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Abstract 

Introduction: The aim of this study was to investigate the effects of vitamin C (vit C) and magnesium L-threonate (MgT)  

on the learning ability and memory of mice intoxicated with lead acetate. Material and Methods: The experimental male Swiss 

albinos were divided into five groups of 10 during a 40-day treatment period. One group were untreated controls, one received lead 

acetate at 90 mg/kg b.w., one additionally vit C at 40 mg/kg b.w., another additionally MgT at 100 mg/kg b.w., and the last was 

administered MgT without lead acetate. After a 20-day washout period, the animals were trained in the Morris water maze test  

for 6 days and after a 24-hour interval, were assessed for memory in the same test. At test end the mice were sacrificed and their 

organs sampled. Results: The results of total time and number of entries into the platform zone showed that significantly poorer 

performances were recorded for the group poisoned with lead acetate alone and significantly lower scores for learning and memory 

were recorded for the intoxicated and supplemented groups compared to the control group. Catalase activity was significantly 

reduced in the liver, pancreas and kidney but significantly potentiated in brain tissue by these two supplements compared  

to the control group. Lead concentration in brain tissue was significantly higher in the presence of vit C than in the control or lead 

acetate-only groups. Conclusion: Lead acetate had adverse effects on learning and memory of mice and also increased catalase activity. 
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Introduction 

Lead is a heavy metal natural element with toxic 

properties, widely distributed in the environment, and 

still mined and added in some parts of the world to many 

different products including paints, eye cosmetics, and 

aviation fuel; it may also still be present in older water 

pipes. It is the cause of one of the most serious global 

health problems wherever communities are involved in 

activities such as lead smelting, gold mining, and lead 

battery manufacturing and recycling (28). 

Lead is not an essential metal and has no biological 

role or function in the body, so it uses the transport 

proteins of other metals, such as calcium (Ca) and 

magnesium (Mg), to pass through the cell membrane. The 

membrane transport protein, known as divalent metal 

transporter 1 (DMT1) and divalent cation transporter 1 

(7), is present in neurons and cerebral capillary 

endothelial cells and is thought to non-selectively 

transport divalent metal ions, including Mn2+, Fe2+, Co2+, 

Ni2+, and Cu2+ (27). Most of the effects of lead in neural 

tissue come from the substitution of Ca2+ and Mg2+ by this 

metal. The blood–brain barrier (BBB) has long been 

known as a target for lead toxicity. Under conditions of 

lead exposure, an increase in pinocytotic activity and 

changes in the characteristic endothelial tight junctions 

resulted in microvascular damage to it (30). Successfully 

crossing the BBB, inorganic compounds of lead 

accumulate significantly in the hippocampus and cause 

memory and learning disorders (17).  

The hippocampus is the locus of synaptic routes 

thought to be the main ones for encoding new memories. 
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A decrease in hippocampal long-term potentiation  

(a phenomenon of synaptic plasticity by which recent 

activity strengthens synapses in a persistent way) leads 

to impaired memory, whereas an increase in it correlates 

with improved memory and learning (12). Learning and 

memory are major functions of the brain that are affected 

by several factors, including some which are dietary and 

environmental (lead exposure being one), and some 

which are genetic. Many supplements on the market 

claim to improve these functions, through various 

metabolic approaches. One, vitamin C, has been found 

to be less abundant in individuals with impaired 

cognition (24). Another, magnesium L-threonate, is 

commonly used as a storage supplement to increase 

magnesium levels in plasma and cerebrospinal fluid 

(CSF) and has been suggested as having the capacity to 

improve short-term synaptic plasticity and long-term 

potentiation (21). These supplements are investigated 

for their supportiveness of cognitive functions after lead 

intoxication in the present study. 

The accumulation of reactive oxygen species 

(ROS) is controlled in vivo by two metabolic systems: 

nonenzymatic antioxidant systems such as glutathione 

(GSH), bilirubin, vitamins E, A, and C, and defence-

related enzymes such as catalase (CAT), glutathione 

peroxidase, and superoxide dismutase (SOD) (11). 

