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Abstract: [ Objective ] Ingestion of soil is a pathway of human exposure to several environmental contaminants, including
several heavy metals. Risk assessment of soils has typically been performed on total concentrations of target heavy metals.
However, it may overestimate the potential adverse effects. To refine exposure risk, bioaccessibility and bioavailability
measurements have been employed in many studies. Bioaccessibility tests are used to measure the bioaccessible fractions of
contaminants in soils while bioavailability evaluates the fraction of heavy metals that reach the systemic circulation. These tests
are both considered accurate approaches to evaluate the potential health risk of contaminants. However, there are few studies on
the health risk assessment of heavy metals from mining soils via bioavailability. [ Method ] In this study, five soil samples from
the mining area of Wenshan, Yunnan Province were collected and the levels of Cd, Pb, Zn and Cu were analyzed using inductively
coupled plasma mass spectrometry (ICP-MS). The bioaccessibility of Cd, Pb, Zn and Cu was detected using in vitro digestion
method (SBRC), and the relative bioavailability (RBA) of Cd was determined by BALB/c mice models. The health risks of the
four heavy metals in mining soils were assessed based on total, bioaccessible, and bioavailable data, respectively. [ Result ] The
results showed that Cd pollution in this study area was serious, with the content being 2.06 mg-kg ', which was 9.36 folds higher
than the limit of soil background value in Yunnan. The bioaccessibility of Cd, Pb, Zn and Cu in the gastric phase was
24.29%-50.55%, 7.68%—17.87%, 24.61%-32.18%, 7.75%-37.87%, respectively, while in intestinal phase, they were
22.78%—44.32%, 1.64%-5.22%, 14.10%—-28.11%, 8.51%—-31.49%, respectively. As evident, the bioaccessibility of Cd was the
highest among the four heavy metals. The RBA of Cd measured in vivo was 1.31%—48.39% in the liver, 2.83%—8.58% in the
kidney, and 4.60%—-50.95% in the liver and kidney. Compared with a single endpoint, Cd-RBA in the liver and kidney provided
better repeatability and were ideal target organs for the determination of Cd-RBA. In vivo- in vitro correlation showed that the
bioavailability of Cd determined by SBRC had a poor potential to predict Cd-RBA in contaminated soils from the mining area in
China. Health risk assessment of the mining soil based on the target heavy metals, bioaccessibility and bioavailability revealed
that the assessment using the total heavy metals had greater human health risk, while the data based on bioaccessibility and
bioavailability showed a significantly reduced risk. [ Conclusion ] The health risks assessment based on the total heavy metals in
soil may be overestimated, and the establishment of a new method based on the bioavailability data will be more accurate. Our
results provide a scientific basis for the health risk assessment of contaminated soils in China.

Key words: Soil heavy metals; /n vitro gastrointestinal simulation; Mice; Bioavailability; Health risk assessment
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448 pH M SR KBRS (R 10 2.5), F
FpH THI A2 5 R0 AR 4 A R IO R BE 43 B A
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PRI (S5HE AA-7000, HA ) MIE.
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PRIAR, Ly Mo TIERR, kg THLIETHES
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MEis g H3Ed Cd /Y RBA. /U THH 6
B BIEIEL (23+2°C, 12 /12 h SEHR/SBREAE R ), I
H KRR . 20 7 d Uik, BEPLSC 2 BUE
, FSE s B HIERL L 10 A9FTR B AN R
RERRR , EZUIN R R Cd RN 0.125~
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N B RIS E S AW E T R R
Rl Z LR, AR5 H B2 R 5 1/
JF. BRFMEREASEREYS CdCl, 5%
Az Wy b e A B T BB 1 R G A A AR
Mo AXWT

LKF Cdy CdD,

Cd—RBA/% = x
LKF Cd, ~ Cd D,

100 (2)

A, Cd-RBA N Cd (A A= W1 351 , % ; LKF Cdyg
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A, ADD A& HNHA TN RER, mgke d;
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Table 1 Exposure factors of human health risk assessment

[19-20]

