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Abstract 16 

 For several decades, use of nanoparticles (NP) on a global scale has been generating new 17 

potential sources of organism disruption. Recent studies have shown that NP can cause 18 

modifications on the biochemical macromolecular composition of microalgae and raised questions 19 

on the toxicity of plastic particles, which are widespread in the aquatic environment. Polystyrene 20 

(PS) particles are among the most widely used plastics in the world. In our experimentation, a 21 

combined approach of infrared spectroscopy and molecular biology (real-time PCR) has been 22 

applied in order to better apprehend the consequences of interactions between Chlamydomonas 23 

reinhardtii, freshwater microalgae and PS NP. Two references have been used, nitrogen deprivation 24 

-a well-documented stressor-, and gold nanoparticles (Au-NP). As regards biochemical 25 
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composition, our experiments show a differing microalga response, according to the NP to which 26 

they have been exposed. Results with infrared spectroscopy and gene expression methods are 27 

consistent and illustrate variation among several carbohydrates (galactose...). Furthermore, PS-NP 28 

seem to react in the same direction as nitrogen limitation, thereby supporting the hypothesis that PS-29 

NP can induce response mechanisms to environmental changes in microalgae. This study 30 

highlighted the interest of combining infrared spectroscopy and gene expression as means of 31 

monitoring microalgae response to nanoplastics. 32 

Keywords: Nanoplastics, microalgae, infrared spectroscopy, gene expression 33 

Introduction 34 

Nanomaterials are ubiquitous in the environment (Robichaud et al., 2009); especially in 35 

aquatic systems. For several decades, nanoparticle (NP) use on a global scale has been generating 36 

new sources potentially adverse effects on organisms (Bergami et al., 2017; López-Serrano et al., 37 

2014; Miller and Wickson, 2015). Recent studies have shown that NP can generate modifications of 38 

macromolecular microalgae composition. For example, in the presence of titanium nanoparticles, 39 

Sadiq et al. (2011) observed a decrease of microalgae Chlorella and Scenedesmus sp. chlorophyll 40 

content. Among the models available for study of the impact of environmental changes on the 41 

aquatic systems, microalgae are ideal. The unicellular organisms and primary producers' responses 42 

to natural changes (lack in nutrients, ion presence and light fluctuations) are well documented 43 

(Irihimovitch and Yehudai-Resheff, 2008; Nama et al., 2015; Szivák et al., 2009). On the other 44 

hand, potential stresses caused by interactions with nanoparticles are not fully understood and seem 45 

to depend on diverse factors such as size, nature, shape, aggregation... (Tang et al., 2017). However, 46 

an increasing number of publications on the impact of this type of particle on the lives of organism 47 

have been compiled (von Moos and Slaveykova, 2014). There exist a wide variety of NP types, 48 

with metallic particles such as gold accounting for a sizable portion (Déniel et al., 2019). The gold 49 

nanoparticles (Au-NP) used in biomedical applications are referenced in the literature as non-toxic 50 



elements (Alkilany and Murphy, 2010; Fratoddi et al., 2015). Other nanoparticles such as 51 

nanoplastics, of which the presence in aquatic environment is problematical, were detected by Ter 52 

Halle et al. (2017). However, their interactions with aquatic organisms have not been extensively 53 

described, and only a limited number of commercially available products have been studied 54 

(Besseling et al., 2014; Bhattacharya et al., 2010; Casado et al., 2013; Li, 2015; Sjollema et al., 55 

2016). Furthermore, the toxicity of plastic nanoparticles has been called into question, as some 56 

articles have indicated a fluctuation of effects according to the surfactant at the particle surface 57 

(Bergami et al., 2017; Nolte et al., 2016). To understand how nanoplastics may enhance stress or 58 

toxicity in organism, it has become necessary to more clearly specify the responses of microalgae 59 

and the different types of NP-microalgae interactions. Different types of interactions have been 60 

reported in the literature: shading effect, adsorption, absorption, endocytosis, aggregation, cell-wall 61 

disruption, ion release… (Moore, 2006; Navarro et al., 2008; von Moos and Slaveykova, 2014). 62 

They generate specific biologic responses leading to morphological, biochemical or molecular 63 

changes in microalgae. In order for these responses to be clearly discerned, it is important to use 64 

repeatable, reliable, rapid and inexpensive methods.  65 

To monitor biochemical composition, infrared microspectroscopy is a rapid and non-66 

destructive analysis technique, which is known to facilitate detection of environmental stress (Dean 67 

et al., 2008; Déniel et al., 2020). Given the sensitivity of this technique to functional group 68 

conformational changes (C-O, N-H bonds…), it is interesting as a means of analyzing the sub-lethal 69 

effects of microalgae. Infrared spectroscopy was previously described as a useful tool to detect 70 

protein and carbohydrate variations in cases of nutrient starvation (Driver et al., 2015; Jakob et al., 71 

2007; Stehfest et al., 2005) and, more recently, to follow microalgae under different stress 72 

conditions (Déniel et al., 2020). In addition, this technique facilitates monitoring of metabolite 73 

spatial distribution variation, as has been shown for Micrasterias hardyi after exposure to active 74 

pharmaceutical ingredients (Patel et al., 2008). Infrared spectroscopy has also been used to study 75 



cellular carbon allocation according to phosphorus quota in Chlamydomonas reinhardtii (Dean et 76 

al., 2008).  77 

Biochemical changes, particularly those linked to the biosynthesis pathway of proteins or enzyme 78 

variations, are the result of modifications at the molecular level. To better understand 79 

macromolecular microalgae variations, gene expression analysis can be followed by Q-RT-PCR 80 

(quantitative Reverse Transcription - Polymerase Chain Reaction). Following microalga-81 

microplastic interactions, this method has been applied in study of the metabolic pathway of 82 

carbohydrate biosynthesis in Chlamydomonas reinhardtii (Lagarde et al., 2016). Xylose, glucose, 83 

galactose and rhamnose are polysaccharides characterized by GC–MS analysis in C. reinhardtii 84 

(Bafana, 2013). Moreover, some sugars are recognized as participating in stress response, one 85 

example being sulphated polysaccharides, in C. reinhardtii, which has antioxidant properties 86 

(Kamble et al., 2018).  87 

Another article identified composition changes in monosaccharides consecutive to salt 88 

concentration variation in Dunaliella salina (Mishra and Jha, 2009) supporting the hypothesis of 89 

variations in polysaccharide content and given its implication in stress response, carotenoid gene 90 

expression has been studied (Couso et al., 2012; Wang et al., 2016). 91 

This study describes a combined approach of infrared spectroscopy and Q-RT-PCR to 92 

monitor and highlights the consequences of interactions between Chlamydomonas reinhardtii, a 93 

freshwater microalga, and polystyrene nanoparticles. Two other stresses are used as references in 94 

these experiments, nitrogen deprivation (N-less), - a stress factor that is well- documented as 95 

affecting the growth and biochemical composition of microalgae (Gargouri et al., 2017; Park et al., 96 

2015; Schmollinger et al., 2014; Zarrinmehr et al., 2019), and gold nanoparticles (Au-NP) 97 

