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Abstract

Manganese (Mn), a trace metal, is essential for maintaining the normal regulation of many
biochemical and cellular processes. However, accumulation of Mn due to excessive environ-
mental exposure leads to neurological impairment, biochemical lesions, and genotoxic ef-
fects which results in a sequalae of physiologic and pathologic responses. Natural compounds
such as silymarin, a bioactive flavonoid present in Milk Thistle (Silybum marianum L.), might
be beneficial for the treatment of those disorders. Therefore, this study aimed to investigate
whether and how silymarin protects against manganese-induced toxicity in aged rats. Ani-
mals were divided into four groups. The first group was used as control. Group 2 was orally
treated with Manganese (Mn, 50 mg/kg) for 16-weeks. Group 3 was orally treated with sily-
marin (100 mg/kg) for 16-weeks. Groups 4 was co-treated with SIL and Mn (Mn+SIL). Various
biochemical related to liver and kidneys functions, hematological and genotoxic biomarkers
were assessed. The results indicate that Mn-intoxicated rats for 16-weeks display significantly
higher levels of plasma markers related to kidneys and liver functions (AST, ALT, PAL yGT, urea,
uric acid and CK-MB) than normal control animals. Moreover Haematological parameters
(RBC, Hb, Hct and PLT) were significantly decreased in the Mn group compared to controls
with a significant difference in erythrocyte osmotic fragility (p<0.05). Moreover, a genotoxic
effect was observed in rat peripheral blood after 16-weeks of exposure to Mn evidenced by
a significant increase in the frequency of micronucleus (MN). Co-administration of SIL (100
mg/kg) resulted in a significant reversal of hematological and biochemical markers in Mn-
intoxicated rats.

In conclusion, SIL exhibits positive effects on some hematological characteristics and os-
motic fragility in erythrocytes and improves biochemical parameters related to hepatic and
kidenys functions in case of chronic manganese toxicity.
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Introduction

Contamination with heavy metals is a serious ecological
problem for humans and animals. Although metals are biologi-
cally important, they are usually required in trace amounts, ex-
cessive metal accumulation in various organs induces various
detrimental intracellular events (oxidative stress, mitochondrial
dysfunction, DNA fragmentation, protein misfolding, endoplas-
mic reticulum (ER) stress, autophagy dysregulation, and the
activation of apoptosis) [1]. The ubiquity of these pollutants in
our daily lives is the cause of a quarter to a third of the diseases
that occur in developing countries and is the direct cause of 2
to 5% of mortality [2]. Some metals such as cadmium (Cd), lead
(Pb), mercury (Hg), or aluminum (Al) have no biological function
and only have toxic effects. Other metals such as copper (Cu),
manganese (Mn), iron (Fe), and zinc (Zn) are essential for many
biological reactions such as the synthesis of DNA, RNA, and me-
talloproteins as catalysts and coenzymes. However, overexpo-
sure to environmental metals via industrial occupation or con-
taminated drinking water can lead to toxic effects in the brain,
the liver, and the cardiovascular system through differents path-
ways such as the production of free radicals and the generation
of oxidative stress [3].

Although Mn is an essential element for the human body
which plays an important role in a number of physiological pro-
cesses by serving as a constituent of some enzymes and an acti-
vator of others involved in the regulation of amino acid, protein,
lipid, and carbohydrate metabolism [4]. Excessive manganese
exposure is well reported to be associated with several cellular
dysfunctions [5]. Mn is generally believed to exert cellular toxic-
ity via a number of mechanisms, including the induction of free
radical production; direct or indirect formation of reactive oxy-
gen species (ROS) [6,7]; changes in the functions of all neuro-
transmission pathways [8,9]; and disruption of the homeostasis
of Ca, Fe, and trace minerals [10,11]. Epidemiological evidence
indicates that co-exposure to multiple heavy metals such as
Mn is associated with hematological and biomedical changes
[12,13]. Experimental studies in rats have also reported that
increased oxidative damage may mediate the association of
co-exposure to heavy metals with these adverse health effects
[14,15]. Different approaches may apply to minimize the sever-
ity of Mn toxicity. Considering the relationship of Mn exposure
with cellular toxicity and its role in elemental homeostasis, the
administration of antioxidants biomolecules may be protective
in Mn toxicity [16].

