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Abstract 
Aluminum in the form of aluminum trichloride (AlCl3) is a potentially toxic element depending on the entry route, 
concentration, and exposure time. This research aimed to evaluate a possible genotoxicity to iron metabolism genes 
profile expression and hematotoxicity effect as a consequence, due to subchronic exposure to AlCl3 in Sprague Dawley 
(SD) rats. To this end, 14 female Sprague Dawley rats were aleatory selected forming two groups. Control group (A) 
was treated 90 days with physiological saline solution, whereas Experimental Group (B) was treated with AlCl3 40 
mg/kg/day through intragastric route. Furthermore, rats were previously treated with halothane followed by blood 
drawing through intracardiac puncture. A complete blood count (CBC) and RNA extraction were done on whole 
blood samples, while serum was used to measure iron kinetic parameters using the micro-ELISA method. The CBC 
results point out that there are higher values of Hb and MCHC, PCT percentage, and white blood cells (WBC) 
predominantly due to neutrophils (NE), eosinophils (EO) and basophils (BA) in the experimental group compared to 
control (α = 0.05). Moreover, experimental subjects showed lower ferritin values and higher total iron binding capacity 
(TIBC) in iron kinetics analytes than untreated individuals. In addition, hepcidin and transferrin gene expression 
appeared overexpressed, while the ferritin gene was observed slightly repressed in group B when analyzed in the 
heatmap. Significative changes in treated subjects were observed in hepcidin gene expression, while iron kinetics 
analysis showed a decrease in ferritin. In conclusion, AlCl3 induces changes in blood cell count, iron kinetics 
parameters, and gene expression profile, which may be an oxidative stress consequence. 
Keywords: Genotoxicity, genes, iron metabolism, AlCl3, Sprague Dawley rats. 
 
INTRODUCTION 
Iron (Fe) is an essential element for the mammalian body and is required for the synthesis of oxygen 
carrier proteins and energy metabolism enzymes that use oxygen (O2) to generate ATP [1,2]. Proteins such 
as cytochromes, myoglobin, hemoglobin (Hb), peroxidases, and others are required for the normal 
function of cells such as hepatocytes, myocytes, and erythrocytes. To perform these functions, proteins 
with Fe are usually synthesized with a heme to allow oxygen binding and transport. This is an important 
substrate for cellular respiration for electron acceptance [3,4]. These requirements make such elements 
available to keep metabolism and cell physiology in balance [5,6]. The disruption of this balance can be 
caused by Fe deficiency or excess, leading to serious damage to the organism. 
The dietary contribution of elemental Fe and heme protein with Fe2+ is required to maintain iron 
homeostasis [7,8]. Absorption, transit, and storage of Fe are fundamental processes carried out by heme 
proteins including hepcidin, ferroportin, transferrin, and ferritin. Hepcidin is a central regulator of iron 
homeostasis, influencing Fe absorption in the gastrointestinal tract and release from stores in 
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macrophages and hepatocytes [9,10]. On the other hand, ferroportin is a membrane protein in enterocytes 
and macrophages that regulates the movement of Fe through the intestinal lumen into the plasma and 
from the macrophages into the erythrocytes as the final destination [11,12]. To do this, iron must be 
transported in carrier proteins called transferrin to erythrocyte precursors through the erythropoiesis 
process and regulate hepcidin expression [13,14]. Finally, ferritin is an iron store in muscle, liver, spleen, 
and bone marrow [15,16]. 
On the other hand, soluble forms of aluminum (mainly salts) may be biologically active and potentially 
hematotoxic [17], and they have been increasingly used in recent years [18]. It is well known that Al 
toxicity depends on solubility, route of entry, concentration, and exposure time [19]. All mechanisms 
potentially involved in aluminum toxicity can lead to hematological changes or hematotoxicity [20]. 
Hence, measuring iron metabolism parameters (iron, total iron binding capacity, transferrin saturation, 
and ferritin activity) may be a good predictor of hematological alterations or hematotoxicity. Recently, 
our research group found alterations in iron metabolism due to aluminum exposure [21]. The reasons 
are still unknown, so we consider it, is important to inquire whether such changes may be associated with 
changes in iron metabolism gene expression. 
The biological activity of ferritin protein is related to iron cell storage capacity [22,23]. Also, changes in 
the concentration of this protein have been associated with iron overload or deficiency [24,25], and it is 
well known as an acute reactant since it is involved in infectious and inflammatory processes [26,27]. 
Finally, it is important to highlight that ferritin is related to the biological activity of many proteins 
involved with iron metabolism including hepcidin, transferrin, and ferroportin, among others [16,28-30]. 
Based on this, this work aimed to evaluate changes in blood cell parameters and iron metabolism, 
including gene expression profile and analytes, caused by subchronic exposure to AlCl3 in Sprague Dawley 
rats.  
 