(Lapresta-Fernández et al., 2012; Pal et al., 2011). 98 



Materials and methods  99 

Nanoparticle characteristics 100 

The nanoparticles used are 100 nm nanobeads commercialized by Interchim. Au-NP are in 101 

an aqueous solution at a concentration of 0.01% with a citrate surfactant. The polystyrene 102 

nanoparticles (PS-NP) are stabilized with an anionic surfactant in aqueous solution at 1% 103 

concentration. Zeta potential and size of nanoparticles in culture medium are measured with a 104 

Zetasizer Nano ZS device (Malvern).  105 

Culture conditions 106 

Chlamydomonas reinhardtii (strain 2935, Chlamydomonas Resource Center, (Sack et al., 107 

1994)) is cultivated in 250 mL Erlenmeyer containing 70 mL of Tris Acetate Phosphate medium 108 

(TAP medium) (Gorman and Levine, 1965) at 20°C. The Erlenmeyer flasks are placed under an 109 

irradiance of 122 µmol photons.m-2.s-1. Lighting is provided by cool white fluorescent tubes 110 

(Philips TLD 36 W) and follows a light/dark cycle of 14/10 hours. Cultures are kept in suspension 111 

by agitation at 100 rpm (VWR, Model 5000). 112 

C. reinhardtii (1*106 C/mL in the beginning of the experiment) are subjected to various 113 

environmental variations for 8 days. Each condition is produced in triplicate with a control group on 114 

which no stress is applied. The two types of nanoparticles are interacted separately with microalgae: 115 

Au-NP (2 mg/L, either 143 mmol/L or 7.1*105 NP/microalgae) and PS-NP (2 mg/L, either 274 116 

mmol/L or 13.1*106 NP/microalgae). In congruence with literature on PS-NP interactions, where 117 

tested concentrations ranged between 0.1 and 50 mg/L, a concentration of 2 mg/L PS-NP was 118 

chosen (Bergami et al., 2017; Casado et al., 2013; Nolte et al., 2016). Nitrogen (N-less) intake is 119 

reduced by 15% compared to the control group (a concentration of 6 mM N in medium vs. 7 mM 120 

normally). Microalgae growth is measured by cellular counting on Malassez cells. 121 

Infrared spectroscopy 122 



Infrared spectra acquisition is carried out in triplicate on microalgae drops of 10 µL for each 123 

tested condition, after one hour of air drying (Dean et al., 2008) of samples on a double-side 124 

polished silicon wafer. The transmission mode of the infrared spectroscope (Vertex IR 70v, Bruker) 125 

is applied, with an accumulation of 50 scans from 4000 to 500 cm-1 and a resolution of 4 cm-1. 126 

On raw spectra, preprocessing of the linear baseline (LB) with a standard normal variate 127 

(SNV) is applied to normalize each data group to allow relative quantification of functional bonds. 128 

SNV removes multiplicative scattering interferences by zero centering and scaling of individual 129 

spectra. The whole spectrum is centered on its mean, and whole intensity is adjusted with the 130 

standard deviation. Study analysis ranges from 800 to 1780 cm-1. Multivariate analysis of data using 131 

PCA (principal component analysis) is carried out successively to preprocessing with the study of 132 

loadings. 133 

To explore the carbohydrate bands in more detail, peak deconvolution of the 930-1190 cm-1 134 

zone is carried out with PeakFit v4.02 software. During this Gaussian-Lorentzian area 135 

deconvolution, 6 peaks (980, 1018, 1049, 1078, 1108 and 1152 cm-1) are used to fit the band with 136 

half-height width considered as the same for each peak referenced. Minimal R2 accepted to fit is 137 

0.99. After peak deconvolution, area percentage contribution is calculated for each peak of the 138 

whole massif band. 139 

Molecular biology: RNA extraction, and quantification-RT-PCR 140 

Ten mL of culture in each condition are filtered (Whatman glass microfiber filters, 47 mm 141 

diameter, 1.2 µm pore size). RNA is extracted using a Spectrum Plant Total RNA kit (Sigma-142 

Aldrich, Saint Louis, USA). Sample purity and RNA concentration assay are obtained by deposition 143 

of 1 µL on a Nanodrop 2000 (Thermo Scientific).  144 

All RNA samples are subsequently standardized to a concentration of 100 ng/µL to perform a 145 

reverse transcriptase according to MMLV kit instructions (Promega, Madisson, USA) in presence 146 



of 5 µM oligodTVN modified, (Carpin et al. 1998), 25.5 µM random primers (8-10 pb), 2.5 x 147 

MMLV Buffer, 0.5 mM dNTP, 25 U RNAse inhibitor and 200 U MMLV enzyme. The reaction is 148 

carried out in a thermocycler (Applied Biosystems Veriti 96-Well Programmable Thermocycler), in 149 

two phases: 5 min at 70 °C and one hour at 42 °C. Quantitative PCR (Q-PCR) is also carried out in 150 

two steps, using a StepOne-plus Real-Time thermocycler (Applied Biosystems) with SYBER-Green 151 

Q-PCR Master Mix (Promega, Madisson, USA).  152 

Seven target genes (five involved in polysaccharides biosynthesis and two in carotenoid 153 

biosynthesis) are selected in accordance with previous work (Couso et al., 2012; Lagarde et al., 154 

2016; Wang et al., 2016) and primer sequences were designed with Primer3-Plus software 155 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Choice of genes for the sugar 156 

biosynthetic pathway was carried out according to those known in the literature and the sequence of 157 

which is available in the databases (https://genome.jgi.doe.gov/portal/). Efficiency and melting 158 

curves for each primer pair (Table 1) were produced on cascade dilutions of a cDNA mixing. The 159 

1:8 dilution and the primers with optimal efficiency range of 85%-111% were selected for the 160 

second phase of Q-PCR. The Ct (threshold cycle) comparison method (Livak and Schmittgen, 161 

2001) was applied to calculate the gene expression level. Housekeeping genes, rps2 and rps14, 162 

presenting the best stability among tested conditions, were selected with Best Keeper software 163 

(Pfaffl et al., 2004) and used for normalization of the gene expression studied. Gene expression 164 

level (EL) was calculated from Ct of each sample: (EL= ((ETG) ΔCt TG) / (EHG) ΔCt HG), (TG: Target 165 

Gene; HG: Housekeeping Gene; ΔCt= CtControl- CtSample). Amplification program consisted of 15 s at 166 

95 °C followed by 35 cycles of one minute to decrease to 60 °C. 167 

 168 

 169 

 170 



Table 1 : List of genes tested and primer sequences: housekeeping gene (rps 2, 8, 14, 19), genes involved in the biosynthesis 171 

pathway of sugars (GD, GE, GLD, ME, PG), astaxanthin biosynthesis pathway genes (BKT, CHY) 172 

Complete gene name Short gene 
name 

 

Forward/ 
Reverse 

Primer sequences 5’=> 3’ 

ribosomal protein, small unit 2 rps 2 F CGAACGGTAAAGAAAATGCT 

R ACAAATTGCAGCCCAAAAAC 
ribosomal protein, small unit 8 rps 8 F TCGCCTTAAATATCGTTCAAAA 