Silymarin is one of the most promising natural products, ex-
tracted from the fruits and seeds of milk thistle (Silybum maria-
num) [17]. SIL is regarded as the most effective drug for treating
nearly all types of liver diseases, specifically alcoholic liver dis-
ease, chronic and acute viral hepatitis, and toxin-mediated liver
impairments [18]. In addition, it is implicated in the treatment
of various diseases of different organs including the kidneys,
prostate, lungs, and nervous system [19]. In addition to hepato-
protection, SIL has been reported to prevent different kinds of
cancers such as lung, bladder, prostate, breast, and ovarian can-
cers [20]. Recently, SIL gained prominence as a neuroprotective
compound as it has an antioxidant activity by scavenging free
radicals that inhibit lipid peroxidation and anti-inflammatory
impacts in the CNS and can penetrate the CNS via the blood-
brain barrier (BBB) [21]. Besides, it has anti-inflammatory ac-
tion as well as hepatoprotective properties through enhancing
superoxide dismutase activity and glutathione activity coupled
with high antitumor-promoting activity [22].

In this study, in order to make a comprehensive assessment
of increased manganese doses on aged rats and to improve
our understanding of its non-safety effects, hematological,
biochemical, and molecular analysis were determined. To our
knowledge, the current work is the first to investigate the long-
term treatment of Mn to rats, as well as the protective impact
of silymarin against chronic manganese exposure.

Materials and methods
Animals and experimental design

Fourty adult male Wistar rats weighing about 250 + 10 g
were purchased from the Central Pharmacy (SIPHAT, Tunisia).
Animals were housed under standard (22 * 2°C, humidity: 60
+ 5%) laboratory conditions, maintained on a 12 h light/dark
cycle with free access to food and water [23]. The doses of
manganese and silymarin in the experiments was selected
based on our previous studies [24]. The period of treatment
was 16-weeks. The rats were randomly divided into four groups
of ten animals each (n=10). Animals of the first group received
only physiological saline (NaCl 0.9%) and served as the control
group. The second group received orally a dose of 50 mg/kg
bw of manganese (Mn) for 16-weeks. The third group (Mn+SIL)
rats received manganese at dose of 50 mg/Kgbw and silymarin
at dose 100 mg/kgbw. In the fourth group (SIL) rats received
only silymarin at dose od (100 mg/kgbw). The oral route was
chosen to avoid gastrointestinal tract effects, to avoid any loss
of products during administration, and because it provides high
bioavailability of Mn compared to other routes of administra-
tion [27]. After the period of treatment, animals in different
groups were sacrificed by cervical decapitation to avoid stress
conditions, and blood samples were collected in EDTA tubes for
hematological parameters analysis. Others samples were col-
lected, centrifuged and stored at -80°C for biochemical analysis.
All animal procedures were conducted in strict conformation
with the local Institute Ethical Committee Guidelines for the
Care and Use of Laboratory Animals of our faculty.

Hematological analysis

Blood samples were obtained from each rat and collected in
separate test tubes with, EDTA (ethylene diamine tetra-acetic
acid). Then, Blood samples were immediately processed for he-
matological parameters using Automated Hematological Ana-
lyzer (SYSMEX RX 21, Japan). The parameters measured are red
and white blood cells, hemoglobin (Hb), hematocrit (Ht), mean
corpuscular hemoglobin concentration (MCHC), and mean cor-
puscular hemoglobin content (MCHC).

Osmotic fragility and hemolysis curve

The measurement of the osmotic fragility of blood and the
analysis of the hemolysis curve were performed according to
the previously described methodology [28]. Briefly, to each of
a series of test tubes containing 1 ml of NaCl solution in the
concentration range (0-9) g/| of NaCl buffered in 10 mM PBS,
pH 7.4, 10 pl of blood was added, mixed, and incubated for 30
min. After 1 hour of incubation at room temperature, the eryth-
rocyte suspension was centrifuged at 1000 g for 10 minutes.
The level of free hemoglobin in the obtained supernatant was
determined spectrophotometrically by measuring the absor-
bance at 540 nm against distilled water. The hemolysis curve
was performed twice, the first time initially estimating the os-
motic fragility value and the second time with high precision
and resolution, especially in the range of NaCl concentrations,
where a sharp increase in absorbance was observed. The value
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of osmotic fragility is the concentration of NaCl at which half of
the blood cells were hemolyzed. The NaCl concentration values
to achieve 50% hemolysis (H 50) for each sample were calcu-
lated from the percent hemolysis values obtained at different
NaCl concentrations using GraphPad Prism software.

