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ABSTRACT 
 
Aluminum (Al) is present on earth surface has 

different chemical forms. It is a toxic metal and it 
may cause different disorders such as osteomalacia, 
microcytic anemia, Alzheimer and Parkinson's 
disease. Thus, it is very important to understand the 
effects of Al on different organs. In order to exam-
ine its accumulation, rats (male Wistar) were ex-
posed to 5 mg/kg/day AlCl3 through gavage method 
for 30 days. At the end of the process, heart, brain, 
kidney and skin were removed and dried under 
sunlight. The samples were analyzed on a sequen-
tial Wavelength Dispersive X-ray Fluorescence 
(WDXRF) spectrometer. The results indicate that 
Al accumulates significantly in the brain. These 
results can be associated with neurotoxin effects. 
Although this study focused on the accumulation of 
Al, the concentration changes of detected elements 
from Beryllium (Be) to Uranium (U) accumulations 
were analyzed. The current study has proved that 
the WDXRF method is a quick, inexpensive and 
effective method in toxicological studies.  
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Aluminum, Bio-distribution, Wistar Rat, WDXRF 

 
 

INTRODUCTION 
 
Aluminum (Al) is the third most abundant el-

ement and the most common metal on earth’s crust, 
existing primarily as polymorphous aluminum-
silicate (Al2O5Si) in rocks and soils [1]. Al is used 
in several manufactured foods and medicines as 
well as in water purification [2]. This metal is wide-
ly used in daily life and this use leads to environ-
mental release [3]. Al may accumulate in human 
body from diet, occupations, and the use of cosmet-
ics, medications, and adjuvant exposure [4]. The 
toxicity of Al was shown in many experimental 
studies and this effect attracted growing concern in 

the field of human and animal health as the immune 
system appears to be most sensitive to Al exposure 
[5]. For human, Al is a well-known neurotoxin and 
a possible candidate being of hepatotoxins [6]. It 
can accumulate in the liver as a low toxicological 
metal, and toxic effects of Al is linked to the devel-
opment of dialysis dementia, osteomalacia, Alz-
heimer's and Parkinson's diseases [7-10]. Al is re-
ported to accelerate oxidative damage to the bio-
molecules and it can accumulate in central nervous 
system (CNS) easily [11, 12]. Exposure to Al neuro-
toxicity is accompanied by the perikaryal accumula-
tion of tangles of the phosphorylated neurofilaments 
(NFs) [13]. The toxic effects of Al on nervous sys-
tem especially occur at high concentration such as 
causing loss of memory, speech disturbances, 
dysparaxia, tremors, jerking movements, impaired 
muscular coordination, and paralysis [14-16]. Al 
exposure and its toxicity to reproductive system 
have also been investigated and some damage to the 
reproductive system of aluminum deposits has been 
identified [17, 18]. The molecular mechanisms 
causing these symptoms may include oxidative 
stress induction, membrane function disruption, 
gene structure impairment and disruption of mineral 
metabolism of several metals [19, 20]. Exposure of 
Al can cause free radical-mediated cytotoxicity, 
lipid peroxidation and altered protein phosphoryla-
tion and these generate reactive oxygen species 
resulting in oxidative deterioration of lipids, pro-
teins and DNA. Therefore, the estimation of free 
radical generation and antioxidant defense has be-
come an important aspect of investigating Al toxici-
ty [21, 22]. Al accumulates in the organs of the 
organism including spleen which is peripheral or-
gan of the immune system and the accumulated Al 
may alter the immune function. There is remarkable 
and considerable evidence to demonstrate that the 
accumulation of Al in body tissues is associated 
with the damage for the target organs [23, 24].  