R CCTTCAGGCGTTGTTAAACAAT 
ribosomal protein, small unit 

14 
rps 14 

 
F ACGGTTGTGTAACGACTG 
R GCGTGAATTAAACGCCAAA 

ribosomal protein, small unit 
19 

rps 19 
 

F CACGTTCATCAATGATTGTTCC 
R TTAGCATGGCCACGATATGTA 

UDP-glucoronate 
decarboxylase, xylose 

GD 
 

F GTGACTACCTGGTGGCTCGT 
R GATTTGGTCCACCTCCAAGA 

UDP glucose 4 epimerase, 
galactose 

GE  
 

F CAAGCCGCTCGAGTACTACC 
R ACATGTCCTCCTGGAACAGC 

UDP glucose 4-6dehydratase, 
rhamnose 

GLD F CATCAAGGGCGATATCCAGT 
R GGTCTCGCCATACACCTCAT 

GDP mannose 3-5 epimerase, 
galactose 

ME 
 

F GTCCTTCGACGACAAGAAGC 
R TGCTGTGGCTGTACTTGGTT 

Phosphoglucomutase 
glucose 

PG 
 

F CGACCGTGTTATTTGCCTTCG 
R GGTCTCGCCATACACCTCAT 

β-carotene hydrolase 
astaxanthin biosynthesis 

pathway 

CHY 
 

F GAGCTCAACGACATCTACGC 
R TTGGTGTGGTGGATCTGATG 

β-carotene ketolase 
astaxanthin biosynthesis 

pathway 

BKT F TTCCGCCTGTTCTACTACGG 

R GTGCTCCCAGTGCAGGTC 

 173 

Statistical tests (Shapiro for normality, Levene for homoscedasticity, ANOVA and HSD test 174 

of Tukey if data were normal and homogeneous, otherwise Kruskall-Wallis and Wilcoxon) were 175 

carried out with R software (v 3.4.4) on each gene to control significant differences (at 5%) in 176 

answers among diverse conditions. 177 

Results and discussion 178 

Nanoparticle characterization 179 



Au-NPs have a size of 190 nm and a zeta potential of -14 mV. PS-NsP have a hydrodynamic 180 

diameter of 158 nm and a zeta potential of -50 mV (Supplementary data Figures S1 and S2). 181 

Infrared spectroscopy of microalgae and PCA analysis 182 

After 8 days in interaction with PS and Au-NP and 8 days in control and N-less conditions, 183 

mean raw infrared spectra of C. reinhardtii, are determined (Figure S3). The spectra display linear 184 

baseline preprocessing and standard normal variate (LB+SNV) (Figure 1).  185 

First, a peak offset on protein band (N-H) is observed at 1540 cm-1 for microalgae infrared 186 

spectra under N-less exposure (Figure 1). For the 1110 cm-1 peak (elongation vibration, vC-O) of 187 

carbohydrates, absorbance variation was observed with differentiation of the Control and Au-NP 188 

group on the one hand and PS-NP and N-less on the other hand. In our study conditions, PS-NP and 189 

N-less conditions could then be considered as stressors. As was the case with salt stress in 190 

Dunaliella salina (Mishra and Jha, 2009), they generated carbohydrates content variation.  191 

However, the PCA derived (Figure 2a) from the spectra of the 4 conditions showed that the N-less 192 

group was distinguished from the other three. A new PCA was performed for the three other 193 

conditions (Figure 2b), which display more similar spectra. PCA (Figure 2b) clearly separates the 194 

sample corresponding to the microalgae in contact with PS-NP from the two other groups. 195 

Microalgae in contact with Au-NP exhibit the same behavior as the Control sample. PCA loadings 196 

are presented in Figure 3. The principal component (PC1) explains 53% of spectral variation and 197 

presents a positive variation at 1109 cm-1, which is attributed to the C-O chemical bond of 198 

carbohydrates (Murdock and Wetzel 2009; Coronado, Galán-Mascarós, and Martí-Gastaldo 2009 ; 199 

Figure 3a). Protein bands (C=O: 1659 cm-1 and N-H: 1547 cm-1) showed a negative variation on 200 

PC1. The second component PC2 (40%), which mainly discriminates the PS-NP group from the 201 

two others, contains (see Figure 3b) bands at 1672 cm-1 (protein chemical bond C=O), 1109 cm-1 202 

and 1034 cm-1 (carbohydrate chemical bond vC-O), 881 cm-1 (carbohydrate chemical bond C-H 203 



(Liu et al., 2018; Umezawa and Komiyama, 1985)) and 816 cm-1 (chemical bond C-O-S, galactose 204 

sulfate in C6 (Ananthi et al., 2010; Chopin and Whalen, 1993)). A protein peak shift (1659 cm-1 to 205 

1672 cm-1) between the two principal component loadings underlined a chemical or physical 206 

environment modification (Figure 1 and Figure 3). PC3 is not very relevant insofar as it reflects 207 

only 3% of the variations (Figure 3c).  208 

The fact that Au-NP and Control conditions do not differ seems to support use of Au-NP as 209 

non-toxic standard (Connor et al., 2005). Nature and surface chemistry of particles are potential 210 

factors affecting interaction modes (Stone et al., 2010). In this study, although the concentration 211 

tested in Au-NP was higher than in previous studies (Dědková et al., 2014; Moreno-Garrido et al., 212 

2015), this did not lead to significant variation in the biochemical composition of microalgae 213 

compared to the control. Moreover, Au-NP toxicity has been discussed in the literature and, after 214 

size, surfactant nature could be a more important factor of particle toxicity (Moreno-Garrido et al., 215 

2015). 216 

The main variations observed with PS-NP were linked to the protein and carbohydrate bands 217 

and may have been influenced by the nature or surface chemistry of the nanoparticles. Moreover, it 218 

should be noted that the infrared bands related to carbohydrates (1200-900 cm-1) represent a 219 

complex area of the microalgae spectrum (many peaks) on which it was necessary to carry out a 220 

detailed study. Carbohydrates are intertwined in the microalgae structure with other components in 221 

a complex chemical environment, leading to an overlap of carbohydrates bands in infrared spectra. 222 

Analysis of infrared spectra 1190-930 cm-1 range: carbohydrate bands 223 

A more in-depth analysis of all the carbohydrate bands was carried out by spectral 224 

deconvolution of the average spectra of C. reinhardtii obtained for each condition using six 225 

components (based on spectra shape and half-height width). The spectral deconvolution method 226 

provides satisfactory resolution of absorption bands in carbohydrate study according to Buslov et al. 227 



(2000) and Palmucci et al. (2011). Figure 4 presents deconvolution and the area percentage of the 228 

six peaks describing the bonds of the carbohydrates. First, as in PCA (Figure 2b), very few 229 

differences between the distribution of the bands in control and Au-NP conditions (Figure 4 a and 230 

b) are observed. This finding once again highlights the use of gold as the standard for inert 231 

nanoparticles. With regard to the PS-NP and the N-less conditions, similar variations are observed 232 

Figure 4c and d). A decrease is noted in the percentage of area of the 1108 cm-1 band corresponding 233 

to v(C-O) of carbohydrates (Wiercigroch et al., 2017) in the two conditions and a decrease of 1152 234 

cm-1 (C-O-C glucose conformation, (Nikonenko et al., 2000), with a peak contribution for N-less 235 

only. In parallel, Figure 4c and d, show an increase in the contribution of the peak to 1018 cm-1 236 