MATERIALS AND METHODS 
Bioethics.  
This research protocol was evaluated and approved by the University of Sonora institutional review board 
with the code CEI-UNISON 13/2023. This work was performed according to international and national 
standards in the care and manipulation of animal experimental models to minimize animal suffering [31-
34]. 
Experimental subjects 
This experiment included 14 female Sprague Dawley (SD) rats with 50 days born and weight among 180 
– 200 g provided by The University of Sonora Food Research and Postgraduate Department vivarium, 
that were randomized to form two experimental groups. 
Experiment 
 Group A (Control) were 7 SD rats treated with intragastric 0.98 % saline solution, while Group B 
(Experimental) included an equal number of subjects treated with aluminum trichloride (AlCl3) 40 
mg/Kg/day intragastric during 90 days in 5 days a week cycles. 
Animals conditions 
Standard conditions were used, including 12 hrs dark/light cycles, 45 – 55% humidity and temperature 
between 24 – 26°C. Each subject was kept in individual cage, and were supplemented with food (Labdiet 
® 5001) and water ad libitum [35]. 
Samples collection 
After treatment (300 - 320 g weight), the animals were anesthetized in halothane chambers to obtain 
blood by intracardiac puncture. The rats were immediately euthanized by cervical dislocation. Whole 
blood samples were collected in heparinized tubes without additives. Whole blood samples were used for 
complete blood count (CBC) and evaluation of iron metabolism gene expression, while serum samples 
were used for evaluation of iron metabolism analytes. 
Complete Blood Count 
Blood cells were analyzed using 23 parameters Celltac ES MEK-7330K (Nihon Khoden; Tokyo, Japan) 
instrument. 
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Iron metabolism parameters 
Serum samples were used to measure iron metabolism analytes using rat microELISA kits according to 
the manufacturer's instructions [36]. The parameters evaluated included serum iron, TIBC (Abcam 
239715), transferrin saturation and ferritin activity (Abcam157732). MicroELISA was performed using 
an Eli Read RT-2100C (KONTROLab®) spectrophotometer. (Hamburg, Germany). 
RNA extraction  
A volume of 0.5 mL of whole blood was used to extract RNA using the TRIzol kit according to the 
fabricator's protocols [37].  Total RNA concentration and purity were measured using Nanodrop® 2000 
(Thermo Fisher Scientific, Waltham, USA) [38]. Nucleic acid extraction and purification using the 
microvolume technique was previously validated and the expanded uncertainty was estimated by our 
research group [38,39]. 
RT-PCR gene expression determination 
 RNA isolated from experimental Sprague Dawley rats was used for a first RT-PCR (Reverse Transcriptase-
Polymerase Chain Reaction) reaction in a LightCycler96® (Roche Diagnostics; Basel, Switzerland). 
following the next program: RT  50 °C/30 min; Preincubation 95 °C/120 s; Denaturation 95°C /15 s 
and Annealing/Extension 55 °C/ 50 s for 45 cycles and Cooling 37 °C/ 30 s. Primers and probes sets 
were designed in-silico using the software BLAST-Primer and sequences deposited in GenBank database 
(National Center for Biotechnology Information; Rockville Pike, USA). Taqman probes used in these 
experiments were marked with FAM in 5’ while BHQ1 quencher was included in 3’. All sets were 
synthesized in LGC Biosearch Technologies (Petaluma, CA, USA) in reaction vial containing: 25 µL of 
2X reaction mix; 1 µL of sense and antisense primers (10 µM) each; 1 µL of probe (5 µM); 2 µL of 
SuperScript™ III RT/Platinum™ TaqMix; 10 µL of Template RNA and autoclaved distilled water up to 
a total volume of 50 µL. Then, master mix was made in a biosafety cabinet type II-A (Labconco™; Kansas 
City, MO, USA) by using a one-step qRT-PCR SuperScript III Platinum™ (Thermo Fisher Scientific, 
Waltham, USA) kit following the manufacturer instructions with slight modifications showed in Table 
1. 
In a second experiment, amplicons were recovered directly from reaction tubes and purified using GFX™ 
Columns (Cytiva Life Sciences; Marlborough, M.A., USA) following the kit instructions. cDNA eluted 
samples were quantified in a Nanodrop 2000 (Thermo Scientific; Waltham, M.A., USA), and then 
normalized to ~10 ng/µL. A calibration curve was done for each target by using cDNA 10-fold dilution 
from 1 x 10-2 to 1 x 10-6 ng/µL in five different points by triplicate to calculate PCR efficiency. The PCR 
program was carried out as previously mentioned avoiding RT cycle and adjusting reaction tube to 1 µL 
template. The calibration curves and PCR parameters were analyzed and obtained from the LightCycler 
Instrument Software. 
 
Table 1.- Characteristics of the primers and probes used for target genes in the experiment. 

Gene 
Prime
r 

Oligo (5’ → 3’) Tm (°C) 
5´ 
pos 

Length (bp) 

Ferritin (Fth1) 
NM_012848.2 

Fw ACCAGCGAGGTGGACGAATC 67.4 351 20 
Rv AGCCCGCTCTCCCAGTCA 67.4 420 18 

Probe 
TGCAGGATATAAAGAAACCTG
ACCGTGA 

69.4 375 28 

Transferrin (Tf) 
NM_001013110.
1 

Fw GCATGGGCTAAGGATCTGAA 65.4 410 20 

Rv 
CTCGGTTACAGGCTTCTTGGT
A 

66.2 484 22 

Probe 
AGGAAGACTTCCAGCTGCTGT
GCC 

69.2 432 24 

Hepcidin (Hamp) 
NM_053469.2 
 

Fw GAGCAGCGGTGCCTATCTC 67.1 77 19 

Rv 
CAGCGCACTGTCATCAGTCTT
G 

66.5 170 22 

Probe 
CGGCAACAGACGAGACAGAC
TACG 

69.2 96 24 

Ferroportin Fw AGCCCACGCTTGGAAAGGA 66.4 591 19 
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(Slc40a1) 
NM_133315.2 

Rv ACGTCGGCCCAAGTCAGTG 66.3 668 19 

Probe 
CGGCAACAGACGAGACAGAC
TACG 

68.3 618 30 

GAPDH 
(LOC134483923) 
XM_063279674.1 

Fw TCCGCTGTGGATCTGACA 65.0 482 18 
Rv GCCTGCTTCACCACCTTCT 66.7 555 19 

Probe 
TGCCGCCTGGAGAAACCTGA
CAAG 

70.4 500 24 

Fw: forward; Rv: reverse; Tm: melting temperature; bp: base pair. 
     
Data analysis 
A two-tailed Student-t test was used to evaluate the effects caused by the experimental treatment. The 
analysis was performed using SPSS v.21.0 statistical software (IBM Corp., Armonk, NY, USA) at a 5% 
significance level (α = 0.05). The resultant Ct data from real-time PCR main experiment was analyzed by 
2-ΔCt formula, using GAPDH as housekeeping gene as reference, to obtain the relative expression of each 
mRNA. The obtained data of expression of housekeeping and each target gene from control group was 
used as calibrator [40]. The results were used to build a heatmap in NG-CHM Builder web tool (MD 
Anderson Cancer Center. Houston, Tx. USA) [41] for displaying all relative expression data for each iron 
metabolism gene investigated in control and experimental groups. One-tail Student-t Test means 
comparison between groups were done for 2-ΔCt [40] data for assessing significant differences (p < 0.05) by 
using MedCalc® v.19.3.1 (Ostend, Belgium). 
 