Z4{ Parameters 455 Abbreviation A Unit M Adults JL# Children
E4JEIRIE Heavy metal concentration Cs mg-kg ! — —
+HEHE A Soil ingestion rate IngR mg-d’' 100 200
ZBAF Exposure frequency EF day-year ™! 350 350
FFEAERR Exposure duration ED year 26 6
A Bodyweight BW kg 60 15
CR: 70%365
EVERIBSTE] Average time AT day
HQ: EDx365
¥ALIHF Conversion factor CF — 1x10°°
#H#E T Slope factor SF mg-kg'-d! Cd: 6.1
2% 5| & Reference dose RfD mg-kg'-d™! Pb: 0.0035, Cu: 0.04, Zn: 0.3

. CR AEUE K ; HQ MIEEUR XK . Note: CR: Cancer risk; HQ: Hazard quotient.

1.6 HESITHHTEREIEH
S 3 R R B R AR EY) R EDE ST Tl
HERIARUEDI BT ( GSS-1. GSS-5) FI25 sk il $2 B

SERE T R RS MERE . Cd. Pb. Zn A1 Cu f IR
5 81.40%~101.03% (n=3 ). SZIArAg K34 LISF-
B UE2ZE R, K Microsoft Office Excel 2010
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HATHYE T4, GraphPad Prism 8. OriginPro 2021 S AT EE AR (50.10%~79.71% ) K F., T
HATVEE 5317 o 48 Cd. Pb, Zn Ml Cu B 43 4351 K 2.06 .

2 R 518

21 TEEXRBUMRRELEETHEFE

2 8 T ARG S N5 Y A S AR BLAL
PERG. 120 X 3 pH “FIMEN 6.14, T IEPRIIE
SESMRYE; AALRAE 27.99~73.91 gkg ' ZIH], Kt

53.08. 558.2 1 178.3 mgkg ', ik =+ 5
2", pfpE4E (Cd. Pb, Zn. Cu) S5ty
SAEM 9.36 f5. 1.31 1%, 6.22 f. 3.85 fF, Hrp
Cd #trfe i, HUOZR Zn, RIS
A% FH Hb A 5875 Y AU 5 P AR ifE( GB 15618-2018 )7,
Cd M Zn By FAFE S 2 KB i vE (i, X 24 i
A2 DL Y 1 J B T BB A B RS o

2 TEERAMREEEEESE
Table 2 Soil characteristic and heavy metal concentration
", B 4 it
TR R HHLBT OM/
pH Particle size/%'’ Heavy metal concentration/ ( mg-kg ™)
Soil sample (gkeg!)
FRL Clay  Mpkr Silt  #PK: Sand cd Pb Zn Cu
ZK1 6.98 27.99 1.70 48.20 50.10 2.91 43.60 635.2 200.7
ZK2 6.07 73.91 0.00 36.37 63.63 2.06 59.55 663.5 195.3
ZK3 5.87 43.02 0.65 25.98 73.37 1.25 45.27 425.0 57.45
ZK4 6.01 66.52 0.51 19.77 79.71 1.68 56.76 635.2 271.4
ZK5 5.75 46.44 0.00 22.21 77.79 2.39 60.21 434.0 167.7
¥ 5:{H Background value — — — — — 0.22 40.60 89.70 46.30
KU M Risk screening
— — — — — 0.3 90 250 100

value (5.5<pH<6.5)

e 1) HHERAR TR OGRS . Note: 1) Soil particle size distribution was measured using a laser light scattering

technique.

