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Preface 

Welcome to “Research in Animal Physiology”. 

Proceedings of scientific papers ranges across a breadth of research in animal 

physiology. The main chapters of this publication are “Animal Physiology - Health 

Status Observations; Biologically Active Compounds in Animal Physiology; Animal 

Toxicology”.  

Animal physiology is the scientific study of the life-supporting properties, functions 

and processes of animals or their parts. It focuses on how organisms, organ systems, 

organs, cells, and bio-molecules carry out the chemical or physical functions that 

exist in a living system. Therefore, the proper studying of animal physiology is crucial 

for understanding and evaluating underlying biological processes, behavioral states 

and animal response to different biological, social and environmental stimuli. 

As such, the principal aim of this proceedings of scientific papers was to gather 

original papers on research in the fields of animal physiology, animal nutrition, 

reproduction and toxicopathology. We hope the publication will serve as a forum for 

presenting contemporary knowledge on basic and applied research, thus making 

new findings, methods, and techniques easily accessible and applicable in practice. 

Anton Kováčik and Eva Tvrdá 
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Chapter 1 
 

Animal Physiology - Health Status Observations 
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This chapter is focused on importance of health status in animal research. Basic 

evaluations include serum chemistry and hematology analyzes. In animal physiology, 

description of functions and their regulations in living organism is important, as well 

as clarification of methods by which they can be quantified and evaluated.  

                  Anton Kováčik 
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Haematochemical parameters and application of KRL 

test in equine 

Francesco Vizzarria*, Francesco Ferruccib, Raffaella Rossib, Enrica Zuccab, Carlo 

Corinob 

a Department of Agricultural and Environmental Science, University of Bari Aldo Moro, Via G. Amendola 

165/A, 70126 Bari, Italy 

b Department of Health, Animal Science and Food Safety, University of Milano, Via Celoria 10, 20133 

Milan, Italy 

*corresponding author: francesco.vizzarri@uniba.it 

Abstract 

Reactive oxygen species are continuously produced by our 

organism through numerous biochemical processes. Certain 

amount of oxidants are important for maintain proper cell 

function, adjusting the mechanisms of homeostasis. The horse is 

an elite athlete with peculiar features, such as speed and 

resistance that developed during the evolution as animal grazers. 

The degree of stress oxidation and muscle enzyme depends on 

the level of training, horse age and the intensity of exercise. 

Considering the relationship between exercise and oxidative 

stress in sport horses, the purpose of the present work is to 

validate the Kit Radicaux Libres test as a tool to identify the 

possible influence of training and intense exercise 

(running/training) on the total blood antioxidant activity and 

haematochemical parameters. For the experiment five Italian 

standardbred trotter horses were selected (no. 2 males; no. 3 

females) homogeneous by age (12 ± 1 months). All horses came 

from the same training centre. The animals were monitored 

upon arrival at the training-centre and during the following year 

until the racing season, and subjected to blood sampling over the 

whole experimental period. Results show that horses in T1 and 

T2 (arrival and start-taming period, respectively) have a 

significantly (P < 0.001) higher KRL value compared to other 

times of training/racing. A significant decrease of KRL value (P < 

0.001) in relation to the taming (T3) and training (T4, T5, T6) was 

noted during the experimental period. The present results 

underline as the KRL biological test has shown high sensitivity in 

assessing blood antioxidant status in young standardbred trotter 

horses and proved to be a viable method to determine oxidative 

stress in horses during training and racing. This analytical tool 

may find practical applications to monitor the antioxidant status 

in horses used in different sport disciplines. In addition, the 

results of this study suggest further appropriate investigations 

with the KRL test to assess how the dietary integration with 

antioxidants protects the training-horse from oxidative stress. 

Francesco Vizzarri, PhD is a 

researcher fellow in animal 

welfare and quality of 

animal production at 

University of Bari (Italy). He 

is member of several Italian 

Ministry Research Project 

and International 

Collaboration in Slovakia 

(2009 - nowadays). 

 

Keywords: horses; KRL test; 

oxidative stress; blood 

markers 
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1. Introduction 

In a living organism a correct balance between oxidants and antioxidants (oxidation-

reduction balance or redox) is essential for physiological functions, as several 

proteins involved in intracellular transduction chains signals are sensitive to 

alterations of this balance (Castillo et al., 2005). If the generation of reactive oxygen 

species (ROS) substances exceeds the capabilities antioxidants of the cell itself, or 

there is a decrease of mechanisms of detoxification, it is to establish a new condition 

that called oxidative stress. This condition appears to play a role of prime importance 

in many diseases often associated with muscular atrophy, like cancer, trauma and 

other neurodegenerative diseases (Monani, 2005). ROS and other reactive species 

are continuously produced by our organism through numerous biochemical 

processes (Uttara et al., 2009). Certain amount of oxidants are important for 

maintain proper cell function, adjusting the mechanisms of homeostasis (Iorio, 

2006). However during oxygen reduction reactions, the reactive species generated 

can exceed the physiological threshold. If these molecules are not neutralized by the 

antioxidant systems, damages within the cell occur, able to lead it to apoptosis 

(Maiese et al., 2008). The damage caused by free radicals can be extremely serious: 

in theory can be able to attack any molecule of the body causing damage at the 

cellular level to organs and systems. Exposure to a variety oxidizing substances 

carries the body to develop a series of defense mechanisms, which include 

preventive means and antioxidant defense. Exogenous source of antioxidants can 

improve the antioxidant defense system, for instance supplementing diet with 

antioxidant feed additives (Palazzo et al., 2019). The horse is a great athlete with 

strong features, such as speed and resistance that developed during the evolution 

as animal grazers. The domestic horse has subsequently edited and enhanced these 

desirable traits through genetic selection that made them suitable for many different 

uses according to their characteristics. The degree of stress oxidation and muscle 

enzyme depends on the level of training, by age the horse and the intensity of the 

work. Supplementation of antioxidants as vitamin E, vitamin C, lipoic acid is 

https://doi.org/10.15414/2020.9788055222349
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beneficial for horse athletes because decrease oxidative stress markers and losses 

enzyme muscle by increasing the antioxidant capacity (Urso et al., 2003). However 

it is possible to improve the health and welfare of horse-athletes, completing its diet 

with antioxidants prior to perform intense workouts (Kirschvink et al., 2007). As in 

other organisms subjected to exercise, in trotter horses prolonged and intense 

training gives rise to an imbalance between the production of free radicals and 

antioxidant agents leading to oxidative stress. It should also be pointed out that the 

exercise is positively correlated with increasing activities of superoxide dismutase of 

erythrocytes (de Moffarts et al., 2004). Subsequently the workout improves the 

body's defensive capabilities, but prolonged periods of training and races are 

interfering with the antioxidant/oxidants balance (de Moffarts et al., 2005). 

Oxidative stress can be measured directly by detecting free radical production, or 

indirectly by detecting antioxidant molecules or oxidative damage biomarkers. The 

KRL (Kit Radicaux Libres) is a biological test used for determining total blood 

antioxidant activity, evaluating the time of haemolysis of 50% of red blood cells 

exposed to the attack of free radicals, under conditions strictly controlled and 

standardized. The KRL test presents numerous in vitro applications to evaluate the 

antioxidant activities of natural or synthetic antioxidants such as natural extracts 

(Rossi et al., 2009) and vitamins (Stoker et al., 2003). Considering the relationship 

between exercise and oxidative stress in sport horses, the purpose of the present 

work is to validate the KRL test as tool to identify the possible influence of training 

and intense exercise (running/training) on the total blood antioxidant activity and 

haematochemical parameters. 

 

2. Material and methods 

Animal and experimental design 

The animals used in this experiment were housed in accordance with European 

Union guidelines (N. 86/609/EEC). For the experiment five Italian trotter horses (no. 

2 males; no. 3 females) homogeneous by age were selected (12 ± 1 months). All 

https://doi.org/10.15414/2020.9788055222349
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horses come from the same breeding farm. The animals were monitored by the 

arrival at the horse training-centre and for the following year until the racing season. 

Horses received the same diet consisting: 8/10 kg of mixed alfalfa hay (crude protein 

10%), 7 kg/day of cereals, consisting of barley, oats and corn (70%, 20%, 10% 

respectively), and a supplementation of protein (15%), fiber (5.5%) and fat (5%).The 

training phase included several training sessions. The type of training followed was 

the “interval-training” technique, which consists in carrying out repeated runs, 

alternating with walks recovery. Every 3 days an intensive workout was planned, 

called "test". The following day to intense workouts was held on active-rest for all 

day in paddock. Finally, the weekly training program included an aerobic-training 

with moderate speed, identified as "train". The figure 1. shows a typical weekly 

training program of studied horses. 

 

Figure 1. Weekly training program of studied horses. 

Mon  Tue Wed Thu Fri Sat Sun 

Test Paddock Train Train Test Paddock Train 

 

All animals were subjected to blood collection during the whole experiment. The 

samplings were carried out at the beginning of the test (T0; 15 days after the arrival 

in horse-centre and the start of taming period), at 60 day (T1; two months after the 

start of taming period), at 120 day (T2; four months after the start of taming period 

and at the beginning of training period), at 180 day (T3; two months after the start 

of training period), at 270 day (T4; four months after the start of training period), at 

330 day (T5; six months after the start of training period), at 390 day (T6; eight 

months after the start of training period and at the beginning of racing season), and 

at 450 day (T7; two months after the start of racing season), after 12h of fasting. 

Blood samples were taken using 9 ml Vacutainer tube containing EDTA, and after 

centrifugation, on plasma was determined total proteins, creatine phosphokinase 

https://doi.org/10.15414/2020.9788055222349
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(CPK), aspartate amino transferase (AST), and lactate using an automatic system for 

blood chemistry (COBAS MIRA CLASSIC, Roche Diagnostic). With the regard of total 

blood antioxidant activity, the principle of the KRL test is to submit whole blood and 

red-blood-cell suspension to thermo-controlled free radical aggression in order to 

mobilize all families of any free radical scavengers present in the blood to neutralize 

the oxidation processes (Stocker et al., 2003). The preparation of the samples and 

the chemical and enzymatic antioxidant systems of the kit were performed according 

to Rossi et al. (2013). 

 

Statistical analysis 

Haematochemical parameters and KRL value data were analyzed using statistical 

package SPSS (SPSS/PC Statistics 23 SPSS Inc., Chicago, IL). A univariate variance 

analysis (ANOVA) was carried out with sampling time as effect to highlight the 

influence of training on considered parameters. The comparison between the means 

was performed by Neuman-Keuls test. The effect was considered significant for P < 

0.05.  

 

3. Results 

KRL value test 

The results, expressed as KRL value, that indicates the time required to reach 50% of 

haemolysis, denote the resistance of the erythrocytes to the attack of free radicals. 

In figure 2 are reported the KRL values on whole-blood in relation to trotter horses 

training. The figure shows that horses in T1 and T2 (arrival and start-taming period) 

have a significantly (P < 0.001) higher KRL value compared to other times of 

training/racing. A significant decrease of KRL value (P < 0.001) in relation to the 

taming (T3) and training (T4, T5, T6) was noted during the experiment period. 
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Figure 2. KRL values on whole-blood in relation to horse trotters training 

 

 

In figure 3. are reported the KRL values on red-blood-cells in relation to horse 

training. The first two samples (T1 and T2), relating to arrival and start-taming period 

presented the same trend highlighted in whole blood, with a value significantly (P < 

0.001) higher KRL values than compared to other times of training/racing. A 

significant decrease of KRL value (P < 0.001) in relation to the taming (T3) and training 

(T4 and T5) was noted during the experiment period. In particular T6 values highlight 

a further decrease of KRL values.  
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Figure 3. KRL values on red-blood-cells in relation to horse trotters training 

 

 

Biochemical parameters 

The most common indicators of impairment muscles used in clinical practice are the 

plasma concentration of CPK and AST. Skeletal and cardiac muscles represent the 

primary source of CPK, while AST is representative of hepatic functionality. An 

increase of the latter, without increasing the value of CPK should direct clinicians 

towards deeper analysis of hepatic functionality. The increase of these enzymes are 

unfortunately not always directly correlated with the amount of muscle damage 

immediately and can fluctuate in relation to the training program, the horse body 

condition and the time between the sampling and the pathological event. The range 

(max and min, respectively) of values referring to studied horses is 519.33 and 461.66 

U/L for AST values and 233.13 and 188.07 U/L for CPK. The statistical analysis has not 

been highlighted significant difference for these parameters at sampling times (AST, 

P = 0.636 and CPK, P = 0.204).  
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4. Discussion 

This is the first study assessing the antioxidant status in Italian trotter horses through 

the use of KRL biological tests. The KRL value indicates the body's antioxidant status 

and provides useful information on an individual's ability to counteract different 

types of stress. Analysing data, it was possible to highlight how the oxidative status 

of horses showed a significant variation in relation to the different periods 

considered (taming, training and racing). In particular, as seen in figure 1, in the first 

few months of experimental period the horses showed a KRL value raised that 

corresponds to a good antioxidant status as they came from ideal breeding 

condition. In fact, before getting in the training centre the horses have lived since 

birth in a paddock in a stable group of animals. With the third sampling that 

corresponds to the beginning of training, the situation has changed, because the 

animals have undergone a stressful event for the intensification of the effort. Such 

situation has led, to a significant decrease of KRL value that remains stable over time. 

This statement is consistent with White et al. (2001), which shows that exercise in 

the horse is involved in the production of radicals free and therefore leads to a state 

of oxidative stress. In literature is also pointed out that integration with antioxidants, 

such as vitamin E and selenium, has been able to reduce exercise-induced oxidative 

stress in sport horses (Avellini et al., 1999). Supplementing with several antioxidant 

molecules could therefore be beneficial for containment of oxidative stress. In the 

present work, we have also considered the increasing KRL value of T6 and T7. This 

result is likely due to the fact that, after the racing-season start, the trainer has 

granted a period of lower intensity training to allow horses to get to competition in 

an optimal situation. This result is very important because shows how the 

antioxidant status of the animals modifies in the short term. Also the KRL test reveals 

very high sensitivity to different biological conditions. To validate these results would 

be useful a new study by monitoring the animals for a longer period. In the present 

study was not detected a significant change of CPK and AST levels. Increasing these 

values may occur due to muscle damage or intense muscle exercise (Balogh et al., 

https://doi.org/10.15414/2020.9788055222349
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2001). Increased AST during the training relates to a loss or a change in the 

membrane of the muscle fiber, which causes a temporary increase in permeability 

(Ostaszewski et al., 2012). The results obtained in the present study did not show 

any significant differences from the beginning to the end of the experiment. This may 

be due to the proper management of animals by the trainer. In fact, it was respected 

all necessary time for the young horses for adapting to a new training challenge, not 

exceeding with extreme workouts for their muscle-skeletal condition. 

 

5. Conclusion 

The present results underline as the KRL biological test has shown high sensitivity in 

assessing blood antioxidant status in young trotters horses, and has proved to be a 

viable method to determine oxidative stress in the training-horse. This analytical tool 

may find practical applications to monitor the antioxidant status in horses used in 

different sport disciplines. In addition, the results of this study suggest further 

appropriate investigations with the KRL test to assess how the dietary integration 

with antioxidants protects the training-horse from oxidative stress. 
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Abstract 

The objective of our study was to 

assess the mineral composition and 

estimate mineral intake of blood. The 

studies determine the levels of Sodium 

(Na), Potassium (K), Calcium (Ca), 

Manganese (Mg), Phosphorus (P) and 

Iron (Fe) in evaluated animals’ blood. 

Many minerals make up the body 

composition of animals, they play 

many fundamental roles and many of 

them are essential to the normal vital 

functions of animals. Minerals are an 

important component of animal diets 

and are required by organisms to 

utilize other nutrients in the diet. In 

free grazing animals, minerals derived 

from natural feedstuffs are often 

inadequate and require 

supplementation to satisfy animal 

requirements. Of the nutritional 

inadequacies, mineral deficiencies 

have adverse effect on both animal 

production and health. A total of 9 

mouflon’s females were analyzed. 