RESULTS AND DISCUSSION 
Complete Blood Count 
The analysis showed significant differences between the experimental and control groups for some of the 
white blood cell (WBC) parameters. Treated subjects showed higher levels of WBC (p = 0.008) and 
neutrophils (NE) (p = 0.005) and low levels eosinophils (EO) (p = 0.005), and basophils (BA) (p = 0.001). 
These levels may be considered significantly high and, therefore, biologically significant for this species 
(Table 2) [21]. In addition, elevated levels of hemoglobin (p = 0.047) and mean corpuscular hemoglobin 
concentration (MCHC) (p = 0.046) (Table 2) were observed, and platelet count (PCT %) was also elevated 
(p = 0.047) (Table 2). In general, significant changes in hematological parameters were observed in the 
experimental group. 
Previous studies by our research group reported that no hematological changes were observed at AlCl3 10 
mg/kg/day for 90 days in SD rats [21]. Based on this work results, hematological changes may be induced 
with a subchronic dose of AlCl3 40 mg/kg/day. However, this dose is within the range of human 
consumption, estimated at 105 - 150 mg/day for a 70 kg adult individual [42-45], which is 1.5 a 2.1 mg 
de Al/Kg in people with these characteristics but 37.5 - 53 mg for a 0.250 Kg weight rat. This experiment 
was carried out at AlCl3 40 mg/kg/day, therefore, it is reasonable to consider that subchronic exposure 
to AlCl3 might give rise to adverse effects on human health. Considering the hematological effects in SD 
rats as an experimental model under the conditions studied here, it is important to highlight that dose-
response has much influence on the outcome of this study. 
Iron metabolism parameters 
Many researchers have previously studied the risk effects of AlCl3 exposure in animal models. One of 
them has found that aluminum may cause damage to the bone marrow provoking erythropoiesis 
abnormalities that yield to microcytic-hypochromic anemia due to iron deficiency [46]. Bone marrow is 
one of the major aluminum deposits in the body, and some authors postulate that this element may alter 
the iron concentration, reducing its bioavailability for normal erythropoiesis [47]. Moreover, aluminum 
presence in bone marrow has been associated with micronuclei in erythroblasts, as well as the presence 
of chromatin aberrations in white blood cells [46-48]. On the other hand, Geyikoglu et al. (2012) [49], 
observed that AlCl3 administration in SD rats resulted in hematological changes including a reduction of 
RBC, WBC, PLT, Hb, and HCT. A similar outcome has been observed by Asis and Zabut (2011) [50] 
when evaluating CBC, but not iron metabolism parameters. Nonetheless, Zhang et al. (2011) [51] 
reported that iron in serum levels stayed unchanged in SD rats when treated with 430 mg AlCl3 at 30 and 



 
International Journal of Environmental Sciences 

ISSN: 2229-7359 

Vol. 11 No. 8, 2025 

https://theaspd.com/index.php 
 

2930 

 

90 day exposure. However, increasing iron in serum was observed after 150 - day exposure, similar to 
TIBC and transferrin levels. 
In the past, our research group has found higher micronuclei count in polychromatic erythrocytes while 
increasing in the number of comets (Olive Tail Moment), produced because of AlCl3 in SD rats, including 
in shorter exposure time of 15 days [35]. However, hematological changes were not observed at 10 mg 
AlCl3/Kg/day [21,52]. Differing from our last experiment, in this work we evaluated iron metabolism 
analytes at a dose of AlCl3 40 mg/Kg/day.  
A decrease of ferritin was observed in the experimental vs control group (463.9 vs 589.5 ng/mL, 
respectively; p = 0.043) with 21% less serum ferritin in treated subjects. On the contrary, the experimental 
group had 4.2 times higher TIBC than the control group (65.1 vs 15.5 µmol/L, respectively; p=0.035). 
These findings may be observed in Table 2. According to Osowata et al. (2020) [53] iron-deficient diets 
in SD rats may cause a decrease in hematocrit, serum iron, and ferritin, while TIBC is increased, which 
reflects a lack of iron effect on blood. Therefore, the results obtained in this work do not fit iron deficiency 
anemia. 

Table 2.- Results obtained for the blood count and iron kinetic profile in 
Sprague Dawley rats from the control group and the experimental treatment. 
HEMATOLOGICAL 
PARAMETER 

CONTROL TREATME
NTS 

p VALOR 

WHITE SERIES    
WBC [10^3/µL] 2.13 ± 0.78 4.92 ± 2.21   0.008* 
NE [%] 0.57 ± 0.39 2.41 ± 1.39   0.005* 
LY [%] 1.39 ± 0.43 2.07 ± 1.10 0.152 
MO [%] 0.11 ± 0.11 0.07 ± 0.07 0.441 
EO [%] 0.04 ± 0.06 0.32 ± 0.21   0.005* 
BA [%] 0.01 ± 0.01 0.07 ± 0.03   0.001* 
RED SERIES    
RBC [10^6/uL]   8.61 ± 0.46    8.95 ± 0.21   0.114 
HGB [g/dL] 16.22 ± 0.86 17.01 ± 0.35   0.047* 
HCT [%] 45.90 ± 2.45 47.37 ± 1.38 0.190 
MCV [fL] 53.41 ± 1.27 52.84 ± 1.20 0.405 
MCH [pg] 18.84 ± 0.41 19.00 ± 0.24 0.390 
MCHC [g/dL] 35.27 ± 0.44 35.94 ± 0.66   0.046* 
RDW-CV [%] 12.17 ± 0.31 12.05 ± 0.43 0.583 
RDW-SD [fL] 26.01 ± 0.73 25.47 ± 0.52 0.137 
PLATELET SERIES    
PLT [10^3/uL] 631.85 ± 

16.83 
723.28 ± 
23.20 

0.098 

PCT [%]   0.33 ± 0.04   0.39 ± 0.04   0.047* 
MPV [fL]   5.57 ± 0.18   5.67 ± 0.31 0.486 
PDW [%] 17.11 ± 0.63 16.91 ± 0.59 0.552 
KINETIC PROFILE OF 
IRON 

   

Ferritin [ng/mL] 559.36 ± 
75.58 

479.04 ± 
56.05 

  0.043* 

TIBC [umol/L]   22.07 ± 
17.24 

  71.42 ± 
52.37 

  0.035* 

Fe [umol/L]   39.39 ± 
18.09 

  42.20 ± 
20.02 

0.787 

STr [%]   2.48 ± 1.51   1.29 ± 1.56 0.173 
± Standard deviation. * Significant differences. 
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Iron metabolism gene expression 
The expression of relevant genes related to iron metabolism in mammals was studied here, comparing 
with concentrations of such analytes in the serum of the murine model Sprague Dawley rats under 
treatment with AlCl3 40 mg/kg/day. All relative expression results are displayed in Figure 1 and Table 3, 
where three main findings can be observed: overexpression of hepcidin and transferrin, while ferritin 
appears slightly repressed. Such observation in ferritin agrees with that in the iron kinetics analytes 
measurement (Figure 1), where subjects under treatment showed lower levels of serum ferritin compared 
to controls. Nonetheless, while differences in ferritin concentrations in serum were statistically significant, 
the mean difference of relative expression among groups was not, probably due to the small number of 
subjects. 

Table 3.- Expression relative (in 2-ΔCt) [40]. 