(corresponding to v(C-O), (Duygu et al., 2012), which is much greater in N-less condition 237 

compared to NP, and relatively similar for the peaks at 1078 cm-1, which according to Wiercigroch 238 

et al. (2017), are related to v (C-O) and at 1049 cm-1 (C-OH, (Hofman and Witanowski, 1959)). The 239 

proportions of 980 cm-1 peaks (β(C-CH), β(C-CO) linked to fructose (Wiercigroch et al., 2017)) 240 

remain relatively stable compared to the control group, meaning that fructose content does not 241 

fluctuate in the event of nutrient stress or nanoparticle interaction. Variations of bands 242 

corresponding mainly to carbohydrates are observed, but only a few are clearly identified with a 243 

specific carbohydrate present in C. reinhardtii. With infrared spectroscopy data alone it is 244 

consequently difficult to assign a specific carbohydrate type to each band. 245 

Responses of genes linked with carbohydrates 246 

In an attempt to identify the carbohydrates having fluctuated, gene expression monitoring of the 247 

carbohydrate biosynthesis pathway was carried out. Variations of gene expression linked with 248 

carbohydrates were previously reported under cold stress (5°C) in C. reinhardtii, showing 249 

overexpression of the sucrose-phosphate-synthase and trehalose-6-phosphate synthase 1 genes 250 

implicated in sucrose and trehalose biosynthesis respectively (Valledor et al., 2013). In addition, 251 

carbohydrate variations of C. reinhardtii were reported under low illumination, with 252 



underexpression of hexose kinase (glycolysis) and α-trehalase (glucose dimer cleavage) (Puzanskiy 253 

et al., 2018). Moreover, Lagarde et al. (2016) have shown overexpression of two genes linked with 254 

biosynthesis pathways: galactose and xylose in the presence of microplastic particles 255 

(polypropylene and high-density polyethylene). 256 

The gene expression levels of the biosynthetic pathway of four sugars (glucose, xylose, 257 

rhamnose and galactose) were evaluated by real time RT-PCR. First, the biosynthesis pathway 258 

corresponding to the glucose is monitored via phosphoglucomutase (PG) expression. The gene 259 

encoding the UDP-glucoronate decarboxylase enzyme (GD) is implicated in the xylose biosynthesis 260 

pathway. The third gene monitored is that of the UDP glucose 4-6 dehydratase (GLD) involved in 261 

rhamnose biosynthesis. Finally, with regard to galactose, the transcripts of two genes were 262 

measured: UDP glucose 4 epimerase (GE) and GDP mannose 3-5 epimerase (ME). In addition, two 263 

other genes, potentially stress markers, encoding enzymes of the astaxanthin biosynthesis pathway, 264 

were monitored: β-carotene ketolase (BKT) and β-carotene hydrolase (CHY) (Huang et al., 2012). 265 

Figure 5 presents the relative expressions for the genes in the different conditions. Expression of the 266 

two genes linked with the astaxanthin biosynthesis pathway was used to follow the response to 267 

stress: BKT gene, an enzyme known to catalyze a limited number of steps for astaxanthin synthesis 268 

and CHY gene, an enzyme implicated in changeover of β-carotene in astaxanthin (Huang et al., 269 

2012). Under-expression of BKT and CHY gene is observed in C. reinhardtii after interaction with 270 

PS-NP and N-less. A study on Haematococcus pluvialis also showed under-expression of these two 271 

genes under light stress (Lee et al., 2018). This result suggests that PS-NP presence can be stressful 272 

for C. reinhardtii. A gene linked with glucose synthesis (PG) is discriminatory to distinguish 273 

particular effect (Au-NP) from plastic effect (PS-NP), since in the first case, overexpression is 274 

observed, while in the second case, underexpression occurs (gene expression is 10 times lower than 275 

control). Concerning GD genes linked with xylose synthesis, a N-less condition outlines 276 

underexpression of 2.5 times. N-less and PS-NP conditions present underexpression compared to 277 

control condition for rhamnose and glucose biosynthesis pathway genes. Likewise, underexpression 278 



of two genes implicated in the biosynthesis pathway of galactose for PS-NP and N-less conditions 279 

is also observed for GE gene linked equally to galactose biosynthesis pathway for the Au-NP 280 

condition. In contrast, with glucose the gene linked to its expression is overexpressed in the Au-NP 281 

group. It is also possible to differentiate the two types of nanoparticles by their differential 282 

expression for mannose epimerase (ME) gene: microalgae in contact with Au-NP did not show 283 

modified expression, whereas microalgae in contact with PS-NP presented under-expression of this 284 

gene, 8 times less than the control.  285 

Composition change in carbohydrates following an environmental change has been explored 286 

in a green microalga, Dunaliella salina, which is close to our model. It was shown that the 287 

exopolysaccharides (EPS) produced in saline stress were composed of monosaccharides: glucose 288 

and galactose (aldohexose), fructose (hetohexose) as well as xylose (pentose) (Mishra and Jha, 289 

2009). In our study, N-less condition is differentiated from other conditions by under-expression on 290 

the majority of studied genes (PG, GE, GLD and BKT). 291 

If we combine infrared data (Figure 2) with gene expression results (Figure 5), some 292 

conclusions can be put forward. Wiercigroch et al. (2017) illustrated infrared band spectra 293 

differences between hexose and pentose. If we observe gene expression (Figure 5), no variation of 294 

linked with xylose, which is a pentose (Wiercigroch et al., 2017), was observed in the presence of 295 

nanoparticles. On the contrary, glucose and galactose, which are hexoses, presented gene expression 296 

variations in experiments with nanoparticles (GE and PG). In addition, under PS-NP and N-less 297 

conditions, certain genes are underexpressed (GLD, ME, PG) in parallel with the decline at 1110 298 

cm-1 of peak area portion and, for N-less, decline of the 1152 cm-1 peak only, linked with glucose. 299 

In addition, if we refer to average infrared spectra (Figure 1), a decrease of the 1110 cm-1 band is 300 

observed in association with a decrease of the bands at 881 and 816 cm-1. The wavenumber at 816 301 

is referenced according to Ananthi et al. (2010) and Chopin and Whalen (1993) as C-O-S chemical 302 

bound of sulfate on C6 galactose. In parallel, underexpression of mannose epimerase (ME) gene is 303 



observed. This result seems to highlight a correlation between molecular composition obtained by 304 

infrared and genetic expression of carbohydrates in C. reinhardtii.  305 

Conclusion 306 

The presence of nanoparticles in contact with microalgae causes a variation in C. reinhardtii 307 

biochemical composition. With the sensitive IR technique, the response of microalgae to 308 

nanoparticle can be discriminated. Microalgae in contact with AuNP have the same behavior as the 309 

Control sample (in IR spectra), thereby supporting the hypothesis that Au-NP can be a standard for 310 

inert nanoparticles in ecotoxicology. In presence of PS-NP or N-less, infrared spectroscopy spectra 311 

of C. reinhardtii showed a modification in protein and carbohydrate bands. In this study, an 312 

unmistakable implication of sugars in the PS-NP and C. reinhardtii interactions was likewise 313 

underlined, using spectral deconvolution. The infrared data are consistent with the gene expression 314 

results, which illustrate a variation of several carbohydrate biosynthesis pathways, including the 315 

gene related to galactose. As in principal component analysis, differentiation of the response 316 

between the two types of particles is highlighted (glucose and rhamnose at gene expression and 317 

infrared peak at 1110 cm-1) by gene expression results. Furthermore, microalgae exposed to PS-NP 318 

show similarities of response with microalgae under N-less condition (GLD, ME, PG and 1110, 880 319 

and 816 cm-1 linked with galactose), thereby supporting the hypothesis that polystyrene 320 

nanoparticles can induce microalgae response mechanisms under interactions.  321 
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1. Introduction 