22 TESEREEWAAE

ABF5E R H SBRC RAME AL IE T 5 4M15
YetHeh cd, Pb, Zn fil Cu 94T 440 (1),
MEFFRILIE T, Cd. Pb, Zn, Cu 7B HrBt4Y)
AL 00 24.29%~50.55% . 7.68%~17.87% .
24.61%~32.18%. 7.75%~37.87%, F¥JEHEI Cd
(35.92% )>Zn( 28.51% > Cu( 17.36% )>Pb( 12.47% );
INGIYBE N 22.78%~44.32% . 1.64%~5.22%.
14.10%~28.11%. 8.51%~31.49%, W2 Cd
(29.88% )>Zn(19.82 )>Cu( 14.35% ) >Pb ( 2.79% ),
SRR, DL U E 4 Jm i AR AT N T
100%, H i I I1AE - 5880 0y & 48 278 B ik
rh g, AR S AR S A I TC I R OC
F, WL U I T A A £ B RURS: T
Re g AU e, PR E 4 JE o cd BT 4
YRR Y, AR ds ihfEmv: L, H4JR Cd

M5 RIEBCS MR RS R E, 2FUELE
Cd HA R S R a4 P ARBE o, 4 SRR
FE S RRME (pH 5.0~6.5 ), F£T IR % Se 4R Bk oy
Br7 Cd £ BT ARAEEIRS (B 2), WE 2
TRl A, Cd R W] SR USRI AT R RS O LR
(16.32%~58.94% ), #t—LMke T A5 Cd &
W] S PR AR o 3 2Rk S PR AR A
1k ( simple bioaccessibility extraction test, SBET )
WE X RS E D Cd YT AM R &
S5

AEMLEEM &, Kk ZK4 F1 ZKS /Y Cu, HAE4S
JRIEP AW B Y R B AR T A, XEH T
b E SR B BB AN B, I pH
FIHA R AL KA B A8k, Horp pH 1.5 7
& 7, AR, BHLE AR TR A BT
WAL, RS RERG N AR 5555

http://pedologica.issas.ac.cn



2 1 PRI . VOBl X I8 4 a8 10 A A A 0 R R A e JRURS: Aty 463
60 3.0
LN I B Gastric [ 5 Gastric 70
S \ 1 ¥ Intestinal e 25 1 ¥ Intestinal P >
250 h . — = i Total 2.5 > — = HdE Total - 60
é N\ Va ’ T/;) E /k o i
Z W= 20 N e "op
S 10 > g 20 & 8 g N g 50 %
g AN / . E 8 7/ V2 on
8 \ , s & ’ - E
= N § =5 15 40 2
O 30 - 15 5 2 2
= - S o
= = & 30 2
Ky O 10 A
= 20 10 g = s
2 m N 20
H 3 A £
2 10 05 g 5
3 £ 10
0 ZK1 7ZK2 ZK3 7ZK4 ZK5 00 0 ZK1 7ZK2 ZK3 7ZK4 ZK5 0
F3EFE £ Soil sample +3EFE 5 Soil sample
60 700 50 - 300
_ = I Gastric [ & Gastric
< - N N [ % Intestinal S 1/ Intestinal
2 50 \ — =~ it Total 600 g P B it Total 250
B \ T 2 o
% N - = - 500 %z g %‘;
§40 \r/ ~ £ %30 - _ 200 E
2 400 2 B \ E
< 2 3 \ 2
g 30 E O g
H 300 & \ 150 S
& S $F 20 \ 3
= 20 [ \ i
] 200 B ﬁ 100 2
gl N g0 S
= 10 00 3
N 50
0 ZK1 7ZK2 7ZK3 7ZK4 7K5 0 0 ZK1 7ZK2 7ZK3 7ZK4 ZK5
3R 5 Soil sample R A Soil sample
. ZKI~ZK5 ICE A RS, FHE. Note: ZK1-ZK5: Five soil sample, The same below.
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Fig. 1 Heavy metal bioaccessibility of gastric and intestinal phase
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Note: Fl1= acid extractable state; F2=reducible state; F3=oxidation

state; F4=residual.

