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1. Abstract

A response surface was built to predict the lipid peroxidation level, generated in an iron-

ascorbate in vitro model, of any organ, which is correlated with the oxidative stress injury in 

biological membranes. Oxidative stress studies are numerous,  usually performed on laboratory 

animals.  However, ethical concerns require validated methods to reduce the use of laboratory animals. 

The response surface described here is a validated method to replace animals. Tissue samples of 

rabbit liver, kidney, heart, skeletal muscle and brain were oxidized with different concentrations of 

FeCl3 (0.1 to 8 mM) and ascorbate (0.1 mM), during different periods of time (0 to 90 minutes) at 

37ºC. Experimental data obtained, with lipid content and antioxidant activity of each organ, 

allowed to construct a multidimensional surface capable of predicting, by interpolation, the lipid 

peroxidation level of any organ defined by its antioxidant activity and fat content, when exposed to 

different oxidant conditions. To check the predictive potential of the technique, two more 

experiments were carried out. First, in vitro oxidation data from lung tissue were collected. Second, 

the antioxidant capacity of kidney homogenates was modified by adding melatonin. Then, the 

response surface generated could predict lipid peroxidation levels produced in these new situations. 

The potential of this technique could be reinforced using collaborative databases to reduce the number 

of animals in experimental procedures. 
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1. Introduction

The most important reactants in free radical biochemistry in aerobic cells are oxygen and its 

radical derivatives (superoxide and hydroxyl radical), hydrogen peroxide and transition metals which 

can provoke important alterations in all classes of biomolecules [1]. In order to avoid these 

processes, cells have developed antioxidant defence systems to help the organism to fight against 

free radical excess. They either scavenge and/or detoxify free radicals, block their production, 

sequester transition metals that are a source of donated electrons and stimulate antioxidant 

enzymes [2]. 

Oxidative stress has been described as a disturbance in the balance between the production of 

free radical and the antioxidant defences [3]. It is well established that increased oxidative stress 

in an organism causes damage to cellular membranes, lipid bilayers with embedded proteins that 

separates the eukaryotic cells from the extracellular environment. Its most abundant constituents 

are the phospholipids that formed the lipid bilayer [4]. This class of lipids could be affected by a 

degenerative chain reaction initiated by exposure to free radicals, resulting in peroxidation and 

formation of the peroxyl radical (LOO*), endoperoxides and hydroperoxides [5]. Lipid 

hydroperoxides can break down into hydrocarbons, alcohols, ethers, epoxides and aldehydes. Two 

of this aldehydes are the malondialdehyde (MDA) and 4-hydroxy-alkenals (4-HDA), which can 

cross-link phospholipids, proteins and DNA. Because of this, many of the assay methods to 

determine free-radical injury in biological membranes are based on MDA concentration 

measurement [4]. 

Even if different organs present different susceptibility to oxidative-stress-induced injury, it is 

now known that oxidative stress is related to a large number of pathological conditions affecting all 

the organs [1, 6, 7, 8]. These diseases have been deeply studied with in vivo and in vitro models. 

Among the different causes which increase the oxidative stress, transitions metals, particularly 

iron, have been shown to contribute to many oxidative stress induced diseases [9, 10]. Via the 
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Fenton reaction, which requires a transition metal, H2O2 is converted to the devastatingly reactive 

hydroxyl radical (HO*) provoking lipid peroxidation and mitochondrial dysfunction [11]. Thus, the 

in vitro model for induction of radical species via the Fenton reaction used a combination of FeCl3 

plus ascorbic acid and it is widely accepted in the field of oxidative stress research as an 

approximation to in vivo events [12, 13, 14]. 

Many of these works, in vivo and in vitro, are oriented towards the explanation and 

application of antioxidants to control disease development. Numerous experimental tests (in vivo 

or in vitro) are necessary to obtain satisfactory results with the consequent cost, not only 

economic but also in laboratory animals. Nowadays, because of several ethical concerns about 

animal experimentation, an important scientific challenge is to minimize the number of animals 

in experiments and replace them by validated methods [15, 16, 17]. 

In order to reduce the number of laboratory animals without interfering in the aims of the 

experimental investigation, the aim of this work was to generate a numerical model capable of 

predicting the quantity of lipid peroxidation of any organ when they are exposed to different 

oxidant conditions, including the presence of antioxidants, in an iron-ascorbate in vitro model. The 

mentioned numerical model is a response surface which needs minimal experimental information 

for its generation and once constructed, allows easy interpolations to obtain results with different 

combination of parameters. The response surface methodology (RS) has been applied in many 

works in the biomechanics and other biological fields [18, 19, 20, 21, 22] and it is based on 

multidimensional approximations that increase its complexity and computational cost depending 

on the number of variables considered. To reduce this order of complexity, the response surface 

methodology is combined in this work with the technology of model reduction, known as proper 

generalized decomposition (PGD) [23]. 

