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Cadmium

—
/ cadmiUm
Cc
Element Metal

Melting point 321 C (610 F)

. Boiling point 767 C (1,412 F)

Phase* Solid

:  *Atroom temperature

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

temperature.

4 [’;Il

apfitzpatric

www., atrick.c
8 142 Cambridge Heath Road London £1 40

@ Cadmium in Cadmium as impurity in
phosphate rock phosphate fertilizer



Itai-itai Disease

Itai-itai dses a fiiaIIy ecogni Ja'in 968.
Main Symptom: Kidney damage and Osteomalacia

Causing Material : Cadmium



Global Cadmium Pollution Today

Representative hotspots and major drivers of environmental Cd contamination

3. Europe

e R ' :‘-’_»”" Legacy Zn/Pb smelters; ; - N
B . mining areas; fertilizer ’ : 1. Bast Asia (China Japan)

impurities in agricultural soils.

6. North America

Localized hotspots ,
near mining, smelting,

and industrial sites.

Mining and smelting;
industrial emissions;
contaminated paddy soils.

Historical example:
itai-itai disease
J
Common Global Sources o
x Zn/Pb mining and non-ferrous smelting 2. South & Southeast Asia
X » Phosphate fertilizers;
[.j Phosphate fertilizers (from phosphate rock) ” Y industrial discharge;
"3 - irrigation with
Industrial emissions and P 4. Africa L contaminated water.
H fossil fuel combustion \ 5 south America Mining and smelting; -
" | : mine tailings;
ﬁv astevx./ater, Sewage'shiige, Andean mining and localized soil contamination.
o2z and solid waste smelting, metal-rich
' _ tallings Reported concern:
@ Food-chain transfer via gs. elevated Cd levels in
5 contaminated soils 3 cocoa/cacao from
& Céte d'lvoire. 4

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.

e

Food

Main route for the general
population

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

N

r

e Tobacco smoke

Important additional exposure

Active smoking increases Cd
burden

Passive smoke can contribute
Kidney Cd accumulates over

~

r

e Occupational exposure
High-risk groups

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

regions time dust
. J . J .
Exposure
pathway Health
Environment Food / Air / Work Body burden Kidney accumulation risk

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.

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



Cadmium Safety Assessment

International guidance value vs Japan domestic reference

International: FAO/WHO JECFA

PTMI
25 pg/kg bw/month

Provisional Tolerable Monthly Intake

J

=5.8 pug/kg bw/week

Why JECFA changed to PTMI

Cd accumulates slowly; kidney steady state may require
decades

Monthly intake better reflects long-term body burden

Japan: Food Safety Commission / MHLW

r

.

TWI
7 pug/kg bw/week

Tolerable Weekly Intake used in Japan

Different time units; similar purpose

=28 pg/kg bw/month

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

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

Alimentarius Commission.

Commodity/ Commodity/ Commodity/Product
Product Name ML (mg/kg) Product NAME ML (mg/kg) Name ML (mg/ke)
Brassica 0.05 Stalk and stem 0.1 Natural mineral waters 0.003 *
vegetables vegetables
Bulb vegetables 0.05 Cereal grains 0.1 Salt, food grade 0.5
Fruitin Chocolates containing or
5 0.05 Rice, polished 0.4 declaring <30% total cocoa 0.3
vegetables . :
solids on a dry matter basis
Chocolate containing or
declaring >30% to <50%
Leafy vegetables 0.2 Wheat 0.2 total cocon solids on a dry 0.7
matter basis
Chocolate containing or
Legume . declaring >50% to <70%
vegetables 01 Quinoa 015 total cocoa solids on a dry 08
matter basis
e Chocolate containing or
Pulses 0.1 Marine bivalve 2 declaring >70% total cocoa 0.9
molluscs : :
solids on a dry matter basis
Cocoa powder (100% total
Root and tuber cocoa solids on a dry
vegetables 01 Cephalopods 2 matter basis) ready for 20

consumption

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

ML, maximum level; * the ML is expressed in mg/L.