K2 THEESE RIS

Fig.2 Heavy metal cadmium fractions in soils
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Fig. 3 Cumulative dose-response of Cd in the liver, kidneys and liver plus kidneys of mice
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Fig. 4 Cd relative bioavailability (RBA) values determined from liver, kidneys and liver plus kidneys endpoints
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Fig. 5 Linear relationships between Cd-RBA determined from liver plus kidneys endpoints and Cd bioaccessibility ( a. Gastric phase;

b. Intestinal phase )
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*3 TEEEEMAKBIEBENKE (Pb, Zn, Cu) FEEXKE (Cd)

Table 3 Non-carcinogenic (Pb, Zn, Cu) and carcinogenic risks (Cd) to humans from soil heavy metals

N N Adult JL# Children
+ 3 55 Soil sample
T Bacc Bava T Bacc Bava
Pb ZK1 1.80x10°2 9.37x10* — 1.44x107" 7.50x107 —
ZK2 2.72x10°2 4.45x107* — 2.18x10™ 3.56x107 —
ZK3 2.07x107* 6.75x107* — 1.65x107" 5.40x107 —
ZK4 2.55%10°2 5.11x10™* — 2.04x10" 4.09x107° —
ZK5 2.75%10°2 5.03x10* — 2.20x10™ 4.03x107° —
SEH4{H Average value 2.38x107? 6.14x107 1.90x107" 4.92x107°
7n 7K1 3.20x107° 4.79x107* — 2.57x107 3.84x107 —
ZK2 3.46x107° 4.88x107* — 2.77x1072 3.91x107 —
7ZK3 2.29x107° 5.12x107 — 1.83x1072 4.11x107° —
ZK4 3.37x107° 6.58x107 — 2.71x1072 5.28x107 —
ZK5 2.31x107° 5.50x107 — 1.85x1072 5.21x107 —
SH4{H Average value 2.93x107° 5.37x107* 2.35x107 4.47x107°
Cu 7K1 8.03x107 6.84x107 — 6.42x107 5.47x107 —
ZK2 7.79x107 7.76x107 — 6.23x107 6.21x107 —
7ZK3 2.28x107° 7.17x107* — 1.82x107* 5.74x107 —
ZK4 1.08x1072 1.08x107° — 8.66x1072 8.66x107 —
ZK5 6.67x107° 7.86x107* — 5.34x1072 6.29x107 —
SEHE Average value 7.11x107° 8.09x10* 5.69%x10°2 6.47x10°°
cd ZK1 10.54x10°° 2.56x10° 0.56x10°° 19.45x10°° 4.72x10°° 1.04x10°°
ZK2 7.21x10°° 1.94x10°° 1.20x10°° 13.30x10°° 3.57x10°° 2.21x10°°
7ZK3 4.27x10°¢ 1.89x10°° 0.32x10°° 7.89x10°° 3.5x10° 0.59x10°°
ZK4 5.97x10°¢ 1.86x10° 3.04x10°° 11.03x10°° 3.44x10°° 5.62x10°°
ZK5 8.65x10°° 1.97x10°° 0.40x10°° 15.98x10°° 3.64x10°° 0.74x10°°
SEHI{E Average value 7.33x10°¢ 2.04x10°° 1.10x10°° 13.53x10°° 3.77x10°° 2.04x10°°

e THRRETESESEITA,; Bace FRETIRING I (SBRC) H/Na KB & #1158 ; Bava F75 5T/ BB T
FE A YA TR R R AR E . Note: T: based on the total amount of heavy metals; Bacc: based on the content of intestinal

«

phase in solubility bioavailability research consortium, SBRC; Bava: based on the RBA of data in mice model; “—”: no detected.
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IR Hh A i 3 T A A AR G i B XU B A
ffo IR, 28822 SFBS0RI R S A 45 4 AR i
BRI R B T A A R T BRI Jw Cd X
A At R DXL

Zi Lk, WORZMAEYA R, T
G DR S5 et A R IXUIRS: TP (4 A 00 2 o A A AR Y

R, PRI TE AR BB b, B2 25 oK AR Ak
FIAR YRS & 19 7 ik SERL =2 M 7 e 75 Qe 1
S Rl F DN N s 3 o

3 45 8
AW R T Z/ 0L X HHh EAE Cd.

Pb. Zn #l Cu W&, ARG 1E . IR A WA 5L
P LA B JSN I LB A SR 4 A L 8 v ) o 3 0 A M
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