The principal goal is to develop a response surface that allows to predict the damage provoked 

to organs by oxidative stress. Basal in vitro oxidative stress level from different organs of rabbit 

(liver, brain, heart, kidneys and skeletal muscle) was determined. Then, these organs were subjected 

ACCEPTED MANUSCRIPT



5 

to diverse oxidant conditions based on Fenton reaction, with different FeCl3 concentrations and 

incubation times, obtaining a wide range of lipid peroxidation levels. As explained above, lipid 

peroxidation is related to lipid composition and antioxidant capacity, which were determined for each 

organ in order to include these variables in the numerical model and obtain a powerful and complete 

tool. Thus, the limits of this multidimensional surface would be determined by the oxidant conditions, 

lipid composition and antioxidant capacity of the organs. 

Two additional experiments varying two of these variables (lipid composition and antioxidant 

activity) were carried out to check the predictive potential of the response surface previously 

developed. First, lung tissue, which was not previously used to develop our algorithm, was exposed 

to different oxidative environment. Second, kidney tissue was exposed again to the iron/ascorbate 

model, but its antioxidant activity was modified by adding an antioxidant agent. In both cases, the 

new parameters were compared with the mathematic results in order to validate the numerical 

model. 

2. Material and Methods

2.1. Chemicals 

FeCl3, ascorbic acid, ethylenediamine-tetraacetic acid disodium (EDTA-Na2), Tris 

(hydroxymethyl) aminomethane (TRIS), methanesulfonic acid and N-methyl-2-phenylindole were 

purchased from Sigma-Aldrich (Madrid, Spain). FeCl3 and ascorbic acid were diluted in the 

incubation buffer (Tris-HCl 20 mM; pH 7.4). All reagents were prepared fresh just prior to use. 

Melatonin was diluted in absolute ethanol and the incubation buffer; the ethanol concentration was 

2% (v/v) in the final mixture. 

2.2. Animals and tissues homogenates 
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The handling and animal procedures were performed in strict compliance with the 

recommendations of the European Economic Community (86/609/CEE) for the care and use of 

laboratory animals. Twenty New Zealand Rabbits weighing around 2 kg were purchased from 

Servicio de Experimentación Animal (University of Zaragoza, Spain), and received standard food 

and water ad libitum. Animals were euthanized with intravenous sodium thiopental (50 mg/ kg) 

and perfused through the heart with 0.9% ice-cold saline, to minimize the excess of extracellular 

iron and other metallic ions. Immediately after perfusion, the different tissues (liver, kidney, heart, 

skeletal muscle, brain and lung) were quickly removed, washed in saline solution (0.9% NaCl), 

frozen, and stored at - 8 0 º C  prior to use. 

2.3. Induction of oxidative damage in tissue homogenates 

First, tissue samples of liver, kidney, heart, skeletal muscle and brain were weighed and 

homogenates were prepared using a glass homogenizer with ice-cold 20 mM TRIS (pH 7.4) at a 

final concentration of 1 g tissue / 5 ml of buffer. Then, lipid oxidation was induced by incubation of 

every tissue homogenate in a shaking water bath at 37ºC using five different concentrations of 

FeCl3 (0.1, 0.5, 1, 5 and 8 mM) and ascorbate (0.1 mM). Each tube was duplicate and the number of 

samples was five for every organ and iron concentration. Moreover, a duplicate control sample of 

each tissue was incubated without iron or ascorbate.  For every tissue and concentration, different 

incubation times were carried on. In all cases, samples were incubated in the water bath for 0, 10, 

30, 60 or 90 minutes (n = 5 each). After incubating the samples as described above, the oxidative 

reaction was stopped by adding EDTA 2 mM and placing the aliquots on ice for 10 min. Then, 

they were centrifuged at 3,000 x g for 10 min at 4ºC. Thereafter, the supernatants were tested for 

their levels of MDA + 4-HDA concentrations. 
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Then, to validate the mathematical model developed, two additional experiences were made 

with different conditions to those previously described. First, lipid oxidation was provoked in a 

different tissue not used to build the response surface: lung. Lung homogenates were oxidized with 

0.5 mM FeCl3 and 0.1mM ascorbate concentrations for 30 minutes at 37ºC (n = 5 each), in this 

case FeCl3 concentration and time duration were also randomly chosen. Second experiment, 

antioxidant activity (AA) of kidney homogenates were modified by adding different 

concentrations of melatonin (0.5 and 0.8 mM final concentration). The number of samples was 

five for each iron concentration. Melatonin is a non-enzymatic antioxidant that increase the AA 

of kidney homogenates. Then, lipid oxidation was induced by incubation with 0.5 mM FeCl3 and 

0.1 mM ascorbate concentrations for 30 minutes at 37ºC, FeCl3 concentration and time duration 

were also randomly chosen. 