Based on the analyzed data, we found 

a specific state of the evaluated 

parameters in examined animals. The 

obtained results were subjected to the 

statistical method of dendrogram 

clustering. 
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1. Introduction 

Mouflons nutrition is one of the main factors, if not the most important factor 

determining the animals development and quality. In the case of small wild game if 

suitable pasture is offered, especially in critical seasons, it limits the factors for 

successful reproduction and survival. Nutritional requirements of mouflons are vary 

during their life cycle of depending on their physiology, health and development 

stage. In nature, like all the members of animal and plant kingdom, mouflons require 

inorganic elements, minerals, as these are needed for their survival and efficient 

performance. These are needed for their survival and efficient performance. Twenty 

two mineral elements are believed to be essential for the members of the animal 

kingdom. Minerals are generally divided into trace, or micro and macro minerals. 

Trace minerals are those that are needed in very small amounts. This is not to say 

they aren’t vital to health, they may be the critical factor (Field et al., 1985, Meschy 

et al., 2000). Macro minerals like calcium, magnesium, and phosphorus are needed 

in large amounts. They’re also critical to health and life, without proper amounts of 

these minerals in proper balance with each other. Many mineral imbalances don’t 

cause death, or health problems immediately. Low level deficiencies often lead to a 

variety of illnesses and contribute to loss of production in a flock. Those types of 

deficiencies cost an owner a lot of time and money. Nutritional disorders, including 

deficiencies, toxicities and imbalance are severely inhibiting grazing livestock in 

developing countries and have more significant consequences than infectious 

disease (McDowell, 1985). Infertility has been commonly recorded in copper and 

manganese deficiencies resulting in depressed or delayed oestrous. In recent years 

the measurement of trace minerals is attracting increasing interest in veterinary 

sciences, because deviations in trace element uptake and or metabolism are known 

to be related to certain diseases (Moniello et al., 2010). 
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2. Material and methods 

Serum mineral concentrations were determined in total of 9 mouflon’s females. 

Mineral concentrations of Sodium (Na), Potassium (K), Calcium (Ca), Manganese 

(Mg), Phosphorus (P) and Iron (Fe) were evaluated.  

The experimental group consisted of 9 mouflon females in ages 5 year of the South-

East area in Slovakia.  The animals were kept in menagerie during year. Water intake 

was unrestricted. The blood was taken from jugular vein using by vacuum tubes. The 

obtained values were analysed by Spectrophotometer. The analysed parameters 

were initially examined by basic descriptive statistics method. Secondary analysis of 

obtained data was used the clustering method. 

 

3. Results and discussion 

Based on the analysis data, we found a specific state of the evaluated parameters in 

the organisms of the examined animal samples (Tab.1). The obtained data were also 

subjected to the statistical method dendrogram of clustering (Fig.1). 

 

Table 1. Description of evaluated data. 

 

Na (mmol/l) K (mmol/l) Ca (mmol/l) Mg(mmol/l) P (mmol/l) Fe (μmol/l) 

x 143 15,63 1,92 0,89 2,99 24,81 

± std 4 1,57 0,27 0,29 0,38 5,61 

min 139 13,21 1,37 0,50 2,43 16,37 

max 149 17,40 2,27 1,30 3,63 34,25 

median 143 16,13 1,98 0,81 2,83 25,81 

 

The summarized data in Table 1 point to a relatively small variance of the values for 

the parameter Na. This condition may be affected by the frequency of the examined 

sample of animal. However, the different values of parameters were higher. 
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Figure 1. Dendrogram of clustering. 

Using clustering method of data analysis, we determined the similarities of each 

analysed parameter and created similarity groups. Element Na was in a separate 

group. The following subgroups were K and Fe followed by a subset of the P, Mg, and 

Ca elements. 

Authors Poppenga et al. (2012) in their work dealt with the monitoring of the 

concentration of minerals in blood and serum (Ovis canadensis) similarly to our work. 

The previously mentioned authors primarily focused on the determining the 

reference interval to selected parameters. They analysed a similar interface 

parameters. The conclusions of this work shows that the groups of animals under 

study in different geographical conditions have different concentrations of the 

analysed elements. The mentioned authors reported that several environmental 

factors, such as the geographic distribution of individuals, food and others, affect 

these parameters. 

Evaluating the mineral profile in the serum of a selected ruminant species in goats 

was studied by Yatoo et al. (2013). Similarly as us, they examined the Ca, Mg, P, Fe 
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and other parameter concentrations. The levels of Ca, Mg and P were higher 

compared with mentioned authors. This state was reversed for the Fe parameter. 

The mentioned authors reported that the mineral concentrations observed by them 

were relatively low as normally should be. Further they reported that, based on their 

analyses, they found a significant effect of mineral concentration on analysed 

hormones. It was reported that the deficiency of minerals negatively affects 

hormone status and worsens the production potential of animals. 

 

4. Conclusion 

Evaluating mineral profile of mouflons, belonging to different physiological states or 

in different seasons, is an important indicator of their nutritional and health status. 

This is important to prevent health disorders which lead to production and 

reproductive disturbances. Based on the study of blood samples, was found the 

current health status of the animals studied. These values give some information 

about the occurrence of mineral elements in organisms in the locality where they 

occur. The evaluated data were subjected to clustering analysis to find so-called 

hierarchical groups of analysed elements. However, evaluation of mineral ranges is 

important for health and productivity which are increasingly scrutinized and actively 

managed. However, marginal deficiencies that could prevent optimal health and 

reproduction might occur but are more difficult to detect. Evaluation the intervals 

for mouflons’ provides baseline information for monitoring the impacts of various 

mineral disturbances in these populations, and data provided herein might be useful 

for evaluation and management of herd productivity (Ciberej et al.,  2007, Paterson 

et al., 2005). 
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Abstract 

We studied the growth of sheep rumen ciliates in the artificial rumen. Four 

experiments were performed on three different diets (D1-D3); with the high 

proportion of roughage in the basal diet (80:20; D1, fresh alfalfa+ground 

barley; D2, hay+ground barley,) and with the medium proportion of 

roughage (60:40; D3, fresh alfalfa+ground barley). In each experiment, four 

fermentation vessels (V1-V4) were used, where one fermentation vessel 

served as a control (basal diet only) and the other three were treated with 

different sources of unsaturated fatty acids and rumen fermentation 

modulators (monensin and fumarate). For D1, 51 % oleic acid, 94 % linoleic 

acid, and 78 % alpha-linolenic acids were added daily at the concentration of 

3.5 % of the feed dry matter (DM) during 12-days incubation. For D2, during 

a 12-days incubation, a mixture of microbial and fish oils was added to the 

fermentation vessels to provide the n3 and n6 ratio of unsaturated acids of 

1:1, 3:1, and 5:1. For D3A, during a 9-days incubation, monensin (V2-V4, day 

4-8, 66 ppm) and oils at day 8 (5 % of DM, sunflower oil-V2, flaxseed oil-V3, 

and fish oil-V4) were added. For D3B, during a 6-days incubation, microbial 

oil (days 4-8, 5% DM), monensin (days 3-8, 66 ppm) plus microbial oil (days 

7-8, 5% DM), sodium fumarate (days 3-8, 6.25 mmol/L) plus microbial oil 

(days 7-8, 5% DM) were added. The genus Entodinium was the dominant 

ciliate genus in the artificial rumen (51% - 58%). Entodinium spp. grew best 

on diets with medium roughage proportion, D3 (21,290/ml). The worst 

growth was observed on a high roughage diet, D1 (790/ml). Dasytricha 

ruminantium represented the second largest population of ciliates (30%). 

Dasytricha grew best at D2 (8220/ml) and worst at D1 (470/ml) and D3 

(2/ml). Eremoplastron dilobum, Isotricha spp., Diploplastron affine, 

Polyplastron multivesiculatum, and Ophryoscolex caudatus tricoronatus 

were minor species. Feeding by D3+microbial oil, D3+microbial 

oil+fumarate, D2+microbial oil+fish oil, D3+flaxseed oil+monensin, and 

D3+fish oil+monensin stimulated the growth of Entodinium spp. The growth 

of Dasytricha and Diploplastron was stimulated by D3+microbial oil, 

D3+microbial oil+fumarate, and D2+microbial oil+fish oil feeding. Feeding by 

D1+linoleic or linolenic acids, D2+microbial oil+fish oil, D3+ fish 

oil+monensin, D3+flaxseed oil+monensin, inhibited the growth of 

Dasytricha, Eremoplastron, and Isotricha. The growth of Entodinium was 

inhibited by D1+linoleic acid.We can conclude that the response of ciliates 

to the experimental diets was not uniform. The tested diets and compounds 

have different effects on the different ruminal ciliates species. The number 

of ciliates continually decreased during incubation. 
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1. Introduction 

Many studies deal with the effects of different sources of unsaturated fatty acids on 

rumen fermentation and production of conjugated linoleic acid isomers (CLA) which 

have been found to provide unique advantages to human health. Studies of Ivan et 

al. (Ivan et al., 2001, 2004) showed that elimination or reduction of rumen ciliate 

population resulted to increased concentration of CLA in tissues of sheep on a diet 

rich in long-chain polyunsaturated fatty acids (PUFA). However, the lipid composition 

of rumen protozoan population showed that there are interesting levels of PUFA that 

are higher than in rumen bacteria and can be manipulated by a diet of the host 

animal (O’Kelly and Spiers, 1989, 1990; Or-Rashid et al., 2007; Viviani, 1970). 

Rumen ciliate population is both an important stabilizing factor of the rumen 

ecosystem and the source of PUFA for host animal. Monensin as growth promoting 

factor affect rumen biohydrogenation by inhibiting the growth of hydrogen 

producing gram-positive bacteria and protozoa. Fumarate acts as hydrogen 

acceptors in the succinate to propionate pathway and reduces methane production 

as well as biohydrogenation resulting into the increase of CLA and propionate 

(Callaway and Martin, 1996; Li et al., 2009). However, little is known how different 

sources of PUFA influence individual ciliates species.  

The objective of our study was to influence rumen ciliate population by rumen 

modulators (monensin and fumarate) and oils differing in contents of n-3 and n-6 

fatty acids. 

 

2. Material and methods 

Artificial rumen (Rumen simulation technique, RUSITEC) 

The four experiments were carried out using artificial rumen (Czerkawski and 

Breckenridge, 1977). The fermentation equipment was composed of four 

fermentation vessels (V1-V4), every 850 ml in volume. Fermentation inocula (solid 

and liquid ones) were collected through the rumen cannula immediately before 

morning feeding and transferred to an artificial rumen. The solid digesta (80–100 g 
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wet weight) were placed into one nylon bag of two (100μm pore size) in each of the 

four fermentation vessels. The second nylon bag was filled with experimental diet 

and supplements. The vessels were filled to overflowing with strained rumen fluid 

and artificial saliva (1:1) (McDougall, 1948). We used pooled inoculum from two 

sheep rumen with A-type ciliate population (Eadie, 1962) per one experiment. From 

the first day of the experiment, the vessels were supplied with the experimental diet 

at daily intervals by exchanging one nylon bag. One vessel served as a control (V1, 

without supplementation) and other three fermentation vessels received 

experimental supplements (V2-V4). To ensure that all vessels contained 12% crude 

protein (CP), 94.4 mg of urea were added in 1 L of McDougall buffer as well as 0.1 g 

of a mineral and vitamin mixture at daily intervals. A continuous infusion of artificial 

saliva (pH 8.4) at the rate of 665–758 ml/day was maintained through each vessel 

during the experiment (Jalč and Čertik, 2005).  

 

Experimental Diets 

Four experiments were performed on three different diets (D1-D3); with the high 

proportion of roughage in the basal diet (80:20; D1, fresh alfalfa+ground barley; D2, 

hay+ground barley,) and with the median proportion of roughage (60:40; D3, fresh 

alfalfa+ground barley).  

Experiment1 (diet D1, the high proportion of roughage in basal diet): The vessels 

were supplied with 39.6 g (10.06 g DM) of fresh alfalfa, 2.72 g (2.4 g DM) of ground 

barley at the daily intervals during 12 days. Experimental treatments were as follows: 

3.5% (wt./wt.) addition of oleic acid (OA) to vessel V2 (as a mixture of oleic acid and 

linoleic acid), 3.5% supplementation of linoleic acid (LA) to vessel V3, and 3.5% 

supplementation of α-linolenic acid (LNA) to vessel V4. The individual fatty acids 

were applied in drops, directly to the feed. The fermentation vessel V1 served as a 

control (without supplementation of fatty acids). The experiment lasted 12 days. 

Five-day adaptation period followed by a 6-day collection period was used to ensure 

a steady state within the vessels. The samples were collected daily on days 6–12. The 
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preparation of fatty acids, the chemical composition of feed ingredients and 

supplements were described in (Jalč et al., 2007).  

Experiment2 (diet D2, the high proportion of roughage in basal diet): The vessels 

were supplied with 12.8 g (11.96 g DM) of meadow hay and 3.2 g (2.87 g DM) of 

ground barley at the daily intervals during 12 days. The oils supplements were used 

as blends of microbial oil (MO) and fish oil (FO). The 5% supplementation of the oil 

blends was applied in this experiment. Overall, three different ratios of n-6 and n-3 

FA (5:1, 3:1, and 1:1) were used. Vessel V2 received 5% (wt./wt.) of the oil blends 

(MO+FO) with n-6 to n-3 FA ratio 1:1; V3 received 5% of the oil blends (MO+FO) with 

n-6 to n-3 FA ratio 3:1 and V4 received 5% of the oil blends (MO+FO) with n-6 to n-3 

FA ratio 5:1. Vessel V1 was the control (without oil addition). The experiment lasted 

12 days. Five-day adaptation period followed by a 6-day collection period was used 

to ensure a steady state within the vessels. The samples were collected daily on days 

6–12. The preparation of fatty acids, the chemical composition of feed ingredients 

and supplements were described in (Jalč et al., 2009). 

Experiment3 (diet D3, the medium proportion of roughage in basal diet): The vessels 

were supplied with the diet containing 9.0 g of alfalfa and 6.0 g of ground barley at 

daily intervals including the first day of the nine days experiment. The vessels were 

supplemented daily by 5% of feed DM of sunflower oil (SO, V2), linseed oil (LO, V3), 

and fish oil (FO, V4). All three vessels (V2-V4) were daily supplemented by 66ppm of 

monensin. The fermentation vessel V1 served as a control (without supplements). 

The samples were collected daily on days 6–9. The chemical composition of feed 

ingredients and supplements were described in (Jalč et al., 2005) 

Experiment4 (diet D3, the medium proportion of roughage in basal diet): The vessels 

were supplied with the diet containing 9.0 g of alfalfa and 6.0 g of ground barley at 

daily intervals including the first day of the six days experiment. The fermentation 

vessel V2 received also 5% (wt/wt) addition of microbial oil, MO; V3 received 66 ppm 

of monensin + 5% MO (wt/wt) supplementation, V4 received 1 g (6.25 mmol/L) of 

fumarate + 5% (wt/wt) MO supplementation. The samples were collected daily on 
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days 3-6.  The preparation of fatty acids, the chemical composition of feed 

ingredients and supplements were described in (Jalč and Čertik, 2005). 

 

Sample collection and counting of protozoa 

Samples in duplicates of fermentation fluid were withdrawn from continually mixed 

content of each fermentation vessel and fixed with an equal volume of 8% solution 

of formaldehyde. Ciliates were identified (Dogiel, 1927; Ogimoto and Imai, 1981; 

Williams and Coleman, 1992) and counted microscopically (Coleman, 1978). At least 

four replicates per sample were counted. 

 

Statistics 

The results are given as arithmetic means ± standard error of means (SEM). The 

statistical significances of the differences between control and treatment values 

were assessed using nonparametric Kruskal-Wallis analysis with Dunn s multiple 

comparison posttest (GraphPad Prism version 4.0 for Windows, GraphPad Software, 

Inc., San Diego, CA). Probability values of P<0.05 were considered significant. 

 

3. Results and Discussion 

An artificial rumen represents a model in vitro system for studying rumen function 

under controlled conditions. Many designs of continuous culture techniques have 

been described and used with varying degrees of success to maintain the rumen 

ciliate population. The rumen ciliates do not grow well in conventional continuous 

culture apparatus but can be grown successfully in systems that provide a suitable 

matrix for sequestration. In our apparatus, the matrix is the solid feed that is 

enclosed in nylon bags suspended and mechanically agitated in the fermentation 

fluid (Czerkawski and Breckenridge, 1977). The ciliate population is much lower in 

the fermentation fluid (102-104/ml) than in the solid substrate of nylon bags (106/ml) 

(Hillman et al., 1991). This system supports a varied ciliates population for periods 

ranging from 10-64 days. However, the ciliate and bacterial populations are not 
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stable and continually decrease depending on feed (Oss et al., 2016; Wetzels et al., 

2018), (Table1).  