GEN CONTROL EXPERIMENTAL EXP/CTRL 
p 
VALOR 

Ferroportin 3.29E-01 2.83E-01 0.86 0.214 
Hepcidin 2.26E-04 6.06E-04 2.68   0.027* 
Ferritin 4.41E+01 3.62E+01 0.82 0.131 
Transferrin 2.12E-01 3.60E-01 1.70 0.139 
* = Significant differences. 

Ferritin is a member of a family with three different subtypes of proteins structurally composed of 24 
subunits of light (FtL) and heavy (FtH) chains forming a cage-complex harboring up to 4,500 iron atoms 
[54-56]. It is the main iron storage in mammals’ bodies and is found in the liver, spleen, bone marrow, 
and many other tissues [57]. Also, this protein is a crucial component of iron homeostasis, and most 
disorders of this element kinetics including iron deficiency and hemochromatosis may show changes in 
serum ferritin, reflecting the nature of each disease [58]. However, this protein also has a role as an acute 
phase reactant [56], and patients with infectious diseases may exhibit increased levels of ferritin in serum. 

 
 
 
 
 

Figure 1.- Relative expression heatmap showing the tendency of the four genes of iron metabolism under 

investigation in the group of Sprague Dawley rats under treatment with AlCl3 compared with the control group 

(basal condition). Yellow clusters represent overexpressed genes, while purple clusters are repressed genes. 

Slightly dark clusters show minor tendencies near to the lack of response. Gray clusters are missing values 

due to no amplification. 
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In many pathological states involving iron metabolism, ferritin may be observed in abnormal 
concentrations. An uncommon and less-known cause of elevated ferritin levels is hereditary 
hemochromatosis, a type of iron overload [59]. In contrast, iron deficiency anemia is the most classic 
example where ferritin is usually in low concentrations, depending on the inflammatory status of the 
patient since it is an acute phase reactant [60]. Chronic inflammation is a frequent modifier of the ferritin 
status, but unlike hemochromatosis, the former is accompanied by an hepcidin increase since it is also an 
acute phase protein [61-63]. This is a physiological phenomenon followed by hypoferremia, and iron 
sequestration, which is thought to be related to the iron deprivation of microbes [64,65]. As a result, some 
patients develop chronic inflammatory anemia [66]. 
This behavior can be explained by the way the ferritin and hepcidin gene are regulated. It is well known 
that ferritin is strongly transcriptionally regulated by iron regulatory proteins (IRP) 1 and 2, which bind 
to iron regulatory elements (IRE) located in transferrin receptor 1 (TfR1) and ferritin genes [67], 
respectively, when iron concentration drops. The effect is that the TfR1 transcript becomes stable and 
may be expressed while ferritin and ferroportin remains repressed [68]. Inversely, when iron 
concentration rises, it binds to the IRPs, impairing interaction with IRE. As a result, TfR1 cannot be 
expressed, but ferritin is derepressed with a consequent upregulation [55]. The role of hepcidin expression 
in this mechanism of iron homeostasis is similarly complex and is related to iron and inflammation status. 
This topic has been extensively reviewed elsewhere [66], but it has been shown that hepcidin 
concentration correlates with ferritin in humans [69]. 
Differing from those abnormalities in diseases, ferritin is also known for its role as a protective element 
of the cell structures against Reactive Oxygen Species (ROS). This is possible by functioning as a protective 
shell and a detoxifying element of free iron by the H subunit ferroxidase activity [70,71]. Such action is 
important because free iron (Fe2+) may yield ROS production by a Fenton reaction [64]. Now is clear that 
ferritin gene expression is also under the control of oxidative stress through the interaction of Nrf2/Small 
Maf protein with the antioxidant-responsive element (ARE) [55,72,73], located upstream of FtH and FtL 
genes [74,75]. In contrast, other research has demonstrated that H2O2 may enhance IRP1 interaction with 
IRE in the ferritin gene while stabilizing IRP2 [76-79], and consequently repressing ferritin while 
expressing TfR1. 
On the other hand, iron concentration also induces BMP6 transcription, followed by the Nrf2 activation 
that subsequently interacts with AREs in BMP6 promoters. BMP6 and 2 induce hepcidin synthesis in the 
liver, after interacting with type I and II hepatocyte receptors, activating a mechanism that involves 
SMAD-Complex (Small Mothers Against Decapentaplegic) formation and signaling to the nucleus [64]. 
Altogether, the common denominator is the transcription factor Nrf2 (nuclear factor erythroid 2-related 
factor), which is considered a type of “cellular sensor” for oxidative stress status, and as previously 
mentioned has different effects in ferritin and hepcidin proteins [64,73]. Hence oxidative stress is a 
possible trigger of such a phenomenon. 
In the present study, Sprague-Dawley rats under treatment with AlCl3 40 mg/kg/day had significantly less 
ferritin concentration in serum, while relative expression of the same protein was considerably lower than 
the control group. Control subjects were expected to have a certain level of ferritin expression since iron 
status in this group is adequate, but the lower level of the same protein in rats undergoing treatment may 
reflect increased oxidative stress in the organisms. The mechanism by which AlCl3 exerts toxicity is still 
not completely elucidated, but the Fenton reaction has been proposed to be the way through which 
Aluminum (Al) reduces Fe3+ to Fe2+, yielding to the increase of ROS [80,81] and possibly, a ferritin 
underexpression in the experimental group. This is supported by the observations of similar iron levels 
in both groups, while hepcidin expression is significantly overexpressed and ferritin remains slightly 
repressed. Therefore, it seems plausible that the ferritin drops in serum and changes in iron metabolism 
gene expression reported by this work could be caused by ROS increasing in animals as a consequence of 
the treatment. 
Our research has important limitations, the most important is related to the small number of 
experimental and control animals, which may be the cause that the relative expression was not 
significantly different among groups. Other limitations may be the lack of TfR1 gene expression and 
serum hepcidin measurement. Still, this is a very good first approach to the mechanism by which AlCl3 
exerts its effect in mammals. Future research could increase the number of subjects and include the 
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aforementioned parameters. Also, antioxidant capacity, dose-response, and longitudinal analysis could be 
performed to confirm our findings. To the knowledge of the authors, this is the first study exploring the 
mechanisms of AlCl3 toxicity in animal model involving iron metabolism markers, however, there is still 
much work to be done. 
 