2.4. Measurement of lipid peroxidation 

The products of lipid peroxidation, MDA + 4-HDA, were measured in the tissue homogenates as 

explained before [24]. Briefly, tissue suspensions (200 µL) were mixed with 650 µL of a 

methanol:acetonitrile (1:3, v:v) solution containing N-methyl-2- phenylindole. After adding 

methanesulfonic acid (150 µL), incubation was carried out at 45ºC for 40 min. The MDA + 4-HDA 

concentrations were measured with a spectrophotometer at 586 nm using 4-hydroxy-nonenal as a 

standard. The level of lipid peroxidation in the homogenates was expressed as mmol of MDA + 4-

HDA per gram of tissue. 

2.5. Antioxidant activity 

The ability of the homogenates to resist oxidative damage was determined as antioxidant activity, 

by ABTS assay [25]. Samples of tissue were homogenized in KCl 10% (w/v). Total antioxidant capacity 
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was quantified according to [25]. Summarily, 20 µL of biological sample or Trolox standard, was added 

to 2 mL of diluted ABTS-+ solution, previously prepared. Then, the reaction was incubated for 6 minutes 

at 30ºC. The absorbance was determined at 6 min after initial mixing at 734 nm. The measurement of 

antioxidant activity of each tissue homogenate was replicated three times. The results are expressed 

as Trolox equivalents per gram wet tissue weight, i.e. the amount of Trolox (µmol) with an equivalent 

antioxidant potential to 1 g of the tissue under investigation. 

2.6. Chemical analysis 

Fat percentage was determined in different tissues (liver, kidney, heart, skeletal muscle, brain and 

lung) by ether extraction following Ankon method [26]. Moisture content was obtained by drying (103 

± 2ºC) to constant weight. Fat content is expressed in fat percentage of fresh tissue. 

2.7. Statistical Analysis 

Quantitative variables were defined by two parameters: arithmetic mean, as a measure of central 

trend, and standard error, as a dispersion measure. Before carrying out statistical analysis, data normal 

distribution was checked by a Kolmogorov-Smirnov test. Then, analysis of variance (ANOVA) were 

carried out and multiple comparisions among groups were performed by Scheffe tests. To demonstrate 

correlation between variables, a Pearson test was used. Standard statistical threshold was established at 

p≤0.005. 

2.8. Response Surface Proper Generalized Decomposition methodology 

Fitting techniques for high-dimensionless spaces are often very difficult to find and not easy to 

carry out due to its intrinsic complexities [27]. Traditional strategies for high-dimensional fitting 
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need to use high number of parameters that increase exponentially with the number of dimensions 

and the so-called “curse of dimensionality”. However, model reductions techniques enable to work 

in high-dimensionless spaces avoiding this problem. In this work, we propose the use of a technique 

that combines the response surface methodology (RS) with model reduction known as Proper 

Generalized Decomposition (PGD) [28]. 

Briefly, response surfaces are multidimensional surfaces fit to quantities of interest, allowing 

easy interpolation to accomplish other realization with a different combination of parameters [29]. 

PGD is based on the use of separated representations and it was developed for solving 

multidimensional models [30, 31] and working in different stochastic modelling contexts [32]. The 

technique was extended to approach parametric models, where parameters were considered as 

model extra-coordinates. This made possible the calculation of the parametric solution, viewed as a 

computational vademecum, to be used for real-time simulation, optimization, inverse analysis and 

simulation-based control [33]. 

 The PGD technique offers very good results in many fields where is applied, including 

biological models [34], dynamic problems [35], structural optimization [36], etc. Response surface 

approach has also been used in several works to study a wide range of biological processes such as 

drug delivery systems [37], biological production optimization [21, 20, 18, 38], nanoparticle studies 

[39, 40], etc. 

Combining these two techniques, PGD and RSM, an approximation response function ƒRSPGD (x1 .

