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Abstract: This study aimed to explore the effects of exogenous element exposure via the respiratory tract on the Se, 
Cd and Mo concentrations in different components of the peripheral blood in rats as well as to determine the corre-
lations of the three trace elements concentrations among the components. The Sprague-Dawley rats were randomly 
divided into a control group and several experimental groups treated with different doses. The rats were exposed to 
a mixed trace element solution through 10 days of intratracheal instillation. The whole blood of all rats was collected 
and separated into three parts with Percoll density gradient centrifugation. The Se, Cd and Mo levels in whole blood, 
plasma, red blood cells (RBCs) and peripheral blood mononuclear cells (PBMCs) were determined by inductively 
coupled plasma mass spectrometry. The concentrations of the three trace elements increased together with the 
increase of the given doses (P<0.05), except Cd and Mo in the PBMCs. The three trace elements lacked linearity 
with the exposure doses in the PBMCs (r, 0.249-0.508), while the opposite was the case for the other components 
of the peripheral blood (r, 0.806-0.934). The correlation coefficients were higher (0.842-0.962) among the whole 
blood, plasma and RBCs than between PBMCs and other components, such as Se (0.376-0.529), Cd (0.495-0.604) 
and, especially, Mo (0.160-0.257). In conclusion, PBMCs might provide information about endogenous factors, and 
whole blood could more accurately reflect the effects of exogenous factors compared to other blood components.

Keywords: Trace elements, peripheral blood mononuclear cell, Sprague-Dawley rats, percoll density gradient 
centrifugation

Introduction

Trace elements play a fundamental role in 
maintaining human health. The main physiolog-
ical functions of trace elements act as an inte-
gral part of various enzyme systems, working 
as essential ingredients or cofactors of hor-
mones and vitamins, forming metalloproteins 
with specific functions and more [1, 2]. Many 
studies have suggested that the occurrence 
and progression of a variety of endemic diseas-
es, tumors and chronic diseases are related to 
imbalances of some trace elements. Therefore, 
the clinical detection of trace elements for 
monitoring the load of trace elements in human 
bodies and evaluating the health condition has 
gained increasing attention.

Blood samples are most commonly used in the 
clinical detection of trace elements because 
the pretreatment method is simple and the 

samples could reflect the absorption and 
metabolism of trace elements in bodies in a 
timely manner. The serum and plasma are the 
most widely used blood components for clinical 
testing. However, the element concentrations in 
serum or plasma are largely influenced by many 
exogenous factors [3], such as environmental 
pollution, regional differences, smoking, and 
diet [4, 5], especially when the element levels 
are relatively low [6]. Compared to in the serum 
or plasma, the element levels in the red blood 
cells (RBCs) are relatively stable. Moreover, 
some heavy metals, such as lead, cadmium, 
and copper, in the blood mainly accumulate in 
the RBCs, demonstrating that erythrocytes are 
more sensitive indicators for the early detection 
of certain elements. For the lymphocytes, which 
is the main component of peripheral blood 
mononuclear cells (PBMCs), previous studies 
have demonstrated that lymphocytes are more 
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similar to organ cells than erythrocytes and 
multinucleate leukocytes, and lymphocytes 
more accurately reflect trace element levels [7, 
8]. However, it is unknown how the element 
concentrations change simultaneously in dif-
ferent blood components in the presence of 
exogenous factors. 

Studies on the element levels in PBMCs have 
mainly focused on the trace elements calcium, 
magnesium, zinc, copper and potassium [9, 
10], while little attention has been paid to other 
elements. We chose three elements, selenium, 
cadmium and molybdenum, as exogenous pol-
lutants to administer to rats through intratra-

cheal instillation. Both Se and Mo are essential 
elements, while Cd is a potentially toxic ele-
ment that plays a significant role in human 
health, and their levels can represent the sta-
tus of the different types of trace elements. 
Moreover, there are low levels of these three 
elements in the diet and water consumed by 
rats, which would not confound our study on 
the effects of exposure to exogenous elements 
on the levels of elements in different compo-
nents of the peripheral blood. 

