImageQuant Software. For the list of the transcription 

factors changed by Cd, refer to Tables 1 and 2.

Control

Cd

HK-2 cells：
Human proximal tubular cells

Protein/DNA binding assay with nuclear 
extraction from Cd-treated HK-2 cells

Lee et al., Sci. Rep. 2017



Effects of Cd on DNA binding activity of FOXF1 and 

YY1 in HK-2 cells
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	  FOXF1	 

HK-2 cells

↓Cd 40 µM for 3 h

Nuclear extracts

↓Incubation with DNA probe

Separated on a polyacrylamide gel

↓

Transfer to a nylon membrane

↓

Detection

Lee et al., Sci. Rep. 2016



Scheme of Proximal Tubule Toxicity of Cd through 

Overaccumulation of p53

UBE2D family：E2 ubiquitin conjugating enzymes

p53 : Tumor suppressor, apoptosis inducer, a target of Ube2d family



← ARNT

ARNT: aryl hydrocarbon receptor nuclear translocator, 

known as HIF-1β

HK-2 cells

↓Cd 40 µM for 3 h

Nuclear extracts

↓Incubation with DNA probe

Separated on a polyacrylamide gel

↓

Transfer to a nylon membrane

↓

Detection

DNA binding activity of ARNT in HK-2 cells 
treated with Cd 

Cd decreased transcription activity of ARNT 
in HK-2 cells

Lee et al., Sci. Rep. 2017



Cd

Cell toxicity

ARNT

Downstream factor of ARNT may regulate Cd toxicity

?

Down

stream

Down

stream

Down

stream



Down-regulated genes by knockdown of ARNT
in HK-2 cells

⇒ BIRC3 : An apoptosis suppressor via caspase inhibition

DNA microarray in ARNT-depleted cells revealed a decrease in the 
expression of 27 genes less than a half including BIRC3



0 10 20

CdCl2 (µM)

Cleaved
caspase-3

Caspase-3

GAPDH

Control
siRNA

BIRC3
siRNA

DAPI TUNEL Merge

BIRC3	

Cleaved

caspase-3	

GAPDH	

Caspase-3	

Control

siRNA	
BIRC3

siRNA	

mRNA levels were 

normalized with 

GAPDH. Values are 

means ± S.D. (n=3). 

*Significantly different 

from control, 

p < 0.05.

Decrease of BIRC3 was involved in Cd-induced apoptosis in HK-2 cells 

Apoptosis in BIRC3 knockdown HK-2 cells      

Lee et al., Sci. Rep. 2017



The pathway of Cd toxicity through the inhibition 
of transcription factors in proximal tubular cells 

UBE2D family：E2 ubiquitin conjugating enzymes

p53 : Tumor suppressor, apoptosis inducer, a target of Ube2d family

BIRC3 : Apoptosis inhibitor



HK-2 cells

Cd 40 μM 3 h

Protein/DNA-binding 

assay

Cd-altered activities of 

transcription factors

Nuclear extraction

The transcription factors whose activities were 

decreased by Cd

Transcription factors altered by Cd

Lee et al., Sci. Rep., 2017
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➢ Peroxisome Proliferator-Activated Receptor

➢ The nuclear receptors expressed in many tissues such as kidneys, livers, and

adipose tissue, and are involved in lipid metabolism and cell differentiation

➢ Sub-types

PPARα (gene name: PPARA)

PPARδ (gene name: PPARD)

PPARγ (gene name: PPARG)

PPAR



CdCl2

48 h

Alamar blue

assay

24 h

Methods

HK-2 cells

siRNA transfection

PPARD knockdown showed the resistance to Cd and significantly reduced 

the transcriptional activity of PPARδ.

→ PPARδ is a modifying factor of Cd toxicity, and reduced transcriptional 

activity of PPARδ may provide the resistance to Cd toxicity.

PPARδ transcriptional 

activity

48 h

PPARD :

PPARδ coding gene

Effect of PPARD knockdown on 

the Cd toxicity and the activity of PPARδ in HK-2 cells

HK-2 cells：
Human proximal tubular cells

Values are means ± S.D. (n = 3).

*Significantly different from control group , P < 0.05.

Mori et al., Int. J. Mol. Sci., 2022



48 h

Apoptosis

detection

12 h

Methods

HK-2 cells

siRNA transfection

CdCl2

Values are means± S.D. (n = 3).