. . ,xn) is created to fit a data values’ cloud coming from experiments. In our work, this response

function depends on the values of 4 input variables or quantitative factors (fat composition of the 

organ, antioxidant capacity, FeCl3 concentration and Incubation time) x= {x Fat Comp., x Antioxidant Cap., 

xFe Concentration, xIncubation time} which are considered capable of defining a hyper surface in the 

bounden region (experimental region) ⊂ R4, in which we consider constrained the values of x 

by the wide range of factors analyzed. This response surface has an output data that corresponds 

with the MDA + 4-HDA concentration solution. 
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In other words, we use a fitting technique that using a cloud of experimental data constructs a 

unique multi-parametric surface soluction of MDA + 4-HDA concentration 𝓊MDA+4-HDA = ƒRSPGD(x Fat

Comp., x Antioxidant Cap., xFe Concentration, xIncubation time) using 4 input data that correspond with fat 

composition, antioxidant capacity, FeCl3 concentration and incubation time values. 

The authors recommend to see their previous paper for a detailed description of the RSPGD 

methodology and its implementation [35]. Using this approach, we obtain that, 

𝓊MDA+4-HDA=ƒRSPGD(x Fat Comp., x Antioxidant Cap., xFe Concentration, xIncubation time)=∑ 𝜔Τ
𝑖=1 i 𝐹𝑖

1(𝑥Fat Comp.)

𝐹𝑖
2(𝑥Antioxidant Cap.) 𝐹𝑖

3(𝑥Fe Concentration) 𝐹𝑖
4(𝑥Incubation Time)

where 𝛵 is the number of PGD modes obtained (usually less than 10), the functions 𝐹𝑖
𝑘 are

computed using PGD classical approximation, k = 1,...,4 that correspond with fat composition, 

antioxidant capacity, Fe concentration and incubation time, respectively, and i= 1,..., 𝛵 is the 

PGD modes index. 

3. Results

First, the different rabbit tissue compositions and antioxidant capacities were characterized. 

These data were essential to develop the surface response afterwards. 

3.1. Chemical Analysis 

Fat percentage was determined in the different tissues (see Table 1). Brain was the tissue with 

the highest fat percentage (6.6%) whereas muscle had only 0.58%. Significant differences were found 

among all the tissues (p<0.05). 

3.2. Antioxidant activity 

ACCEPTED MANUSCRIPT



11 

The antioxidant activities of the different studied tissues are summarized in Table 1. Liver and 

kidney showed the highest antioxidant capacities (31.52 ± 1.43 and 28.72 ± 0.36 Trolox equivalents), 

significantly greater than the other studied tissues (p<0.05). 

Differences among brain, skeletal muscle and heart are not significant. As showed in Table 1, 

lung antioxidant capacity and fat content were determined to check the response surface potential 

but they were not included in the initial development of surface. 

3.2.1. Computational procedure 

In Figure 1 all the data for each time step where the MDA + 4-HDA concentration is known 

by experimental procedures are depicted. This is a cloud of 500 values [5(assays) × 4(time steps) ×

 5(organs) × 5(FeCl3 concentration)], that are into the experimental region, Ω, that is an hypervolume 

where the limits are [0.5, 7] x [18,32] x [0, 8.5] x [0, 95], for the different directions or parameters, 

fat, antioxidant activity, FeCl3 concentration and time, respectively. 

The simplest approach computed is depicted in Figure 2, where a linear approach of all data is 

obtained for the multi-parametric response surface.  Regarding that x = (x Fat Comp., x Antioxidant Cap., xFe

Concentration, xIncubation time) ∈  Ω =  ∏ [𝑙4
𝑖=1 i, Li], a linear response surface solution implies that all

𝐹𝑖
𝑘(𝓍k) will be linear functions, where again, k=1,...,4 corresponds with fat composition,

antioxidant capacity, Fe concentration and incubation time, respectively and 𝒾 =1,...,𝛵 is the 

PGD modes index. If all 𝐹𝑖
𝑘(𝓍k) are linear (using the simplest approach) a linear response

surface F(x Fat Comp., x Antioxidant Cap., xFe Concentration, xIncubation time) that fitting the data is obtained (2): 

F(x Fat Comp., x Antioxidant Cap., xFe Concentration, xIncubation time)= ∑ 𝜔Τ
𝑖=1 i 𝐹𝑖

1(𝑥Fat Comp.) 𝐹𝑖
2(𝑥Antioxidant Cap.)

𝐹𝑖
3(𝑥Fe Concentration) 𝐹𝑖

4(𝑥Incubation Time)

For the representation of the response surface solution, we employed a cloud of points defined in a 

mesh (representation mesh). These representation (or evaluation) meshes could have a lot of evaluation 

points. The coordinates of each evaluation point, represent different values of fat composition, 
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antioxidant capacity, Fe concentration and incubation time ant its color (the solution that offers the 

response surface) represents the MDA concentration. 