This study aimed to explore the effects of exog-
enous element exposure via the respiratory 
tract on the Se, Cd and Mo concentrations in 

Table 2. The concentration of the elements in the different peripheral blood components from rats in 
the different groups

Element Control group
(n=8)

Low-dose group
(n=8)

Medium-dose group
(n=8)

High-dose group
(n=8) P

Whole blood (ng/mL)
    Se 386.69±44.82b,c,d 762.05±163.43a 1631.57±255.25a,d 5351.87±1752.80a,b,c <0.001
    Cd 1.48±1.82d 2.93±1.88d 14.55±4.55d 99.69±45.19a,b,c <0.001
    Mo 30.76±7.14c,d 138.33±90.39c,d 1073.95±416.29a,b,d 4509.64±1417.70a,b,c <0.001
Plasma (ng/mL)
    Se 158.77±14.74c,d 236.35±39.42c,d 412.48±50.71a,b,d 695.41±138.07a,b,c <0.001
    Cd 0.64±0.55d 1.03±0.64d 3.36±1.35d 63.20±30.10a,b,c <0.001
    Mo 20.36±5.06d 101.28±62.26d 685.86±252.18d 4230.80±1497.40a,b,c <0.001
RBCs (ng/g)
    Se 440.16±81.40d 834.78±171.76d 2377.03±815.96d 8539.23±3112.16a,b,c <0.001
    Cd 1.87±0.84d 6.22±1.57d 22.07±7.44d 108.84±49.18a,b,c <0.001
    Mo 6.15±2.30c,d 9.76±3.57c, d 62.52±36.87a,b,d 228.33±62.59a,b,c <0.001
PBMCs (ng/106 cells)
    Se 1.67±0.45b,c,d 3.44±1.25a 4.44±2.78a 4.83±1.58a 0.005
    Cd 0.11±0.05d 0.08±0.04d 0.16±0.10d 0.21±0.10a,b 0.014
    Mo 0.65±0.37 0.65±0.31 0.82±0.53 0.93±0.53 0.528
a,b,c and dRepresent statistical significance (P<0.05) compared to the control group, low-dose group, medium-dose group and high-
dose group, respectively.

Table 1. The exposure doses administered to the rats in the nine groups
Group Se [mg/(kg•bw)] Cd [mg/(kg•bw)] Mo [mg/(kg•bw)] Sample size
0 (control) 0 0 0 8
1 0.2 0.5 0.5 3
2 (low dose) 0.4 1 1 8
3 0.8 2 2 3
4 (medium dose) 1.2 4 3.5 8
5 1.8 8 5 3
6 2.4 12 9 3
7 (high dose) 3.6 16 12 8
8 4.8 20 16 3
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different components of peripheral blood 
(whole blood, plasma, erythrocytes and PBMCs) 
in rats which is the most-frequently used ani-
mal model in preclinical studies, as well as to 
determine the correlations of the three trace 
element concentrations among the compo-
nents. The results will contribute to determin-
ing the blood components in which the element 
levels better reflect the effects of exogenous 
factors from those in which the element con-
centrations are stable and might reflect endog-
enous factors. This information will help 
researchers to select appropriate blood compo-

Agilent 7700x ICP-MS (American Agilent Co., 
Ltd.), Ultrawave Microwave Digestion system 
(Italian Milestone Co., Ltd.), BS110S electronic 
scales (Germany Idris Co., Ltd.), B60A Medical 
low speed centrifuge (Baiyang centrifuge fac-
tory), blood counting chamber (Beijing glass 
Co., Ltd.), and inverted microscope (China 
Chong Guang Co., Ltd.).

Animal experiment and grouping

All experimental procedures with animals were 
in strict accordance with the recommendations 

Figure 1. The trace element concentrations and exposure doses in the con-
trol and eight test groups in whole peripheral blood. A. Se; B. Cd; and C. Mo. 
The secondary vertical axis represented the exposure doses.

nents for evaluating elements 
in future study.