CONCLUSIONS 
The results obtained in this work suggest that subchronic exposure to AlCl3 at 40 mg/Kg/day in Sprague-
Dawley rats may cause hematological changes leading to leukocytosis (mainly by neutrophils, eosinophils, 
and basophils), higher levels of Hb and CHCM, and increase in PCT. Effects on iron metabolism were 
also observed, including a decrease in ferritin and an increase in TIBC, while genotoxicity was 
demonstrated by overexpression of hepcidin and transferrin genes and repression of ferritin gene. 
 
Acknowledgment:To the student Diana Crystal Molina Duarte of the Clinical Biological Chemist 
Program of the Department of Chemical Biological Sciences of the University of Sonora, for her 
participation in this research project. 
 
Conflict of interest: The authors declare that there is no conflict of interest. 
 
CRediT author statement: AMGA: Conceptualization, Methodology, Writing- Original draft 
preparation; ARC: Visualization, Investigation; JMGC: Data curation, Writing- Reviewing and Editing; 
IEJG: Formal analysis; HAG: Supervision; RCR; Supervision; IAC: Data analysis; SZSV: Data analysis. 
 
ORCID 
Alejandro Monserrat García-Alegría: 0000-0001-6197-7083 
Antonio Rascón-Careaga: 0009-0007-3690-5126 
José María Gastelum-Cano: 0000-0003-0201-0045 
Irvin Eduardo Jácome-Galarza: 0000-0002-2596-3925 
Humberto Astiazaran-Garcia: 0000-0002-2452-0057 
Rafael Canett-Romero:  0000-0003-2684-7915 
Iván Anduro-Corona: 0000-0002-2345-8933 
 
Data Availability: The data that support the findings of this study are available from the corresponding 
author. 
 
Funding Sources: This project received partial funding from the University of Sonora, as stated in project 
USO313008390. It also received funding from Acuña Laboratories and Associates SA of CV. 
 
REFERENCES 
[1]   Ghio, A.J., Soukup, J.M., Ghio, C., Gordon, C.J., Richards, J.E., Schladweiler, M.C., Snow, S.J., Kodavanti, U.P., 2021, 
“Iron and Zinc Homeostases in Female Rats with Physically Active and Sedentary Lifestyles,”. Biometals, 34(1), pp. 97-105.  
[2]   Colucci, S., Carvalho Oliveira, T., Muckenthaler, M.U., Marques, O., 2023, “Iron Homeostasis in Mice: Does Liver Lobe 
Matter?” Am. J. Physiol. Gastrointest. Liver Physiol., 325(5), pp. 453-457. 
[3]   Matak, P., Matak, A., Moustafa, S., Aryal, D.K., Benner, E.J., Wetsel, W., et al., 2016, “Disrupted Iron Homeostasis Causes 
Dopaminergic Neurodegeneration in Mice,” Proc. Natl. Acad. Sci. U.S.A., 113, pp. 3428-3435. 
[4]   Coffey, R., Ganz, T., 2017, “Iron Homeostasis: An Anthropocentric Perspective,” Journal of Biological Chemistry, 292(31), 
pp. 12727-12734. 
[5]   Messer, J.G., Cooney, P.T., Kipp, D.E., 2010, “Iron Chelator Deferoxamine Alters Iron-Regulatory Genes and Proteins and 
Suppresses Osteoblast Phenotype in Fetal Rat Calvaria Cells,” Bone, 46(5), pp. 1408-1415.  
[6]   Li, Y., Wei, C.H., Xiao, X., Green, M., Ross, A.C., 2019, “Perturbed Whole-body Vitamin a Kinetics Induced by Iron 
Deficiency Is Corrected by Dietary Iron Repletion in Rats (OR05-03-19),” Curr. Dev. Nutr., 13(3), pp. 3-19.  
[7]   Flores, S., Wang, X., Nelson, S., Woloshun, R., Ha, J. and Collins, J., 2019, “Intestinal Inflammation Differentially 
Influences Iron Homeostasis in WT versus Hepcidin KO Rats,” The FASEB Journal, 33, lb546-lb546. 
[8]   Sangkhae, V., Fisher, A.L., Chua, K.J., Ruchala, P., Ganz, T., Nemeth, E., 2020, “Maternal Hepcidin Determines Embryo 
Iron Homeostasis in Mice,” Blood, 136(19), pp. 2206-2216.  
[9]   Bergamaschi, G., Villani, L., 2009, “Serum Hepcidin: A Novel Diagnostic Tool in Disorders of Iron Metabolism,” 
Haematologica, 94(12), pp. 1631-1633.  



 
International Journal of Environmental Sciences 

ISSN: 2229-7359 

Vol. 11 No. 8, 2025 

https://theaspd.com/index.php 
 

2934 

 