Essentials Oils (EO) extracts from plants have been the focus of numerous studies 

due to their potential in the pharmaceutical and food industries. Several works and 

patents have been developed specifically for the application of EO and their components 

into the food sector (Ribeiro-Santos et al., 2017; Llana-Ruiz- Cabello et al., 2015; 

Maisanaba et al., 2017). Globally, their relatively safe status, properties and acceptance 

by consumers which demand natural compounds to replace synthetic ones have piqued 

the interest of industries and consumers (Sacchetti et al., 2005; Benkeblia and Lanzotti, 

2007; Debiagi et al., 2014). Among those beneficial plants, Allium sp. is a genus well-

known for its antimicrobial, antiviral, antiprotozoal, antifungal or antioxidant properties 

(among others). These properties are mainly due to their content of organosulfur 

compounds (OSC), which are secondary phytochemical metabolites, biosynthesized for 

defensive purposes against biotic and abiotic stressors. They are mainly formed for the 

action of the enzyme alliin (stored in vacuoles) on cytoplasmic compounds like 

alk(en)yl cysteine sulfoxides (ACOs) once the vegetable tissue is hurt (Putnik et al., 

2019) (Fig. 1). Otherwise, these compounds are not available in intact cells as they are 

toxic for the plant (Ramirez et al., 2017).  

One of the main components of Allium essential oil is propyl-propane-thiosulfonate 

(PTSO), that corresponds to the molecular formula C6H14O2S2 (Fig. 1). This compound 

has been stabilized and characterized by DMC Research Center SLU ( Granada, Spain) 

to be used for different applications, taking advantage of its beneficial properties. Thus, 

this product has been reported to show mainly antioxidant and antimicrobial activities, 

being able to inhibit the growth of Gram (–) and Gram (+) bacteria as well as molds and 

yeast (Peinado et al., 2012, 2013; Llana-Ruiz-Cabello et al., 2015). Its antibacterial 

activity in vitro in humans has also been demonstrated (Sorlozano-Puerto et al., 2018).  
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Proallium AP®, a commercial Allium sp. extract with a 14.5% PTSO content, has 

been proposed as a biopreservative in active food packaging for human food 

commodities mainly due to its antioxidant and antimicrobial activity (Llana-Ruiz-

Cabello et al., 2018). The packaging material used in these systems can incorporate 

components intended to be released into the food from the package, allowing foods to 

arrive at the consumers with their original or enhanced organoleptic properties, with 

longer shelf-life and safety (Ribeiro-Santos et al., 2017). Previously, another study 

carried out by Seydim & Sarikus, (2006) tested the antimicrobial activity of garlic EO in 

combination with oregano EO in films made with whey protein isolate, and showed 

antimicrobial activity in a concentration of 4% (w/v). But the incorporation of garlic EO 

and their components in active food packaging can result in a higher human exposure 

and consequently, more research is needed to stablish the safety concentration. An 

additional proposed application for PTSO is as sensory additive in animal nutrition, 

improving the palatability of feed, and also as a zootechnical additive, being an 

alternative to the use of antibiotics (Peinado et al., 2012), contributing to reduce 

resistance generated by their excessive use in livestock. Since the ban in the European 

Union (EU)  of  the use of antibiotics as growth promoters, the search for new 

alternative products that ensure similar production levels and food security without 

generating unwanted effects, including human resistances, has been fostered, being 

additives of natural origin a good alternative. The regulation (EC) No 1831/2003 of the 

European Parliament and of the Council of 22 September 2003 sets the parameters of 

use of the additives used in animal nutrition. Recent studies have shown that some feed 

additives can help animals to maintain good physiological conditions and improve 

animal welfare. This has led to an amendment in the abovementioned regulation on 12th 

June 2019, establishing new functional groups of feed additives to improve 
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physiological condition of animals. In this regard, other properties demonstrating the 

potential use of PTSO in animal nutrition sector are the anti-methanogenic effect 

described during the fermentation process in rumen (Martínez-Fernández et al. 2013 ) 

and the immunomodulatory and anti-inflammatory properties (Vezza et al., 2019).  

However, the successful development of any application of this compound must be 

accompanied by an extensive toxicological evaluation, that guarantees its safety for the 

final consumers, both humans and livestock.   

In this regard, the toxicological profile of PTSO has been investigated by 

cytotoxicity assays in human cell lines (Llana-Ruiz-Cabello et al., 2015) as well as its 

genotoxicity and mutagenicity in vitro (Mellado-García et al., 2015) and genotoxicity in 

vivo (Mellado-Garcia et al., 2016b). Furthermore, its acute toxicity in vivo has been also 

evaluated (Llana-Ruiz-Cabello et al., 2015). Notwithstanding, safe doses of use have 

been not yet established for PTSO. Thus, a repeated dose 90-days oral toxicity study in 

rodents of PTSO would be necessary to clearly characterize its toxicity, being also a 

requirement in the authorization application processes of the European Food Safety 

Authority (EFSA, 2012; 2016a; 2016b; 2017).  

The aim of the present study is, therefore, to further explore the toxicity potential of 

PTSO and, for the first time, to conduct a subchronic dietary toxicity assay of PTSO in 

rats following internationally recognized test guidelines (Organisation for Economic 

Co-operation and Development, OECD 408, 2018). Considering these facts, in the 

present study several parameters have been evaluated, including body weight changes, 

food and water consumption, feed conversion efficiency, organ weight ratios  and 

biochemistry and hematology parameters. In addition the histopathology of various 

tissues has been also studied. The results from the complete assessment of this 
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subchronic study would allow to get an estimation of a non-observed-adverse-effect-

level (NOAEL) of exposure to establish safety conditions for human exposure to PTSO. 

 

2. Materials and Methods 

 

2.1. Test item and doses preparation 

PTSO was supplied by DMC RC SLU (Granada, Spain) with a 96% of purity. 

Commercial powder neutral gelatin from pork protein (Jesus Navarro S.A., Alicante, 

Spain) was employed as the vehicle for the test substance in all groups including the 

controls. 

For the 90-days study, the doses were prepared daily for each animal during the 

13 weeks, and on Fridays they were also prepared for the weekend. The dose was mixed 

in 3 mL of liquid gelatin. The volumes of PTSO (µL) to add to the gelatin depended on 

the dose selected for each group, and the gelatin could solidify at 4 ºC overnight. 

Homogeneity of the dietary dose formulations and their stability were confirmed to be 

at least 5 days. 

 

 

2.2. Animals conditions and husbandry services 

The rats were supplied by Charles River laboratories S.L. (Kings, NY, USA), 40 

males and 40 females of Sprague-Dawley strain. They were approximately 7 weeks old 

and were stabilized for an acclimatization period of 7 days during which they were 

examined by a veterinary surgeon. When the first week of dosage began the rats body 

weight mean was 320 g ± 11.3 for males and 227 ± 11.9 for females. 