Determination of serum biochemical parameters

The biochemical parameters performed in this study are
general workup that allows the exploration of the main hepatic
and renal functions. Enzyme activities are determined by colori-
metric assay using commercial kits from Biomaghreb.

The parameters assessing liver function measured in this
study were aspartate transaminase (AST), alanine transaminase
(ALT), alkaline phosphatase (ALP), and gamma-glutamyl trans-
ferase (GGT). Clinical biochemistry uses nitrogen excretion tests
to demonstrate renal failure. We will focus here on urea and
creatinine excretion and the determination of creatine kinase
(CK) reactivated by N-acetylcysteine to explore muscle damage.

Micronucleus assay (MNA)

The MNA is an important in vivo and in vitro biomarker, ex-
tensively used in molecular epidemiology and cytogenetic dam-
age in populations exposed to genotoxic agents [29]. The blood
sample is deposited at the end of a degreased histological slide,
then spread with a slide. The smears are immediately dried in
fresh air. They are then fixed with methanol for 5 min, stained
with Acridine orange (100 pg/ml) or Giemsa for 3 min, then
washed twice with phosphate buffer (pH 6.8). The reading of
the blood smears is performed with a fluorescence microscope
(Olympus Model BX 51) for the slides stained with acridine or-
ange. Counts were performed on 4 slides per rat with an objec-
tive of x 1000. Cell counts were determined using Photoshop®
CS5 software (Adobe Systems). Ten thousand erythrocytes were
counted per group.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
9 for Microsoft (GraphPad Software, San Diego, CA). Parame-
ters were expressed as mean + standard deviation (mean + SD).
Multiple comparisons were performed using one-way ANOVA
followed by Tukey’s post hoc test.

Results

Effects of silymarin against chronic administration of man-
ganese on hematological parameters

All the hematological parameters measured for the different
tested groups are presented in Table 1. Our results show that
only white blood cells, hematocrit, and platelets are altered af-
ter treatment with manganese compared to control rats. We
observe a statistically significant decrease in hematocrit and an
increase in white blood cells and platelets. While in the man-
ganese-contaminated and silymarin-treated batches, there was
a significant partial restoration compared to the manganese-
treated group without reaching their normal levels except
for hematocrit. Besides, Silymarin did not produce significant
change on any of the hematological parameters tested com-
pared to the control.

Effects of silymarin against chronic administration of man-
ganese on erythrocyte osmotic fragility

The results of the osmotic fragility study of red blood cells
from control and manganese and/or silymarin-exposed rats

were shown in Figure 1. The study of the osmotic fragility curves
of the different groups of red blood cells showed that those of
the red blood cells of the manganese-exposed rats were devi-
ated to the right compared to those of the red blood cells of
the control rats. Similarly, there was a significant increase in the
percentage of hemolysis in the Mn group in comparison with
the control group at 50% hemolysis. The NaCl concentration at
50% hemolysis in control was 0,4 + 0,04 while 50% hemolysis in
the Mn group was 0,64 + 0,05 as shown in Figure 1. In contrast,
no significant improvement was observed between the control
and Mn + SIL group (Table 2).

Effects of silymarin against chronic administration of man-
ganese on plasmatic biomarkers of renal function

Table 3 shows some plasmatic biomarkers of renal function
in control and manganese-treated rats and manganese plus si-
lymarin combinations after 16-weeks of treatment.

Our results show a significant increase in serum uric acid
levels in the manganese-treated group compared to the con-
trol group. While there was no significant variation in plasma
urea and creatinine levels. The results also showed a recovery
by a significant decrease in the groups receiving the Mn+ SIL
compared to the Mn group. The co-administration of silymarin
inhibited the increase in uric acid levels in Mn-treated rats.