[10]   Girelli, D., Nemeth, E., Swinkels, D.W., 2016, “Hepcidin in the Diagnosis of Iron Disorders,” Blood, 127(23), pp. 2809-
2813.  
[11]   Ward, D.M., Kaplan, J., 2012, “Ferroportin-Mediated Iron Transport: Expression and Regulation,” Biochim. Biophys. 
Acta, 1823(9), pp. 1426-1433. 
[12]   Aschemeyer, S., Qiao, B., Stefanova, D., Valore, E.V., Sek, A.C., Ruwe, T.A., Vieth, K.R., Jung, G., Casu, C., Rivella, S., 
Jormakka, M., Mackenzie, B., Ganz, T., Nemeth, E., 2018, “Structure-Function Analysis of Ferroportin Defines the Binding Site 
and an Alternative Mechanism of Action of Hepcidin,” Blood, 131(8), pp. 899-910.  
[13]   Herrera, C., Pettiglio, M.A., Bartnikas, T.B., 2014, “Investigating the Role of Transferrin in the Distribution of Iron, 
Manganese, Copper, and Zinc,” J. Biol. Inorg. Chem., 19(6), pp. 869-877. 
[14]   Pellegrino, R., Boda, E., Montarolo, F. et al., 2016, “Transferrin Receptor 2 Dependent Alterations of Brain Iron 
Metabolism Affect Anxiety Circuits in the Mouse,” Sci. Rep., 6, 30725, pp. 1-14. 
[15]   Fan, Y., Yamada, T., Shimizu, T., Nanashima, N., Akita, M., Suto, K., Tsuchida, S., 2009, “Ferritin Expression in Rat 
Hepatocytes and Kupffer Cells After Lead Nitrate Treatment,” Toxicol. Pathol., 37(2), pp. 209-127.  
[16]   Wang, Y.G., Yu, X.J., Qu, Y.K., Lu, R., Li, M.W., Xu, H.R., Wang, S.X., Guo, X.Z., Kang, H., You, H., Xu, Y., 2023, 
“Ferrostatin-1 Inhibits Toll-Like Receptor 4/NF-κB Signaling to Alleviate Intervertebral Disc Degeneration in Rats,” Am. J. 
Pathol., 193(4), pp. 430-441.  
[17]   Abbaspour, N., Hurrell, R., Kelishadi, R., 2024, “Review on Iron and its Importance for Human Health,” Journal of 
Research in Medical Sciences, 19(2), pp. 164-174. 
[18]   Excey, C., and Mold, M., 2015, “The Binding, Transport and Fate of Aluminium in Biological Cells,” Journal of Trace 
Elements in Medicine and Biology, 30, pp. 90-95. 
[19]   Manicha, C., Kumar, J.D. Sandeep, T., Ali, M.A., 2013, “Effect of Aluminum on Different Parts of Brainstem of Old,” 
Res. J. Pharmaceutical Sci., 2(3), pp. 6-11. 
[20]   Torrellas, R., 2012, “La Exposición al Aluminio y su Relación con el Ambiente y la Salud,” Revista Tecnogestión, 9(1), pp. 
3-11. 
[21] Valenzuela-Briseño, A.R., Arredondo-Damián, J.G., Rascón-Careaga, A., Astiazaran-Garcia, H., Gómez-Álvarez, A., Esquivel-
Gónzalez, R., Carrillo-Torres, R.C., Álvarez-Ramos, E., Canett-Romero, R., García-Rico, L., García-Alegría, A.M., 2022, 
“Hematologic Evaluation of Peripheral Blood in Sprague Dawley Rats by Chronic Exposure to Aluminum Chloride (AlCl3),” 
Environ. Anal. Health Toxicol. 37(4), e2022034, pp. 1-15. 
[22]   Ruddell, R.G., Hoang-Le, D., Barwood, J.M., Rutherford, P.S., Piva, T.J., Watters, D.J., Santambrogio, P., Arosio, P., 
Ramm, G.A., 2009, “Ferritin Functions as a Proinflammatory Cytokine Via Iron-Independent Protein Kinase C Zeta/Nuclear 
Factor Kappa B-Regulated Signaling in Rat Hepatic Stellate Cells,” Hepatology, 49(3), pp. 887-900.  
[23] Lobello, N., Biamonte, F., Pisanu, M.E., Faniello, M.C., Jakopin, Ž., Chiarella, E., Giovannone, E.D., Mancini, R., Ciliberto, 
G., Cuda, G., Costanzo, F., 2016, “Ferritin Heavy Chain is a Negative Regulator of Ovarian Cancer Stem Cell Expansion and 
Epithelial to Mesenchymal Transition,” Oncotarget, 7(38), pp. 62019-62033.  
[24] Mendsaikhan, A., Takeuchi, S., Walker, D.G., Tooyama, I., 2019, “Differences in Gene Expression Profiles and Phenotypes 
of Differentiated SH-SY5Y Neurons Stably Overexpressing Mitochondrial Ferritin,” Front Mol. Neurosci., 8(11), pp. 470, 1-22. 
[25] Garcia-Casal, M.N., Pasricha, S.R., Martinez, R.X., Lopez-Perez, L., Peña-Rosas, J.P., 2021, “Serum or Plasma Ferritin 
Concentration as an Index of Iron Deficiency and Overload,” Cochrane Database Syst. Rev., 5(5), CD011817, pp.1-368. 
[26] Kell, D.B., Pretorius, E., 2014, “Serum Ferritin is an Important Inflammatory Disease Marker, as it is Mainly a Leakage 
Product from Damaged Cells,” Metallomics, 6(4), pp. 748-773.  
[27] Moreira, A.C., Mesquita, G., Gomes, M.S., 2020, “Ferritin: An Inflammatory Player Keeping Iron at the Core of Pathogen-
Host Interactions,” Microorganisms, 8(589), pp.1-20. 
[28]   Böser, P., Mordashova, Y., Maasland, M., Trommer, I., Lorenz, H., Hafner, M., Seemann, D., Mueller, B.K., Popp, A., 
2016, “Quantification of Hepcidin-Related Iron Accumulation in the Rat Liver,” Toxicol. Pathol., 44(2), pp. 259-266. 
[29]   Higuchi, T., Moriyama, M., Fukushima, A., Matsumura, H., Matsuoka, S., Kanda, T., Sugitani, M., Tsunemi, A., Ueno, 
T., Fukuda, N., 2018, “Association of mRNA Expression of Iron Metabolism-Associated Genes and Progression of Non-
Alcoholic Steatohepatitis in Rats,” Oncotarget, 9(40), pp. 26183-26194.  
[30] Castellanos, D.M., Sun, J., Yang, J., Ou, W., Zambon, A.C., Pardridge, W.M., Sumbria, R.K., 2020, “Acute and Chronic 
Dosing of a High-Affinity Rat/Mouse Chimeric Transferrin Receptor Antibody in Mice,” Pharmaceutics, 12(9), pp. 852, 1-17. 
[31] EMEA. European Medicines Agency, Committee for Medicinal Products for Veterinary Use (CVMP), 2009, 
Recommendation on the Evaluation of the Benefit-Risk Balance of Veterinary Medicinal Products, European Medicines Agency, 
London, UK. 
[32]   FDA. Food and Drug Administration, 2014, CFR - Code of Federal Regulations Title 21, Subchapter E, Part 511, Revised 
as of April 1, Food and Drug Administration, Silver Spring, MD, USA. Chap. I. 
[33] Norma Oficial Mexicana, NOM-033-ZOO-1995, 1995, Sacrificio Humanitario de los Animales Domésticos y Silvestres; 
SAGARPA: México D.F. 
[34] Norma Oficial Mexicana. NOM-062-ZOO-1999, 1999, Especificaciones Técnicas Para la Producción, Cuidado y uso de los 
Animales de Laboratorio; SAGARPA: México D.F. 
[35]   García-Alegría, A.M., Gómez-Álvarez, A., Anduro-Corona, I., Burgos-Hernández, A., Ruíz-Bustos, E., Canett-Romero, R., 
González-Ríos, H., López-Cervantes, J.G., Rodríguez-Martínez, K.L., Astiazaran-Garcia, H., 2020, “Genotoxic Effects of 
Aluminum Chloride and Their Relationship with N-Nitroso-N-Methylurea (NMU)-Induced Breast Cancer in Sprague Dawley 
Rats,” Toxics, 8(31), pp. 1-14.  
[36]   Abcam, 2023, ab157732 – Protocols of Ferritin (FTL) Rat ELISA Kit. Cambridge, Massachusetts, USA. 
[37]   Thermo Fisher Scientific, 2023, User Guide TRIzolTM. Invitrogen. Carlsbad, CA, USA. 