Material and methods

Chemicals and instruments

Sodium selenite [Na2SeO3] 
(AR), ammonium molybdate 
[(NH4)6 Mo7O24·4H2O] (AR), 
cadmium chloride [CdCl2·2.5- 
H2O] (AR), PBS buffer solution 
(NaCl 8.0 g/L, KCl 0.2 g/L, 
Na2HPO4 1.15 g/L, KH2PO4 
0.2 g/L, pH 7.4, all the 
reagents used were AR), Pe- 
rcoll cellular segregation liq-
uid (Pharmacia Co., Ltd., Art. 
No.: 17-0891-01), chloral 
hydrate (AR, Sinopharm Ch- 
emical Reagent Co., Ltd.), 
BV-level III ultraclean high 
purity nitric acid (UP, Suzhou 
Crystal Clear Chemical Co., 
Ltd.), BV-level III ultraclean 
high purity hydrogen peroxide, 
deionized water (conductivity 
18 MΩ•cm, GN-RO-100puri- 
fication system, Beijing Sh- 
uangfeng Science & Tech- 
nology Development Co., 
Ltd.), human serum (lyophili-
zation) standard substance 
(Germany Recipe Co., Ltd., 
Plasma Control, Level I), and 
pork liver national standard 
substances (GBW10051). All 
standard solutions were pro-
vided by the National Center 
of Analysis and Testing for 
Nonferrous Metals and Elec- 
tronic Materials.
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in the Guide for the Care and Use of Laboratory 
Animals and approved by the Committee on the 
Ethics of Animal Experiments of the Peking 
University Health Science Center (Permit 
Number: LA2012-61).

Forty-seven six-week-old, physically healthy, 
male Sprague-Dawley (SD) rats, weighing 180-
200 g, were used in this study. The SD rats 
were obtained from the Department of 
Laboratory Animal Science, Peking University 
Health Science Center. Rats were housed in 
plastic cages with free access to low-lead diet 

Percoll liquid preparation and blood separa-
tion

Percoll liquid and 8.5% NaCl were mixed with a 
ratio of 9:1 and then diluted to 66.2% Percoll 
(density of 1.083 g/mL) in 0.85% NaCl. 
Anticoagulant blood (1.5 mL) was mixed with 
isopyknic PBS buffer and slowly added to the 
centrifuge tube containing 3 ml of Percoll sepa-
ration fluid. The tube was horizontally centri-
fuged with the force of 400 g (2000 round/min-
ute) for 20 minutes. Diluted plasma, PBMCs 
and RBCs were collected.

and water ad libitum, and 
maintained in a specific pa- 
thogen free laboratory with 
controlled temperature, rela-
tive air humidity and 12-hour 
light and dark circles. 

The SD rats were randomly 
divided into a control group 
and eight dose groups with 
different sample sizes shown 
in Table 1. After a week of 
adaptive feed, the rats were 
exposed to a mixed trace ele-
ment solution according to 
0.1 ml per 200 g weight 
through intratracheal instilla-
tion once per day for 10 days 
(10% chloral hydrate anesthe-
sia). The control group was 
administrated physiological 
saline, while the other groups 
were administrated a target 
element solution with differ-
ent doses shown in Table 1. 
Rats were weighed dailyand 
observed for behavioral ch- 
anges, feeding and drinking 
habits. Twenty-four hours 
after the last administration, 
the rats were anesthetized 
with 10% chloral hydrate (0.3 
mL/100 g body weight) and 
sacrificed with the method of 
femoral artery bloodletting. 
Approximately 2.5~3 ml of 
femoral arterial blood was 
collected into the lithium  
heparin anticoagulant tube 
and rapidly and softly blend-
ed to avoid blood coagulation 
and hemolysis.

Figure 2. The trace element concentrations and exposure doses in the con-
trol and eight test groups in peripheral blood plasma. A. Se; B. Cd; and C. Mo. 
The secondary vertical axis represented the exposure doses.
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Washing and counting of PBMCs

The trapped PBMCs were added into a double 
volume of PBS buffer, washed twice and then 
centrifuged with the force of 400 g for 15 and 
10 minutes, respectively, to remove the free 
elements. After discarding the supernatant, 
PBS buffer was added to 2 mL. After adequate 
shocking and blending, we suspended the cells 
again. A 50 μL of cell suspension was collected, 
and we added 450 μL of PBS buffer. When fully 
blending the mixed solution again, one drop 

parameters for ICP-MS was listed (Table S1). 
The standard curves are summarized in Table 
S2.