Effects of silymarin against chronic administration of man-
ganese on plasmatic biomarkers of liver function

Table 4 summarizes selected plasma biomarkers of liver and
muscle function of control and manganese and manganese-
plus-silymarin-treated rats after 16-weeks of treatment. The
results obtained showed changes resulting from the release of
liver injury markers (ASAT and GGT). Alkaline phosphatase, ALT
and GGT increased significantly in Mn group (p<0.01, p<0.001
respectively) in comparison with the control group while ALT
and GGT decreased significantly (p<0.01, p<0.001 respectively)
in Mn+SIL group in comparison with Mn group. However, no sig-
nificant difference was seen in AST in comparison with control.
The co-administration of silymarin partially attenuated the Mn-
induced hepatotoxicity as shown by the decrease in these en-
zyme activities. According to our results, lipid parameters were
disturbed by manganese, indeed, we recorded the increase in
serum triglyceride concentrations in manganese-contaminated
rats compared to controls. Besides, we notice a recovery by a
significant decrease of triglycerides in rats treated with Mn+SIL
compared to rats treated with Mn (Table 4). Concerning the
plasma biomarkers of muscle function, the results of the cre-
atine kinase activity assay show a highly significant increase in
its activity (p<0.001) in the manganese-exposed batch com-
pared to the control. While in the group treated with manga-
nese and co-administered with silymarin (Mn+SIL), a significant
decrease (p<0.01) was recorded compared to the manganese-
treated group (Figure 2).

Genotoxicity: Micronucleus assay

Regarding the Micronucleus assay, after chronic exposure,
an increase of micronuclei in erythrocytes of rats exposed to 50
mg /kg of Mn was observed in relation to the control animals.
In contrast, it was observed a decrease of micronuclei in the
erythrocytes of rats exposed to both concentrations (50 mg/kg
Mn and 100 mg/kg SIL) when compared to the control group.
These results suggest the genotoxic effect of manganese when
exposed. However, Silymarin decreases the severity of the le-
sions produced by manganese (Figure 3).
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Figure 1: Effect of treatments on erythrocyte osmotic fragil-
ity (manganese and/or silymarin exposed rats). Results were ob-
tained from 4 rats per group and are represented as mean * stan-
dard deviation.
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Figure 2: Change in creatine kinase activity after 16-weeks of
control (T), silymarin (SIL) treated, manganese (Mn) exposed and
manganese treated and silymarin co-administered rats (Mn+SIL).
The results are presented as mean values * standard deviation.
The number of animals n=10. ** p<0.01; *** p<0.001 comparison
with control group. ¥ p<0.05 comparison with Mn group.
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Figure 3: Effect of manganese exposure of rats on the number of micronuclei at the erythrocyte level (stained with acridine orange; Gx1000).
Data are presented as mean + standard deviation. Counting was performed on 10000 cells per rat. The number of animals n=4 for each group.
MNE = micronucleus erythrocytes; TE = total erythrocytes. *** p<0.001, comparison with control group. ¥¥¥ p<0.001comparison with Mn

group.

Discussion

Manganese (Mn), an essential trace metal for the health of
organisms, is widely used in industry and agriculture, such as
welding and in pesticides [30]. However, humans can be ex-
posed to Mn through water, food, air, or contact with industrial
products. Mn is present in all body tissues. The highest levels of
Mn are located in the liver, kidney, pancreas, and adrenal glands
and the intermediate concentrations are detected in the brain,
heart, and lungs [31]. Indeed, with extensive use of Mn in indus-

try and agriculture, Mn concentration in the water environment
becomes high, and it has become a kind of water environment
pollutant. Consequently, excess Mn in the water environment
causes adverse biological alterations in aquatic organisms [30]
and animal tissues [32]. However, insufficient literature is re-
ported regarding the exact mechanisms of chronic toxicity (
16-weeks) of Mn in aged rats and the therapeutic usage of the
drug to counter this side effects. The present study aimed to
investigate the potential role of Silymarin on the Hematological
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Table 1: Hematological parameters of silymarin (SIL) and non-
silymarin treated animals after 16-weeks of treatment to manga-

nese.