As can be understood from the above infor-
mation, Al is an element affecting human and ani-
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mal health negatively and it takes a great place in 
our daily lives. A great numbers of studies regard-
ing the Al effect on immune function have demon-
strated that Al suppressed immune function and the 
association of Al with the immune system has re-
sulted in allergy or autoimmunity [5]. Some of the 
research on this issue reveals that acid-suppressing 
drugs in mice can cause allergic response, and 
AlCl3 also has a mutagenic potential. Based on 
these investigations, researchers observed that 
AlCl3 is clastogenic and indirectly affects the con-
struction of mitotic fuse in all the tested concentra-
tions [25]. It has been deduced that AlCl3 has unfa-
vorable effects on the male rats’ testicular function 
where AlCl3 can change the balance of trace ele-
ment decreases the spermatogenesis and the activi-
ties of testicular enzymes [26]. Furthermore, Al 
accumulates in the ovary could damage the ovarian 
structure of the female mice and it can result in 
ovulatory disorders with disturbed hormone profiles 
and this damaged ovary structure can lead to infer-
tility [27, 28]. Exposure to Al impair the secretory 
function of reduce the levels of FSH and LH in rat 
serum that Al is a potential risk to female infertility 
[10]. Moreover, AlCl3 can damage the BCL-W 
gene, an anticancer gene belong to the DNA repair 
system in brain cells, and can regulate R-spondin 
and inositol polyphosphate 4-phosphatase genes 
that have a role in cell proliferation [29]. The effect 
of iron deficiency and iron load on Al deposition 
was also investigated by the researchers. Based on 
the findings it was ascertained that in case of iron 
deficiency, high aluminum uptake was determined 
in the intestines of rats. In addition, high aluminum 
storing was observed in the spleen, lungs and blood 
plasma of the rats. In contrast, it was detected that 
aluminum deposition decreased in the tissues in the 
case of iron overload [37]. 

In toxicology studies, a number of analytical 
methods such as Atomic Absorption Spectroscopy 
(AAS), Inductively Coupled Plasma – Mass Spec-
trometer (ICP-MS), High-Performance Liquid 
Chromatography (HPLC) and X-Ray Fluorescence 
(XRF) can be used for elemental analysis. XRF is 
either wave dispersive X-ray fluorescence 
(WDXRF) or energy dispersive X-ray fluorescence 
(EDXRF). In this study, WDXRF technique was 
used. There are a number of advantages over other 
techniques. For example, many elements can be 
determined simultaneously, it is non-destructive, 
simple, fast and less expensive than other tech-
niques. As such, it has been used for the analysis of 
biological, chemical and geological samples within 
ranges from parts-per-billion (ppb) to 100% [38-
41].  

Consequently, the aim of the present study 
was to examine elemental change in different or-
gans of rats subjected to AlCl3 by using a quick and 
inexpensive analysis technique (WDXRF). Since Al 
is widely used in daily life, there are many different 

studies about aluminum. These studies give us 
some insights about the negative effects of Al tox-
icity on neural, immune and reproduction system. 
That's why it is crucial to understand the effects of 
Al accumulation in various organs and tissues. 
Apart from Al, other elements (C, O, Cl, Na, Mg, 
Al, Si, P, S, K, Ca, Ti, Mg, Fe, Cu, Zn, As, Rb, Sr 
and Pb) were analyzed, and concentrations were 
compared in the hearts, brains, kidneys and skin of 
rats according to the control group.  

 
 