Catalase activity is induced by exposure of animal 

species to metal as an environmental characteristic  

or as chemical pollution (25). Vitamin C has shown  

a protective role in heavy metal intoxication marked by 

decreased CAT activity (20). Alternate antioxidant 

enzyme CAT activity is stimulated by increased Mg 

levels and this element thereby exerts a protective effect 

against heavy metal intoxication (4, 13). Vitamin C and 

ethylenediaminetetraacetic acid (EDTA) have also been 

studied for their chelating properties in lead-poisoned 

organisms and both had similar effects as chelating 

agents of lead (6). Ascorbic acid has also been used as 

the main treatment for lead poisoning (19). 

The two compounds vitamin C and magnesium  

L-threonate were assessed for their capacity to alleviate 

memory and learning deficiencies in a murine model 

intoxicated with the most bio-available form of lead, 

lead acetate. 

Material and Methods 

Materials. Lead acetate in trihydrate form and of 

reagent grade at 99.5% purity was ordered from Läch-

Ner (Neratovice, Czech Republic). Vitamin C (L-ascorbic 

acid, 99%), primary and secondary sodium phosphate 

(99.9%), and hydrogen peroxide (99%) were from 

Sigma-Aldrich, (Taufkirchen, Germany). Magnesium -

L-threonate as the product Magtein was procured from 

Swanson Vitamins, (Fargo, ND,). Double-distilled water 

was produced and used in all our experiments. The feed 

for the animals came from Veterinarski Zavod 

(Subotica, Serbia). 

Animals and treatment. A total of 50 6-month-old 

male Mus musculus of the Swiss albino strain weighing 

from 30g to 40g were obtained from the vivarium of the 

Laboratory of Animal Behaviour in the Faculty Natural 

Science and Mathematics of the University of Prishtina 

in Kosovo. The animals were divided into five equal 

groups and each animal was housed in an individual 

cages after a two-week acclimation period. All 

conditions in the vivarium were in accordance with 

international rules (Directive 2010/63/EU). The diet of 

the animals consisted of tap water and prepared mouse 

food with 23% protein. The first group of animals served 

as a control group, while three groups were treated with 

90 mg/kg b.w. doses of lead acetate (group Pb), lead 

acetate and 40 mg/kg b.w. vitamin C (group Pb+vit C), 

and lead acetate and 100 mg/kg b.w. magnesium  

L-threonate (group Pb+MgT) and the final group only 

with 100 mg/kg b.w. magnesium L-threonate (group MgT). 

The doses of lead acetate, magnesium L-threonate and 

vitamin C were calculated each day after measuring the 

body weight of the animal and administered for 40 days 

as the treatment period. In addition to body weight, food 

and water intake per day were recorded. Any changes 

observed in the behaviour of the mice were also noted. 

Lead acetate and vitamin C were diluted in drinking 

water, and magnesium L-threonate was added to the diet. 

After these 40 treatment days, there was a 20-day 

washout period during which the animals were fed  

a normal diet. During the washout period the Morris 

water maze (MWM) test was conducted and data were 

recorded with AnyMaze software (Stoelting Co, Wood 

Dale, IL, USA). Animals were euthanised on the last day 

of the washout phase. The liver, brain, kidneys and 

pancreas were collected, weighed, and placed in cold 

sodium phosphate buffer (concentration 0.05 M and  

pH 7.0) until they were homogenised using an OV5 

Homogenizer (Velp Scientifica, Usmate, Italy). The 

homogenates were centrifuged at 5,000 rpm for  

10–15 min and then the supernatant was transferred to 

new sterile test tubes and stored at 4°C. Enzyme activity 

was measured within 24 h. Total protein concentration 

was measured in diluted organ homogenates according 

to the Lowry method, using bovine serum as the 

standard. Enzyme activity for CAT was calculated  

as UI/mg protein. 

Morris water maze. The water maze test was 

performed in a circular black pool 120 cm in diameter 

containing water at a temperature of 24 ± 2°C that had 

been coloured with a nontoxic brown dye to contrast 

with the mice. A 10-cm-diameter round brown platform 

was placed 1.0 cm above (on days 1 & 2 of the trial) or 

below (on days 3–6 of the trial) the water surface. On the 

first two days, with the platform visible, the mice were 

allowed to remain on the platform for 20 s before the 

experiment began. On subsequent days, the mice were 

given a maximum time of 60 s to find the hidden 

platform, and they were allowed to remain on it for 20 s. 