 

 

The length of incubation remarkably affected the growth of ciliates. The response of 

ciliates to the experimental diets was not uniform. The tested diets and additives 

have different effects on the different ruminal ciliates species. (Table1). The genus 

Entodinium was the dominant ciliate genus in the artificial rumen (51% - 58%). 

Entodinium spp. grew best on a diet with hay and barley. The worst Entodinium 

growth was observed with fresh alfalfa and barley after 12-day incubation. 

Dasytricha ruminantium represented the second largest population of ciliates (30%). 

Dasytricha grew best with hay and barley. Eremoplastron dilobum, Isotricha spp. (I. 

prostoma and I. intestinalis), Diploplastron affine, Polyplastron multivesiculatum, 

and Ophryoscolex caudatus tricoronatus were minor species. However, they grew 

best at the diet with hay and barley (Table1). It is assumed that alfalfa saponins are 

Table 1. The growth of rumen ciliates in an artificial rumen (number/ml). Effect of length 
of incubation time and two different proportions and type of roughages. 

Lenght of incubation 
(days) 

12 12 9 6 
 

Diet Hay + 
barley 

Alfalfa + 
barley 

Alfalfa + 
barley 

Alfalfa + 
barley 

Pooled 
SEM 

 80:20 80:20 60:40 60:40  

Total count 27 660 1 540 5 720 21 300 660 
Entodinium spp. 16 130 790 4 530 21 290 560 
Dasytricha 
ruminantium 

8 220 470 1 030 - 140 

Eremoplastron 
dilobum 

1 300 90 140 - 50 

Isotricha spp. 430 30 90 - 20 
Diploplastron affine 10 - - - 2 
Polyplastron 
multivesiculatum 

20 - - - 2 

Ophryoscolex 
caudatus 
tricoronatus 

10 - - - 3 

Values are means. SEM is the standard error of the mean. Roughage is meadow hay and 
fresh alfalfa.  
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responsible for the inhibition of protozoan growth (Clarke et al., 1982; Laho et al., 

2011; Lu et al., 1987; Lu and Jorgensen, 1987).  

The purified FA remarkably decreased the growth of ciliates in an artificial rumen 

(Table2). Linoleic acid (LA) supplement decreased the growth of Entodinium spp., 

Dasytricha, Eremoplastron, and Isotricha. Linolenic acid (LNA) supplement decreased 

the growth of Dasytricha and Isotricha. Oleic acid (OA) decreased the growth of 

Isotricha. The major forage unsaturated fatty acids are LA and LNA. The main 

unsaturated fatty acids of concentrated feedstuffs are LA and OA. Two key 

biohydrogenation intermediates, trans 11 C18:1 (TVA) and cis 9, trans 11 C18:2 (CLA), 

are formed from both LA and LNA. These intermediates are present in ruminant fat 

at the ratio of about 3:1 (Bauman and Griinari, 2003). Despite protozoal growth 

inhibition in this experiment, the biohydrogenation was not affected, and higher 

concentrations of TVA and CLA were measured with purified fatty acid 

supplementation (Jalč et al., 2007) which is in agreement with the studies of Ivan et 

al. (Ivan et al., 2001, 2004). Ivan et al. showed that elimination or reduction of rumen 

ciliate population resulted in increased concentration of CLA in tissues of sheep on a 

diet rich in PUFA.  

 

 

Table 2. The growth of rumen ciliates in an artificial rumen (number/ml) during 12-day 

incubation. Effects of purified fatty acids (3.5% of feed DM) at the basal diet composed of 

fresh alfalfa and ground barley (80:20). 

Oils additives 
None 

(Ctrl) 

Oleic + 

linoleic 

acid 

Linoleic 

acid 

α-Linolenic 

acid 

Pooled 

SEM 

Total count 1 540 1 940 510 ** 750 ** 94.1 

Entodinium spp. 790 910 320 ** 530  45.6 

Dasytricha 

ruminantium 
470 700 120 ** 150 * 44.9 

Eremoplastron 

dilobum 
90 80 15 ** 60  8.3 

Isotricha spp. 30 3 ** 0 ** 0 ** 4.1 

Values are means. SEM is standard error of mean. *P < 0.05, **P < 0.01 are differences 

from Control (Ctrl). 
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Microbial oil isolated from oleaginous microorganisms is an interesting source of 

various polyunsaturated fatty acids, especially gamma-linolenic acid (GLA, C18:3) 

(Jalč et al., 2009). Together with fish oil which is a rich source of EPA 

(eicosapentaenoic acid, C20:5) and DHA (docosahexaenoic acid, C22:6) they can 

serve as sources of n6 FA (LA, GLA) and n3 FA (LNA, EPA, DHA). The ratio of n-6 to n-

3 FA is highly influenced by the fatty acid composition of the diet fed to the ruminants 

and affects the concentration of CLA and TVA in the rumen, milk, and meat. The 

maximum ratio 5:1 of n6 to n3 FA intake is recommended (Raes et al., 2004). Little 

knowledge exists on the effect of the increased proportion of n6 FA on the growth 

of rumen ciliates. The ratio of n6 to n3 FA at 5:1 increased the growth of Entodinium 

and Dasytricha. (Table3). On the other hand, the growth of Eremoplastron, Isotricha, 

Diploplastron, Polyplastron, and Ophryoscolex was inhibited by all tested ratios of n6 

to n3 FA. However, it seems that the high content of oleic acid in MO is responsible 

for better growth of Entodinium and Dasytricha (Jalč et al., 2009). 

Combination of monensin and fish oil increased the growth of Entodinium and 

inhibited the growth of Dasytricha and Eremoplastron (Table4). We can speculate if 

more saturated fatty acids of FO stimulated the growth of Entodinium and the 

decrease of Dasytricha in comparison to LO and SO (Jalč et al., 2005). 

Microbial oil increased the growth of Entodinium, Dasytricha, and Diploplastron 

(Table5). The growth of Dasytricha was increased by a combination of microbial oil 

with monensin and microbial oil with fumarate. Combination of microbial oil with 

fumarate increased the growth of Isotricha. Despite the presence of antiprotozoal 

agents (monensin and fumarate), the growth of ciliates was stimulated by MO. The 

similar effect was observed in the study of (Kišidayová et al., 2006). We can 

speculate that the high content of oleic acid in microbial oil can stimulate the ciliates 

growth. The similar effect was observed in the Experiment2 (Table3). 
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Table 3. The growth of rumen ciliates in an artificial rumen (number/ml) during 12-day 
incubation. Effect of ratio of n6 to n3 fatty acids (5% of feed DM of a blend of microbial 
oil and fish oil) at the basal diet composed of meadow hay and ground barley (80:20). 

Oil additives 
None 
(Ctrl) 

n6:n3 
1:1 

n6:n3 
3:1 

n6:n3 
5:1 

Pooled 
SEM 

Total count 27 658 27 667  
32 258*
* 

38 050*
* 

495.9 

Entodinium spp. 
16 133 14 358  16 267   

22 758*
* 

368.7 

Dasytricha ruminantium 
8 219 8 088  7 379   

12 400*
* 

211.4 

Eremoplastron dilobum 1 302 781** 936** 1 621*  48.4 

Isotricha spp. 429 95** 19** 279** 13.9 

Diploplastron affine 12 4** 3** 6** 0.7 

Polyplastron 
multivesiculatum 

18 3** 2** 7** 1.0 

Ophryoscolex caudatus 
tricoronatus 

13 2** 2** 7*  1.1 

Values are means. SEM is the standard error of the mean. *P < 0.05, **P < 0.01 are 
differences from Control (Ctrl). 

Table 4. The growth of rumen ciliates in an artificial rumen (number/ml) during 9-day 
incubation. Effect of oils (5% of feed DM) and monensin (66mg/kg DM) at the basal diet 
composed of fresh alfalfa and ground barley (60:40). 

Additives None (Ctrl) MON+SO MON+LO MON+FO Pooled SEM 

Total count 5 990 6 010 9 410 11 190** 527.2 

Entodinium spp. 5 530 5 560 9 100 10 960** 548.6 

Dasytricha 
ruminantium 

370 370 230 190* 24.5 

Eremoplastron 
dilobum 

80 80 90 40 6.6 

Values are means. SEM is the standard error of the mean. *P < 0.05, **P < 0.01 are 
differences from Control (Ctrl). MON, monensin; SO, sunflower oil; LO, linseed oil; FO, fish 
oil. 
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However, concentrations of fat higher than 5% DM are detrimental to rumen ciliates 

population. Olive oil and sunflower oil, both were differing in the concentration of 

C18:1 fatty acid and supplemented at 6% decreased protozoa population in goats 

(Ibrahim et al., 2013). 

 

4. Conclusion 

We can conclude that the response of ciliates to the experimental diets was not 

uniform. The tested diets and compounds have different effects on the different 

ruminal ciliates species.  
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Table 5. The growth of rumen ciliates in an artificial rumen (number/ml) during 6d 
incubation. Effect of monensin (MON, 66mg/kg DM), fumarate (FUM, 6.25 mmol/L), and 
microbial oil (MO, 5% of feed DM) at the basal diet composed of fresh alfalfa and ground 
barley (60:40). 

Additives None (Ctrl) MO 
MO + 
MON 

MO + 
FUM 

Pooled 
SEM 

Total count 21 292 29 696** 27 112* 26 266 1038.7 

Entodinium spp. 21 290 28 195** 25 600 25 995 978.6 

Dasytricha ruminantium 2 314** 164* 267** 36.7 

Ophryoscolex caudatus 
tricoronatus 

0 0 1 15** 0.3 

Diploplastron affine 0 18** 9 17** 2.6 

Values are means. SEM is standard error of mean. *P < 0.05, **P < 0.01 are differences 
from Control (Ctrl). 
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It has been proved on numerous occasions that natural products such as vegetables, 

fruits and medicinal herbs contain a variety of molecules with well known beneficial 

effects. Their biological properties are closely associated with their antioxidant 

activity, redox properties and their capacity to counteract the production of reactive 

oxygen species and inflammation processes. More recently, their ability to interfere 

with signal transduction pathways involving various transcription factors, protein 

kinases, phosphatases, and other metabolic enzymes has also been demonstrated. 

It is of great interest to study natural bioactive compounds that can modulate target 

functions related to the defense mechanisms of the organism and that might be used 

to achieve health benefits individually. In this chapter, an attempt has been made to 

gather current scientific evidence about the in vitro and in vivo effects of natural 

bioactive compounds, in order to strengthen their potential use in the development 

of nutraceuticals or supplements suitable for mammalian cell and tissue cultures. 

         Eva Tvrdá 
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Abstract 

At present, male sub- or infertility is increasingly gaining in 

importance. Oxidative stress (OS) is one of the main causes of 

decreased sperm survival in the female reproductive tract as well 

as a reduction of their fertilizing ability. When handling 

spermatozoa in vitro, their susceptibility to OS due to the presence 

of ROS is very high. Nowadays, numerous reports are largely 

devoted to study mechanisms that prevent OS in male 

reproductive cells. The aim of this study was to investigate the 

effects of various concentrations (10, 25 and 50 µmol/L) of the 

natural flavonoid compound quercetin (QUE), on the vitality of rat 

epididymal sperm. Spermatozoa were washed out of rat 

epididymal tissue and subjected to vitality assessments at baseline 

and following 2 hours of incubation. Sperm motility was analyzed 

by the computer-assisted sperm analysis (CASA) system. The 

mitochondrial membrane potential was determined using the 

fluorescent dye JC-1 by fluorometry. Membrane integrity was 

analyzed by fluorescence staining with CFDA, acrosome integrity 

was assessed by PNA and the percentage of apoptotic cells was 

evaluated using propidium iodide (PI). Our results indicate a 

significant increase in sperm motility following exposure to 10 

µmol/L QUE (P <0.05) as well as 25 µmol/L QUE (P <0.01) at both 

assessment times. Following administration of 10 and 25 µmol/L 

QUE, a significantly higher mitochondrial activity was detected (P 

<0.05) at 2 h. In the case of membrane integrity, no statistically 

significant changes were observed at time 0 h, however following 

2 h a significantly higher membrane stability was recorded in the 

experimental groups supplemented with 10 µmol/L QUE (P <0.05) 

as well as 25 µmol/L QUE (P <0.01) in comparison with the control. 

There were no statistically significant results in the percentage of 

apoptotic cells. The number of cells with an intact acrosome at 

baseline was significantly higher in groups exposed to 10 and 25 

µmol/L QUE (P <0.01) when compared to the control. We may 

conclude that low concentrations of quercetin have protective 

effects on the vitality of rat epididymal spermatozoa. 
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1. Introduction 

The laboratory rat (Rattus norvegicus) is historically the first mammal domesticated 

for scientific reasons and is currently the most widely studied experimental animal 

model for biomedical research (Jacob, 1999). Since the development of the first 

inbred rat strain, over 500 rat strains have been developed for a wide range of 

biochemical and physiological phenotypes and different disease models (Aitman et 

al., 2008). However, a precise protocol for rat sperm processing and 

cryopreservation is still under development for most rat strains. Therefore, a 

sophisticated methodology for a better preservation of rat spermatozoa of may 

provide an essential resource to increase the number of valuable genetic strains for 

research and application (Kaneko and Serikawa, 2012). 

The dissemination of semen from a small number of males with a superior genetic 

quality depends on meticulous semen processing and preservation procedures 

(Maxwell and Stohjanov, 1996). However, a prolonged exposure to ex vivo 

conditions of spermatozoa comes along with a progressive reduction of the sperm 

vitality, possibly due to stress occurring during in vitro storage. The overgeneration 

of toxic reactive oxygen species (ROS), followed by alterations of the sperm motility 

and viability has been shown to be associated with several steps of sperm processing 

and long-term in vitro incubation of male reproductive cells (Funahashi and Sano, 

2005). One of the most important factors contributing to poor sperm survival has 

been reported to be oxidative stress, which involves lipid peroxidation (LPO) (Aitken 

et al., 2006). Oxidative damage to mitochondria and membrane architecture may be 

a factor of major importance to explain the impaired motion behavior and 

fertilization ability of spermatozoa, and since the mitochondria located in the sperm 

mid-piece generate energy to support motility, changes in the mitochondrial 

membrane potential could be a good indicator of possible functional impairment of 

male gametes (Peña et al., 2009). When manipulated in vitro, spermatozoa run the 

risk of being exposed to supra-physiological level of ROS, which is the main 
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parameter to be considered to evaluate the extent of oxidative stress (du Plessis et 

al., 2008). 

Studying the benefits of antioxidant supplementation on spermatozoa physiology 

has become a major spotlight in andrology (Asadpour et al., 2012). This study 

emphasizes on the activity of quercetin (3,30,40,5,7-pentahydroxylflavone; QUE), a 

flavonol-type flavonoid, which is ubiquitous in plant-derived foods and drugs. QUE is 

well-known for its many biological activities, including anti-inflammatory (Guardia et 

al., 2011) and antimicrobial properties (Nitiema et al., 2012). At the same time, QUE 

has been shown to be an excellent in vitro antioxidant and a more intensive ROS 

scavenger than vitamin E or C (Fabre et al., 2015). This property has been observed 

in both initial and propagation steps of oxidative stress through enzymatic and non-

enzymatic systems, particularly NADPH-oxidase and NADH-dependent 

oxidoreductase located in the sperm mitochondria and plasma membrane (Sánchez 

et al., 2006; Maraldi et al., 2013). Moreover, the biomolecule is suggested to 

substantially empower the endogenous antioxidant shield, due to its contribution to 

the total antioxidant capacity (Tvrdá et al., 2016).   

It has been demonstrated that QUE improves motility, zona binding ability and DNA 

fragmentation in stallion sperm (Gibb et al., 2013) as well as offers protection to the 

vitality and endogenous antioxidant profile of bovine spermatozoa (Tvrdá et al., 

2016). However, other studies on human (Khanduja et al., 2001), ram (Silva et al., 

2012) and mice (Rastogi and Levin, 1987) species reported no effect or even a 

negative effect of QUE on the sperm quality parameters, including motility, 

acrosome integrity or plasma membrane integrity. 