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.



Flow scheme of Cd in the body

Bile - Plasma Tubular -
Liver cells fluid Proximal
asH tubules
l:"""'f
Cd-GSH <~ Cd-GSH
T ‘\ ai\ Damage |

L Cd «<——1— Cd-Alb
Lysosome

aa ?

-
— Cd-MT —> Cd-MT ——=> Cd-MT

T cd
l aa
To urine aa
MT
Cd, cadmium; GSH, glutathione; TN Cd-MT

MT, metallothionein; aa, amino acids; Glomerular
Alb, albumi
atbumin membrane

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



Main concerns on Cd toxicity

€ 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




Screening of target factors in Cd renal toxicity
TOXICOGENOMICS

HK-2 cell: Human proximal tubular cell

o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Cycles

DNA microarray Real-time RT-PCR




Identification of the genes involved in Cd renal toxicity

The Journal of Toxicological Sciences (J. Toxicol. Sci.) 959
Vol.38, No.6, 959-962, 2013

Toxicomics Report

Gene expression analysis using DNA microarray in HK-2
human proximal tubular cells treated with cadmium

Jin-Yong Lee', Maki Tokumoto'2, Yasuyuki Fujiwara' and Masahiko Satoh'

!Laboratory of Pharmaceutical Health Sciences, School of Pharmacy, Aichi Gakuin University,
1-100 Kusumoto-cho, Chikusa-ku, Nagoya 464-8650, Japan
’Laboratory of Chemical Toxicology and Environmental Health, Showa Pharmaceutical University,
3-3165 Higashi-Tamagawagakuen, Machida, Tokyo 194-8543, Japan

» 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

SLC39A1 GPRC5B N
g 12 = 140 = GPRC5B siRNA
ﬁ 1.0 T ° . * W Control siRNA 3 127 _ 120
zZ= € 1208 ® SLC39A1siRNA 2 I [ 3
£% S < 10 £ 100
EZ 08 S 100 zs 5
- 5 . . ] £ o8 - 80
S o 06 S | @ 8 T . S
8 ; > 60} 8 o 06 | I £ 60
= = ey
hE 04 = a9 £
- ﬁ a0 [} g 0.4 3 40
2 0.2 S I 2= g
s = 20 s 02 = 20
2 0 3 0 oy lm “CRTSE 2 0 3
0 1 3 6 0 20 40 60 80 100 & 10 20 40 0
40 pM CdCl, (hr) cdcl, (uM) CdCl, (uM) 0 —— 20
2
Lee et al., Fundam. Toxicol., Sci., 2014a Lee et al., Fundam. Toxicol., Sci., 2014b
- 120
S 127 - -8 Control siRNA
< S 100 -O-HIST1H4C siRNA
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Lee et al., Fundam. Toxicol., Sci., 2015



Identification of the genes involved in Cd renal toxicity

HSPH1 HSPA8
50 5.0
E —
2 T
<_ 40| 5 a0}
E [ % g
€ I —
E§ 30 t EES 30
EE =] [+ o] 8
Q < & P
we 20 t we 20
hy E 2
2= o &
5 107 2= 10 |
¢ :
0 0
0 5 10 0 5 10
CdCl, (uM) CaCl, (M)
140 OControl 140 * DQON'O'
—, n.s. I'—I. siRNA '_5 120 | * m siRNA
“—g L | I n.s ‘E m Saa n.s. O HSPAS
S ¥ = W By 8 100 [ ™ . SiRNA
8 100 I o =[] | sikNA 8 i .
o
£ 60 | -
B .‘! 40 3
g 40 | §
— m !
8 20}
0
0 0 5 10
0 5 10 CdCl, (uM)

CdCl, (uM) _
Lee et al., Fundam. Toxicol., Sci., 2018



Purpose

- To elucidate the target
transcription factors responsible for
Cd renal toxicity