Quality control

SD rats were fed in a secondary environment 
under normal nutrition conditions. The experi-
mental instrumentation passed the verification 
and calibration according to the national quali-
ty inspection department. National standard 
materials, pig liver and human serum, were 
used to evaluate the accuracy of the analysis 

was used for the blood count 
under the microscope. 

Sample pretreatment and 
determination 

For whole blood, diluted plas-
ma and RBC analysis, 0.5 mL, 
0.9 mL and 0.2 g samples 
were added into a quartz 
digestive tube, respectively, 
and 0.8 mL of hydrogen per-
oxide and 1.2 mL of nitric acid 
were sequentially added. 
After microwave digestion 
and cooling, internal standard 
solutions were added up to 
15 mL. For PBMCs, a 1.9 mL 
sample was added into the 
quartz digestive tube, respec-
tively, and 0.4 mL of hydrogen 
peroxide and 1.0 mL of nitric 
acid were sequentially added. 
After microwave digestion 
and cooled, internal standard 
solutions were added up to 8 
ml. 

The concentrations of the 
three elements, Se, Cd and 
Mo, in four blood components 
were determined by Agilent 
7700x inductively coupled 
plasma mass spectrometry 
(ICP-MS). To ensure that the 
target element determination 
had high sensitivity and a low 
detection limit, Se was deter-
mined in the He mode, and 
Cd and Mo in the No Gas 
mode. The related informa-
tion on the operational 

Figure 3. The trace element concentrations and exposure doses in the con-
trol and eight test groups in the peripheral blood RBCs. A. Se; B. Cd; C. Mo. 
The secondary vertical axis represented the exposure doses.
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method. The detection results are summarized 
in Table S3.

Statistical analysis

Statistical analyses were performed using SAS 
9.1.3 (SAS Institute, Cary, NC, USA). The mean 
and standard deviation were used to describe 
the concentrations of the trace elements in dif-
ferent groups. The geometric mean was used 
to describe the increase folds of the trace ele-
ments in the dose groups compared to the con-
trol groups. The one-way ANOVA method was 
used to compare the differences among the 

exposure doses in the PBMCs (r, 0.249-0.508), 
while the opposite was true for the other per- 
ipheral blood components (r, 0.806-0.934). 
Interestingly, there was linearity when the Cd 
dose was more than 8 mg/(kg•bw) in the 
PBMCs (Figure 4B).

Correlations among the peripheral blood com-
ponents

The correlations of the three element concen-
trations among the four peripheral blood com-
ponents were shown in Table 3. The correlation 
coefficients of the three element concentra-

groups. The correlation bet- 
ween trace elements and 
exposure doses was analyzed 
by Spearman’s rank correla-
tion. Pair-wise comparison 
was performed using the SNK 
test. A two-sided P value of 
<0.05 was considered to be 
statistically significant.

Results

The element concentrations 
in the components of the 
peripheral blood

The concentrations of Se, Cd 
and Mo in different compo-
nents of the peripheral blo- 
od were listed in Table 2. The 
concentrations of the three 
trace elements increased 
together with the increase of 
the administered doses (P< 
0.05), except for Cd and Mo in 
the PBMCs. There were no 
statistically significant differ-
ences in the Cd levels among 
the control, low-dose and 
medium-dose groups in the 
four components, all of which 
were lower than those in the 
high-dose group (all P<0.05). 
There were no significant dif-
ferences in the Mo concentra-
tions among the four groups 
(P=0.528) in PBMCs. The con-
centrations of trace elements 
for the nine groups in the four 
components were summa-
rized in Figures 1-4. There 
was no linearity between the 
three trace elements and the 

Figure 4. The trace element concentrations and exposure doses in the con-
trol and eight test groups in the peripheral blood PBMCs. A. Se; B. Cd; C. Mo. 
The secondary vertical axis represented the exposure doses.
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tions were higher among the whole blood, plas-
ma and RBCs (Se (0.842-0.956), Cd (0.865-
0.941) and Mo (0.925-0.962) than those 
between PBMCs and other components (Se 
(0.376-0.529), Cd (0.495-0.604) and Mo 
(0.160-0.257).