Summarizing the currently available evidence, it may be noted that the data 

illustrating the in vitro effects of QUE on ejaculated spermatozoa are contradictory. 

As such, our aim was to shed more light on the behavior of QUE in spermatozoa 

collected from the epididymis. Specifically, we focused to investigate the in vitro 

effects of quercetin on the motility, mitochondrial activity, membrane and acrosome 

integrity of rat epididymal sperm. 
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2. Material and methods 

Animals and sample collection 

Male Wistar rats (n = 20, 120 days old) obtained from the Institute of Experimental 

Pharmacology (Slovak Academy of Sciences, Dobrá Voda, Slovakia) were kept in 

plastic cages at 24±1 °C and 12 h light/12 h dark photoperiod. The animals were 

provided with a standard pellet laboratory feed and water ad libitum. Institutional 

and   national guidelines for the care and use of laboratory animals were followed, 

and all procedures were approved by the State Veterinary and Food Institute of the 

Slovak Republic (no. 3398/11-221/3) and Ethics Committee. 

The rats were anesthetized by intraperitoneal injection with chloral hydrate, the 

reproductive organs were removed and deposited into a sterile Petri dish with fresh, 

ice-cold PBS (Sigma-Aldrich, St. Louis, USA). With the help of tweezers and a blade 

knife the epididymes were separated from the teses and washed twice in PBS. The 

cauda was cut into approx. 1.5 cm pieces, and placed into PBS without  (control  

group)  or  with  QUE (Sigma-Aldrich, St. Louis, USA) previously dissolved in DMSO 

(dimethyl sulfoxide; Sigma-Aldrich, St. Louis, USA) and supplemented  at  various  

concentrations (10,  25,  50 μmol/L).  Spermatozoa were allowed to swim out during 

15 min at 37 °C.  Specific analyses took place immediately following  sperm collection 

and 2 h post-collection. Spermatozoa were kept at 37 °C between the analyses. 

 

Computer-assisted semen analysis 

Spermatozoa motility was measured using the CASA (Computer Assisted Semen 

Analyzer) system – HTM IVOS (CASA; Version 14.0 TOX IVOS II.; Hamilton-Thorne, 

Beverly, USA). Each sample was placed into the Makler Counting Chamber (depth 10 

mm, Sefi-Medical Instruments, Haifa, Israel) and the percentage of motile 

spermatozoa (motility > 5 μm/s; MOT) was evaluated. This study was performed in 

five replicates at each concentration and time of assessment. At least 300 

spermatozoa were analyzed in each sample. 
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Mitochondrial activity 

For the assessment of the mitochondrial membrane potential (MMP), 1x106 cells 

were transferred to an eppendorf tube and diluted to 100 μL using PBS. 

Subsequently, 5 μL of the cationic dye JC-1 (tetraethylbenzimidazolylcarbocyanine 

iodide; Cayman Chemical, Ann Arbor, USA) were added to each sample aliquot. The 

samples were incubated for 20 minutes at 37 °C. Subsequently, the samples were 

centrifuged for 5 minutes at 2100 RPM and the resulting pellet was washed with 100 

µL PBS. The centrifugation and washing step was repeated twice. two more times. 

The cells were diluted with 100 µL PBS, transferred to a 96-well plate throughout and 

analyzed using the Glomax Multi+ combined spectro-fluoro-luminometer (Promega, 

Madison, USA) using the appropriate filter settings. The results are displayed as the 

ratio of JC-1 polymers to JC-1 monomers (JC-1 units). 

 

Viability evaluation 

For the membrane integrity analysis 1x106 cells were pipetted into a vial, diluted to 

100 μL with PBS, followed by 10 μL CFDA (carboxyfluorescein diacetate; Sigma-

Aldrich, St. Louis, USA; 0.75 mg/mL in DMSO), 10 μL PI (propidium iodide; Sigma-

Aldrich, St. Louis, USA; 2 mg/mL in H2O) and 10 μL DAPI (4′,6-diamidino-2-

phenylindole; Sigma-Aldrich, St. Louis, USA; 1 mol/L in PBS). The samples were 

incubated for 15 min at 37 °C in the dark. Subsequently, the samples were 

centrifuged for 5 min at 2100 RPM. After centrifugation, the resulting supernatant 

was carefully removed and the cells were washed with 100 µL PBS. The 

centrifugation and washing step was repeated and the cells were resuspended with 

100 µL PBS. The samples were transferred to a 96-well plate and analyzed using the 

Glomax Multi+ combined spectro-fluoro-luminometer (Promega, Madison, USA) 

using the appropriate filter settings. CFDA-positive cells were considered to be 

membrane-intact (%), while PI-positive cells were displayed as apoptotic/necrotic 

(%).  
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Acrosome integrity 

For the analysis of the acrosome integrity, 1x106 cells were transferred to a vial and 

diluted to 100 μL using PBS, followed by 100 μL PNA (peanut agglutinin, FITC 

conjugate; Sigma-Aldrich, St. Louis, USA; 10 mol/L in PBS) and 10 μL DAPI. The 

samples were incubated for 30 min at 37 °C. After incubation, 200 µL sample were 

placed into a 96-well plate and analyzed using the Glomax Multi+ combined spectro-

fluoro-luminometer (Promega, Madison, USA) using the appropriate filter settings. 

PNA-negative cells were considered to be acrosome-intact (%). 

 

Statistical analysis 

Statistical analysis was carried out using the GraphPad Prism program (version 3.02 

for Windows; GraphPad Software, La Jolla California USA, www.graphpad.com). 

Descriptive statistical characteristics (mean, standard error) were evaluated at first. 

One-way ANOVA with Dunnett's post test was used for advanced statistical 

evaluations. The level of significance was set at ∗∗∗ P<0.001; ∗∗ P<0.01; ∗ P<0.05. 

 

3. Results 

Computer-assisted semen analysis 

Data obtained from the CASA analysis are listed in Figure 1.  The administration of 

10 and 25 μmol/L QUE led to a significant preservation of the rat sperm motility 

immedialely following the sperm release from the epididymis (time 0 h; P<0.05 with 

respect to 10 μmol/L; P<0.01 in case of 25 μmol/L QUE).  Similar results were 

recorded following a 2 h incubation, with a significantly higher motility detected in 

the experimental groups exposed to 10 μmol/L QUE (P<0.05) and 25 μmol/L QUE 

(P<0.01) when compared to the control. 
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Figure 1. The impact of selected QUE concentrations on the rat spermatozoa motility (%) 

during different time periods. MeanSEM. * P<0.05; ** P<0.01. 

 

Mitochondrial activity 

The fluorimetric assessment of the mitochondrial activity revealed no significant 

differences (P>0.05) between the control and experimental groups following the 

sperm collection. However, a significantly higher MMP was detected in the 

experimental groups supplemented with 10 and 25 μmol/L QUE (P<0.05) in 

comparison with the control group (Figure 2), leading to the assumption that QUE 

provides protective effects on the sperm mitochondrial functionality. 

 

Figure 2. The impact of selected QUE concentrations on the mitochondrial membrane 

potential (JC1 units) of rat spermatozoa during different time periods. MeanSEM. * P<0.05. 
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Viability and apoptosis/necrosis evaluation 

Figure 3 depicts the in vitro effects of QUE on the membrane integrity of epididymal 

rat spermatozoa. Although no significant positive or negative impact of QUE on the 

membrane stability was recorded immediately following the sperm swim-out 

procedure, a significantly higher preservation of the integrity of the sperm plasma 

membranes was detected following 2 h of in vitro culture, particularly in the case of 

10 μmol/L (P<0.05) and 25 μmol/L QUE (P<0.01). 

 

Figure 3. The impact of selected QUE concentrations on the membrane integrity of rat 

spermatozoa (%) during different time periods. MeanSEM. * P<0.05; ** P<0.01. 

 

To detect any apoptotic and/or necrotic changes to the epididymal spermatozoa 

under the influence of QUE, the cells were stained with PI and assessed using 

fluorimetry. The analyses detected a time-dependent increase of PI-positive sperm 

cells. Nevertheless, QUE administration had no impact on the percentage of 

apoptotic and/or necrotic cells neither at baseline, nor following 2 h of in vitro 

incubation. A decreasing trend of apoptotic and/or necrotic changes in spermatozoa 

was observed following the administration of 10 and 25 μmol/L QUE at time 2 h, 

however the changes were not statistically significant (P>0.05; Figure 4). 
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Figure 4. The impact of selected QUE concentrations on the occurrence of apoptotic and/or 

necrotic rat spermatozoa. MeanSEM.  

 

Acrosome integrity 

Data collected from the assessment of the acrosome integrity using the fluorescent 

PNA staining method revealed an instant protective effect of QUE, particularly at 

doses of 10 and 25 μmol/L on the stability of acrosomal structures (P<0.01; time 0 

h). This protection lasted throughout the in vitro incubation, leading to a significantly 

higher acrosome integrity of rat spermatozoa exposed to 10 and 25 μmol/L QUE in 

comparison with the control (P<0.01; time 2 h). 
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Figure 5. The impact of selected QUE concentrations on the acrosome integrity of epididymal 

rat spermatozoa. MeanSEM. ** P<0.01. 

 

4. Discussion 

Quercetin is a common dietary flavonoid, offering a broad variety of beneficial 

effects (Aherne and O’Brien, 2000). Its antioxidant capacity lies in a particular 

chemical structure with the phenolic hydroxyl groups located at the B-ring and the 

three-position providing its ROS-scavenging activity (Zhao et al., 2011). Additionally, 

QUE may be effective because of its ability to interact with and penetrate through 

lipid bilayers (Ben Abdallah et al., 2013). 

Improved sperm motility and vitality recorded in our study contradicts earlier 

reports, according to which 5–200 μmol/L QUE compromised the motility and 

viability of human spermatozoa, accompanied by a downregulation of the Ca2+-

ATPase activity, an essential enzyme involved in the control of sperm motion 

(Khanduja et al,. 2001). Moreover, QUE has been identified as a possible specific 

inhibitor of plasma membrane calcium ATPase, followed by an increase in 

intracellular calcium and modulatory effects on sperm capacitation (Cordoba et al., 

2005). In addition, negative effects of high QUE concentrations (0.2 and 0.3 mmol/L) 
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were observed in case of the motility behavior of frozen-thawed equine sperm (Seifi-

Jamadi et al., 2016).  

Talking in favor of our data, our previous observations (Tvrdá et al., 2014; 2016) did 

suggest protective effects of QUE on bovine sperm motion characteristics, when 

incubated over a period of 24 h or in the presence of a potent prooxidant, although 

we must agree that in case of a broader concentration range, QUE may act dose 

dependently as either a stimulant at low doses or as an inhibitor at high doses. This 

controversy was furthermore assessed in vivo as Aravindakshan et al. (1985) noted 

that treatment with higher QUE doses (300 mg/kg body weight) reduced the fertility 

rate of male rats during the first two matings. Conversely, Taepongsorat et al. (2008) 

showed that injection of 270 mg QUE/kg body weight/day led to an increased weight 

of the testes, epididymis and vas deferens. Furthermore, administration of 90 and 

270 mg QUE/kg body weight/day led to significant improvements in the spermatozoa 

concentration and motility.  

In a recent report testing the effect of QUE on ram sperm during cryopreservation, 

it was shown that this polyphenol was able to modulate the mitochondrial 

membrane potential (Silva et al., 2012), which might reflect on our JC1 data. The 

mitochondrial system is the main source of intracellular ROS, with the respiratory 

chain acting in an autoxidation process (Moretti et al., 2012), whereas QUE may play 

important roles in ROS absorption and neutralization, because of its unique chemical 

properties (Degáspari and Waszczynsky, 2004), resulting from its ability to inhibit 

ROS formation by enzymatic and non-enzymatic systems, especially NADPH oxidase 

and NADH-dependent oxidoreductase, localized in the sperm plasma membrane and 

mitochondria (Maraldi, 2013).  

Regulating calcium influx to sperm is another proposed mechanism by which QUE 

maintains the internal adenosine triphosphate (ATP) concentration, prevents 

premature capacitation (McNiven et al., 2006) and acrosome reaction (Sarlós et al., 

2002; McNiven et al., 2006) during sperm storage, and enhances sperm longevity by 

saving its limited energy content. At the same time, as observed by Tvrdá et al. 
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(2016), QUE was capable to prevent mitochondrial dysfunction as a consequence of 

ferrous ascorbate (FeAA)-associated oxidative damage. QUE was particularly 

effective in protecting the spermatozoon through the protection and maintenance 

of spermatozoa metabolism as reflected by the mitochondrial metabolic (MTT) test. 

As proposed by Nass-Arden and Breibat (1990), quercetin’s beneficial effect on the 

sperm metabolism might be related to its ability to increase the respiratory rate and 

ATP content of spermatozoa. 

Protective effects of QUE on the membrane and acrosome integrity of rat 

spermatozoa observed in this study clashes against its double-faced action recorded 

by Mazzi et al. (2011) and Moretti et al. (2012) in comparing the potential of QUE 

and resveratrol on human sperm incubated with tert-butylhydroperoxide (TBHP). On 

the one hand, QUE showed a higher toxicity with respect to the sperm motility and 

viability than resveratrol, and on the other hand, its antioxidant activity was 

stronger, as evidenced by fluorescent and electron microscopy. Nevertheless, the 

authors conclude that QUE was particularly active in preserving sperm membranes, 

chromatin texture and acrosomes, which were particularly compromised by TBHP, 

which are in accordance with our data collected from the fluorimetric analyses. 

Khaki et al. (2011) reported on the beneficial and protective effects of QUE on the 

sperm viability and total serum testosterone in chemically induced diabetic rats. 

Studies focused on the effects of QUE on oxidative damage in cultured chicken 

spermatogonial cells showed that at 1 μg/mL, it increased the cell concentration and 

reduced the aroclor-induced testicular oxidative damage (Mi and Zhang, 2005). 

All beneficial effects of QUE on the stability of membranous structures resulting from 

our experiments are most likely related to the suppression of LPO of membranous 

structures (Nass-Arden and Breitbart, 1990), an event which has been shown to be 

coupled with the loss of sperm structural integrity and functional activity (Aitken et 

al., 2006). Our experimental outcomes complement the conclusions driven by 

Afanas’ev et al. (1989) and Boots et al. (2008) hypothesizing that QUE suppressed 

free radical formation at several levels via inhibiting the formation of the superoxide 
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radical, by chelating iron (limiting the formation of hydroxyl radicals) and by 

inhibiting the formation of lipid peroxy radicals. 

Ben Abdallah et al. (2011), reported beneficial effects of QUE on lipid peroxidation. 

In their study, QUE successfully reduced malondialdehyde concentration when rat 

semen was supplemented to media alone or accompanied with H2O2. On the other 

hand, Seifi-Jamadi et al. (2016) observed a lower viability and membrane integrity 

at higher concentrations of QUE which may be explained by its pro-oxidant ability. It 

should be noticed that QUE has to be converted to ortho-semiquinone before 

exerting its ROS scavenger effects. This mentioned free radical is subsequently 

converted to QUE or to ortho-quinone accompanied by the production of ROS, such 

as superoxide and H2O2. In the meantime, H2O2 has been shown oxidize QUE to its 

reactive intermediates, ortho- quinone/quinone methides, as revealed in several in 

vitro studies (Awad et al., 2002; Kaldas et al., 2005). 

Finally, divergent results with QUE may be attributed to several factors, including the 

species, semen extender, dosage, method of administration, as well as variable half-

life among ROS, which all may modulate its definitive actions.  