MATERIALS AND METHODS 
 
Instruments. In this study, an agate mortar, a 

digital scale (Ohous TS 120), a hydraulic press 
(SpexPmax =3.5×107 kg/m2), a WDXRF spectrome-
ter (ZSX-100e with Rhodium target X-ray con-
trolled by ZSX software) were used. This system 
analyzes the elements from Be (Beryllium) to U 
(Uranium). WDXRF instrument consist of a detec-
tor, an amplifier, a discriminator, a counter and 
printer units. The system includes a 4 kW 70 kV 
end-windows X-ray tube. The detector converts the 
falling X-rays to measurable pulse. It has the prop-
erty of the micro area mapping down to 0.5 mm. 
The X-ray detector is used in the following three 
spectrometers: proportional, gas flow and scintilla-
tion detectors. The other features of the system are 
included up to five primary beam filters, 10 analyz-
ing crystals, eight limiting area diaphragms, option-
al secondary collimators, automatic sample chang-
er, compact design and multi-window, multi-
function fundamental parameters software. The 
discriminator filters the pulses coming from the 
detector, and allows them to pass through certain 
height pulses. These pulses are saved in a recorder. 
If required, the system can show the number of 
pulses (of violence) as a function of the wavelength 
and the angle of the reflection spectrum in dia-
grams. Matrix-correction process is conducted 
automatically by this system including line over-
laps. Rigaku has improved their semi-quantitative 
software package further with the introduction of 
SQX can also correct the secondary excitation ef-
fect by photoelectrons (light and ultra-light ele-
ments), varying atmospheres, impurities and differ-
ent sample sizes. Increased accuracy is achieved 
using Matching Library and Perfect Scan Analysis 
Programs. The Fundamental Parameter Method is 
used to determine the mass concentration by using 
measured counts. This method is a kind of compen-
sation analysis method X-Ray Fluorescence Analy-
sis and mathematically compensates the matrix-
effects overlapped effects [38]. WDXRF is a unique 
technique to use when fast and accurate elemental 
analysis is needed. The equipment ensures qualified 
results to be obtained from the rat tissues without 
needing advanced analytical skills. [38- 42]. 
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Experimental Section. The study protocol 
was approved by the Ethical Committee of Atatürk 
University, Erzurum, Turkey, according to the prin-
ciples of laboratory animal care. The study was 
carried out with 12 certified male Wistar rats (mean 
initial weight of 253±14 g). The rats were supplied 
by Atatürk University Experimental Medical Re-
search and Application Center, Erzurum, Turkey. 
The rats were kept in standard glass cages at room 
temperature. They were maintained in normal daily 
light cycle (at room temperature, with sun cycle). 
The rats were randomly divided into two groups 
with each group containing six rats: control group 
(G1) and AlCl3 diet group (G2). In the group G2, 
the rats were orally fed with AlCl3 for 30 days with 
5 mg/kg/day by gavage method. During this period, 
15-25 g daily commercial laboratory chow and 13-
17 ml water was given to each rat. This commercial 
chow comprises oats, barley flour, meat, milk pow-
der and fish oil. At the end of this period, the rats 
were sacrificed the different organs (heart, brain, 
kidney and skin) were excised and they were dried 
under sunlight for 2-3 days [to prevent the system 
from being affected by humidity (the vacuum con-
dition of the sample chamber of the system is af-
fected by humidity)]. During drying procedure, the 
organs were placed over a tulle-covered glass con-
tainer to prevent cross-contamination of the organs. 
Nevertheless, possible sample contamination has 
been evaluated in systematic errors. After drying 
the organs were separately ground in an agate mor-
tar. Six samples were prepared for each tissue from 
both groups. These samples were then pressed into 
uniform pellets of 20 mm diameter and ~2.0 mm 
thickness using a hydraulic press machine (SPEX, P 
= 25 tons/cm2) with a standing time of 120s. After 
the beam from the X-ray tube passes a primary 
beam filter with a 20 mm diameter, it is reflected on 
the sample.  

The beam affects the surface of the whole 
sample. Since the pellets were easily formed and 
not scattered, a bonding material (e.g. cellulose 
microcrystalline) was not used to glue the sample 
powders and the average weights of the pellets are 
given in Table 1. These pellets were analyzed on a 
WDXRF spectrometer equipped with the Rh X-ray 

tube. The measurement room temperature was 20-
21°C, and it was a relatively dry environment. The 
experimental geometry was the same for all the 
samples. The basic differences between the G1 and 
G2 were examined. The obtained spectra were 
drawn via the Origin 7.0 software. By using a spec-
troscopic technique, the current study examined 
whether the employed AlCl3 diet actually influences 
the organ content of the rats. These graphs were 
plotted with the average of 6 samples. In this study 
four different organ tissues were investigated sepa-
rately.  

TABLE 1 
Weight of pellets 

Organ Weight (g) 
 G1 G2 
Heart 0.25±0.010 0.29±0.035 
Brain 0.30±0.115 0.34±0.030 
Kidney 1.32±0.020 1.27±0.035 
Skin 1.83±0.025 1.88±0.015 

G1: control group; G2: experimental group 
 
Statistical Analysis. To see whether there is a 

significant difference between groups; Mann-
Whitney-U Test has been applied for all the meas-
urements using SPSS-17. Results are given in Table 
2.  

 
 

RESULTS AND DISCUSSION 
 
Results. Al exposure caused significant 

changes in elemental concentrations especially in 
brain and skin tissue of the rat. In brain, Al in-
creased when compared to G1 values. Also while 
Mg and Na increasing, Ca decreased. It was ob-
served that K, Si, Ca, Mg, Al concentration ratios 
increased in heart samples after the AlCl3 diet. 
Especially the increase in K is remarkable. The 
elements of C, Cl, P, S, K, Ca, Al, Br, Zn and Fe 
were found in higher amounts in the skin tissue of 
the G2 rats. Finally, K, Si, Mg, Fe, Ca, Al, Cl and P 
elements increased in kidney following the dietary 
AlCl3 although there were no significant decreases 
in terms of specific elements after spectroscopic 
investigations.  