 
International Journal of Environmental Sciences 

ISSN: 2229-7359 

Vol. 11 No. 8, 2025 

https://theaspd.com/index.php 
 

2935 

 

[38]   García-Alegría, A.M., Anduro-Corona, I., Pérez-Martínez, C.J., Guadalupe Corella-Madueño, M.A., Rascón-Durán, M.L., 
Astiazaran-Garcia, H., 2020, “Quantification of DNA Through the NanoDrop Spectrophotometer: Methodological Validation 
Using Standard Reference Material and Sprague Dawley Rat and Human DNA,” Int. J. Anal. Chem. 29, 8896738, pp. 1-9. 
[39]   García-Alegría, A. M., Anduro-Corona, I., Pérez-Martínez, C. J., Quizán-Plata, T., Villegas, L. A., Rascón-Durán, M. L., 
Astiazaran-Garcia, H., 2023, “DNA Quantification Via Nanodrop Spectrophotometer: Estimation of Method Uncertainty using 
DNA from Standard Reference Materials, Sprague Dawley Rats, and Humans,” Journal of Chemical Metrology, 17(1), pp. 1-17. 
[40]   Pfaffl M.W., 2006, “Relative quantification. In: Real-time PCR,” Published by Taylor & Francis Group (Editor: M.Tevfik 
Dorak), pp. 63-82. 
[41]   Ryan, M. C., Stucky, M., Wakefield, C., Melott, J. M., Akbani, R., Weinstein, J. N., Broom, B. M., 2019, “Interactive 
Clustered Heat Map Builder: An Easy Web-Based Tool for Creating Sophisticated Clustered Heat Maps,” F1000Research, 8, pp. 
1750.  
[42]   Yamamoto, S., Tomoda, H., Watanabe, S., 2007, “Water-Soluble Metal Working Fluids Additives Derived from the Esters 
of Acid Anhydrides with Higher Alcohols for Aluminum Alloy Materials,” J. Oleo Sci., 56:(9), pp. 463-469. 
[43]   DHHS. Department of Health and Human Services, 2008, Division of Toxicology and Environmental Medicine. USA. 
[44]   Yokel, R.A., Hicks, C.L., Florence, R.L., 2008, “Aluminum Bioavailability from Basic Sodium Aluminum Phosphate, an 
Approved Food Additive Emulsifying Agent, Incorporated in Cheese,” Food Chem. Toxicol., 46(6), pp. 2261-2266. 
[45]   ATSDR. 2008, Agency for Toxic Substances and Disease Registry (US): Toxicological Profile for Aluminum. Atlanta (GA), 
Available from: https://www.ncbi.nlm.nih.gov/books/NBK597308/ 
[46]   Vittori, D., Nesse, A., Pérez, G., Garbossa, G., 1999, “Morphologic and Functional Alterations of Erythroid Cells Induced 
by Long-Term Ingestion of Aluminium”. Journal of Inorganic Biochemistry, 76, pp. 113-120. 
[47]   Farina, M., Lara, F.S., Brandão, R., Jacques, R., Rocha, J.B.T., 2002, “Effects of Aluminum Sulfate on Erythropoiesis in 
Rats,” Toxicology Letters, 132, pp. 131-139. 
[48]   Lambert, V., Boukhari, R., Nacher, M., Goullé, J.P., Roudier, E., Elguindi, W., Laquerrière, A., Carles, G., 2010, “Plasma 
and Urinary Aluminum Concentrations in Severely Anemic Geophagous Pregnant Women in the Bas Maroni Region of French 
Guiana: A Case-Control Study,” Am. J. Trop. Med. Hyg., 83(5), pp. 1100-1105. 
[49] Geyikoglu, F., Türkez, H., Bakir, T.O., Cicek, M., 2013, “The Genotoxic, Hepatotoxic, Nephrotoxic, Haematotoxic and 
Histopathological Effects in Rats After Aluminium Chronic Intoxication,” Toxicology and Industrial Health, 29(9), pp. 780-791.  
[50] Aziz, I.I., Zabut, B., 2011, “Determination of Blood indices of Albino Rats Treated with Aluminum Chloride and 
Investigation of Antioxidant Effects of Vitamin E and C,” Egyptian Journal of Biology, 13, pp. 1-7. 
[51]   Zhang, L., Li, X., Gu, Q. et al., 2011, “Effects of Subchronic Aluminum Exposure on Serum Concentrations of Iron and 
Iron-Associated Proteins in Rats,” Biol. Trace Elem. Res., 141, pp. 246-253.  
[52]   Arredondo-Damián, J.G., Rascón-Careaga, A., Encinas-Soto, K.K., García-Alegría, A.M., 2024, “Evaluation of Subchronic 
Exposure to Aluminium Chloride and N-Nitroso-N-Methylurea on the Hematopoietic System and the Bioavailability of Iron, 
Copper, and Zinc in Sprague Dawley Rats,” SSRG International Journal of Chemical Engineering Research, 11(1), pp. 10-17. 
[53]   Asowata, E.O., Olusanya, O., Abaakil, K., Chichger, H., Srai, S.K.S., Unwin, R.J., Marks, J., 2021, “Diet-Induced Iron 
Deficiency in Rats Impacts Small Intestinal Calcium and Phosphate Absorption,” Acta Physiol. (Oxf.), 232(2), e13650.  
[54]   Fiddler, J.L., Clarke, S.L., 2021, “Evaluation of Candidate Reference Genes for Quantitative Real-Time PCR Analysis in a 
Male Rat Model of Dietary Iron Deficiency,” Genes Nutr., 16(1), pp. 1-13. 
[55]   Arosio, P., Elia, L., Poli, M., 2017, “Ferritin, Cellular Iron Storage and Regulation,” IUBMB Life, 69(6), pp. 414-422.  
[56]   Kotla, N. K., Dutta, P., Parimi, S., Das, N. K., 2022, “The Role of Ferritin in Health and Disease: Recent Advances and 
Understandings,” Metabolites, 12(7), pp. 1-11.  
[57]   Saito, H., 2014, “Metabolism of Iron Stores,” Nagoya J. Med. Sci., 76(4), pp. 235-254.  
[58]   Rodak, B. F., Fritsma, G. A., Keohane, E. M., 2014, Hematología, Fundamentos y Aplicaciones Clínicas (4ta edición). 
Editorial Médica Panamericana. 
[59]   Waalen, J., Felitti, V.J., Gelbart, T., Beutler. E., 2008, “Screnning for Hemochromatosis by Measuring Ferritin Levels: a 
More Effective Approach,” Blood, 111(7), pp. 3373-3376. 
[60] Kumar, A., Sharma, E., Marley, A., Samaan, M.A., Brookes, M.J., 2022, “Iron Deficiency Anaemia: Pathophysiology, 
Assessment, Practical Management,” BMJ Open Gastroenterology, 9(1), pp. 1-9. 
[61]   Gulhar R, Ashraf MA, Jialal I., 2024, Physiology, Acute Phase Reactants. [Updated 2023 Apr 24]. In: StatPearls [Internet]. 
Treasure Island (FL): StatPearls Publishing. 
[62] Papanikolaou, G., Tzilianos, M., Christakis, J. I., Bogdanos, D., Tsimirika, K., MacFarlane, J., Goldberg, Y. P., 
Sakellaropoulos, N., Ganz, T., Nemeth, E., 2005, “Hepcidin in Iron Overload Disorders,” Blood, 105(10), pp. 4103-4105. 
[63] Porter JL, Rawla P., 2024, Hemochromatosis. [Updated 2023 Mar 31]. In: StatPearls [Internet]. Treasure Island (FL): 
StatPearls Publishing. 
[64] Galaris, D., Barbouti, A., Pantopoulos, K., 2019, “Iron Homeostasis and Oxidative Stress: An Intimate Relationship,” 
Biochimica et Biophysica Acta - Molecular Cell Research, 1866(12),118535. 
[65] Hood, M. I., Skaar, E. P., 2012, “Nutritional Immunity: Transition Metals at the Pathogen-Host Interface,” Nature Reviews 
Microbiology, 10(8), pp. 1-27. 
[66]   Kowdley, K. V., Gochanour, E. M., Sundaram, V., Shah, R. A., Handa, P., 2021, “Hepcidin Signaling in Health and 
Disease: Ironing Out the Details,” Hepatology Communications, 5(5), p. 723-735. 
[67]   Kühn, L. C., 2015, “Iron Regulatory Proteins and their Role in Controlling Iron Metabolism,” Metallomics, 7(2), pp. 232-
243. 
[68] Camaschella, C., Nai, A., Silvestri, L., 2020, “Iron Metabolism and Iron Disorders Revisited in the Hepcidin Era,” 
Haematologica, 105(2), pp. 260–272. 