Parameters Control SIL Mn Mn+SIL
RBC (10%2/L) 8.35+0.45 8.76 £ 0.84 8.98 £0.39 8.12 £ 0.58
WBC (10°/L) 8.65+1.80 9.50 £1.45 15.13 £ 0.33*** | 12.23 +0.90*
HGB (g/L) 143.30+3.86 144.5+5.19 135.0+5.35 136.8 + 8.30
HCT (%) 45.37+0.80 | 47.33+1.44 39.47 £0.55** | 44,50 + 2.00*
VGM (fl) 52.20+0.92 51.95*1.67 50.88 +1.48 51.45+1.20
TCMH (pg) 16.57+0.63 | 16.17 £0.77 16.00 + 0.80 16.85 + 0.46
CCMH (g/dl) 31.70+0.90 | 31.08 +1.24 32.48 £ 0.67 31.73£0.69
PLT (10°/L) ' 803.7+32.87 792.0+67.12 1087 +41.57***  950.0 + 44.51*

RBC: Red Blood Cells; WBC: White Blood Cells; HGB: Hemoglobin; HCT:
Hematocrit; MCHC: Mean Corpuscular Hemoglobin; TCMHC: Mean
Corpuscular Hemoglobin Concentration; PLT: Platelets; VGM: Mean
Red Blood Cell.The results are presented as mean values + standard
deviation. The number of an29imals n=10. ** p<0.01; *** p<0.001
comparison with control group. ¥ p<0.05 comparison with Mn group.

Table 2: Effects of manganese and/or silymarin exposure on os-
motic fragility of erythrocytes (H50).

Groups Control SIL Mn Mn+SIL ‘

50% of Hemolysis | 0.4 £ 0.04  0.45+0.03 0.64 +0.05*** 0.49 £ 0.05**
The results are presented as mean values + standard deviation. The
number of animals n=10. ** p<0.01; *** p<0.001 comparison with
control group. ¥ p<0.05 comparison with Mn group.

Table 3: Changes in serum urea, creatinine, and uric acid con-
centration after 12 months in control (T), silymarin-treated (SIL),
manganese-exposed (Mn), and manganese-treated and silymarin-
co-administered (Mn+SIL) rats.

Parameters Control SIL Mn Mn+SIL

Urea (g/L) 0.30+0.04 0.29+0.10 |0.33+0.09 0.31+0.05
Creatinine (mg/L) 9.13+0.66 9.65+1.49 |7.58+1.86 9.48 +0.34
Uric Acid (mg/L) [11.82+2.06 12.50+2.36 24.07 £3.27** |15.43 +3.18*

The results are presented as mean values + standard deviation. The
number of animals n=10. ** p<0.01; *** p<0.001 comparison with
control group. ¥ p<0.05 comparison with Mn group.

Table 4: Variation in enzymatic activity of aspartate aminotrans-
ferase (ASAT), alanine aminotransferase (ALAT), Gamma Gluta-
myl transferase (GGT), creatine kinase (CK), alkaline phosphatase
(PAL) after 16-weeks months of control (T), silymarin-treated (SIL),
manganese-exposed (Mn) and manganese-treated and silymarin
co-administered (Mn+SIL) rats.

Parameters Control SIL Mn Mn+SIL
ASAT (U/L) 68.58 £10.52| 72.75+8.363 77.33+£9.26 69.42 +11.65
ALAT (U/L) 39.92+1.90 | 39.67+6.14 | 72.92 £9.951** | 53.42 +3.02*
GGT 9.64 +2.18 9.88+0.71 | 18.36+ 1.20*** | 13.44 + 1.14**
PAL (U/L) 56.92 £9.18 | 59.58 +4.42 60.13 +4.17 49.50 +£7.27
Glucose (g/L) 0.83+0.04 | 0.87+0.08 0.89+0.04 0.82 +0.05
Cholesterol (g/L) | 0.68+0.14 | 0.55+0.15 0.52 +0.058 0.64 +0.17
Triglycerides (g/L) 1.565+0.34 = 1.64+0.15 2.97 £0.83** 1.75+0.18**

parameters and serum markers related to the renal and hepatic
functions in aged rats exposed to Mn.