 
TABLE 2 

p values between two groups for each element of all the tissues 
Tissues 

ELEMENTS (p-value) 
O C Cl P S Si K Ca Fn 

Brain 0,050 0,275 0,050 0,653 0,077 0,050 0,077 0,034 1,000 
Kidney 0,827 0,050 0,317 0,317 0,099 0,046 0,046 0,037 0,114 
Skin 0,050 0,043 0,025 0,037 0,046 0,507 0,043 0,046 1,000 
Heart 0,050 0,275 0,513 0,268 0,376 0,046 0,000 0,034 1,000 

Tissues 
ELEMENTS (p-value) 

Zn Na Mg Al Rb Fe Cu Se Br 
Brain 1,000 0,037 0,037 0,037 1,000 1,000 1,000 1,000 1,000 
Kidney 0,121 1,000 0,011 0,045 1,000 0,034 1,000 1,000 1,000 
Skin 0,037 1,000 0,317 0,037 1,000 0,037 1,000 1,000 0,037 
Heart 1,000 1,000 0,037 0,037 1,000 1,000 1,000 1,000 1,000 

*If the p < 0, 05, there is a significant difference between the groups G1 and G2 in terms of elements. 
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TABLE 3 
Percent mass ratios from all samples obtained by WDXRF spectrometer. 

Tissues Groups 
Elements (%Mass) 

O C Cl P S Si K Ca Fn 

Brain 
G1 99.312 

±0.015 
0.6145 
±0.019 

0.0508 
±0.026 

0.0115 
±0.024 

0.0057 
±0.000** 

0.0026 
±0.016 

0.0018 
±0.031 

0.0006 
±0.003 

0.0000 
±0.000** 

G2 99.264 
±0.025 

0.6220 
±0.073 

0.0611 
±0.064 

0.0116 
±0.008 

0.0056 
±0.031 

0.0021 
±0.026 

0.0018 
±0.003 

0.0002 
±0.001 

0.0000 
±0.000** 

Kidney 
G1 99.032 

±0.022 
0.9639 
±0.017 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0001 
±0.000 

0.0012 
±0.004 

0.0017 
±0.003 

0.0001 
±0.000 

0.0000 
±0.000** 

G2 99.049 
±0.025 

0.9440 
±0.023 

0.0001 
±0.000 

0.0001 
±0.000 

0.0002 
±0.000 

0.0017 
±0.007 

0.0021 
±0.005 

0.0015 
±0.010 

0.0000 
±0.000** 

Skin 
G1 96.022 

±0.008 
1.2300 
±0.012 

0.0001 
±0.000 

0.0001 
±0.000 

0.0002 
±0.000 

0.0033 
±0.001 

0.0001 
±0.000 

0.0001 
±0.000 

0.0000 
±0.000** 

G2 97.324 
±0.011 

1.5780 
±0.016 

0.0030 
±0.010 

0.0340 
±0.031 

0.0023 
±0.019 

0.0050 
±0.027 

0.0003 
±0.001 

0.0013 
±0.006 

0.0000 
±0.000** 

Heart 
G1 99.234 

±0.009 
0.6110 
±0.032 

0.1351 
±0.021 

0.0072 
±0.018 

0.0096 
±0.001 

0.0014 
±0.003 

0.0034 
±0.011 

0.0001 
±0.000** 

0.0000 
±0.000** 

G2 99.353 
±0.010 

0.6057 
±0.012 

0.0155 
±0.021 

0.0073 
±0.022 

0.0087 
±0.004 

0.0022 
±0.006 

0.0058 
±0.01 

0.0004 
±0.001 

0.0000 
±0.000** 

Tissues Groups 
Elements (%Mass) 

Zn Na Mg Al Rb Fe Cu Se Br 

Brain 
G1 0.0000 

±0.000** 
0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

G2 0.0000 
±0.000** 

0.0306 
±0.012 

0.0011 
±0.007 

0.0005 
±0.002 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

Kidney 
G1 0.0001 

±0.000 
0.0000 
±0.000** 

0.0006 
±0.002 

0.0001 
±0.000 

0.0000 
±0.000** 

0.0001 
±0.000 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

G2 0.0001 
±0.000 

0.0000 
±0.000** 

0.0008 
±0.003 

0.0015 
±0.001 

0.0000 
±0.000** 

0.0003 
±0.001 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

Skin 
G1 0.0000 

±0.000** 
0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

G2 0.4017 
±0.034 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0098 
±0.017 