Other different discretizations have also been employed. In Figure 3, a non linear response surface 

has been computed and represented: two elements for fat and antioxidant activity, four elements for 

FeCl3 concentration and three for time are considered. In particular, {0.5,2.6,7} × {18,20,32} × 

{0,0.5,2.5,6.5,8.5} × {5,35,65,95} are used to divide the data in each direction. 

To obtain the representation of Figure 2 and 3, we compute for all points, for the representation 

meshes, the value obtained for the response surface F using interpolation techniques in each direction 

(𝐹𝑖
𝑘, see [29] for more details).

3.3. Lipid Peroxidation and Response surface results 

Lipid peroxidation levels and response surface results are presented together in order to visually 

explain the link between experimental and computational results organ by organ. The lipid 

peroxidation levels of each tissue were determined after its incubation at 37ºC for 10, 30, 60 and 90 

minutes at different FeCl3 concentrations. No significant differences were found between duplicates 

nor among the five independent repetition carried out at each time and concentration (p>0.05). 

The response surface limits corresponded with maximum and minimum values of the different 

parameters taken into account to build the surface (MDA concentration, antioxidant activity, fat 

composition, FeCl3 concentration and time). In order to obtain reliable data, all the results 

produced by this surface had to be within these limits. 

Each tissue presents characteristic values of antioxidant capacity and fat and, if these two  input 

data are setting for each organ, we obtain a particular solution of the response surface for different 

values of FeCl3 concentration and for all the incubation times. Furthermore, several tests were made 

in order to check the behavior of the technique. The reference data used in these tests were an 

average of the experimental data. 

The experimental results of lipid peroxidation are presented here for all the organs studied. 
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Liver MDA + 4-HDA values are summarized in Figure 4 (A). Lowest concentrations of FeCl3 (0.1, 

0.5 and 1 mM) provoked similar levels of lipid peroxidation (p>0.05) at any time. However, when 

the FeCl3 was increased to 5 mM a variation was observed and from 60 minutes to the end, 

significant differences appeared with the highest concentrations described above (p<0.05). 

Furthermore, the highest FeCl3 concentration (8 mM) caused raised values of lipid peroxidation 

from the very first incubation time (10 min). In fact, significant differences were observed between 

these values and all the other concentrations and times. The maximum l evel of lipid peroxidation was 

753.24 ± 105.09 nmol MDA/g of tissue at 8 mM of FeCl3 and 90 min of incubation. 

In Figure 4 (B), the response surface obtained for liver can be observed. For this case and for 

the rest of organs, a finer representation mesh has been used for a better understanding of the 

surface behavior. This particularization has been done setting the liver antioxidant capacity and fat 

values and obtaining the 3D representation on liver MDA + 4-HDA values through time. In order to 

check the model ability to predict the MDA + 4-HDA levels, liver average experimental data were 

compared to the predicted MDA + 4-HDA values. Five predictions, with different FeCl3 

concentrations and incubation times, are shown in Table 2. The deviation between experimental and 

predicted values varied from 0.5% to 15.9%. Not significant differences between experimental and 

predicted values were found (p>0.05). 

The second organ analyzed was the kidney, whose MDA + 4-HDA results are shown in Figure 

5 (A). Lipid peroxidation levels after incubation with the lower concentrations of FeCl3 (0.1, 0.5 

and 1 mM) showed significant differences with the control group at every time point (p<0.05). 

However, with 0.1 and 1 mM concentrations there were no significant differences among different 

incubation times (p>0.05) and with 0.5 mM, differences were observed between 90 min and the 

other incubation times. Highest concentrations (5 mM and 8 mM) showed significant differences with 

the other concentrations of FeCl3. The maximum level of MDA + 4-HDA reached was 797.29 ± 

42.41 nmol/g. In both organs, kidney and liver, the 8 mM oxidation curve seemed to acquire a similar 

pattern. Starting with high values at 10 min and quickly reaching a plateau from 30 min onwards 
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(p>0.05). 

Figure 5 (B) shows the particularized surface for the kidney (antioxidant activity = 28.72 

Trolox equivalents, and fat = 2.75%). MDA + 4-HDA concentration was predicted for every FeCl3 

concentration and time within the limits, as explained above. After checking the surface ability to 

predict MDA + 4-HDA concentration, deviations from 0.3% to 9.7% were obtained. In this case, 

not significant differences were observed between experimental and predicted values (p>0.05). 

Heart and skeletal muscle were the next organs to be studied. Heart lipid peroxidation values 

are observed in Figure 6 (A). Lower concentrations (0.1, 0.5 and 1 mM) provoked similar amount of 

MDA + 4-HDA whereas with higher concentrations (8 mM), significant differences could be 

observed in all incubation times (p<0.05). The maximum value in this case was 1002.57 ± 72.08 

nmol/g. At 5 mM, significant differences could be observed between 10 min oxidation and the control 

(p<0.05) however, with longer incubation times (30, 60 and 90 min), the oxidation level stabilized. 