The increase folds for the elements in the 
peripheral blood components

The increase folds for the three trace elements 
of the eight does groups compared to those of 
the control group were illustrated in Figure 5. 
The PBMCs curves deviated slightly with the 
geometric means of 2.21, 1.22 and 1.16 for 
Se, Cd and Mo, respectively (Table S4). For Se 
and Cd, the geometric means of the increase 
folds were highest in RBCs (4.95 and 10.56), 
whereas Mo increased more substantially in 
the plasma and the whole blood (geometric 
means, 20.77 and 18.42). Interestingly, the Se 
curve in the plasma (geometric mean, 2.29) 
was similar to that in PBMCs, while heavy devi-
ations were observed for Cd and Mo (geometric 
means, 8.91 and 20.77) in the plasma.

Discussion

The manifestations of trace elements differ 
among the blood components in the presence 
of exogenous factors. In this study, Se, Cd and 
Mo changed significantly in the RBCs, plasma 
and whole blood, while they remained relatively 
stable in the PBMCs. The concentrations in the 
PBMCs may be less affected by exogenous fac-

tors, which could be a window to reflect the 
trace element levels in the body affected by 
endogenous factors.

None of these three trace elements had good 
correlations with the given doses in the PBMC 
component, and Mo had the lowest correlation 
coefficient. The concentration of Mo in the 
body, especially for Mo deficiency, may be relat-
ed to various diseases, such as molybdenum 
cofactor deficiency [11], cancer [12], cardiovas-
cular disease [13] and more. Relying on mea-
surements the Mo level in the PBMCs may 
eliminate the bias caused by the exogenous 
factors and demonstrate the real changes in 
the element contents in response to endoge-
nous factors. Previous studies have demon-
strated that lymphocytes are more similar to 
organ cells than erythrocytes and multinucle-
ate leukocytes. Rivera reported that, because 
the biological characteristics and ions changes 
of lymphocytes were very close to the myocar-
dial cells and vascular smooth muscle cells, 
calcium regulation in lymphocytes might indi-
rectly reflect the calcium regulation in myocar-
dial cells and vascular smooth muscle cells [7]. 
Zhang reported that the Mn concentration in 
the PBMCs of patients with acute lymphoblas-
tic leukemia was higher than for acute non-lym-
phoblastic leukemia, indicating that the 
increase of Mn was mainly affected by endog-
enous factors [14]. Additionally, when the 
administered dose of Cd was more than 8 mg/
(kg•bw) in the PBMCs, the Cd concentration 
was linearly correlated with the given doses. 
Because such a high dose of Cd was rare, the 
Cd concentration was stable overall as well as 
Mo and Se.

Unlike for PBMCs, the concentrations in the 
RBCs, plasma and whole blood were obviously 
affected by exogenous factors. A previous study 
reported that the blood selenium concentra-
tions tended to vary substantially and were 
influenced by both exogenous factors, such as 
diet, supplements, or smoking status, and 
endogenous factors, such as selenium storage, 
transport and excretion [15]. The correlation 
analysis revealed that there were high correla-
tions (more than 84%) between any two of the 
three components, which is helpful for estimat-
ing the concentration in one component of 
blood according to another component. 
According to Figure 5, RBCs had more subtle 

Table 3. The correlations of the three element 
concentrations among the four peripheral 
blood components of rats
Element Plasma RBCs PBMCs
Se (n=47)
    Whole blood 0.888* 0.956* 0.430*