0.0000 
±0.000** 

0.5610 
±0.005 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0229 
±0.041 

Heart 
G1 0.0000 

±0.000** 
0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

G2 0.0000 
±0.000** 

0.0000 
±0.000** 

0.0015 
±0.001 

0.0002 
±0.001 

0.0000 
±0.000** 

0.0001 
±0.000 

0.0000 
±0.000** 

0.0000 
±0.000** 

0.0000 
±0.000** 

**The amount of the element is below the detection limit of the system 
 
 

Shortly, as can be seen in Table 2, Table 3, 
and Figure 1 the significant differences between G1 
and G2 have been observed in all the tissues in 
terms of the elements of Ca, Mg, and Al. In the 
kidney tissues for Si, K, Ca elements, the signifi-
cant value differences have been found. Especially 
in skin tissues for C, Cl, P, S, K, Ca, Zn, Fe and Br 
elements, the value differences have emerged. In 
heart tissues for Si, K, Ca, Mg and Al elements, 
remarkable differences between the groups have 
been determined. 

 
 
DISCUSSION 

 
The presented results show that Al and Cl in-

creased in all the tissues after AlCl3 administrations 
with the exception of Cl in heart tissue. Significant 
increases were especially observed in the skin and 
brain for both Al and Cl elements. When we con-
sider the variation of Al in various organs, it can be 
seen that skin has the most increase, with 0.0098% 
mass, brain comes second with 0.0005% mass in-
crease in Al amount heart and kidney have the same 
amount of Al concentration with 0.0002% mass 

after Al intoxication. The present results can ex-
plain why Al affects neurons and cause nervous 
system diseases. Thus, our findings indicated that 
Al could easily accumulate in the brain after 30 
days with AlCl3 dietary, and it could probably pol-
lute the central nervous system (CNS) with its high 
neurotoxin potential. In accordance to this finding, 
previous studies showed that immune system could 
also be affected from Al exposure, and the analysis 
of Al accumulation in spleen, which is a peripheral 
organ of the immune system, showed that the ac-
cumulated Al can alter immune function [24]. Also, 
it was demonstrated that the accumulation Al in 
body tissues damaged the target organs severely 
[23]. Different researchers also have found that the 
Al exposure disturb the secretory function of the 
ovary, reduce levels of FSH and LH in the rat se-
rum. Moreover, AlCl3 exposure changed the bal-
ance of trace element, decreased the spermatogene-
sis and the activities of testicular enzymes [10-26]. 

The molecular mechanisms of Al accumula-
tion causing symptoms on the nervous system, 
include oxidative stress induction, membrane func-
tion delay, interfering of gene expression and min-
eral metabolism disruption on several metals [19-  
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FIGURE 1 

Element analysis results of brain sample obtained by WDXRF spectrometer as an example. 
 
 
20]. One of the element that accumulates according 
to the Al concentration is Cl. As a matter of the 
fact, Cl amount increased significantly in the brain, 
kidney and skin; yet, the concentration of Cl inter-
estingly decreased in the heart. In addition, the 
obtained results showed that there were significant 
changes in the concentration of certain elements 
that are very important for the body. For example, 
Ca is very important for gene regulations and cell 
biochemical activities; hence, a little change in Ca 
concentration causes the vital results in all cell 
types [39]. It appears that AlCl3 dietary affect Ca 
concentration in the brain, heart, skin and kidney as 
Ca increased in all the organs. Furthermore, it could 
be argued that the Al exposure led to alterations in 
one of the most important element for organisms, 
phosphor (P).  

P has many roles in cells such as protein acti-
vation, gene silencing, and pathway regulation [40]. 
The present results indicate that the P concentration 
increases significantly in the skin. Some other ele-
ments (K, Si, Mg, Fe, O, C, Na, S, Zn and Br) could 
be affected by Al, and some of them increased in 
concentration while some others decreased. The 
biggest element change has occurred in the skin 
tissues. 

 
 
 

CONCLUSION 
 
The present study shows that after rats orally 

administration of AlCl3 to rats for 30 days, accumu-
lation of Al was evident in skin and brain. The 
study indicates that WDXRF is a reliable and sensi-
tive analysis method for toxicokinetic and biodistri-
bution studies.  
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