The particularized response surface for heart behavior is observed in Figure 6 (B). The 

prediction capability is shown in Table 2. The surface could accurately predict the MDA + 4-HDA 

values, showing deviations between 1.2% and 12.6%. No significant differences were obtained 

between experimental and predicted data (p>0.05). 

In contrast to heart MDA + 4-HDA experimental values, muscle MDA + 4-HDA results were 

lower (see Figure 7 (A)). There was no difference among 0.1, 0.5, 1 and 5 mM. Hence, only 8 mM 

showed significant differences among the other values in all time points (p<0.05). Moreover, the 

maximum quantity of MDA + 4-HDA registered in muscle was 508.74 ± 51.85 nmol/g. The Figure 7 

(B) shows the particular surface setting muscle antioxidant activity and fat content. Within the 

muscle limits, surface predicted the MDA + 4-HDA quantity with low deviations, from 0.6% to 

6.5% (Table 2). No significant differences were found between experimental and predicted data 

(p>0.05). 

Finally, brain MDA + 4-HDA levels are shown in Figure 8 (A). The lowest concentration (0.1 

mM) provoked significant lipid peroxidation after 10- m i n u t e  incubation, remaining constant at 30 
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and 60 minutes and finally increasing significantly again at 90 minutes (p<0.05). For the 0.5 mM 

and 1 mM FeCl3 concentrations, the curve was very similar. In contrast, at 5 and 8 mM of FeCl3 

significant differences were observed (p < 0.05). In fact, the highest lipid peroxidation value of the 

experiment was reached in brain homogenates at 8 mM and 90 minutes: 1498 ± 25.7 nmol/g. Figure 8 

(B) shows the response surface obtained with brain antioxidant and fat characteristics. As it can be 

seen in Table 2, brain surface predicted MDA concentration with a deviation from 0.1% to 11.7%. 

Insignificant differences were observed between experimental and predicted values (p>0.05). 

Since the main goal of this surface was to predict the lipid peroxidation of any combination of 

antioxidant activity and fat composition, we also carried out two more experiments to check the 

surface potential. First experiment was conducted to obtain MDA + 4-HDA experimental data from 

an organ not used on response surface building: lung. These data allowed us to check the deviation 

percentage, comparing predicted to experimental data. As explained above, lung antioxidant 

capacity and fat composition were determined and, with this information, the response surface was 

supposed to predict the MDA + 4-HDA level for FeCl3 concentrations of 0.5 and 1 mM and 30 

min, values randomly chosen. MDA experimental results, 91.30 ± 6.2 for 0.5 mM and 111 ± 7.1 

(nmol/g of tissue) for 1 mM, were correctly predicted by the response surface, showing a numerical 

MDA of 100.26 and 118.4 nmol/g of tissue, respectively. There were not significant differences 

between experimental and numerical results (p>0.05), validating the response surface to predict 

MDA levels even in organs not used to build the response surface 

The goal of our response surface is also the prediction of lipid peroxidation in different 

conditions. Thus, the second experiment included a deeply studied antioxidant, melatonin. 

Melatonin addition to an organ homogenate increases its antioxidant capacity, modifying the results 

obtained by the surface. Knowing the antioxidant capacity increase provoked by melatonin, the 

response surface can predict the new values of lipid peroxidation. In order to test this capacity, 

different concentrations of melatonin (0.5 and 0.8 mM) were added to kidney homogenates, 

incubated with 0.5 mM FeCl3 for 30 min, all the values were randomly chosen. Experimental 
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MDA values were 61.1 ±  8.3 and 57.9 ± 5.4 (nmol/g of tissue) for 0.5 and 0.8 mM of melatonin, 

respectively. Predicted MDA values (70.2 and 59.3 nmol/g of tissue for 0.5 and 0.8 mM of 

melatonin), presented a maximum deviation of 14.9% and 2.4%. Not significant differences were 

found between experimental and predicted values (p>0.05), validating the response surface to predict 

MDA levels at any antioxidant activity. 

4. Discussion

The main goal of this study was the development of a unique numerical response surface to 

predict the lipid peroxidation level of any tissue minimizing the experimental process. In the in 

vitro model presented here, the lipid peroxidation level of liver, kidney, skeletal muscle, heart and 

brain was determined under different conditions. They had different features that define their 

behavior against oxidative stress. This in vitro model is based on Fenton reaction, a basic and widely 

accepted model to induce oxidative stress [14]. Different FeCl3 concentration (0.1, 0.5, 1, 5 and 8 

mM) were chosen to provoke not only physiological but also pathological levels of oxidative stress. 