 

5. Conclusion 

Our results, even though preliminary, support the evidence for membrane-

protecting and motility promoting vitro activity of quercetin concentrations ranging 

between 10 and 50 μmol/L in rat epididymal spermatozoa. The development of new 

sperm washing and preservation media providing a better selective advantage to the 

survival of male gametes as well as improvement of their energy requirements is of 

great interest. Quercetin, in specific amounts, could be used as a motility and 

metabolism-promoting supplement, especially in laboratory techniques aimed for 

the reproduction of rodents, including sperm retrieval, in vitro fertilization, artificial 

insemination and sperm cryopreservation. 
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Abstract 

Lycopene is an aliphatic hydrocarbon carotenoid 

responsible for the characteristic deep-red color 

of ripe tomato fruits and tomato products. It is 

one of prevalent carotenoids in human diet 

which has become popular mainly due to its 

strong antioxidant ability. Increasing evidence 

from epidemiological studies, cell culture and 

animal studies confirm the beneficial role of 

lycopene in cancer, cardiovascular diseases, male 

infertilify, osteoporosis and diverse pathological 

processes. Despite a number of promising health 

effects, further research is needed to deepen the 

lacking knowledge about bioavalability, 

metabolism, pharmacokinetic properties, 

biochemistry and mechnisms of biological 

activity of lycopene. The paper reviews literature 

on lycopene in the context of its health benefits 

in animal and/or human organism. 
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1. Introduction 

Lycopene is a natural pigment belonging to a large family of carotenoids which is 

synthesized exclusively by plants and microorganisms. In a plant organism, 

carotenoids are responsible for colors and contribute to some plant food aromas 

(Rodriguez-Bustamante and Sanchez, 2007). Lycopene and related carotenoid 

species are important for light absorption during photosynthesis, whereby they 

protect plant cells against photosensitization (Demmig-Adams et al., 1996). Over 

700 different compounds of carotenoid group have been identified so far and share 

common structural features. The structure of each carotenoid is responsible for the 

color and photochemical properties of the molecule (Britton, 1995). Besides plant 

species, carotenoids contribute to the color of some birds, insects and marine 

animals (Shi and Le Maguer, 2000). Generally, two primary types of carotenoids are 

distinguished. Hydrocarbon carotenoids are composed entirely of hydrogen and 

carbon (lycopene, α-carotene, β-carotene), whereas xanthophyles contain 

additional oxygen (e.g. lutein, zeaxanthin, and β-cryptoxanthin) (Furr and Clark, 

1997).  

For a long time carotenoids have attracted attention within the context of numerous 

potentially favorable biological actions including antioxidant activity, immune 

enhancement, regression of malignant lesions and inhibition of mutagenesis in living 

organisms (Rao and Rao, 2007). Among widely studied members of carotenoid 

group, lycopene is an attractive bioactive substance found in vegetables and fruits, 

predominantly in tomatoes. The compound has been intensively investigated in 

connection with numerous beneficial effects on animal and human health but 

current knowledge still lacks data on precise mechanisms of its action. This review 

aims to summarize current findings focusing on lycopene as a health-promoting 

substance in animals and humans and to highlight the existing need for further 

research on its metabolism and molecular pathways of its action. 
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2. Chemical and biochemical properties 

Lycopene is an acyclic carotenoid with chemical formula of C40H56 (Figure 1). 

Compounds of carotenoid group are rich in conjugated double bonds each of which 

can theoretically undergo the process of isomerization to produce an array of mono- 

or poly-cis isomers. Such interconversion occurs under the effect of light absorption, 

exposure to thermoenergy and specific chemical reactions (Clinton, 1998). Lycopene 

contains 11 conjugated and 2 unconjugated double bonds. Such structure allows 

extensive isomerization which can theoretically result in 1056 cis-trans 

configurations (Zechmeister, 1944), although only some of them are found in nature. 

The all-trans configuration is the most thermodynamically stable and the most 

common lycopene isomer found in foods (Nguyen and Schwartz 2000). The all-trans-

isomer and most other isomers of lycopene are of red color (Zechmeister, 1944; 

Nguyen and Schwartz, 2000).  

Lycopene‘ s chemical structure gives it a lipophilic character leading to better 

solubility in organic solvents such as chloroform and benzene compared to poor 

solubility in water or ethanol (Shi and Le Maguer, 2000). Due to the lipophilic nature, 

lycopene as well as other carotenoids tends to concentrate in low-density and very-

low-density lipoprotein fractions in serum (Clinton, 1998). 

The biological actions of carotenoids like β-carotene are generally related to the 

ability to form vitamin A. Lycopene has the same molecular mass like β-carotene, yet 

it is an open polyene which, owing to the absence of a β-ionone ring structure, does 

not possess provitamin A activity. Its biological activities in humans are therefore 

attributed to other than vitamin A mechanisms. The role and importance of β-

carotene in human health is generally known and its metabolism has been 

extensively studied, whereas the absorption, transport, metabolism, and biological 

activities of lycopene are to date not fully understood (Wang, 2012). 
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Figure 1. Chemical and structural formula of all-trans lycopene 

 

3. Source, bioavailability and metabolism 

Tomatoes and products thereof are the major source of lycopene and are regarded 

as the main contributor of carotenoids in human diet (Shi and Le Maguer, 2000). In 

the population of United States, tomato products stand for over 80% of lycopene 

intake (Clinton, 1998). In ripe tomatoes, lycopene presents the most abundant 

carotenoid which comprises approximately 80-90% of pigments. Normal 

concentration of lycopene in raw tomatoes ranges from 3-5 mg per 100g material, 

although it depends on the variety (with red tomatoes being more rich in lycopene 

than yellow) (Hart and Scott, 1995), maturity level and distribution in fruit (with 

lycopene more abundant in skin than in pulp) (Shi and Le Maguer, 2000). As a source 

of lycopene, other diverse plant species are mentioned: watermelon, guava, rosehip, 

papaya and pink grapefruit (Mangels et al., 1993). 

After consumption, lycopene is similarly to other carotenoids embedded in the food 

matrix and cannot be absorbed efficiently. Mechanical breakdown of the food matrix 

by food processing releases carotenoids and can improve their intestinal absorption 

(Wang, 2012). It is also hypothesized that food processing leads to isomerization 

creating cis-configuration which improves the bioavailability (Stahl and Sies, 1992; 

Clinton, 1998; Agarwal et al., 2001). There are considerable differences in lycopene 

bioavailability from different lycopene sources. In vivo studies indicate that the 

lycopene cis-isomers are more bioavailable than the all-trans-isomer (Unlu et al., 

2007). This might be according to in vitro experiments partially due to increased 

micellarization and enhanced uptake by enterocytes relative to all-trans lycopene 

C40H56 
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(Failla et al., 2008). Lycopene absorption may be furthermore influenced by multiple 

other factors such as probiotics (Fabian and Elmadfa, 2007) and single nucleotide 

polymorphism in some genes including apolipoproteins A-IV and B, which are 

associated with lipid transport (Borel et al., 2007). 

Lycopene is one of the most prevalent carotenoids in human blood plasma and 

together with β-carotene, α-carotene, β-cryptoxanthin, lutein and zeaxanthin 

accounts for   7̴0% of carotenoid level (Wang, 2012). Total lycopene in human plasma 

is an isomeric mixture containing 40% to 50% as cis-isomers. The plasma half-life of 

lycopene is 12–33 days (Rock et al., 1992).  

A direct relationship between tomato consumption and plasma/serum lycopene 

levels has been shown by several studies (Riso et al., 2004; Ganji and Kafai, 2005). 

Different human organs tend to store lycopene to various degrees. The highest 

concentrations are present in the liver, testes, adrenal glands and adipose tissue 

(Kun et al., 2006). Other authors indicate that lycopene is preferentially accumulated 

in androgen-sensitive tissues (Erdman, 2005). Moreover, the substance was found 

to be the predominant carotenoid in the prostate whereas malignant tissue showed 

significantly higher levels than benign prostates (Clinton et al., 1996). 

Recently, the term lycopenoids was introduced for lycopene metabolites, 

polyisoprenoid compounds of less than 40 carbons in length derivated from lycopene 

(Lindshield et al., 2007). Chain-shortened products of lycopene may be produced as 

a result of free radical oxidation, lipogenase activity, phase II detoxification enzymes 

or carotenoid cleavage enzymes (Mein et al., 2008). Carotenoids are enzymatically 

metabolized by two carotenoid monooxygenase enzymes which seem to be 

expressed in a tissue specific manner: CMO-I centrally cleaves carotenoids such as β-

carotene (Hessel et al., 2007) whereas CMO-II primarily metabolizes non-provitamin 

A carotenoids including lycopene (Hu et al., 2006). CMOII cleavage produces short-

chained aldehydes termed apo-lycopenals, which were identified in vivo at 

physiologically relevant levels. Intake of lycopene resulted in detected amounts of 

lycopenoids in lung tissue of ferrets (Hu et al., 2006), liver of rats (Gajic et al., 2006) 
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and blood plasma of humans (Hu et al., 2006; Gajic et al., 2006). While several 

lycopenoids were detected in tissues of many animal species consuming lycopene, 

data on biological effects of these compounds are still lacking.  

 

4. Biological effects and potential health benefits of lycopene 

Owing to its acyclic structure, wide array of conjugated double bonds and 

hydrophobicity, lycopene exhibits many exclusive biological properties. As 

mentioned above, lycopene can exist in several configurations, however, current 

knowledge is insufficient in the terms of specific roles of cis- and trans- isomers in 

animal and human health.  

A notable and intensively investigated property is the antioxidant activity of 

lycopene. Among natural carotenoids, lycopene is one of the most effective singlet-

oxygen scavenger and is very efficient in quenching peroxyl radicals (Di Mascio et 

al., 1989; Conn et al., 1991; Sies and Stahl, 1995). According to Di Mascio et al. 

(1989) its singlet-oxygen-quenching ability is twice as high as that of β-carotene and 

10 times higher than that of α-tocopherol. 

Lycopene has been further studied as a nutrient with the potential to positively 

affect numerous pathologies and diseases. A considerable attention has been aimed 

at lycopene anticancer potential (Kim and Kim, 2015) with prostate cancer being the 

one of the predominant interest (Graff et al., 2016). Indeed, lower lycopene levels 

in serum or plasma were associated with the higher likelihood of developing cancer 

(Gann et al., 1999; Yuan et al., 2004; Assar et al., 2016). Increased prostate cancer 

cell apoptosis rate and prostate specific antigen concentration were documented as 

a result of tomato consumption (Salehi et al., 2019). 

Moreover, lycopene and its metabolites were proven to be present in brain tissue 

(Khachik et al., 2002; Rao and Rao, 2007), which indicates the nervous system to be 

its possible action site. Lycopene supplementation was reported to ameliorate 

cognitive performance in Tau transgenic mice expressing P301 mutation and to 

attenuate amyloid β induced cellular toxicity in cultured neurons (Qu et al., 2011; Yu 
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et al., 2017). Furthermore, lycopene inhibited cognitive dysfunction and motor 

abnormalities in Huntington‘s disease induced by 3-nitropropionic acid (Sandhir et 

al., 2010). In a mouse model of induced Parkinson’s disease, lycopene has been 

shown to reverse motor abnormality (Prema et al., 2015). In men, long-term 

lycopene intake reduced infarct volume, reduced neuronal apoptosis in cerebral 

ischemia/reperfusion and decreased the risk of stroke (Karppi et al., 2012; Fujita et 

al., 2013; Lei et al., 2016). To date, the precise mechanism underlying lycopene 

effects on neural system remains deeply unknown. 

Lycopene was additionally suggested as a promising compound to ameliorate the 

progression of non-alcoholic fatty liver disease (Jiang et al., 2016) or heart failure 

(Biddle et al., 2015) and to attenuate clinical symptoms of type II diabetes (Wang et 

al., 2006). A direct association was highlighted between body lycopene levels and 

specific markers triggering disorders such as cardiovascular diseases (Mozos et al., 

2018), osteoporosis (Rao et al., 2007; Costa-Rodrigues et al., 2018) or cognitive 

function (Wang et al., 2018).  Furthermore, recent investigations suggested lycopene 

as a substance tuning intercellular communications, metabolic and immune system 

pathways (Heber and Lu, 2002; Aust et al., 2003; Chen et al., 2015). 

Recently, it has become hypothesized that lycopene metabolites may act as bioactive 

substances at physiological concentrations (Ford and Erdman, 2012). They circulate 

in serum and were determined in diverse tissues (Gajic et al., 2006; Hu et al., 2006; 

Kopec et al., 2010) and were suggested to play a role in reduction of cancer cell 

proliferation, induction of apoptosis, enhancement of gap junction communication 

between cells, alternation of normal cell cycle progression and modulation of 

androgen signaling pathways (Ford and Erdman, 2012). There is a big deal that 

current knowledge lacks about lycopene metabolism and metabolic effects of 

lycopenoids. The identification of metabolites and oxidation products, particularly in 

in vivo conditions, is the subject of many investigations. It is important to clarify 

which lycopenoids are produced enzymatically and non-enzymatically and to 

determine tissues of their production and accumulation. Moreover, for identification 
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whether lycopene itself or thereof derived products are responsible for the health 

effects, further research is inevitable (Lindshield et al., 2007).  

 

5. Conclusion 

Similarly to other natural products with potential health benefits, lycopene 

continues to stay in the centre of many research teams’ attention due to promising 

epidemiological data and encouraging findings from in vitro and in vivo studies. 

Lycopene is one of the strongest antioxidants in nature and was proposed to exhibit 

anticancer properties and health-promoting actions on cardiovascular system, 

neural system, osteoporosis and many others diseases. Nevertheless, molecular 

mechanisms of its actions stay to date deeply unknown. Recently, lycopene-derived 

substances were identified in vivo in concentrations similar to the biologically active 

retinoids. There is a substantial portion of data suggesting that lycopenoids are 

biologically active and may serve to reduce the risk of chronic diseases. However, the 

identification of enzymatic metabolites of lycopene in vivo is challenging and so is 

the attribution of biological effects to lycopene itself and thereof produced 

lycopenoids.  
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Abstract 

Curcumin is important symmetric polyphenol 

molecule derived from the tropical plant 

Curcuma longa. It has been used for centuries to 

treat various disorders, allergies, cough, arthritis, 

rheumatism, diabetes and also male infertility 

problems. Due to its unique biological properties 

and health benefits curcumin’s research has 

become one of the most popular subjects for all 

branches of chemistry, medicine or food 

industry. Recently much interest has been 

focused to identify molecular mechanisms and 

curcumin's action on regulation of gene 

expression, especially steroidogenic genes. 

Steroidogenesis is dynamic biochemical process 

and the mechanisms by which curcumin 

regulates steroid hormone production are poorly 

understood. Despite considerable amount of 

acquired information in this field, further studies 

are needed to better elucidate curcumin’s action 

on molecular level. 

Keywords: curcumin; steroidogenesis; regulation 

of gene expression 
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1. Introduction 

Steroidogenesis is critical for adrenocortical function as well as of the testes, ovaries 

and presents multiple molecular targets for toxicity ranging from general effects on 

all steroidogenic tissues through to specific targets affecting steroid gene expression 

and hormone synthesis Dysregulation of this complex process is related to 

developmental and growth disorders, reproductive problems, male infertility or 

certain neoplasias (Harvey et al., 2003).  

Sexual steroid hormones are key factors involved in numerous processes that are 

related to organ homeostasis, metabolism or immune functions (Hecker and Giesy, 

2007). Steroid hormones are produced from unique cell types located within the 

three distinct zones of the adrenal cortex. Zona glomerulosa synthesizes 

mineralcorticoids, zona fasciculata produces cortisol and zona reticularis secrets 

dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS), 

which provide a pool of circulating precursors for peripheral conversion to more 

potent androgens (e.g. testosterone) and estrogens (e.g. estradiol) (Wang and 

Rainey, 2012). Synthesis of these steroids is related to the selective expression of 

steroid-metabolizing enzymes within each zone, which are important targets of 

endocrine disrupting chemicals (Karmaus et al., 2016). Endocrine disruptors are 

compounds or substances that alter the normal functions of the endocrine system 

of both wildlife and humans. We are exposed to them through dietary or 

environmental exposure (food, water, soil or air) (Kabir et al., 2015). Besides 

research of endocrine disruptor effects, many research team's attention has been 

focused on natural bioactive compounds (including curcumin) or their derivatives 

and their influence on steroidogenesis pathways.  

Curcumin is the main active natural component of turmeric spice which has attracted 

attention due to its biological and health beneficial effects. Beyond these beneficial 

effects, however studies also revealed the antifertility effects of curcumin and its 

possible molecular mechanisms of regulation of steroidogenic gene expression 

(Enyeart et al., 2009; Shishodia, 2012; Lin et al., 2018). Our review aims to 
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summarize current knowledge about curcumin, its biochemical and health beneficial 

effects and curcumin’s effects on expression of steroidogenic genes and enzyme 

synthesis.  