5 
 

Animals were individually housed in cages type 3H with Souralit 29/12 plus 

(souralit S.L., Gerona, Spain) aspen wood bedding and food completely available 

without restriction using standard dry pellet diet for rodents Scientific (Panlab, S.L.U., 

Cornella de Llobregat, Barcelona, Spain). They were kept in a room with controlled 

conditions of hygiene behind a barrier system, a range of temperature of 21±2ºC, with a 

10-15 air changes per hour, and a relative humidity between 30-70% under 12 h 

light/dark cycle. Each cage contained an information card which contained study code 

(19-CAM-11-animal number), sex, dose, group, and individual animal identification. 

Community tap water (EMACSA, Cordoba Water company, Córdoba, Spain), filtered 

and autoclaved was available ad libitum.    

 

2.3. Study design 

The maximum tolerable dose (MTD) for PTSO in rats orally exposed to PTSO 

(gavage) was previously set at 55 mg/kg by Llana-Ruiz-Cabello et al., (2015) following 

the OECD 425 (2008) test guideline (oral toxicity study: Up and Down procedure), and 

it was used as a reference to establish the test doses. Accordingly, this dose was selected 

as the highest one to be tested, and also descending doses using a 2-fold interval factor 

according to the guideline OECD 408 (2018) recommendations: 14, 28, 55 mg/kg/day. 

Rats (10/sex/group) were orally administered the selected doses and the control group 

received only the vehicle (pork gelatine).  

 

This study was performed at the Central Service of Experimental Animals from 

the University of Cordoba (SAE, Cordoba, Spain) in which all animals received human 

care in accordance with the guidelines for the protection of animals used for the science 
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purposes (Directive, 2010/63 EU, Decision, 2012/707/UE, and RD 53/2013). All 

procedures have been approved by the Ethical Animal Experimentation Committee of 

the University of Córdoba and by the Junta de Andalucía (project nº 20/10/2015-348). 

 

2.4. Clinical observations 

 Each animal was observed twice daily for morbidity and mortality and once 

daily for clinical signs, such as changes in skin, fur, eyes or mucous membranes; 

secretions; changes in gait, posture, or handling response; abnormal, clonic, or tonic 

movements, and stereotypes or bizarre behavior. Ophthalmic examinations were 

performed on all animals before initiating the study and in the control and in the highest 

dose group at the end of treatment.  

 

2.5. Body weight, food and water consumption 

These three parameters were checked weekly in order to avoid stress. The mean 

body weight per group and sex were calculated weekly and prior to necropsy from 

individual animals’ data, as well as the food and water consumption. The total food 

consumed per cage was recorded and the weekly mean intake per rat was calculated. 

The feed conversion efficiency (FCE) ratio was determined according to Escobar et al., 

(2015) by the ratio of food intake (g)/ weight gained (g). 

 

2.6. Hematology and Biochemistry 

 Blood samples were extracted from the heart by an intracardiac injection under 

light isofluorane anesthesia at week 13. Then, the hematological parameters were 
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estimated on an automatic hematology analyzer Cell-Dyn 3700 (Abbot, GMI, MI, 

USA): red blood cell count (RBC), hemoglobin (HGB), hematocrit (HCT), mean 

corpuscular volume (MCV), mean corpuscular hematoglobin (MCH), mean corpuscular 

hematoglobin concentration (MCHC), blood platelet count (PLT), red cell volume 

distribution (RDW), prothrombin time (PT), cefaline time (CT), white blood cell count 

(WBC), Neutrophils (NE), Lymphocites (LY), Monocytes (MO), Eosinophils (EO) and 

Basophils (BA). 

 An automatic chemistry analyzer Cobas 6000 (Roche Diagnostics, IN, USA) 

was used to determinate the following standard biochemistry parameters: glucose 

(GLUC), blood urea nitrogen (UREA), creatinine (CREAT), bile acids (BILI-T), total 

cholesterol (CHOL), triglycerides (TRIGL), aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), alkaline phosphatase (ALKP), albumin (ALB), total protein 

(TOT PROT), sodium (Na+), potassium (K+) and Calcium (Ca 2+) ions. 

 

2.7. Necropsy and Organ weight 

 The animals were fasted for 18 h before the sacrifice and profoundly 

anaesthetized with isofluorane, then exsanguinated by intracardiac injection. All rats 

were given a complete pathology examination through the necropsy. The following 

organs were collected from animals at necropsy and weighed wet immediately after 

dissection: brain, liver, heart, spleen, kidneys, thymus, adrenal glands, uterus with 

cervix and ovaries (females) and testes and epididymis (males). In addition, tissue 

samples of the following organs were taken from the control and the highest dose (55 

mg/kg/day) group for histopathological examination under light microscopy: liver, 

kidney, spleen, heart, brain, pituitary, stomach, intestine, lung,  testicle/ovary and 
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skeletal muscle. Samples were fixed in 10% formalin for 24h at 4ºC, and then 

immediately dehydrated in graded series of ethanol, deep in xylol and embedded in 

paraffin wax using an automatic processor. Sections of 3-5 µm were mounted. After 

they had been deparaffinized, the sections were rehydrated, stained with hematoxylin 

and eosin, and mounted with Cristal/Mount (Paraplat, Oxford Labware, St. Louis, 

MO.). 

2.8. Statistical analysis 

All statistical analysis were carried out using Graph-Pad Instant software 

(GraphPadSoftware Inc., La Jolla, USA). Continuous variables, such as body weight, 

body weight gain, food and water consumption, hematology, clinical chemistry, and 

organ weight, were summarized using standard measures of central tendency and 

dispersion, mean and standard deviation (ST. DEV.), and were reported by sex and 

dosage. One-way analysis of variance (ANOVA) was carried out to test differences in 

continuous variables. Normality assumption was tested using Kolmogorov-Smirnov's 

test. If non-normality, comparison was performed with Kruskal Wallis test. In case of 

significant differences, multiple comparisons were performed using Tukey-

Kramer/Dunn's Multiple Comparisons Tests. Differences were considered significant 

from P < 0.05.  

 

 

3. Results 

3.1. Survival and clinical observations 

No unscheduled deaths occurred during the study. Light clinical signs were 

observed in some animals. Thus, sporadic alopecia was observed in rats 47, 59 and 62; 

small wounds in the ear of rat 52 and hematoma in the ear of rat 14 satisfactorily 
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recovered. These signs were not considered to be related to the test item, and were not 

biologically significant. Ophthalmologic examination revealed no compound-related 

lesions in the highest dose group of animals. No other clinical observations were noted. 

 

3.2. Body weight, body weight gain, food and water consumption, feed consumption 

efficiency 

Body weight increased along the study period following a usual pattern for this 

species. The test item did not induce any statistically significant alteration in this 

parameter (Fig. 2). Similarly, the body weight gain increased along the 13 weeks, with 

no differences between the control and the exposed groups in both sexes (Fig. 3). 

Food and water consumption per week did not show significant differences 

between control and treated groups, male and female, throughout the duration of the 

study, following the usual pattern (data not shown). The feed consumption efficiency 

also did not reveal any remarkable change for animals (Table 1). Thus, the test item did 

not have a negative impact on these parameters. 