Hematological parameters show conspicuous and significant
changes in response to any kind of toxic stress. Blood is a sensi-
tive index of the physiological changes in animals to any envi-
ronmental contaminant. Herein, alteration of the hematological
parameters and the immune system after chronic exposure to
Mn administration has been evidenced. Our results show that
white blood cells, hematocrit, and platelets are altered after
treatment with manganese compared with control rats. We
observe a statistically significant decrease in hematocrit and an
increase in white blood cells and platelets. While in the man-
ganese-contaminated and silymarin-treated group, there was
a significant partial restoration compared to the manganese-
treated group without reaching their normal levels except for
hematocrit. Similar results were also reported by [33] follow-
ing sub-chronic intraperitoneal exposure to manganese in the
order of 6 mg Mn/kg body weight. In contrast, previous studies
[34] showed that silymarin resulted in an improvement in these
parameters following chronic lead exposure. This alteration
may indicate the toxic effect of Mn on hemoglobin synthesis
during the maturation of red blood cells during their formation
in the bone marrow, or an anemic state due to hypoxia, iron,
cobalamin or folic acid. Furthermore, the decrease in red blood
cells and hemoglobin may be related to the inhibition of the
circulating erythropoietin hormone [35].

The hemolysis suggested by the increase of osmotic fragil-
ity (H50) in the treated group (Mn) could be explained by the
denaturation of cell membrane proteins by electrostatic inter-
actions and the generation of reactive oxygen species (ROS). In
fact, Free radicals generated by hemoglobin in the erythrocyte,
which is a major source producing radicals on interaction with
xenobiotics may have also led to increased erythrocyte mem-
brane fragility and hemolysis.

Serum enzymes, including yGT, ALT, ASAT, and PAL have
often been used in the evaluation of hepatic disorders. An in-
crease in the activities of these enzymes is indicative of active
liver damage or decreased liver uptake, and conjugation after
Mn exposure. The results suggest the negative impact of Mn
on biochemical parameters of aged rats. This effect could be
explained by hepatic lysis and a decrease in synthetic liver ac-
tivity. Moreover, the co-administration of silymarin showed an
improvement of biochemical parameters in the elimination of
Mn toxicity.

Kidney indices of toxicity (urea, uric acid, and creatinine) in
our experimental groups were investigated. An increase in the
levels of these serum markers was found in the rats intoxicated
with Mn. Our results are in accordance with several studies
showing that uric acid is a powerful scavenger of free radicals
and provides 60% of free-radical scavenging capacity in plasma
[36]. The rise of such compounds is considered a clear sign of
renal dysfunction, in which they should be filtered and poured
out by the kidney. Furthermore, a previous study [20] also found
that an increase in blood urea was closely associated with his-
tological alterations in the kidney that were degenerative and
disrupted the transport system of biochemical elements.

The increase in triglyceride concentrations in the Mn treated
group is probably the result of apoptosis and a possible per-
oxidation of membrane lipids. On the other hand, we notice a
recovery by a significant decrease in triglycerides in rats treated
with Mn+SIL compared to rats treated with Mn. [37] results
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showed that regular intake of silymarin lowered triglyceride lev-
elsin rats fed a high-fat diet for twelve weeks. Silymarin appears
to offer good liver protection and antioxidant potential against
hepatocellular damage [37].

Creatine kinase (CK) is a mitochondrial enzyme that catalyz-
es the conversion of creatine to phosphocreatine, coupled with
the conversion of adenosine triphosphate (ATP) to adenosine
diphosphate (ADP). The results of the creatine kinase activity
assay show a highly significant increase (p<0.001) in the man-
ganese-exposed group compared to the control. While in the
group treated with Mn+SIL, a significant decrease (p<0.01) was
recorded compared to the manganese-treated group.

Among the effects induced by manganese regularly cited are
genotoxic effects. The ability of Mn to interact with nucleotides
(DNA, RNA, and ribosome) has been demonstrated in vitro [39].
Our results showed an increase in the frequency of micronuclei
in the peripheral blood of rats after chronic exposure to man-
ganese. These results suggest the genotoxic effect of this heavy
metal. Although no studies have been done on rats, some met-
als, such as arsenic and aluminum, have no biological functions
and only exert toxic actions by increasing the frequency of mi-
cronuclei in the peripheral blood [40]. Silymarin decreases the
severity of the lesions produced by manganese. [41] demon-
strated that silymarin decreased the number of micronuclei in
mice induced by ribavirin [41].

Conclusion

In conclusion, these findings indicate that Mn has a delete-
rious impact on hematological, biochemical parameters, and
genotoxicity in male rats after a long-term exposure and silyma-
rin may be a potential natural compound to attenuated these
deleterious effects.
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