 

2. Curcumin's source and bioavailability 

Turmeric is a spice that has received much interest from medical, scientific word as 

well as from the culinary world. Turmeric is rhizomatous perennial plant (Curcuma 

longa) of the ginger family. This spice is the source of various bioactive compounds 

and their medical properties have been known for thousands of years. Curcumin is 

the main active natural component of turmeric which was first isolated in 1815 and 

there were only few reports till the 1970s about its chemical structure, synthesis, 

biochemical and antioxidant activity (Vogel and Lelletier, 1845; Sharma et al., 1976). 

This phytochemical has been used for centuries in traditional Indian medicine to 

treat a various diseases and conditions ranging from allergies, cough, arthritis, 

rheumatism, congestive heart failure, diabetes (Sing et al., 2007; Morimoto et al., 

2008; Enyeart et al., 2010). Despite its reported benefits via biological and health 

beneficial effects, one of the major problems with ingesting curcumin by itself is its 

poor bioavailability which appears to be primarily due to poor absorption, rapid 

metabolism, and rapid elimination (Anand et al., 2007). Several agents have been 

tested to improve curcumin’s bioavailability. Most of them have been developed to 

block the metabolic pathway of curcumin in order to increase its bioavailability. For 

example, piperine, a known bioavailability enhancer, is the major active component 

of black pepper and is associated with an increase of 2000% in the bioavailability of 

curcumin (Shoba et al., 1997). Therefore, the issue of poor bioavailability appears to 

be resolved by adding agents such as piperine that enhance curcumin’s 

bioavailability.  

Curcumin is being recognized and used worldwide in many different forms including 

capsules, tablets, nanocarriers, energy drinks, soaps or cosmetics. Curcuminoids 

have been approved by the US Food and Drug Administration (FDA) as „Generally 
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Recognized AS Safe“ (GRAS) and good tolerability and safety profiles have been 

shown by clinical trials at doses between 4000 up to 12000 mg/day (Lao et al., 2006; 

Davis et al., 2018).  

 

3. Biochemical characteristics and health beneficial effects of curcumin 

Curcumin is the symmetric polyphenol molecule, also called diferuloylmethane, 

obtained from the roots of the turmeric. The UIPAC chemical name is (1,7-bis(4-

hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), with chemical formula of 

C21H20O6, and molecular weight of 368.38 g/mol (Figure 1). Due to its unique 

biological properties curcumin’s research has become one of the most popular 

subjects for all branches of chemistry, medicine, pharmacy or food industry. 

Different biological activities of curcumin depend on the activity of three functional 

groups in its chemical structure (one diketone and two phenolic groups), which 

makes it excellent scavenger of most reactive oxygen species such as hydroxyl 

radicals, superoxide radicals, alkoxy radicals and thus it mimics superoxide dismutase 

(Vogel, 1845; Priyadarsini, 2014; Hewlings and Kalman, 2017). Among the 

molecular oxidants, reactions with peroxynitrite, hydrogen peroxide are the most 

common ones. There are few reports in the literature on direct reaction of curcumin 

with peroxynitrite. It was reported that curcumin has a strong peroxinitrite 

scavenging activity and operates as a powerful antioxidant against peroxynitrite-

induced oxidative stress (Kim et al., 2003).  

With this regard, recent studies have demonstrated that curcumin possesses 

numerous beneficial properties including antioxidant, anti- inflammatory, anti-

arthritis, antitumor, antifungal (Moon et al., 2010; Strofer et al., 2011; Basnet et al., 

2012). Several preclinical and clinical studies have also revealed that curcumin has 

preventive and therapeutic significance in aging, obesity, diabetes, AIDS, psoriasis 

and autoimmune diseases (Aggarwal, 2009). In addition, it has been shown to help 

in the management of degenerative eye diseases (Davis et al., 2018). Igbal et al. 

(2018) demonstrated that curcumin, due to its cost effectiveness and safer side 

https://doi.org/10.15414/2020.9788055222349


Biologically Active Compounds in Animal Physiology           Veronika Fialková 

https://doi.org/10.15414/2020.9788055222349 67 

effect profile, can decrease the healthcare burden and morbidity with clinical 

relapsing and remitting of ulcerative colitis. 

Beyond these beneficial effects, however several studies also revealed the 

antifertility effects of curcumin and its possible molecular mechanisms of action 

(Enyeart et al., 2009; Shishodia, 2012; Lin et al., 2018). 

 

 

Figure 1. Chemical and structural formula of curcumin (Farazuddin et al., 2014).  

 

4. Curcumin's molecular effects on steroidogenesis  

Steroidogenesis is biochemically complex process, which is regulated by many 

enzymes and cofactors. Steroidogenic response depends on mainly 

adrenocorticotropic (ACTH) and angiotensin II hormone activity. The ACTH molecule 

acts through cAMP, and angiotensin II acts through the calcium/calmodulin pathway 

to promote the transcription of genes encoding various steroidogenic enzymes (e.g. 

Steroidogenic acute regulatory protein, StAR) and determine the amount of 

steroidogenic machinery proteins in the cell. The activities of these enzymes are 

modulated by posttranslational modifications and by cofactors and their expression 

is tightly controlled by specific transcription factors or signal molecules (Miller and 

Auchus, 2011). 

In the research of steroidogenesis, many previous studies have attracted the 

attention on curcumin's action on steroidogenesis pathways and regulation of gene 

expression. It has long been known that curcumin has antifertility effects (Purohit, 
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1999; Mishra et al., 2009) but molecular mechanisms that mediate biological 

function of curcumin are poorly understood. Curcumin modulates numerous 

molecular targets by altering their gene expression, signaling pathways, or through 

direct interaction. Shishodia (2012) described the possible molecular mechanisms of 

modulation of gene expression by curcumin. Curcumin influences a wide range of 

molecular targets including: transcription factors, growth factors, adhesion 

molecules, miRNAs, apoptosis related proteins, inflammatory cytokines, enzymes, 

protein kinases and also receptors by interacting physically with the targets or by 

modulating the transcription factors, enzyme activity or gene expression. With 

respect to steroidogenesis, it has been shown that curcumin does not influence 

directly steroidogenic genes but can modulate signaling pathways (kinases PKA and 

PKC) or transcription factors (such as NF-κB; FOS, NR5A) controlling regulation of 

steroidogenic genes (Chiu et al., 2018; Lin et al., 2018).  It has been reported that 

curcumin can regulate expression of andorgen receptor (AR), which can specifically 

bind testosterone and dihydrotestosterone to modulates androgen-regulated genes 

in prostate cancer cell lines (Nakamura et al., 2002). Of note, an in vitro study 

demonstrated that curcumin also cell-autonomously inhibited the LH-stimulated 

testosterone production in rat Leydig cells (Hu et al., 2010). Previous study has also 

indicated that curcumin inhibits the ACTH- and angiotensin II-stimulated cortisol 

synthesis in bovine adrenal zona fasciculata cells through inhibiting influence on ion 

channels (Cav3.2), protein kinases (PKA and PKC) (Enyeart et al., 2009). In addition, 

the same results were demonstrated by Lin et al. (2018) who found that curcumin 

(20 µM for 4 hours) may inhibit cAMP-stimulated steroidogenesis in Leydig cells by 

suppressing the mRNA expression of StAR and Cytochrome P450 Family 11 Subfamily 

A Member 1 (Cyp11a1), which are two rate-limiting enzymes in steroidogenesis, 

controlled by cAMP-PKA signaling pathways in vitro. Inhibitory effects of curcumin 

via restriction of protein kinase A (PKA) was also confirmed by another study (Chiu 

et al., 2018).  
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On the contrary, a study by Abarikwu et al. (2014) has shown that curcumin has 

stimulatory reproductive effects and could protect the testis from the toxic effects 

of gallic acid because the curcumin suppressed activity of inflammatory mediators 

such as TNF-α and IL-6 in 93RS2 Sertoli cell line. The same study also reported that 

combined administration of curcumin (100 mg/kg/day for 30 days) and gallic acid 

increased the activities of the steroidogenic enzymes: 3β-hydroxysteroid 

dehydrogenase (HSD3B) and 17β-hydroxysteroid dehydrogenase (HSD17B) and 

testosterone plasma level in male Wistar rats. They proposed that curcumin at 

appropriate doses might be used as alternative drug for the treatment of male 

infertility problems.  

In addition, beneficial effects of curcumin were investigated in prostate cancer. The 

curcumin has been shown to act as possible chemopreventive agent, which inhibited 

prostate cancer cell growth by decreasing the expression of StAR, Cyp11a1 and 

HSD3B2, supporting the decrease testosterone production (Ide et al., 2018).  In 

addition, inhibition of 17beta-hydroxysteroid dehydrogenase 3, enzyme catalyzing 

the final step in testosterone biosynthesis by curcumin derivatives was shown to be 

effective treatment of androgen dependent diseases and for male contraceptive (Hu 

et al., 2010). 

 

5. Conclusion 

In the research of steroidogenesis, many previous studies have attracted the 

attention on curcumin's action on steroidogenesis pathways due to its promising 

health beneficial properties and benefits from in vitro and in vivo studies. Curcumin 

is the main active natural component obtained from the roots of the turmeric used 

as dietary agent in traditional Asian medicine. It has been demonstrated to exhibit 

preventive and therapeutical properties at relatively low doses. Beside these 

benefits curcumin can exhibit antifertility effects and thus the extensive research for 

several decades has attempted to identify the molecular mechanisms of curcumin's 

action. However, so far there have been described numerous molecular targets of 
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curcumin including steroidogenic genes or enzymes, but information about its 

precise molecular mechanisms on gene expression modulation are still missing and 

call for our attention to better understand these complex molecular processes. 
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Abstract 

Knowledge of the cell ultrastructure significantly 

contributes to understanding of functions of cells 

and tissues in both normal physiological and 

pathological state. Since light microscope has a 

limited resolution, detailed analysis of cell 

structure has required the use of more powerful 

microscopic technique with higher resolution and 

magnification, such as an electron microscopy. 

From two main types of the electron microscopy, 

transmission electron one allows the analysis of 

the ultrastructure of cells and tissues, as well as 

subcellular compartments. It is an irreplaceable 

technique to study cellular processes such as 

cytoskeleton organization, transport vesicle 

formation and the establishment of organelle 

architecture under physiological or experimental 

conditions. The present review is designed to 

provide a basic overview of working principles of 

transmission electron microscope. Also, it is 

compiled from recent reports using transmission 

electron microscope as a diagnostic tool for 

evaluating the effects of natural substances on 

cell ultrastructure of experimental animals.   

Keywords: transmission electron microscopy; 

bioactive substance; cell ultrastructure; 

experimental animals 
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1. Introduction 

Understanding the functional organization of cells and tissues is a hallmark for 

understanding life (Miranda et al., 2015). The diameter of a typical animal cell ranges 

from 10 to 20 μm what is about one-fifth the size of the smallest particle visible to 

the naked eye (Alberts et al., 2002). Enhanced resolution and increased 

magnification of the observed objects are provided by several types of microscopes 

depending on the physical principles of each of them (Masters, 2009). From all of 

the types of microscopies exploited to date, electron microscopy has the most 

advantageous resolution limit and thus it is a very efficient technique for deciphering 

the cell ultrastructure related to function of the cells (Cortadellas et al., 2012). 

Nowadays, the main cellular compartments (at least those membrane-delineated) 

can be visualized by transmisison electron microscope (TEM) which offers an 

incredibly powerful set of approaches for analyzing the ultrastructure of cells and 

their components to understand the morpho-functional aspects underlining the 

living cells (Griffiths, 2006; Bendayan and Paransky, 2015). 

 

2. Basic principles and features of transmission electron microscopy 

Generally, electron microscopy is a unique technique that uses a beam of 

accelerated electrons as a source of illumination (Alamgir, 2017). It was developed 

in the 1930s and first applied to biological specimens by Albert Claude, Keith Porter, 

and George Palade in the 1940s and 1950s (Feher, 2012). To study cell ultrastructure, 

two main types of electron microscopy, i.e., transmission and scanning, are widely 

used (Cooper, 2000). Transmission electron microscopy (aslo TEM) was the major 

investigation tool in cellular biology from the 1960s to the 1980s. Ultrathin sections 

of resin-embedded tissues added unique views of the cell and established modern 

concepts of organelle morphology (Cheville and Stasko, 2014). Because of the short 

wavelength of the electron beam (100,000-fold shorter than photons in visible light), 

TEM can achieve subnanometer resolution, i.e., well below that of even the highest-

resolution light microscopes, ∼20 nm (Winey et al., 2014). According to Mielanczyk 
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et al. (2015), this technique is placed between high-resolution methods (like X-ray 

crystallography or nuclear magnetic resonance) and lower-resolution 

light/fluorescence microscopy techniques. 

Principally, TEM is a projection instrument. It operates using an accelerated electron 

beam that passes through a series of magnetic lenses (condensers, objectives, and 

projectors), interacts with the sample, and projects an image to a reactive surface 

(e.g., a fluorescence screen, film or digital camera; Figure 1).  

 

 

 

Figure 1. Scheme of major column components of a modern TEM (according to Bozzola 

and Russell, 1999) 
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The created image is the result of an interaction between the electron beam and the 

sample (Miranda et al., 2015). In this regard, some of the electrons are absorbed, 

some are scattered and some of them are transmitted through a specimen (Masters, 

2009) forming a bright-field image that contains information about the internal 

structure of the biological sample. To ensure the transmission, the specimen must 

be very thin, typically of the order of 5-100 nm for 100 keV electrons, depending on 

the density and elemental compositions of the object and the desired resolution 

(Reimer and Kohl, 2008). Scattered electrons by structures stained with the 

electron-dense material of specimen are lost from the beam, and thus the dense 

regions of the specimen are shown up in the image as areas of reduced electron flux 

which look dark (Alberts et al., 2002). 

The resolution in TEM is directly proportional to the acceleration voltage of the 

electrons. It means that increasing the velocity of electrons leads to a shorter 

electron wavelength with increasing the resolving power of the microscope (Flegler 

et al., 1993). Usually, conventional TEM employs accelerating voltages in the range 

of 25 to 125 kV. For routine work, 75 to 100 kV are most commonly used (Bozzola 

and Russell, 1999). At an accelerating voltage of 100 kV, the wavelength of an 

electron is 0.004 nm, theoretically indicating that the resolution of such a microscope 

should be about 0.002 nm (i.e., 10,000 times higher than that of the light microscope; 

Alberts et al., 2002). However, the resolving power and the image quality is also 

dependent on the objective lens (focusing the transmitted electrons to form the 

diffraction pattern and first image; Inkson, 2016) and its aberrations (Masters, 

2009). Because only the very center of the electron lenses can be used, and the 

effective numerical aperture is tiny, the practical resolving power of most modern 

electron microscopes is, at best, 0.1 nm (1 Å; ångström or angstrom; Alberts et al., 

2002). The relationship between the accelerating voltage, electron voltage and TEM 

resolution is demonstrated in the Table 1.  

According to Bozzola and Russell (1999), there are four main advantages to using 

voltages at or in excess of 100 kV: i) the increased resolution obtainable at high 
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voltages; ii) the increased specimen penetrating capability of high energy electrons; 

iii) increased depth of information in comparison with the lower voltage microscope; 

iv) the damage to the specimen at very high accelerating voltages is proportionally 

less than at lower ones due to less electron interaction with the specimen.  

Transmission electron microscopes are sensitive characters, requiring installation in 

vibration-free environments, free of stray electromagnetic fields and at constant 

temperature (Inkson, 2016). In order to avoid undesirable scattering of electron 

beam by the gaseous molecules in the air, TEM operates under high vacuum 

conditions (Masters, 2009) ranging from 10-4 to 10-7 Pa (Inkson, 2016). For this 

reason, there is no possibility of viewing the specimen in the living, wet state, but it 

must be fixed and dehydrated (Alberts et al., 2002; Watanabe, 2016). 