The mice were directed to land on the platform if they 

could not find the platform within 60 s. The mice were 
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given nine trials daily for six consecutive days and the 

swimming pathway and latency in locating the hidden 

platform were recorded for each trial. The seventh day 

was a 24 h rest period before memory tests were 

performed. On the eighth day, the number of crossings, 

the latency to enter the quadrant where the platform had 

been for the first time and the total time spent in the 

target quadrant were recorded with the platform 

removed. These three parameters are the main data we 

used to measure spatial memory retrieval. 

Enzyme analysis (estimation of CAT activity). 

Enzyme activity was measured to assess oxidative stress 

and cellular damage in the liver, brain, kidneys and 

pancreas of lead-poisoned animals and the effects of 

treatment with vitamin C and magnesium L-threonate. 

Total catalase activity was determined 

spectrophotometrically with a UV-VIS 1240 Mini 

Spectrophotometer (Shimadzu, Kyoto, Japan) by 

following the decline in absorbance at 240nm as H2O2 

(E = 36 M−1 cm−1) was catabolised according to the 

method of Nilsson (14). The accuracy and sensitivity of 

the method were estimated by measuring bovine catalase 

levels at various activity levels, from 3 to 450 units (IU). 

Lead concentration. Brain tissue was mineralised 

after chemical oxidation with nitric acid and hydrogen 

peroxide treatment and thermal decomposition at 450°C 

for 8 h. Lead concentration was measured with  

a ContrAA 800D atomic absorption spectrometer 

(Analytic Jena, Jena, Germany). The curve of 

measurements was standard with concentrations of  

0 mg/L, 0.5 mg/L, 1 mg/L, 1.5/ mg/L and 2 mg/L and 

values of 0.9997 for R2, 0.0107 mg/L for limit of 

detection, and 0.0320 mg/L for limit of quantification. 

Statistical analysis. Learning and memory were 

analysed by AnyMaze software (Stoelting Co., Wood 

Dale, IL, USA), using one-way ANOVA fixed factor 

analysis and the Student–Newman–Keuls test. Enzyme 

activity data were analysed using Microsoft Excel  

one-way ANOVA to compare the five groups, then 

Student’s t-test was used as a post-hoc test. Results were 

reported as mean ± SD. Differences were considered 

statistically significant at a probability level of <0.05. 

Results  

Catalase activity levels were calculated as mean 

values per mg protein of the samples. In all organ 

samples, we observed a significant (P < 0.05 for liver, 

pancreas, and brain and P < 0.001 for kidney) difference 

in CAT activity between the control group and group Pb. 

Group Pb also showed a significantly increased CAT 

activity in liver, pancreas and kidney samples when 

compared with groups Pb+vit C, Pb+MgT and MgT. 

Brain catalase activity was increased in groups Pb+vit C 

and Pb+MgT compared with group Pb. The increased 

effect of lead acetate toxicity in the brain after treatment 

with vit C and MgT is shown by increased levels of 

catalase activity in the brain tissue compared with the 

group intoxicated with lead acetate and not administered 

supplements (Table 1). 

The daily measured body weight and water and 

food intake (Table 2) of the animals did not change 

significantly during the treatment. 

After dissection, the organs were weighed, and the 

results are presented in Table 3. After statistical calculation, 

there were no significant differences in organ weight. 

Learning trials. Measurements of performance in 

learning trials in the MWM began with latency (time 

from start to goal). Figure 1 shows latency time results 

calculated as trial block means (nine trials per day). All 

groups intoxicated with lead acetate (groups Pb, Pb+vit C 

and Pb+MgT) had longer latency times (P < 0.05) on the 

sixth and final day compared to the groups not given the 

intoxicant. The longest latency times were recorded for 

group Pb+vit C. When the group Pb+vit C and group Pb 

results were compared, we found a significantly longer 

latency time for the supplemented group. Group 

Pb+MgT did not show any divergence from group Pb. 

 

 
 

Fig. 1. Latency or time from the start of the trial to the platform entry. 