- To elucidate the downstream gene
of target transcription



Protein/DNA binding assay with nuclear
extraction from Cd-treaed HK-2 cels

HK-2 cells: ' ;.:' *la) Control
Human proximal tubular cells e RN s
HK-2 cells cendtind i et

slc 40 M Cd 3 h I | Cd

Nuclear extraction

v

Protein/DNA binding assay SR

" 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

J

Lee et al., Sci. Rep. 2017



Effects of Cd on DNA binding activity of FOXF1 and
YY1 in HK-2 cells

Gel Shift Assay ey &
O&Qe (“Qe

HK-2 cells O o&% \x0°

/Cd 40 uM for 3 h ° ‘6000({@6% o&@

Nuclear extracts O OO

lIncubation with DNA probe

Separated on a polyacrylamide gel

!

'll'ransfer to a nylon membrane = & 0 YYD

Detection 0 FOXF1O

Lee et al., Sci. Rep. 2016



Scheme of Proximal Tubule Toxicity of Cd through
_Overaccumulation of p53

Proximal tubular cells ( Proteasome >

< YY1, FOXF1 > Nucleus

—I %

| UBE2D family |_

Apoptosis
inducing factors

UBE2D family: E2 ubiquitin conjugating enzymes
p53 : Tumor suppressor, apoptosis inducer, a target of Ube2d family



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

ARNT: aryl hydrocarbon receptor nuclear translocator, Q.ge
known as HIF-1B &
Q ¢
O X
o o o
¢ & <
RS Q
HK-2 cells LR

1Cd 40 uM for 3 h

Nuclear extracts

lIncubation with DNA probe
Separated on a polyacrylamide gel

l

Transfer to a nylon membrane

l

Detection

& wis | ARNT

Cd decreased transcription activity of ARNT
in HK-2 cells m .

Lee et al., Sci. Rep. 2017



Downstream factor of ARNT may regulate Cd toxicity

’—_-_

Cd > o
£ ) .
l }
\ \ /
[ARNW}/)‘\

’/
---——" \

e




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

Accession Number Gene Name Description Ratio
NM_152417 TMEM68 Transmembrane protein 68 0.219
NM_006243 PPP2R5A Protein phosphatase 2, regulatory subunit B, alpha 0.314
NM_031885 BBS2 Bardet-Bied| syndrome 2 0.373
NM_003003 SEC14L1 SEC14-like 1 (S. cerevisiae) 0.376
NM_080605 B3GALT6 UDP-Gal:betaGal beta 1,3-galactosyltransferase polypeptide 6 0.393
NM_017901 TPCN1 Two pore segment channel 1 0.398
NM_020422 TMEM159 Transmembrane protein 159 0.421
NM_021158 TRIB3 Tribbles pseudokinase 3 0.421
NM_033308 ABCA7 ATP-binding cassette, sub-family A (ABC1), member 7 0.423
NM_004199 P4HA2 Prolyl 4-hydroxylase, alpha polypeptide II 0.432
NM_005178 BCL3 B-cell CLL/lymphoma 3 0.433
NM_145753 PHLDB2 Pleckstrin homology-like domain, family B, member 2 0.443
NM_006688 ciqQL1 Complement component 1, q subcomponent-like 1 0.443
NM_006013 RPL10 Ribosomal protein L10 0.452
NM_016374 ARID4B AT rich interactive domain 4B (RBP1-like) 0.454
NM_016096 ZNF706 Zinc finger protein 706 0.459
NM_018354 TMEM74B Transmembrane protein 74B 0.467

[ ] [ 4 [ ] h [ ] b [ ] [ ]
[ ]
= BIRC3 : An apoptosis suppressor via caspase inhibition
NM_001541 HSPB2 Heat shock 27kDa protein 2 0.480
NM_006896 HOXA7 Homeobox A7 0.482
NM_018155 SLC25A36 Solute carrier family 25 (pyrimidine nucleotide carrier ), member 36 0.485
NM_001707 BCL7B B-cell CLL/lymphoma 7B 0.487
NM_015062 PPRC1 Peroxisome proliferator-activated receptor gamma, coactivator-related 1 0.488
NM_016076 DESI2 Desumoylating isopeptidase 2 0.489
NM_018132 CENPQ Centromere protein Q 0.492