In this manner, the mathematical model could include a wider range of situations. Ascorbate 

concentration was fixed to 0.1 mM. Lowest concentration of FeCl3 and ascorbate concentration 

were chosen from other previously developed studies [14, 41]. 

Data obtained from different organs were coherent with its different biological behaviors. Thus, 

liver and kidney possess an antioxidant capacity significantly higher than in other tissues (p<0.05) 

as a consequence of its exposition to a high amount of free radicals. Heart and muscle have the 

same antioxidant capacity (20%) but different fat percentage (3.6% and 0.58% respectively). It 

could explain the variations obtained in lipid oxidation values and behavior (600 nmol MDA + 4-

HDA/ g muscle and 1000 nmol MDA + 4-HDA/g heart at the same time). The limited substrate on 

muscle homogenates would deplete sooner than heart substrate. Regarding the other studied organs, 

the maximum peroxidation value reached by the heart was higher than the liver and the kidney 
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(p<0.05), which could be justified by the bigger amount of fat plus the lower antioxidant activity 

with respect to these organs. Last but not least, brain has one of the lowest antioxidant capacities 

(20%) and the highest quantity of fat (more than 6%) which led to raised levels of MDA + 4-HDA 

(1500 nmol/g tissue at 8 mM and 90 minutes). Hence, it is the most sensitive tissue to oxidative 

stress, as the high number of neurological diseases related to it highlights [42]. 

In this study, each tissue was characterized by its antioxidant capacity and fat composition to take 

into account this two characteristics and not the tissue as a variable. Since the mathematical 

procedure pretended to create a unique response surface with the three different variables (fat 

content, antioxidant capacity and FeCl3 concentration), it was important to determine a positive 

correlation between them. A Pearson test confirmed that there is a positive correlation between fat 

content and lipid peroxidation in any FeCl3 concentration. This correlation is bigger with the 

highest concentrations (p<0.001 at 5 and 8 mM), reaching levels of R2=0.981. This data could 

demonstrate that the oxidative damage caused at these conditions rely on the fat percentage of the 

tissue. Furthermore, the lipid peroxidation level shows a significant correlation (p<0.05) with 

antioxidant capacities only at low FeCl3 concentrations (<[5mM]). Both cases suggest that, in this 

in vitro model, the antioxidant capacities of the tissue cannot control the oxidative stress after 

certain level. It is very likely that from that point onwards the oxidative stress level is no longer 

physiological. The correlation degree with the tissues fat, their antioxidant defences and oxidative 

damage indicates that the obtained results are viable and biologically coherent. 

The unique multi-dimensional response surfaced created from the experimental data obtained in 

this study, is able to predict accurately by interpolation oxidative lipids damage of any tissue 

exposed to in vitro oxidation, with FeCl3 and ascorbic acid within the tested conditions. Prediction 

accuracy improves with higher FeCl3 concentrations and incubation times, as it could be observed in 

Table 2. Nevertheless, there were not significant differences between experimental and predicted 

values in any case. These results confirmed a powerful and validated tool that included a large 

number of situations and tissues, since the limits of FeCl3 concentration and time were so wide (0 - 
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8 mM and 0 - 90 min respectively), as well as the antioxidant capacity and fat content (18.10 - 

31.52 Trolox equivalents and 0.58 - 6.6%). 

Therefore, this tool presents important advantages. First of all, the reduction of experiments 

and laboratory animals needed to carry out oxidative stress studies. To develop new studies, basic data 

about organs could be found in literature and data from antioxidant behavior would require a 

minimum number of experiments. Moreover, generally, on in vitro studies measuring oxidative stress, 

a fix number of points is determined to obtain the data [13, 9, 41]. Nevertheless, biological processes 

are continuous on time and information outside of the studied points is lost [22]. This response 

surface allows the acquirement of data of oxidative stress production and antioxidant action of any 

substance over time, in a continuous way. 

On the one hand, since organs are only characterized here by its antioxidant capacity and fat 

content, we hypothesize that the response surface could predict lipid peroxidation from any organ 

independently of animal species, working inside the surface limits. To our knowledge, there are 

not published studies comparing tissues from different animal species subjected to in vitro 

oxidation under the same conditions. Moreover, fat content and antioxidant capacity of each 

organ are more similar among different species (e.g. rabbit muscle vs. rat muscle) than comparing 

different organs of the same species (e.g. rabbit muscle vs. rabbit brain). Since we demonstrated 

that our response surface predicts a wide range of different tissues, we hypothesize that this 

response surface could be used with tissues from other animal species, although further studies 

would be necessary. 