 

Table 1. Corration between accelerating voltage and TEM resolution (according to Leng, 

2008) 

Accelerating voltage (kV) Electron wavelength (nm) TEM resolution (nm) 

40 0.00601 0.56 
60 0.00487 0.46 
80 0.00418 0.39 
100 0.00370 0.35 
200 0.00251 0.24 
500 0.00142 0.13 

 

3. Using of TEM in experimental studies investigating the effects of natural 

substances and/or their potential protective capacity against various 

toxicants on animal cell ultrastructure 

Admittedly, the development and the use of the TEM resulted in the advancement 

of understanding of cell biology. Because it provides ultrastructural details of cells, it 

is a valuable and useful method for studying cell architecture and reorganization 

under experimental conditions to create a concept about the possible adaptive 

mechanisms of cells against induced stress. Thus, TEM technique can play a pivotal 

role for the basic and applied research in cell biology. 
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Natural substances are usually of high value and small quantity and due to their 

effective compounds they have a variety of biological activities (Suk, 2007). They 

belong to various chemical substance classes, e.g. alkaloids, phenolics, terpenes 

(Maione et al., 2013) and their effects on cell ultrastructure of living organisms using 

TEM are investigated in numerous studies. Additionally, TEM analyses allow to 

understand their protective capacity against toxic impact of environmental 

contaminants on ultrastructural changes in animal cells. 

Taking into account this concern, Collodel et al. (2011) used TEM to evaluate the 

antioxidative capacity of trans-resveratrol (RSV) to reduce oxidative damage in rat 

germ cells (spermatocytes and spermatids) induced by tert-butyl hydroperoxide 

(TBHP). The results showed that RSV at 15 µM was able to act as a scavenger of 

reactive oxygen species and to exert a protective effect evident even in the presence 

of serious oxidative damage caused by TBHP. In the spermatocytes, it eliminated 

TBHP–induced occurrence of nuclei with disrupted chromatin, vacuolated cytoplasm 

and broken plasma membranes. The spermatids treated with combination of RSV 

and TBHP showed normal cell ultrastructure with evident acrosome prior to broken 

plasma membrane reported in those exposed to only TBHP. Also, the potential 

defensive impact of RSV on cochleae ultrastructure was investigated in rats exposed 

to acoustic trauma (AT; Hanci et al., 2016). The study revealed a considerable 

cochlear damage (significant loss of inner hair cell stereocilia in some regions and 

severely damaged the outer hair cell stereocilia) in rats exposed to AT. Although a 

slight loss of inner and outer hair cells and damaged outer hair cell stereocilia was 

also detected in the AT+RSV group, the hair cell and stereocilia structures were well 

preserved in these rats. Ultrastructural-related preventive effect of 

(−)epigallocatechin-gallate (EGCG) on isoproterenol (ISO)-induced mitochondrial 

damage in experimentally induced myocardial infarction in Wistar rats was studied 

by Devika and Prince (2008). Normal architecture of the heart mitochondria without 

any pathological changes was observed in rats supplemented with EGCG. On the 

other hand, the negative effect of ISO manifesting by swelling of mitochondria and 
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disruption of cristae with vacuolation was in rats simultaneously exposed to ISO and 

EGCG alleviated. Indeed, the rats displayed mild separation of cristae without 

swelling and vacuolation. Moreover, TEM analysis has also confirmed combined 

protective effects of quercetin and α- tocopherol against heart mitochondrial 

damage (swelling, complete loss of cristae, and membrane damage) in ISO-induced 

myocardia-infarcted rats (Punithavathi and Prince, 2010). The neuroprotective role 

of wheatgrass in diabetic neuropathy induced in rats was confirmed by TEM in the 

study of Jorige and Akula (2015). Transmisison electron microscopy estimation of 

sciatic nerve sections of diabetic rats showed axonal degeneration related to 

increased number of abnormal myelinated fibers, demyelination, Wallarian 

degeneration and onion-bulb formation. In diabetic rats treated with wheatgrass (at 

the dose 500 mg.kg-1 body weight; BW), the most of these structural abnormalities 

of sciatic nerve was eliminated. Ultrastructural examination by TEM was conducted 

by Khaki (2016) to investigate the protective effect of Ocimum basilicum on rat brain 

cells exposed to oxidative damage by electromagnetic field. Electromicrographs of 

brain cortex did not show any changes in rats from control group and in those fed 

with basil extract whereas in rats exposed to electromagnetic field brain neurons 

displayed heterochromatic changes in nucleus, and ovulated and swollen 

mitochondria. Contrastly, the harmful impact of electromagnetic field on neuron cell 

morphology of rats was alleviated by basil-induced increased serum antioxidant 

levels and decreased oxidative stress. In the study by Zainalabidin et al. (2018), 

observation by TEM has revealed that Hibiscus sabdariffa Linn. polyphenol-rich 

extract reduced the morphological changes (showing by a regular appearance of 

vascular smooth muscle and endothelial cell together with reduced vascular smooth 

muscle proliferation) in the thoracic aorta of streptozotocin (STZ)-induced diabetic 

rats. Khalatbary et al. (2017) used TEM to evaluate anti-apoptotic effect of 

oleuropein (polyphenol present in olive oil) on dexamethasone-induced apoptosis of 

mouse thymocytes. The cells from mouse exposed to dexamethasone exhibited 

characteristic manifestations of apoptosis (condensed and peripheralized 
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chromatin) and specific morphological changes, including reduction of cell volume, 

and flocculation of the cytoplasm. Thymocytes of mouse simultaneously treated with 

dexamethasone and oleuropein displayed only little signs of apoptosis. The research 

by Li et al. (2017) have demonstrated the protective effects of tea polyphenols 

against fluorosis using a mouse model and TEM. In sections from the proximal 

metaphyses of femurs from control mice and those exposed to tea polyphenols, 

osteoclasts with well‑developed ruffles membranes and clear zone frequently 

attached to the bone matrix (i.e., features reflecting the capacity of bone resorption) 

were presented. By contrast, a large proportion of osteoclasts in mouse treated with 

fluoridated water lacked the morphological signs of proper polarization (i.e., ruffles 

membranes and clear zone) and exhibited a matrix‑facing area with no characteristic 

cell surface structures indicating immature developed cells. Osteoclasts in mouse 

exposed to fluoridated water in combination with tea polyphenols exhibited only 

vacuolation. Interestingly, adverse effect of green tea extracts on ultrastructure of 

hepatocytes in mice was observed in the study by Abeer et al. (2007). The authors 

have found complete destruction of the cytoplasmic organelles, vacuolation in 

cytoplasm, destruction of cell membrane and marked destruction of microvilli of 

blood sinusoids in these cells. The same results, however to a lesser extent, have also 

been detected in the mice orally receiving green tea in combination with di (2-

ethylhexyl) phthalate (DEHP) indicating that the simultaneous administration of both 

drugs may affect the rate of absorption and the effectiveness of each one. By using 

TEM, ultrastructural changes in liver of albino rats subchronically administered by 

green tea extract were also observed in the study by Zaki et al. (2017). The authors 

have found that low dose of green tea (250 mg.kg-1 BW) caused mild degenerative 

changes (rarefaction and vacuolation of cytoplasm, some ruptured mitochondria, 

congested blood sinusoides, Browicz-Kupffer cells with engulfed dead cells and 

dilated bile canaliculi) in the rat hepatocytes. Medium dose of green tea (500 mg.kg-

1 BW), beside the above mentioned changes, induced also fragmentation of rough 

endoplasmic reticulum and the most degenerative alterations (loss of hepatic 
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architectures with disruption of cell membranes, degeneration of most of the cell 

organelles, blood sinusoids filled with blood and exudate) were reported in rat 

exposed to the high dose of green tea (1000 mg.kg-1 BW). 

 

4. Conclusion 

Ultrastructural analysis performed by TEM represents the best method for exploring 

many of the structures present inside a cell which are not detectable through light 

microscopy approaches (including super-resolution ones). With its high 

magnification and resolution, TEM analysis of cell morphology allows to perform a 

deep investigation of the single organelle and to evaluate the protective effects of 

the different substances of natural origin on the various cell structures. As it was 

shown in this current review, the technique of TEM is fully utilized as a valuable tool 

for such investigations by many researchers. Thus it has become one of the most 

powerful microscopy technique in the fields of cell biology to study the action on 

bioactive substances on the cell structure of interest in experimental animals. 
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Environmental pollutants are still a serious problem in many areas. Monitoring the 

level of these elements in the organisms is important in terms of health status 

assessment. One of the most important pollutants affecting health are heavy metals, 

pesticides, pharmaceuticals, and endocrine disruptors. This chapter is focused on 

studies about monitoring of micro and macro elements in different species of fishes. 

Marine and freshwater fishes are interesting biological model for monitoring as they 

are in constant contact with polluted environment.  
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Abstract 

Fish is not only a source of valuable proteins and specific n-3 and 

n-6 polyenoic fatty acids, but it also provides necessary mineral 

macroelements (calcium, magnesium) and microelements 

(copper, zinc, iron). However, if the content of these metals 

exceeds a certain threshold, it can be dangerous for consumers. In 

order to ensure that these maximum levels are not exceeded, 

routine surveillance of food must be carried out, involving the 

taking of samples of potentially contaminated produce, followed 

by laboratory analysis to determine the levels of the metal in 

question in the product. Thus, in this study, the concentrations of 

calcium (Ca), magnesium (Mg), copper (Cu), zinc (Zn), and iron (Fe) 

in organs (muscle, gills, and liver) of Flathead grey mullet (Mugil 

cephalus, Linnaeus 1758) were investigated. Samples were 

collected in Quang Binh province, Vietnam from July to October 

2017. Total heavy metals concentration determined by the flame 

atomic absorption spectrometer. The result showed that there 

was a significant difference in the concentration of calcium, 

magnesium, copper, zinc, and iron in muscle, gills, and liver 

(p<0.05). Mean Cu concentration in muscle < gills < liver (0.038, 

0.052 and 0.079 µg g-1 d.w., respectively). Mean Fe concentration 

in muscle < liver < gills (2.086, 2.155 and 5.090 µg g-1 d.w., 

respectively). Mean Zn concentration in liver < gills < muscle 

(0.484, 0.639 and 1.003 µg g-1 d.w., respectively). Mean Mg 

concentration in liver < gills < muscle (0.084, 0.201 and 0.336 µg g-

1 d.w., respectively). Mean Ca concentration in liver < gills < muscle 

(0.044, 1.619 and 1.777 µg g-1 d.w., respectively). The study results 

also showed that the bioaccumulation of these heavy metals also 

depends on fish weight and body length and age. The estimated 

levels of all metals in the present study were lower than the limits 

permitted by the Food and Agriculture Organization of the United 

Nations/World Health Organization (FAO/WHO). 

Keywords: microelements; macroelements; heavy meatals; 

Flathead grey mullet; Mugil cephalus 
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1. Introduction 

Metals are introduced into aquatic ecosystems such as lakes, rivers, and seas in a 

number of ways. They may be accumulated by aquatic organisms such as fish and 

may be a potential risk for ecosystem health and organisms (Türkmen & Ciminli, 

2007). Metals such as iron, copper, zinc, calcium, and manganese, are essential 

metals since they play an important role in biological systems. However, these 

metals can also produce toxic effects when the metal intake is excessively elevated 

(Türkmen & Ciminli, 2007). 

Fish are considered important sources of high-quality protein, minerals and essential 

polyunsaturated fatty acids (Medeiros et al., 2012). The American Heart Association 

recommended eating fish at least twice per week in order to reach the daily intake 

of omega-3 fatty acids (Kris-Etherton et al., 2002). Despite their recognized benefits, 

fish may represent a risk for human health since they can accumulate contaminants 

from aquatic environment and magnify them up the food chain (Matta et al., 2002; 

Tuzen, 2003; Türkmen et al., 2009). Therefore, there is not surprising that numerous 

studies have been carried out on metal accumulation in different fish on the world 

(Yilmaz, 2005; Sankar et al., 2007; Dural et al., 2007; Chouba et al., 2007; Zhang et 

al., 2007; Ruelas-Inzunza et al., 2008; Sih-Wei et al., 2008; Squadrone et al., 2013 

a, b; El-Moselhy et al., 2014; Frías-Espericueta et al., 2016; Ruelas-Inzunza et al., 

2017; Bahhari et al., 2017; Abarshi et al., 2018; Rajeshkumar & Li, 2018). 

Previous literature almost focused on assessing the heavy metal content in edible 

parts of economic value fishes, the data for Vietnam is scarce, especially in the 

central provinces. In this study, Flathead grey mullet (Mugil cephalus, Linnaeus 1758) 

were collected. This species is abundant and easily accessible resources for artisanal 

fishing communities and are popular in Quang Binh province fish markets.  

The aim of this study then was to determine the distribution of metals (calcium, 

magnesium, copper, zinc and iron) in various tissues of Flathead grey mullet, to 

evaluate the differences between the metal levels of other tissues in the same 
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species, and to compare the results with national and international permissible 

concentrations for human uses. 

 

2. Material and methods 

During July, August, and September 2017, fish samples were obtained from local 

fishermen and fish market of coastal Quang Binh province, Vietnam. Flathead grey 

mullet - Mugil cephalus (Linnaeus, 1758) (N=78) were collected. The muscle tissue 

from the dorsal part, liver, and gills were dissected, placed in labeled polypropylene 

bags and stored at -20°C until analysis. 

For this purpose, samples were defrosted, weighed (accuracy to 0.0001 g, Metler 

AE240) and put onto Petri dishes. Then, all the samples were dried in 60 °C 

(Memmert BE 500) until reaching a stable dry weight (Binkowski, 2012). Then the 

organs were digested in hot nitric acid (Ultranal 65%, POCH) in the open 

mineralization system (Velp Scientifica DK20). Such prepared solutions were 

transferred to 10 mL volume flask and fulfilled with deionized water (18.2 μS). 

Concentrations of metals were measured with ET-AA spectrometer (PerkinElmer 

AAnalyst 200) in 10 mL solutions made from mineralized samples. Final results were 

given in μg/g of dry weight of the sample (μg/g d.w.). 

The one-way analysis of variance ANOVA and Duncan’s test was used to test 

significant interspecific differences in the content of metals in this species and organs 

of the same species. Statistical significance was declared when p value was equal to 

or less than 0.05. 

 

3. Results and discussion 

Mean metal concentrations for Cu, Fe, Zn, Mg and Ca in Flathead grey mullet for 

different fish organs (muscle, gills, liver) were analyzed and shown in Figure 1. The 

results indicated significant differences between different organs of Flathead grey 

mullet for all metals (p<0.05).  
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Table 1. Microelements (Cu, Zn, Fe) and macroelements (Mg, Ca) levels in tissues of Flathead 

grey mullet (µg g-1 dry weight) 

  Cu Fe Zn Mg Ca 

Gills 

Mean ± SD 0.052 ± 0.031 5.090 ± 2.630 0.639 ± 0.223 0.201 ± 0.075 1.619 ± 0.603 

Min 0.018 1.383 0.169 0.069 0.547 

Max 0.181 12.296 1.268 1.268 3.719 

Liver 

Mean ± SD 0.079 ± 0.033 2.155 ± 1.295 0.484 ± 0.175 0.084 ± 0.018 0.044 ± 0.042 

Min 0.025 0.485 0.220 0.047 0.000 

Max 0.140 5.817 0.900 0.111 0.189 

Muscle 

Mean ± SD 0.038 ± 0.031 2.086 ± 1.500 1.003 ± 0.519 0.336 ± 0.171 1.777 ± 1.234 

Min 0.000 0.186 0.297 0.065 0.017 

Max 0.113 4.958 2.266 0.660 4.488 

 

The present study revealed that the highest Cu mean concentration was found in the 

liver (0.079 μg/g), followed by gills (0.052 μg/g) and the lowest Cu concentration was 

recorded in muscle (0.038 μg/g). Cu level in the present study indicates a much lower 

mean value in muscle, gills, and liver by Yilmaz (2003, 2005),  Bahnasawy (2009), 

Squadrone et al. (2013 b), Bahhari et al. (2017). Cu is an essential trace metal 

necessary for growth and metabolism of all living organisms (Nordberg et al., 2007). 

In vertebrates, including fish, Cu forms part of many enzymes and glycoprotein, it is 

important for nervous system function and is necessary for hemoglobin synthesis 

(Singh & Reddy, 1990; Nordberg et al., 2007). However, a high intake of Cu has been 

recognized to cause adverse health problems (Gorell et al., 1997). According to 

Nordberg (Nordberg et al., 2007), once excessive intake of copper may lead to liver 

cirrhosis, dermatitis, and neurological disorders. 