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



Apoptosis in BIRC3 knockdown HK-2 cells

A S i

Caspase-3

— -
s [ Cleaved
W | caspase-3

R —

GAPDH

0 10

20

CdCl, (uM)

Control BIRC3
siRNAO siRNAO

BIRC30

Caspase-3L

Cleaved
caspase-3L

GAPDHL]

DAPI TUNEL Merge
Control
siRNA
BIRC3
siRNA

—1 Control siRNA MRNA levels were

20

‘(_‘ED 100k —O- BIRC3 siRNA normalized with

S I GAPDH. Values are
22 80 means £ S.D. (n=3).
T_as S 60 - *Significantly different
S 8 from control,
= 0
S 4} p < 0.05.

o

(&)

©

X

0O 10 20 30 40
CdCl, (uM)

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

Lee et al., Sci. Rep. 2017



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

< Proteasome >

Proximal tubular cells

Apoptosis
| inducing factors

UBE2D family: E2 ubiquitin conjugating enzymes
p53 : Tumor suppressor, apoptosis inducer, a target of Ube2d family
BIRC3 : Apoptosis inhibitor



Transcription factors altered by Cd

Cd-altered activities of SCIENTIFIC RE Pé:}RT S  The transcription factors whose activities were

transcription factors decreased by Cd

OFFN Identification of ARNT-regulated  [ame " Ihesesipeion T e

'BIRC3 as the target factorin CEA T — 0,09
HK-2 cells 9 vimacmbryonic antigen gene promotes

: . . .
cadmium renal toxicity HIF-1 Hypemas anduihle factos | 012
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Table 2. Transcription factors with decreased binding activities in response to Cd treatment. HK-2 cells were
treated with 40 pM Cd in serum-free culture medium for 3 h. The cells were separated into nuclear and post-
nuclear fractions. The protein/DNA binding array was performed using the Combo Protein/DNA Array. Spot
density was evaluated using ImageQuantTL software. Transcription factors whose activities were decreased 0.5-
fold or less are listed.

Lee et al., Sci. Rep., 2017



PPAR

> PerOX|some Prollferator 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

ligand

@

» Sub-types
PPARa (gene name: PPARA)

PPARJ (gene name: PPARD)
PPARY (gene name: PPARG) . y /

9 heterodimer

|—0 Target gene



Effect of PPARD knockdown on
the Cd toxicity and the activity of PPARS in HK-2 cells

HK-2 cells:

Human proximal tubular cells PPARD -
Methods PPARS coding gene
120 > 1.2
HK-2 I = == Control siRNA §S
_ ~< cells £ 100 ~#— PPARDSIRNA T 10l =
siRNA transfection £ S=
©
© 80 S= 0.8 .
o = O T
2 60 g 06
=y 20 _
48 h 48 h E 20 | §§ 0.4
S 0~ 0.2
S 20 ¢ <
A 4 A 4 T, & O
CdCl, | | PPARS transcriptional | © 0 Control  PPARD
activity 0O 10 20 30 40 30 SiRNA
CdC|2 (IJM) Values are means = S.D. (n = 3).
*Significantly different from control group , P < 0.05.
24h PPARD knockdown showed the resistance to Cd and significantly reduced
Alamar blue the transcriptional activity of PPAR®.
assay — PPARS is a modifying factor of Cd toxicity, and reduced transcriptional

activity of PPARS may provide the resistance to Cd toxicity.
Mori et al., Int. J. Mol. Sci., 2022



Methods

Effect of PPARD knockdown on the Cd-induced apoptosis

HK-2 cells
siRNA transfection

48 h

\4

CdCl,

12°h

Apoptosis
detection

3
B ControlsiRNA
<ZE 25 i ontroli si . # ”
T ® PPARDSsIRNA
T .,
DS
N - 3
SE€o 19
oo
800 |
<E9-'c
L0 95 |
T
~ 0

0 10 20 30
CdCI M *Significantly different from control group , P < 0.05.
2 ( M ) # P <0.05.