 

3.3. Hematology and blood chemistry 

Hematology parameters evaluated in rats exposed to PTSO are provided in Table 

2. All variables considered remained unaltered in males. However, in females HCT (%) 

showed a significant increase (p<0.5) in groups 2 and 3 (14 and 28 mg/Kg/d, 

respectively) in comparison to group 4 (50 mg/Kg/d), and also the MCH (pg) 

experienced a significant decrease (p<0.5) in group 2 (14 mg/Kg/d) in comparison to 

group 3 (28 mg/Kg/d).  
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The differential White blood cells count did not show any change in any of the 

exposed groups and neither in males nor females (Table 3).  

Table 4 includes the clinical biochemistry values obtained for the parameters 

analyzed after the oral subchronic exposure of rats to PTSO. Most of them were not 

modified by the treatment. Only in males, a significant (p<0.01) decrease of Chol 

(mg/dL) values was observed in the highest dose group (55 mg/Kg/day), and also a 

significant increase (p<0.5) of TRIGL (mg/dL) in the lowest dose group (14 

mg/Kg/day), in comparison to the control group.  

In general, as the significant changes observed were minimal, sporadic, not 

present in all dose groups, neither in both sexes, they were considered incidental and not 

indicative of toxicity. 

 

3.4. Necropsy, organ weights and histopathology 

No gross pathologies were observed during the necropsy in any of the 

experimental animals. Also, organ weights were not altered by the treatment and only 

the mean heart weight of males of group 3 (28 mg/Kg/day) showed a slight but 

significant (p<0.5) decrease in comparison to the control group (Table 5). This was 

considered to be not related to the test item. Moreover, no significant changes were 

recorded in the organ weight/body weight ratio (Table 6) neither in the organ 

weight/brain weight ratio (Table 7).  

Regarding to the histopathological study performed, tissues of the rats, both 

male and female, exposed to the highest dose, did not revealed alterations in comparison 

to the control group in any of the organs examined by light microscopy (Fig. 4).  
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4. Discussion 

The repeated dose 90-days oral toxicity study in rodents provides information on 

the possible health hazards likely to arise from repeated exposure over a prolonged 

period of time covering post-weaning maturation and growth into adulthood of the test 

animals. The study provides, among others, information on the major toxic effects, 

identification of target organs and also can provide an estimate of a non-observed-

adverse-effect level (NOAEL) of exposure which can be used in selecting dose levels 

for chronic studies and for establishing safety criteria for human exposure (OECD 408, 

2018). Moreover, an oral 90-days subchronic toxicity assay is usually included among 

the basic set of toxicity tests required in the evaluation of chemical substances with 

potential applications in the agri-food sector before their authorization. This is the case 

for example of food (EFSA, 2012a) and feed additives (EFSA, 2017), migrating food 

contact materials (EFSA, 2016a), or novel food (2016b). All this highlights the 

relevance of the study performed with PTSO, as this compound has shown beneficial 

properties with different potential applications previously described.  

The general absence of toxic effects observed after the treatment allows to estimate 

that the NOAEL for PTSO is ≥ 55 mg/Kg/day. Considering a safety factor of 100 

usually applied in food additives to derive human safety values from animal data 

(EFSA, 2012b), a dose of 0.55 mg/Kg/day could be suggested as a safe human exposure 

(~ 38,5 mg/day for a 70 kg b.w. person). However, this value is underestimated taking 

into account that a NOAEL could not be established from the assay performed and 

could be higher than 55 mg/Kg/day. 

The results obtained in the present study complete the information available in 

relation to the toxicity profile of PTSO. Thus, Llana-Ruiz-Cabello et al. (2015) 
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performed an acute oral toxicity test (Up-and-Down Procedure) following the OECD 

425 guideline (2008) and 55 mg/Kg b.w. was established as the maximum tolerated 

dose (MTD) in rats. However, in that case the exposure was by gavage whereas in the 

present study it was with the diet, a more realistic human exposure scenario. 

Mellado-García et al. (2015) performed a thorough in vitro genotoxicity assessment 

of PTSO including 4 different tests, among them the Ames test and the Micronucleous 

(MN) assay. This is the basic battery indicated by EFSA (2012) as they cover the three 

genetic endpoints required: gene mutations and both structural and numerical 

chromosome aberrations. They also performed the Mouse Lymphoma assay (MLA) and 

the Comet assay. They concluded that PTSO was not mutagenic in the Ames test, but it 

was mutagenic in the MLA assay after 24 h of treatment. The parent compound did not 

induce MN on mammalian cells; however, its metabolites  induced positive results. Due 

to inconclusive results, a follow-up of positive in vitro results by in vivo testing was 

performed. The genotoxicity of PTSO in rats following an oral administration of 5.5, 

17.4 and 55 mg/kg was evaluated by a combined in vivo comet assay and MN test 

(Mellado-Garcia et al., 2016a) and the results revealed no genotoxicity.  

All these results suggest a safety profile of PTSO for food applications at the doses 

assayed, but in a risk assessment frame it is well known that risk depends not only on 

the hazard but also in the human exposure level. In this regard, the level of PTSO to 

use, and therefore the potential exposure, will depend on the specific application 

considered. For instance, in the active packaging of lettuce, Llana-Ruiz-Cabello et al. 

(2015) estimated that in the worst-case scenario a human could ingest 6.87 mg PTSO, 

this means only a 18% of the dose calculated as safe in the present study. 
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The results obtained agree with those of Mellado et al. (2016b) who evaluated the 

safety of Proallium AP®, an Allium-based commercial product in a 90-days feeding 

study with rats. PTSO is actually the major organosulfur compound present in Proallium 

AP® (14.5%). Similarly, neither clinical signs nor any other changes on general, 

biochemical, hematological or histopathological parameters were detected, and the 

authors derived a NOAEL higher than 400 mg/Kg/day at the conditions assayed. Both 

studies show a good correlation as in the present study the test item had a 7-fold higher 

content of PTSO than Proallium® AP (100 versus 14.5%) and the NOAEL derived for 

Proallium was 7-fold higher. This suggests that PTSO has an important role on the 

toxicity of Allium extracts. Actually, a MTD of 55 mg/kg in rats for PTSO has been 

established as previously indicated. And higher doses tested according to the OECD 425 

guideline (2000 mg/kg and 175 mg/kg) resulted in the death of the animal and evident 

hepatotoxicity. On the contrary, a single dose of 55 mg/kg did not induce remarkable 

damage (Llana-Ruiz-Cabello et al, 2015). Mellado-García et al. (2016a) observed that in 

rats treated with 55 mg/kg (3 doses at 0, 24 and 45h and euthanized at 48h) an increase 

in the glycogen storage was noticeable in the liver and also a slight degenerative process 

in the chief cells of the stomach. 

In this regard, at the dose levels assayed, histopathological lesions were absent. This 

could be explained by the exposure way employed in this study, using gelatin as vehicle 

and with the feed. In the previous trials, oral gavage with a stomach tube after a fasting 

period was used following the recommendations of the corresponding OCDE 

guidelines. The bolus could have a more deleterious effect on the gastrointestinal 

system as there is a direct contact. 

Differences in toxicity between PTSO and Proallium AP® could be explained as the 

toxicity shown by components of an essential oil can be modulated by the other 
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constituents by synergistic/antagonistic phenomena (Escobar et al., 2015; Pavlidou et 

al., 2004). The interest of PTSO in comparison to Proallium® is based on its different 

chemical properties (higher hydrophilia) and in its higher efficiency on its antioxidant 

and antimicrobial properties.  