Data were calculated as the mean of blocks of trials (nine trials  
per day) 

Vit C – vitamin C;  MgT – magnesium L-threonate 

 
Memory testing. Memory was measured using 

three different parameters. After six days of training in 

the water maze, serving as learning time, they mice had 

one day (24 h) to rest. The eighth day was the test day 

and nine trials were carried out for each mouse without 

the platform for 60 s with 30 min resting time between 

trials. The data in Figs 2, 3, and 4 represent results from 

the water maze test. 

Latency to the first entry into the platform zone. 

In Fig. 2, we present the latency times to the first entry 

into the platform zone as the mean of blocks of trials 

(nine trials per day) . The average times of groups  

Pb+vit C and Pb+MgT were higher than those of group 

MgT and the control group. A significantly (P < 0.05) 

longer time was taken by group Pb+vit C mice than by 

group Pb mice. 
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Fig. 2. Latency to first entry into the platform zone. Data were 

calculated as the mean of blocks of trials (nine trials per day) 

Vit C – vitamin C; MgT – magnesium L-threonate 

 

 
 

Fig. 3. Number of entries in the platform zone (line crossing). Data 
were calculated as the mean of blocks of trials (nine trials per day) 

Vit C – vitamin C; MgT – magnesium L-threonate 

 

 
 

Fig. 4. Time in the platform zone. Data were calculated as the mean of 

blocks of trials (nine trials per day) 
Vit C – vitamin C; MgT – magnesium L-threonate 

Number of entries to the platform zone (line 

crossings). In Fig. 3 we present the number of entries 

into the platform zone. These are how many times the 

border was crossed of the zone where the platform was 

located during the learning trials; the values are means 

of blocks of trials. These results are similar to the latency 

results. Groups Pb+vit C and Pb+MgT demonstrated  

a significantly (P < 0.05) lower number of line crossing 

compared with  the control group and groups Pb and 

MgT. The lower number of line crossings of group MgT 

compared with the group intoxicated only with lead 

acetate and not administered supplements is explained 

by the average time spent in the platform zone, as shown 

in Fig. 4. 

Time in the platform zone. In Fig. 4, we present 

the total time spent in the platform zone. These values 

are how long was spent per mouse and are mean 

durations calculated for blocks of trials. The groups 

intoxicated with lead acetate (groups Pb, Pb+vit C and 

Pb+MgT) spent significantly (P < 0.01) less time in the 

platform zone than the control group or group MgT. 

Animals treated with magnesium L-threonate (group 

MgT did not show any significant variation as either  

an improvement or impairment of spatial memory 

compared with the control group. Group Pb+vit C and 

group Pb+MgT mice spent significantly (P < 0.01) less 

time in the platform zone than group Pb mice. 

We also measured the lead concentration in the 

brain. The concentration levels of lead in different 

groups of mice are shown in Table 4. 

Lead concentration in the brains of animals 

intoxicated with lead acetate was significantly higher 

than in the brains of control group animals. The highest 

levels of lead were found in group Pb+vit C. On the other 

hand, group Pb+MgT showed a significantly lower 

concentration of lead in the brain than groups Pb and 

Pb+vit C. 

When we analysed correlations we found high 

correspondence between CAT activity in the brain and 

the number of entries into the platform zone and latency 

to the first entry into the platform zone (0.91 and 0.67, 

respectively). A very high correlation values (0.87) was 

found also between lead concentration in the brain and 

the memory parameters mentioned above. 

Discussion  

Our research findings are consistent with studies  

by other authors. Catalase is one of the most important 

enzymes for antioxidant protection of cells. It is found 

mainly in hepatocytes and erythrocytes, but is present in 

almost all cell types in the animal body. Hepatocytes and 

erythrocytes were the cells in which the measured CAT 

activity was highest (10). When rats were treated per os 

with sublethal doses of lead acetate, an increase in CAT 

activity was found in the liver and kidney compared with 

this activity in the control group rat organs, along with 

other metabolic changes (9). 
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Table 1. Catalase activity level (CAT IU/ mg protein) in Swiss albino mouse liver, kidney, pancreas and brain tissue after administration of lead acetate 
 

                          Group 

 Control (n = 10) Pb (n = 10) Pb+Vit C (n = 10) Pb+MgT (n = 10) MgT (n = 10) 