Values are means £ S.D. (n = 3).

Cd-induced apoptosis was inhibited by PPARD knockdown.

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



Effect of PPARD knockdown on caspase-3 activity by Cd

Methods 9h ca@emy o 10 20 30
HK-2 cells C : Control siRNA
. . - | P P P P
siRNA transfection P PPARDSRNA © © ©
Caspase-3 — S — — — . | 35 KD
Cleaved Caspase-3  [® VL -~ | 17, 19 kDa
48 h GAPDH |—----——-— 37 kDa
CdCl, 12°h Cd (uM) 0 10 20 30
C : Control siRNA
s prARDsRNA _C P C P C P C P
- . —
90r 12 h Caspase-3 G S e — 35 kDa
Cleaved Caspase-3 | ww= ..| ! g.l- o= === 17,19kDa
8 GAPDH | —————— - o | 37 kDa

Western Blotting

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

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



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

< Proteasome >

Proximal tubular cells

l

Cleaved
Caspase-3

Apoptosis
| inducing factors

UBE2D family: E2 ubiquitin conjugating enzymes

p53 : Tumor suppressor, apoptosis inducer, a target of Ube2d family
BIRC3 : Apoptosis inhibitor

PPAR : Peroxisome Proliferator-Activated Receptor



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

MEF2A: myocyte-specific enhancer factor 2A

HK-2 cells & & &
1Cd 40 uM for 3 h

Nuclear extracts

lIncubation with DNA probe
Separated on a polyacrylamide gel

l

Transfer to a nylon membrane

l

Detection

— MEF2A

Cd decreased transcription activity of MEF2A
in HK-2 cells

Lee et al., FASEB J., 2021



GLUT4 (SLC2A4) expression changes by Cd and

MEF2A siRNA treatment

| GLUT4

o | [ S w— v— e | GAPDH
08 | . 0 5 10 20
006 | ’ » CdCl, (uM)
0
0

Relative SLC2A4 mRNA level
(Ratio to control)

0 5 10 20
CdCl, (uM) Cd treatment, 6 h

Relative SLC2A4 mMRNA level

(Ratio to control)

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

1.2

1.0

0.8

0.6

04

0.2

0

Control MEF2A
siRNA siRNA

SsiRNA 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.

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

expression

Lee et al., FASEB J., 2021



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

Cd treatment, 6 h siRNA treatment, 48 h
0.30 0.40
) 0} 0.35
Q 025 g -
0 Ty) 0.30
o
= 020 | =
> X 025 |
- ¥
g 0.15 % 020
€
£ 010 | £ 015 }
O ) )
2 @ 010 |
© 005} o
= 3 005 |
Q) Q)
0 0
0 10 Control siRNA SLC2A4 siRNA

CdCl, (uM)

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.

Not only Cd treatment but also SLC2A4 knockdown decreases the cellular
glUCOSE |€V€| |n HK'Z CE”S Lee et al., FASEB J_, 2021



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

Cd treatment, 6 h siRNA treatment, 48 h
0.5 0.5
S o4l [ _ o4l \
Q * R
o) o 1
o * * o
o 03t S 03 | T
5 - -
g 02t = e 02}
S £
o
0.1 | O 01
< 2
0 0
0 10 20 30 Control SLC2A4
siRNA siRNA
CdCl, (uM)

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.

Not only Cd treatment but also SLC2A4 knockdown decreases the cellular ATP
levelin HK-2 cells Lee et al., FASEB J., 2021



MEF2A pathway in Cd renal toxicity

Proximal tubular cells
WCdp
(HEFZA) ————

Decrease in cellular glucose level
Decrease in cellular ATP level

=E
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