The Maximum permissible limit of Fe in fish muscle is 333.33 μg/g (Mokhtar, 2009), 

our results indicate much lower values for Fe. The highest Fe mean concentration 

was found in the gills (5.090 μg/g), followed by liver (2.155 μg/g) and the lowest Fe 

concentration was recorded in muscle (2.086 μg/g). This result is also lower than the 

previous report by Yalmaz (2003) about Fe content in muscle of Flathead grey mullet.  

Fe and its compounds are not toxic to fish, but disturbances in the mechanism that 

regulates its absorption often occur due to diseases or long- term exposure to high 

dietary iron levels (Brucka-Jastrzębska et al., 2009). In such cases, excess Fe in vital 
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organs, even in mild cases of Fe overload, increases the risk for liver disease 

(cirrhosis, cancer), heart attack or heart failure, diabetes mellitus, osteoarthritis, 

osteoporosis, metabolic syndrome, hypothyroidism, hypogonadism, numerous 

symptoms and in some cases premature death (Medeiros et al., 2012). Oppositely, 

Fe deficiency is frequently associated with anemia and, thus with reduced working 

capacity and impaired intellectual development (Medeiros et al., 2012).  

For Zn, the highest concentration was found in muscle (1.003 μg/g), followed by gills 

(0.693 μg/g), and the lowest Zn concentration was recorded in liver (0.484 μg/g). 

These Zn values were similar to the values of Bahhari (2017) reported in muscle and 

gills (2.468 μg/g and 1.098 μg/g, respectively) of Bahnasawy (2009) (1.450 and 3.429 

μg/g, respectively). The present study was lower than those reported in the 

literature (Squadrone et al., 2003 b; Yilmaz, 2003; Zhang et al., 2007; Rajeshkumar 

& Li, 2018). There are no guidelines on acceptable levels of Zn in the muscle of fish 

by Ministry of Health Vietnam (Ministry of Health Vietnam, 2011). However, 

comparing our average values with Chinese food standards (50µg/g) (Commission of 

the Chinese Criterion , 1994), Canadian food standards (100µg/g), Hungarian 

standards (150µg/g) and a range of international standards (40–100µg/g) 

(Papagiannis et al., 2004), our results showed that the values are many times lower 

than these guidelines. Therefore, we can conclude that these metals have posed no 

threat to the consumption of this fish. 
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Figure 1. Different concentration of heavy metals in tissues of Flathead grey mullet (µg g-1 

dry weight) 

 

As with terrestrial vertebrates, Mg and Ca is essential for normal growth and 

physiological function of aquatic species such as muscle function and nerve 

transmission in aquatic species (National Research Council, 1993). The present 

study, the highest Mg level was recorded in muscle (0.336 μg/g), followed by gills 

(0.201 μg/g), and the lowest one was found in liver (0.084 μg/g). The highest 

concentration for Ca was found in muscle (1.777 μg/g) and the lowest concentration 

was found in the liver (0.044 μg/g). We have not found any previous reports of Mg 

and Ca content in Flathead grey mullet. There is no information about maximum 

permissible limits for Ca and Mg in fish tissues. 

 

4. Conclusion  

This study was carried out to provide Information on heavy metal concentrations 

(calcium, magnesium, copper, zinc and iron) of muscle, gills and liver Flathead grey 

mullet from the coastal Quang Binh province, Vietnam. All results were well below 
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the accepted levels for human consumption recommended by Ministry of Health 

Vietnam, FAO and by WHO which means that they do not pose a significant threat 

to the health of human consumers. 

The metals concentrations in Flathead grey mullet tissues were found to be less of 

these metals found in the previously examined in Flathead grey mullet from the 

previous literature. 
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Abstract 

Interactions between trace elements and serum biochemical 

parameters (Ca, Mg, Na, K, Cl, urea, total proteins, glucose, 

cholesterol, and triglycerides). Freshwater fish Cyprinus carpio 

blood samples (n = 42) were collected by cardiac puncture 

method. The coagulate blood was centrifuged for 20 min at 

3000 rpm and gained serum was collected and stored at -20 °C. 

Serum biomarkers were assessed using DiaSys (Diagnostic 

Systems GmbH, Germany) commercial kits and the clinical 

chemistry analyser Randox RX Monza (Randox Laboratories, 

UK), while the concentration of Al, Ba, Li and Mo were 

determined using ICP-OES (Agilent Technologies Pty Ltd.). The 

highest content of elements was recorded for Al and the lowest 

for Li. Pearson correlations were used to assess the 

relationships between the serum markers and the trace 

elements concentrations in the blood serum. Statistically 

significant positive correlations were found between the 

concentration of Ba and Ca (P<0.001) resp. Mg (P<0.001). 

Opossite tendency was observed between the concentration of 

Li and Ca (P<0.05) resp. Mg (P<0.05). Concentration of Al 

positively correlated with content of K (P<0.01). Weak and 

insignificant correlations were detected between trace 

elements and other investigated biomarkers (Na, Cl, urea, total 

proteins, gluc., chol., TAG). In conclusion, our results 

demonstrated possible effects of trace elements to serum 

chemistry markers in natural conditions.  

Keywords: microelements; biomonitoring; common carp 
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1. Introduction 

Monitoring of the environmental contamination in the blood of animals represents 

a commonly used method to determine the extent of food chain contamination. 

Increased concentrations of heavy metals in the blood have a significant impact on 

numerous biochemical and physiological changes in the organism, which are 

translated into organ damage and thus on the overall health status of animals and 

humans (Andreji et al., 2005; Firat et al., 2010; Kročková et al., 2013; Gupta, 2014; 

Massanyi et al., 2014; Kovacik et al., 2017).  

Observation of the presence of contaminants in the animals under natural conditions 

and testing their effects to the health status is important for understanding their 

possible negative effects on animals and humans health. Measurement of blood and 

tissue biomarkers is necessary for the determination of the degree of pollutants 

toxicity (Giarratano et al., 2016; Pilote et al., 2018; Kovacik et al., 2019). 

Heavy metals such as lead, cadmium, arsenic or mercury are well-known 

contaminants of the aquatic environment with detrimental effects on the organs 

structure and function (de Oliveira Ribeiro et al., 2002; Kumar and Singh, 2010; 

Mebane et al., 2012; Ahmed et al., 2013). Less attention is given to minor yet 

potentially dangerous chemical elements, such as aluminium (Al), barium (Ba), 

lithium (Li) and molybdenum (Mo). 

The aim of the present study was to investigate the presence and/or levels of 

selected microelements (aluminium, barium, lithium and molybdenum) in the blood 

serum and serum biochemical parameters (calcium, magnesium, sodium, potassium, 

chlorides, urea, total proteins, glucose, cholesterol, and triglycerides) in freshwater 

fish common carp. Furthermore, our study aimed to establish a direct correlation 

between the microelements content and selected biochemical parameters. 

 

2. Material and methods 

Fishes were bred by semi-intensive method of farming (university experimental pond 

in Kolíňany—West Slovak Lowland—Slovak Republic). The freshwater fish (Cyprinus 
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carpio) were caught by seine net. In total, 42 fishes (6-9 years old) were collected. 

After catching, the animals were transferred in polyethylene bags to the laboratory 

in 20 min for blood collection. Blood samples were collected by cardiac puncture 

method. The coagulate blood was centrifuged for 20 min at 3000 rpm (1006 g) and 

obtained serum was collected and stored at -20 °C.  

Blood serum biomarkers (calcium - Ca, magnesium - Mg, urea, total proteins, 

glucose, cholesterol, and triglycerides) were assessed using DiaSys (Diagnostic 

Systems GmbH, Germany) commercial kits and the clinical chemistry analyser 

Randox RX Monza (Randox Laboratories, UK) (Kovacik et al., 2017). Sodium (Na+), 

potassium (K+), and chloride (Cl-) ions were analyzed using an EasyLite analyzer 

(Medica, Bedford, MA, USA) provided with an ion-selective electrode (Massanyi et 

al., 2014). 

For elemental analysis, the fish serum samples were kept at -20 °C until analysis. The 

defrosted samples (1 mL) were mineralized (wet mineralization) in the high-

performance microwave digestion system Ethos UP (Milestone Srl, Sorisole, BG, 

Italy) in a solution of 5 mL HNO3 (TraceSELECT®, Honeywell Fluka, Morris Plains, USA) 

and 1 mL of H2O2 (30%, for trace analysis, Merck Suprapur®) according to Kovacik et 

al. (2019). 

Analysis of the elements (aluminium - Al, barium - Ba, lithium - Li, molybdenum - Mo) 

was carried out using inductively coupled plasma optical emission 

spectrophotometer (ICP-OES 720, Agilent Technologies Australia (M) Pty Ltd.). 

Details of the instrumental operating conditions are listed in Table 1. In the 

experiment, Multielement standard solution V for ICP (Sigma-Aldrich Production 

GmbH, Switzerland) was used.  

Obtained data were checked for normality using a Kolmogorov-Smirnov test before 

statistical analyses. The Pearson correlation coefficient was used to measure the 

association between the trace elements concentrations and all investigated 

parameters in the blood serum. The minimum significance level was P < 0.05. 

Statistical analyses were performed using STATGRAPHICS Centurion (© StatPoint 
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Technologies, Inc., USA) and GraphPad Prism 6.01 (GraphPad Software Incorporated, 

San Diego, California, USA). 

 
Table 1. Operating parameters for the determination of elements by ICP-OES. 

Method parameters  

RF Power (kW) 1.30 

Plasma flow (L/min) 15.0 

Auxiliary flow (L/min) 1.50 

Nebulizer flow (L/min) 0.85 

Replicated read time (s) 5.00 

Instrument stabilization (s) 15 

Sample uptake delay (s) 25 

Pump rate (rpm) 15 

Rinse time (s) 10 

Element (λ/nm) Al 167.019; Ba 455.403; Li 670.783; Mo 204.598 

 

3. Results 

Interactions between selected microelements and serum biochemical parameters 

were observed.  Results of monitored parameters are presented as mean, standard 

deviation (SD), standard error of mean (SEM) and minimum – maximum (Min-max) 

in Table 2. The highest content of elements was recorded for aluminium and the 

lowest for lithium.  

 
Table 2. Microelements and biochemistry parameters levels in blood serum of common carp. 

 Parameter (unit)  Mean  S.D. SEM Min-max 

Al (μg/mL)  0.61 1.65 0.25 0-9.22 

Ba (μg/mL) 0.17 0.13 0.02 0.02-0.62 

Li (μg/mL) 0.005 0.004 0.0006 0-0.104 

Mo (μg/mL) 0.007 0.019 0.003 0-0.104 

Ca (mmol/L) 9.65 7.41 1.14 2.97-40.36 

Mg (mmol/L) 3.23 1.15 0.17 1.93-7.19 

Na (mmol/L) 127.80 11.16 1.72 90.2-141.6 

K (mmol/L) 6.62 3.43 0.53 1.16-18.24 

Cl (mmol/L) 99.69 9.71 1.50 72.0-111.0 

Urea (mmol/L) 1.77 1.81 0.28 0-7.37 

Total Proteins (g/L)  55.16 18.23 2.81 29.21-99.35 

Glucose (mmol/L) 5.94 4.60 0.72 0.68-18.73 

Cholesterol (mmol/L) 6.95 3.03 0.47 2.63-15.79 

Triglycerides (mmol/L) 6.36 4.04 0.62 2.16-20.78 
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Pearson correlations were used to assess the relationships between the serum 

markers and the trace elements concentrations in the blood serum (Table 3). 

Statistically significant positive correlations were found between the concentration 

of Ba and Ca (P<0.001) resp. Mg (P<0.001). Opossite tendency was observed 

between the concentration of Li and Ca (P<0.05) resp. Mg (P<0.05).  Concentration 

of Al positively correlated with content of K (P<0.01). We also confirmed significant 

association between elements (Ba vs. Li and Li vs. Mo). Weak and insignificant 

correlations were detected between trace elements and other investigated 

biomarkers (Na, Cl, urea, total proteins, glucose, cholesterol, triglycerides). 

 
Table 3. Statistically significant correlations among the microelements and investigated 

markers in blood serum samples. 

Parameters r (p value) 

Ba-Ca 0.6094 (0.0000) 

Ba-Mg 0.5812 (0.0001) 

Ba-Li -0.3997 (0.0087) 

Li-Ca -0.3506 (0.0228) 

Li-Mg -0.3828 (0.0124) 

Li-Mo 0.4571 (0.0023) 

Al-K 0.4438 (0.0032) 

   (r - Pearson's correlation coefficient) 

 

Principal component analysis was used for evaluation of the combinations of 

variables (Figure 1). The principal factor 1 (Factor 1) accounting for 19.55% of the 

variance shows Na and Cl on positive axis; and Al, cholesterol, K, total proteins, 

triglycerides and urea on negative axis. The second principal factor (Factor 2) 

accounting for 19.09% of the variance shows the microelement lithium on negative 

axis; and represents micro and macroelements (Ba, Ca, Mg) on positive axis.  
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Figure 1. Principal component analysis representation for each evaluated biomarker and 

microelements concentrations.   

Abbreviation: Chol – cholesterol; Glu – Glucose; TP – total proteins; TAG – triglycerides. 
 

 

4. Discussion 

In the present study was evaluated possible effect of selected microelements to 

serum chemistry markers. Results showed that the concentration of Ba, Li and Al can 

affected these biomarkers.  Microelements in samples subjected to our experiment 

were detected and aligned according descending concentrations as follows: Al ˃ Ba 

˃ Mo ˃ Li.  

Measurement of blood serum chemistry parameters is necessary for the diagnosis 

of the health status in aquatic animals living in potentially polluted areas. Serum 

chemistry parameters were not within the previously published ranges (Groff and 

Zinkl, 1999; Patriche et al., 2011), except magnesium and sodium. Overall, the all 
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other fish serum biomarkers (Ca, K, total proteins, glucose, cholesterol, and 

triglycerides) were increased in comparison with those studies. Variations in the 

concentrations of serum glucose and total protein can be observed in case of liver 

failure and nephrotoxicity. Energetic profile is representing by glucose, cholesterol 

and triglycerides concentration. Changes of these parameters are associated liver 

disfunction (Gupta, 2014). 

The correlation analysis showed some relationships between the tested parameters 

and trace elements. Folmar (1993) summarized the available results on 

contaminants affecting blood chemistry in fish. Based on their findings aluminium 

could affected total protein content, hematocrit, sodium, chlorides, potassium, 

calcium, cortisol concentration. Mechanism of aluminium toxicity is associated with 

increasing the permeability of gill epithelia and with accumulation in epithelial cells 

in fishes (Exley et al., 1991). On the other hand, Payne et al. (2011) tested effect of 

barium sulfate (barite) on fish (Tautogolabrus adspersus) health (skin and organ 

macroscopic injury, condition indices, histopathology of liver, gill, and kidney) for 10 

month, and no differences were detected between control and experimental groups. 

Tkacheva et al. (2007) results showed that lithium is potential injurious to the 

juvenile fish (Oncorhynchus mykiss) by decreasing of gills pump activities. They also 

recorded slight differences in plasme osmolality and sodium and chlorides ion levels. 

Molybdenum is transported through the gills and accumulates in the liver (Reid, 

2011), however its toxicity debatable. Several studies suggest relatively non-toxic 

effect to aquatic animals (Reid 2002), other studies discuss about a possible 

mechanisms that allow the internal regulation of molybdenum (Regoli et al., 2012). 

Considering the above discussion, concentrations of trace elements may affect 

biochemical status measured in fish. The PCA results indicate several other 

associations between monitored elements and physiological parameters. Aquatic 

animals, especially fish, are contaminated through bioaccumulation, as these are in 

continual contact with polluted environment.  
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5. Conclusion 

In conclusion, our results demonstrated possible effects of trace elements to serum 

chemistry markers in natural conditions. Taken together, obtained data on common 

carp indicate that microelements (especially Ba and Li) affect blood serum chemistry 

parameters (Ca, Mg). Further studies are necessary for the biomonitoring of 

pollutants as a stress factors in association with biomarkers in aquatic animals. 
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