Organ 

Liver 222.5 ± 45.61 501.8 ± 70.10* 229.3 ± 54.13 250.2 ± 81.52 204.9 ± 50.02 

Pancreas 18.5 ± 8.98 51.2 ± 16.12* 31.3 ± 17.54 26.3 ± 13.22 37.3 ± 16.75 

Kidney 97.3 ± 34.56 269.1 ± 55.89** 124.6 ± 43.54 105.3 ± 52.23 130.5 ± 42.54 

Brain 3.9 ± 2.86 8.1 ± 3.05* 9.3 ± 3.67* 8.9 ± 3.11* 4.4 ± 2.26 

 

Vit C – vitamin C;  MgT – magnesium L-threonate; * P < 0.05, ** P < 0.001 compared to control 

 
Table 2. Average values of body weight and food and water intake during the 40 days of treatment 

 

Group 
Initial average  

body weight (g) 

Terminal average  

body weight (g) 

Average daily  

food intake (g) 

Average daily  

water intake (mL) 

Control 35.24 35.05 6.89 6.21 

Pb 33.34 36.97 7.01 6.07 

Pb+Vit C 32.24 35.69 6.51 6.11 

Pb+MgT 33.52 35.91 6.78 6.15 

MgT 34.04 37.12 7.12 6.52 

 

Vit C – vitamin C; MgT – magnesium L-threonate 

 

Table 3. Average organs weights in grams (liver, kidney, pancreas and brain) of mice (Mus musculus Swiss albino) after dissection 
 

                 Group 

 Control (n = 10) Pb (n = 10) Pb+Vit C (n = 10) Pb+MgT (n = 10) MgT (n = 10) 

Organ 

Liver 1.02 ± 0.29 0.89 ± 0.08 0.93 ± 0.16 0.92 ± 0.49 1.11 ± 0.26 

Pancreas 0.20 ± 0.10 0.17 ± 0.07 0.23 ± 0.07 0.15 ± 0.10 0.17 ± 0.05 

Kidney 0.38 ± 0.16 0.50 ± 0.08 0.56 ± 0.12 0.55 ± 0.10 0.43 ± 0.10 

Brain 0.35 ± 0.03 0.36 ± 0.05 0.35 ± 0.02 0.36 ± 0.02 0.36 ± 0.04 

 

Vit C – vitamin C; MgT – magnesium L-threonate 

 

Table 4. Lead concentration (mg/kg) in the brains of mice treated with different combinations of chemicals 
 

                Group 

Parameter Control (n = 10) Pb (n = 10) Pb+Vit C (n = 10) Pb+MgT (n = 10) MgT (n = 10) 

Pb 0.35 ± 0.001 1.58 ± 0.009* 1.67 ± 0.039* 0.94 ± 0.035* 0.41 ± 0.025 

 

Vit C – vitamin C; MgT – magnesium L-threonate; * P < 0.05 compared with control 
 

 

Brain CAT activity was also augmented after acute 

lead acetate administration in mice (2). Research on rats 

showed the effect of lead in relation to the activity of 

SOD, CAT, and other antioxidant enzymes important for 

the prevention of lipid peroxidation (22). Other authors 

(18) also reported increased levels of CAT activity in the 

livers, pancreas and kidneys of mice intoxicated with 

lead. The hepatotoxicity of heavy metals derives from 

their suppressive action on the levels of proteins and 

glutathione and facilitative effect on the synthesis of 

ROS species such as H2O2, OH− and O2
2−. These products 

can cause damage to the cell membrane by peroxidation 

of lipids (23). Vitamin C supplementation significantly 

decreased GSH content, and SOD and CAT enzyme 

activity in lead-intoxicated animals (5, 15). Other studies 

showed that treatment with vitamin C decreases the level 

of antioxidant enzymes (3). 

Changes in the activity of antioxidant enzymes are 

one of the first indicators of intoxication of the organism. 

As shown by CAT activity, vitamin C had a protective 

effect in the groups intoxicated with lead, with the 

exception of brain tissue. These results can be explained 

by the antioxidant effect of vitamin C and action as  

a chelating agent for metals in intoxicated organisms.  