Other authors have shown the potential toxicity of aqueous extracts of different 

medicinal plants, including Allium sativum, in Wistar rats. Thus, Sulaiman et al. (2014) 

administered orally to the animals 10 mg/kg of A. sativum extract for 30 days and 

observed alteration in the activities of marker enzymes: AST increased in liver, kidney 

and heart, ALT in serum and liver, and ALP activity was reduced in serum, heart, 

kidney and liver. They concluded that caution was required in using unrefined extracts 

of these herbs in traditional settings. 

There are scarce in vivo toxicity data regarding other OSC. Thus, Guyonnet et al. 

(2000) demonstrated the effects of some of them (DAS, DADS, dipropylsulfiide (DPS) 

and dipropyl disulfide (DPDS)) on the activation of several mutagens in male Wistar 

rats exposed to 1 mmol/kg by gavage for 4 days. They explained the results based on 

the induction of cytochrome (CYP) and phase II enzymes activities. This effect, the 

alteration of CYP activity, was pointed out by other authors as well (Davenport and 

Wargovich, 2005). Moreover, they observed hepatotoxicity induced by DAS (bile duct 

obstruction, hyperproliferation and focal points of necrosis) in rats gavaged daily with 

200 mg/kg for 1, 4, or 8 weeks. On the contrary, 8 weeks of exposure to lower doses (50 

and 100 mg/kg) did not induced liver histophatological damage. This suggest that liver 

could be the target organ of OSC as both, DAS (Davenport and Wargovich, 2005) and 

PTSO (Llana-Ruiz-Cabello et al, 2015), have shown liver toxicity when a threshold 

dose is exceeded. Also, Wu et al. (2001) exposed rats orally to garlic oil (GO, 200 

mg/Kg) and 3 allyl compounds, DAS (20 and 80 mg/kg), DADS (80 mg/kg), and diallyl 
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trisulfide (DATS, 70 mg/kg) 3 times a week for 6 weeks and examined the antioxidation 

system in rat livers and red blood cells. They found that GO, DADS and DATS 

significantly induced the glutathione content (GSH) in blood cells but neither GO nor 

any of its OSC affected the GSH-related antioxidant enzymes. Hepatic GSH was not 

influenced by garlic components. But DADS and DATS significantly increased the 

activity of GSH-reductase and GSH-transferase and decreased GSH peroxidase. In the 

present study the hematological parameters were not influenced by the PTSO exposure 

and scarce scientific data dealing with PSTO are available to compare. 

 

5. Conclusions 

In conclusion, the results obtained confirm the already reported safety profile of 

PTSO for some food applications at the conditions considered. Thus, PTSO did not 

promote toxic effects as seen from body weight changes, food and water consumption, 

feed conversion efficiency, biochemical and blood parameters as well as organ toxicity 

and histological examinations of main organs that could eventually be affected by its 

subchronic administration (90 days). NOAEL was estimated to be ≥ 55 mg/Kg/day. 
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Figure captions 

Fig. 1. Biochemical pathways and chemical structures of organosulfur compounds. 

(Alk(en)yl cysteine sulfoxides (ACOs); Propyl-propane-thiosulfonate (PTSO); Propyl-

propane-thiosulfinate (PTS)). 

 

Fig. 2. Mean body weights (g) of A) male and B) female rats orally exposed to 0, 

14, 28 and 55 mg/kg b.w./day PTSO and control rats for 90 days. 

 

Fig. 3. Mean body weight gain (%) of A) male and B) female rats orally exposed to 

0, 14, 28 and 55 mg/kg b.w./day PTSO and control rats for 90 days. 

 

Fig. 4. Histopathological study of liver, kidney, spleen, heart, brain, pituitary, 

stomach, intestines, lung, testes, and and skeletal muscle of untreated Sprague Dawley 

rats, control (A), and treated (B) with PTSO (55 mg/Kg/day) for 90 days (bars= 50 µm). 

In the liver, normal hepatic cords and normal polyhedral hepatocytes with central 

nucleus and clear cytoplasm are seen in control and exposed animals. In the kidney, the 

renal parenchyma with normal glomeruli and renal tubules is shown in control rats (A), 

as well as in rats treated with the highest dose of PTSO (B). Detail of the apparently 

normal spleen parenchyma in control and treated rats (A, B). In the heart, normal 

cardiac fibers were observed in all groups (A, B). In the brain, the motions of the 

cerebral cortex are normal (A, B). Details of the apparently normal pituitary are 

observed in control and treated rats (A, B). Detail of the stomach with apparently 

normal mucous and glandular cells in control and treated rats (A, B). Intestinal villi with 

abundant apparently normal enterocytes are shown in all groups. Detail of the control 
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bronchial epithelium, without alterations in the bronchi and alveoli in the untreated rats 

(A) as well as in the rats treated with the highest dose (B). Male rat testes showed 

normal seminiferous tubules and interstitial space (A) that is maintained in treated male 

rats (B). The ovaries of the treated and control female rats (A, B) presented normal 

follicles in all groups. Detail of the normal striated skeletal muscle of the treated and 

control rats (A, B). 
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Table captions 

Table 1. Effect of 90 days oral exposure to PTSO on body weight and food 

consumption in rats. Values represent the mean ±SD of 10 rats/sex/group. Differences 

between control and treated groups for male and female rats were evaluated by Kruskal-

Wallis test (K.W.) or by ANOVA test (F values). 

 

Table 2. Hematology parameters of male and female rats fed with 0, 14, 28 and 55 

mg/kg b.w./day PTSO for 90-days. Values are mean ± SD for 10 rats/sex/group. The 

differences between control and treated groups for male and female rats were evaluated 

by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). The significance levels 

observed are & in comparison to group 4 (55 mg/Kg/d) when p<0.05, and # in 

comparison to group 3 (28 mg/Kg/d) when p<0.05. 

 

Table 3. Differential White blood cells count data of male and female rats fed with 

0, 14, 28 and 55 mg/kg b.w./day PTSO for 90-days. Values are mean ± SD for 10 

rats/sex/group. The differences between control and treated groups for male and female 

rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). 

 

Table 4. Clinical biochemistry of male and female rats fed with 0, 14, 28 and 55 

mg/kg b.w./d PTSO for 90-days. Values are mean ± SD for 10 rats/sex/group. The 

differences between control and treated groups for male and female rats were evaluated 

by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). The significance levels 

observed are *p < 0.05 and **p < 0.01 in comparison to control group values. 
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Table 5. Absolute organ weight of male and female rats fed with 0, 14, 28 and 55 

mg/kg b.w./day PTSO for 90-days. Values are mean ± SD for 10 rats/sex/group. The 

differences between control and treated groups for male and female rats were evaluated 

by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). The significance levels 

observed are *p < 0.05 in comparison to control group values. 

 

Table 6. Relative organ weight/body weight of male and female rats fed with 0, 14, 

28 and 55 mg/kg b.w./day PTSO for 90-days. Values are mean ± SD for 10 

rats/sex/group. The differences between control and treated groups for male and female 

rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). 

 

Table 7. Relative organ weight/brain weight of male and female rats fed with 0, 14, 

28 and 55 mg/kg b.w./day PTSO for 90-days. Values are mean ± SD for 10 

rats/sex/group. The differences between control and treated groups for male and female 

rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). 

  

 

 

 

 