On the other hand, this response surface also presents some limitations. Since surface’s predictions 

are based on interpolations, input data (organ characteristics and oxidative conditions) should be placed 

inside the surface limits. Predictions based on input data placed outside of the surface limits should not 

be considered. In the future, these limits could be enlarged to improve the tool. Moreover, prediction 

obtained corresponds with lipid peroxidation of the tissue studied. In the future, this response surface 

could be complemented with other surfaces being able to predict protein oxidation, DNA damage, 
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membrane functional alterations, etc. 

In conclusion, this multi-dimensional response surface is a first approach towards validating 

experimental models minimizing experiments and laboratory animals. Its usefulness relies on the 

ability to anticipate the effect of any intrinsic or added antioxidant activity without or with reduced 

empirical experiments.  The most immediate application is the in silico screening of antioxidants 

and doses as a possible treatment for numerous diseases whose pathogenesis involves the oxidative 

stress. Moreover, this technique could be used to study and predict the oxidation level of different 

biomolecules such us proteins, DNA, etc. 
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Table 1: Fat composition and antioxidant activity of the different organs. Lung values were not used to build the 
response surface but to check its ability to predict MDA + 4-HDA concentration. 

Organ Fat Composition ± SD (%) Antioxidant Activity ± SD 
(Trolox equivalents) 

Liver 2.49 ± 0.105 31.52 ± 1.43 
Kidney 2.75 ± 0.037 28.72 ± 0.36 
Brain 6.6 ± 0.116 20.24 ± 1.14 

Skeletal Muscle 0.58 ± 0.02 18.10 ± 1.48 
Heart 3.66 ± 0.065 18.63 ± 1.44 
Lung 2.99 ± 0.06 24.8 ± 2.27 
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Organ FeCl3 (mM) Time (min) 
Average experimental 
data MDA (nmol/g of 

tissue) 

Predicted MDA 
(nmol/g of tissue) 

Deviation 
(%) 

Liver 

0.5 30 90.6 76.1 15.9 
5.0 30 120.5 122.5 1.7 
8.0 30 666.0 649.3 2.5 
5.0 90 464.1 461.8 0.5 
8.0 90 753.2 732.1 2.8 

Kidney 

0.5 30 78.6 70.9 9.7 
5.0 30 369.4 335.8 9.1 
8.0 30 688.1 690.2 0.3 
5.0 90 581.1 574.4 1.1 
8.0 90 797.3 802.7 0.7 

Heart 

0.5 30 100.6 87.9 12.6 
5.0 30 428.8 386.7 9.8 
8.0 30 714.3 748.6 4.8 
5.0 90 455.4 507.7 11.5 
8.0 90 1002.6 990.6 1.2 

Muscle 

0.5 30 161.2 153.0 5.1 
5.0 30 215.2 201.2 6.5 
8.0 30 549.9 546.3 0.6 
5.0 90 237.6 230.8 2.9 
8.0 90 508.7 515.0 1.2 

Brain 

0.5 30 175.8 196.3 11.7 
5.0 30 651.8 669.1 2.7 
8.0 30 1193.1 1172.0 1.8 
5.0 90 844.6 844.1 0.1 
8.0 90 1498.7 1490.2 0.6 

Table 2: Numerical test for input data used initially for the computation of the response surface particularized at 
liver, kidney, heart, muscle and brain. Predicted values are obtained from Eq. 2, after the inclusion of specific 
values of each organ. 
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Organ FeCl3 
(mM) 

Time 
(min) 

Average experimental 
Data MDA  

(nmol/g of tissue) 

Predicted MDA 
(nmol/g of 

tissue) 

Deviation 
(%) 

Melatonin 
(mM) 

Lung 
0.5 30 91.3 100.26 9.8 - 
1.0 30 111.0 118.4 6.7 - 

Kidney 0.5 30 61.1 70.2 14.9 0.5 
0.5 30 57.9 59.3 2.4 0.8 

Table 3: Numerical test for the validation of the response surface. Lung data used for the validation, with AA = 24: 
8 (Trolox equivalents) and fat = 2: 99 (%). Kidney with melatonin lipid peroxidation and AA data not used initially 
for the computation of the response surface, and fat = 2: 75 (%). 
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Oxidative stress prediction: a preliminary approach using a response surface based technique 

HIGHLIGHTS 

 A response surface is proposed to predict in vitro lipid peroxidation of any organs.

 Biological data were required to build the response surface (mathematical model).

 Lipid peroxidation level of rabbit tissues was measured in a FeCl3/ascorbate model.

 Fat content and antioxidant capacity of rabbit tissues were determined.

 Response surface carried out accurate predictions of lipid peroxidation levels.
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