https://www.ncbi.nlm.nih.gov/books/NBK597308/


 
International Journal of Environmental Sciences 

ISSN: 2229-7359 

Vol. 11 No. 8, 2025 

https://theaspd.com/index.php 
 

2936 

 

[69] Galetti, V., Stoffel, N. U., Sieber, C., Zeder, C., Moretti, D., Zimmermann, M. B., 2021, “Threshold Ferritin and Hepcidin 
Concentrations Indicating Early Iron Deficiency in Young Women Based on Upregulation of Iron Absorption,” 
EClinicalMedicine, 39, pp.1-7. 
[70]   Hamburger, A. E., West, A. P., Hamburger, Z. A., Hamburger, P., Bjorkman, P. J., 2005, “Crystal Structure of a Secreted 
Insect Ferritin Reveals a Symmetrical Arrangement of Heavy and Light Chains,” Journal of Molecular Biology, 349(3), pp. 558–
569. 
[71]   Li, W., Garringer, H. J., Goodwin, C. B., Richine, B., Acton, A., VanDuyn, N., Muhoberac, B. B., Irimia-Dominguez, J., 
Chan, R. J., Peacock, M., Nass, R., Ghetti, B., Vidal, R., 2015, “Systemic and Cerebral Iron Homeostasis in Ferritin Knock-Out 
Mice,” PLoS One, 10(1), pp. 1-16. 
[72]   Katsuoka, F., Motohashi, H., Ishii, T., Aburatani, H., Engel, J. D., Yamamoto, M., 2005, “Genetic Evidence that Small 
Maf Proteins Are Essential for the Activation of Antioxidant Response Element-Dependent Genes,” Molecular and Cellular 
Biology, 25(18), pp. 8044–8051. 
[73] Kerins, M. J., Ooi, A., 2018, “The Roles of NRF2 in Modulating Cellular Iron Homeostasis,” Antioxidants and Redox 
Signaling, 29(17), pp. 1756-1773. 
[74] Tsuji, Y., Ayaki, H., Whitman, S. P., Morrow, C. S., Torti, S. V., Torti, F. M., 2000, “Coordinate Transcriptional and 
Translational Regulation of Ferritin in Response to Oxidative Stress,” Molecular and Cellular Biology, 20(16), pp. 5818-5827. 
[75] Wasserman, W. W., Fahl, W. E., 1997, “Functional Antioxidant Responsive Elements,” Medical Sciences, 94(10), pp. 5361-
5266. 
[76]   Caltagirone, A., Weiss, G., Pantopoulos, K., 2001, “Modulation of Cellular Iron Metabolism by Hydrogen Peroxide. Effects 
of H2O2 on the Expression and Function of Iron-Responsive Element-Containing mRNAs in B6 Fibroblasts,” Journal of 
Biological Chemistry, 276(23), pp. 19738-19745. 
[77]   Finberg, K.E., 2011, “Unraveling Mechanisms Regulating Systemic Iron Homeostasis,” Hematology Am. Soc. Hematol. 
Educ. Program, pp. 532-537. 
[78] Hausmann, A., Lee, J., Pantopoulos, K., 2011, “Redox Control of Iron Regulatory Protein 2 Stability,” FEBS Letters, 585(4), 
pp. 687-692. 
[79] Altamura, S., Marques, O., Colucci, S., Mertens, C., Alikhanyan, K., Muckenthaler, M.U., 2020, “Regulation of Iron 
Homeostasis: Lessons from Mouse Models,” Molecular Aspects of Medicine, 75, 100872, pp. 1-20. 
[80] Mujika, J.I., Dalla Torre, G.D., Lopez, X., 2018, “Aluminum and Fenton Reaction: How Can the Reaction be Modulated 
by Speciation? A Computational Study Using Citrate as a Test Case,” Phys. Chem. Chem. Phys, 20, pp. 16256-16265. 
[81] Ruipérez, F., Mujika, J. I., Ugalde, J. M., Exley, C., Lopez, X., 2012, “Pro-Oxidant Activity of Aluminum: Promoting the 
Fenton Reaction by Reducing Fe(III) to Fe(II),” Journal of Inorganic Biochemistry, 117, pp. 118-123. 