    Plasma - 0.842* 0.529*

    RBCs - - 0.376*

Cd (n=47)
    Whole blood 0.935* 0.941* 0.533*

    Plasma - 0.865* 0.604*

    RBCs - - 0.495*

Mo (n=47)
    Whole blood 0.962* 0.931* 0.229
    Plasma - 0.925* 0.257
    RBC - - 0.160
*P<0.05.
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changes in the element concentrations com-
pared to plasma, except in the case of Se. RBCs 
have an average life expectancy of 114 days, 
and the nutritional status of trace elements 
can be observed over a long period of time [16]. 
Some heavy metals (such as Pb, Cd, and Cu) in 
the blood are mainly enriched in red blood cells. 
Zhang reported that 99% of Pb was distributed 
in the RBCs and only 1% was in the plasma 
when entering in the blood circulation. 
Therefore, studying the element levels in RBCs 
is more helpful for evaluating chronic diseases 

elements through the respiratory pathway can 
simulate exposure to exogenous factors, such 
as atmospheric pollutants. Generally, PBMCs 
might provide information about endogenous 
factors, and whole blood could more accurately 
reflect the effects of exogenous factors com-
pared to other blood components.

Acknowledgements

We thank the Laboratory of Elementomics, 
School of Public Health, Peking University for 
technical support. 

Figure 5. The increase fold in the trace element concentrations in the dose 
groups compared to the control groups in the four peripheral blood compo-
nents.

and metal poisoning [3]. 
Stefanowicz suggested that 
the erythrocyte Se level could 
be used to reliably assess a 
wide range of Se intake levels 
[17]. In addition, the selenium 
concentrations in the RBCs 
reflect the longer-term nutri-
tional status due to the incor-
poration of selenium in eryth-
rocyte synthesis [18]. There- 
fore, RBCs could be used to 
evaluate the status of certain 
elements when affected by 
exogenous factors.

Se and Cd mainly accumulate 
in RBCs, while Mo only slightly 
increases in RBCs compared 
to the control group, which is 
also true for the concentra-
tion of Se in the plasma. We 
could choose different blood 
components, according to the 
characteristics of the target 
elements, to test the effects 
of exogenous factors. Addi- 
tionally, whole blood is con-
sidered to be a good biomark-
er for some trace elements, 
and it reflects recent, moder-
ate exposure [16, 19]. Con- 
sidering the correlation and 
significance of change from 
exogenous element exposure, 
whole blood may be the best 
choice for evaluating the 
effects of exogenous factors.

In conclusion, the respiratory 
pathway is a passageway 
through which exogenous fac-
tors can affect internal envi-
ronment. Administering trace 
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Table S1. The Agilent 7700x ICP-MS operational parameters for 
detecting the Se concentration
Operational parameters Parameter value
Radio-frequency power (W) 1550
Radio-frequency voltage (V) 1.8
Sampling depth (mm) 10.0
Carrier gas flow (L/min) 1.00
Peristaltic pump speed (r/s) 0.10
Atomizing chamber temperature (°C) 2
Sampling number 3
Sampling cone and interception of cone Nickel cone
Lens 1 voltage (V) 0
Lens 2 voltage (V) -200
Collision pool entrance voltage (V) -40 (He Mode)

-30 (No Gas Mode)
Collision pool export voltage (V) -60 (He Mode)

-50 (No Gas Mode)
Deflecting voltage (V) 0 (He Mode)

10 (No Gas Mode)

Table S2. The standard curves and correlation coefficients
Trace element Regression equation r
Se y=116.0710x+40.7500 0.9998
Mo y=12212.7765x+14.8167 1.0000
Cd y=6761.8724x-3.7000 1.0000

Table S3. The results for the standard materials

Trace  
element

Standard value 
in Human se-
rum (ng/mL)

Standard 
value in Pork 
liver (μg/g)

Detection value (ng/mL, μg/g)

1 2 3 4

Se 94.40-142.00 102.44 118.09 133.00 99.52
Mo 5.14-7.70 6.95 6.17 6.61 7.68
Cd 0.93-1.07 1.06 1.05 1.08 0.99

Table S4. The geometric means of the increases for the elements 
in the peripheral blood components
Components Se Cd Mo
Whole blood 4.16 9.52 18.42
Plasma 2.29 8.91 20.77
RBC 4.95 10.56 6.83
PBMC 2.21 1.22 1.16