As our research showed, magnesium L-threonate,  

a substance used as a dietary supplement to improve 

cognitive abilities (21), did not affect other organs of the 

body adversely. 

Vitamin C had no antioxidant or protective role in 

the brains of the lead acetate group mice (Table 1,  

Figs 1–4). This lack of effect was demonstrated by 

higher levels of CAT activity in the brains of animals in 

the vitamin C-treated group than in those of the mice in 

the lead acetate poisoned and unsupplemented group  
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(Table 1). Moreover, the results of learning and memory 

tests showed that the treatment of lead-intoxicated 

animals with vitamin C did not improve these 

parameters, but on the contrary, worsened them. 

Treatment of lead-intoxicated animals with vitamin C 

increased the concentration of lead in the brain (Table 2). 

Vitamin C has the main role in DMT1 overexpression 

(16), and the substrate profile of DMT1 includes the 

metal cations Fe2+, Cd2+, Co2+, Mn2+, Ni2+, VO2+, and 

Pb2+. Divalent metal transporter 1, which is a cation 

membrane transporter, was involved in the transcellular 

transport of lead across the BBB (26). It is suggested that 

the increased protein transporters in the BBB are the 

mechanism for the increased lead concentrations in the 

brain tissue of the groups that were intoxicated with lead 

and treated with vitamin C. 

The levels of lead concentration in the Pb+vit C 

group were significantly higher than in the Pb group, 

suggesting that vitamin C played no role in reducing the 

amount of lead in the brain. There is a possibility that 

magnesium played a role in the transport of lead to the 

intestinal wall. This may have led to this decrease in lead 

uptake and the lower concentration of lead in the brain 

in the MgT group. 

The present results of learning and memory tests 

are consistent with the reports of other authors. The 

effects of lead in the impairment of hippocampal 

function and on nervous system function were also 

reported by other researchers (1, 17). Low levels of lead 

exposure caused a significant dose-dependent inhibition 

of proliferation of neural stem cells originating from the 

rat ventral mesencephalon and striatum and decreased 

the number of microtubule-associated protein 2-positive 

neurons differentiated from neural stem cells originating 

from these regions (8). Chronic lead exposure reduced 

neurogenesis in the dentate gyrus of the adult rat 

hippocampus (29). In this study, we found impairment 

of learning and memory in mice that were treated with 

lead acetate, lead acetate and vitamin C, and lead acetate 

and magnesium L-threonate. Learning and memory 

investigation in the group treated with magnesium  

L-threonate yielded results which were not significantly 

increased and which in this aspect were not as other 

authors reported (21). 

The pharmaceutical supplements vitamin C and 

magnesium L-threonate played a significant detoxifying 

role (assessed by catalase activity) in all organs exposed 

to lead except the brain. Vitamin C and magnesium  

L-threonate have a large involvement in membrane 

transport of metallic ions, and contribute to intensifying 

the transportation of lead into the brain tissue (Table 4). 

The negative effects of vitamin C treatment on brain 

function with lead exposure are also supported by the 

results of learning and memory assessment. In the 

groups treated with lead acetate alone or lead acetate 

plus vitamin C, measurements showed decreased 

learning and memory abilities in mice. Moreover, 

besides the learning and memory parameters, the lead 

concentration parameter and CAT activity evaluation 

results in the brain followed the same trend. 

Lead is one of the most dangerous heavy metal 

intoxicants of the body and especially the brain. Our 

findings for learning, memory and catalase activity show 

that even in small concentrations it has a great effect on 

the basic functions of the murine brain. Similar effects 

of lead were found in other organs (the liver, pancreas 

and kidney) where vitamin C as an antioxidant 

supplement had a detoxifying effect in lead-intoxicated 

animals. Although it is known as a detoxifying 

supplement, vitamin C had an adverse effect on lead 

neuro intoxication, increasing the concentration and 

toxicity of the heavy metal. A similar influence to that 

of vitamin C was also found for magnesium L-threonate. 

Further lead intoxication research will explain the 

molecular mechanism of these effects of vitamin C in the 

brain and to this end the continuation of research on the 

agency of vitamin C in the transport of lead through the 

BBB is worthwhile. 
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