*Significantly different from control group , P < 0.05.
#, P < 0.05.

Cd-induced apoptosis was inhibited by PPARD knockdown.

Effect of PPARD knockdown on the Cd-induced apoptosis

Mori et al., Int. J. Mol. Sci., 2022



Caspase-3

Cleaved Caspase-3

GAPDH

Cd (μM) 0 10 20 30

C   P   C    P    C    P    C    P

35 kDa

17, 19 kDa

37 kDa

C : Control siRNA
P : PPARD siRNA

9 h

Caspase-3

Cleaved Caspase-3

GAPDH

Cd (μM) 0 10 20 30

C   P   C    P    C    P    C    P
C : Control siRNA
P : PPARD siRNA

35 kDa

17, 19 kDa

37 kDa

12 h

HK-2 cells

siRNA transfection

48 h

CdCl2

Western Blotting

9 or 12 h

Methods

Increased cleaved caspase-3 level by Cd was inhibited by PPARD knockdown.

12 h

9 h

Effect of PPARD knockdown on caspase-3 activity by Cd

Mori et al., Int. J. Mol. Sci., 2022



UBE2D family：E2 ubiquitin conjugating enzymes

p53 : Tumor suppressor, apoptosis inducer, a target of Ube2d family

BIRC3 : Apoptosis inhibitor

PPAR : Peroxisome Proliferator-Activated Receptor

The pathway of Cd toxicity through the inhibition 
of transcription factors in proximal tubular cells 

PPARδ

transcriptional

activity

Cleaved

Caspase-3



MEF2A: myocyte-specific enhancer factor 2A 

HK-2 cells

↓Cd 40 µM for 3 h

Nuclear extracts

↓Incubation with DNA probe

Separated on a polyacrylamide gel

↓

Transfer to a nylon membrane

↓

Detection

DNA binding activity of MEF2A in HK-2 cells 
treated with Cd 

Cd decreased transcription activity of MEF2A 
in HK-2 cells

← MEF2A

Lee et al., FASEB J., 2021



GLUT4 (SLC2A4) expression changes by Cd and 
MEF2A siRNA treatment

Not only Cd treatment but also MEF2A siRNA decreased the GLUT4 (SLC2A4)
expression

SLC2A4: coding gene for GLUT4 (glucose transporter 4) protein

Cd treatment, 6 h

siRNA treatment, 48 h

mRNA levels were examined using real-time RT-PCR. mRNA levels were normalized to GAPDH.

Values are means ± S.D. (n=3). *Significantly different from control, p < 0.05.

GAPDH

0 5 10 20

CdCl2 (µM)

GLUT4

Lee et al., FASEB J., 2021



Effects of Cd and SLC2A4 siRNA on the cellular 
glucose level in HK-2 cells

Not only Cd treatment but also SLC2A4 knockdown decreases the cellular 
glucose level in HK-2 cells

The glucose level was measured according to the Glucose Assay Kit. The glucose level was normalized 

to cell number. Values are means ± S.D. (n=3). *Significantly different from the control group. P<0.05. 

Cd treatment, 6 h siRNA treatment, 48 h

Lee et al., FASEB J., 2021



Effect of Cd or SLC2A4 siRNA on the ATP level in 
HK-2 cells

Cellular ATP levels were measured with CellTiter-Glo® 2.0 Reagent Kit. Values are the means ± S.D. (n 

= 4). *Significantly different from the control group. P<0.05. 

Cd treatment, 6 h siRNA treatment, 48 h

Not only Cd treatment but also SLC2A4 knockdown decreases the cellular ATP 
level in HK-2 cells

Lee et al., FASEB J., 2021



Proximal tubular cells

MEF2A pathway in Cd renal toxicity 

Cd

MEF2A GLUT4

Cytotoxicity

Decrease in cellular glucose level

Decrease in cellular ATP level



カドミウムの毒性発現における細胞内転写経路の関与

Cd

FOXF1
YY1

p53

APOPTOSIS

GLUT4

Cell Toxicity

ARNT MEF2A

UBE2D4

UBE2D2
BIRC3

BIRC3

glucose

GATAs
PPARδ

Activity

Down-stream

factors

APOPTOSIS
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